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   Foreword   

 Cardiovascular imaging has become a subspecialty in cardiology on its own merit. It is central 
to every diagnostic pathway from detection to treatment of patients with all sorts of cardiac 
conditions. The advances and sophistication of all imaging modalities we have in our posses-
sion have progressed so much that close collaboration between imaging experts and clinicians 
is more essential than ever. Such is the level of    sophistication of each individual imaging 
modality that it has become virtually impossible for any imager alone to be expert in all modal-
ities so that individual expertise is required. At the same time, the cost of the technology has 
increased and a rational approach is required in order to avoid duplication of information. 
A careful balance between the diagnostic yield with the cost and potential safety concerns 
(radiation and contrast) is important. The real value of imaging in relation to improved out-
comes however remains subjective, which explains, at least in part, the inconsistent utilisation 
of those technologies around the world. 

 Imaging has also become essential for the diagnosis and treatment of electrical disorders 
and the wealth of imaging options for the practicing electrophysiologist has exploded over the 
last decade, led perhaps by the ability to effectively ablate patients with atrial fi brillation and 
device implantation for treating heart failure patients. This book, by experts in electrophysiol-
ogy and cardiovascular imaging, offers an essential guide to advanced imaging in patients with 
electrical disorders from a critical appraisal of technology through ablation and device thera-
pies and the latest advances in magnetic and robotic navigation. It is ultimately, however, in the 
hands of the clinician to make the best use of the available technology for the patient’s best 
benefi t and avoid duplication and overlap, and this book offers exactly that. 

 London, UK   Petros Nihoyannopoulos   
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   Preface   

 Major technological, basic, and clinical research breakthroughs have led to impressive changes 
in both diagnostic and therapeutic capabilities for the management of cardiac rhythm disor-
ders. Over the last three    decades, the diagnostic part has been enriched by sophisticated ECG 
recording systems and automatic analysis techniques, by the development of 3-dimensional 
(3D) electroanatomical mapping systems and advances in novel implantable devices capable 
of recording electrical signals as well as intracardiac and intravascular pressures. On the other 
hand, the most striking progress in the therapeutic arena has been in catheter-based ablation of 
different rhythm disorders, fast-paced progress in device therapy inclusive of implantable 
 cardioverter-defi brillators, and cardiac resynchronization therapy. 

 Consequently, the role of the electrophysiologist in the fi eld of cardiology has signifi cantly 
expanded and the role of cardiac imaging has become a crucial and integral part of diagnostic 
and therapeutic electrophysiological procedures. This book attempts to cover the increased 
role of cardiac imaging in diagnosis and electrophysiological procedures. Various cardiac 
imaging modalities are now available to guide the electrophysiologist, from the fi rst encounter 
with the patient and subsequently throughout the procedural and postprocedural care. These 
modalities have come to play an important role in appropriately selecting patients, guiding 
therapy, thereby reducing complications, and enabling us to closely monitor the effects of 
device therapy or catheter ablation procedures. 

 The advances in imaging modalities have been immense, and their use is no longer confi ned 
to the domain of the noninvasive cardiologist, but has expanded into the realm of image-guided 
interventions. This trend is clearly appreciated in transcatheter-based treatment of atrial and 
ventricular arrhythmias as well as in device implantation and management. Some of the poten-
tial advantages of imaging during invasive diagnostic and curative procedures include easier 
navigation, greater precision in targeting the region of interest, better catheter stability, mini-
mizing collateral damage, and a reduction in radiation exposure to both patient and physician. 

 It is probably true that the diagnosis and treatment of atrial arrhythmias represent the best 
example of cardiac rhythm disorders in which imaging-assisted therapy delivery has played a 
major role. In particular, the demands created by the complexity of treating atrial fi brillation 
by catheter ablation has forced the paradigm shift from a pure electrophysiological based 
approach, in which intracardiac signal recording and fl uoroscopy had originally founded the 
basis of therapy delivery, to the more contemporary approach involving 3D electroanatomical 
mapping integrated with either rotational angiography, cardiac tomography (CT), or magnetic 
resonance imaging (MRI). Image-guided atrial fi brillation ablation has facilitated the accuracy 
in localizing the anatomical target, enhanced safety while signifi cantly reducing the procedure, 
and fl uoroscopy time. At present, catheter ablation for AF is considered a reasonable option 
when antiarrhythmic drugs have failed. The cornerstone for most AF ablation procedures is the 
electrical isolation of pulmonary veins. The role of imaging in catheter ablation for AF encom-
passes (1) segmentation and integration of left atrium (LA) 3D anatomy into navigation sys-
tems, (2) intraprocedural visualization of the pulmonary veins, (3) delineating macro-reentrant 
circuits via activation maps, (4) mapping complex fractionated electrograms, and (5) most 
importantly manual as well as robotic-guidance of the ablation catheter to the specifi c area of 
interest. 
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 More recently, the need to better defi ne the substrate and more precisely defi ne the anatomi-
cal characteristics of the chamber wall has come to be considered important for individualizing 
the ablative approach. A large number of imaging modalities have become potentially avail-
able for visualization of the LA wall, its thickness, and related tissue characterization. Rather 
than the conventional nomenclature of paroxysmal or persistent atrial fi brillation dictating the 
approach and extent of the ablation, it has become clear that more attention needs to be paid to 
structural characteristics such as atrial fi brosis. It is noteworthy that fi brosis may result from 
different disease processes that either directly alter the atrial wall 3D architecture and anatomi-
cal characteristics, or as a consequence of thermal damage occurring during isolation of the AF 
circuits. By analyzing fi brosis with delayed enhancement MRI, one may be able to better 
describe predictors of success and also help plan the ablation approach. Interestingly, recent 
work has shown that patients who had recurrent AF showed delayed enhancement in all por-
tions of the LA, whereas patients free of AF-recurrence showed delayed enhancement con-
fi ned to the posterior wall and septum. Image-guided ablation of these areas of contention 
appears to be related to improved ablation outcomes. Targeted and individualized approaches 
will help limit the extent of the ablation while enhancing success. Imminently, the future 
approaches will consist of real-time 3D imaging, thereby eliminating the errors and limitations 
of integration techniques. 

 Similar to catheter ablation of atrial arrhythmias, there is growing evidence that cardiac 
imaging can now better defi ne the anatomic substrate and ablation targets for ventricular tachy-
cardia (VT). CT and MRI strategies have become effective in complementing the conventional 
electroanatomical voltage map, providing an anatomic correlate to the underlying electrophys-
iological data during substrate ablation of scar-related VT. Novel multi-array mapping cathe-
ters specifi cally designed for VT ablation together with innovative postprocessing algorithms 
capable of high spatial resolution of scar tissue identifi ed by MRI will continue to increase the 
accuracy to specifi cally localize the reentry isthmus and potentially improving the effective-
ness of ablative therapy. Whether functional and metabolic information, derived either by 
nuclear medicine techniques or by MRI, will further help in defi ning the area of abnormal tis-
sue activity is an area of intense investigation. 

 A novel concept within the constantly evolving imaging world involves interventional MRI, 
where the electrophysiologist in conjunction with 3D electroanatomical mapping performs 
real-time MR tracking of a defl ectable MR compatible catheter. At present, this method 
involves real-time MRI positioning of an electrophysiologic catheter, which is overlaid onto 
high-resolution, time-resolved images. This technique provides real-time visualization of the 
anatomical substrate identical to the exposure of tissues obtained during surgery. Future devel-
opment faces challenges such as catheter device improvement and acoustic noise reduction. 
Despite these challenges, MRI could revolutionize image-guided ablations above and beyond 
what can be currently provided by conventional imaging approaches. Another innovative tech-
nology, still in its preliminary stages, involves the use of real-time intracardiac 3D and 
transesophageal 4D ultrasound imaging probes to guide catheter ablation. The advantage of 
intracardiac or transesophageal ultrasound imaging is intrinsically related to the widespread 
utilization of the technique, the easy accessibility of the technology compared to MRI, the 
limited amount of human and fi nance resource utilization required for running it, as well as the 
modest initial investment. 

 A signifi cant problem in the use of cardiac imaging for both device and ablation procedures 
by electrophysiologists is the limited training that most fellows in electrophysiology usually 
receive. Imaging techniques such as standard echocardiography or nuclear imaging are usually 
learned during cardiology training whereas more sophisticated techniques such as CT, MRI, 
or 3D/4D echocardiography are usually neglected. On the other hand, most imaging cardiolo-
gists or cardiac radiologists have little exposure to electrophysiological procedures or device 
implantation; therefore, for the purpose of guiding complex electrophysiological procedures, 
acquired images may be of suboptimal quality or image resolution and consequently integra-
tion into 3D electroanatomical systems may be inadequate. This gap between the community 



xiPreface

of  electrophysiologists and cardiac imagers should be bridged by more extensive common 
educational programs offered by scientifi c societies or dedicated training and educational 
programs. 

 Still questionable is whether the procedural effi ciency will grow, and if the learning curve 
will get shortened. Evidently, the future of imaging modalities for treating arrhythmias and 
implementing device therapy will be determined by the overall clinical utility and cost-effec-
tiveness of their use. At present, the appropriateness criterion for cardiac CT and cardiac MRI 
allows electrophysiologists to be formally guided for the use of imaging modalities pre- and 
post-procedurally. There are however limited data about the value of intra-procedural cardiac 
imaging in most electrophysiological procedures, inclusive of device implantation. The com-
plexity in quantifying the real value of cardiac imaging is intertwined with the need for a cor-
responding advancement in the effi cacy of the delivery of electrophysiologic therapy. Also of 
concern is that the imaging-enhanced guidance of electrophysiological procedures may have a 
signifi cant impact on workfl ow and increase the absolute procedural costs. 

 In conclusion, the benefi t of noninvasive and invasive imaging methods during electro-
physiology procedures is as important as the benefi ts obtained pre- and post-procedurally. 
Identifi cation of anatomical landmarks and prediction of possible postprocedural complica-
tions is crucial to deliver appropriate and safe therapy. The choice of imaging methods varies 
between institutions and is refl ected not only by patient population, but also by the experience, 
expertise, and technological availability at each institution. The patient’s age, patient’s co-
morbidities, biological risk of exposure to radiation, and economics of each method should be 
weighed when evaluating patients. In order to improve cost-effectiveness, future studies should 
be focused on decreasing the percentage of nonresponders to therapies, reduction of failure 
rate and recurrence rate, while measuring success in terms of patient-centered end-points. The 
future of imaging in electrophysiology not only depends on the physician’s skill and clinical 
knowledge, but also on a willingness to explore new frontiers. Ultimately, this will improve the 
effi ciency, better individualize our treatment strategies while enhancing the safety profi le of 
these procedures. 

 Angelo Auricchio 
 Jagmeet Singh 

 Frank Rademakers         
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Imaging-Based Heart Anatomy

Francesco Fulvio Faletra, Ann C. Garlitski,  
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Abstract

Improvements in imaging technology have led to a better understanding of dynamic 
 morphology of the heart and resulted in improved safety and efficacy of invasive 
 electrophysiologic procedures. Delineation of anatomic structures and morphologic  variants 
have allowed the cardiac electrophysiologist to perform increasing complex ablations and 
implantation of sophisticated devices. Novel tools have also reduced the reliance on 
 fluoroscopy, minimizing radiation exposure to the patient and to the clinician.

Keywords

Image-based heart anatomy • Heart anatomy based on imaging • Right atrium anatomy  
• Right ventricle anatomy • Fluoroscopy for cardiac anatomy

Over the last few decades, there have been revolution-
ary advances in the understanding of the pathophysiology 
of cardiac arrhythmias. In parallel, technological advance-
ments have led to new therapeutic modalities. Novel cath-
eters, energy sources, and modes of imaging have allowed 
for the mapping and ablation of abnormal endocardial and 
epicardial supraventricular and ventricular circuits. In addi-
tion, our contemporary treatment armamentarium includes 
pacemakers, defibrillators, and cardiac resynchronization 
therapy devices in order to treat potentially life-threatening 
bradycardias and tachycardias as well as congestive heart 
failure symptoms. The ability to perform such a variety of 
procedures with high success and low complication rates 

involves an intimate knowledge of  cardiac anatomy. An array 
of sophisticated imaging  techniques have  developed over the 
years which allow the electrophysiologist to ablate integral 
parts of abnormal circuits, rendering the patient cured of the 
arrhythmia, and to implant devices in patients with cardio-
myopathies, both acquired and congenital. Such rapid devel-
opments in electrophysiologic interventions have triggered a 
renewed interest in the anatomy of the heart. In order for the 
clinician to be successful, it is important to understand the 
advantages of each imaging modality and how these tools 
can be used alone or in combination in order to define intrac-
ardiac and extracardiac structures.

The basic imaging approach to guide catheter placement 
and manipulation in the electrophysiology lab is fluoros-
copy.1 Fluoroscopy is routinely used to localize anatomic 
landmarks during electrophysiologic procedures. However, 
the only anatomic reference with fluoroscopy is the heart 
shadow and its relation to catheters positioned at certain 
fixed locations. Figures 1.1–1.6 show the differences in 
imaging representation between fluoroscopy and 3D mul-
tislice computed tomography (CT) volume rendering, CT 
slice, and real-time 3D transesophageal echocardiography 
(RT 3D TEE), respectively. Moreover, fluoroscopy is 
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 limited by its two-dimensional projection of complex 3D 
structures that limit interpretation and analysis, and various 
cardiac structures, such as fossa ovalis, crista terminalis, 
Eustachian valve, coronary sinus, and pulmonary vein ostia, 
are difficult to precisely define at fluoroscopy. Accurate 
pre-procedural imaging of these structures might become a 
pre-requisite for successful electrophysiological proce-
dures, providing an anatomic “road map” to allow faster 
and more precise placement of intracardiac catheters. 

Sophisticated imaging technologies such as magnetic reso-
nance imaging (MRI), CT, and RT 3D TEE provide relevant 
anatomic information in exquisite detail. These techniques 
have the potential to give pre-procedural anatomic informa-
tion for locating important landmarks relative to current 
electrophysiological interventions or cardiac resynchroni-
zation therapy.

In this chapter, we describe the normal cardiac anatomy 
and anatomic landmarks of interest to electrophysiologists, 

a b

Fig. 1.1 (a) Fluoroscopic image in antero-posterior projection of the heart and (b) the corresponding 3D CT volume rendering. IVS inferior vena 
cava, SVC superior vena cava, RA Right atrium, RAA right atrial appendage, RV right ventricle, LV left ventricle, Ao Aorta

a
b

Fig. 1.2 (a) Fluoroscopic image in right anterior oblique projection 
and (b) the corresponding 3D CT volume rendering. RA Right atrium, 
RV right ventricle, PA pulmonary artery, SVC superior vena cava. 

Because of the limitation of imaging complex three-dimensional struc-
tures on two-dimensional projections, the surface electrodes (arrows) 
seem to be into the heart cavities
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discussing and illustrating these landmarks in terms of their 
localization, their relationships with other structures, and 
their anatomic variants. Images shown herein are obtained 
with CT, RT 3D TEE, and MRI.

1.1  The Right Atrium

The right atrium consists of four components: the venous 
component (sinus venous), the right atrial appendage, the 
vestibulum, and the atrial septum which is shared by the 
two atria.2

1.1.1  The Sinus Venosus

The sinus receives the superior and the inferior vena cavae 
and forms the posterior and the rightward part of the atrium. 
It is characterized by a smooth wall. The internal anatomical 
features of the sinus venosus can be appreciated by 3D vol-
ume rendering obtained with CT, while the internal features 
can be best appreciated by RT 3D TEE (Figs. 1.7 and 1.8). 
The superior vena cava opens to the top of the venous com-
ponent looking toward the tricuspid  orifice, while the inferior 
vena cava opens to the bottom of the sinus and looks toward 
the fossa ovalis (Fig. 1.9).

a b

Fig. 1.4 (a) Fluoroscopic image in right lateral projection and (b) the corresponding 3D CT volume rendering. RA Right atrium, RV right ven-
tricle, RPVs right pulmonary veins

a

b

Fig. 1.3 (a) Fluoroscopic image in left anterior oblique projection and (b) the corresponding 3D CT volume rendering. RA Right atrium, RV right 
ventricle, PA pulmonary artery, SVC superior vena cava
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1.1.2  The Right Atrial Appendage

The right atrial appendage (RAA) is roughly triangular and 
has a broad junction with the atrial chamber. Antero-medially 
the RAA protrudes from the right atrium and overlaps the 

aortic root forming nearly the entirety of the anterior wall of 
the atrium. An excellent external appearance of RAA can be 
obtained by CT using 3D volume rendering modality 
(Fig. 1.10) or MRI. The internal appearance of the append-
age can be shown either by RT 3D TEE or by CT with the 

Fig. 1.6 (a) Fluoroscopic image in right oblique view showing one 
catheter in coronary sinus (CS) and one lying on the cavo-tricuspid isth-
mus (CVTI). (b) RT 3D TEE image in the same orientation. Catheters 

are represented as yellow lines. Fluoroscopic image does not allow to 
recognition of structures such as the cavo-tricuspid isthmus (CVTI), the 
Eustachian valve (EV), or the coronary sinus (CS)

a b

Fig. 1.5 (a) Fluoroscopic image in LAO projection of the heart and (b) 
the corresponding MSCT slice showing the catheter (represented by a 
black line) in left upper pulmonary vein (LUPV) after having crossed 

the fossa ovalis. In fluoroscopy, the fossa ovalis is not visible. RUPV 
right upper pulmonary vein
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“virtual  endoscopy” modality (Fig. 1.11). The most peculiar 
aspect of the RAA is the fact that it is lined with pectinate 
muscles emerging in branch fashion from the crista termina-
lis and terminating at the vestibule (see also the paragraph of 
the crista terminalis). In between the ridges of pectinate mus-
cles, the wall is very thin and almost parchment-like. 
Although extensively arranged, the pectinate muscles never 
reach the orifice of the tricuspid valve. Several different pat-
terns of arrangement of pectinate muscles have been 
described: quite often pectinate muscles are oriented perpen-
dicularly to the crista with uniform spacing and lack of cross-
over, less frequently they originate from a common solitary 
trunk in an harborizing fashion, or have a haphazard, trabe-
cular arrangement with multiple crossovers.3

1.1.3  The Vestibule

The vestibule is a smooth muscular rim surrounding the ori-
fice of the tricuspid valve. The vestibule forms the leftward 
margin of the right atrium, its musculature inserting into the 
leaflets of the tricuspid valve.

1.1.4  Anatomical Landmarks Relevant  
to Electrophysiologists

Two anatomical landmarks of the right atrium are relevant 
for electrophysiologists being target for catheter-based abla-
tion for many tachyarrhythmias: the crista terminalis and the 
cavo-tricuspid isthmus.

The crista terminalis. An external fat-filled groove, the 
sulcus terminalis, divides the venous part of the atrium from 
the right atrial appendage (the true primitive atrium) 
(Fig. 1.12). The sulcus terminalis corresponds internally to 
the crista terminalis. The crista is a roughly C-shaped mus-
cular band that separates the smooth wall of the venous com-
ponent from the rough wall of the appendage.2,3 Planar 
images of the crista terminalis can be obtained with CT slices 
(Fig. 1.13a) while RT 3D TEE and CT in virtual endoscopy 
modality provide excellent images of these structures in 3D 
format (Fig. 1.11–1.13b). Superiorly, the crista terminalis 
arches anterior to the orifice of the superior vena cava, 
extends to the area of the anterior interatrial groove, and 
merges with the interatrial bundle (Bachmann bundle). 
Inferiorly, it ends near the orifice of the inferior vena cava, 
merging with the fine trabeculations of the cavo-tricuspid 
isthmus. An extensive array of pectinate muscles arise from 
the crista spreading throughout the entire wall of the append-
age (Fig. 1.11). The morphology of the crista with the cor-
responding pectinate muscles is subject to a wide range of 
variability. The crista may vary in size and thickness appear-
ing as a small, thin valve-like or a broad-based structure. A 
very large crista terminalis mimicking a mass can be found 
in the so-called lipomatous hypertrophy of atrial septum and 
it is caused by an extensive fatty infiltration of terminalis sul-
cus. The nonuniform architecture of myofibers at the junc-
tions of the crista with pectinate muscle is most likely the 
cause of the marked anisotropy creating the substrate for 
reentry. Indeed, more than two-thirds of right-sided atrial 
tachycardias originate from the crista terminalis.4 In addi-
tion, the crista terminalis is a natural posterior barrier to 
transverse conduction of typical atrial flutter as evidenced by 
widely spaced double potentials that can be recorded along 
its length.5,6

Cavo-tricuspid isthmus The CVTI is a roughly 
 quadrilateral-shaped endocardial surface bordered by the tri-
cuspid hingeline (annulus) anteriorly and by the Eustachian 
valve and the Eustachian ridge posteriorly. The superior 
(medial) border is lined by the inferior border of coronary 
sinus ostium. Finally, the inferior-lateral border is lined by 
the final ramification of the crista terminalis.7 Planar images 
of this structure can be obtained by angiography,8 CT9,10 
(Fig. 1.14) and MRI.11,12 Three-dimensional images can be 
obtained either by RT 3D TEE or CT in virtual endoscopy 
modality (Fig. 1.15). CTVI is a critical component of slow 
conduction of counterclockwise and clockwise macro-reen-
trant atrial flutter, and it is the target of ablation.13

Fig. 1.7 3D image obtained with MSCT from a posterior perspective 
showing the anatomic boundaries of the sinus venous of the right atrium 
(shaded area)
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Right atrial conventional angiography and autopsy 
reports reveal a high variability of isthmian anatomy. 
Recognizing these anatomic variants and, consequently, 

adapting ablation approaches to them may contribute to 
successful procedures. A deep sub-Eustachian pouch is one 
of the main sources of procedural difficulty.14 A suboptimal 

Fig. 1.8 RT 3D TEE images of the internal aspect of the right atrium 
seen from (a) right perspective. The curved arrow indicates the 
 counterclockwise rotation of image to reveal (b) the sinus. The crista 

terminalis (C) separates the smooth wall of the sinus from the rough 
wall of the right atrial appendage (RAA). SVC superior vena cava, IVC 
inferior vena cava

a b

Fig. 1.9 (a) RT 3D TEE image of the superior vena cava (SVC)  looking 
toward the tricuspid valve (TV) and (b) of the inferior vena cava (IVC) 
looking toward the fossa ovalis (FO). The Eustachian valve (EV) guards 

the entrance of IVC. During the fetal life, the EV directs the blood into 
the left atrium throughout an open fossa ovalis
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power delivery due to poor blood flow within the pouch and 
a difficult catheter manipulation may explain gaps in the 
line of ablation when drawing back the catheter from the 
tricuspid valve to the inferior vena cava and inadequate 
ablation.15 Currently fluoroscopy, CT, and MRI may dis-
cover this anatomical variant (Fig. 1.16). In 3D format, a 
deep pouch can be appreciated by RT 3D TEE (Fig. 1.17). 
Occasionally pectinate muscles may encroach onto the 
cavo-tricuspid isthmus rendering a transmural ablation 
lesion difficult.15 The presence of anatomically distinct 
pectinate muscles traversing the isthmus can be recognized 
with intracardiac ultrasound or RT 3D TEE (Fig. 1.18). The 
Eustachian valve guarding the entrance of the inferior caval 
vein is usually a triangular flap of fibrous or fibrous-muscu-
lar tissue that inserts medially to the border of the fossa 
ovalis and the coronary sinus (Eustachian Ridge or sinus 
septum). Both Eustachian valve and ridge can be well 
imaged by 3D TEE (Fig. 1.19). Occasionally the valve is 
perforated, or even takes form of a delicate filigreed mesh. 
When it is extensive, it is described as Chiari’s network. 
However, in some cases, the valve is particularly large and 
muscular, posing an obstacle to the catheter passed from 
the inferior vena cava to the CVTI15 (Fig. 1.20).

1.1.4.1  The Coronary Sinus
With the establishment of cardiac resynchronization ther-
apy (CRT) as a non-pharmacological treatment modality 
for heart failure patients, there is a great deal of interest in 
characterizing coronary sinus anatomy. This includes iden-

tifying the location, presence, and anatomic characteristics 
of venous side branches (first- and second-order branches) 
especially their take-off, anatomical course, and relation-
ship with adjacent anatomical structures (myocardial scar, 
phrenic nerve, and diaphragm). Moreover, for the novice or 
low-volume operators, cannulation of the CS is very chal-
lenging. Anatomy of coronary sinus and its side branches 
can be evaluated at the time of CRT implantation by retro-

Fig. 1.10 3D volume rendering obtained by CT. Anterior perspective 
of the right atrium showing the right atrial appendage (RAA) overlap-
ping the Aorta (Ao)

a

b

Fig. 1.11 (a) RT 3D TEE and (b) MSCT “virtual endoscopy” images 
of the right atrial appendage. Both images show pectinate muscles 
(asterisks) lining the wall of the right atrial appendage (RAA). SVC 
superior vena cava. C crista terminalis
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grade venography (Fig. 1.21). However, because of the 
extreme variability of coronary venous anatomy, pre-proce-
dural assessment of  coronary sinus and target veins (instead 
of “on the table” assessment) may become an important 
pre-requisite before proceeding to CRT. Finally, ablation 
within the coronary sinus may be indicated in the treatment 
of ectopic atrial tachycardias, atrioventricular bypass tracts, 
and persistent AF. Several noninvasive imaging techniques, 
including MRI, CT, and echocardiography, can visualize 
the CS. However, for imaging the entire course of coronary 
sinus and its side branches both in planar image or in 3D 
format, CT is probably the best imaging technique.

In the normal heart, the CS is a wide venous channel 
often situated slightly proximal to the atrioventricular groove 
and usually runs along the inferior wall of the left atrium 
rather than in the atrioventricular groove. It is surrounded to 
a greater or lesser extent by a muscular coat that often has 
continuity with left atrial myocardium.16 The tributaries are 
the great, small and middle cardiac veins, the posterior vein 
of the left ventricle, and the oblique vein of the left atrium 
(Marshall’s vein), all of which except the vein of Marshall 
may have valves at their ostia.17 In patients with depressed left 
ventricular function, there may be dilatation of the CS. The 
most significant dilatation occurs in patients with a persis-
tent left superior vena cava (SVC), which most often courses 
between the LAA and the left PV and then drains into the 
CS. Therefore, if a pre-procedure echocardiogram reveals 
a dilated CS ostium, the presence of a persistent left SVC, 
should be suspected. This finding is of particular importance 

as it increases the technical complexity of lead placement 
for an intracardiac device. The presence of a coronary sinus 
diverticulum, although uncommon, is most often reported in 
association with posteroseptal accessory pathways18 and is 
usually located at the junction of the middle cardiac vein19 Of 
note, a CS diverticulum should be distinguished from a sub-
thebesian pouch which is located in the right atrium, below 
the CS ostium. Anatomic observations have shown several 
degrees of elevation and variable “arched” courses of coro-
nary sinus (Fig. 1.22). A “normal” position of the coronary  

a

b

Fig. 1.13 (a) Slice image obtained with MSCT and (b) 3D image 
obtained with RT 3D TEE of the right atrium showing the crista termi-
nalis. SVC superior vena cava, RAA right atrial appendage

Fig. 1.12 3D volume rendering obtained by CT. Postero-lateral per-
spective of the right atrium showing the superior vena cava (SVC), the 
sulcus terminalis (arrows), and the right atrial appendage (RAA)
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sinus in the left posterior atrioventricular groove can be found 
in only 16% of cases, a slight elevation (1–3 mm) in 12%, 
a moderate elevation (4–7 mm) in 50%, and an extreme ele-
vation (8–15 mm) in 22%. This fact is well known by elec-
trophysiologists because of the large near-field atrial signal 
noted on catheters placed within the coronary sinus. This is 
due to embryological reasons since both the postero-inferior 
left atrium and coronary sinus derive from the left horn of 
the sinus venous. Viewed from above, the coronary sinus 
describes a gentle curve in the left inferior coronary sulcus (or, 
when it is elevated as previously described) on the inferior left 
atrial wall. Recently, we observed that CS is shifted toward the 
posterior part of the MVA when the left cardiac chambers and 
mitral annulus dilate20 (Fig. 1.23). The average length of coro-
nary sinus is 40–45 mm and the average diameter is of 10 mm. 
With regard to CRT, several variations in coronary venous 
anatomy exist, which can render an endocardial approach of 
the coronary sinus difficult or impossible or can lead to sub-
optimal resynchronization. Specific examples include small 
or absent lateral branches, veins with acute branch angles, 
compression of the coronary sinus against the spine because 
of cardiomegaly, prominent Thebesian valves blocking the 
coronary sinus ostium, coronary sinus atresia, and persistent 
left superior vena cava (Fig. 1.24). The coronary sinus ostium 
opens in the right atrium between the opening of the inferior 
vena cava and the tricuspid orifice at the inferior border of the 
triangle of Koch. In nearly 80% of cases, its orifice is guarded 
by a semilunar valve, the valve of the coronary sinus (valve of 
Thebesius). Thebesian valve can be appreciated either with 
CT or with RT 3D TEE (Figs. 1.25 and 1.26).

The proximity of coronary sinus to the circumflex artery 
and its side branches may be relevant when ablation is per-
formed in coronary sinus. The left circumflex artery may 
be acutely occluded during ablation within the coronary 
sinus.21 Prior to the application of radiofrequency energy, 
the electrophysiologist should therefore consider the rela-
tionship of the coronary sinus to the left circumflex artery. 
Reduced power settings have been proposed for ablation 
within the coronary sinus in order to decrease the risk of 
such complications. Thus a pre-procedural assessment of 
these relationships may have important implications for 
safety.

Fig. 1.14 Slice image in a simulated right oblique anterior view show-
ing the cavo-tricuspid isthmus (CVTI).IVC inferior vena cava, EV 
Eustachian valve

a

b

Fig. 1.15 (a) RT 3D TEE showing the cavo-tricuspid isthmus (CTVI) 
bordered posteriorly by the inferior vena cava (IVC) and Eustachian 
valve (EV), anteriorly by the hinge of tricuspid valve (white dotted line), 
and medially by the inferior border of the ostium of coronary sinus (CS) 
(red dotted line). (b) Similar images obtained with MSCT in virtual 
endoscopy modality
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a b

Fig. 1.17 Images RT 3D TEE with two slightly different perspectives (a and b) showing a deep sub-Eustachian pouch. IVC inferior vena cava, 
EV Eustachian valve, ER Eustachian ridge

Fig. 1.16 (a) MSCT 3D volume rendering and (b) MSCT slice obtained at level of coronary sinus (CS) showing a relatively large sub-Eustachian 
pouch (asterisk). IVC Inferior vena cava. CS coronary sinus



131 Imaging-Based Heart Anatomy

Left phrenic nerve stimulation after CRT is a well- 
recognized complication.22 Usually the left phrenic nerve 
descends along the fibrous pericardium in close relation to 
the lateral coronary veins. Given the anatomic variability of 
lateral coronary veins and the proximity of the phrenic nerve 
to them, it is important to understand their relationships. CT 
has the potential to detect the phrenic nerve as it passes near 
the lateral veins23 (Fig. 1.27).

1.1.4.2  The Atrial Septum

The atrial septum can be defined as the medial wall of the atria 
that can be removed without exposing the atrial cavities to the 
extracardiac structures. Thus the “true” septum is limited to 
the flap valve of the fossa ovalis (septum primum) and part of 
its anterior and inferior muscular rim. The flap of the foramen 
ovale closes against the atrial septum, with fusion usually 
occurring within the first 2 years of life. Fusion is incomplete 
in about 25% of the population, resulting in probe patent 
defect, or patent foramen ovale.24 Because of this arrange-
ment, the right side of the fossa ovalis appears as a crater-like 
structure; on the contrary, the left side is rather indistinguish-
able from the parietal atrial wall.2 These anatomic features 
can be easily imaged by RT 3D TEE which provides an excel-
lent “en face” view of the septal surfaces both from left and 
right perspective (Fig. 1.28). The extensive muscular surface 
seen antero-medially relative to the fossa ovalis is not sep-
tum, being the wall of the atrium lying immediately behind 
the aorta and the vena cava (Fig. 1.29). The superior rim of 
the fossa (septum secundum) is the infolded wall between 
the superior vena cava and the right upper pulmonary vein. 
The planar image with CT scan (or MRI) shows this area 
filled by fat (Fig. 1.30a). In 3D format, this area can be 
hardly appreciated by 3D TEE as fat because of the low dif-
ference in acoustic impedance between fat and wall 
(Fig. 1.30b). In 3D CT volume rendering, the area appears 

Fig. 1.18 RT 3D TEE image showing pectinate muscle (arrows) tra-
versing the cavo-tricuspid isthmus (CVTI). The dotted line marks the 
tricuspid (TV) annulus. IVC inferior vena cava

Fig. 1.19 Images RT 3D TEE from a frontal perspective showing a 
thin semilunar-shaped Eustachian valve (EV). Medially the EV is 
inserted along the margin of the Eustachian ridge (ER). The tendon of 
Todaro courses deep into the crest on the ridge. The ridge itself is an 
elevation of cavo-tricuspid isthmus and borders the fossa ovalis inferi-
orly and the ostium of coronary sinus superiorly

Fig. 1.20 RT 3D TEE mimics the right anterior oblique projection 
showing a prominent Eustachian valve and a sub-Eustachian pouch
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Fig. 1.22 3D MSCT volume rendering showing as the course of coro-
nary sinus (CS) in normal heart does not usually lie on the atrioventricular 
groove (dotted line)

Fig. 1.23 3D MSCT volume rendering showing the course of coro-
nary sinus (CS) in patients with dilated left atrium, left ventricle, and 
mitral annulus. In comparison with Fig. 1.25, the coronary sinus (CS) 
lies closer to the atrioventricular groove (dotted line)

RAO 30°

LAO 50°

Fig. 1.21 Multiple projections of retrograde coronary venous angiography showing the anatomy of coronary sinus and its side branches
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unfilled (Fig. 1.31). The membranous fossa ovalis is the por-
tion of the interatrial septum which is of great interest to elec-
trophysiologists, because it is the ideal site for transseptal 
puncture. Transseptal puncture is an important technique in 
the field of electrophysiology as a variety of tachycardias such 
as atrial fibrillation (AF), atrial tachycardias, and left sided 
atrioventricular accessory pathways are ablated in the left 
atrium. Transseptal access to the left atrium allows for superior 
catheter manipulation as compared to a retrograde aortic 
approach to the left atrium. In addition, the percutaneous place-
ment of left atrial appendage occlusion devices, which are cur-
rently under study, is delivered via a transseptal approach.

1.2  The Left Atrium

As with the right atrium, the left atrium possesses a venous 
component, a vestibule a prominent body, and an appendage. 
Most of the left atrium (i.e., the vestibule, the posterior and 
superior wall that make the body of the atrium, the pulmo-
nary component, and the atrial septum) is smooth walled.25 
Characteristically, the left atrial appendage (LAA) appears as 
a small finger-like extension from the atrial chamber. Pectinate 
muscles are exclusively confined to the LAA. Because of its 
narrow junction with the rest of the atrium and the complex 
network formed by pectinate muscles, the left atrial append-
age is the potential site for deposition of thrombi.

Fig. 1.24 3D MSCT volume rendering showing (a) a small lateral vein (arrow) and (b) a diverticular arrangement of coronary sinus (arrows)

Fig. 1.25 RT 3D TEE showing the coronary sinus ostium (CS) and 
the Thebesian valve (ThV). The asterisk marks the point where it is 
 supposed to be the atrioventricular node
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1.2.1  The Vestibule

The vestibule surrounds the mitral valve orifice and has no 
anatomical distinctive characteristics. Part of the vestibule is 
the left atrial isthmus which is the area between the left lower 
pulmonary vein and the mitral hinge line. This area is one of 
the targets for a linear ablation in atrial fibrillation. The 

length of the left atrial isthmus is highly variable ranging 
from 17 to 51 mm.26 Real-time 3D TEE, as well as CT and 
MRI, can visualize the left atrial isthmus (Fig. 1.32). One of 
the complications of ablation in this area is injury to the adja-
cent vessels, including the circumflex artery. 3D volume ren-
dering by CT can demonstrate the relationships between the 
coronary sinus, circumflex artery, and atrial wall, thereby 
providing pre-procedural data for a safer approach in this 
type of ablation (Fig. 1.33)

1.2.1.1  Pulmonary Veins
There are sleeves of myocardial tissue with varying orienta-
tions which reflect back into the pulmonary veins (PVs).25–30 
This atrial myocardium is found between the adventitia and 
the media of the venous wall and may possess electrical ecto-
pic activity that acts as a trigger of atrial fibrillation. These 
structures are therefore the targets of PV isolation ablation.31,32 
Regardless the strategy used to achieve PV isolation, knowl-
edge of the PV anatomy and of the exact location of the junc-
tion of the left atrium and PVs are important guides to the 
electrophysiologist, providing pre-procedural anatomic details 
noninvasively. With CT and MRI, information regarding the 
size, number, location, and anatomic variants of the PVs can 
be easily obtained before performing the procedure.33

The most common pattern of the entry of pulmonary veins 
into the left atrium is two veins from the hilum of each lung. 
The superior veins project in a forward and upward fashion; 
whereas, the inferior veins project in a backward and down-
ward fashion.34 The external view of pulmonary veins is best 
obtained by CT and MRI (Fig. 1.34).35,36 The internal aspect 
(the ostia) of PVs can be imaged in 3D format within virtual 
endoscopy modality (Fig. 1.35). Because of its limited angle 
of scanning, 3D TEE cannot visualize the entire roof with all 
four pulmonary veins; however, it can provide high-quality 
images focused on one or two pulmonary veins (Fig. 1.36).

Anatomic studies have reported significant variability 
in dimension, shape, and branching patterns of the PVs. 
The most frequent anatomical variations are: (1) the early 

Fig. 1.26 (a) RT 3D TEE image, (b) CT, and (c) MRI slices showing the coronary sinus (CS) and the Thebesian valve (ThV)

Fig. 1.27 3D volume rendering image by MSCT showing the course 
of Phrenic nerve (arrows) and its close proximity to the lateral vein 
(asterisk). E esophagus
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 branching of right lower pulmonary vein (70–90% of the 
cases); (2) the presence of a short or long common left trunk 
(up to 35% of cases); (3) right supranumerary veins (20–
30% of the cases) (Figs. 1.37 and 1.38). In some patients, the 

 supranumerary pulmonary veins insert with a perpendicular 
orientation to the posterior wall (Fig. 1.37c, d).25,37

The pulmonary vein ostia are usually oval. Pulmonary 
vein diameters and area can be obtained with MSCT, RT 3D 
TEE, and MRI. Usually the pulmonary veins ostia are larger 
(19–20 mm) than the inferior (16–17 mm). Similarly the 
superior pulmonary veins tend to have a longer trunk (i.e., 
the distance from the ostium to the first-order branches) than 
the inferior (22 ± 7 mm versus 14 ± 6 mm).35

1.2.2  Anatomical Relationship Between 
Pulmonary Veins and Adjacent Structures

The right superior PV lies just behind the superior vena cava. 
The relationship between superior vena cava and right upper 
pulmonary vein can be demonstrated by RT 3D TEE from an 
internal perspective (Fig. 1.39). An excellent external view of 
the relationships between the superior vena cava and the pul-
monary veins can be obtained by CT or MRI in 3D format 
(Fig. 1.40). Left PVs are positioned between the left atrial 
appendage (LAA) and descending aorta. The external view of 
this anatomical relationship can be imaged by 3D CT volume 
rendering (Fig. 1.41). The upper left pulmonary vein is sepa-
rated from the left appendage by a fold in the atrial wall. The 
infolded atrial wall appears like a ridge in the endocardial 
surface. The width of this ridge is not uniform being narrower 

a b

Fig. 1.28 (a) RT 3D TEE showing the atrial septum from left and (b) 
right perspective. In (a) the septum is rather featureless while (b) from 
right-hand perspective, the position of the fossa ovalis (FO) is clearly 

visible. The extensive muscular surface seen antero-medially relative to 
the fossa ovalis is not septum, being the wall of the atrium lying imme-
diately behind the aorta and the vena cava

Fig. 1.29 Atrial septum from left perspective. The antero-medial wall 
relative to the fossa is not septum but the atrial wall behind the aorta 
(black asterisk) and superior vena cava (white asterisk). Ao aorta, SVC 
superior vena cava, FO fossa ovalis
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at the antero-superior level. It ranges from 3 to 6 mm at its 
narrowest point at the level of left upper and left lower pul-
monary vein, respectively.37 Its shape and size are of relevance 
during catheter ablation of atrial fibrillation when encircling 
the orifices of the left PVs or during ablation of extrapulmo-
nary vein triggers arising around or inside the LAA. It is also 
the site that is most challenging for accomplishing electrical 
isolation of the left pulmonary veins. An external perspective 
of the infolded atrial wall can be obtained by 3D volume ren-

dering CT or MRI, while an internal perspective of the LAA 
and the ridge can be obtained by CT “virtual endoscopy” 
(Fig. 1.35) or by RT 3D TEE (Fig. 1.42).

1.2.3  Left Atrial Appendage

Characteristically the left atrial appendage (LAA) is a finger-
like extension from the atrial chamber and usually points 
anteriorly and superiorly overlying the left ventricular wall. 
Its ostium (i.e., the orifice opening into the atrium) lies 
immediately above the level of the atrioventricular groove.27 
Anatomically the LAA is likely the most variable structure 
of the entire heart with one, two, or more lobes spreading in 
different directions (Fig. 1.43). Unlike the RAA, the LAA 
has a narrow junction with the venous component of the 
atrium and the junction with the left atrium in not externally 
marked either internally or externally by a crest or groove. 
As in the right appendage, the LAA is lined by small ridges 
(pectinate muscles). Planar imaging of the internal appear-
ance of the left atrial appendage can be obtained by CT and 
MRI slices (Fig. 1.44). The internal surface of the appendage 
can be appreciated in 3D configuration by CT in virtual 
endoscopy modality or by 3D TEE (Fig. 1.45).

1.2.4  Anatomic Relations Between Left  
Atrium and Esophagus

A critical clinical issue is the relation of the posterior wall 
of the left atrium and the esophagus because of a possible 
rare, but dreadful complication of catheter ablation, namely, 
 atrio-esophageal fistula.28 Understanding the anatomic 

a b
Superior rim Superior rim

Fig. 1.30 (a) MSCT slice and (b) magnified image of the atrial septum by RT 3D TEE showing how the true septum is formed by the valve of 
foramen ovalis (FO) and its immediate muscular rim. The arrows mark the infolded atrial wall filled by fat

Fig. 1.31 3D volume rendering by CT. The asterisk indicates the 
infolding between the superior vena cava (SVC) and the right upper 
pulmonary artery (RUPV). RLPV right lower pulmonary vein
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relationship between the esophagus and pulmonary veins/
left atrium provides useful information for avoiding esoph-
ageal injury during catheter ablation.29 The anterior aspect 
of the esophagus is always in direct contact with the poste-
rior wall of the LA. In general, the esophagus lies closer to 

a b

Fig. 1.32 (a) RT 3D TEE images showing the left upper (LUPV) and 
lower (LLPV) pulmonary veins, the ridge (R) between pulmonary veins 
and left atrial appendage (LAA), and the mitral valve (MV). The double-
headed arrow marks the area between LLPV and the postero-inferior 

hinge line of the mitral valve (left atrial isthmus). Pre-procedure imag-
ing may help to evaluate length and morphological variant of this 
region. (b) Slice image by MRI. The double-headed arrow marks the 
left atrial isthmus

Fig. 1.33 CT volume rendering showing the external aspect of the left 
isthmus. The relationship between the ablation line and the adjacent 
vessels is clearly demonstrated. LUPV left upper pulmonary vein, LLPV 
left lower pulmonary vein, RUPV right upper pulmonary vein, RLPV 
right lower pulmonary vein, CS coronary sinus, MO marginal obtuse 
branch, Cx circumflex artery

Fig. 1.34 3D CT volume rendering showing four pulmonary veins 
entering into the left atrium. LUPV Left upper pulmonary vein, LLPV 
left lower pulmonary vein, RUPV right upper pulmonary vein, RLPV 
right lower pulmonary vein
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Fig. 1.37 3D volume rendering image obtained by CT showing sev-
eral different anatomical patterns of pulmonary vein entry into the left 
atrium. (a) Early branching of right upper pulmonary vein (asterisk), 
(b) a common left trunk (asterisk), (c) and (d) right supranumerary 
veins (asterisks). LUPV Left upper pulmonary vein, LLPV left lower 
pulmonary vein, RUPV right upper pulmonary vein, RLPV right lower 
pulmonary vein

Fig. 1.35 CT virtual endoscopy modality showing a comprehensive 
view of the roof of the left atrium. The left upper (LUPV) and lower 
(LLPV) pulmonary veins, the ridge (R) between left pulmonary veins 
and left atrial appendage (LAA), the mitral orifice and the right upper 
(RUPV) and right lower (RLPV) are imaged in one image. Interestingly, 
because this image is obtained by making transparent the contrast and 
opaque the wall, mitral leaflets cannot be seen. The distortion of the 
image depends on the specific software used in this modality. Rather 
than being parallel, the projected light rays are focused to converge on 
the viewpoint. The resulting distortion of the anatomical structures 
allows the perception of the distance not on the basis of color (or gray 
scale as in 3D echocardiography), but on the basis of the object size 
(simulating the natural light convergence of human retina). Thus, 
objects near the viewpoint appear larger, whereas objects farther away 
appear smaller

Fig. 1.36 RT 3D TEE showing the left atrial appendage (LAA) and the 
left upper pulmonary vein (LUPV) separated by the ridge (R)
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the ostia of the left PVs than the right PVs. However, in any 
given patient, the position of the esophagus can vary in the 
posterior mediastinum and therefore is unpredictable. 
Intervening fat between the LA and the anterior aspect of 
the esophagus was seen only in the most superior and infe-
rior aspects of the LA. Although the position of the esopha-
gus is influenced by peristalsis and dynamic movement, the 
pre-procedural assessment of the relationship between 
these structures may be useful in determining the location 
of the ablation lesions in the LA and to understand the pos-
sible risk of esophageal injury29 (Fig. 1.46).

1.3  The Right Ventricle

The right ventricle (RV) is the most anteriorly situated car-
diac chamber, lying directly behind the sternum. The RV 
cavity is a complex, crescent-shaped structure wrapped 
around the left ventricle.38 The external appearance of the RV 
and its relationships with surrounding structures is nicely 
imaged by MSCT in 3D volume rendering (Fig. 1.47).

In the normal heart, the wall of the RV is considerably 
thinner than that of the left ventricle. It ranges in thickness 
from 3 to 7 mm. At the tip of the apex, however, the wall may 
be particularly thin. Planar slices obtained with MSCT or 
MRI provide reliable measurement of RV wall thickness 
(Fig. 1.48). The internal appearance of the RV is typical. The 
shape of the cavity can be imaged as an open “V” with a 
wide muscular separation between tricuspid and pulmonary 
valve. The right ventricular outflow tract (RVOT) is posi-
tioned in a leftward direction, whereas the left ventricular 
outflow tract (LVOT) is directed rightward and passes under 
the right outlet. The septum of the RVOT is convex, and the 
portion of the outflow tract that borders the pulmonary truck 

is the infundibulum where the wall thickness is 1 to 2 mm.39 
This area is of interest to the electrophysiologist as it is the 
site where idiopathic RVOT, a monomorphic ventricular 
tachycardia with a left bundle branch block and inferior axis, 
can be ablated.

a

b

Fig. 1.38 Real-time 3D TEE showing a left common trunk in (a) en 
face perspective and (b) in a long axis cut. R Ridge

Fig. 1.37 (continued)
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Fig. 1.40 3D volume rendering by CT showing the relationship 
between the superior vena cava (SVC) and the right upper pulmonary 
vein (RUPV). RLPV right lower pulmonary vein. RAA right atrial 
appendage

Fig. 1.41 3D Volume rendering by CT showing the relationship 
between the left atrial appendage (LAA), the left upper (LUPV) and 
lower (LLPV) pulmonary veins, and the descending aorta (DA)

Fig. 1.39 3D TEE showing the relationship between superior vena 
cava (SVC) and right upper pulmonary vein (RUPV).(a) A proper cut 
shows the right upper pulmonary vein (RUPV) in long axis view. 
Because of the different long axis orientations, the superior vena cava is 

imaged in a short axis view. (b) The image is cut to show the SVC in 
long axis view; as a consequence, both the right pulmonary vein ostia 
are seen “en face”
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The RV can be divided into three components: the inlet, 
the apical, and the outlet components (Fig. 1.49a). The most 
constant characteristic feature of the RV is the presence of 
coarse apical trabeculations compared to fine trabeculations 
that are found in the left ventricle (Fig. 1.49b). The RV is 
characterized by the presence of specific anatomical arrange-
ments such as (a) the crista supraventricular (or supraven-
tricular crest), (b) the moderator band, and (c) the trabecula 
septomarginalis (or septomarginal trabeculation).

The crista supraventricularis is the prominent muscular 
structure which separates tricuspid from pulmonary valves.40 
It comprises of the ventriculo-infundibular fold and its septal 
insertion into the trabecular septomarginalis. The external 
aspect of the ventriculo-infundibular fold can be imaged by 
MSCT 3D volume rendering, while the internal features are 
best imaged by RT 3D TEE (Fig. 1.50).

The trabecula septomarginalis is a Y-shaped muscle band 
that appears like a column supporting the ventriculo-
infundibular fold in between its arms.40 When abnormally 
formed or hypertrophied, it can be a substrate for dividing 
the ventricular cavity into two chambers. The body of the 
“trabeculation” ends near the apex, splitting into several 
smaller muscle bundles. One of these usually takes a charac-
teristic course crossing the right ventricular cavity. This 
branch has been named the moderator band (Fig. 1.51). The 
moderator band runs toward the anterior wall, and joins the 
base of anterior papillary muscle (Fig. 1.51).

The outlet component, or infundibulum, is a freestanding 
and completely muscular structure. The pulmonary valve leaf-
lets are supported entirely by this freestanding musculature. 
There is an extensive external tissue plane between the walls 
of the aorta and the pulmonary infundibulum (Fig. 1.52).

Arrhythmogenic right ventricular dysplasia/cardiomyo-
pathy (ARVD) is a desmosomal cardiomyopathy resulting in 
progressive fibro-fatty infiltration of the myocardium, and it 
may be characterized by ventricular tachycardia or ventricu-
lar fibrillation. This disease affects particular areas of the 
right ventricle, specifically the subtricuspid portion, RVOT, 
and apex of the RV – known as the “triangle of dysplasia”.41 
Of note, right ventricular aneurysms, often found in the thin-
nest portion of the RV myocardium, are considered pathog-
nomonic and are seen in approximately 50% of autopsy 
cases.42 Cardiac MRI, which is able to characterize fibro-
fatty infiltration and abrupt wall thinning, offers higher 
reproducibility and lower observer variability than echocar-
diography43 Endocardial voltage mapping allows for the 
identification of areas of myocardial atrophy and fibro-fatty 
substitution which demonstrate low amplitude electrograms. 
The resultant three-dimensional electroanatomic map may 
be used to facilitate substrate-based linear ablation of mac-
roreentrant ventricular tachycardia in these patients. In addi-
tion, a recent study showed that RVOT and early forms of 
ARVD could be differentiated with the use of voltage 
mapping.44

Fig. 1.42 (a) 3D volume rendering CT image showing the infolding of 
the wall of the left atrium between the left atrial appendage (LAA) and 
left upper pulmonary vein (LUPV), this infolding is filled by pericardial 

fat (arrow). (b) RT 3D TEE image showing the endocardial surface of 
the infolding which appears as a ridge (asterisk) between LUPV and 
LAA
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1.4  The Left Ventricle

The morphological left ventricle forms the apex and the lower 
part of the left heart border. It is shaped like a cone (ellipsoid 
of revolution) with its long axis directed from the apex to the 
base.45 Short axis cross sections, perpendicular to long axis, 
reveal a roughly circular geometry. 3D images obtained by 
MSCT or MRI volume rendering or by RT 3D TEE can beau-
tifully show the LV shape (Fig. 1.53 and 1.54).

The endocardial surface is irregular relative to the epicar-
dial surface due to the two groups of papillary muscles and 

trabeculations. The papillary muscles are protuberences of 
the LV musculature that anchor the cords to the left ventricu-
lar wall. Rupture of one of their heads results in severe val-
vular regurgitation. The two groups are located beneath the 
commissures, occupying anterolateral and posteromedial 
positions (Fig. 1.55).

Tomographic imaging has consistently shown that the 
bases of the papillary muscles are not solid. Instead, they are 
composed of muscular continuations from the trabeculations 
that line the ventricular cavity (Fig. 1.56).

Like the right ventricle, the left ventricle possesses an 
inlet, an apical trabecular component, and an outlet. The inlet 

Fig. 1.43 3D volume rendering CT showing the left atrial appendage (LAA) of four consecutive patients. Note the extreme variability of LAA 
morphology
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component contains the mitral valve and extends from the 
atrioventricular junction to the attachment of the papillary 
muscles (Fig. 1.57).

The apical trabecular portion is the most characteristic 
feature of the morphological left ventricle and contains fine 
trabeculations. This part helps identification since the left 
ventricle never possesses a septomarginal trabeculation or a 
moderator band (Fig. 1.58).

The LVOT component supports the aortic valve and con-
sists of both muscular and fibrous portions. This is in con-
trast to the infundibulum of the right ventricle, which is 
comprised entirely of muscle (Fig. 1.59). The LVOT arrhyth-
mias may arise from left and right aortic cusps, the mitral 
valve including the aortomitral continuity, or the base of the 
left ventricle. The septal portion of the LVOT, although pri-
marily muscular, also includes the membranous portion of 
the ventricular septum (Fig. 1.60a). The anterolateral quad-
rant of the outflow tract is again muscular and consists of the 
lateral margin of the inner curvature of the heart (Fig. 1.60b). 
The posterior quadrant of the outflow tract consists of an 
extensive fibrous curtain that extends from the fibrous skel-
eton of the heart across the aortic leaflet of the mitral valve, 
and supports the leaflets of the aortic valve in the area of 
aortic-mitral fibrous continuity (Fig. 1.60c).

During systole, the ventricle thickens radially (from the 
epicardium to the center of cavity, in the direction of radii 

perpendicular to the long axis) and shortens from the base to 
apex along meridians (curved lines parallel to long axis). 
Moreover, shortening occurs also circumferentially along 
curved lines in short axis planes and, finally, the apex twists 
relative to the base (Fig. 1.61). These simultaneous move-
ments in different directions can be explained by the com-
plex architecture of fibers orientation. In the midwall (half 
away between the epicardium and the endocardium), the 
fibers lie in the circumferential plane, aligned with the short 
axis section. In the subendocardium (approximately 10% of 

Fig. 1.44 MSCT axial slice showing the LAA appendage (LAA) and 
pectinate muscles (asterisks) inside. LA left atrium

Fig. 1.45 (a) MSCT in virtual endoscopy modality and (b) RT 3D 
TEE showing the left atrial appendage (LAA) and the small irregular 
pectinate muscles (asterisks) which divide the LAA in small lobes
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wall thickness from the endocardium surface), the fibers 
course upward and to the right averaging 60° oblique to the 
circumferential plane. Finally, in the subepicardium (10% 
of wall thickness closest to epicardial surface), the fibers 
course downward to the right averaging 60° oblique to the 
circumferential plane, thus overlapping the subendocardial 
fibers at 120°.

1.5  Summary

Improvements in imaging technology have led to a better 
understanding of dynamic morphology of the heart and 
resulted in improved safety and efficacy of invasive electro-
physiologic procedures. Three-dimensional delineation of 
anatomic structures and morphologic variants has allowed the 
cardiac electrophysiologist to perform increasing complex 
ablations and implantation of sophisticated devices. Novel 
tools have also reduced the reliance on fluoroscopy, minimiz-
ing radiation exposure to the patient and to the clinician.

Fig. 1.46 3D volume rendering obtained by CT showing the relations 
between the esophagus (E) and the posterior roof of the left atrium. 
LUPV Left upper pulmonary vein, LLPV left lower pulmonary vein, 
RUPV right upper pulmonary vein, RLPV right lower pulmonary vein

Fig. 1.47 3D volume rendering 
CT showing the anterior position 
of the right ventricle (RV) behind 
the sternum (S). The right 
ventricle overlaps most of the left 
ventricle (LV). DA descending 
aorta
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Fig. 1.48 (a) Slice image by CT and (b) MRI showing the remarkable thin wall of the right ventricle (RV). TV tricuspid valve

Fig. 1.49 RT 3D TEE showing (a) the three component of the right ventricle from a right perspective and (b) the coarse trabeculations near  
the apex
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Fig. 1.50 (a) 3D volume rendering MSCT and (b) RT 3D TEE showing the crista supraventricularis from an external and internal perspective 
respectively

Fig. 1.51 (a) RT 3D TEE and (b) virtual endoscopy by MSCT showing the trabecula septomarginalis (TSM), the moderator band (MB), and the 
anterior papillary muscle (APM) from an above perspective
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Fig. 1.53 Two different modalities to represent the shape of the left 
ventricle (LV). (a) By the MSCT volume data set, an “electronic” cast 
of the LV is obtained by making completely transparent the myocar-

dium and increasing the opacity of the intracavitary contrast. (b) RT 3D 
TEE after having cut the lateral wall of the LV. Both techniques show 
the elliptic.-shaped left ventricular cavity

Fig. 1.52 (a) 3D MSCT volume rendering and (b) RT 3D TEE showing the right infundibulum from an external and internal perspective 
respectively
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a b

Fig. 1.54 (a) MSCT 3D volume rendering and (b) RT 3D TEE in short axis cross sections both showing the roughly circular geometry of the  
left ventricle

Fig. 1.55 (a) MSCT 3D volume rendering and (b) RT 3D TEE both showing the anterolateral (AMP) and posteromedial (PPM) groups of papil-
lary muscles
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Fig. 1.56 CT slice image showing the base of papillary muscle joining 
with the network of trabeculations (arrow) lining the cavity rather than 
directly to the solid portion of the wall

a b

Fig. 1.57 (a) CT slice image and (b) RT 3D TEE showing the extent of the inlet portion of the left ventricle (double-headed arrows)
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Fig. 1.58 (a) CT slice image and (b) RT 3D TEE showing the fine trabeculation of the apical portion of the left ventricle

a b

Fig. 1.59 (a) Electronic cast by MSCT and (b) RT 3D TEE showing the left ventricular outflow tract (LVOT). LV left ventricle, Ao Aorta
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Fig. 1.60 RT 3D TEE images showing (a) the septal, (b) the anterolateral, and (c) the posterior quadrant of the left infundibulum
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Fig. 1.61 Slice images by CT showing short axis view in diastole (a) and systole (b) and long axis view in diastole (c) and systole (d). During 
systole, the left ventrcicular myocardium thickens radially (white arrows) and shortens longitudinally (black arrows)
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 Abstract 

 Since its introduction in the late 1970s, catheter-based radiofrequency ablation has evolved 
from a primitive and experimental procedure to the mainstay for arrhythmia management it 
is today. Initial intracardiac catheter navigation was fl uoroscopy based, and therefore sub-
ject to x-ray limitations and side effects. However, accurate catheter location within the 
cardiac chambers has required electrophysiologic confi rmation of catheter positioning. This 
led to the development of conventional cardiac mapping techniques. The limitations of fl uo-
roscopy and conventional mapping techniques led to the development of electro-anatomical 
mapping systems (EAM), in which information regarding catheter position in a 3D space is 
combined with electrophysiological information in real time to provide an accurate local-
ization of the catheter tip while, at the same time, data regarding electrophysiological prop-
erties of the underlying myocardial substrate. Eventually, the mechanisms of more complex 
arrhythmias, such as atrial fi brillation and scar-based monomorphic ventricular tachycardia, 
started to be elucidated. This was followed by more diffi cult ablation procedures that 
required more accurate mapping systems able to provide real-time information. The intro-
duction of EAM combined with Cardiac Computerized Tomography (CCT), cardiac 
Magnetic Resonance Imaging (cMRI), and real-time intracardiac echocardiography (ICE) 
allows for more precise mapping with signifi cant improvement in cure rates for ablation 
procedures. However, most of these techniques are essentially x-ray based and expose the 
patient and the operator to the noxious effects of ionizing radiation. 

 Keywords 

 Catheter-based radiofrequency ablation  •  Electro-anatomical mapping systems  •  Cardiac 
Computerized Tomography  •  Cardiac Magnetic Resonance Imaging  •  Intracardiac 
echocardiography 

 Since its introduction 1  in the late 1970s, catheter-based 
radiofrequency ablation has evolved from a primitive and 
experimental procedure to the mainstay for arrhythmia 
 management it is today. Initial intracardiac catheter naviga-
tion was fl uoroscopy based, and therefore subject to x-ray 

 limitations and side effects. However, accurate catheter loca-
tion within the cardiac chambers has required electrophysi-
ologic confi rmation of catheter positioning. This led to the 
development of conventional cardiac mapping techniques. 
Initial and current conventional electrophysiologic mapping 
techniques rely on astute observations and maneuvers to 
uncover the arrhythmia anatomic substrate and pathophysi-
ologic mechanisms. However, as progress was made in the 
understanding of the mechanisms underlying arrhythmias, 
the limitations of fl uoroscopy and conventional mapping 
techniques became apparent. 
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 This led to the development of electro-anatomical 
 mapping systems (EAM), in which information regarding 
catheter position in a 3D space is combined with electro-
physiological information in real time to provide an accurate 
localization of the catheter tip while, at the same time, data 
regarding electrophysiological properties of the underlying 
myocardial substrate. 

 Eventually, the mechanisms of more complex arrhyth-
mias, such as atrial fi brillation and scar-based monomorphic 
ventricular tachycardia, were slowly being elucidated. This 
was followed by more diffi cult ablation procedures which 
required more accurate mapping systems able to provide 
real-time information. 

 The introduction of EAM combined with Cardiac 
Computerized Tomography (CCT), cardiac Magnetic 
Resonance Imaging (cMRI) and real-time intracardiac 
echocardiography (ICE) allows for more precise mapping 
with signifi cant improvement in cure rates for ablation pro-
cedures. However, most of these techniques are essentially 
x-ray based and expose the patient and the operator to the 
noxious effects of ionizing radiation. 

    2.1   MRI for Arrhythmic Substrate 
Evaluation: Tissue Characterization 
and Anatomic Considerations 

    2.1.1   Atrial Fibrillation Ablation 

    2.1.1.1   Anatomical Considerations 
 Atrial fi brillation (AF) is the most common sustained cardiac 
arrhythmia, affecting more than two million people in the 
United States, 2  with an incidence rate of 0.4% 3  of the general 
population. Electrical pulmonary vein isolation (PVI) using 
radiofrequency (RF) ablation is effective in symptomatic, 
drug-refractory AF. Still, reported success rates of the proce-
dure vary signifi cantly with reported AF recurrences ranging 
from 25% to 60%. 

 Ever since it was fi rst published in 1998 by Haissaguerre 
et al., pulmonary vein (PV) triggers have been recognized as 
the most common source of paroxysmal atrial fi brillation; 
electrical isolation of the PV has remained the cornerstone of 
atrial fi brillation ablation. 4  Most ablation techniques include, 
in one way or the other, a group of lesions distributed in a 
circular fashion to electrically isolate the PV so that it 
becomes of utmost importance then to clearly defi ne the left 
atrial (LA) and PV anatomy prior to any ablation. 

 PV anatomy is variable in the general population, and this 
is more signifi cant in the AF patient population. Kato et al. 5  
observed up to 38% anatomical variants in patients with AF, 
these patients typically had larger PV diameter than controls. 
Wazni et al. 3  confi rmed the presence of a right middle PV in 
18–29% of patients undergoing evaluation for AF ablation, 

and this structure has been described as a focus for AF 
 initiation. The importance of a clear understanding of the 
patient’s anatomy is of paramount importance when plan-
ning an ablation procedure. cMRI can very clearly demon-
strate the presence, location, and anatomical variants of PV’s 
prior to ablation; allowing for procedural planning.  

    2.1.1.2   Integration Between Left Atrium 
cMRI and Non-fl uoroscopy Based 
Mapping Systems 

 Integration of LA cMRI images with a non-fl uoroscopy-
based mapping system is a crucial step in AF ablation, 
since it allows for precise catheter monitoring in a real-time 
three-dimensional manner during ablation. Integration typi-
cally consists in fusing two images: CCT or cMRI with an 
electro-anatomical map (EAM) or shell of the LA. This pro-
cess usually consists of three steps: (1) image acquisition, (2) 
segmentation, and (3) registration. Accuracy of integration 
is crucial for safe catheter navigation and positioning; how-
ever, pitfalls related to integration of CCT/cMRI with EAM 
systems could occur due to registration errors and changes in 
the LA volume, size, and shape between the time of image 
acquisition and integration with the EAM system.  

    2.1.1.3   Tissue Characterization, Staging 
of Atrial Fibrillation, and Prediction 
of AF Ablation Success 

 Late gadolinium enhancement-MRI (LGE-MRI) of the LA has 
been used as a marker for LA fi brosis and structural remodeling. 
Oakes et al. 6  have shown that the amount of LGE in the LA is 
a powerful predictor of AF ablation outcome. The rate of AF 
recurrence post-ablation was directly related to the degree of 
LA LGE pre-ablation. 6  The amount of LGE of the LA as a 
marker of scar formation post-AF ablation has also been directly 
correlated with ablation success in a pilot study. 7  

 The use of LGE-MRI pre-ablation for risk stratifi cation 
and ablation success prediction has allowed for the develop-
ment of a personalized management approach to atrial fi bril-
lation. Upon initial clinical evaluation and after determining 
the AF burden, a cardiac MRI was acquired. The following 
image acquisition parameters are used.  

    2.1.1.4   MRI Image Acquisition 
 Pre-ablation cardiac MRI is obtained either on a 1.5 T Avanto 
or on a 3.0 T Veerio scanners (Siemens Medical Solutions, 
Erlangen, Germany) using a TIM phased-array receiver coil. 
The scan is acquired 15 min after 0.1 mmol/kg Multihance 
(Bracco Diagnostic Inc., Princeton, NJ) contrast agent injec-
tion, using a 3D inversion recovery, respiration-navigated, 
ECG-gated, and gradient-echo pulse sequence. Typical 
acquisition parameters were free-breathing using navigator 
gating, a transverse imaging volume with voxel size = 1.25 × 
1.25 × 2.5 mm, and GRAPPA with  R  = 2 and 46 reference 
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lines. ECG gating is used to acquire a small subset of phase 
encoding views during the diastolic phase of the LA cardiac 
cycle. The time interval between the R-peak of the ECG and 
the start of data acquisition was defi ned using the cine images 
of the LA. Fat saturation is used. The TE of the scan (2.3 ms) 
is chosen such that fat and water are out of phase and the 
signal intensity of partial volume fat-tissue voxels was 
reduced allowing improved delineation of the LA wall 
boundary. The T1 value for the LGE-MRI scan is identifi ed 
using a scout scan. Typical scan time for the LGE-MRI study 
is 5–10 min.  

    2.1.1.5   LGE-MRI Quantifi cation of Pre-ablation 
Fibrosis/Structural Remodeling 
and Post Ablation Scarring 

 After image acquisition, the epicardial and endocardial LA 
borders are manually contoured using the CoreView image 

display and analysis software. The relative extent of pre-
ablation enhancement and post-ablation scar is then quanti-
fi ed within the LA wall with a threshold-based algorithm 
utilizing pixel intensities from normal based on a bimodal 
distribution (Fig.  2.1 ). Since post-ablation scar pixel inten-
sity is signifi cantly higher than pre-ablation delayed enhance-
ment, a different threshold is used for analysis and imaging 
of scar.   

    2.1.1.6   Staging AF Using MRI 
 Supported by outcome data we have established at the 
University of Utah, a clinical staging system composed of 
four stages based on the amount of pre-ablation delayed 
enhancement (fi brosis) as a percentage of the volume of the 
left atrial wall. 8  This clinical staging system includes four 
stages: Utah I  £ 5% enhancement, Utah II >5–20%, Utah 
III >20–35%, and Utah IV >35%. When performing a 
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  Fig. 2.1    LGE-MRI quantifi cation of pre-ablation fi brosis/structural 
remodeling and postablation scarring. After LGE-MR images are 
obtained ( 1 ), the endocardial and epicardial borders are manually 
 contoured and isolated ( 2, 3 ), and the extent of LGE is then quantifi ed 
using a pixel intensity distribution ( 4 ), qualitative confi rmation is then 

 performed, a color lookup table mask is then applied to differentiate 
enhanced and non-enhanced tissue ( 5 ), and fi nally a 3D rendering of the 
LA is generated allowing for better visualization and spatial localiza-
tion of the late gadolinium enhancement ( 6 )       
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 multivariate analysis, it was found that the number of PV 
isolated in patients with Utah stage II and the total amount 
of scar in those with Utah stage III were predictors of suc-
cess. Patients with minimal pre-ablation fi brosis, Utah stage 
I, did well regardless of the number of PV isolated or the 
total amount of scar, whereas those with advanced atrial 
remodeling as assessed by LGE-MRI, Utah stage IV, did 
poorly regardless. 8  

 Moreover, in a multivariate regression model, LGE-MRI 
evaluation of the left atrial substrate was shown to improve 
the predictive value of the CHADS 

2
  score, allowing defi n-

ing patients at higher risk of stroke despite having a low or 
moderate CHADS 

2
  score. 9  Patients with a previous stroke 

had a signifi cantly higher percentage of LA fi brosis com-
pared to those without (24.4% ± 12.4 vs. 16.1% ± 9.8, 
 p  =<0.001). There was also a signifi cant difference in the 
rate of thromboembolism between patients with Utah stage 
I and those with stage IV. Also it was found that patients 
with higher risk for stroke (CHADS 

2
  score  ³ 2) had higher 

amounts of LA fi brosis. Using univariate and multivariate 
regression analysis, LGE-MRI quantifi ed left atrial struc-
tural remodeling was independently associated with stroke. 9  
Based on this staging system, a comprehensive cMRI-based 
AF management algorithm (Fig.  2.2 ) has been developed, 
which helps in triaging patients to AF ablation, as well as 
planning a corresponding ablation strategy and future anti-
coagulation strategy.    

    2.1.2   Safety 

 Control of collateral damage is critical during AF ablation. 
The LA is anatomically related with several vital structures; 
the pulmonary artery runs along the LA dome, the ascending 

aorta relates with the LA anterior wall and dome, the 
 descending aorta with the posterior wall, the phrenic nerve is 
anterior to the right pulmonary veins, and the esophagus 
runs behind the posterior wall and the left inferior PV. 
Understanding of these relationships and monitoring of these 
anatomical structures during ablation is of paramount impor-
tance to avoid disastrous complications. LGE of the esopha-
gus has been used to monitor for post-ablation injury. 10  In 
one report, Badger et al. 11  studied 41 patients’ LGE-MRI 
pre-AF ablation, 24 h post-AF ablation, and 3 months after 
the ablation. Five patients demonstrated esophageal enhance-
ment 24 h post-ablation and esophageal injury confi rmed by 
esophagogastroduodenoscopy (EGD). EGD and cMRI were 
repeated a week later and confi rmed resolution of esophageal 
LGE and endoscopic resolution of these lesions as well. 
Follow-up cMRI at 3 months post ablation demonstrated no 
LGE on the esophageal wall (Fig.  2.3 ).    

    2.2   Ventricular Tachycardia Ablation 

 Arrhythmia substrate evaluation is critical for ventricular 
tachycardia (VT) evaluation and ablation strategy planning. 
cMRI has the capacity to assess not only ventricular systolic 
function but also, and simultaneously, to provide insights 
into the myocardial underlying pathology. 

    2.2.1   Scar-Based Monomorphic Ventricular 
Tachycardia: Ischemic VT 

 VT associated with myocardial scars, either ischemic 
(Fig.  2.4a–c ), due to sarcoidosis, or cardiomyopathy, is 
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  Fig. 2.2    University of Utah 
proposed LGE-MRI-based 
management algorithm for 
patients with AF       

 



412 Magnetic Resonance Imaging: Description of Technology and Protocols

 typically a monomorphic re-entrant arrhythmia dependent 
upon the presence of a conduction isthmus. This isthmus 
could be inside the scar, around the scar, or around a fi xed 
anatomical structure (i.e., cardiac valves). These arrhyth-
mias are usually not well tolerated hemodynamically.  

 Different strategies for the mapping of these VTs include 
scar/substrate assessment with electro-anatomical mapping 
system, pace mapping, and evaluation of diastolic potentials. 
These different strategies, however, are time consuming, 
adding length and risk to these procedures. 

  Fig. 2.3     LGE-MRI of the esophagus      and EGD.  ( a ) LGE-MRI demon-
strates enhancement of the anterior esophageal wall ( arrows ) which 
correlates with a lesion ( green arrow ) found on EGD ( c ). ( b ) A week 

later, there has been resolution of late gadolinium enhancement on MRI 
( arrows ) and resolution of the lesion on EGD ( d  and  e )       

  Fig   . 2.4    Characteristic cMRI of patients with ischemic scar. Cardiac 
LGE-MRI (late gadolinium enhancement phase sensitive inversion 
recovery (PSIR) sequence) of patient with ischemic cardiomyopathy and 

scar-based monomorphic ventricular tachycardia ( a : short axis view,  b : 
two chamber view, and  c : long axis view) demonstrating a scar ( green 
arrowheads ) in the distal antero-septal segments of the LV (bright area)       
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 LGE-MRI provides a reliable assessment of myocardial 
scar, particularly in ischemic substrates. Bello et al. found, 
in 18 patients, a correlation between infarct surface area and 
infarct mass as defi ned by LGE-MRI and VT inducibility 
on EPS   . 12  On another larger study, Schmidt et al. demon-
strated the association between “scar border zone,” a dis-
tinct zone than dense scar based on pixel intensity on 
LGE-MRI, and inducibility in EPS. 13  In this study, the 
amount of scar  border zone was a good predictor of induc-
ibility, whereas the total amount of dense scar was not. 
Information about VT substrate has been used, albeit 
experimentally, to  predict the VT circuit. Ashikaga et al. 
correlated, in an  animal model, surface ventricular mapping 
with ex-vivo high-resolution cMRI and found correlation 
between exit sites and conduction isthmus with isles of via-
ble myocardium within the scar. 14   

    2.2.2   Arrhythmogenic Right Ventricular 
Dysplasia/Cardiomyopathy 

 Arrhythmogenic right ventricular dysplasia/cardiomyopa-
thy (ARVD/C) is cardiomyopathy which affects mainly the 
right ventricle (RV). It is characterized by fatty/fi bro-fatty 
replacement and myocyte loss, ventricular aneurysms, ven-
tricular arrhythmias, and right ventricular failure. There is 
mounting evidence that the underlying etiology of ARVD/C 
is desmosomal dysfunction. 15  Its prevalence is estimated to 
be around 1:5,000 in the United States, and accounts for 5% 
of all sudden cardiac death in patients younger than 35 years 
old in the United States. Its diagnosis is based on a set of 
major and minor criteria established by the Task Force of 
Cardiomyopathy. 16  They include evaluation for structural 
and electrophysiological abnormalities, as well as elements 
from the patient history. 

 Cardiac MRI is a very useful noninvasive tool for the 
evaluation of ARVD/C since it can defi ne the presence of 
myocardial fat infi ltration, observed in T1-weighted 
sequences, 15  and it can also allow for evaluation of the struc-
ture of the RV and quantifi cation of its function.  

    2.2.3   Ventricular Tachycardia in Structurally 
Normal Ventricles (Idiopathic Ventricular 
Tachycardia) 

 Approximately 10% of all ventricular tachycardias occur in 
ventricles that are structurally normal. 17  The presence of sub-
clinical structural abnormalities is not always evident in the 
echocardiogram and/or coronary angiogram which are usu-
ally normal. MRI in these cases may assist in the differential 
diagnosis and point toward a different etiology.   

    2.3   Radiofrequency Ablation Lesion 
Characterization 

 Characterization of the myocardial changes following 
RF ablation is of importance since it would allow for  validation 
of therapy delivered and ultimately for ablation endpoints. 

    2.3.1   Acute Wall Edema Post Ablation 

 Acute edema, enhancement on T2w images performed 
immediately after AF ablation, correlates signifi cantly with 
low voltage areas (defi ned as <0.05 mV) mapped using the 
CARTO system. However, the area enhanced with T2w 
imaging is much larger than the area covered by LGE on 
MRI acutely post-AF ablation. 18  Acute post-ablation edema 
is seen not only in regions directly subjected to RF energy 
but also in distant regions (Fig.  2.5 ) and it does not predict 
fi nal scar formation defi ned by LGE-MRI at 3 months. 18  A 
LGE-MRI at 3 months after AF ablation shows loss of 
enhancement on T2w images consistent with edema reso-
lution in areas free of scar. Edema seen acutely in regions 
other than in ablated areas suggests a mechanism other than 
direct radiofrequency thermal lesion as its cause.  

 Finally, the presence of edema in regions away from areas 
that result in scar formation, as well as its association with 
low voltage on electro-anatomical mapping may explain, at 
least partially, the presence of acute PV disconnection, and 
late reconnection with edema resolution, or ventricular myo-
cardial recovery following VT ablation. 18   

    2.3.2   Late Gadolinium-Enhanced Defi ned 
Scar and Non-refl ow Phenomenon 

 Heterogeneity in the LA wall is seen on acute post-ablation 
LGE-MRI scans with portions showing very little or no 
enhancement at all even in areas that received direct RF 
energy (Fig.  2.6 ). In a porcine model of ablation, these areas 
correlated well with lesion formation, particularly with areas 
with the highest amount of injury. Within minutes there is 
resolution of these areas of non-enhancement and they mani-
fest all the features of ablated/scarred areas. These areas of 
no-enhancement are believed to correspond to areas of no-
refl ow, phenomenon similar to that seen in ventricles in the 
immediate post-MI period. 18    

    2.3.3   Late Imaging and Recurrences 

 The amount of scar and the number of circumferentially 
scarred PVA on LGE-MRI is associated with better outcomes 
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for AF ablation, confi rming earlier studies that total LA abla-
tion scar burden is associated with AF termination. 19  
However, complete PVA isolation is diffi cult to achieve and 
complicated by the fact that certain changes seen acutely are 
reversible over a 3-month period. 

 Acutely post-ablation voltage and LGE-MRI defi ned 
scar do not have a good correlation. However, acute 
LGE-MRI areas correlate well with areas of low voltage 
at 3 months. These areas of acute LGE-MRI likely rep-
resent areas with irreversible damage from RF ablation 
whereas the larger area of low voltage during the acute 
post-ablation period likely represents a combination of tis-
sue edema, other reversible changes, and areas that will 
scar completely. 

 LGE-MRI can also accurately identify the location of 
breaks in ablation lesion sets, and its correlation with con-
duction recovery, which may explain post-ablation AF recur-
rences. 19  Badger et al. 20  demonstrated that AF recurrences 
following ablation are associated with signifi cant gaps 

between lesions, and that these gaps correlated well with 
recovery of local EGMs or PV electrical conduction. This 
has allowed to better plan and tailor re-do procedures for 
patients with PV tachycardias, atrial/fl utters, or atrial 
fi brillation.   

    2.4   The Future: Real-Time-MRI 

 The assessment of lesion formation during electrophysio-
logic procedures has always been a challenge; cMRI allows 
for visualization of location and extent of RF ablation lesion, 
scar formation in the myocardium, and potentially real-time 
assessment of lesion formation. Real-time MRI (RT-MRI)–
based imaging and ablation system has the potential advan-
tage of tissue lesion visualization during RF delivery, which 
could be used as an ablation end point. Electrophysiology 
RT-MRI-guided procedures have been carried out by a few 
laboratories. 

  Fig. 2.5     Post-ablation edema extends beyond ablated regions.  Cardiac 
MRI from six patients post-AF ablation demonstrates edema (bright 
T2w signal) extending not only in regions where RF energy was 

 delivered (posterior wall and PV antrum) but also remote LA regions 
 (anterior wall/dome and lateral wall)       
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 MRI-guided ablation in the atrium has recently been 
reported by Schmidt et al. 21  and by Hoffmann et al. 22  In one 
of these studies, MRI angiography of the atrium was acquired, 
the atrium surface was segmented, and real-time catheter 
navigation was then carried out using this 3D reconstruction; 
however, no images were acquired during ablation 21 ; rather, 
immediately postablation lesion formation was confi rmed by 
LGE imaging. In the other study, 22  the catheters were navi-
gated using RT-MRI sequences; however, there was no 
immediate tissue visualization during RF delivery and lesion 
formation, although there was T2w evaluation of the abla-
tion site just before and after the ablation of the cavo-tricus-
pid isthmus. These two studies were done in 1.5-T MRI. 

 At our EP-MRI suite, we could demonstrate the feasibil-
ity to safely navigate and pace and record intracardiac EGMs 
in the atrial chambers under 3-T real-time MRI guidance. 23  

 We used a novel 3-T real-time (RT) MRI–based porcine 
RF ablation model with visualization of lesion formation in 
the atrium during RF energy delivery (Fig.  2.7 ).  

 In this model, RF energy was delivered    under cMRI 
visualization at 3-T using custom RT-MRI software. A 
novel MRI-compatible mapping and ablation catheter was 
also used. Under RT-MRI, this catheter was guided and 
positioned within either the left or right atrium. Unipolar 
and bipolar electrograms were recorded. The catheter tip-
tissue interface was then visualized with a T1w FLASH 
(T1-weighted fast low angle shot) sequence. RF energy was 
then delivered in a power-controlled fashion, and myocar-
dial changes and lesion formation were visualized with a 
T2w HASTE (half Fourier with single shot turbo spin echo) 
sequence during the ablation. The presence of a lesion 
was confi rmed by LGE- MRI and macroscopic tissue 
examination. 

 According to these studies, MRI-compatible catheters can 
be navigated and RF energy safely delivered under 1.5- and 
3-T RT-MRI guidance. It was also feasible to record EGMs 
in the atrium and ventricle during real-time image acquisi-
tion. Real-time visualization of lesion as it forms during 

  Fig. 2.6     Non-refl ow 
phenomenon      on LGE-MRI.  
( a1, a2 ) Cardiac LGE-MRI of 
two patients immediately 
following AF ablation 
demonstrates areas of LGE 
mixed with areas of no 
enhancement in the posterior 
wall ( blue arrowheads ). These 
same patients underwent 
LGE-MRI at 3 months post 
ablation. ( b1  ,   b2 )The above areas 
correlated well with scar 
formation in the posterior wall 
(blue arrow s )       
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delivery of RF energy was possible and demonstrated using 
T2-w HASTE imaging under 3-T. 

 Finally, catheter visualization and myocardial tissue 
imaging under RT-MRI during RF energy could help improve 
ablation procedure outcomes by immediate assessment of 
ablation endpoints in the myocardium.      
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    3.1   Description of CT Technology 

    3.1.1   History and Basic Principle 
of Computed Tomography 

 Sir Godfrey Hounsfi eld, an electrical engineer, constructed 
the fi rst computed tomography (CT) scanner to image the 
brain in 1971. The brain CT scanner became commercially 

available 1 year later in 1972. He subsequently developed the 
fi rst whole body CT scanner in 1974 and together with Allan 
Cormack, a physicist, who developed the signal-processing 
algorithms enabling CT image reconstructions, won the 
Nobel Prize for Physiology and Medicine in 1979 for the 
development of X-ray computed tomography. 1  

 A typical CT scanner has several main components: (1) 
the X-ray tube that emits X-ray beam, (2) the detector array 
located at the opposite side that collects the X-ray beam, (3) 
the gantry that holds and rotates the X-ray tube and detector 
array, and (4) the table where the patient lies on and moves 
through the rotating gantry (Fig.  3.1 a). The human body lies 
in the center of the scanner within the fi eld of view of the 
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X-ray source, which emits a fan-like beam of X-rays to the 
detector array. The basic principle of cardiac CT is the use of 
a two-dimensional (2D) X-ray beam that passes through the 
body in continuous circular rotations to generate multiple 2D 
X-ray images to create a three-dimensional (3D) image of 
the heart. Although the gantry rotates a full 360°, only 
approximately 180° of data is needed to reconstruct one 
image: so-called half-scan reconstruction (Fig.  3.1 b). 
Depending on the tissue content, there is attenuation of the 
X-ray beam as the body absorbs it. The photons that pass 
through the body are then collected by the detector array. 
Data acquired onto the detector array are digitalized as gray-
scale pixels using “fi ltered back projection” technique, a 
method similar to that used in nuclear cardiology, to produce 
a cross-sectional image slice made up of a pixel matrix in the 
X–Y plane (typically 512 × 512 pixels). Multiple 2D cross-
sectional image slices are added in series in the Z-direction 
(or longitudinal direction) to become a 3D reconstructed 
image. There are newer reconstruction algorithms being 
developed, such as iterative reconstruction, to improve image 
quality, limit noise, and reduce artifacts but the fi lter back 
projection method remains ubiquitous in most CT scanners.  

 The individual pixel has a value that is the equivalent of 
the linear transformation of the X-ray attenuation coeffi cient 
as referenced to the value of water and is called “Hounsfi eld 
units” or HU (Table  3.1 ). Pixels brighter or whiter than water 
will have a more positive HU, while those darker or blacker 
than water will have a negative HU, allowing for differentia-
tion of iodinated contrast from other internal bodily struc-
tures. With proper timing of contrast injection, the appropriate 
cardiac chambers and vasculature can be opacifi ed and iso-
lated from the non-opacifi ed structures.  

 With a 64-slice multi-detector CT (MDCT) system, the 
64-slice refers to the maximum number of slices that could 
be acquired by that CT scanner in one rotation. However, 

not all 64-slice MDCT scanners have the same number of 
 detector rows or detector slice width. A detector array con-
tains a number of detector rows, each with a particular slice 
width. The detectors can be either fi xed array detectors or 
adaptive array detectors, dependent on the manufacturer. The 
fi xed array detector design consists of detector rows with 
equal sizes (or slice width) to each other in the longitudinal 
direction, while the adaptive array detector design consists of 
detector rows with different sizes (or slice width). The focal 
spot (or X-ray source) emits a fan-shaped beam of X-rays, 
which is then narrowed by the collimator before the X-ray 
beams are transmitted to the patient and determines the 
collimated slice width at the scanner’s isocenter (the point 
at the center of the gantry rotation). The CT operator can 
then pre-defi ne the various slice collimation settings, which 
combines the signals of the detector rows and the desired 
collimated slice width, to yield the actual volume covered 
in one rotation. For example, with a 64-row fi xed detector 
array and collimated slice width of 0.5–0.625 mm (depen-
dent on  manufacturer), 64-slices of data would provide 
3.2–4 cm of  volume coverage. The average volume needed 
to cover an entire heart in the Z-direction is approximately 

  Fig. 3.1    ( a ) Single-source computed tomography with a gantry that 
houses the X-ray tube and detector array. The patient lies in the center 
on a table that moves through the rotating gantry. ( b ) With half-scan 

reconstruction, although the gantry rotates in circular 360° rotations 
continuously, data from 180° is needed to reconstruct one image       

   Table 3.1    Typical Hounsfi eld Units (HU) of common body substances   

 Substances  HU values 

 Air  −1,000 
 Lung  −800 
 Fat  −120 to −50 
 Water  0 
 Muscle  +40 to +80 
 Non-contrast-enhanced blood  +30 to +50 
 Iodinated contrast-enhanced blood  +130 to +500 
 Calcifi cation  +130 to +600 
 Bone  +400 to +1,500 
 Metal  +1,000 or more 
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12–16 cm; thus, obtaining full coverage of the entire heart 
would require summation of data over several heartbeats. 
With certain adaptive array detector 64-slice CT scanners, a 
“z-fl ying focal spot” or double z-sampling technique is used 
with periodic motion of the focal spot in the Z-direction and 
40-row detector design, of which 32 rows had 0.6 mm detec-
tor collimation at isocenter. Two sequential 32-slices of data 
with 0.3 mm oversampling of data at isocenter resulted in 
64 overlapping 0.6 mm slices per rotation, and a sampling 
scheme corresponding to that of a 64 × 0.3 mm detector with 
64 slices in one rotation. 2  Regardless of the type of 64-slice 
MDCT scanner, depending on the user-defi ned slice colli-
mation (typically 0.3–0.625 mm), 2–4 cm of heart volume 
could be covered in one heartbeat, and the entire heart could 
be covered in 4–8 heartbeats with one breath-hold of less 
than 15 s as the patient moves through the scanner. How fast 
a patient moves through the scanner is dependent upon the 
pitch of the scanner. The pitch is defi ned as the table move-
ment per rotation/single slice collimation. If the pitch is set 
too fast, then there may be gaps in the data being collected. 
To avoid this problem, most modern cardiac CT scanners 
have an automated pitch adaptation based on the patient’s 
heart rate, so that there is slight overlap of the data collected 
to ensure no gaps in image data collection and to improve 
longitudinal resolution.  

    3.1.2   Spatial and Temporal Resolution 

 Since the advent of cardiac CT, signifi cant improvement in 
both spatial and temporal resolution has enabled its wide-
spread applicability into the realm of electrophysiology pre- 
and post-procedurally. It is worth defi ning and distinguishing 
the difference between spatial and temporal resolution in 
order to comprehend the technological aspects of cardiac CT. 

  Spatial resolution  is how close two objects can be and 
still be discernible from each other. As the spatial resolu-
tion improves, the CT scanner is able to detect smaller size 
objects. The spatial resolution of CT is comprised of the 
X–Y pixel size in the imaging plane (or the in-plane resolu-
tion of the axial slice) as well as the Z-plane (or longitudi-
nal plane), creating a “voxel,” which is the 3D volume 
counterpart for a pixel. Factors that can affect spatial reso-
lution include slice collimation width, power of the X-ray 
source (both the tube current and voltage), and reconstruc-
tion algorithm kernels. Because the thickness of the fan 
beam (or slice collimation) determines the slice thickness 
and spatial resolution in the Z-axis as the patient moves 
through the CT scanner, modern multi-detector CT scan-
ners of 64-slice or above now have isotropic or near-
isotropic spatial resolution of 0.4–0.5 mm. This value, 
while still inferior, is near comparable to that of cardiac 
angiography, which has 2D spatial resolution of 0.2 mm, 
and is far superior to that of echocardiography and nuclear 

cardiology. While the in-plane resolution and even the 
Z-plane resolution of cardiac magnetic resonance imaging 
(CMR) could potentially be comparable to that of cardiac 
CT, this would be at the cost of prolonged imaging acquisi-
tion time. Presently, CT remains superior to CMR in spatial 
resolution, particularly with respect to the Z-axis. 

  Temporal resolution  is how fast an image could be 
acquired such that motion does not create image blurring, 
similar to the shutter speed of a camera. The temporal resolu-
tion is most dependent on the speed of the gantry rotation. 
This speed is how fast the gantry is able to make one circular 
360° rotation. Typical modern multi-detector CT scanners 
have gantry rotation speed of 330–500 ms. Since image 
acquisition in a single-source CT scanner requires just a 180° 
rotation for a complete cross-sectional image, the temporal 
resolution is thus half of the gantry speed rotation (i.e., 165–
250 ms, dependent on the make and model of the CT scan-
ners). As the temporal resolution improves, the CT scanner 
is able to acquire motion-free images at higher heart rate 
with fewer requirements for strict control of heart rate to <65 
beats/min (bpm) for excellent image quality, thus sometimes 
negating the need for beta-blockers. The faster the temporal 
resolution of the CT, the faster the pitch of the table allowing 
for the patient to be expedited through the CT scanner and 
subjected to less radiation exposure.  

    3.1.3   Types of Cardiac CT Scanners 

 CT technology has advanced rapidly over the past decade, 
particularly since the introduction of the multi-detector CT 
(MDCT) in the late 1990s. In 1998, the four-slice MDCT 
became commercially available, allowing for simultaneous 
acquisition of four slices of images and with a gantry rota-
tion of 500 ms, enabled full volumetric coverage of the heart 
over multiple heartbeats but with a single breath-hold of 
approximately 30 s. These innovative concepts produced the 
earliest mechanical cardiac CT images. 3,  4  The detector width 
plays a special role in this respect. With four-slice detectors, 
more rotations of the X-ray source and thus more heartbeats 
are needed to get full coverage of the entire heart, leading to 
longer breath-hold requirement. CT technology continued to 
improve with wider detector array that could cover the range 
of 16-slices and then 64-slices in one rotation. When the 
64-slice MDCT scanners became available in 2004, the rise 
in use of cardiac CT was rampant. Simultaneous acquisition 
of 64-slices with faster temporal resolution (165–250 ms) 
due to faster gantry rotation (330–500 ms) enabled full heart 
coverage with fewer heartbeats and in a single breath-hold of 
approximately 10–15 s. Shorter scan duration also had the 
added benefi t of less radiation exposure. The main caveat 
with the 16- and 64-slice MDCT scanner was that the base-
line heart rate ideally should be <65 bpm and if possible 
<60 bpm, to obtain adequate motion-free cardiac images, 
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thus, requiring the use of either oral or intravenous beta-
blockers. There were certain “sweet spot” higher heart rates 
with the 64-slice MDCT that if regular, a special “bi-seg-
ment” reconstruction algorithm could be employed to 
improve the temporal resolution (Fig.  3.2 a). This special 
sequence algorithm combines the data from two adjacent 
heartbeats; so instead of the required 180° rotation, it com-
bines data from 90° rotation of the two heartbeats to achieve 
a temporal resolution of 83 ms, which is a quarter of the gan-
try rotation speed. However, this temporal resolution is only 
possible at when the heart rate is regular and without vari-
ability. For example, with a 64-slice MDCT scanner with a 
gantry rotation of 330 ms, the “sweet spot” heart rates are 66, 
81, or 104 bpm. 5  Some CT vendors allow for “multi-seg-
ment” reconstruction by combining data from more than two 
 consecutive heartbeats to further improve the temporal reso-
lution (Fig.  3.2 b).  

 In contrast to the single-source 64-slice CT scanners 
which have one X-ray tube source and one detector array 
located on opposite ends making cross-sectional images for 
each 180° rotation for a temporal resolution of 165–250 ms, 
newer dual-source CT scanners available since 2005 have 
two X-ray tube sources and detector arrays, aligned 90° apart 
from each other, with a gantry rotation of 330 ms (Fig.  3.3 ). 
With two X-ray tubes and detector arrays positioned at right 
angles to each other, instead of a full 180° rotation required 
from image acquisition, only 90° rotation is needed and the 
temporal resolution is decreased to 83 ms. Using a “bi-
segment” reconstruction algorithm, the temporal resolution 
can be decreased even further to up to 42 ms with a mean 
temporal resolution of 60 ms. 5  This algorithm has great 
potential in certain electrophysiology research studies where 
improved temporal resolution is integral, such as the assess-
ment for dyssynchrony; however, this is at the cost of slightly 
higher radiation dose since certain dose-saving algorithms 
cannot be employed under this current algorithm.  

 Newer MDCT scanners with wider detectors, such as 
256-slice and 320-slice, have been available since 2007. 
While the spatial and temporal resolution of these scanners 
are comparable to that of 64-slice MDCT, the main benefi t of 
these newer scanners is that the larger detector width and 
increase in number of slices allow for coverage of the entire 
heart in one heartbeat, with 12 cm of coverage for the 256-
slice MDCT and 16 cm of coverage for the 320-slice MDCT. 
This has great potential for radiation dose reduction and may 
negate the issue of misregistration or slab artifacts, although 
beta-blockers are still needed to achieve low heart rate for 
motion-free images because of the temporal resolution of the 
CT scanner. Most recently, the dual-source CT “Flash” which 
has two X-ray sources and two 128-slice detectors promises 
to improve the temporal resolution further to 75 ms using 
single-segment reconstruction. The wider detector array will 
allow for full cardiac volume coverage in one heartbeat with 
an acquisition time of less than 1 s, typically 250 ms for 
14 cm of coverage, which will signifi cantly reduce radiation 
dose.   

    3.1.4   Types of CT Scan Acquisition 

 A  non-gated  CT can be acquired without electrocardio-
graphic (ECG) synchronization. However, this is at the cost 
of severe motion artifact, particularly when imaging the rap-
idly moving heart. A non-gated CT scan is rarely used in 
cardiac imaging except as part of the test bolus scan when the 
structure of interest is the ascending aorta or for a pulmonary 
vein scan if the patient is in atrial fi brillation, where ECG-
gating is not benefi cial. When a patient is in sinus rhythm, 
 ECG-gated  CT is typically performed since synchronization 
of the images to the cardiac cycle allows for near motion-free 
images. Depending on the detector width, summation of the 
images from multiple consecutive heartbeats would yield a 

  Fig. 3.2    ( a ) Bi-segment reconstruction algorithm combines data from 
90° rotation of two consecutive heartbeats to achieve better temporal 
resolution. ( b ) Multi-segment reconstruction algorithm combines data 

from more than two consecutive heartbeats to further improve temporal 
resolution       
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3D image of the heart. The ECG-gating can be either pro-
spectively triggered or retrospectively gated (Fig.  3.4 ). 6   

 In  prospectively ECG-triggered scanning  (Fig.  3.4 c), the 
images are acquired sequentially at a user-defi ned set 
 duration after the R-wave of the QRS complex for each 
heartbeat. This is also referred to as  “sequential”  or  “step-
and-shoot”  scanning. Most modern software algorithms 
have a built-in arrhythmia detection mechanism, which will 
ignore and not trigger image acquisition after an ectopic 
beat. The primary benefi t of prospective-triggered scans is 
the reduction in radiation dose, since the X-ray tube is only 
“on” during that one phase of the cardiac cycle when the 
images are being acquired. The disadvantage of a prospec-
tive-triggered scan is that functional assessment, such as left 
ventricular ejection fraction, which requires multiple phases 
throughout the cardiac cycle, is not possible because only 
one phase was acquired and available for analysis. In addi-
tion, image quality may be compromised with misregistra-
tion and slab artifacts or breath-hold may be prolonged if 
ectopic beats, arrhythmias, or heart rate variability occurs 
during the CT acquisition. Thus, the heart rate should ide-
ally be regular and slow (<65 beats/min) with a prospec-
tively triggered scan. 

 In  retrospectively ECG-gated scans  (Fig.  3.4 a), the images 
are acquired continuously with the X-ray source “on” spin-
ning in a spiral fashion as the CT table moves the patient in 
the Z-direction through the CT scanner. This is also called 
 “helical”  or  “spiral”  scanning. After the scan is completed, 
images can then be reconstructed throughout the entire car-
diac cycle, allowing for the evaluation of functional assess-
ment and ECG-editing if there is motion artifact or 
misregistration from an ectopic beat or arrhythmia. The 
trade-off is, of course, the increase in radiation dose since the 
X-ray tube is “on” continuously throughout several cardiac 
cycles. However, several dose-saving algorithms are avail-
able that can minimize the radiation dose a patient receives. 

In ECG-correlated tube current modulation, the X-ray tube 
current is decreased to 20% or even as low as 4% during the 
phases of the cardiac cycle not of interest (Fig.  3.4 b).  

    3.1.5   Utilization of Cardiac CT 
in Electrophysiology 

 Cardiac CT has becoming an important part of electrophysi-
ology for procedure planning, to improve procedural effi -
ciency, and to monitor for complications. With respect to 
cardiac CT imaging in electrophysiology, the current appro-
priateness criteria from the major societies recommend use 
of cardiac CT for two purposes: (1) evaluation of pulmonary 
vein anatomy prior to invasive radiofrequency ablation for 
atrial fi brillation and (2) noninvasive coronary vein mapping 
prior to placement of biventricular pacemaker. 7  While there 
will be brief mention of the emerging role of cardiac CT for 
other potential electrophysiology indications, these remain 
investigational and should not be considered part of standard 
of care at the present time. 

 In atrial fi brillation management with the rise of pulmo-
nary vein ablation, cardiac CT can defi ne the pulmonary vein 
anatomy pre-ablation, facilitate co-registration with electro-
anatomic mapping intra-procedurally, and diagnose potential 
complications such as pulmonary vein stenosis. CT may have 
an emerging role in the pre-procedural planning and post-
procedural assessment of left atrial appendage occluder 
devices (i.e., WATCHMAN), which are used to prevent 
thrombus formation and reduce the risk of stroke. 8,  9  In addi-
tion, there is great potential for CT as a single imaging modal-
ity for cardiac resynchronization therapy (CRT) in defi ning 
coronary venous anatomy, evaluation for  intraventricular 
dyssynchrony, and possibly myocardial scar assessment. 10,  11  

 In cardiac imaging of electrophysiology, every noninva-
sive imaging modality has its pros and cons. There is overlap 

  Fig. 3.3    ( a ) Dual-source computed tomography with a gantry that 
houses two X-ray tubes and detector arrays that are aligned 90° from 
each other. ( b ) External view of a dual-source computed tomography 

scanner in a typical CT scanner room. ( c ) Internal view of a dual-source 
computed tomography scanner [Fig. 3c – Courtesy of Stephan Achenbach 
and Christianne Leidecker (Siemens Medical Solutions USA)]       
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and sometimes exchangeability with cardiac magnetic reso-
nance imaging (CMR) and echocardiography. Several fac-
tors should be taken into consideration with regard to which 
imaging modality should be performed. First, the expertise 
of the cardiac imager and what imaging modality is offered 
at the local institution is integral. Depending on the patient’s 
tolerance on laying fl at and issues of claustrophobia, cardiac 
CT could be preferable given the rapid scan acquisition time 
(typically <15 min for the entire scan) as compared to CMR 
(which are typically >45 min). Cardiac CT can be performed 
in patients with metal devices as opposed to CMR; however, 
this may be less preferable when repeated studies are needed 
given the issue of cumulative radiation dose, particularly in 
young patients. Renal impairment affects both cardiac CT 
and CMR. While contrast-induced nephropathy for CT has 
been a known entity, a new disease arose with the use of 
gadolinium-based contrast agents, called nephrogenic sys-
temic fi brosis, which was fi rst observed in 1997 and described 
in 2000. This irreversible skin complication occurred in renal 
impaired patients, particularly end-stage renal disease on 
dialysis. 12  This led many institutions to adopt the policy of 
low-dose gadolinium in patients with mild-to-moderate renal 
impairment (estimated glomerular fi ltration rate [eGFR] of 
30–60 mL/min/1.73 m 2 ) and for severe renal disease 
(eGFR < 30 mL/min/1.73 m 2 ) including hemodialysis to per-
form the CMR without gadolinium or substitute with another 
alternative imaging modality. For this reason, for dialysis 
patients, cardiac CT would be the preferred modality over 

CMR since the iodinated contrast can be removed from the 
circulation by hemodialysis. 

 An added benefi t of cardiac CT over other noninvasive 
imaging modalities is that simultaneous assessment for coro-
nary artery disease is possible and easy to obtain with mini-
mal modifi cation of the scanning protocol. Noncardiac 
incidental fi ndings, such as pulmonary disease, which are 
within the fi eld of view should also be interpreted and could 
have the downside of repeated imaging tests that results in 
invasive procedures but may also lead to the early detection 
of cancer. 13  

 For pulmonary vein ablations, both cardiac CT and CMR 
can be used for pulmonary venous and left atrial anatomy 
assessment, co-registration with electro-anatomical mapping 
intra-procedurally, and for post-procedural concern for pul-
monary vein stenosis. 14  -  19  A potential advantage of cardiac 
CT is that left atrial appendage thrombus or slow fl ow can be 
identifi ed as a fi lling defect on contrast-enhanced cardiac 
CT, which either persists (thrombus) or fi lls in (slow fl ow) 
with a 30-s to 1-min delayed non-contrast prospectively trig-
gered CT scan. 20  However, at this time, confi rmation should 
still be sought with transesophageal echocardiography. 
Contrast-enhanced CMR lacks the diagnostic accuracy for 
the detection of thrombi in the left atrial appendage, 21  though 
it has the benefi t of repeated exams without the concern of 
cumulative radiation dose, particularly in younger patients. 
A recent feasibility study using CT image integration with 
remote catheter navigation system appears exciting. 22  

  Fig. 3.4    ( a ) In retrospectively ECG-gated scan, the X-ray tube current 
( in yellow ) is on maximum capacity and images are acquired continu-
ously in a “ spiral ” or “ helical ” mode. Image reconstruction is per-
formed afterward. ( b ) ECG-tube current modulation is a commonly 
used dose-saving algorithm employed with retrospectively ECG-gated 
scan. The X-ray tube current ( in yellow ) is decreased to 20% or as low 
as 4% during the phases of the cardiac cycle not of interest to reduce 

radiation exposure to the patient. ( c ) Prospectively ECG-triggered scan 
is another dose-saving algorithm mode. This “ sequential ” or “ step-and-
shoot ” scanning method is triggered at a user-defi ned set duration after 
the QRS complex. The X-ray tube current is on only during image 
acquisition. Benefi t of this mode is low radiation dose, but disadvantage 
is that functional datasets are not available for assessment       
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 In the CRT patient population, 2D echocardiography is 
the most widely used for dyssynchrony assessment, but has 
been limited by issues of reliability and inability to predict 
CRT response. 23  Three-dimensional echocardiography 24  -  26  
faces many of the same challenges intrinsic to 2D echocar-
diography with regard to operator dependency, limited acqui-
sition windows, varying angle planes, and poor spatial 
resolution. While CMR 27  -  31  has great potential for dyssyn-
chrony assessment, its general applicability may be limited 
by long scan time (typically >45 min), complex protocols 
(requires highly trained cardiac imager), and metal incom-
patibility. Since many heart failure patients with severe sys-
tolic dysfunction already have implantable defi brillators or 
biventricular devices, upgrades from implantable defi brilla-
tors or lead revisions for those with preexisting CRT devices 
precludes the use of CMR. In this population, cardiac CT can 
provide detailed coronary venous anatomy 15,  32  -  37  due to its 
superior spatial resolution. A proof of principle study using 
cardiac CT with changes in radial wall thickness assessment 
for dyssynchrony has excellent reproducibility, though needs 
to be validated prospectively using better temporal resolu-
tion CT scanners with correlation to CRT response. 11  CT has 
the potential to be used a single imaging modality for assess-
ment of coronary veins, dyssynchrony, and myocardial scar, 
though the latter two are still at the investigational stage. 10   

    3.1.6   Risks of Cardiac CT 

    3.1.6.1   Radiation 
 CT scanning results in a measurable radiation exposure. This 
issue of radiation and risk of cancer from CT is of recent 
concern. 38  -  41  The median effective dose of cardiac CT exams 
in 2007 from 50 international centers in 1,965 patients was a 
dose-length product (DLP) of 885 mGy × cm, which corre-
sponds to an estimated radiation dose of 12 mSv. 41  This 
amount of radiation is still within the acceptable annual radi-
ation exposure limit. To put the radiation dose of a cardiac 
CT scan 42  in a wider perspective, Table  3.2  lists the estimated 
radiation dose from various sources.  

 Radiation dose is cumulative and the lifetime risk of 
malignancy is highly dependent on age, with female gender 
more vulnerable due to the proximity of the breasts. 38  
Furthermore, the estimated risks of fatal malignancy or death 
resulting from radiation exposure or lifetime odds of dying 
per 1,000 individuals from a 10 mSv cardiac CT angiogra-
phy is 0.5, while that from a motor vehicle accident is 11.9, 
pedestrian accident is 1.6, and being struck by lightning is 
0.013. 43  Although repeated cardiac CT scanning should be 
avoided when possible, this needs to be weighed with respect 
to the risk-benefi t profi le of the patient. In young patients, 
especially women, CMR would be preferable over CT for 
pre-imaging of pulmonary vein ablation given the possibility 

of repeated scans should suspicion of pulmonary vein steno-
sis or need for re-do ablations be required. However, other 
factors need to be considered such as cardiac imager exper-
tise, institutional capability, scanner availability, patient 
claustrophobia, and ability to perform adequate breath-hold 
instructions, end-stage renal disease contraindication, and 
metal incompatibility issues. For the elderly patients and 
CRT population, the decade or more required for malignancy 
to develop makes radiation less of an issue. Particularly, in 
the high-risk group of refractory New York Heart Association 
(NYHA) Class III–IV heart failure patients with 50% 5-year 
mortality, 44  judicious use of CT likely has a favorable bene-
fi t-risk profi le when being used to help guide appropriate 
usage of CRT, a life-saving treatment. 

 Regardless, if cardiac CT should be performed, dose-
saving algorithms are highly recommended to reduce the 
radiation exposure to the patient. There are several ways to 
reduce the radiation dose. The most commonly used dose-
saving algorithm in clinical practice was ECG-correlated 
tube current modulation resulted in 25% reduction of dose 
estimates. Less frequently used algorithms of lower 100 kV 
tube current instead of the typical 120 kV tube current 
resulted in 46% reduction and sequential or prospectively 
triggered scan resulted in a 78% reduction. The automatic 
exposure control resulted in no change in radiation dose. 
Other independent factors attributable to higher radiation 
dose were patient weight, absence of stable sinus rhythm, 
scan length, or range. 41  Thus, to adhere to the ALARA (As 
Low As Reasonably Achievable) principle, ECG-tube cur-
rent modulation, lower tube voltage of 100 kVp and tube 
current in thinner patients, prospectively triggered scans if 
functional assessment is not needed, and minimizing the 
scan range should be employed when possible to reduce 
radiation dose. 38,  41,  43  In addition, future dose reductions may 
be achieved by the addition of appropriate organ improved 
detector effi ciency, advanced organ shields, advanced fi lters 
and post-processing algorithms. However, radiation dose 
reduction at the expense of diagnostic image quality should 
be avoided. Hopefully, as newer CT technology continues 
to be developed where sub-mSv whole heart CT scans can 
be performed in one heartbeat, many of these dose-saving 
algorithms may become obsolete in the future.  

   Table 3.2    Estimated radiation dose   

 Estimated radiation 
dose 

 Natural background radiation  3.6 mSv/year 
 Allowed exposure medical radiation workers  50 mSv/year 
 Diagnostic coronary angiogram  3–10 mSv 
 Nuclear stress test (rest and stress)  14–22 mSv 
 Elective/emergency PCI  9–29 mSv 
 64-slice cardiac CTA  9–12 mSv 
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    3.1.6.2   Contrast Nephropathy 

 Contrast-induced nephropathy (CIN) can develop in patients 
with already limited renal function, and while its defi nition is 
highly variable, typically occurs 48 h after contrast adminis-
tration, it persists for 2–5 days, and usually it is reversible by 
7–10 days. 45  In patients with normal renal function (eGFR 
>60 mL/min/1.73 m 2 ), this event is unlikely and occurs in 
less than 2% of patients. 46  Oral hydration is recommended 
the day prior to the CT scan to reduce the risk of CIN. For 
subjects with diabetes on metformin (glucophage), they will 
be require to stop metformin (glucophage) for at least 48 h 
after the administration of contrast due to the possibility of 
developing lactic acidosis. For patients with eGFR 30–60 mL/
min/1.73 m 2 , pre-hydration with oral and intravenous fl uid 
should be considered as prophylactic measure, if they are not 
heart failure patients. Optional  N -acetylcysteine (Mucomyst) 
600 mg orally twice a day one day prior and after could be 
considered; however, there is no convincing data on the effi -
cacy of this therapy. For patients with eGFR <30 mL/
min/1.73 m 2  not on hemodialysis, contrast-enhanced CT 
should be avoided if possible, with the risk-benefi t profi le 
individualized for every patient and consultation with a 
nephrologist should the CT scan be deemed necessary. For 
patients on hemodialysis, contrast-enhanced CT could be 
performed with dialysis scheduled within 1–3 days.  

    3.1.6.3   Extravasation 
 Even when checked for proper positioning, extravasation can 
occur when contrast material leaks out of the intravenous 
(IV) line and collects under the skin of the arm. If available, 
extravasation electrode detection patch should be used to 
alarm the CT technologist of possible extravasation. CT 
departments should have extravasation protocols in place 
and treatment would depend on the amount of contrast 
extravasated as well as whether there is tissue compromise. 
Typically, observation is all that is needed when there is no 
evidence of tissue compromise. In rare severe cases, if com-
partment syndrome is suspected, then vascular surgery con-
sultation will be need. Rarely an infection may develop.  

    3.1.6.4   Allergy 
 The administration of iodinated contrast can result in allergic 
reactions. Allergic reactions such as skin reactions and in rare 
occasions anaphylaxis have been reported. Most of them are 
very mild (itching, rash) with only 1:1,000,000 fatal cases 
reported. In the unlikely case of a serious allergic reaction, 
intravenous epinephrine, antihistamines, and corticosteroids 
should be available on-site as well as immediate referral to the 
emergency department. If a patient reports a prior history of 
mild contrast reaction, such as hives or less, then premedica-
tion with steroid and anti-histamine should be given prior to 
the contrast administration. A typical premedication dose regi-

men would be Prednisone 50 mg orally 13, 7, and 1 h before 
the scan and diphenhydramine (Benadryl) 50 mg orally 1 h 
prior to receiving intravenous contrast. The association between 
shellfi sh allergy and iodinated contrast is weak and should not 
preclude the use of contrast; however, a detailed inquiry on the 
severity of the shellfi sh allergy should be taken with consider-
ation for premedicating if the reaction to shellfi sh is severe.    

    3.2   Overview of Basic CT Protocols 

 The technique for performing cardiac CT for EP applications 
is similar to that used for coronary artery imaging with some 
notable exceptions. Nitroglycerin is not necessary and should 
not be given for either pulmonary vein or coronary vein pro-
tocols, unless the coronary arteries are to be evaluated. 
Giving nitroglycerin to a coronary vein study may make 
interpretation more diffi cult, since the coronary arteries will 
be dilated and overlap even more so with the coronary veins. 
In addition, for both pulmonary and coronary vein imaging, 
reconstructions during systole will bring out the maximum 
size of the left atrium and cardiac veins. Furthermore, acquir-
ing the CT scans in the caudo-cranial direction may be help-
ful to avoid the contrast interference in the superior vena 
cava for the pulmonary veins and since the coronary sinus is 
an inferiorly positioned cardiac structure. The breathing 
instructions, need for heart rate control, duration of contrast 
administration, and timing of scan acquisition may vary 
slightly depending on the indication. 

    3.2.1   Patient Preparation 

 Proper patient preparation is key to obtaining an excellent 
image quality CT scan. Ensure that at minimum, a working 
18-gauge or larger IV is in place, preferably in the right ante-
cubital position. The IV line should be checked and any pres-
ence of air bubbles should be removed. This is particularly 
important if the patient has a patent foramen ovale to avoid 
the risk of air embolism to the left-sided circulatory system. 

 Specifi cs on whether a non-gated versus ECG-gated CT 
scan has to be performed will be discussed in the later section 
of this chapter. If an ECG-gated CT scan is to be performed, 
then four ECG leads should be attached to non-metallic ECG 
electrodes on the thorax. Two ECG electrodes should be near 
each shoulder-clavicular region and the other two electrodes on 
each side of the thorax at the level of the diaphragm. The opti-
mal position would avoid having the lead wires over the chest 
and the heart, since this may cause artifacts from the wires. 

 Breath-holding instruction is crucial to minimize respira-
tory motion artifacts, which cannot be fi xed by ECG-editing 
or other post-processing steps. It is important to practice the 
breath-hold instruction several times with the patient, paying 
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close attention to the patient’s diaphragm and abdomen for 
any signs of air escaping. Simultaneous evaluation of the 
ECG monitor for heart rate changes, variability, and ectopic 
beats during breath-hold is also helpful. The breath-hold can 
be at inspiration or expiration, depending on the protocol. 

 Lastly, forewarn the patients regarding how many CT 
image acquisitions (i.e., breath-hold) sequences they will 
have to undergo. Let them know which scans require contrast 
and that they may feel a warm, fl ushed, hot sensation going 
up their arm from where the IV is located to all over their 
body. They may feel like they have to urinate and then have 
a mild shiver afterward. If a test bolus scan was performed, 
let them know that whatever they felt with the test bolus scan 
will be greatly intensifi ed with the subsequent CT contrast-
enhanced scan. Reassure them that it is not an allergic reac-
tion but just the contrast transiting through their body. A 
well-informed patient will be a happy patient. All the mean-
while, watch for signs of an allergic reaction.  

    3.2.2   CT Data Acquisition 

 There are many parameters that can be modifi ed for acquir-
ing images for a diagnostic CT study. The below is an exam-
ple but is not meant to be exclusive as alterations to sample 
protocols are variable and may differ by institutions and CT 
scanners. The basic CT scan consists of 2–4 steps, depending 
on the protocol. 

 The fi rst image acquisition is the scout image or topogram 
(Fig.  3.5 a). The heart position is localized in a projectional 
topographic scan of the chest. This low-dose projectional 
image of the chest is similar to an anterior-posterior chest 
radiograph and ensures that we are imaging the chest and not 
some other body part. From the topogram, we can set up our 
next image acquisition by localizing the imaging slice for the 
test bolus or bolus tracking and set up the scan coverage for 
the actual CT angiography or venography.  

 To determine the optimal time to image the contrast-
enhanced heart, either a test bolus scan or bolus tracking 
technique can be used. We prefer the test bolus scan because 
it gives the patient an extra “practice” with their breath-hold, 
allows us to see how the contrast affects the heart rate (which 
may require us to give more beta-blocker), and also reassures 
us that the IV is working properly with the high-power con-
trast injector. 

 With a test bolus scan (Fig.  3.5 b), a small volume of iodi-
nated contrast is injected (typically 10–20 mL of contrast 
followed by 40 mL of saline chase) at a rate of 5–6 mL/s. 
Repeated non-gated low-dose images at one slice level are 
obtained, with each image being 2 s apart. The typical posi-
tion is 1 cm below the level of the carina bifurcation for the 
ascending aorta. At this level, we should see the ascending 
aorta as a circular structure anterior to the right pulmonary 

artery. The contrast should appear fi rst in the pulmonary 
artery then ascending aorta, and image acquisition can stop 
once peak opacifi cation of the ascending aorta has occurred. 
A region of interest in the ascending aorta is placed to deter-
mine the image number where peak opacifi cation has 
occurred. The contrast agent transit time is then calculated as 
the summation of this peak image opacifi cation time plus the 
delay time set on the CT scanner for the breathing instruc-
tion. While the ascending aorta is used for most standard 
arterial phase imaging, modifi cation with the region of inter-
est placed at the descending aorta can also be used. 

 For arterial phase imaging, this contrast agent transit time 
will be the delay time set for the CT angiography. The amount 
of volume used for the CT angiography is calculated from 
the scan range time plus an extra couple of seconds multi-
plied by the same fl ow rate used in the test bolus of 5 or 
6 mL/s. The addition of the extra 2 s will ensure that there 
will be enough contrast covering the desired scan range even 
with heart rate variability. 

 Alternatively, an automated bolus tracking scan could be 
used and monitors a region of interest in the ascending aorta 
in real time. 47  Once a pre-defi ned attenuation value of about 
110–150 HU is reached, the breath-hold instruction is given 
(~4–6 s), and the CT scanner automatically initiates the CT 
angiography image acquisition with contrast enhancement 
increased to the desired level of enhancement. Using this 
technique, the CT technologist needs to pay close attention 
and manually override and initiate image acquisition should 
the CT scanner not automatically start acquiring images. 

 For the pulmonary vein protocol, an additional non-con-
trast prospectively ECG-triggered low-dose CT scan can be 
performed after the contrast-enhanced CT to confi rm left 
atrial thrombus. The decision to use either inspiratory or 
expiratory breath-hold, test bolus versus bolus tracking, pro-
spectively triggered or retrospectively gated CT scanning, 
and use of dose-saving algorithms needs to be made prior to 
the CT scan acquisition.  

    3.2.3   Image Reconstructions 
and Post-processing Techniques 

 In cardiac CT scans, knowledge on the options for image recon-
struction and post-processing techniques is integral for inter-
pretation of the CT scan, particularly with the retrospectively 
ECG-gated CT scans. While the coronary arteries are typically 
reconstructed in diastole when there is minimal cardiac motion, 
for both pulmonary vein and coronary vein assessments, image 
reconstruction is better during systole when the left atrium and 
the cardiac veins are most plethoric. 35  Consideration for 
 reconstruction using absolute time intervals after the onset of 
the QRS (for example, at 250 ms) instead of the typical percent-
age phase reconstruction (for example, at 35%) may provide 
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less motion artifacts and result in better image quality in patients 
with atrial fi brillation or frequent ectopy, since the duration of 
diastole may be more variable than systole. While the details 
of image reconstructions and techniques are beyond the scope 
of this chapter, a brief description on the various types of image 
reconstructions is worth mentioning. 

 Trans-axial images are the source data that are the basic 
images to any cardiac CT scan. These images are independent 
of whether a scan is non-gated, prospectively ECG-triggered, 

or retrospectively ECG-gated. The axial images have typically 
an in-plane resolution of 512 × 512 pixels and do not require 
special cardiac CT software for viewing. They can be visual-
ized by scrolling up and down the images in the Z-direction. 

 Multi-planar reformations (MPR) are images that are 
reconstructed from the original trans-axial images and can be 
viewed in 3D planes with all voxels on that plane visualized 
in the planar image. Standard MPR images are oriented in 
the axial, sagittal, and coronal planes but can be manipulated 

  Fig   . 3.5    ( a ) Scout localization with a “ topogram ” is the fi rst image 
acquisition of a CT scan. The red line is positioned at the image slice 
location for the test bolus or bolus tracking. At this slice level (approxi-
mately 1 cm below bifurcation of the carina), the ascending aorta and 
pulmonary artery should be in the fi eld of view. Note the bright 
 irregularly shaped circular density is the oral barium in the stomach. 

( b ) The test bolus scan is acquisition of repeated sequential images at 
the user-defi ned slice level each obtained 2 s apart. The ascending aorta 
is the circular structure anterior to the right pulmonary artery. Contrast 
is seen fi rst opacifying the pulmonary artery with peak opacifi cation of 
the ascending aorta at image 7. The contrast agent transit time can then 
be optimally calculated from this test bolus scan       
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by the user and viewed in any obliquity, including the 
 double-oblique view to get the true short-axis of a lumen. 

 In maximum intensity projections (MIP), the voxels with 
the maximum HUs are accentuated in the 2D parallel plane 
of the X-ray, thus producing better contrast differentiation. 
The MIP images can be reconstructed at different slab or 
slice thickness and at any orientation plane similar to the 
MPR planes. These images are frequently used to view the 
longitudinal plane of a contrast-enhanced structure. 

 In volume-rendering techniques (VRT), advanced 3D post-
processing software algorithm is applied to the 3D stack of data 
and each voxel is assigned a color based on a voxel-intensity 
histogram. Most cardiac CT software packages have automated 
VRT available that can segment out the  contrast-fi lled structure 
and remove high-attenuation structures, such as bone, from the 
image to provide a visually pleasing color 3D-volumetric 
image. For both pulmonary vein and coronary venous scans, 
VRT images are frequently made due to its ease of interpreta-
tion of anatomy for the electrophysiologist. An advanced form 
of VRT commonly used in pulmonary vein studies is the “vir-
tual” endoluminal view or “fl y-through” view. 

 Multi-phase reconstructions (also commonly abbreviated 
as MPR) can be performed with retrospective ECG-gating CT 
scans for functional analysis. This is not to be confused with 
multi-planar reformations. In multi-phase reconstructions, 
images are reconstructed at fi xed intervals of the cardiac cycle, 
allowing for 4D-imaging (with time being the fourth dimen-
sion). With the 64-slice MDCT scanners, images can be 
reconstructed at every 10% increment of the cardiac cycle or 
10 phases. While technically, reconstructing at 5% increments 
of the cardiac cycle or 20 phases with the 64-slice CT scanner 
would appear to provide better temporal resolution, however, 
this would be artifi cial and is limited by the temporal resolu-
tion of the CT scanner itself. The use of 5% intervals for 20 
phases is not limited with the faster temporal resolution CT 
scanners, such as the dual-source CT, and could be utilized to 
achieve better visualization of cardiac function. In multi-phase 
reconstructions, any of the 3D reconstruction algorithms such 
as MPR, MIP, and VRT can be applied for 4D-viewing.   

    3.3   Description of Electrophysiology-
Specifi c CT Protocols 

 This section will focus on the specifi c CT protocols for the 
two purposes deemed “appropriate” by the major societies 
for use of cardiac CT: pulmonary vein and coronary vein 
anatomy. 7  While there are numerous variations for these pro-
tocols due to variable patient profi le (i.e., whether the patient 
is in atrial fi brillation or sinus rhythm, whether the heart rate 
is fast or slow) and different CT scanners (i.e., 64-slice CT or 
dual-source CT), the below protocols can provide an over-
view on parameters that could then be modifi ed and opti-
mized for the individual patient. 

    3.3.1   Pulmonary Veins 

 Whether a pulmonary vein study is performed for pre-atrial 
fi brillation ablation or for evaluation of post-procedural com-
plication, such as pulmonary vein stenosis, the protocol is 
similar. If a patient is in atrial fi brillation for a pulmonary vein 
study, then a non-gated cardiac CT should be considered. 
Since the pulmonary veins and left atrial anatomy are large 
objects, detailed sub-millimeter spatial resolution is not a 
requirement. Alternatively, a retrospectively ECG-gated CT 
could be performed with reconstruction performed during sys-
tole although beta-blockers should be given to slow the heart 
rate to as close as 60 bpm with the 64-slice MDCT scanner and 
less than 100 bpm with the dual-source CT scanner to achieve 
the best temporal resolution the CT scanner could provide. 

 Because the contrast enhancement of the left atrium and 
pulmonary veins occurs slightly earlier than the opacifi ca-
tion of the ascending aorta, arterial phase imaging similar to 
that of a coronary artery study could be used. Nitroglycerin 
is not necessary unless the coronary arteries are also in ques-
tion. Beta-blockers can be given if necessary to optimize the 
heart rate. For pre-ablation patients, because of the potential 
risk of atrio-esophageal fi stula during the ablation procedure, 
a teaspoon of oral barium can be given prior to the CT scan 
to coat the esophagus to localize its relationship to the left 
atrium and pulmonary veins. 48  -  51  Oral barium may cause 
streak artifact in the CT dataset and is optional, depending on 
the referring electrophysiologist’s preference. Oral barium is 
not necessary if the CT exam is to evaluate for pulmonary 
vein stenosis. To optimize co-registration with the electro-
anatomical mapping where the ablation procedure is per-
formed with free-breathing, CT image acquisition should be 
obtained with an expiration breath-hold (Fig.  3.6 a).  

 After the topogram, either a test bolus or bolus tracking 
technique can be utilized. Scan coverage should include the 
aortic arch vessels to the level of the bottom of the diaphragm. 
Caudo-cranial acquisition would minimize the interference 
of contrast fl ux in the superior vena cava. During the CT con-
trast scan acquisition, inspection of the left atrial appendage 
for a potential fi lling defect is recommended with immediate 
reconstruction of one dataset for closer evaluation. If a fi lling 
defect is suspected, then an additional non-contrast-enhanced 
delayed CT scan should be performed within 30 s to 1 min 
after the original contrast CT scan to differentiate between a 
left atrial thrombus (which will remain as a persistent fi lling 
defect) versus slow fl ow (which will “fi ll in” with resolution 
of the fi lling defect). To minimize the patient’s radiation 
dose, the delayed scan should be prospectively triggered and 
image acquisition set at the level of the aortic arch to the 
middle of the ventricle just to target the left atrial appendage 
region (Fig.  3.7 ).  

 Image reconstruction is typically performed during sys-
tole when the left atrium is largest using either fi xed distance 
after the QRS duration (i.e., 250 ms) or a percentage phase 
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reconstruction (i.e., 35%). For measuring luminal diameters, 
double-obliques of the MPR could provide true short-axis 
diameters. For anatomical description, evaluation of the 
 pulmonary veins from the axial images and the longitudinal 
plane with MIP reconstruction provides good anatomical 
detail of the variants of pulmonary veins, the number of 

 aortic arch vessel, and location of the esophagus in relation 
to the left atrium. Volume-rendered techniques are addition-
ally helpful for the electrophysiologist. The 3D-VRT can 
isolate just the left atrium with pulmonary veins and aorta, 
while the “fl y-through” or endoluminal view can provide 
intra-luminal images of each of the pulmonary veins 

  Fig. 3.6    ( a ) Topogram of a pulmonary vein study is notable for an 
expiratory breath-hold. The scan coverage for the contrast-enhanced 
CT is highlighted in the  blue box  and should range from the aortic arch 
vessels to the diaphragm. The scan coverage time can be multiplied by 
the rate of contrast infusion to obtain the estimate total contrast volume 

needed for the scan. ( b ) Topogram of a coronary vein study is notable 
for an inspiratory breath-hold. Note the scan coverage for the CT 
venography is similar to that of a CT angiography and less than a pul-
monary vein study since coverage up to the arch vessel is not necessary 
for coronary venous anatomy       

  Fig   . 3.7    ( a ) Trans-axial CT image of a patient undergoing a pulmo-
nary vein study during arterial phase shows a fi lling defect within the 
left atrial appendage. ( b ) A non-contrast delayed scan performed within 

1 min after contrast administration shows a persistent fi lling defect, 
thus highly suggestive of a left atrial appendage thrombus instead of 
slow fl ow       
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(Fig.  3.8 ). The data from the contrast-enhanced CT can then 
be sent to the electrophysiologist for “merging” and co-
registration for electro-anatomical mapping using special-
ized software.   

    3.3.2   Coronary Veins 

 The coronary sinus and venous tree with its tributaries can be 
well visualized and can be defi ned pre-procedurally by 
MDCT. 15,  32  -  36,  52  If the patient is in atrial fi brillation for a coro-
nary vein study, this is not an ideal situation; however, an 
ECG-gated CT could be performed with the dual-source CT 
scanner and beta-blockers should be given to decrease the 
heart rate less than 100 bpm and as close to 60 bpm as pos-
sible. We do not recommend scanning atrial fi brillation 
patients with the 64-slice MDCT scanner due to its limited 
temporal resolution; however, if deemed necessary, then 
decreasing the heart rate below 60 bpm would allow for the 
best chance of reconstructing interpretable images. 

 The CT imaging protocol is nearly similar to that used for 
a standard coronary CT angiography with several important 
exceptions. For coronary venous imaging, inspiratory breath-
hold is similar to that from a coronary artery study (Fig.  3.6 b). 
Nitroglycerin is not needed as dilation of the coronary arter-
ies may interfere with the evaluation of the cardiac veins, 
which course in similar directions as the coronary arteries. 
Depending on the type of CT scanner, the use of beta-
blockers to achieve optimal heart rate may be considered. 
Caudo-cranial image acquisition is also preferred given that 
the coronary sinus is inferiorly positioned in the heart, 
although there does not appear to be much difference in our 
experience when cranio-caudal acquisition is performed. 

 After the scout image, a test bolus protocol is preferred 
over bolus tracking to calculate the contrast agent transit 

time. For patients with severe left ventricular dysfunction, 
inform them that the test bolus scan is the longest of the 
image acquisitions and may take up to 30 s for the breath-
hold. This is due to the poor cardiac output and prolonged 
transit time from the antecubital vein to the ascending or 
descending aorta. However, the subsequent CT venography 
breath-hold should be less than 15 s and is based on the scan 
range volume coverage of the heart. Scan coverage should be 
from the carina bifurcation to the diaphragm, similar to that 
of a coronary artery scan. For optimal enhancement of the 
coronary venous system, the most notable distinction is that 
venous phase imaging is desired. An empiric 10–15 s delay 
should be added to the contrast agent transit time so that 
image acquisition will be performed during the venous and 
not arterial phase. We reserve an 15 s delay for patients with 
severely impaired left ventricular function. Whatever addi-
tional delay time used for venous phase imaging should be 
added to the volume of contrast, although this additional vol-
ume could be given at a slower rate (i.e., 2–3 mL/s) to mini-
mize the contrast load. In our experience, the typical delay 
time to set on the CT scanner (using either the Siemens 
64-slice CT or dual-source CT scanners) for CT venography 
is anticipated to be 40 s or longer for the CRT population, 
though this time may be variable depending on vendors. 

 With image reconstruction, quick review of all the phases 
obtained from the multi-phase reconstructions would give 
guidance to which phase provides the best image. Typically, 
a systolic percentage phase of either 35% or 45% yields 
good visualization of the cardiac venous system. However, 
 occasionally, a small cardiac vein may appear at a diastolic 
phase; thus, close review of each of the phases is recom-
mended. Evaluation of the coronary sinus, the presence of a 
Thesbesian valve, 53  and the cardiac veins that supply the pos-
terolateral wall 54  -  56  of the heart are most relevant to the elec-
trophysiologist. 3D-VRT images should be reconstructed as 

  Fig. 3.8    ( a ) Maximum intensity projection (MIP) CT image with 
2-mm slice thickness in an oblique sagittal view shows barium within 
the esophagus and the location of the esophagus ( yellow arrows ) with 
respect to the left atrium and left inferior pulmonary vein ( red arrow ). 

( b ) Three-dimensional volume-rendered (VRT) CT image of the left 
atrium, pulmonary veins, and three-vessel aortic arch. ( c ) Virtual 
endoluminal or “ fl y-through ” view of the left atrium depicts the intra-
luminal ostium of the right superior pulmonary vein       
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they provide images of the heart and cardiac veins that the 
electrophysiologists can easily identify and correlate to the 
invasive coronary venography (Fig.  3.9 ).        
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 In general, nuclear cardiology techniques are considered robust and accurate for clinical 
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 Radionuclide imaging of the heart is an established technique 
for the clinical diagnostic and prognostic workup of cardiac 
diseases. For the detection of coronary artery disease (CAD), 
myocardial perfusion single photon emission computed 
tomography (SPECT) has been widely used and its usefulness 
is supported by a very large body of evidence. 1  Positron emis-
sion tomography (PET) has also been available for decades 
but has long been considered mainly a research tool because 
of limited availability. However, during recent decade, car-
diac PET is now increasingly used in clinical cardiology. 2  

 In general, nuclear cardiology techniques are considered 
robust and accurate for clinical imaging of heart disease. 
Thus, they will likely continue to play a key role in the 
assessment of myocardial perfusion, function, viability, and 
neural function. The technology is rapidly developing toward 
smaller and faster devices with improved sensitivity and res-
olution dedicated to cardiac applications. The development 
of novel tracers will further expand the clinical applications. 3  

Especially the new molecular imaging techniques can enable 
more personalized decision making. This chapter will review 
the basic aspects of nuclear imaging techniques and imaging 
protocols. 

    4.1   Imaging Technology 

    4.1.1   SPECT 

 Myocardial SPECT imaging is typically performed using a 
multidetector gamma camera system, which rotates around 
the chest to obtain tomographic images of single emitted pho-
tons. The patient is typically positioned supine on the table. 4  
Recently also small footprint dedicated cardiac scanners are 
commercially available and in those devices the patient is in 
upright position. The most recent high sensitive devices allow 
very rapid 2–4 min image acquisition of the heart. 

 The general-purpose design has been replaced by some 
manufacturers with systems with multiple detectors focused 
on the heart yielding 5–10 times the sensitivity of conven-
tional SPECT. Some novel designs also use novel detectors 
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with improved energy resolution. Thus, SPECT cardiac stud-
ies with these novel techniques are faster and more accurate, 
while radiotracer dose and thus radiation exposure can be 
reduced. 5  

 After acquisition, images are reconstructed and fi ltered 
using dedicated reconstruction algorithms. The resulting 
tomographic data sets are reoriented along the left ventricu-
lar (LV) short and long axes to facilitate review of myocar-
dial tracer distribution and comparison of rest and stress 
studies (Fig.  4.1 ). Commercial software tools have been 
developed which employ automatic contour detection algo-
rithms, and they create polar maps from the tomographic 
images. 6  -  9  These polar maps are a two-dimensional display of 
the three-dimensional (3D) tracer distribution throughout the 
myocardium which allow comparison of patient data with 
normal databases and also quantitative analysis of defects.  

 The acquisition of SPECT using electrocardiographic 
(ECG) gating has become a standard procedure especially 
with perfusion imaging. The gating allows quantitative mea-
surement of global and regional LV function (ejection frac-
tion, EF and volumes). 10  Gating also improves the diagnostic 
accuracy of perfusion imaging since the problems with atten-
uation artifacts may be solved by gated images. 11  For ECG-
gating, the patient should have a fairly regular heart rhythm. 
The cardiac cycle is usually divided into 8, and sometimes 
into 12 or 16 time bins. For reproducible functional analysis, 
softwares are available which semi-automatically generate 
3D myocardial contours throughout the cardiac cycle. 
Volumetric data from the contours can then be used for 3D 
display and calculation of quantitative global parameters. 

 The nuclear imaging is subject to certain artifacts which 
need to be controlled. Attenuation of the radiation in the 

  Fig. 4.1    An example of standard automatic SPECT image analysis 
report. End-systolic ( ES ) and end-diastolic ( ED ) short axis slices with 
automatic contour detection are displayed ( left panel ). Polar plots of 

perfusion, EF, motion and thickening are displayed ( middle panel ). 
Finally numerical data from the analysis with LV volume curve are 
 displayed ( right panel )       
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body can introduce artifacts in the images. Furthermore, the 
radiation scatter degrades the image quality. The amount of 
attenuation in a clinical study depends, among others, on the 
shape and the thickness of the body. Thus, correction for 
attenuation requires exact knowledge of the characteristics 
of each patient. Nowadays the attenuation correction is usu-
ally generated individually by transmission imaging, increas-
ingly using the X-ray CT in hybrid systems. It has been 
documented that attenuation correction improves image 
quality and image interpretation 12  -  14  if scatter correction is 
also performed. 

 The data analysis is based on a systematic visual review 
of raw data and reconstructed images on a computer screen. 15  
The raw projection data are reviewed to identify motion arti-
facts and assess tracer distribution in organs other than the 
heart. Then, reoriented tomographic images are reviewed 
without and with corrections. Gated images are visualized 
and reviewed. Thereafter, software-derived quantitative data 
are reviewed and used to strengthen the previous impressions 
of images. Finally, the image analysis is integrated with clin-
ical data and reported in a standardized format.  

    4.1.2   PET 

 PET differs in many aspects with SPECT. The geometry of 
scanner and the detection principle are different. The correc-
tion of attenuation and scatter is routinely applied to get 
images of quantitative tracer distribution and systems are fast 
enough to allow dynamic imaging protocols. These charac-
teristics allow quantifi cation of perfusion and molecular pro-
cesses in absolute terms. In addition, positron-emitting 
radioisotopes have much shorter half-lives which increase 
the fl exibility of imaging protocols. On the other hand, the 
availability of these short half-life tracers is currently the 
limiting factor of PET since they require production site 
close to the imaging site. 2  

 To allow absolute quantifi cation, a series of 3D volumes 
are acquired over time to create the time–activity curves and 
investigate the kinetics of tracer uptake and release from dif-
ferent tissues. Compared with radionuclides emitting single 
gamma-ray photons, the positron emission leads to emission 
of pair of 511 keV annihilation photons which gives PET 
imaging higher detection effi ciency, better uniformity of spa-
tial resolution, and easier correction for attenuation (scatter-
ing) of photons in the tissue. Also the attenuation correction 
property is different from SPECT and more robust. 2  

 To utilize the full potential of PET several corrections need 
to be performed. The geometry of a PET system introduces 
variation in the detection sensitivity and this is corrected by 
performing normalization procedures. The detector dead time 
is the period when a detector is unable to record an event. 16,  17  
This might be because the electronics are busy or when more 

than one photon strikes a detector within its resolving time. 
Traditionally, an external positron-emitting source has been 
used to measure the attenuating factor before the administra-
tion of radioactivity, 18  -  20  but currently most of the PET scan-
ners are hybrid systems (PET-CT) and a CT scan has 
substituted the conventional PET transmission scan. 21  The 
correction methods for scatter and random coincidence events 
are very important and are routinely employed but the meth-
ods vary between the vendors. Also the good temporal resolu-
tion allows effective motion correction using list mode 
acquisition. ECG-gating is a standard procedure for use with 
PET, and studies have also been carried out on respiratory gat-
ing, making feasible the monitoring of and the correction for 
both cardiac and respiratory movements of the patient. 22  -  24  

 Despite the developments in imaging technology, basic 
physics determine that the spatial resolution is limited. This 
leads to so-called partial volume effect, which actually is 
effective in all imaging techniques. In addition, the signal in 
a particular region will be spilled over to the surrounding tis-
sues. Combination of transmission and emission data has 
been used to correct for this effect in the myocardium. 25    

    4.2   Current Imaging Procedures 

    4.2.1   SPECT 

 SPECT is widely used for the clinical workup of suspected 
or known CAD and its diagnostic and prognostic values are 
supported by a large body of evidence. 1  Most importantly, 
SPECT derived information is utilized for clinical decision 
making. Assessment of myocardial perfusion and function 
are the two major clinical applications. 15,  26  Furthermore, 
imaging of cardiac neural function has recently gained 
increasing interest. 27  

    4.2.1.1   Myocardial Perfusion 
 For perfusion imaging, several tracers are ( 201 Tl,  99m Tc-sesta-
mibi, and -tetrofosmin) commercially available. The fi rst-
pass extraction of  201 Tl by the myocardium is high (88%) and 
the uptake proportionally increases with perfusion over a 
relatively large range. 28   201 Tl redistributes over several hours, 
thus allowing delayed images to be acquired that are inde-
pendent of perfusion and refl ect viability.  201 Tl has been used 
clinically for almost three decades, but does have certain 
limitations such as the long half-life associated with high 
radiation burden, low photon energy resulting frequently in 
attenuation artifacts, and low injected activity contributing to 
a low signal-to-noise ratio. After an administration of  201 Tl at 
stress, SPECT images are obtained early after injection. The 
redistribution images are acquired 2–4 h later which refl ect 
the resting perfusion and viability. 15  The stress and redistri-
bution images are compared for the relative regional 
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 stress-induced ischemia and fi xed defects are considered to 
represent myocardial necrosis. However, the redistribution 
may be incomplete at 4 h and a second injection of  201 Tl or 
delayed imaging can be performed for a more accurate 
assessment of myocardial viability. 29  

 The higher energy of  99m Tc generally leads to better qual-
ity images as compared with  201 Tl. Moreover, the short half-
life permits much higher activities to be administered, giving 
better counting statistics and results in lower radioactivity 
doses. However, tracer kinetic properties are somewhat infe-
rior when compared with  201 Tl. 30  The uptake of  99m Tc-labeled 
tracers is less avid and defects may be less profound. The 
retention is based on intact mitochondria indicating that via-
ble myocytes are needed for the uptake. 31,  32  The tracer mole-
cules stay within the myocytes and do not redistribute so that 
two injections are necessary to obtain stress and rest images. 
There are some differences between the commercially avail-
able  99m Tc-labeled tracers. Hepatic clearance of tetrofosmin 
is slightly more rapid than in the case of sestamibi. 33,  34  Two-
day, same-day stress–rest or same-day rest–stress imaging 
protocols have been established. 35,  36  The image acquisition 
typically begins 30–60 min after injection to allow for hepa-
tobiliary clearance. Longer delays are required for resting 
images and with vasodilator stressors. For the assessment of 
myocardial viability, resting injections can be given follow-
ing nitrate administration. 37  Also a dual-isotope imaging has 
been used. This consists of rest  201 Tl injection, followed 
immediately by stress and a  99m Tc-compound injection. 38   

    4.2.1.2   Ventricular Function 
 In addition to give additional prognostic information, the 
assessment of LV function and volumes also improves the 
diagnostic and prognostic accuracy of cardiac SPECT. 11,  39,  40  
Additionally, assessment of the function of the right ventricle 
(RV) is recognized to be important in some diseases such as 
arrhythmogenic RV and pulmonary hypertension. Finally, 
determination with equilibrium radionuclide ventriculogra-
phy of LV-EF is recognized as one of the methods-of-choice 

for monitoring the cardiotoxicity of cytotoxic anticancer 
drugs. 41  Functional radionuclide cardiac studies include sev-
eral techniques, and ECG-gating is a key point in these meth-
ods. Equilibrium radionuclide ventriculography is performed 
after  99m Tc labeling of red blood cells. 26  It provides high-
quality planar images and may even be performed as a 
SPECT study for accurate separation of RV and LV, and for 
accurate assessment of regional wall motion. 42   

    4.2.1.3   Innervation Imaging 
 The sympathetic nervous system plays an important role in 
cardiovascular physiology. Both SPECT with  123 I-MIBG and 
PET can be used to visualize the sympathetic innervation of 
the heart and the abnormalities in innervation caused by, for 
example, ischemia, heart failure, and arrhythmogenic disor-
ders. 27  Furthermore, cardiac neuronal imaging allows early 
detection of autonomic neuropathy in diabetes mellitus. 

 Most experience has been obtained with SPECT and 
 123 I-MIBG.  123 I-MIBG is a false neurotransmitter, an analog 
of norepinephrine, which uses similar uptake mechanisms in 
the presynaptic nerve terminals as norepinephrine. The tracer 
is primarily transported into the presynaptic nerve terminals. 
In the nerve terminal, no degradation of  123 I-MIBG takes 
places resulting in an accumulation of  123 I-MIBG with high 
signal intensity. 

 Early planar and SPECT imaging is performed at 
10–20 min after MIBG administration, whereas delayed 
planar and SPECT imaging is performed 3–4 h after tracer 
injection. From planar images, global cardiac MIBG uptake 
can be assessed visually or semi-quantitatively using early 
and late heart-to-mediastinum (H/M) ratio (Fig.  4.2 ). To 
calculate H/M ratio, regions-of-interest are manually drawn 
over the heart and upper mediastinum and the mean of 
myocardial counts per pixel is divided by the mean of medi-
astinal counts per pixel. Another planar-based parameter is 
the cardiac washout rate which indicates the rate by which 
MIBG is released from the myocardium between early and 
delayed imaging. To calculate cardiac washout rate, late 

  Fig. 4.2    An example of 
planar  123 I-MIBG images 
and the positioning of the 
regions-of-interests (ROIs). The 
most simple analysis is based on 
the ratio of the whole heart ROI 
to mediastinal ROI (H/M ratio)       
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H/M ratio is subtracted from the early H/M ratio and divided 
by the early H/M ratio.  

 Assessment of sympathetic nerve activity in patients with 
heart failure has been shown to provide important prognostic 
information, and cardiac neuronal imaging can potentially 
identify patients who are at increased risk of sudden death and 
those patients with ICD discharge 43,  44  or to predict inducibility 
of ventricular arrhythmias on electrophysiological testing. 45  

 The available studies have shown that cardiac innervation 
imaging holds great potential for risk stratifi cation and prog-
nostifi cation of heart failure patients. Recent studies suggest 
that particularly MIBG imaging may play a major role in 
identifying patients with LV dysfunction at elevated risk of 
heart failure death or arrhythmic death. 27,  43  -  45  The results of 
these initial studies are promising, and more studies will help 
to determine the precise role of innervation imaging in risk 
stratifi cation of heart failure patients.   

    4.2.2   PET 

 While SPECT has been the mostly used nuclear imaging 
technique, PET offers broader insights into cardiac physiol-
ogy and pathophysiology. The current clinical applications 
of PET imaging in cardiology can be divided into three main 
categories: studies of regional myocardial blood fl ow, metab-
olism, and molecular function. 

    4.2.2.1   Myocardial Perfusion 
 Mainly three tracers are used for the perfusion imaging using 
PET:  15 O-labeled water (H  

2
  15  O) 46,  47   13 N-labeled ammonia 

( 13 NH 
3
 ), 48  -  51  and the potassium analog  82 Rubidium ( 82 Rb). 52  

The kinetic models 46,  47,  49,  51,  53  -  56  have been developed and vali-
dated for quantifi cation of perfusion using these tracers. The 
extraction of  82 Rb is lower and more dependent on the fl ow 
than the other two tracers, 56  but it is generator produced and, 
thus, more widely available. All tracers have short physical 
half-lives (2–10 min) which allow repeated perfusion mea-
surements in the same session. 57  

 PET has been used to detect impairments of MBF in asymp-
tomatic subjects with various cardiovascular risk factors 58,  59  
and in diabetic patients without symptoms of cardiac disease. 60  
In patients with CAD, the measurement of absolute perfusion 
or perfusion reserve is useful for the assessment of the func-
tional signifi cance of coronary stenoses. 61  Quantifi cation of 
perfusion is particularly effective in those circumstances where 
the perfusion is diffusely (and not only regionally) blunted, 
e.g., in patients with hypertrophic or dilated cardiomyopathy 
and patients with balanced coronary artery disease. 61   

    4.2.2.2   Myocardial Metabolism 
 PET imaging allows imaging myocardial substrate and oxi-
dative metabolism. Several different tracers have been used 
such as  18 FDG for glucose metabolism, 61   11 C-palmitate and 

 18 F-FTHA for fatty acid metabolism, 62  and  11 C-labeled ace-
tate 63  for myocardial oxygen consumption. 64,  65  Various 
kinetic models have been developed to quantify these pro-
cesses. Most of these above-mentioned methods have been 
used in research protocols, only  18 FDG has been widely used 
in clinical cardiology, mainly for the detection of viability 
and recently also for infl ammatory cardiac diseases such as 
sarcoidosis.  

    4.2.2.3   Imaging of Molecular Function 
 The attachment of a radioisotope to a biomolecule to 
follow its distribution throughout the body is suitable for 
noninvasive detection of biologic processes at the level of 
tissue and cells. 3,  66  -  68  Different tracers have been used to 
study the presynaptic sympathetic terminals:  18 F-labeled 
fl uorometaraminol, 69,  70   11 C-labeled hydroxyephedrine, 71  
and  11 C-labeled epinephrine 72  which compete with endog-
enous noradrenaline for the transport into the presynap-
tic nerve terminals. Also beta-blocker drugs have been 
labeled with  11 C to act as radioligands for the study of 
postsynaptic beta-adrenoceptors. 73  In addition to stud-
ies of the sympathetic nervous system, the density and 
affi nity of myocardial muscarinic receptors can be evalu-
ated noninvasively with  11 C-MQNB (methylquinuclidinyl 
benzilate). 74,  75  In patients with congestive heart failure, 
mean receptor concentration was signifi cantly higher 
compared with normal subjects 74  suggesting that conges-
tive heart failure is associated with an upregulation of 
myocardial muscarinic receptors paralleling the down-
regulation of beta-adrenoceptors. 

 Myocardial metabolism and sympathetic function have 
emerged as the fi rst applications of clinical molecular car-
diac radionuclide imaging. While those are increasingly 
entering the clinical stage, a broad spectrum of other trac-
ers for specifi c biologic targets in the cardiovascular system 
is being evaluated on the preclinical level. These targets 
include the renin–angiotensin system, integrins, matrix 
metalloproteinases, cell death, reporter genes, and trans-
planted stem cells. The goal is the visualization of key 
mechanisms involved in subjects of ongoing basic cardio-
vascular science, including early disease development and 
novel therapeutic interventions. It is expected that molecu-
lar imaging, early disease detection, and molecular therapy 
will progress hand-in-hand from the preclinical to the clini-
cal level in the future.    

    4.3   Hybrid Imaging 

 Hybrid scanners combining PET or SPECT with high-reso-
lution multidetector CT are becoming the standard for almost 
all commercially available systems. Hybrid scanners offer 
the ability to assess the anatomy of the heart and coronary 
arteries, and the functional evaluation either at stress (for 
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assessment of induced ischemia) (Fig.  4.3 ), or at rest 
(for viability) in association with the left ventricular systolic 
function. Therefore, combining functional information from 
PET or SPECT is appealing. 76,  77        
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 Abstract 

 Imaging techniques for the study of heart disease have experienced a great development in 
recent decades and are essential in current clinical practice. The main value of imaging 
techniques in Electrophysiology is to determine the underlying heart disease, which helps 
to defi ne the patient management and prognosis. Noninvasive imaging of cardiac 
 electrophysiology is still a major goal despite all recent technical innovations. However, 
electrophysiological procedures require an intimate knowledge of heart anatomy and 
 classical imaging techniques may be unable to visualize structures involved in arrhythmia 
mechanisms. Novel methods, such as intracardiac echocardiography and three-dimensional 
echocardiography, have enabled a more accurate imaging during electrophysiology 
 procedures. This may reduce ionizing radiation exposure and shorten procedure time. This 
chapter describes the echocardiographic technology and protocols currently used for the 
study of most common heart diseases involving arrhythmias. 
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     The main value of imaging techniques in Electrophysiology 
is to determine the underlying heart disease, which helps 
to defi ne the patient management and prognosis. Identifi ca-
tion of patients at signifi cant risk of arrhythmia and sudden 
cardiac death is one of the major cardiology challenges. 
Noninvasive imaging of cardiac electrophysiology is still a 
major goal despite all recent technical innovations. How-

ever, classical imaging techniques may be unable to visu-
alize structures involved in arrhythmia mechanisms and 
therapy. 

 Electrophysiological procedures are increasingly used 
to diagnose and treat ventricular or supraventricular tachy-
cardias. These procedures require a sound knowledge of 
heart anatomy. Until recently, fl uoroscopy was the most 
important guidance for advancing and positioning cathe-
ters. Technological advances in electroanatomic mapping 
have reduced the use of fl uoroscopy, and have increased 
accuracy in electrophysiological procedures. However, 
these techniques have several limitations. Geometries generated 
by the magnetic fi eld-based mapping system CARTO are 
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limited in resolution by the number of points acquired. 
Furthermore these techniques do not provide real-time 
visualization of cardiac structure and function, but static 
geometric maps only. 

 Novel methods, such as intracardiac echocardiography 
(ICE) and three-dimensional echocardiography, have enabled 
a more accurate imaging during electrophysiology proce-
dures. ICE has improved our abilities in electrophysiological 
procedures, thus serving as an adjunct to fl uoroscopy by 
identifying critical anatomical landmarks and enabling pre-
cise navigation of the ablation catheter within the heart. 
Other potential applications of ICE include confi rmation of 
lesion formation, immediate identifi cation of complications, 
and assistance in transseptal puncture. 

 There is also a great interest in using transesophageal 
echocardiography (TEE) for guidance of electrophysiologi-
cal procedures. This may reduce ionizing radiation expo-
sure and shorten procedure time guiding mapping and 
ablation catheters to pulmonary vein ostia. However, 
 diffi culties are often encountered in accurately localizing 
catheter tips, particularly when they curve out of plane. 
Three-dimensional transesophageal echocardiography 
(3DTEE) has also been used for electrophysiological proce-
dures. Volume rendering and multiple display slices provide 
detailed three-dimensional visualization of anatomic land-
marks and catheter placement and orientation. This method 
can be applied toward guidance of cardiac ablation and also 
for guidance of the pacing leads placement for cardiac 
resynchronization therapy. This chapter describes the 
echocardiographic technology and protocols currently used 
for the study of most common heart diseases involving 
arrhythmias. 

    5.1   Echocardiography in Atrial Fibrillation 

 Atrial fi brillation (AF) is the most common arrhythmia in clin-
ical practice. Therefore, it is essentially an accurate echocar-
diographic assessment to guide the patient management. 

    5.1.1   Transthoracic Echocardiography 

 Transthoracic echocardiography is recommended for all 
patients with AF. 1  TTE can detect the underlying heart dis-
ease and the risk of complications. In the past, rheumatic heart 
disease was the more frequent etiology for AF development. 
Currently it has increased the incidence of AF associated to 
cardiomyopathies, ischemic heart disease, and hypertensive 
heart disease. Hypertension is the most prevalent cause of 
AF. The left ventricular (LV) wall thickness, left atrial (LA) 
size, and LV systolic and diastolic function should be evalu-
ated in all patients with FA. 

 LA anteroposterior diameter can be measured from 
parasternal long-axis view, with M-mode or two-dimensional 
echocardiography. Recurrence after cardioversion is more 
frequent when LA anteroposterior diameter is >45–50 mm, 
while the success rate is very low in patients with severe LA 
enlargement (anteroposterior diameter >60 mm). 2  However, 
this value provides an inaccurate measure of LA size, because 
it does not take into account the other LA dimensions. LA 
volume has been associated with cardiovascular risk burden 
and long-term prognosis, 3  and is recommended in current 
clinical practice. LA volume can be obtained from the apical 
two and four chambers view, measured in the frame immedi-
ately before mitral valve opening. However, this is valid for 
patients in sinus rhythm but not in patients with chronic AF. 4  
It is also possible to assess auricular stunning after cardio-
version by strain and strain rate analyses. Patients with higher 
atrial strain and strain rate appear to have a greater likelihood 
of staying in sinus rhythm. Chronic anticoagulation may be 
considered in those with lower atrial strain and strain rate 
measurements. 5  

    5.1.1.1   Transesophageal Echocardiography 
 Transesophageal approach allows an accurate assessment of 
posterior cardiac structures including the LA, interauricular 
septum, and pulmonary veins. TEE also offers a more accu-
rate assessment of valvular function, particularly in pros-
thetic valves. Currently TEE is also the imaging technique of 
choice to examine the LA appendage and in the detection of 
thrombus (Fig.  5.1 ). The LA appendage has a complex mor-
phology that is diffi cult to study by magnetic resonance or 
computed tomography. The modern multiplanar probes in an 
expert’s hands detect thrombus with a high sensitivity and 
specifi city (95–100%).  

 TEE can guide electrical cardioversion in AF of longer 
than 48 hours’ duration. This option has advantages as 
opposed to the classic management with oral anticoagulation 
for 4 weeks before cardioversion. Cardioversion guided by 
TEE reduces embolic events recognizing atrial thrombus, 
and shortens the time of anticoagulation, thus reducing the 
bleeding complications. The Acute study 6  compared both 
strategies. After 8 weeks of follow-up, a lower incidence of 
bleeding in the group guided by TEE was found, without dif-
ferences in embolic events or mortality rate. TEE predictors 
of thromboembolism in AF are listed in Table  5.1 . TEE 
should also be performed to confi rm thrombus resolution 
after 7–8 weeks of oral anticoagulation.  

 Sometimes it is diffi cult to distinguish left appendage 
thrombus from pectineus muscle. The pectineus muscles 
have more echogenicity than thrombus wherein many are 
often aligned in parallel, and have synchronous movement 
with left appendage. Lower echogenicity and an erratic 
motion are characteristics of thrombus. TEE also detects the 
presence of LA spontaneous contrast described as smoke-like 
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discrete refl ectances in atrial cavity. It is a marker of blood 
stasis and is associated with a further risk of thromboembo-
lic events. 7  -  9  TEE allows identifying other sources of embo-
lization, as complex atheroma of the ascending aorta and 
arch. 10  

 The left appendage mechanical function can be assessed 
by pulsed wave Doppler with a sample volume placed 1 cm 
into the left appendage. Flow rate <20 cm/s is associated 
with the presence of spontaneous contrast and thrombus 

formation, 11,  12  while flow rate >40 cm/s increases the 
probability of remaining in sinus rhythm 1 year after car-
dioversion (Fig.  5.2 ). Another way to assess the contractile 
function of the left appendage is the use of tissue Doppler 
imaging (TDI). Patients in sinus rhythm who develop embo-
lic stroke have higher left appendage velocities with similar 
fl ow rates. Thus, TDI in the left appendage complements 
pulsed wave Doppler to assess the risk of embolism. 13   

 An important concept is LA “stunning” after electrical 
cardioversion. It can be assessed by A wave obtained from 
transmitral pulsed wave Doppler analysis. LA stunning 
increases the risk of thromboembolic events. The severity 
and duration of atrial stunning appears to refl ect the duration 
of antecedent AF. Excluding patients with rheumatic valvu-
lar disease, the majority of thrombi are in the left appendage. 
Thus, its elimination would obviate anticoagulation therapy 
in patients not likely to receive it. The intervention can be 
surgical or percutaneous, inserting an oclusor device. The 
guide from the percutaneous approach can be done with 
TEE. 14  In this way, echocardiography has emerged as an 
essential technique for the insertion and monitoring of the 
device. 

 TEE has been used as a guide for AF ablation in combina-
tion with conventional fl uoroscopy, enabling the identifi ca-
tion and cannulation of pulmonary veins, and obviating the 
use of angiography. 15  TEE is a useful tool for assessing the 
interauricular septum. Thickening of interauricular septum is 
associated with the onset of AF. 16  TEE also allows a more 
accurate evaluation of valvar lesions, particularly prosthetic 
dysfunction. 

 Other utility of TEE in AF is assisting transesophageal 
cardioversion. Preliminary data suggest it is well tolerated, 
requires less energy, and allows for hemodynamic monitor-
ing during and immediately after the cardioversion. 17  Clinical 
trials are needed to elucidate the role of this strategy.  

    5.1.1.2   Real-Time Three-Dimensional 
Transesophageal Echocardiography 

 Studies have shown the usefulness of traditional two- 
dimensional TEE for guiding catheter-based cardiac proce-
dures. However, diffi culties are often encountered in 
accurately localizing catheter tips, particularly when they 
curve out of plane. Real-time 3DTEE provides catheter and 
pacing lead visualization simultaneously with functional 
volumetric cardiac imaging. This technology has been also 
used to image the cardiac anatomy in animal models, 
 showing the feasibility of real-time 3DTEE for guidance in 
electrophysiological procedures. 18  3DTEE provides better 
visualization of catheter placement and orientation without 
repositioning of interventional catheters. Multiple simulta-
neous viewing planes and the addition of real-time 
 three-dimensional color fl ow Doppler enable confi rmation 
of anatomy with minimal adjustment of the esophageal 

  Fig. 5.1    Transesophageal echocardiography assessment of left atrial 
appendage thrombus       

   Table 5.1    Echocardiographic predictors of thromboembolism in atrial 
fi brillation   

 – Rheumatic valvular disease 
 – Left ventricular systolic dysfunction 
 – Left atrial enlargement 
 – Presence of thrombus 
 – Left appendage fl ow rates <20 cm/s 
 – Aortic plaques 
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probe. This technology could be integrated with current 
electroanatomic mapping systems for combined electrical 
information and true real-time visualization. In addition 
electroanatomic mapping systems do not provide visualiza-
tion of other anatomic reference landmarks outside of the 
heart, such as the esophagus. Thus, 3DTEE enables moni-
toring of any possible esophageal injury.  

    5.1.1.3   Intracardiac Echocardiography 
 Intracardiac echocardiography improves identifi cation of 
anatomical landmarks and enables precise navigation of 
the ablation catheter within the heart. Six to twelve mega-
hertz transducers assembled in catheters of 6–10 Frenchs are 
introduced through a femoral access. There are two differ-
ent ICE technologies available. The fi rst one uses a 9 MHz 
single element transducer mounted at the tip of an 8F cath-
eter. It provides cross-sectional images in a 360º radial plane 
(similar to the used in intracoronary ultrasound). Pulling the 
catheter within the heart, three-dimensional reconstruction 

of the  anatomy can be obtained. The other technology uses 
phased-array ultrasound-tipped catheter that consists of a 
64-element transducer. The high-resolution, multiple fre-
quency transducer (5–10 MHz) is incorporated into a 10F 
steerable catheter (four directions) and provides 90º sec-
tor images with depth control (similar to transesophageal 
echocardiography). The catheter allows for the whole spectrum 
of Doppler imaging capabilities and provides information in 
real time during the ablation procedures. These capabilities 
make use of the second system preferable in interventional 
electrophysiology. 

 ICE plays an important role in imaging pulmonary venous 
ostia, assisting accurate placement of ablation  catheter, 
monitoring of lesion morphology and detecting procedural 
complications. 19  It is also a guide for the  transseptal punc-
ture procedure. It has been found a good correlation between 
ICE and computed tomography or magnetic  resonance in 
the assessment of location and diameters of the pulmonary 
veins ostium assisting in selection the appropriate catheter. 20  

  Fig. 5.2    Left    appendage mechanical function 
assessment by pulsed wave Doppler. Patients with lower 
fl ow rate ( b ) have increased probability of thrombus 
formation       
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A  common antrum on the left side is detected in approxi-
mately 80% of cases. 21,  22  Right pulmonary veins tend to 
enter the atrium separately. However, supernumerary veins 
are more often present on the right side. These anatomical 
variants can be detected with a high degree of precision with 
ICE. 

 Transseptal catheterization has become a very important 
procedure in electrophysiology in order to obtain access into 
the LA for catheter ablation of atrial fi brillation. Traditionally, 
it has relied on fl uoroscopic guidance but it requires great 
operator experience and is not free of complications, espe-
cially in patients with structural heart disease. Potential life-
threatening complications of transseptal puncture include 
aortic puncture, pericardial puncture or tamponade, systemic 
embolism, and perforation of the inferior cava vein. 23  -  25  ICE 
could practically avoid these serious complications. 

 ICE enables to defi ne the characteristics of interauricular 
septum (elastic, lipomatous hypertrophic, aneurysmatic, or 
double layer septum) and guide transseptal puncture by 
direct imaging of the needle tip within the fossa ovalis 
region. 26  A cross-sectional view of the fossa ovalis is best 
obtained with the ICE catheter placed near the septum. For 
catheter ablation of AF, the preferable puncture site is poste-
rior and inferior. ICE displays tenting of the septum with the 
needle tip and advancement of the assembly into the LA. 

 Confi rmation of the morphological lesions produced dur-
ing ablation is another utility of ICE through monitoring of 
microbubble formation. 27  It corresponds with tissue overheat-
ing and it allows prevention of pop formation. 28  This may avoid 
unnecessary applications. Radiofrequency induces lesion 
mor phologic changes including wall thickening, echodensity, 
and/or crater formation. Extensive ablation within the LA may 
increase risk of thromboembolic complications. 

 One of the most important roles of ICE imaging is early 
diagnosis of procedural complications during complex pro-
cedures. Potential acute complications are cardiac tampon-
ade, atrioesophageal fi stula, and thrombus formation. All of 
them can be identifi ed early by ICE. 29  Other important com-
plication is pulmonary vein stenosis after radiofrequency 
catheter ablation of atrial fi brillation. An incidence up to 3% 
has been reported. 30  The visualization of acute changes 
requires a closed monitoring of these patients. The fl ow 
changes in the pulmonary veins after application of radiofre-
quency have been studied. 31  Minor increases in pulmonary 
fl ow velocities are relatively common after the ablation. 
Values <150 cm/s are well tolerated and seem to return to 
baseline within 3 months after the procedure. Signifi cant 
stenoses are characterized by higher peak fl ow velocities. 

 The usefulness of ICE is not restricted to AF. It is also 
applied in ablation of idiopathic ventricular tachycardias, 
inappropriate sinus tachycardia, and paroxysmal supraven-
tricular tachycardia associated with congenital heart dis-
ease. 32  ICE can guide mapping and ablation of idiopathic 

ventricular tachycardias. ICE facilitates delineation of the 
myocardial substrate such as a postinfarction scar. In some 
cases, catheter ablation of the cavotricuspid isthmus may be 
challenging by the presence of an abnormal anatomy of the 
same one. ICE can visualize anatomy of the isthmus and 
anomalous diverticula or a prominent Eustachian ridge. 33  
Catheter ablation of supraventricular tachycardias after cor-
rection of complex congenital heart disease is one of the 
most promising utilities of ICE. ICE provides an excellent 
guidance for navigation of the ablation catheter. In summary, 
ICE results in reduction of fl uoroscopy time and maximizes 
safety and effi cacy of complex ablation procedures.    

    5.2   Echocardiography in Arrhythmogenic 
Right Ventricular Dysplasia 

 Arrhythmogenic right ventricular dysplasia (ARVD) is a 
genetic cardiomyopathy, characterized by fatty or fi brofatty 
infi ltration of the right ventricular (RV) myocardium that 
leads to RV enlargement, RV dysfunction, and ventricular 
arrhythmias with a left bundle branch block. Its diagnosis is 
challenging because sudden death is often the fi rst manifes-
tation of the disease. Echocardiography is considered the 
reference standard for the diagnosis of ARVD. The echocar-
diographic criteria for diagnosis are listed in Table  5.2 . 34  
However, echocardiography has been shown to be relatively 
insensitive and nonspecifi c in the detection of structural or 
functional abnormalities of the RV myocardium. The RV is a 
complex structure wrapped around the LV and is not com-
pletely visualized from any single plane. Therefore, different 
projections are needed for a proper study. Parasternal short- 
and long-axis view, apical four chambers, and subcostal view 
are needed for the RV assessment (Fig.  5.3 ). The free wall is 
usually <5 mm and should be measured is in subcostal view 
at the R wave peak of the QRS complex, at the level of tricus-
pid subvalvular apparatus. 35  It is essential to avoid the mea-
surement of epicardial fat and prominent trabeculae. The RV 
dimensions are obtained from the apical four-chamber view 
and the normal values are shown in Table  5.3 . Although the 
fi nding of normal RV    does not exclude the diagnosis of 

   Table 5.2    Diagnostic criteria for arrhythmogenic right ventricular 
dysplasia   

 Mayor criteria  •  Severe dilatation of the right ventricle and 
reduced right ventricular ejection fraction, 
without left ventricular involvement 

 • Localized right ventricular aneurysms 
 • Severe segmental dilatation of the right ventricle 

 Minor criteria  •  Mild dilatation of the right ventricle or reduced 
right ventricular ejection fraction 

 • Mild segmental dilatation of the right ventricle 
 • Regional right ventricular hypokinesia 
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ARVD. The segment most frequently affected is the RV out-
fl ow tract. A RV outfl ow tract long-axis diastolic dimension 
>30 mm is required for the diagnosis of ARVC. It should be 
obtained from parasternal long-axis view. 36     

 RV systolic function is usually estimated qualitatively. 
Quantitative assessment can be obtained measuring tricuspid 
annular plane systolic excursion (TAPSE). Normal values 
are >15 mm. The TAPSE has a good correlation with the RV 
ejection fraction. 37  TDI is also useful in the evaluation of RV 
systolic function (Fig.  5.4 ). Tricuspid annulus S wave is 
>16 cm/s in healthy subjects. Patients with ARVD have 
decreased TAPSE and Tricuspid annulus S wave by TDI. 
The volumetric and ejection fraction assessment remains 

problematic given the complex geometry of the RV. Mild 
disease is characterized by normal RV dimensions and local-
ized hypokinetic or akinetic regions; moderate disease is 
characterized by mild RV enlargement and localized akinetic 
and/or dyskinetic areas; and severe disease is characterized 
by an enlarged RV and widespread areas of akinesis and/or 
dyskinesis. The LV may be affected in advanced cases. The 
presence of LV systolic dysfunction or congestive heart fail-
ure carries a poor long-term prognosis.   

    5.3   Echocardiography in Hypertrophic 
Cardiomyopathy 

 Hypertrophic cardiomyopathy (HCM) is a genetic heart dis-
ease characterized by the presence of idiopathic myocardial 
hypertrophy not explained by another cardiac or systemic 
disease, such as systemic hypertension or aortic stenosis. 
Patients with HCM have a considerably increased LV wall 
thickness with a small non-compliant but apparently well-
contracting LV. Color Doppler and 2-dimensional transtho-
racic echocardiography is the standard imaging approach for 
the diagnosis of HCM. These modalities can demonstrate 
cardiac morphology and function, the extent of systolic ante-
rior movement of the mitral valve, the degree of mitral regur-
gitation, and the severity of the LV outfl ow tract gradient. 
The most common diagnostic criterion of HCM is LV wall 
thickness  ³ 15 mm. The degree of thickening shows a direct 
relationship with the risk of sudden death. 38  

 Early M-mode echocardiographic studies defi ned the 
characteristic features as asymmetrical hypertrophy of the 
ventricular septum, with or without systolic anterior motion 
of the mitral valve, and premature closure of the aortic 
valve. A disadvantage of M-mode is that only a small sec-
tion of the LV can be examined with a single ultrasound 
beam, usually passing through the anterior septum and pos-
terior walls. Two-dimensional echocardiography allows a 
more complete anatomical description of HCM (Fig.  5.5 ). 
The degree and distribution of LV hypertrophy are variable, 
and include septal hypertrophy with or without obstruction 
to LV outfl ow, concentric hypertrophy, apical hypertrophy, 
hypertrophy of the LV free wall, and RV hypertrophy. 
However, there is no evidence that this distribution has a 
relationship to prognosis.  

 Echocardiographic assessment of HCM requires studying 
the LV from several projections, including parasternal long-
axis, serial short-axis views, and imaging from the apical and 
subcostal windows. The parasternal long-axis view is of piv-
otal importance. It is important that the beam transects the 
LV perpendicularly. Oblique images may lead to the overes-
timation of wall thickness and cavity dimensions. Parasternal 
long-axis view examines the profi le of the ventricular  septum 
and LV outfl ow tract. From this view, the relations between 

  Fig. 5.3    Echocardiographic assessment in a patient with arrhyth-
mogenic right ventricular dysplasia. Parasternal long-axis view ( a ) and 
apical four chambers view ( b )       

   Table 5.3    Normal right ventricular dimensions (mm)   

 Normal 
 Mild 
dilation 

 Moderate 
dilation 

 Severe 
dilation 

 Tricuspid annulus diameter  20–28  29–33  34–38  >39 
 Midventricular diameter  27–33  34–37  38–41  >42 
 Longitudinal diameter  71–79  80–85  86–91  >92 
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  Fig. 5.4    Right ventricular systolic function 
obtained measuring tricuspid annular plane systolic 
excursion ( a ), and by tissue Doppler imaging ( b )       

  Fig. 5.5    Parasternal long-axis ( a ) and short-axis ( b ) view in a patient with hypertrophic cardiomyopathy. The ultrasonic beam should transect the 
left ventricle perpendicularly. Oblique images may overestimate the wall thickness       
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the basal septum, mitral valve, and aortic valve during the 
cardiac cycle can be appreciated. Echocardiographic diag-
nostic criteria for HCM are listed in Table  5.4 .  

 Doppler echocardiography allows determining the pres-
ence or absence of a dynamic LV outfl ow tract obstruction. 
The transducer position is modifi ed in order to obtain the 
maximum velocity signal from the LV outfl ow tract. Particular 
care should be taken to separate the LV outfl ow tract signals 
from those due to mitral regurgitation. A resting pressure 
gradient in LV outfl ow tract is present in 25% of patients. In 
many other patients, a gradient is present only during physi-
cal or pharmacologic maneuvers. Evaluation of LV obstruc-
tion can also be seen on the M-mode echocardiogram. Aortic 
valve motion displays early-systolic closure and a “peak and 
dome” confi guration of aortic pressure and velocity, which 
corresponds to transient mid systolic obstruction and a reduc-
tion in stroke volume. 

 The differential diagnosis between HCM and the so-called 
“heart of athlete” is crucial. LV wall thicknesses of 13–16 mm 
have been identifi ed in a minority of elite rowers and cyclists. 
Various criteria for making this distinction have been 
described including 39 :

   The presence of systolic anterior motion of the anterior • 
mitral valve suggests MCH.  
  End-systolic diameter  • ³ 55 mm is relatively common in 
trained athletes, but infrequent in MCH. Other useful 
parameter is the ratio of end-diastolic interventricular sep-
tum and end-diastolic LV volume. A value >0.26 provides 
a good sensitivity and specifi city for diagnosis HCM.  
  Most cases of HCM have alterations in ventricular fi lling, • 
assessed by transmitral pulsed wave Doppler fl ow and TDI.  
  Female athletes rarely have a wall thickness >11 mm. • 
Therefore, values of 13–15 mm are more suggestive of 
HCM.  
  After the training, a wall thinning of 2–5 mm occurs in • 
about 3 months.    
 Other important issues in the echocardiographic assess-

ment of HCM are:
   Diastolic function assessment: Diastolic dysfunction can • 
be detected by Doppler echocardiography including mitral 
valve infl ow, pulmonary vein, and tissue Doppler param-
eters. Early diastolic (Ea) velocity is reduced in patients 
with HCM. The ratio of mitral E to annular Ea (the E/E’ 
ratio) allows us to estimate LV fi lling pressures.  

  Asynchrony assessment. An intraventricular delay >45 ms • 
identifi es a subgroup of patients with ventricular tachycar-
dia during Holter monitoring with a sensitivity of 90.9% 
and specifi city of 95.8%, 40  and is the most powerful pre-
dictor of sudden death during the 4-year follow-up. 41   
  Myocardial deformation. Longitudinal, circumferential, • 
and radial strains are decreased in patients with HCM. 
Myocardial deformation can be assessed by TDI or 
speckle-tracking technology.    
 In most cases, the diagnosis can be conveniently performed 

with echocardiography. However, this technique presents 
inherent diffi culties: This method needs adequate acoustic 
window and sometimes images are inevitably obliques. 
Echocardiographic assessment is also diffi cult in those cases 
with involvement of anterolateral free wall as a result of the 
poor spatial resolution that prevents the recognition of the epi-
cardial edge. In this regard, cardiac magnetic resonance (RMC) 
offers the ability to acquire tomographic cuts in any direction.  

    5.4   Echocardiography in Not-Compacted 
Cardiomyopathy 

 LV non-compaction, also called LV hypertrabeculation or 
spongy myocardium, is a rare disorder due to an interruption 
of the embryonic myocardial compaction process, occurring 
at 5–8 weeks gestation. This process is performed from the 
base toward the apex, epicardium toward endocardium and 
from the septum toward the lateral wall. This explains the 
characteristic distribution of the non-compaction mainly 
affecting the apex. 42  The clinical course is characterized by a 
signifi cant morbidity caused by heart failure requiring occa-
sionally transplants, malignant ventricular arrhythmias, sud-
den death, and embolic episodes. An early diagnosis is 
therefore necessary. 

 The diagnosis of Not-compacted cardiomyopathy is usu-
ally established by echocardiography. However, prominent 
LV trabeculations can be found in healthy people (70% of 
autopsied healthy hearts have some degree of compaction), 43  
and can be observed in hypertrophic hearts secondary to 
dilated, valvular, or hypertensive cardiomyopathy. Thus, the 
differentiation between variants and not-compacted cardio-
myopathy may occasionally be challenging. The main dis-
criminating feature is the markedly thickened LV wall 
consisting of two layers: a thin compacted epicardial layer 
and a markedly thickened endocardial layer with numerous 
prominent trabeculations and deep recesses which are fi lled 
with blood from the ventricular cavity, without evidence of 
communication to the epicardial coronary artery system. A 
ratio of non-compacted to compacted myocardium >2:1 at 
end-systole in the parasternal short-axis view is characteris-
tic. 44  Color Doppler shows blood fl ow within the deep inter-
trabecular recesses (Fig.  5.6 ).  

   Table 5.4    Echocardiographic diagnostic criteria for hypertrophic 
cardiomyopathy   

 – Concentric or asymmetric left ventricular hypertrophy 
 – Enlargement of left atrium 
 – Non-dilated ventricles 
 –  Absence of other causes of hypertrophy (aortic stenosis, 

 coarctation, hypertension, renal failure, or amyloidosis) 
 – Normal left ventricular systolic function 
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 Non-compacted myocardium is predominantly found in 
the apical and mid-ventricular areas of both the inferior wall 
and the lateral wall. The affected segments are often hypoki-
netic in symptomatic patients or in those patients with 
impaired LV systolic function. The RV apex in healthy peo-
ple is often intensely trabecular, which makes diffi cult to dis-
tinguish normal and pathologic patterns. However, prominent 
trabeculae and hypokinesis of RV wall accompanied by LV 
non-compaction permits diagnosis of RV involvement. Other 
fi ndings that may be seen on echocardiography include 
reduced global LV systolic function, LV thrombi, diastolic 
dysfunction, and abnormal papillary muscle structure. In the 
case of poor image quality, contrast echocardiography clearly 
demarcating the endocardial borders may be helpful and may 
facilitate the diagnosis. Non-compacted myocardium is 
occasionally seen accompanying other congenital cardiac 
disorders such as Ebstein’s anomaly, bicuspid aortic valve, 
aorta-to-left ventricular tunnel, congenitally corrected trans-
position, and isomerism of the LA appendage. Non-
compacted myocardium has also been noted in patients with 
cardiomyopathies due to neuromuscular disorders. 45   

    5.5   Conclusion 

 Echocardiography has an important role in the assessment of 
cardiac structure and function, risk stratifi cation, and increas-
ingly in guiding the management of cardiac arrhythmias. 
Technical progress continues to open new horizons in inter-
ventional electrophysiology. Expansion of catheter ablation 
procedures has led to a change of the paradigm from an elec-
trophysiologically guided procedure to a procedure guided 
anatomically. Accurate identifi cation of anatomical land-
marks and catheters becomes mandatory. The development 
of intracardiac echocardiography enables real-time guidance 
of electrophysiological procedures. By using intravascular 
ultrasound imaging systems in the cardiac chambers, direct 
endocardial visualization can be provided. The widespread 
use of this technologies results in the reduction of fl uoros-
copy time and maximizes safety and effi cacy of complex 
ablation procedures.      
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Catheter ablation of atrial arrhythmias has increased dramat-
ically over the past decade, mainly due to an increase in the 
number of ablation procedures performed for atrial fibrilla-
tion, the most common ablation procedure performed world-
wide.1 Given the complexity of the left and right atria as well 
as the intricacy of ablation procedures for these arrhythmias, 
knowledge of atrial anatomy and its variants is vital when 
planning a safe and effective ablation strategy. In this chap-
ter, we will review the role and importance of anatomy 
assessment including the use of cardiac imaging prior to 
atrial ablation procedures.

6.1  Right Atrium

While right atrial ablation is occasionally performed during 
AF ablation procedures, ablation of primary right-sided atrial 
arrhythmias including atrial flutter and atrial tachycardia is 
quite common. Although considered “simple” ablation pro-
cedures by many, a thorough understanding of the right atrial 
anatomy is essential especially when troubleshooting the 
 difficult case.

6.1.1  Cavo-Tricuspid Isthmus-Dependent 
Atrial Flutter

“Typical” or “type 1” atrial flutter describes a macro- 
reentrant right-sided tachycardia involving the cavo-tricuspid 
isthmus, an area of tissue situated over the lower right atrium 
between the inferior vena cava and the tricuspid isthmus 
(Fig. 6.1). Placement of radiofrequency energy within this 
region to create bidirectional conduction block is frequently 
performed with a high rate of success to cure patients of 
 typical atrial flutter.2 While difficulties rarely arise, they will 
be encountered by electrophysiologists performing a large 

Anatomy Assessment for Atrial 
Arrhythmias

Sheldon M. Singh and Andre d’Avila 

6

A. d’Avila (*)
Helmsley Electrophysiology Center, 
Mount Sinai School of Medicine, New York, NY, USA
e-mail: andre.d’avila@mountsinai.org

Abstract

Catheter ablation of atrial arrhythmias has increased dramatically over the past decade, 
mainly due to an increase in the number of ablation procedures performed for atrial fibril-
lation, the most common ablation procedure performed worldwide. Given the complexity 
of the left and right atria as well as the intricacy of ablation procedures for these arrhyth-
mias, knowledge of atrial anatomy and its variants is vital when planning a safe and effec-
tive ablation strategy. In this chapter, we will review the role and importance of anatomy 
assessment including the use of cardiac imaging prior to atrial ablation procedures.

Keywords



86 S.M. Singh and A. D’Avila

number of these procedures. Knowledge of the size, geome-
try, and composition (i.e., myocardial versus fibrofatty tis-
sue) of the cavo-tricuspid isthmus region will allow one to 
troubleshoot these difficult cases.

The fibers of the cavo-tricuspid isthmus originate septally 
in the region of the coronary sinus and extend inferolaterally. 
The optimal site for ablation is the central portion of the 
cavo-tricuspid isthmus, at approximately 6 o’clock in the left 
anterior oblique view with fluoroscopy as the length of the 
isthmus in this area is shortest (19 ± 4 mm), thinnest 
(2.3 ± 1.3 mm), comprised of fibrofatty tissue, and thus less 
likely to resist radiofrequency ablation.3 In fact, the presence 
of fibrofatty tissue suggests that the length of the isthmus 
requiring ablation may in fact be shorter than the actual dis-
tance between the tricuspid annulus and the inferior vena 
cava.4 Ablation in this region is also advantageous as more 
septal ablation has an associated risk of AV block due to col-
lateral ablation of AV nodal extensions and/or the AV nodal 
artery which lies in close proximity to the septal isthmus in 
approximately 10% of patients.3,4 Anseleme and colleagues 
highlighted this risk of AV block when ablating the septal 
isthmus5; in their study, 5 of 36 patients developed AV block 
(4 transient and 1 permanent) during ablation of the septal 
isthmus whereas no patient developed AV block during abla-
tion of the central isthmus.

Discontinuous lesion placement or the inability to deliver 
power while ablating along the cavo-tricuspid isthmus can 
contribute to procedural failure. Both situations occur due to 
variations in normal anatomy since the cavo-tricuspid isth-
mus is not simply a flat surface. Sub-Eustachian pouches and 
ridges may both result in suboptimal catheter positioning 
and ineffective ablation.6 Pouch-like recesses may compli-
cate cavo-tricuspid isthmus ablation. These recesses, which 
occur between the tricuspid annulus and the Eustachian 

ridge, have varying degrees of depression.6,7 Although the 
myocardium tends to be thinner, decreased blood flow within 
the pouch frequently results in suboptimal power delivery. 
Moreover, if not recognized, there will be gaps in the abla-
tion lesion set if the catheter is simply pulled back in a planar 
fashion as it will not be in contact with the isthmus. While 
recognizing the presence of a pouch may be difficult with 
fluoroscopy alone due to the limited soft tissue visualization, 
abnormal catheter tip motion may alert the operator regard-
ing the presence of a pouch. Another clue is difficulty with 
coronary sinus cannulation as the presence of a Thebesian 
valve, which guards the os of the coronary sinus, is frequently 
associated with sub-Eustachian pouches.7 Imaging tools such 
as a pre-acquired CT scan, intra-procedural use of right atrial 
angiography, or intracardiac echocardiography (Fig. 6.2) can 
allow the operator to obtain a better appreciation of the 
topography of the isthmus and thus plan the ablation strat-
egy. Moreover, the use of phased array intracardiac echocar-
diography can allow the operator to visualize catheter tip 
contact during the procedure to ensure adequate contact 
when ablating in the pouch.8

Visualization of a pouch may also alter the operator’s 
approach to catheter positioning or ablation strategy. In our 
experience, improved catheter contact often occurs with the 
catheter looped in the region of the pouch with progressive 
relaxation of the curve allowing for ablation within the 
pouch. A prominent Eustachian ridge may be present in these 
patients (Fig. 6.3); extensive ablation of this structure is often 
not necessary as it is fibrous in nature.6 However, its presence 
may impact catheter contact with the isthmus. In these situa-
tions, a long vascular sheath may be of assistance during the 
procedure.

While ablation of the lateral isthmus can avoid the risk of 
AV block as well as difficulties associated with the presence 

Fig. 6.1 A view of the cavo-tricuspid isthmus. An ablation catheter 
can be seen on the cavo-tricuspid isthmus. IVC inferior vena cava, TV 
tricuspid valve, CS coronary sinus (Courtesy of Eduardo Sosa)

Fig. 6.2 Intracardiac echocardiography imaging from the right atrium 
demonstrating a flat cavo-tricuspid isthmus. The isthmus is denoted by 
the arrows. IVC inferior vena cava, RA right atrium, RV right ventricle
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of a pouch, ablation in this region may be complicated by the 
presence of prominent pectinate muscle bundles which fan 
out across the isthmus.9 These muscle bundles may compli-
cate ablation for multiple reasons including a lack of catheter 
stability due to the presence of a “bumpy” surface, the 
 inability to deliver power when the catheter is wedged 
between muscle bundles, and the inability to obtain transmu-
ral lesions secondary to the thick myocardium associated 
with these muscle bundles. As with the presence of pouches, 
recognition of pectinate muscle bundles may also be diffi-
cult. Electrogram amplitude is also very helpful and corre-
lates the anatomic and electrophysiologic features in the 
region – in general, electrogram voltage >1.5 mV usually 
corresponds to areas with myocardium >5 mm.10 In these 
situations, more central or septal ablation may be considered 
to avoid the pectinate muscles. Alternatively, the use of an 
irrigated tip catheter to enhance power delivery may also be 
considered in these regions with thick atrial myocardium.11

6.1.2  Right Atrial Tachycardia

While sustained atrial tachycardia is relatively rare, it does 
account for 5–20% of patients undergoing an electrophysiol-
ogy study.12,13 Although the mechanism of atrial tachycardia 
can be heterogeneous, the focus of this arrhythmia is not 
randomly distributed throughout the atrium. Kalman demon-
strated that approximately two-thirds of right atrial 
tachycardias in patients with structurally normal hearts origi-
nated in the cristae terminalis, the junction between the pec-
tinate (anterior) right atrium and smooth-walled (posterior) 
venous component.14 Moreover, a gradation in frequency 
from high to low cristae was also noted. Knowledge of this 

anatomic predilection may guide mapping and ablation in 
the electrophysiology laboratory.

While intracardiac echocardiography may be helpful to 
demonstrate the location of the catheter in relation to the 
cristae terminalis, in general, specialized anatomic assess-
ment is rarely required prior to atrial tachycardia ablation. In 
fact, electroanatomic mapping systems to catalog the activa-
tion sequence of the atrial activation may be more helpful to 
ensure that other less common locations such as the coronary 
sinus os (7% of ATs), tricuspid annulus (13% of AT), para-
hisian region, right atrial appendage, or even the left atrium 
are not the sites of origin of the tachycardia.

As a close relationship exists between the right phrenic 
nerve and the superior vena cava superiorly and lateral bor-
der of the inferior vena cava and right atrium inferiorly, cau-
tion must be exercised when performing ablation in this 
region to minimize phrenic nerve injury. High-output pacing 
to demonstrate the presence or absence of phrenic nerve cap-
ture should be performed in these regions to ensure one does 
not deliver energy directly on the phrenic nerve. Clues to 
early phrenic nerve injury during ablation include a reduc-
tion in diaphragmatic excursion during energy application, 
or patient coughing or hiccupping during energy delivery. 

accurately be identified on multidetector computed tomogra-
phy either directly15 or indirectly by identifying the phrenic 
artery which runs with it.16 This, especially when integrated 
into an electroanatomic mapping systems, may allow opera-
tors to alter an ablation strategy should there be a high risk of 
injuring the phrenic nerve.

6.2  Interatrial Septum

An appreciation of the anatomy of the interatrial septum and 
its relationship to adjacent structures is crucial for interven-
tional electrophysiologists managing left-sided atrial arrhyth-
mias as access to the left atrium is often achieved via 
transseptal punctures, which can only safely be undertaken if 
one has an intimate knowledge of the interatrial septum. It 
must be appreciated that the true interatrial septum is a struc-
ture which, when removed from the heart, does not allow one 
to exit the heart.17 Thus, the true interatrial septum is limited 
to the floor of the fossa ovalis, the anterior-inferior rim of the 
fossa, and the flap itself. The region between the SVC and 
the superior border of the fossa, although septal in position, 
is not part of the true septum as it is an infolding of the left 
and right atrial walls with adipose tissue between. Performing 
a transseptal puncture in this region will result in the trans-
septal sheath exiting the heart.

Pre-procedural imaging such as 2D echocardiography or 

interatrial septum, delineate the relationship between the left 

Fig. 6.3 A prominent Eustachian ridge is noted on this specimen. 
Pouches often co-exist with a prominent Eustachian ridge. ER 
Eustachian ridge, TV tricuspid valve, IVC inferior vena cava, CS coro-
nary sinus (Courtesy of Anton Becker)
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atrium and aorta, and provide an assessment of the left atrial 
size. However, these modalities do not provide real-time 
assessment of these anatomic variants and complications 
which may arise during transseptal catheterization. While 
fluoroscopy provides real-time imaging and adequate infor-
mation for transseptal puncture in many cases, it lacks suffi-
cient soft tissue visualization and does not allow one to truly 
appreciate the interatrial septum and adjacent structures 
compared to intracardiac echocardiography which provides 
operators with a real-time appreciation of the interatrial sep-
tum during transseptal catheterization (Fig. 6.4) and has the 
advantage of not requiring a separate operator, sedation, or 
obstructing fluoroscopy as occurs with the use of intra- 
procedural transesophageal echocardiography. Knowledge 
of the orientation of the transseptal sheath in relation to 
structures such as the aorta (anteriorly) and posterior wall 
can be obtained with intracardiac echocardiography, and 
may allow the operator to readjust the transseptal system to 
obtain an optimal trajectory.

A novel fiber-optic catheter (Iris, Voyage Medical, Campbell, 
CA) is currently under investigation, which provides real-time 
direct visualization of the interatrial septum and allows one to 
identify the fossa ovalis, thereby ensuring an appropriate site 
for transseptal puncture is selected (Fig. 6.5).18

6.3  Left Atrium

Over the last decade, left atrial ablation is increasingly 
being performed for management of atrial fibrillation. 
Given the extensive ablation necessary for managing this 

arrhythmia, a thorough understanding of the left atrium 
and all its components (vestibule, venous connections, 
and appendage), as well as adjacent structures (such as the 
aorta, esophagus, and phrenic nerve) is necessary to safely 
and effectively  perform these procedures (Fig. 6.6). In 
addition to the complexity associated with normal left 
atrial-pulmonary vein anatomy, approximately 40% of 
individuals undergoing atrial fibrillation ablation proce-
dures have variant anatomy.19 This finding underscores the 
importance of pre-procedural imaging in order to assess 
the left atrial anatomy and hence guide an ablation 
strategy.

6.3.1  Left Atrial Appendage

Prior to proceeding with an ablation procedure for atrial 
fibrillation or flutter, one must rule out the presence of a left 
atrial appendage thrombus in patients without adequate 
anticoagulation. Currently transesophageal echocardiogra-
phy is considered the gold standard for detection of left 
atrial appendage thrombus. In many cases, intracardiac 
echocardiography can confirm the presence of a left atrial 
appendage thrombus; however, this modality remains to be 
rigorously validated against the gold standard transesopha-
geal echocardiography. To date, a small study comparing 
intracardiac echocardiography to transesophageal echocar-
diography demonstrated that while intracardiac echocar-
diography could visualize the interatrial septum and LA 
body for the presence of LA thrombus with similar concor-
dance rates to transesophageal echocardiography, intracar-
diac echocardiography fell short in identifying left atrial 
appendage thrombus with a more moderate positive predic-
tive value compared to transesophageal echocardiography.20 
Thus, intracardiac echocardiography alone may be insuffi-
cient to evaluate the left atrial appendage. Of note, imaging 
the left atrium has also become progressively important for 
the implantation of left atrial appendage occluder devices 
(e.g., Watchman device).

Multidetector CT scanning has also been evaluated as a 
tool for detecting left atrial appendage thrombus. Similar 
to intracardiac echocardiography, the positive predictive 
value with an abnormal MDCT scan is quite low and, in 
the largest comparative series to date, reported at only 23% 
whereas the negative predictive value of this tool was 
reported to be 100%.21 It was suggested that in patients 
with a CHADS2 score <1, a negative MDCT scan could 
effectively rule out the presence of a LAA thrombus and 
avoid the need for additional testing with a transesopha-
geal echocardiogram. However, due to the low positive 
predictive value, transesophageal echocardiography should 
be performed to definitively rule in the presence of a  
left atrial appendage thrombus when any abnormality on 
MDCT is noted.21,22

Fig. 6.4 An intracardiac echocardiography image of a transseptal sys-
tem (sheath and needle) positioned at the fossa ovalis during a trans-
septal puncture. The image is obtained with the intracardiac 
echocardiography imaging probe placed in the right atrium. Tenting of 
the interatrial septum is noted. In this image, the transseptal apparatus 
is aligned with the left superior pulmonary vein (LSPV) in the imaging 
view. This provides an optimal trajectory to puncture the septum during 
atrial fibrillation ablation procedures
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Multidetector CT scanning can identify the presence of 
unusual left atrial appendage insertions into the left atrium.23 
Although rare, such variant anatomy may compromise pro-
cedural safety if not recognized.

6.3.2  Left Atrial Ablation for Atrial Fibrillation

Current strategies for atrial fibrillation ablation have evolved 
from focal ablation targeting arrhythmogenic foci to proxi-

mal ablation of the pulmonary venous antral regions with 
circumferential pulmonary vein isolation. As such, this 
approach requires operators to understand the relationship 
between the pulmonary veins and the left atrial body 
(Fig. 6.6). This relationship is often very complex with sig-
nificant inter- and intra-patient variability in the location, 
ostial diameter, and branching patterns of these veins. 
Challenges to ablation include ensuring that one is not within 
the ostium of the pulmonary veins in order to avoid pulmo-
nary vein stenosis, ensuring adequate catheter stability while 
delivering radiofrequency energy, and delivering the appro-
priate power to balance adequate lesion formation with the 
risk of perforation given the variability of the left atrial wall 
thickness. Knowledge of any variation in anatomy is vital 
when performing these procedures. As such, pre-procedural 
and intra-procedural imaging can provide important details 
to guide left atrial ablation.

6.3.2.1  Pulmonary Veins
Safe ablation within the antral region of the left atrium 
requires the operator to be able to identify the left atria- 
pulmonary vein junction. Additionally, ablation within the 
ridges between pulmonary veins or between the left pulmo-
nary veins and the left atrial appendage (Figs. 6.7–6.9) 
requires an appreciation of the size and location of inter-
vein ridges as inadvertent application of radiofrequency 
energy within a pulmonary vein may result in pulmonary 
vein stenosis or, in the case of the left superior pulmonary 
vein–left atrial appendage ridge, ablation within the left 
atrial appendage may result in perforation. An understand-
ing of each patient’s left atrial anatomy is vital as approxi-
mately 40% of patients have some variation in normal 

Fig. 6.5 a) consists of a 2Fr fiber-optic endoscope 
which allows one to directly visualize the septum. The distal aspect of 
the catheter has a hood which excludes blood from the field of view, 
thereby allowing one to obtain an unobstructed view of the septum. 
The catheter system is placed along the septum. (b) Intracardiac 

echocardiography image from the right atrium demonstrating place-
c) The corre-

sponding endoscopic image of the fossa ovalis obtained with the 

Fig. 6.6 The left atrial geometry (purple) in this figure is a 3D 
reconstruction of the left atrium using a multi-electrode catheter and 
the NavX system. The relationship between the left atrial body (LA), 
the appendage (LAA), and the pulmonary veins (LSPV left superior, 
LIPV left inferior, RSPV right superior, RIPV right inferior) is dem-
onstrated in this figure. The location of the coronary sinus is also 
noted (in yellow)
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pulmonary vein anatomy.19 Marom demonstrated 3–5 right-
sided pulmonary veins in 28% of patients, a single right-
sided pulmonary vein in 2% of patients, and a single 
left-sided pulmonary vein in 14% of patients.24 Ho also 
demonstrated variability in the mean diameter of the pul-
monary vein os, which ranged from 8 to 21 mm.25 Mansour 
characterized the variability in the width of the ridge 
between the left pulmonary vein and left atrial appendage 
and the ridge between the right pulmonary veins (Figs. 6.7 
and 6.8). Ninety two percent of patients had a left pulmo-
nary vein-left atrial appendage ridge <5 mm and the aver-
age diameter of the ridge between the right-sided pulmonary 
veins was approximately 3 mm.26

Positioning an ablation catheter in these small regions can 
be a challenge. Fluoroscopy does not provide sufficient addi-
tional information on catheter placement. Electrogram analy-
sis may also not provide any incremental information 
especially as most patients are in atrial fibrillation at the time of 
the procedure with significant variability in the amplitude of 
the electrogram signals. In these situations, pre-procedural 

complex anatomy. Additionally, integration of pre-acquired 
images with electroanatomic maps may provide detailed infor-

mation to guide the operator during ablation along these nar-
row ridges.

Contrast venography also provides real-time imaging of 
the pulmonary veins; however, it may not be as accurate as 

-
tion of the PV ostial diameter when obtained in a single 
view.27 Intracardiac echocardiography can provide detailed 
anatomic information of the left atrial ridges and has the 
advantage of providing real-time imaging, thereby allowing 
the operator to visualize and hence facilitate catheter place-
ment in the antrum and along these narrow ridges. However, 
like contrast venography, this mode of imaging is also only 

-
ardiac echocardiography to obtain a real-time 3-dimensional 
reconstruction of the LA including the antrum and pulmo-
nary vein junction.28 This advancement may allow a better 
appreciation of the 3-dimensional anatomy of the LA that 

real-time imaging which avoids the need to account for 
changes in pre-load or rhythm at the time the pre-acquired 

Fig. 6.7 This is an endoscopic view of the left-sided pulmonary veins 
(superior (LSPV) and inferior (LIPV)) and left atrial appendage (LAA) 
using the NavX system. A 3D reconstruction of the left atrium, pulmo-
nary veins, and left atrial appendage is constructed with a multi- 
electrode catheter and the NavX system. The multi-electrode Lasso 
catheter is seen in the left superior pulmonary vein (LSPV). The ridge 
between the LSPV and LAA is visualized with this endoscopic view. 
The ridge width and length is variable among patients

a

Fig. 6.8 The relationship between the left atrium, esophagus, and aorta is 
demonstrated above. The esophagus frequently lies in close proximity to 
the posterior left atrium and maybe vulnerable to injury with posterior left 
atrial ablation. The position varies among patients (left versus right) and 
can change within a patient during an ablation procedure. The location of 
the ascending and descending aorta is illustrated in this image. (a) Location 
of these structures on CT scan. (b) Left-sided esophagus. (c
esophagus in a separate patient. Ao aorta, PA pulmonary artery, LA left 
atrium, DA descending aorta, ESO esophagus, LV left ventricle
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demonstrated variation in size (possibly due to pulmonary 
vein contractility during the cardiac cycle)29 and orientation 
with respiration.30

one to account for these factors during ablation procedures.

6.3.2.2  Left Atrial Wall Thickness
Knowledge of the lack of uniformity in the left atrial wall 
thickness is also very important during left atrial ablation pro-
cedures as a lower intensity or duration of radiofrequency 
energy may be required in thinner areas of the left atrium 
where less atrial myocardial tissue is present. Inappropriate 
delivery of radiofrequency energy may cause collateral dam-
age to adjacent structures or result in left atrial perforation. 
Hall and colleagues assessed the left atrial wall thickness in 
34 consecutive human heart specimens during routine post-
mortem evaluation.31 Significant differences existed between 
different anatomic areas within the left atrium. The roof and 
posterior wall of the LA were thinnest while the anterior wall 
and septum thickest. The mean LA wall thickness was 
1.06 ± 0.49 mm at the roof, 1.40 ± 0.46 mm in the posterior 
wall, 1.86 ± 0.59 mm in the anterior wall, 2.20 ± 0.82 mm in 
the septum, and 1.60 ± 0.48 mm in the mitral isthmus region. 
Additionally, LA walls were thinner at the roof and septum in 
women compared to men, despite accounting for variability 
in heart weight. Platonov examined the posterior wall LA 
thickness in 298 consecutive patients and demonstrated a gra-
dation in posterior wall thickness from the superior to inferior 
posterior wall with the inferior posterior wall being thicker 
than the superior aspect of the posterior wall. Moreover, 
patients with atrial fibrillation had even thinner LA posterior 
wall thickness.32 One should be cognizant of these anatomic 
findings during ablation especially when ablating in the roof 
and posterior wall of the left atrium, especially in patients 
with chronic atrial fibrillation who likely have dilated thinner 
walled atria and women in order to avoid complications.

Fig. 6.9 The anterior left atrium is compressed by the ascending aorta 
in a patient without aortic dilation

cb

Fig. 6.8 (continued)  
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6.3.2.3  Pouches and Septal Ridges
Other anatomic variations include the presence of left atrial 
pouches or septal ridges.33,34 Pouches, mainly located at the 
roof, may impact ablation due to inadequate catheter tissue 
contact if not recognized with resulting gaps in the ablation 
lesion set. Wongchareon performed CT scans in 49 patients 

pouches were demonstrated in approximately 15% of patients 
with the diameter of the pouch varying from 4.4 to 13 mm 
and depth from 2.9 to 8.7 mm.33 Detection of this variant 
prior to the procedure may improve upon the safety and effi-

raphe, have been described to occur in the septal aspect and 
anterior wall of the LA. The significance of these ridges is 
unclear. However, their presence may impact upon the conti-
guity of ablation lesions placed in this region. Wongchareon 
also demonstrated the presence of septal and anterior ridges 
in 32% of individuals with atrial fibrillation and 23% of con-
trols.33

provide a road map to the operator and demonstrate the pres-
ence of these anatomic variants. Moreover, image integration 
may also be useful in these situations as it may explain unex-
pected catheter motion noted on fluoroscopy and guide abla-
tion lesion placement.34

6.3.2.4  Adjacent Structures: The Esophagus
Knowledge of structures in adjacent to the left atrium is also 
of vital importance during left atrial ablation to minimize the 
risk of collateral damage. One such structure is the esopha-
gus. Minimizing ablation in close proximity to the esopha-
gus may minimize thermal injury and possibly the risk of the 
fatal complication of atrio-esophageal fistula.35 CT scan 
imaging has suggested that the esophagus is in close rela-
tionship to the posterior wall of the left atrium. Fatty tissue is 
present between both structures, but measures approximately 
0.9 ± 0.2 mm.36 While this tissue may provide a degree of 
thermal insulation and mitigate esophageal injury, it must be 
noted that this tissue is discontinuous in 98% of patients, and 
often absent at the midposterior wall.37 Thus, one needs to 
ensure that methods to minimize esophageal injury are 
employed.

Pre-procedural imaging of the esophagus is easily per-

along the posterior left atrium (Fig. 6.8). While the identifi-
cation of the location of the esophagus on pre-procedural 
imaging is helpful, one must keep in mind that the esophagus 
is a dynamic structure whose position may change from the 
time that pre-procedural imaging was obtained and even dur-
ing the procedure. Nolker performed a 3D reconstruction of 
the left atrium and esophagus with a cardiac C-arm in patients 
undergoing atrial fibrillation ablation procedures. There was 
a poor correlation (r = 0.53) between the esophageal location 
documented on the 3D reconstruction the morning of the 

procedure and that obtained on CT scanning 24 h prior.37 
Moreover, the maximum movement of the esophagus was 
almost 30% of the distance between the superior pulmonary 
veins. Thus, in addition to pre-procedural imaging, intra-
procedural imaging and assessment of the esophageal loca-
tion seems prudent. This may be achieved with esophageal 
temperature monitoring which in addition to providing an 
estimate of the esophageal temperature also provides the 
esophageal location on fluoroscopy.38 Barium swallow may 
also provide information on the fluoroscopic location of the 
esophagus but carries a risk of aspiration. The use of intrac-
ardiac echocardiography may be very helpful as it provides 
real-time imaging of the esophagus and can locate the esoph-
agus in relation to the posterior wall, thereby alerting opera-
tors when ablating over this region.39

6.3.2.5  Adjacent Structures: The Aorta
Knowledge of the relationship between the aorta and left 
atrium is also of importance as atrial distortion may occur 
with and without a dilated aorta even in the absence of 
musculoskeletal deformities (Fig. 6.9). This relationship 
can best be appreciated with pre-procedural imaging such 

to pulmonary vein narrowing (usually the left inferior pul-
monary vein in patients with a left-sided aortic arch) can 
occur due to compression from the descending aorta.40 In 
these cases, care must be taken when performing circum-
ferential ablation to avoid further stenosis of these vessels. 
Distortion of the interatrial septum due to compression 
from the ascending aorta may also occur. In this situation, 
intracardiac echocardiography is very helpful to minimize 
complications such as inadvertent puncture of the aorta or 
posterior wall.40

6.3.2.6  Adjacent Structures: The Phrenic Nerve
As discussed earlier, the right phrenic nerve runs in close 
proximity to the lateral surface of the superior vena cava and 
right atrium. Given the close proximity of the right superior 
pulmonary vein to these structures, it is no surprise that 
injury to the right phrenic nerve has been reported during 
ablation of the right superior pulmonary vein41 likely due to 
direct heat transfer from ablation in this region. As it is often 
impractical to pace multiple sites near the right superior pul-
monary vein to ensure absence of diaphragmatic capture, 
one should monitor diaphragmatic motion on fluoroscopy 
during ablation. Of course, this may not be helpful should 
the procedure be performed under general anesthesia with 
paralysis. A more proximal (i.e., antral) ablation strategy 
may mitigate this risk due to increasing distance from  
the phrenic nerve with antral pulmonary vein ablation. 
Identification of the course of the right phrenic nerve and/or 
the adjacent phrenic artery on pre-procedural imaging and 
integration of this in electroanatomic mapping systems has 
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been reported and may also be helpful to minimize phrenic 
nerve injury during ablation.15,16

6.3.3  Post-Procedural Assessment

While there are no established guidelines on left atrial assess-
ment post-atrial fibrillation ablation, many centers perform 

pulmonary vein stenosis which cannot be predicted by initial 
pulmonary vein size or duration of radiofrequency ablation, 
but rather by catheter position within the pulmonary vein 
during the ablation procedure. Post-procedural imaging with 
CT scan is also useful for identifying additional complica-
tions such as pulmonary vein thrombosis or atrio-esophageal 
fistula, early findings of the latter include the presence of 
mediastinitis centered around the posterior left atria- 
esophageal region (i.e., changes within the mediastinal fat, 
presence of fluid collections, or gas between the esophagus 
and posterior wall).42

can also demonstrate the degree of atrial scar post ablation 
and has the potential to improve our understanding of the 
ablation process and possibly predict recurrence.43 Moreover, 
identifying areas without scar from prior ablation procedures 
may represent areas of arrhythmia breakthrough allowing an 
operator to focus additional ablation at these sites, thereby 
reducing mapping time and improving the efficacy of the 
procedures.44

6.4  Special Situations: Congenital  
Heart Disease

Atrial arrhythmias are being recognized as an increasingly 
important cause of morbidity in patients with either surgi-
cally treated congenital heart disease. While multiple etiolo-
gies of these arrhythmias exist, they usually are secondary to 
a re-entrant circuit around a fixed barrier such as scar or a 
suture line. Overall the rate of successful ablation for these 
arrhythmias is between 55% and 90%45; part of this reduced 
success is related to the presence of multiple re-entrant cir-
cuit and the complex anatomic alterations which may exist 
(either due to the native congenital condition or the correc-
tive reconstructive surgery). As fluoroscopic imaging has 
limited ability to assess the complex anatomic changes in 
these patients, additional modalities are necessary to provide 
the operator with an assessment of each patient’s unique 
anatomy including scars which may act as anatomic obsta-

-
ful with this assessment. Additionally, electroanatomic 
mapping may also identify scar and provide complementary 
physiological information in addition to the anatomy.

6.5  Conclusion

Pre-procedural and intra-procedural imaging has become 
indispensible for complex atrial ablation procedures. 
Consequently, it has become imperative for interventional 
electrophysiologists to be not only well versed with the atrial 
anatomy, but also with the consistently evolving imaging 
modalities.
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 Abstract 

 The anatomical assessment required in patients undergoing catheter ablation (CA) for ven-
tricular tachycardia (VT) specifi cally aims at study and knowledge of the main structural 
characteristics of the left/right ventricular chambers, which are expressions of the underly-
ing cardiac disease: these characteristics are strictly related to the arrhythmia and may also 
strongly condition the approach for CA. The anatomical assessment comprises the evalua-
tion of all vascular structures that may be involved in the catheterization procedure, as well 
as of the pericardium when a direct percutaneous epicardial approach is undertaken. An 
accurate diagnostic evaluation must precede each electrophysiological procedure and aims 
at a complete clinical assessment. The point of our analysis is to fi nalize our diagnostics 
tools to an effective strategy for ablation and avoid complications. This is of particular rel-
evance today, as CA is used for VT treatment in a wide population of patients with advanced 
cardiac disease and frequent comorbidities, who may undergo complex procedures of map-
ping and ablation and require multiple catheterizations. 

 Keywords 

 Catheter ablation  •  Ventricular tachycardia  •  Anatomy of ventricular tachycardia  
•  Arrhythmia anatomy  •  Echocardiography for catheter ablation 

 The anatomical assessment required in patients undergoing 
catheter ablation (CA) for ventricular tachycardia (VT) spe-
cifi cally aims at the study and knowledge of the main struc-
tural characteristics of the left/right ventricular chambers, 
which are expressions of the underlying cardiac disease: 
These characteristics are strictly related to the arrhythmia 
and may also strongly condition the approach to CA. The 
anatomical assessment comprises the evaluation of all vascu-
lar structures that may be involved in the catheterization pro-
cedure, as well as the pericardium when a direct percutaneous 
epicardial approach is undertaken. 

 An accurate diagnostic evaluation must precede each 
electrophysiological procedure and aims at a complete clini-
cal assessment. The result of our analysis is to fi nalize our 
diagnostic tools to an effective strategy for ablation and to 
avoid complications. This is of particular relevance today, as 
CA is used for VT treatment in a wide population of patients 
with advanced cardiac diseases and frequent comorbidities, 
who may undergo complex procedures of mapping and abla-
tion and require multiple catheterizations. 

    7.1   Ordinary and Extraordinary 
Diagnostic Assessment 

 The ordinary preliminary evaluation for patients with struc-
tural heart disease consists of a complete noninvasive diag-
nostic assessment, mainly achieved by chest x-ray and 
echocardiography.  Chest x-ray examination  focuses on the 
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global characteristics of the heart and its anatomical relation-
ships. Its role is well defi ned with regard to the preliminary 
diagnostic assessment of each patient; however, its sensitiv-
ity for the anatomical characterization of the underlying 
disease is poor, and specifi c fi ndings are limited to few 
cases (Fig.  7.1 ). On the other side, additional information is 
provided by the examination of the lung fi elds mainly for 
evaluation of pulmonary congestion and redistribution of 
blood fl ow.  

  Transthoracic echocardiography  is more relevant in defi n-
ing the morphology of both ventricles, focusing on chamber 
dimensions and wall characteristics. Baseline assessment 
includes the ordinary evaluation of the valvular apparatus to 
exclude any signifi cant disease; more specifi cally, the detec-
tion of moderate-to-severe aortic and mitral valve disease 
may preclude the feasibility of any retrograde transaortic or 
anterograde transseptal approach, respectively. 

 Important specifi c information relates to each underlying 
cardiomyopathy. Area(s) of akinesia/dyskinesia, or areas of 
segmental contraction abnormalities are the rule in patients 
with post-myocardial infarction cardiomyopathy, but are fre-
quently detected also in patients with arrhythmogenic right 
ventricular dysplasia or post-myocarditis cardiomyopathy. 
Diseased areas must be accurately defi ned; the compari-
son with the ECG recording during sinus rhythm and with 
the ECG pattern of activation during VT may contribute to 
support the site of origin of the arrhythmia. When a ven-

tricular aneurism is recognized, the size and the borders of 
the lesion must be accurately defi ned, as well as the thick-
ness of the corresponding part of the ventricular wall. The 
presence of a thrombus may be related to any underlying 
area of akinesia    or dyskinesia (Fig.  7.2 ), but can also be the 
consequence of a diffused ventricular hypokinesia. Its char-
acteristics must be evaluated and the detection of a soft or 
mobile thrombus must be considered as an additional risk 
for thromboembolism during endocardial mapping and abla-
tion maneuvers; in selected cases, the procedure should be 
modifi ed and undertaken after an adequate period of antico-
agulation for safety reasons. Moreover, the intraventricular 
thrombus may preclude contact with the endocardial surface 
of the ventricle, thus limiting the effi cacy of radiofrequency 
delivery on the site of interest. In these cases, the opportunity 
to undertake only an epicardial mapping must be considered 
as extraordinary.  

 Echocardiography is equally a fi rst-line tool for the diag-
nosis of cardiac tumors; although uncommon, the detection 
of any tumoral lesion is of great signifi cance, as it may  clarify 
the cause of the arrhythmia and justify a surgical intervention 
(Figs.  7.2 b and  7.2 c). 

 Transesophageal echocardiography is not routinely 
required for the preliminary assessment of patients undergo-
ing CA of VT. It is however indicated in the majority of suit-
able patients with chronic atrial fi brillation to exclude atrial 
thrombosis, because of the risk of thromboembolic accidents 

  Fig. 7.1    Chest x-ray shows a big calcifi ed thrombus within a large anterior left ventricular aneurism       

 



977 Anatomical Assessment for Catheter Ablation of Ventricular Tachycardia

subsequent to sinus rhythm restoration after the delivery of 
an external DC shock. This may be considered an unlikely 
event, however, in patients with chronic atrial fi brillation, 
under continuous anticoagulation treatment, and in those 
who have already experienced multiple internal ICD inter-
ventions – either successful or unsuccessful in the termina-
tion of atrial fi brillation. 

  Evaluation of coronary artery circulation  in patients with 
post-infarction cardiomyopathy and, more specifi cally, of 
any surgical graft is generally required to guarantee the 
safety of the procedure and to exclude ischemia as the cause 
of the arrhythmia: this is however related to an old post-MI 
scar in the majority of patients. The coronary assessment is 
ordinarily achieved by coronary angiography, during the 
same catheterization procedure, or, in selected cases, by 
performing a high-defi nition TC scan before. The need for a 
coronary angiography must be considered also in those 
patients with dilated cardiomyopathy of uncertain etiology. 
In the case of epicardial CA, the coronary angiography is 
required to clarify the relationship with the main epicardial 
arterial vessels before delivering radiofrequency energy, as 
discussed below; moreover, CA targeting arrhythmia foci 
localized at the sinus of Valsalva may require the angio-
graphic visualization of the ascending aorta to better charac-
terize the contour of the aortic bulb and to avoid intracoronary 
radiofrequency delivery. 

 The  ventricular angiographic evaluation , usually during 
the CA procedure itself, is required only in selected cases. 
Left ventricular angiography has a poor diagnostic role and 
therefore it is rarely required in patients with dilated cardio-
myopathy. On the contrary, the right ventricular angiogram 
may be of diagnostic value in patients with arrhythmogenic 
right ventricular dysplasia/cardiomyopathy and, more spe-
cifi cally, may help in the radioscopic identifi cation of areas 
of akinesia or dyskinesia. 

 An anatomical assessment of  the arterial and venous sys-
tem  is preliminarily achieved by the ordinary physical exami-
nation; the main point is to exclude any signifi cant disease of 
the abdominal aorta and the major peripheral arterial vessels. 
A chest X-ray may contribute to presume the presence of any 
signifi cant atherosclerotic disease in the thoracoabdominal 
district, mainly by the detection of calcifi ed lesions. More spe-
cifi c information is required (1) when a signifi cant thoracoab-
dominal aortic disease has been previously documented and 
(2) in case of any surgical or interventional vascular correction 
(that regarding the abdominal aorta, the Carrefour, or the iliac-
femoral artery in the majority of cases). This is usually 
achieved by Doppler examination, by angiography or 
TC-angiography, based on the kind of lesion and on the 
 vascular district of interest. The vascular situation, once 
 clarifi ed, may condition the access to the left ventricular cham-
ber (that might be limited to a transseptal catheterization) or 
preclude the possibility for a multiple left ventricular cath-
eterization, when an advanced mapping technique is required. 

a

b

c

  Fig. 7.2    The contour of the thrombus is clearly defi ned in different 
LAO and RAO radioscopic views obtained during the procedure. 
Effi cacious ablation was achieved by delivering radiofrequency current 
at the superior border of the aneurism from the endocardium ( a ) and 
from the epicardium ( b, c ), where a discrete area of slow conduction 
involved in the VT reentry was identifi ed       
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 In conclusion, preliminary diagnostic evaluation aiming 
at the anatomical assessment plays a main role to defi ne the 
patient’s characteristics with regard to the underlying cardiac 
disease, to confi rm safety and feasibility, and to direct to the 
preferential approach and mapping mode; the information 
acquired may provide the reason for more specifi c diagnostic 
tools. 

 The case of a patient with right-positioned heart (right 
heart displacement) secondary to right pulmonary agenesia 
is shown in Fig.  7.3 . The TC scan reconstruction is superim-
posed on a posteroanterior chest x-ray view. Light blue rep-
resents the left ventricle; purple the right ventricle giving rise 
to the left pulmonary artery; red the ascending aorta; and 
green the left atrium with the left pulmonary veins. The right 
atrium is covered by the right ventricle; right pulmonary 
veins are absent.  

 Another case of a patient with ventricular tachycardia 
arising from a left ventricle aneurism with endocardial cal-
cifi cation is shown in Fig.  7.4 . X-ray analysis permits clear 
identifi cation of the endocardial calcifi cation (Fig.  7.4 ). 
The endocardial ablation was unable to ablate the arrhyth-
mia circuit and epicardial approach was not possible for 
pericardial adherence due to previous cardiac surgery. 
Figure  7.6  shows removal of the endocardial calcifi cation 
during surgical procedure. For this reason, the patient was 
submitted to a surgical ablation performed with cryo energy 

after the removal of the endocardial calcifi cation (Fig.  7.5 ). 
Figure  7.6  shows the absence of the apical calcifi cation 
after the surgical procedure.     

    7.2   Anatomical Insights for Left and Right 
Ventricular Mapping and Ablation 

 Left and right ventricles signifi cantly differ with regard to 
their anatomical and functional features. Morphologically, 
the left ventricle is shaped like an egg and presents a cir-
cular section in its midportion. 1,  2  Its wall is three to four 
times as thick as that of the right ventricle and accounts 
for about 75% of the whole cardiac mass. The interven-
tricular septum, represented by the anterior aspect of the 
left chamber, is generally considered as part of it, but also 
contains longitudinal fi bers belonging to the right ventri-
cle. The right ventricle is commonly described as having 
two sections, the infl ow portion – containing the tricuspid 
valve and its chordae – and the outfl ow, i.e., the conus or 
infundibulum, which is distinctly derived from the  bulbus 
cordis . These two parts are defi ned by specifi c anatomical 
structures as the  moderator band , the  crista supraventric-
ularis , and the muscular region between the tricuspid 
valve and the outfl ow tract (septal band and parietal band). 
The right ventricle has a thinner wall (3–5 mm at the ven-
tricular body, 1–2 mm at the junction), but its trabeculae 
are more pronounced and irregular when compared with 
the left ventricle. 

 Of note, the line of each pulmonary valve leafl et crosses 
the ventriculoarterial junction, so that small amounts of myo-
cardial tissue are comprised in the three pulmonary sinuses, 
and are responsible for so-called supravalvular locations of 
ventricular arrhythmias. In a similar way, the semilunar hinge 
lines of the aortic leafl ets enclose a segment of ventricular 
myocardium in the nadirs of the right and of the left coronary 
aortic sinus. 

 Of specifi c interest, among the left ventricular endocar-
dial structures, the  chordae tendineae,  which tether both 
mitralic cusps to the anterior and posterior papillary mus-
cles, may limit the access to the subvalvular region. 
Myocardial tissue also projects within the ventricular cavity, 
resulting in specifi c endocavitary electrically active struc-
tures such as the papillary muscle, the moderator band, and 
the false tendon: In selected cases, advanced methods of 
mapping may prove that the automatic or reentry mecha-
nism responsible for the arrhythmia correlates with these 
anatomical structures. Moreover, they may limit or compli-
cate catheter manipulation during VT mapping and, for 
these reasons, additional value is assigned to intracardiac 
echocardiography: the three-dimensional visualization that 
can be achieved may prevent the damage of the valvular 

  Fig. 7.3    The case of a patient with right-positioned heart (right heart 
displacement) secondary to right pulmonary agenesia is shown. The TC 
scan reconstruction is superimposed on a posteroanterior chest x-ray 
view.  Light blue  represents the left ventricle;  purple  the right ventricle 
giving rise to the left pulmonary artery;  red  the ascending aorta;  green  
the left atrium with the left pulmonary veins. The right atrium is cov-
ered by the right ventricle; right pulmonary veins are absent       
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structures and may facilitate contact optimization during 
radiofrequency delivery. 

 Effectiveness of mapping for ventricular arrhythmias is 
moreover conditioned by the adequacy of the contact of the 
tip of the catheter with the endocardial surface: This results 
from the precise defi nition of the internal contour of the 
chamber, from the identifi cation of specifi c anatomical or 
pathological structures, but also benefi ts from the possibility 
to properly advance and stabilize the tip of the catheter at the 
site of interest. For this reason, steerable sheets are com-

monly used to support the mapping catheter during right and 
left ventricular procedures; in the latter case, the possibility 
to enter the left ventricle with an appropriate sheet is limited 
to the transseptal approach only.  

  Fig. 7.4    Another case of a patient with ventricular tachycardia arising 
from a left ventricle aneurism with endocardial calcifi cation is shown. 
X-ray analysis permit clear identifi cation of the calcifi cation. The endo-

cardial ablation was unable to ablate the arrhythmia circuit and epicar-
dial approach wasn’t possible for pericardial adherence due to previous 
cardiac surgery       

  Fig. 7.5    Removal of the endocardial calcifi cation is shown during the 
surgical procedure       

  Fig. 7.6    X-ray analysis of the patient shown in Fig.  7.5  shows the 
absence of the apical calcifi cation after the surgical procedure       
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    7.3   Advanced Tools for the Improvement 
of Anatomy Understanding 

 Although in a normal anatomical condition the navigation 
inside the left ventricle may be workable without signifi cant 
problems, sometimes in specifi c pathological situations the 
precise defi nition of the structures may become pivotal. 
Recently, technological improvements have made a lot of 
tools available, such as the electroanatomical mapping 
system that can be used in the setting of ventricular ablation. 
With this system and the nonfl uoroscopic navigation of the 
catheters in a three-dimensional space and the opportunity to 
analyze in a 3D mode the electrical characteristics of the 
scars, the integration with the images of the heart obtained 
with CT or MRI scan is now available. This technique is cur-
rently extensively used in the atrial procedure where it 
has achieved reasonable accuracy and usability, providing 
important information about the anatomy of the pulmonary 
vein, the ridge, and the auricula that may help guide precise 
localization of the RF lesions. The same technique can be 
used for the left ventricle even if in this case currently pre-
procedural anatomic images have some disadvantages due to 
the improper registration technique that does not allow the 
detailed reconstruction of the anatomical structure present in 
the inner part of the left ventricle. 

 Nevertheless, image integration may be particularly use-
ful in cases of left ventricle mapping where the achievement 
of some part of the chamber may be really diffi cult. In this 
case, special attention must be paid to choose the appropriate 
curve of the mapping catheter and a dual approach (retro-
grade transaortic and transseptal) must be used. Also with 
these concerns, the inability of the system to give precise 
information about the contact of the catheter tip with the 
endocardial surface may, in some cases, contribute to the cre-
ation of a false surface that, usually for the poor contact, has 
the electrical characteristics of a scar. The availability of a 
3D shape of the left ventricle is of the utmost importance to 
avoid these mistakes that can deeply alter the result of the 
procedures. 

 Another important tool available with the electroanatomi-
cal mapping system is the intracardiac echo (CARTO 
SOUND) that may be particularly useful in special anatomi-
cal conditions. This system uses a specifi c phased-array 
intracardiac ultrasound catheter equipped with an electro-
anatomic sensor positioned at the tip that provides the orien-
tation and the location of each registered image used for 
creating a 3-D shape. This imaging gives detailed anatomical 
information about normal structure like papillary muscle, 
valve, and endocardial surface and about pathological struc-
tures like aneurysm border or intraventricular thrombus that 
can be integrated into each segmented volume. Moreover, 
the system can provide important information about the con-
tact of the catheter tip with the endocardial surface.  

    7.4   Anatomy for Epicardial Ablation 

 In the last years, epicardial ablation has undertaken an impor-
tant role in the treatment of ventricular tachycardias related 
to some pathological disease. This particular approach 
requires the knowledge of several anatomical issues neces-
sary to perform safely the pericardial access and the ablation 
procedure. In this procedure, two pivotal problems may be 
recognized (1): the pericardial puncture, and (2) problems 
related to the pericardial ablation linked to the anatomical 
structures present on pericardial surface. 

    7.4.1   Pericardial Access 

 The technique, originally described by Sosa et al., 3  was ini-
tially used for the epicardial ablation in patients with 
Chagas disease. Briefl y the subxiphoidal approach is car-
ried out with a Tuohy needle. The pericardial puncture is 
performed just below the xiphoidal apophysis toward the 
left scapula or the left shoulder with a 45° angle from the 
skin surface and from the middle line of the sternum. The 
angle with the skin surface may be adjusted according to 
the wall that one wants to access: lower than 45° for the 
anterior wall, 45° or more for the inferior wall. These rules 
are helpful for the vast majority of patients, but it must be 
remembered that in some cases the different dimensions 
and positions of the heart inside the thorax require neces-
sary but some modifi cation of the suggested technique. 
Before the procedure it is important to evaluate the chest 
x-ray to understand the position of the heart inside the tho-
rax and particularly the relationship with the sternum that 
may be very different, particularly in obese or long-limbed 
patients where particularly in the latter, the heart may be 
slightly distant from the xiphoidal process. In these patients, 
to reduce the needle’s route, the puncture may be carried 
out in anti-Trendelenburg position or, if the patient is not in 
deep sedation or in general anesthesia, during forced inhal-
ing. In any case to better understand the anatomy, a catheter 
placed in the right ventricular apex and in the coronary 
sinus may be useful reference to guide the procedure. The 
puncture must be carried out verifying the position of the 
needle in AP, LAO, and RAO projection to reach the middle 
portion of the right ventricle, where based on the coronary 
angiography no major coronary arteries are found. Starting 
from the xiphoidal process, the needle comes across subcu-
taneous and muscle tissue and reaches the pericardium 
without encountering important vascular structures. The 
puncture of the diaphragmatic muscle must be avoided 
because of risk of abdominal bleeding, in case of injury of 
a small arterial vessel, that may require abdominal surgery 
to resolve. This complication must always be suspected in 
case of slow and progressive reduction of the arterial 
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 pressure during the procedure without evidence of pericar-
dial bleeding. In our experience, these rules are suffi cient to 
perform the pericardial puncture minimizing the risk of 
complication. 

 Figures  7.7  and  7.8  show two borderline cases. In the fi rst, 
the xiphoidal apophysis is much higher as regards the infe-

rior border of the heart, and in this case, with the usual slope 
of the needle, the inferior wall of the ventricle is unapproach-
able. The second shows a case where with standard routes, 
the puncture of the liver is unavoidable.   

 In any case and particularly in patients with chronic heart 
decompensation, a careful clinical evaluation and, if neces-

  Fig. 7.7    The xiphoidal 
apophysis is much higher as 
regards the inferior border of 
the heart and in this case, with 
the usual slope of the needle, the 
inferior wall of the ventricle is 
unapproachable       

  Fig. 7.8    A case is shown where, 
with standard routes, the 
puncture of the liver is 
unavoidable       
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sary, an echo or CT scan evaluation must be performed for a 
complete understanding of the anatomical correlation. 

 Special attention in the pre-procedural evaluation must 
be reserved for the patients in whom a current or old 
infl ammatory pericardial process may be suspected. In this 
patient, it is mandatory to perform a CT scan and, in the 
absence of implantable devices, an MRI evaluation. 
Pericardial calcifi cations can also be revealed by the chest 
X-ray analysis in about 50% of patients with constrictive 
pericarditis 4  and are well detected by the CT scan. This 
fi nding together with the evidence of pericardial thicken-
ing (above 6 mm), and pericardial effusion may identify a 
pathological process of the pericardium that, especially if 
chronic, because of local adherence, may render the access 
to the pericardial space or the navigation inside really 
problematic if not impossible. 

 Another very rare event that can be investigated is the 
tumors more frequently secondary to the pericardium and 
the absence of the pericardium. The latter condition, which 
can also be related to a cardiac trauma or to previous cardiac 
surgery, may be congenital, showing a wide variety of ana-
tomical spectrum ranging from little defect to a total absence 
of the pericardium. The most common form is the partial 
absence usually of the left side of the heart. Being asymp-
tomatic, this condition becomes evident only after a failed 
attempt to access the pericardial space and can be evaluated 
with CT and MRI scans that highlight the absence of the 
pericardium and a lot of secondary signs such as a posterior 
and leftward shift of the heart, a prominent left atrial append-
age, and a separation of the aorta and the main pulmonary 
artery by the lung. 5   

    7.4.2   Pericardial Ablation 

 The normal pericardium is composed of two layers: the out-
side fi brous layer and the serous inner layer. The two layers 
are tightly coupled to form the parietal pericardium that coats 
the entire heart. It can be highlighted with CT and MRI scan-
ning. With MRI it appears as a structure of a few millimeters 
of thickness with low-intensity signal interposed between 
the pericardial and mediastinal fat characterized by 
 high-intensity signal. The serous layer splits itself from the 
fi brous one near the aorta and the pulmonary vessels to cover 
a small portion of the vessels and the heart upon which it 
forms the epicardium. In the pericardial space, it can be rec-
ognized as two channels (Fig.  7.9 ): one in the anterosuperior 
position is named transverse sinus and one, the oblique sinus, 
posteriorly, is located under the left atrium. These structures 
do not involve the pericardial surface of the ventricles, which 
is free of anatomical obstacles and therefore can be navi-
gated without particular problems.  

 The fi rst problem encountered during the navigation in 
the pericardial space is the presence of the coronary arter-
ies. Usually, they are covered or surrounded by the epicar-
dial fat and, with the conventional electroanatomical bipolar 
mapping, are unnoticeable from the normal pericardial 
muscle. Before RF ablation it is important to recognize 
them because RF delivery above the artery may cause a lot 
of problems. It was observed 6  that when RF energy is deliv-
ered close to the coronary arteries, only minor changes may 
occur such as replacement of the media with extracellular 
matrix. But when the energy is delivered above the artery, 
severe intimal hyperplasia with intravascular thrombosis 

  Fig. 7.9    The serous layer splits itself from the fi brous one near the 
aorta and the pulmonary vessels to cover a little portion of the vessels 
and the heart upon which it forms the epicardium. In the pericardial 

space, it can be recognized as two channels: one in the anterosuperior 
position is named transverse sinus and one, the oblique sinus, posteri-
orly, is located under the left atrium       
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occurs. Although the damage is inversely related to the 
dimension of the coronary arteries because greater arteries 
are protected by the blood fl ow, 7  careful attention must be 
paid, before RF delivery, to verify the position of the coro-
nary arteries. Multiple projections must be observed to 
identify the exact distance of the coronary artery from the 
ablating catheter, and even though Thyer et al. 8  have sug-
gested the use of intracoronary chilled saline irrigation to 
protect the endothelium from the heat-induced damage of 
the RF energy, at present, the only reasonable solution is to 
maintain a distance of at least 5 mm. 

 Another possible way to recognize the course of the 
coronary arteries is the use of imaging obtained with CT 
scan and MRI. At present, the quality and resolution of 
images obtained with these diagnostic tools are good, and 
one can follow the entire course of the arteries over the 
pericardial surface up to the thinnest branch, but the pro-
cessing necessary to use these with the Carto system irrepa-
rably causes a loss of resolution that makes it hard to 

visualize the arteries. Nevertheless, if the images obtained 
with the protocol used for coronary arteries are of good 
quality, sometimes with manual processing, which can 
require sometimes require a long time, it is possible to 
reconstruct over the pericardial surface a part of the course 
of the arteries. In this case, it is important to segment a little 
portion of the aorta (in detail, the ascending aorta) because 
the left coronary ostium can be used as a landmark for the 
visual alignment. Once the merge process is completed, 
considering the accuracy of the spatial localization of the 
catheter tip, the ablation can be carried out without the need 
for coronary angiography (Fig.  7.10 ).  

 Another anatomical issue that can be encountered with 
the epicardial ablation is the presence of the phrenic nerve. 
The right phrenic nerve is located along the right anterolat-
eral wall of the superior vena cava, after that it heads slightly 
posterior where it reaches the cavoatrial junction and then 
passes near the right superior pulmonary vein close to the 
junction with the left atrium and right atrium. The terminal 

  Fig. 7.10    The pericardial surface with a late potentials map is shown. 
Purple area represents the late potential zone. (1) coronary artery, (2) 
ablation points, (3) venous system. During ventricular tachycardia, 

with the catheter tip positioned in this area, diastolic potentials were 
registered (4)       
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intra-thoracic part of the nerve passes near the right atrium. 
For this reason, it is not an obstacle for epicardial ventricu-
lar ablation. The condition for the left nerve is different, 
however. An anatomical and histological study published by 
Sanchez Quintana et al. 9  has shown that the course of the 
left phrenic nerve in 79% of cases passes along the obtuse 
cardiac margin near the left obtuse marginal artery and vein; 
in the remaining cases, it can run more anterior over the 
sternocostal surface, over the main stem of the left coronary 
artery or the anterior descending artery. Because of this vari-
ability, it always important, before RF delivery, to test if the 
ablating catheter is located near the phrenic nerve with high-
intensity pacing (20 mA). A good method is to identify the 
course of the nerve and mark it with a black dot over the 
pericardial map. 

 The solution proposed by Matsuo et al. 10  to avoid damage 
of the phrenic nerve when the ablation point is placed near it 
is to inject 100 mL of air via the intrapericardial sheet to create 
a space between the nerve and the ablation catheter. Di Biase 
et al. 11  in a recent paper suggest the creation of “hydropneu-
mopericardium” because the combination of fl uid and air 
seems more effective in creating space between the nerve and 
the pericardial surface with lower hemodynamic impact. 

 The last important anatomical issue that must be well known 
in pericardial ablation is the presence of epicardial fat that may 
be liable for the ineffi cacy of the procedure. Epicardial fat is 
present in variable amounts over the epicardial surface of the 
heart, usually around the coronary arteries, the left ventricular 
apex, the right free wall, the two appendages, and the atrioven-
tricular and interventricular grooves. The amount of the epicar-
dial fat that seems correlated with the myocardial ventricular 
mass 12,  13  and with the subcutaneous fat 14  is signifi cantly 
increased in patients with ischemic cardiomyopathy and cor-
related with the cardiomyopathy staging. 15  Moreover, thickness 
of epicardial fat is greater in patients with ischemic cardio-
myopathy than in those without (4.0 vs. 1.5 mm,  p  >0.001). 16  
Transthoracic echocardiography as well as CT and MRI scan 
have been extensively used for its quantifi cation. 

 The presence of fat interposed between the tip of the cath-
eter and the epicardium may prevent lesion creation. Hong 
et al. 17  demonstrated that the epicardial fat can limit the lesion 
formation and the transmurality using an energy source that 
utilizes conductive heating like the RF. While standard RF 
ablation is unable to produce lesion over fat, cooled-tip RF 
ablation may produce lesion of 4.1 ± 2 mm in the presence of 
2.6 ± 1.2 mm of fat, but in the presence of a fat layer of 3.5 mm 
or more, it is unable to produce epicardial lesions. 18  At present, 
a method is not available that permits the exact recognition of 
the presence of fat during the ablation procedure.       
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X-ray fluoroscopic imaging of the heart is the standard to 
which all other imaging modalities are currently compared 
to, and no electrophysiology laboratory is designed without 
an X-ray system. Even though magnetic resonance (MR) 
imaging is being used by more laboratories for pre- 
procedural imaging and is being developed for use as a real-
time imaging modality to allow interventional procedures to 
be carried out within the MR environment, all such systems 
in use today incorporate an X-ray system (XMR). The pre-
eminence of fluoroscopy above imaging modalities is due to 
a number of factors. Fluoroscopic systems are easy to use, 
provide real-time information, catheters are easily visual-
ized, electrical interference with recording systems is mini-
mal and virtually no time is required to set up the system.

However, there are a number of drawbacks to the sole  
use of X-ray fluoroscopy in the electrophysiology (EP) 
 laboratory. The images obtained are only two-dimensional 
 representations of three-dimensional structures and visual-
ization of the cardiac chambers is indirect as only the cardiac 
silhouette can be seen. Additionally, tissue contact is only 
inferred when catheter movement becomes restricted and 
not before, the effects of ablation on the tissue are not  
seen, and both the patient and operator are exposed to radia-
tion. These  limitations have led to the development of  
non-fluoroscopic  three-dimensional mapping systems, intra-
cardiac echocardiography,1 rotational angiography,2-4 and 
remote catheter manipulation using either robotic5 or mag-
netic guidance.6 All of these technologies are still used, how-
ever, in  com  bination with X-ray fluoroscopy. Using these 
systems in  combination has a number of positive benefits, 
radiation to both the patient and operator are reduced, in 
keeping with the ALARA principle7 (as low as reasonably 
achievable), three-dimensional representation of individual 
cardiac chambers can be seen, and an approximation of tis-
sue contact can be made. Although the use of lead aprons is 
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associated with serious long-term problems for operators,8,9 
the use of radiation protection cabins or remote catheter 
manipulation the risk to the operator of serious orthopedic 
complications is minimized.10,11

Knowledge of cardiac radiographic anatomy is therefore 
imperative for the practicing electrophysiologist, in order to 
facilitate catheter manipulation and to avoid complications, and 
is covered in earlier chapters. Our current practice utilizes fluo-
roscopy as our primary imaging modality, and this chapter will 
reflect how we use fluoroscopy to help guide our procedures.

8.1  Safety Considerations

The American College of Cardiology consensus document on 
radiation safety has a number of recommendations to mini-
mize the risk from radiation of interventional electrophysio-
logical procedures to both the patient and the operator while 
maximizing image quality.7 The recommendations regarding 
reducing radiation exposure can be categorized into equipment 
factors, operator-dependent functions, laboratory maintenance, 
operator shielding, monitoring, and training. The following 
suggestions to minimize radiation exposure while maintaining 
high-quality images have been made by Farre et al.12:
 1. Keep fluoroscopy time as low as reasonably achievable.
 2. Use x-ray beam systems entering the posterior and not 

the anterior side of the patient, thus attenuating radiation 
to thyroid, breast, and eye tissues of the patient.

 3. Limit the size of the explored field with collimation.
 4. Use the largest possible field of the image intensifier 

since magnification increases the dose.
 5. Use pulsed fluoroscopy with <12.5 pulses/second instead 

of continuous fluoroscopy.
 6. Use digital fluorography at <12.5 images/second rather 

than 35-mm filming to store positions of catheters or 
angiographic information.

 7. Use all possible protections like a leaded acrylic shield 
between patient and operator, leaded aprons, neck col-
lars, glasses, and filtration of the primary x-ray beam.

 8. Maintain all the personnel as far as possible from the 
x-ray beam.

 9. Manipulate catheters as little as possible from a subclavian 
or jugular approach that result in more scattered radiation 
for the exploring physician than a femoral approach.

 10. Manipulate catheters as much as possible in the right 
anterior oblique (RAO) projection since the left anterior 
oblique (LAO) projection is the worst in terms of second-
ary radiation for the exploring physician while the pos-
teroanterior (PA) or frontal projection is intermediate.

In our practice we find that pulsed fluoroscopy at 3.75 
frames/second provides adequate information to aid ablation, 
but for transseptal punctures we use 15 frames/second. 
Additionally by using a radiation protection cabin, only the 
hands are exposed to scattered radiation, which is minimized 
by the use of the leaded acrylic shield.10 The use of the radia-

tion protection cabin has the additional benefit of freeing the 
operator from wearing protective lead aprons, reducing the 
risk of back pain and consequent days off work.9 When pro-
tective aprons need to be worn, for example percutaneous 
pericardial puncture, a thorough knowledge of how to prevent 
spinal injuries when using protective aprons is required.13,14

8.2  Fluoroscopic Views

In order to better appreciate catheter position inside the heart 
volume using fluoroscopy, different projection angles are uti-
lized. The attitudinally correct nomenclature of the cardiac 
chambers that has been endorsed by the European Society of 
Cardiology and HRS (previously the North American Society 
for Pacing and Electrophysiology) helps the operator manip-
ulate catheters within the cardiac chambers in a logical manner.15 
In electrophysiology, the most useful views are PA, LAO, 
and RAO. The lateral projection is useful during transseptal 
puncture and for percutaneous pericardial access.16

In the PA projection, the superior vena cava (SVC) and the 
right atrium form the right cardiac border and the aortic arch, 
the left main pulmonary artery, the left atrial appendage and the 
left ventricle form the left cardiac border, from cranial to cau-
dal respectively.

The RAO projection is useful to assess anterior and posterior 
positions as well as superior and inferior. In LAO, the superior, 
inferior, lateral, and medial locations can be visualized. The 
LAO projection is often used when mapping around the mitral or 
tricuspid annulus typically (Fig. 8.1) when localizing accessory 
pathways, or when attempting to engage the coronary sinus.

Fig. 8.1 Ablation of cavotricuspid dependent atrial flutter. The  isthmus 
is at 6 o’clock in the LAO projection, which is often used for  ablation 
along the isthmus
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8.3  Transseptal Puncture

Transseptal puncture has become a standard technique in the 
EP laboratory with the increase in patients attending for an 
atrial fibrillation (AF) ablation,17 and ablation within the left 
atrium. Originally described by Ross18 with subsequent mod-
ifications19 the technique and equipment has changed little 
since then. It is important to remember that the technique 
was originally developed to measure left heart pressures in 
patients with predominantly mitral valve disease and subse-
quently large left atria, and that the catheters were designed 
for this application.

The true interatrial septum, whereby crossing it does not 
result in exiting from the heart, is the area of the fossa ovalis 
and its immediate inferior muscular rim.20,21 In most patients 
this is covered by a membranous flap; however, approxi-
mately 25% of the population has a probe patent foramen 
ovale, which is located in the anterosuperior part of the fora-
men ovale.20,22 This anterosuperior location makes manipula-
tion of catheters within the left atrium more challenging, 
particularly when trying to isolate the pulmonary veins; how-
ever, similar clinical results are obtained when compared to 
access via a transseptal puncture.22

In order to perform a safe transseptal puncture, the bound-
aries of the foramen ovale need to be visualized (Fig. 8.2). 
There are several different ways of doing this. Anterior to 
the fossa is the aortic bulge, and to avoid puncture of the 
aorta, this can be marked either by a pigtail catheter placed 
in the aortic root or by noting where a His bundle recording 
can be made, which overlies the most inferior aspect of the 
noncoronary cusp of the aorta. Having a catheter placed 
within the coronary sinus can mark the posterior border of 
the left atrium, and defines the intrathoracic rotation of the 
heart.

In the PA projection, the level of the puncture can be 
assessed by comparison of the left main bronchus, which 
defines the roof of the left atrium to where a His recording is 
made, and the ostium of the coronary sinus. In the RAO pro-
jection, the fossa is posterior and either at the same level or 
superior to the site where the His signal can be recorded.12 In 
the LAO projection, the site of puncture is superior to the cor-
onary sinus, and the plane of the transseptal assembly should 
be in the same plane as a catheter inserted into the coronary 
sinus. A left lateral projection can be helpful, and in this view 
the transseptal assembly is almost perpendicular to the screen, 
with less than 10° posterior rotation, with the posterior margin 
of the left atrium marked by the coronary sinus catheter.

To perform a transseptal puncture, a 0.035 or 0.032² 
guidewire is introduced into the SVC via an eight French 
hemostatic sheath, placed in the right femoral vein. This 
sheath is then exchanged for the transseptal assembly that 
consists of a long sheath and a slightly longer dilator that has 
been flushed with heparinized saline. It is important that the 
operator is familiar with the transseptal sheath and dilator as 
they come in a variety of lengths and angulations to help 

with different anatomies, with the standard lengths being 63 
and 67 cm respectively, and a needle length of 71 cm.

Continuous pressure monitoring is mandatory via the 
sidearm of the long sheath, which is continually flushed with 
heparinized saline. Once the transseptal sheath and dilator 
are in the SVC, the guidewire is withdrawn and the 
Brokenborough needle is introduced into the dilator and 
passed until it is just proximal to the very tip of the dilator. At 
this point the sheath and the needle are aligned so that they 
are facing posteromedially at between 4 and 5 o’clock. In 
either a PA projection or the LAO projection, the transseptal 
assembly is then pulled down into the fossa. There are two 
characteristic movements of the assembly, the initial drop 
and rightward movement indicates the drop from the SVC 
into the right atrium, followed by another jump and right-
ward movement into the fossa ovalis. At this point the limbus 
of the fossa is engaged by a slight forward movement of the 
transseptal assembly.

The correct positioning can be confirmed in the RAO pro-
jection where the transseptal assembly should be posterior to 
the area of the His bundle recording and, if used, a pigtail 
catheter in the aortic root. Confirmation is finally performed 
with injection of radio-opaque contrast. When at the fossa, 
the contrast stains with a characteristic round shape, like a 
pea, with a well-defined border. If the needle is oriented to 
the muscular septum or the posterior wall, the contrast will 
spread diffusely in the myocardium with irregular and hazy 
borders. Keeping the transseptal assembly steady the needle 
is then advanced and tenting of interatrial septum can be 
visualized just prior to crossing the septum. Continuous pres-
sure monitoring will change from a damped trace on the sep-
tum to a left atrial trace when the septum is successfully 
crossed. The needle is then aspirated and oxygenated blood 
should be withdrawn. Contrast is then injected and when the 
left atrium is partially opacified, attention should be paid to 
its contours, notably the roof and the lateral wall, to avoid 
trauma when advancing the transseptal sheath. If contrast 
delineates the cardiac silhouette, the needle is in the pericar-
dial space and should be withdrawn, whereas if contrast 
flows superiorly in a pulsatile manner, aortic puncture should 
be suspected. Once satisfied that the needle has entered the 
left atrium, the sheath assembly is advanced through a short 
distance so that the tip of the dilator enters the left atrium. 
Although at this stage the sheath can be pushed into the  
left atrium, there is a risk that the dilator could perforate the 
lateral wall of the left atrium. It is for this reason that we 
prefer to introduce the guidewire into the left atrium via the 
dilator. Here the guidewire can be positioned in the left supe-
rior pulmonary vein and the sheath assembly passed into the 
left atrium. This also allows the transseptal hole to be dilated, 
by passing the sheath and dilator across several times, with 
rotation anterior and posterior, until no resistance is felt when 
the lip between the dilator and the sheath crosses the septum. 
This is only necessary if a further catheter is to be introduced 
into the left atrium without a second transseptal puncture, or 
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Fig. 8.2 Transseptal puncture. Performing a transseptal puncture is 
now routine in the EP lab, given the increase in AF ablation. (a) The 
ablation catheter is positioned at the His position, for orientation of the 
aortic root, which is behind the catheter. The transseptal apparatus is 
pulled down from the SVC assessing for a double jump, and engaging 
in the fossa ovalis. (b) Well-demarcated contrast staining of the fossa 
clearly demonstrates that the needle is in the correct position. Diffuse 
staining would indicate that the needle is not in the fossa, and the needle 
should be repositioned. (c) In this example, even with a lot of force 
applied, the transseptal needle does not cross the septum. This is often 
the case when, as in this example, the patient has had previous AF abla-

tions. (d) The left lateral view confirms that the transseptal apparatus is 
posterior to the His and anterior to the posterior margin of the heart as 
assessed by the coronary sinus catheter. (e) RF energy was applied and 
the transseptal puncture is successful. Contrast swirls around the left 
atrium. (f) The transseptal hole is dilated multiple times with the sheath 
and dilator, until no further resistance is felt. The guidewire is then 
introduced into the left superior pulmonary vein. (g, h, i) The ablation 
catheter can then be passed through the transseptal puncture. (j, k, l, m) 
The transseptal sheath and dilator is then moved into the left atrium, 
removing the dilator and guidewire prior to the circular mapping cath-
eter being moved into the left atrium via the sheath

a b

c d
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if the sheath does not move freely, hindering catheter manip-
ulation. If a catheter is to be introduced into the left atrium in 
addition to the sheath, the transseptal assembly is withdrawn 
from the left atrium into the right atrium, while leaving the 
guidewire in the left superior pulmonary vein, and the cath-
eter is then advanced into the left atrium. The transseptal 
assembly is then advanced into the left atrium, and finally 
once the sheath is across, the dilator is withdrawn. Once the 
dilator has been withdrawn, the sheath is aspirated to ensure 
no air or thrombus enters into the left atrium and flushed with 
heparinized saline, and systematic heparin administered.

If transseptal puncture is difficult or prolonged, it is 
important to aspirate and flush the sheath as thrombus may 
have formed. The two main problems that are encountered 
are thickened tough septae that are difficult to puncture, or 
distorted anatomy, either due to cardiac malformation or 
severe skeletal malformations.

Although intracardiac echocardiography or transesopha-
geal echocardiography can be used to aid with transseptal 
punctures1,23-27 we do not consider these tools to be manda-
tory for standard transseptal catheterization; however, they 
do allow the operator to directly visualize the transseptal 
needle and the atrial septum and fossa ovalis, and are useful 
when there is distorted anatomy. For cases of toughened 
septae, we use the ablation catheter to assist with the punc-
ture.28 Once satisfied that the transseptal assembly is located 
at the fossa, the needle is pushed out of the dilator, with 
slight pressure to get tenting of the septum. Using the abla-
tion catheter, unipolar radiofrequency energy of 30 W is 
transmitted from the ablation catheter to transseptal needle 

by simply touching the distal electrode to the proximal end 
of the needle. Energy is then concentrated at the tip of the 
needle, with the long plastic sheath isolating the body of 
the needle from other anatomical structures. It is important 
that when the septum is crossed (normally within 2 s) the 
energy is stopped rapidly.

8.4  AF Ablation

Pulmonary vein isolation, whether ostial or antral, is the 
cornerstone in treatment for paroxysmal AF, and is the 
starting point in the stepwise ablation of persistent AF. 
X-ray fluoroscopy allows accurate assessment of the ostia 
of the pulmonary veins to aid ablation. Selective pulmonary 
venous angiography gives detailed information that can 
then be recalled throughout the case. A bolus injection of 
contrast into the left atrium, with or without manipulations 
to minimize atrial emptying (adenosine, rapid ventricular 
pacing) will gives additional information on the walls of 
the left atrium. Alternatively, manipulation of the catheter 
within the left atrium and pulmonary veins can give similar 
information.

Patients with persistent AF require a more extensive 
ablation, often necessitating ablation at the base of the left 
atrial appendage (LAA) (Fig. 8.3), the inferior left atrium 
(Fig. 8.4), the septum and within the coronary sinus, as well 
as linear lesions, for instance the left atrial roof line or the 
mitral isthmus line. Again, with knowledge of the anatomy, 
assessment of catheter movement checked with fluoros-
copy, and electrogram recognition, these structures can be 
accurately defined.

8.5  Pulmonary Vein Anatomy

An understanding of pulmonary vein anatomy is crucial both 
to understand the limitations of X-ray fluoroscopy and to 
perform pulmonary vein isolation. The majority of patients 
have four pulmonary veins, two superior and two inferior 
with independent ostia.29 A number of variations have been 
described in the literature.29-33 In one series, a common ostium 
for the left pulmonary veins was described in 83% of patients; 
however, a common ostium for the right pulmonary veins 
was less frequent, occurring in 40% of patients.34 Other 
reports confirm that a common ostium for the superior and 
inferior veins is more frequent on the left than the right but 
the overall frequency is much less at 15% and 10% of patients 
respectively.31 One of the reasons for the difference in the 
reported frequency of common pulmonary vein ostia are the 
different imaging modalities used Magnetic resonance 
angiography (MRA32), rotational angiography,35-37 Computed 
tomography (CT) angiography,34,38 Echocardiography39 and 

m

Fig. 8.2 (continued)
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post mortem specimens31), and the definition used for the 
border between the left atrial wall and the pulmonary vein.

The other common variant described in the literature is a 
separate origin for the right middle pulmonary vein. The 
majority of the population will have the middle pulmonary 
vein drain into the right superior pulmonary vein. A sepa-
rate origin has been described in 17–23% and insertion into 
the right inferior pulmonary vein the least frequent, 3–8%, 
in surgical series.40,41 More recently, a separate origin for 

the middle pulmonary vein has been described in 22% in 
one study, using multi-detector row CT,34 but only 10% in 
another study using MRA,32 and with none being seen in a 
postmortem study utilizing 20 hearts.31 Additional left-
sided pulmonary veins are far less frequent, but are 
described,34,42 as has been a variant in which the pulmonary 
vein enters into the roof of the left atrium.37,43 All of these 
variations in anatomy can be identified using left atrial 
angiography, with or without techniques to slow atrial 

a b
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Fig. 8.3 Ablation of the left atrial appendage. Ablation at the base, and sometime within the left atrial appendage is often necessary in the ablation 
of persistent AF. (a and b) Ap view of catheter and sheath positions used for steady contact at the base of the appendage. (c) RAO view
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emptying and therefore increase the time the contrast 
spends in the left atrium and pulmonary veins.

The diameter of the pulmonary veins is also important 
both for risk of pulmonary vein stenosis, which is greater in 
smaller veins,32 and sizing of catheters. A study compared 
pulmonary vein diameters in patients with AF as measured 
by intracardiac echocardiography (ICE) and multislice CT.39 

The majority of patients were in PAF and there was a statisti-
cally significant difference in the measured size of the pul-
monary veins between the two imaging modalities. The 
diameter of the veins tended to be undersized when using 
ICE compared to CT. The mean diameters of the pulmonary 
veins in patients vary between 11 and 19 mm for left-sided 
veins and 15 and 19 mm for right-sided veins. The average 

a b
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Fig. 8.4 Using a big loop to ablate along the left atrial roof, left atrial 
septum, and the inferior left atrium. (a) A large loop can be made with 
the ablation catheter by pushing the transseptal sheath anterior to the 
left atrial appendage and then flexing the ablation catheter. This will 
then track round the left atrium to the left superior pulmonary vein, 

which is seen in this AP view and in (b) in the RAO view. Withdrawal 
of the catheter allows ablation along the left atrial roof, anterior to the 
right-sided pulmonary veins (c and d), and then along the inferior left 
atrium (e and f). This can be extended to the lateral mitral isthmus
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diameter for common ostia is between 18 and 27 mm for 
common left-sided ostia and 26–34 mm for right-sided com-
mon ostia. These results encompass a number of imaging 
modalities and patient populations.29-33,39,42,44

Although size is important, it is less crucial today as a 
consensus favored atrial lesions (antral ablation) as com-
pared to the “ostial” initial strategy. A number of new abla-
tion catheters are balloon based and are circular in the axial 
plane. However, several studies have shown that the pulmo-
nary veins themselves are not circular.32,34,39 All studies that 
have reported upon the geometry of the pulmonary veins 
have shown that the left-sided veins are oval, with a greater 
superior-inferior diameter compared to anterior-posterior 
diameter. The right-sided veins tend to be more circular, but 
they still tend to have a larger superior-inferior diameter. In a 
study utilizing MRA, the ratio of the superior-inferior diam-
eter to the anterior-posterior diameter was 1.5 for the left-
sided pulmonary veins and 1.2 for the right-sided veins.32 
When using projection imaging, such as fluoroscopy, the 
oval nature of the left-sided pulmonary veins is not as easily 
appreciated as when using CT or MRA reconstructions. This 
means that pulmonary vein stenosis could be missed if fluo-
roscopy is the only imaging modality is used.

8.6  Technique

Electrical isolation of all pulmonary veins is the endpoint of 
ablation in patients with paroxysmal AF, and this objective 
measure of pulmonary vein disconnection is both easy to 

confirm and results in maintenance of sinus rhythm in 
between 60% and 85% of patients.45,46

The technique of pulmonary vein isolation is similar for 
paroxysmal AF and long-lasting persistent AF. Pulmonary 
vein isolation is currently performed as the initial ablation 
step in all patients with long-lasting persistent in our labo-
ratory.46,47 Although isolation restricted to veins identified 
as “arrhythmogenic” has been advocated by others,48 uni-
form isolation of all pulmonary veins identified is routinely 
performed and confirmed using a circumferential mapping 
catheter positioned at the venous ostium (Fig. 8.5). Veins 
are isolated individually or as ipsilateral pairs in accordance 
with the venous anatomy and operator’s preference. 
Confirmed isolation is critical as the electrically inactive 
tissue enclosed within the ablation lesions serves as an 
anchor for the roof and mitral isthmus lines that may be 
necessary should AF persist.

As previously mentioned the absolute pulmonary vein/
left atrial junction is difficult to define, by any imaging 
modality. However, given the risk of pulmonary vein steno-
sis, isolation is preferentially performed within the left 
atrium. Recently the antral area of the pulmonary veins has 
been demonstrated to be an area particularly arrhythmogenic, 
and for this reason, as well as minimizing the risk of pulmo-
nary vein stenosis, isolation is preferentially performed about 
1 cm from the ostium of the pulmonary vein.

One trick to simply locate the inferior portion of the pul-
monary vein ostia is to advance the catheter into the pulmo-
nary vein with downward deflection of the tip and then 
dragging back while fluoroscopically monitoring the drop 

e f

Fig. 8.4 (continued)
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off the ostial edge of the catheter. Pulmonary vein isolation 
is guided by the use of a circumferential mapping catheter. 
However, antral ablation means that at least for the right 
veins, a full circle of lesions have to be delivered. As a 
 consequence, the first step is anatomical. Then, ablation 
preferentially targets regions of earliest pulmonary vein 
 activation when it is asynchronous or is performed by ablat-

ing around the pulmonary vein circumference during sinus 
rhythm or ongoing AF. The extent of circumference ablated 
is variable between pulmonary veins. However, because 
 ablation is performed proximally and during AF, more cir-
cumferential ablation often is required to achieve pulmo-
nary vein isolation. Ablation is started randomly at either 
the right or left pulmonary veins and is performed individu-

Fig. 8.5 Pulmonary vein ablation unequivocal pulmonary vein iso-
lation is a pre-requisite for AF ablation. (a) The lasso catheter is in 
the RSPV, and the ablation catheter in the LSPV in this AP projec-
tion. (b) The ablation catheter is manipulated to the anterior aspect 
of the RSPV in this AP view. (c) The lasso catheter has been moved 

into the right inferior pulmonary vein to ease identification of 
LA-PV connections. (d) The right inferior pulmonary vein in the 
RAO view. (e and f) The left superior and inferior pulmonary veins 
viewed in the AP projection, with the ablation catheter anterior and 
posterior respectively

a b

c d
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ally or en bloc. Ablation is started at the posterior wall 
(usually fluoroscopically facing the border of the spine in 
the anteroposterior  projection) and continued around the 
venous perimeter. The posterior wall of the right pulmo-
nary vein is reached by counterclockwise torque of the 
catheter and the left pulmonary vein by clockwise torque. 
When ablation is required at the anterior portions of the left 
superior and inferior pulmonary veins, it is often necessary 
to enter the first few millimeters of the veins. This is due to 
the ridge that separates the veins from the left anterior 
appendage is of a variable thickness and  adequate tissue 
contact is often not possible at this site.

8.6.1  Left Atrial Linear Lesions

One of the key techniques to master for successful ablation 
of persistent AF is how to perform left atrial linear lesions. 
The two lines that have been demonstrated to be of use are 
the left atrial roof line and the lateral mitral isthmus line; 
please quote as well Meleze for the roof and me for the 
MIG.49, 74, 75

8.6.2  Roof Line

The roof line refers to a contiguous line of ablation lesions 
joining the right and left superior pulmonary veins (Fig. 8.6). 
The ablation catheter is introduced into the left atrium via a 
long sheath to achieve stability and allow orientation of the 

catheter tip toward the roof of the left atrium. Ablation starts 
at the encircling lesion at the left superior pulmonary vein, 
and the sheath and catheter assembly are then rotated clock-
wise posteriorly and dragged toward the right superior pul-
monary vein. To achieve catheter stability along the roof of 
the left atrium, the catheter is directed toward the left supe-
rior pulmonary vein and the sheath rotated to face the right 
pulmonary veins and vice versa. If this catheter and sheath 
position fails, there are two alternative methods that can be 
used. A large loop can be made with the catheter around the 
lateral, inferior, and septal walls to arrive at the roof and then 
the left superior pulmonary vein, ablation can then be com-
menced while dragging the catheter back from the left to the 
right superior pulmonary vein ostia. Regardless of the tech-
nique utilized, ablation is preferably performed cranially 
rather than posteriorly to minimize the risk of esophageal 
fistula. RF energy (25–30 W) is delivered for 20–120 s at 
each point until the local potential is eliminated or there are 
double potentials. The electrophysiological end point of 
ablation was by demonstration of a complete line of block 
joining the two superior pulmonary veins.

Evaluation of complete linear block is performed after 
the restoration of sinus rhythm to allow pacing of the ante-
rior left atrium adjacent to the line. Anterior left atrium 
pacing could be achieved by pacing with the proximal poles 
of a decapolar catheter while its distal end seats in the left 
atrium appendage. Alternatively, pacing can be performed 
by advancing the catheter to the anterior aspect of the 
 coronary sinus. Complete linear block was defined by the 
following criteria: (1) Demonstration by point-by-point 

e f

Fig. 8.5 (continued)
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mapping of an online corridor of double potentials along 
the entire length of the roof during pacing of the anterior 
left atrium; and (2) demonstration of an activation detour 
circumventing the right and left pulmonary veins to acti-
vate caudocranially the posterior wall with no conduction 
through the left atrial roof.

8.6.3  Mitral Line

A mitral line is performed to disrupt a circuit around the mitral 
annulus or in case of persisting AF as a last resort. As such 
several lines can be performed, for example an anterior line 
from the anterior mitral annulus to a complete roof line or the 
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Fig. 8.6 Left atrial roof line. Left atrial linear lesions are normally 
required for a successful outcome in patients with persistent atrial fibril-
lation. (a) Demonstrates a horizontal orientation of the ablation catheter 
along the left atrial roof. This is a very safe orientation for ablation, with 
a low risk of steam pops. In (b) a more perpendicular orientation is used. 
(c and d) Demonstrate the catheter positions used to check for block of 

the roof line by pacing anterior to the line from the quadripolar catheter 
in the left atrial appendage and assessing conduction along the posterior 
wall. In cases of block of the roof line, the wavefront of activation is 
ascending up the posterior wall (from low to high, d and c, respectively), 
whereas in cases where the line is not complete, activation can go via the 
left atrial roof and thus descend down the posterior wall
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isolated right superior pulmonary vein or a septal mitral isth-
mus line from the septal mitral annulus to the isolated right 
inferior pulmonary vein. However, the most commonly per-
formed line is the lateral mitral isthmus line, from the lateral 
mitral annulus to the isolated left inferior pulmonary vein. For 
this line the coronary sinus catheter is positioned to bracket the 
potential linear lesion between its proximal and distal bipoles. 
The ablation catheter is then curved between 90° and 180° and 
introduced via the long sheath to the ventricular edge of the 
lateral mitral annulus, with an atrioventricular electrogram 
ratio of between 1:1 and 2:1. Ablation is then commenced and 
the sheath and catheter are rotated clockwise to extend the 
lesion posteriorly, ending at the left inferior pulmonary vein 
ostium. Ablation energy (35 W) is delivered for up to 120 s at 
each site. The lesion is monitored by observing the conduction 
delay between the local electrogram during pacing relative to 
the coronary sinus bipole immediately septal to the lesion. If 
the initial attempt failed to produce complete block, ablation is 
performed in a more lateral position, at the base of the append-
age. Persisting epicardial conduction is suspected when the 
linear lesion resulted in an endocardial conduction delay 
recorded on the ablation catheter but not on the adjacent distal 
bipole of the coronary sinus catheter (lateral of the line). In 
such cases, ablation needs to be performed within the coronary 
sinus, which is approximately 70% of the time. Ablation within 
the coronary sinus is performed with a flow rate of between 17 
and 60 mL/min (maximal flow at the distal coronary sinus), a 
target temperature of 50°C, and power of 20–30 W.

To assess bidirectional block of the mitral isthmus, differen-
tial pacing is performed. The ablation catheter is placed just lat-
eral to the line. Using the coronary sinus catheter, stimulation 
starts using the bipole just septal the linear lesion, then the pac-
ing site is changed to the next proximal bipole of the coronary 
sinus catheter without moving any of the catheters. Stimulus-to-
atrial electrogram timing on either the ablation catheter or a 
bipole on the coronary sinus catheter that is lateral to the line is 
then measured to the same point on the matching electrogram 
component before and after changing the pacing site. With com-
plete block, the stimulus-to-electrogram timing is shorter after 
shifting the pacing site from the distal to the proximal bipole. 
Pacing lateral to the line through the ablation catheter demon-
strates a proximal-to-distal activation sequence along the coro-
nary sinus septal of the line, thus confirming bidirectional 
conduction block. In addition, widely separated local double 
potentials along the length of the ablation line during coronary 
sinus pacing septal to the line can be mapped.

8.7  Assessment of Complications

The risks of a complication associated with catheter ablation 
of cardiac arrhythmias are small. However, when complica-
tions do occur, prompt recognition and action can be life 

saving. X-ray fluoroscopy can help with the early recognition 
of certain complications of catheter ablation, and since this is 
the primary imaging modality that is used in the catheter, the 
specific signs that can be detected need to be known.

8.7.1  Cardiac Tamponade

During transseptal catheterization and during atrial fibrillation 
ablation, several maneuvers carry the risk for cardiac wall 
injury and subsequent pericardial effusion and tamponade. 
One of the earliest signs of tamponade, even before a signifi-
cant drop in blood pressure occurs, is decreased excursion of 
the cardiac silhouette,50 best seen at the left superior cardiac 
border in an AP projection. As fluid accumulates in the peri-
cardial space, it is no longer possible to see the myocardial 
contraction on fluoroscopy. Prompt recognition of this sign 
can lead to early intervention.

8.7.2  Phrenic Nerve Injury

Injury to the right phrenic nerve can occur while ablating 
near the SVC, on the lateral wall of the right atrium and 
inside the right superior pulmonary vein. The left phrenic 
nerve can be injured by ablation deep inside the left atrial 
appendage. Phrenic nerve lesion results in ipsilateral hemidi-
aphragmatic paralysis, which is reversible if recognized 
early, but can be devastating if it goes unnoticed and irrevers-
ible damage is done.51,52 Direct visualization of diaphrag-
matic excursion during inspiration confirms integrity of the 
phrenic nerve, and should be monitored during ablation of 
the aforementioned regions. Prior to ablation, pacing from 
the ablation catheter at maximal output should be performed 
to check for the absence of phrenic capture. During radiofre-
quency delivery, coughing or absence of normal diaphrag-
matic movement should prompt immediate cessation of RF 
delivery. A novel method to avoid left phrenic nerve injury is 
to inject air into the pericardial space to lift the pericardium 
and the overlying phrenic nerve away from the heart.53

8.7.3  Pulmonary Vein Stenosis

Pulmonary vein stenosis is a known complication of pulmo-
nary veins isolation, occurring in around 1–3% of cases,54 
but is more common when ablation is performed inside the 
vein. In redo procedures, selective angiography of the pul-
monary veins can detect asymptomatic stenosis (Fig. 8.7) 
and avoid further injury to the vein. However, if PV stenosis 
is suspected on the basis of clinical  symptoms (exertional 
dyspnea, hemoptysis), computed tomography or magnetic 
resonance angiography should be performed.
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8.7.4  Esophageal Fistula

Esophageal fistula is one of the most feared complications 
of atrial fibrillation catheter ablation.55-57 In order to avoid 
esophageal injury, care should be taken when ablating in the 
posterior left atrium. A number of strategies have been sug-
gested to try and avoid this complication. The most effective 
of these we believe is to limit the power delivered and dura-
tion of individual ablation lesions when on the posterior 
wall. Direct visualization of the esophagus is useful, and can 
be done with barium paste, or with overlay of a CT scan or 
rotational angiography onto the live fluoroscopy screen, but 
a limitation is that the esophagus is a mobile structure, and 
its position can change during the ablation.2,58-61 In addition, 
there are some data suggesting that conscious sedation 
(instead of general anesthesia)62 and proton pump inhibitors 
after the ablation are able to reduce the incidence of esopha-
geal lesions.58

8.8  Advanced Fluoroscopic  
Imaging Solutions

While simple X-ray fluoroscopy allows visualization of the 
cardiac silhouette, ablation, and mapping catheters, the 
operator has to have a high level of experience to under-
stand the anatomy of the various cardiac chambers, as they 
are not directly visualized. This has led to different imaging 

modalities being used to help the operator. Pre-procedural 
CT of the left atrium and pulmonary veins results in a high-
quality image that can be used at the time of the ablation,60 
either by overlaying the 3-dimensional shell on the live 
fluoroscopy screen or by integrating the shell into an elec-
troanatomic mapping system (CARTO Merge or NavX 
Fusion). Although this technique results in a high-quality 
3D representation of the left atrium, and other cardiac 
chambers, registration of the 3D shell is sometimes difficult 
due to changes that have occurred between the scan taking 
place and the ablation procedure. For example, the patient’s 
rhythm may have changed from sinus to AF, the fluid status 
of the patient is likely to be different, and perhaps most 
importantly, the patient’s position on the operating table is 
different to when having a CT scan.

To overcome these difficulties, and to reduce the radiation 
dose to the patient, rotational angiography (3D ATG) has 
been developed (Fig. 8.8).2-4,37,63 This utilizes the fluoroscopy 
system that is used in the EP lab routinely. In this system 
after the left atrium has been isocentered, contrast is injected 
into the heart, either from the inferior vena cava/right atrial 
junction, pulmonary vein, or directly into the left atrium, and 
the C-arm then rotates around the patient in a 240° arc over 
4 s. This creates a data set that can be read by the EP system 
as a CT scan. Automatic segmentation of the left atrium is 
performed, and this is checked and manually and corrected 
as necessary. Following this the 3D shell is automatically 
overlaid on the real-time fluoroscopy. A benefit of this system 

a b

Fig. 8.7 Pulmonary vein stenosis. Pulmonary vein stenosis is a serious 
complication of AF ablation, but is now rare as ablation is targeted at the 
ostium and the antrum of the pulmonary vein. Pulmonary  venography 

clearly demonstrates PV stenosis in the left superior pulmonary vein 
(a) and in another patient in the left inferior pulmonary vein (b)
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Fig. 8.8 Angiorotation. (a) The left atrium is isocentered. In the AP 
plane, the carina is centered (see red line) and the coronary sinus cath-
eter can be used as the inferior border of the left atrium. The pigtail 
catheter is at the junction of the right atrium and the IVC the left atrium 
(arrow). (b) In the left lateral view, the posterior margin of the heart can 
be identified with the coronary sinus catheter, with the ablation catheter 
anterior on the His and the transseptal apparatus in the fossa ovalis. The 
anterior margin of the spine is kept in view (line). (c) A still from the 
angiorotation. All catheters have been removed to reduce artifact. (d) 
Segmentation. Using the EP navigator, the segmentation of the left 
atrium is checked, and corrected as necessary. (e) The left atrial shell is 
overlaid on real-time fluoroscopy. In this example, the cutting plane is 

used to demonstrate the posterior wall of the left atrium. The guidewire 
has been placed in the left superior pulmonary vein. (f) Registration can 
be checked by assessing catheter positions, or by pulmonary venogra-
phy in orthogonal planes. As the image has been taken just prior to 
ablation, with no change in fluid balance or attitudinal changes (com-
pared to CT angiography), registration errors are minimal, and manual 
adjustment is only necessary if the patient moves. (g) In this LAO view, 
the ostium of the right inferior pulmonary vein is clearly seen. As the 
C-arm rotates, as does the  overlaid anatomy. (h) Ablation lesions are 
marked on the left atrial shell. (i) The anterior surface of the left atrium 
is easily visualized. (j) Ablation directed to the inferior left atrium tar-
geting complex electrograms can be marked in different colors

a

c

b



1218 Intra-Procedural Techniques: Fluoroscopy and Angiography

d

e
f

Fig. 8.8 (continued)
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is that registration is not required, as long as the patient has 
not moved, given the scan has been performed using the 
same equipment. Registration accuracy can be rapidly 
checked, normally by placing a catheter within the superior 
pulmonary veins and looking for the drop off between the 
pulmonary vein ostium and the left atrial body. Following 
this step the ablation can then be performed with the operator 
being able to see exactly where critical structures, such as the 
ostia of the pulmonary veins, the ridge between the left atrial 
appendage and the left superior vein, and any anomalous 
pulmonary veins, are (see movie in Chap. 8 folder on Springer 

Extras). The direct visualization of these structures obvi-
ously allows for accurate catheter placement, and helps 
avoid potentially dangerous areas, such as the posterior wall 
with the underlying esophagus (which can be visualized and 
segmented with the 3D rotation), and helps to accurately 
determine the level of isolation of the pulmonary veins 
(antral or ostial).

A recent two center study comparing CARTO to 3D ATG 
with over 90 patients recruited has demonstrated equivalent 
results using both systems in terms of acute and short-term 
procedural success, with equivalent fluoroscopy times 

g h

i j

Fig. 8.8 (continued)
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whether using the fluoroscopy-based system or the CARTO 
system.64 Although these images, whether CT, 3D ATG or 
electroanatomic systems, intrinsically make the operator feel 
more comfortable when ablating in the left atrium, whether 
this translates into clinical benefit is less certain. In a retro-
spective study utilizing CARTO, Merge suggested that there 
was a clinical benefit to using the system.65 However, in a 
later study by the same group no clinical benefit was seen, 
leading to the conclusion that a successful procedure is 
guided by electrical isolation of pulmonary veins rather than 
the technology used to achieve it.66 A more recent random-
ized study, in which 290 patients were recruited and random-
ized between ablation using CARTO Merge and conventional 
ablation, demonstrated a benefit in outcomes in favor of 
using image integration.67

While this could be seen as disappointing in terms of the 
benefit of imaging systems, there are two important caveats. 
Firstly, a learning curve was seen when using the CT overlay 
in the former study,65 and secondly, these studies are typi-
cally performed by experienced operators. As was discussed 
earlier there is a large population of patients who simply do 
not have access to a trained electrophysiologist who is capa-
ble of performing these difficult procedures, and while tech-
nological advances are not a surrogate for training in the 
basic principles of cardiac electrophysiology, the accurate 
anatomical representation of the cardiac chambers should 
help less experienced operators. Additionally most compli-
cations occur when operators are learning a new technique, 
and as AF ablation will be increasingly performed through-
out the world, these imaging techniques may help avoid 
unnecessary complications due to a lack of experience.

8.9  Integration with EP Recording Systems

Although rotational angiography has clear advantages over 
CT-based systems, one of the limitations is that it only pro-
vides anatomical information. Electrophysiology is the 
integration of discrete anatomical structures with discrete 
electrical properties.

We are currently working with BARD and Philips on a 
software prototype whereby the electrical data from the EP 
recording system is displayed in a color-coded format on the 
3D overlay (Fig. 8.9). This potentially allows rapid recogni-
tion of the direction of the wavefront for regular atrial tachy-
cardias, allows for color-coded entrainment mapping, as has 
shown to be of benefit in a recent study,68 and easily demon-
strates presence or absence of conduction block across linear 
lesions. Additionally the prototype software allows for dom-
inant frequency mapping in atrial fibrillation, and wavelet 
analysis to try and localize areas that are critical to the AF 
process.

8.9.1  Epicardial Ablation

There is increasing interest in percutaneous epicardial abla-
tion, predominantly for the treatment of ventricular tachy-
cardia69,70 but also for atrial arrhythmias.71 The technique of 
subxiphoid percutaneous pericardial access for catheter 
mapping was first described by Sosa72 in three patients with 
Chagas disease, and was a modification of the original 
technique of Marfan.73 A variety of fluoroscopic views can 
be used to help guide the puncture, but we have found that 
the left lateral fluoroscopic view to be most helpful.16 
Briefly, with the patient lying flat on the table, a Tuohy 
needle is aimed superiorly and medially, entering the skin 
about 2 cm inferior to the xiphoid process. We do believe 
that by keeping the needle as superficial as possible, imme-
diately beneath the sternum, we reduce the risk for abdomi-
nal organs injury. This is associated with an anterior stick 
of the pericardial space and differs from the original 
description that was posterior. Using the left lateral fluo-
roscopic view, when the needle is thought to be close to 
the pericardium, a small amount of contrast is injected 
(Fig. 8.10). This allows visualization of tenting of the peri-
cardium when the needle is pushed gently forward before 
entering the pericardial space. Once the pericardial space 
has been entered, further contrast is injected which should 
distribute around the silhouette of the heart. A guidewire is 
then introduced that should track around the heart crossing 
both the left and right ventricles. Once satisfied that the 
needle or wire has not entered into the heart, a hemostatic 
sheath and dilator can be advanced over the wire.

8.10  Future Improvements

Although X-ray fluoroscopy remains the standard imaging 
modality in EP, there are a number of limitations that have 
already been highlighted. Future developments of X-ray 
fluoroscopy systems need to enable the operator to perform 
procedures in a more efficient manner while decreasing the 
total radiation dose that the patient receives. Rotational 
angiography has already been shown to give additional 
information to the operator, but this is still a technology  
in progress. Future developments will include respiratory 
motion compensation, and the ability to perform ECG-
gated scans, and hopefully imaging of the ventricles. If 
multiple imaging modalities are combined, it may be that 
physiological data could be displayed on an anatomical 
shell overlaid on live fluoroscopy. For example visualiza-
tion of myocardial scar from cardiac MR in patients with 
scar-related ventricular tachycardia. However, such tech-
nologies need to have proven benefit compared to currently 
used imaging modalities.
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a

Fig. 8.9 ElectroNav. Integration of the angiorotation and intracardiac 
electrograms is being developed by Bard EP and Philips. (a) A point is 
taken on the overlaid anatomy, in this case the posterior left atrium. 
(b) When the point is taken, a “line of sight” is displayed, as the point 
can lie anywhere along this (i.e., anterior and posterior in the example). 
(c) Another view will confirm the position, here in LAO. (d) For 

 illustrative purposes only, the same point in the RAO projection. 
(e) Once sufficient points have been taken, an understandable activation 
map is seen, here activation and entrainment mapping, and finally abla-
tion confirmed a localized reentrant atrial tachycardia on the anterior 
left atrium, in a patient with previous ablations for persistent atrial 
fibrillation
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b

Fig. 8.9 (continued)
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c

Fig. 8.9 (continued)



1278 Intra-Procedural Techniques: Fluoroscopy and Angiography

d

Fig. 8.9 (continued)
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e

Fig. 8.9 (continued)
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 Abstract 

 Expansion of indications to catheter ablation has led to a change of the paradigm from 
 electrophysiologically guided procedure to a procedure guided predominantly anatomi-
cally. Accurate online identifi cation of cardiac structures and catheters becomes mandatory 
and ICE is at present the only imaging modality that can accomplish easily this task. It is a 
valuable tool for guiding procedures such as transseptal puncture or for monitoring com-
plex ablation procedures like ablation of atrial fi brillation or ventricular tachycardias. It also 
allows prevention and/or early detection of intraprocedural complications. The widespread 
use of ICE is likely to result in reduction of fl uoroscopy time and to maximize safety and 
effi cacy of complex ablation procedures. 
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 Progress    in the fi eld of catheter ablation over the past decade 
has resulted in a paradigm shift in interventional electro-
physiology. While in conventional ablation procedures (e.g., 
ablation of accessory pathways or AV nodal reentry) the defi -
nition of the target site is determined primarily by electro-
grams and fl uoroscopy is suffi cient for spatial navigation of 
ablation catheters, the situation is different in catheter abla-
tion of complex arrhythmias (e.g., atrial fi brillation, arrhyth-
mias after previous correction for congenital heart disease, 
ventricular tachycardias in structural heart disease, etc.). 
Such cases require modifi ed approach to identify the abla-
tion targets. These are not anymore defi ned by electrophysi-
ological recordings only (like zone of slow conduction or 
earliest activation) but by a complex interplay between elec-
trograms and anatomical structures. Moreover, variable indi-
vidual anatomy emphasizes the need for novel imaging 
techniques. So far, echocardiography is the only available 

clinical tool that allows direct online visualization of both 
cardiac anatomy and catheters during the electrophysiology 
procedures. This chapter will review clinical utility of 
transesophageal (TEE) and intracardiac (ICE) echocardiog-
raphy for intraprocedural navigation during complex abla-
tion procedures. 

    9.1   Echocardiographic Imaging Tools 

 Some benefi ts of intraprocedural echocardiography for elec-
trophysiologic interventions was shown nearly two decades 
ago. The fi rst reports used TEE for navigation during abla-
tion of ventricular tachycardias 1  and/or accessory pathways. 2  
However, the widespread use of TEE for lengthy electro-
physiologic procedures remains limited by the necessity for 
deep sedation or general anesthesia. 

 Miniaturization of the ultrasound technology has allowed 
development of truly intracardiac catheters that can be intro-
duced into cardiac chambers. 3,  4  ICE has signifi cant advan-
tage against TEE since it does not require prolonged 
esophageal intubation and is not associated with the risk of 
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esophageal damage or discomfort for the patient. In addition, 
it could be routinely performed by the electrophysiologist 
alone without the need for other personnel for image acquisi-
tion and interpretation. 

 At present, two different ICE technologies are available 
(Fig.  9.1 ). One is mechanical ultrasound transducer-tipped 
catheter (Clearview, Cardiovascular Imaging Systems, Inc, 

Freemont, California, USA) connected to the ultrasound 
machine (Boston Scientifi c Corporation, San Jose, California, 
USA). For intracardiac use, the catheter uses a 9 MHz single 
element transducer mounted at the tip of an 8F catheter. A 
piezoelectric crystal rotates at 1,800 rpm providing cross-
sectional images in a 360° radial plane with depth of visual-
ized fi eld up to 5 cm. The other technology uses phased-array 
ultrasound tipped catheter (AcuNav Diagnostic Ultrasound 
Catheter, Acuson – Siemens, Mountain View, California, 
USA or ViewFlex Plus, St. Jude Medical, St. Paul Minnesota, 
USA). High-resolution, multiple frequency transducer (4.5–
10 MHz) is incorporated in an 8F or 10F steerable catheter 
(2–4 directions) and provides 90° sector images with depth 
of visualization reaching up to 21 cm. The phased-array 
catheters allow for the whole spectrum of Doppler imaging 
capabilities. Sector imaging, similar to TEE, fl exibility in 
changing frequency and full Doppler applications make the 
use of this system preferable. The following text will focus 
mainly on the utility of phased-array ICE.   

    9.2   Intracardiac Imaging Technique by ICE 

 Understanding the relation between the ultrasound beam fan 
of the ICE catheter (90°) and surrounding cardiac structures 
is critical for proper catheter manipulation. The phased-
array ICE catheter resembles the longitudinal transesopha-
geal probe and 2D sector scanning shows a cross-sectional 
view oriented from the tip to the shaft of the catheter 
(Fig.  9.2 ; see Chap. 9 movies on Springer Extras). The left/
right orientation marker on the image indicates position of 
the catheter’s shaft. When it is set to the left of the image 
and the catheter is introduced via the inferior vena cava to 
the right atrium, the cranio-caudal axis projects from the 
right to the left (cranial is on the right side of the image fan). 
It is at operator’s discretion where to put the marker. We 
prefer to set it to the left and all accompanied images were 
obtained in this fashion.  

 The operator may adjust orientation of imaging plane by 
a simple catheter advancement or withdrawal, by gentle 
catheter rotation in a clockwise or counterclockwise direc-
tion, or by tip defl ection in two to four directions. For begin-
ners, it is useful to review CT images of the heart in a 
transversal plane to understand which structures can be 
imaged from the right atrium and/or right ventricle. 
Positioning the ICE catheter in the right atrium, just above 
the orifi ce of the inferior vena cava with leftward and ante-
rior orientation of the transducer face, provides the so-called 
home-position or the reference position of the catheter 
(Fig.  9.2 a). To obtain this position requires no adjustment in 
tip orientation of the catheter. The resulting image shows 
adjacent right atrium with the cavotricuspid isthmus, the tri-
cuspid valve, and the right ventricle. Counterclockwise 

  Fig. 9.1    Two types of intracardiac ultrasound systems. ( a ) Image of 
interatrial septum obtained by the phase array ultrasound probe 
(AcuNav, Acuson). ( b ) Image in a 360° radial plane perpendicular to 
the axis of the ultrasound catheter (Clearview, Cardiovascular Imaging 
Systems) positioned in the right atrium. The  arrow  marks the fossa 
 ovalis.  Ao  aorta,  CT  crista terminalis,  LA  left atrium,  LIPV  left inferior 
pulmonary vein,  LSPV  left superior pulmonary vein,  RA  right atrium       
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  Fig. 9.2    ( a ) Cardiac chambers and structures as depicted by ICE: 
( a ) “Home position” obtained by introduction of ICE probe into the right 
atrium ( RA ) that shows the tricuspid annulus, the right ventricle ( RV ), 
aorta ( Ao ) and right ventricular outfl ow tract( RVOT ), ( b ) the left atrium 
( LA ), the left appendage ( App ) and the mitral annulus ( MV ), ( c ) the left 

superior pulmonary vein ( LSPV ) and inferior ( LIPV ) with lasso catheter 
in the ostium, ( d ) the right inferior pulmonary vein ( RIPV ), ( e ) the right 
superior pulmonary vein ( RSPV ) and pulmonary artery ( PA ), ( f ) the aorta 
in short axis ( Ao ) with the mapping catheter ( Cat ), the ostium of left coro-
nary artery and ( LCA ) and the right ventricular outfl ow tract ( RVOT )       
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 rotation opens the view of the lateral wall of the right atrium 
and provides images of the crista terminalis and the right 
appendage. Gentle clockwise rotation from the “home-posi-
tion” allows for imaging the aortic root in the long axis and 
the right ventricle including its outfl ow tract. More clock-
wise rotation shows the mitral valve and the left appendage 
(Fig.  9.2 b). Continuing clockwise rotation opens the view of 
the fossa ovalis (proximally to the probe) and the left pulmo-
nary veins (on the opposite side of the image fan) with the 
inferior vein oriented to the left of the image and the superior 
on the opposite side (Fig.  9.2 c). Further rotation shows typi-
cally the left atrial cavity with an esophagus coursing behind 
the posterior wall. Additional clockwise rotation brings more 
or less cross-sectional view of the right pulmonary veins 
(depending on the position of the heart). In order to get more 
longitudinal views, the catheter tip has usually to be defl ected 
slightly posteriorly. It shows fi rst the right inferior vein and 
then, with more rotation (and sometimes even some lateral 
defl ection – this is feasible only with Acuson catheter), the 
right superior vein with the adjacent right pulmonary artery 
(Fig.  9.2 d, e). When the transducer is placed in the mid-right 
atrium and defl ected to the right, a short axis view of the 
aortic root with aortic valve cusps is visualized (Fig.  9.2 f). 

 For ventricular imaging, it may be preferable to defl ect 
the tip of the catheter into the right ventricle. It allows imag-
ing of the right ventricle or the left ventricle and both outfl ow 
tracts. This position is also useful for evaluation of pericar-
dial effusion around the both ventricles. Sometimes it might 
be useful to introduce the ICE catheter into the proximal 
coronary sinus. It provides long axis views of the left ven-
tricle and could also display left atrial appendage. In patients 
with atrial septal defect or foramen ovale patens, the ICE 
catheter can be introduced freely into the left atrium. Crossing 
the fossa ovalis with the ICE catheter using the long sheath 
may help in the case of poor acoustic window from the right 
atrium in patients without natural communication on atrial 
level. From the body of the left atrium, both the pulmonary 
veins and/or the left appendage could be better displayed. 

    9.3   Clinical Utility of ICE in Electrophysiology 

 The clinical application of ICE in electrophysiological inter-
ventional procedures is summarized in Table  9.1 .  

    9.3.1   Transseptal Puncture Guidance 

 Transseptal catheterization has become very important pro-
cedure in electrophysiology in order to get access into the 
left atrium or the left ventricle. Traditional technique is based 
on fl uoroscopic guidance in which the important anatomical 
structures are not displayed directly and the needle with a 
sheath were guided entirely by their movement during pull-

back from the superior vena cava and by their position within 
cardiac silhouette relative to catheter in coronary sinus and/
or aortic root. 5,  6  More recently, some modifi cations using 
nitinol thin wire for safe fossa ovalis puncture have been 
described. 7  However, there is a lack of data on clinical per-
formance of these techniques in large series of patients. 

 Many authors use TEE to guide transseptal puncture. 8  It 
allows direct imaging of the needle tip within the fossa ovalis 
region and enables safe puncture. Even easier guidance of 
the transseptal puncture can be obtained by means of ICE. 9  A 
cross-sectional view of the fossa ovalis is best acquired with 
the ICE catheter placed near the septum. Using this guid-
ance, the optimum puncture site can be subselected accord-
ing to the clinical need. For accessory pathway ablation or 
access to the left ventricle, it is preferable to perform punc-
ture more anteriorly. On the contrary, for catheter ablation 
around pulmonary veins, the preferable puncture site is more 
posterior and inferior. Both TEE and ICE display clearly 
tenting of the septum (Fig.  9.3 a) with the needle tip/dilator 
and advancement of the assembly into the left atrium. The 
main advantage of ultrasound guidance is safe navigation in 
case of anatomical abnormalities such as lipomatous hyper-
trophy of the septum, atrial septal aneurysm, or double lay-
ered fossa ovalis (Fig.  9.3 b, c). ICE can also help to 
re-navigate into the site of former puncture in cases when 
catheter slips back to the right atrium during manipulation. 
The catheter tip can be displayed and color Doppler fl ow 
imaging can easily detect initial puncture site.  

 Even though the complications of traditionally guided 
transseptal puncture are infrequent in highly experienced 
centers, they occasionally occur. 5,  6  They include aortic punc-
ture, pericardial puncture or tamponade, systemic embolism, 
and perforation of the vena cava inferior. It is believed that 
ICE guidance would practically avoid serious complications 
of the transseptal puncture. In a large series of 1,692 trans-
septal punctures guided by ICE in our facility in the past 
4 years, no serious complication was observed and effi cacy 
reached 100% (J. Kautzner, Unpublished data   ).  

   Table 9.1    Clinical applications of ICE in electrophysiology   

 • Assistance in transseptal puncture 
 • Evaluation of intracardiac thrombus 
 • Assessment of catheter contact and positioning 
 •  Monitoring of radiofrequency current delivery and/or lesion 

formation 
 • Assessment of pericardial effusion 
 • Guidance of complex ablation procedures 
  – Atrial fi brillation 
  – Arrhythmias after repair of complex congenital heart disease 
  – Diffi cult cases of atrial fl utter 
  –  Idiopathic ventricular tachycardias originating from aortic or 

pulmonary cusps 
  – Ventricular tachycardias in structural heart disease 
 • Other applications 
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    9.3.2   Catheter Ablation of Atrial Fibrillation 

 The pioneering work of the Bordeaux group has ushered a 
new era in non-pharmacological treatment of atrial fi brilla-
tion. 10  Since their original description of triggering foci in 
the pulmonary veins and subsequent concept of electrical 
isolation of all pulmonary veins, several ablation strategies 
have been developed. 11  -  13  Pulmonary venous ostia are the key 

structure for most of these. However, lessons have been 
learned from anatomical and imaging studies that individual 
anatomy of the pulmonary veins and their junctions with the 
left atrium (the so-called antra) varies tremendously from 
one individual to another. Improper understanding of anat-
omy may result in serious complications such as pulmonary 
venous stenosis or closure. Extensive ablation within the left 
atrium may increase risk of thromboembolic complications 

  Fig. 9.3    Anatomical variants of the interatrial septum during 
 transseptal puncture: ( a ) tenting of the interatrial septum before the 
 puncture; ( b ) relatively small fossa ovalis in patient with lipomatous 

hypertrophy of interatrial septum; ( c ) aneurysm of interatrial septum 
extended by needle during transseptal puncture.  LA  left atrium,  RA  
right atrium       
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and/or cardiac tamponade. Proximity of the esophagus to the 
posterior wall of the left atrium creates potential for another 
serious complication – atrioesophageal fi stula. In this respect, 
ICE imaging plays an important role in online imaging of 
pulmonary venous ostia and/or esophagus, assisting accurate 
placement of both mapping and ablation catheter, monitor-
ing of lesion morphology and fl ow changes in pulmonary 
veins (Fig.  9.4 ), and detecting procedural complications.  

  Imaging of pulmonary veins . Data from 3-D imaging stud-
ies have clearly demonstrated that the prevailing pattern of 
pulmonary venous anatomy is a common antrum on the left 
side with short or long common portion between the veins 
and the left appendage. This pattern rather than two separate 
ostia can be detected in approximately 80% of cases. 14,  15  
Anteriorly, the antrum is separated from the appendage by a 
carina of a various thickness. On the contrary, posterior tran-
sition into the left atrium is more gradual and often reaches to 
the middle of the posterior wall. Right pulmonary veins are 
more rounded in their shape and tend to enter the atrium sepa-
rately. Especially right superior vein is practically always of 
rounded, funnel-shaped appearance with gradual transition 
into the left atrium. Supranumerary veins are more often pres-
ent on right side (in about 20–20% cases) with diameter that 
could be less than 10 mm. All these anatomical variants can 
be detected with a high degree of precision with ICE 14  and its 
use alleviates the need for preprocedural CT or MR imaging. 

  Imaging of the esophagus.  In order to avoid risk of atrioe-
sophageal fi stula, many authors suggested different ways of 
delineation of the course of esophagus (CARTO, probe, bar-
ium, CT, etc.). Some of these techniques rely on preproce-
dural display of the esophagus. However, spontaneous 
movement of the esophagus during the procedure was 
observed in some patients. In this respect, ICE provides 
excellent online imaging of the esophagus and its course 
(Fig.  9.5 ).  

  Guiding mapping and ablation catheter.  ICE can be used 
for accurate measurement of pulmonary venous diameters 
and thus, assist in the selection of appropriate size of circular 
mapping catheter and/or balloon ablation tools. The above-
described anatomical pattern of pulmonary veins can make 
positioning of circular catheter challenging. Especially in 
relatively fl at left veins, the circular mapping catheter tends 
to distort its shape and could align against posterior wall or 
slip far into the vein. ICE provides instant imaging of both 
mapping and ablation catheter and prevents ablation deep 
inside the pulmonary vein. When using balloon ablation 
tools, ICE allows online assessment of the position of any 
balloon catheter within the pulmonary venous ostium and 

  Fig. 9.4    Examples of Doppler evaluation of pulmonary veins. ( a ) Color Doppler depiction of fl ow in the left superior ( LSPV ) and inferior ( LIPV ) 
pulmonary vein. ( b ) Flow in the  LSPV  obtained by pulsed Doppler maging       

  Fig. 9.5    The esophagus in short axis behind the left atrial wall. Note its 
proximity to the left atrial posterior wall. Arrow depicts the tip of the 
ablation catheter       
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evaluation of the residual blood fl ow around the circumfer-
ence of the balloon (Fig.  9.6 ).  

  Reduction of fl uoroscopy time.  The utility of ICE for abla-
tion catheter navigation can be demonstrated by the fact that 
it enables to perform catheter ablation of atrial fi brillation 
without fl uoroscopy. Ferguson et al. 16  in 21 patients undergo-
ing catheter ablation of atrial fi brillation used ICE and elec-
troanatomic mapping for procedure guidance and in 19/21 
patients no fl uoroscopy was used and the staff did not wear 
any protective lead. This technique may be of particular ben-
efi t to the obese patients, children, and pregnant women who 
are at the highest risk from x-ray exposure. 

  Monitoring of radiofrequency current delivery.  Radio-
frequency current delivery at left atrial wall induces lesion 
morphologic changes including increased wall thicken-
ing, echodensity, and/or crater formation. Using an 8-mm 
tip electrode, ICE can be used to monitor effectively heat-
ing of the tissue though monitoring of microbubble forma-
tion. 11  The experience of the Cleveland group revealed that 
this approach signifi cantly improved the success rate and 
decreased complications of a lesion formation. Subsequent 
experimental work confi rmed that the appearance of 
microbubbles in ICE imaging corresponds with tissue over-
heating and allows prevention of pop formation. 17  Based 
on our empirical experience, even in cool tip catheter with 
open irrigation, one can prevent tissue overheating by stop-
ping radiofrequency energy delivery when sudden increase 
in number of microbubbles is visible. ICE can be also used 
to visualize tissue edema and/or crater after the steam pop 
occurrence. 

  Prevention of thromboembolism.  Intraprocedural ICE can 
minimize risk of thromboembolism during ablation of atrial 
fi brillation (Fig.  9.7 ). The Pennsylvania group demonstrated 

for the fi rst time that maintaining average level of anticoagu-
lation with ACT around 250 s does not provide complete 
protection against thrombus formation in the left atrium. 
They revealed approximately 10% rate of thrombus occur-
rence and ICE allowed safe removal of the catheters with 
thrombus. Spontaneous echocontrast was identifi ed as the 
only independent risk predictor of subsequent thrombus for-
mation. Therefore, ICE may help to identify both high-risk 
subjects and display thrombus whenever it develops. The use 
of ICE for transseptal puncture guidance allows heparin 
administration even before the crossing of the fossa ovalis. 18  
We typically administer 100 IU/kg body weight of heparin 
before the fi rst transseptal puncture with adjustment of the 
activated clotting time around 350 s.     

  Fig. 9.6    ( a ) Endoscopic laser balloon ablation system (Cardiofocus, 
Marlborough, MA) with a compliant balloon wedged in the common 
left pulmonary venous ostium and occluding both left superior ( LSPV ) 
and inferior ( LIPV ) pulmonary veins. ( b ) Laser balloon positioned in 

left inferior pulmonary vein of a patient with more separate pulmonary 
venous ostia with color Doppler depicting fl ow only from the left supe-
rior vein       

  Fig. 9.7    Thrombus on the transseptal sheath in the left atrium ( LA ) 
that was detected by ICE just after transseptal puncture       
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    9.3.3   Catheter Ablation of Diffi cult Cases 
of Atrial Flutter 

 Despite the fact that catheter ablation of the cavotricuspid 
isthmus can be considered as a standard ablation technique 
that does not require special mapping or imaging techniques, 
some cases may be challenging. It appears that the main rea-
son for such diffi culties is abnormal anatomy of the isthmus. 
ICE can be used to visualize anatomy (Fig.  9.8 ) of the  isthmus 

and anomalous diverticula or prominent Eustachian ridge 
(Fig.  9.9 ). 19,  20  In some cases, the cavotricuspid could be very 
mobile with signifi cant folding of the tissue during cardiac 
cycle (Fig.  9.10 ). Such hypermobility of the isthmus usually 
results in diffi culties in obtaining stable catheter contact with 
the tissue. By enabling depiction of both the isthmus mor-
phology and catheter–tissue contact, the ICE may be of a 
signifi cant value in patients in whom conventional approach 
failed.     

  Fig. 9.8    Monitoring of the catheter–tissue contact during the ablation of the cavotricuspid isthmus. ( a  –  c ) Depict the position of the ablation 
 catheter ( Cath ) along the isthmus between the tricuspid valve ( TA ) and the inferior vena cava       

  Fig. 9.9    A variant of cavotricuspid isthmus with prominent Eustachian 
ridge. ( a ) In order to reach the myocardium below the ridge with the 
ablation catheter, it is necessary to loop its distal end and bring it down 

to the isthmus  (small arrows ). ( b ) Corresponding fl uoroscopic image of 
the ablation catheter in  PA  view.  IVC  – inferior vena cava,  TA  – tricus-
pid anulus       
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    9.3.4   Catheter Ablation of Arrhythmias in 
Patients with Congenital Heart Disease 

 Catheter ablation of postincisional tachycardias in patients 
after correction of complex congenital heart disease (e.g., 
after Senning or Mustard procedure) is one of the most chal-
lenging procedures in electrophysiology. In these patients, 
ICE provides an excellent guidance to safe puncture via the 
baffl e and enables monitoring of contact of the ablation cath-
eter 21  (Fig.  9.11 ). In patients with Wolff–Parkinson–White 
syndrome and Ebstein anomaly, the ICE can be used to guide 
the catheter to the boundary of the atrialized ventricle and 
“true” right ventricular myocardium. 22    

    9.3.5   Catheter Ablation of Ventricular 
Tachycardia 

 ICE appears to be one of the most suitable imaging tech-
niques to guide mapping and ablation of idiopathic ventricu-
lar tachycardias from aortic or pulmonary cusps. 23  Positioning 
of the ablation catheter within a specifi c cusp and its relation 
to commissure or to the coronary artery ostium can be guided 
by ICE (Fig.  9.12 ), alleviating the need for concomitant cusp 
and/or coronary angiography.  

 ICE with the transducer placed in the right ventricle can 
provide imaging of the left ventricular structures and, 
thus, facilitate delineation of myocardial substrate such as 

  Fig. 9.10    Hypermobile cavotricuspid isthmus. ( a  –  c ) Depict the change 
of the size and shape of the isthmus during the cardiac cycle. Note the 
close relationship of the right coronary artery that runs through the 

 isthmus.  RA  right atrium,  RCA  right coronary artery,  RV  right ventricle, 
 TriV  tricuspid valve       
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 postinfarction scar with akinesis or dyskinesis. It can display 
ablation catheter tip contact or guide ablation at specifi c 
structures such as papillary muscle 24,  25  (Fig.  9.13 a, b) or false 
tendon. 26  In addition, ICE can monitor lesion formation and 
prevent tissue overheating.  

 Our experience also suggests that ICE can be very useful 
to guide ablation of ventricular tachycardia originating from 
the right ventricle in arrhythmogenic right ventricular cardi-
omyopathy. It can assess precise catheter positioning and 
contact along the tricuspid annulus and within right ventricu-
lar fi ssures (Fig.  9.13 c).  

    9.3.6   Monitoring to Detect Complications 

 One of the important roles of ICE imaging in electrophysi-
ology is early diagnosis and prevention of procedural com-
plications during complex procedures. Some of these 
applications such as prevention of thromboembolism or 
esophageal injury have already been discussed above. This 
section will summarize other aspects. 

  Damage to cardiac structures  due to inadvertent 
manipulation of the catheter may cause damage to adja-
cent structures such as appendage, mitral or tricuspid 
valve, and atrial or ventricular wall. As mentioned above, 
radiofrequency energy application may cause perforation 
due to tissue superheating and “crater” formation. 27  
Monitoring of the position of the ablation catheter in rela-
tionship to specifi c anatomical structures prevents inad-
vertent delivery of radiofrequency current in high-
risk regions such as proximal part of the pulmonary vein. 
Recent experience shows that navigation by ICE can prac-
tically eliminate pulmonary venous stenosis. 11  In addition, 
ICE allows for measurement of the diameter of the 

  Fig. 9.11    ICE image of cavotricuspid isthmus in patient after Mustard 
correction of d-transposition of the great arteries. After surgery, the 
isthmus is divided into two portions by an interatrial baffl e. One is 
accessible from systemic venous atrium, the other only from the atrium 

of the pulmonary veins. Both panels show position of the ablation cath-
eter on the cavotricuspid isthmus from both sides of the intra-atrial 
baffl e. ( a ) In the systemic venous atrium. ( b ) In the pulmonary venous 
atrium       

a

b

  Fig. 9.12    Visualization of the mapping catheter in patient with idio-
pathic ventricular tachycardia originating from the aortic cusp. The 
aorta can be visualized in long axis ( a ) and short axis ( b ).  Cath  catheter, 
 N  noncoronary,  R  right and  L  left aortic cusp,  LCA  left coronary artery       
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 pulmonary veins and safe placement of balloon or multi-
electrode catheters. Doppler modality could be used any-
time during the procedure to check pulmonary venous 
velocities. 28  Experience shows that pulmonary vein ostial 
peak velocity increasing to more than 150 cm/s with 
Doppler pattern of turbulent fl ow indicates a moderate 
narrowing effect. Signifi cant stenoses were characterized 
by higher peak fl ow velocities. 

  Pericardial effusion  is one of the common complications 
associated with catheter manipulation and radiofrequency 
current delivery within the left atrium (Fig.  9.14 ). In such 

cases, ICE can provide early diagnosis and, thus, prevent 
tamponade due to early reversal of anticoagulation. 29  In 
case of tamponade, ICE allows online monitoring of the 
patient’s status.  

  Tissue edema  occurs after multiple application of radiof-
requency energy targeted into small area (Fig.  9.15 ). This 
increases the tissue thickness, which results in the diminish-
ing of amplitude of local electrograms making location 
of gap within the ablation line more diffi cult to trace. 
Furthermore, creation of the transmural lesion within edema-
tous tissue is more challenging.   

  Fig. 9.13    ( a ) Position of the catheter within the left ventricle in a 
patient with ventricular tachycardia originating from the anterolateral 
papillary muscle. ( b ) ICE image of the left ventricle in a patient with 
ventricular tachycardias after myocardial infarction.  Arrows  show high 

echogenicity on the lateral left ventricular wall, indicating local 
 scarring. ( c ) Aneurysmatic enlargement ( arrows ) of the right ventricle 
and outfl ow tract in a patient with arrhythmogenic right ventricular 
cardiomyopathy       
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    9.4   3D Echocardiography for Catheter 
Ablation 

 2D ICE imaging has several limitations. For example, curved 
catheter shaft often cannot be fully visualized with single plane 
image, thus necessitating acquisition of multiple imaging 
planes and image adjustments. This requires specifi c skills and 
could be time consuming and, thus, distracting during an inva-
sive procedure. Therefore, work is in the progress to provide 
3D visualization. 3D imaging should enable visualization of 
the entire shaft of intracardiac catheters, along with a clear 
depiction of their positions in relation to other cardiac struc-
tures. 30  Additionally, certain anatomic regions can be depicted 
in an “en face” view (Fig.  9.16 ) and, thus, demonstrate their 
complex anatomy. Finally, reliable 3D imaging of specifi c car-
diac chambers may obviate the need for virtual electroanatomic 
mapping and make any mapping or ablation procedure more 
precise and faster. The availability of 3D imaging would also 
open the possibility for creation of 4D datasets (3D + time).  

    9.4.1   3D Transesofageal/Transthoracic 
Echocardiography 

 Over the past several years, improvements in transducer tech-
nologies have allowed the development of a full matrix array 
transducer which can be used to acquire pyramidal-shaped 
ultrasound data sets. These data sets can be processed both 
online and offl ine to allow the display of cardiac structures and 
catheters as they move in time and space. Recently, a miniatur-
ized matrix probe has been coupled with a transesophageal 
probe. This allows the acquisition of high-quality real-time 3D 
images. 31  The potential applications of the 3D echocardiogra-
phy include wide spectrum of cardiac interventions including 
occlusion of atrial/ventricular septal defect, patent foramen 
ovale; percutaneous mitral valve valvuloplasty and repair; left 
atrial appendage obliteration; percutaneous closures of 

prosthetic valve dehiscence, catheter ablation of atrial fi brilla-
tion, etc. However, the use of 3D transesophageal echocardiog-
raphy for electrophysiology procedures is limited by patient’s 
discomfort and necessity of sedation or general anesthesia. 
Whether 3D imaging may affect performance of procedures and 
translate into shortened procedure times, decreased radiation and 
contrast exposure and safer procedures is yet to be determined. 

 Matrix array transthoracic 3D echocardiography could be 
used in electrophysiology to identify the site of origin of ven-
tricular ectopic activity, especially in anatomically complex 
region of ventricular outfl ow tracts. 32  Using tissue tracking 
imaging, the site of arrhythmia origin could be defi ned as the 
site at which the earliest color-coded signal detected in the 
myocardium during ventricular premature contractions. This 
may help to target the region of interest directly and possibly 
simplify the procedure.  

  Fig. 9.14    Pericardial effusion below the right ventricle       

a

b

  Fig. 9.15    Monitoring the application of radiofrequency energy. ( a ) The 
cavotricuspid isthmus before the ablation. ( b ) After multiple applications 
of the radiofrequency energy on the isthmus, the tissue is edematous and 
shows higher echogenicity.  RA  right atrium,  RV  right ventricle       
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    9.4.2   3D Intracardiac Echocardiography 

 ICE catheter allowing direct 3D real-time imaging is not 
available yet. Currently, three strategies of 3D reconstruc-
tion using ICE are being pursued. One 3D technique 
emerges from a marriage of the phased-array ICE catheter 
(AcuNav Diagnostic Ultrasound Catheter, Acuson - 
Siemens, Mountain View, California, USA) with a special 
sensor of electromagnetic field that is used in catheters 
for electroanatomical mapping (CARTO, Biosense 
Webster, Inc, Diamond Bar, California, USA). The result-
ing new image integration software module is called 
CartoSound ™ . It enables to trace semiautomatically con-
tours of the chamber of interest in different planes 
(Fig.  9.17 a, b), and subsequent addition of these contour 
points into 3D electroanatomical map. 33  In this way, 3D 

electroanatomical map of the left atrium or the left ven-
tricle could be constructed from a series of images 
obtained with ICE catheter within the right atrium or right 
ventricle. Clinical data suggests feasibility of such an 
approach and high accuracy in creation of 3D map of a 
relevant cardiac chamber both for mapping within atria 34  
and ventricles. 35  Tracing orifices of different veins manu-
ally in different echocardiographic views allows either to 
let these areas labeled by several contours or enables cre-
ation of separate small 3D maps of each vein as a rough 
estimate of the real shape. This suboptimal reproduction 
of true anatomy can be offset by merging of 3D echo 
image with CT or MR angiography reconstruction 
(Fig.  9.17 ). Due to accurate integration of both images, 
only CT or MR anatomical shell could be used for catheter 
navigation.  

  Fig. 9.16    Examples of 3D 
transesophageal echocardiogra-
phy. ( a ) Tenting of the fossa 
ovalis during transseptal 
puncture. ( b ) 3D reconstruction 
of the ridge between the left 
veins and the appendage ( App ). 
The circular mapping catheter is 
positioned in the ostium of the 
left inferior pulmonary vein       

  Fig. 9.17    ( a ) An example of automatic contour tracing on CartoSound 
image of the left atrium ( green line ) and the resulting 3D reconstruc-
tion. ( b ) Shows reasonable fi t of the CartoSound ICE image obtained 

from the right atrium with 3D image of the left atrium and pulmonary 
veins obtained from CT angiography before the procedure       
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 For 3D reconstruction of images from mechanical ultra-
sound (Clearview, Cardiovascular Imaging Systems, Inc, 
Freemont, California, USA), a special pullback device has 
been developed. 36  The device is controlled by 3D worksta-
tion and uses a stepping motor to move the ICE catheter lin-
early in cranio-caudal direction. The station also receives 
both respiration and ECG signal. Cardiac cycles are recorded 
when they fall into a preset limit around the mean RR and 
respiration interval. Pulling the catheter within the heart, 3D 
reconstruction of the anatomy can be obtained. Clear details 
of intracardiac structures such as fossa ovalis, coronary sinus, 
or triangle of Koch could be displayed. However, the depth 
of imaging remains limited. 

 Finally, the third approach consists of 3D reconstruction 
of data obtained during rotational scanning with conven-
tional phased-array ICE catheter. In this method, a motor 
rotates the transducer array around an axis corresponding to 
the shaft of the catheter. This allows 3D imaging of selected 
sector images. Knackstedt et al. 37  published their fi rst expe-
rience with semiautomated 3D ICE in a cohort of 5 pigs. 
The ICE catheter was introduced via a straightened sheath 
into the right atrium and then rotated automatically around 
the longitudinal axis from 90° to 360° in 2–5° steps using a 
custom-made stepper motor. The echocardiographic 2D 
images triggered by respiration and ECG were digitized 
and a 3D reconstruction was performed by a prototype soft-
ware (TomTec Imaging, Unterschlessheim, Germany). 
After experimental validation, the system was tested in 6 
patients during an electrophysiologic study. 3D acquisition 
and partial volume reconstruction of the left atrium and 
ventricles was obtained within 3–5 min. This was achieved 
from a single spot within the right atrium, precluding the 
need for catheter position readjustments. The main advan-
tage of the system was that it allowed precise assessment of 
pulmonary venous anatomy and diameter. Further develop-
ment of the system is expected to result in a clinically appli-
cable 3D imaging platform for guiding of complex ablation 
procedures. 

 Ongoing research focuses also on visualization of 3D 
echocardiographic data in the 3D space (virtual reality). 
Dynamic holographic imaging of the 3D echocardiographic 
data appears to be feasible and may help in providing a pre-
view of cardiac anatomy for complex ablation procedures. 
Such imaging may be also used in the future for sophisti-
cated simulator of complex ablation procedures. 38    

    9.5   Conclusions 

 Expansion of indications to catheter ablation has led to a 
change of the paradigm from electrophysiologically guided 
procedure to a procedure guided predominantly anatomi-
cally. Accurate online identifi cation of cardiac structures and 

catheters becomes mandatory and ICE is at present the only 
imaging modality that can accomplish easily this task. It is a 
valuable tool for guiding procedures such as transseptal 
puncture or for monitoring complex ablation procedures like 
ablation of atrial fi brillation or ventricular tachycardias. It 
also allows prevention and/or early detection of intraproce-
dural complications. The widespread use of ICE is likely to 
result in reduction of fl uoroscopy time and to maximize 
safety and effi cacy of complex ablation procedures.      
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 The treatment of electrical disorders of the heart has evolved 
enormously over the past two decades. New technologies 
have been developed to treat the range of bradyarrhythmias, 
supraventricular arrhythmias, ventricular arrhythmias, and 
heart failure. These treatments largely have been developed 
in two general categories: implantable heart rhythm devices 
and intracardiac procedures such as catheter    ablation. 
Imaging has played a major role in these procedures and new 
technologies exhibit considerable promise in aiding the 
advancement of these procedures. New imaging technolo-
gies may overcome previously insurmountable challenges 
such as directly assessing lesion formation and guiding cath-
eters and leads into specifi c anatomic structures such as the 
coronary sinus. 

    10.1   Conventional Imaging 
of Intracardiac Structures 

 Imaging of critical structures in the heart is essential to suc-
cessful heart rhythm procedures. Fluoroscopy, while the pri-
mary imaging modality, has signifi cant limitations since it 
does not permit clear delineation of heart structures from the 
circulating blood pool. Ultrasound-based techniques such as 
transesophageal echocardiographic imaging have provided 
very accurate real-time assessment of cardiac structures 
including the heart chambers, heart valves, great vessels, and 
surrounding anatomy. Intracardiac echocardiography has 
permitted detailed imaging of ablation catheters and cardiac 
structures from within the heart. New modalities such as 
real-time rotational CT which creates a complete three-
dimensional cardiac reconstruction have further expanded 
the ability to examine the heart chambers within the electro-
physiology laboratory. In this chapter, we will review the 
technological advances that have enabled direct imaging of 
the endocardial surface of the heart during interventional and 
diagnostic procedures.  
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    10.2   Direct Optical Visualization 
of Heart Structures 

    10.2.1   Cardioscopy 

 Sakibara 1  fi rst reported directly imaging the inside of the 
heart during surgery using a cardioscope in 1939, thus dem-
onstrating the feasibility of this novel form of optical visual-
ization. Silander laid the foundation for less invasive direct 
visualization in the early 1960s by introducing a cardioscope 
in the heart without a thoracotomy. 2   

    10.2.2   Intracardiac Direct Visualization 

 Direct visualization within the heart is limited predominantly 
by blood fi lling its chambers. In the visible spectrum, imag-
ing is limited by the light absorption and scattering proper-
ties of blood which prevent effective transmission of light for 
visualization. In order to circumvent this limitation, a pri-
mary strategy has been to use an optically transparent fl uid-
fi lled balloon to displace blood from the path between an 
imaging element and the wall of the heart. Because of the 
large volume of blood and high fl ow rate within the heart, it 
is not feasible to displace the entire blood volume from the 
heart chambers in the clinical setting. 

 One of the fi rst descriptions of angioscopy in large vessels 
and the heart was by Gamble and Innis in 1967. 3  They 
equipped a fl exible 12 French cardioscope with a latex bal-
loon and fi lled it with 4–7 mL of air. Glass fi bers were embed-
ded in the balloon to maintain the balloon’s shape and facilitate 
visualization through its distal wall, which was transparent. A 
bundle of 70,000 fi bers was used to transmit the image. The 
image was recorded on 8-mm black-and-white motion pic-
ture fi lm. In the initial experiments with a rigid scope, access 
was obtained from the jugular vein or carotid artery. Using a 
fl exible scope, access from the femoral arteries and veins was 
also feasible. Pictures of the aortic valve were obtained and 
the scope was passed into the left ventricle easily. The color 
of the endocardium could be visualized. When the scope was 
advanced into the right side of the heart, the right-sided struc-
tures such as the atrial septum, fossa ovalis, orifi ce of the 
coronary sinus, and tricuspid valve could all be visualized. 

 Following the report of Gamble and Innis, there were 
remarkable advances in fi ber-optic imaging technology. Tools 
such as gastrointestinal endoscopes led to this advance, 
becoming technologically extremely sophisticated. Working 
in the cardiovascular system, Shure et al. in 1981 and 1984 
demonstrated that fi ber-optic angioscopy could be used to 
image pulmonary emboli and pulmonary arterial obstruction, 
respectively. 4,  5  Miniaturization of this technology led to fi ber-
optic angioscopy of small blood vessels including the coro-
nary arteries. The use of a miniature scope to visualize 

structures within the human coronary arteries was revolution-
ary. The scope consisted of a fi ber-optic element terminating 
at the end of a steerable catheter that could be inserted via a 
guiding sheath into the coronary vasculature. In small ves-
sels, angioscopy is achieved by using a saline fl ushing mech-
anism to push the blood out of the visual fi eld. 6,  7  The coronary 
angioscope helped to confi rm the appearance of thrombus on 
underlying coronary artery plaques as the primary fi nding in 
acute myocardial infarction and unstable angina. 

 Uchida et al. demonstrated that a fi ber-optic angioscopy 
could be used to image the heart chambers, heart valves, and 
great vessels. 8  -  10  Uchida et al. also demonstrated that fi ber-
optic angioscopy could be used to guide left ventricular 
myocardial biopsy. 9  

 In 1994, Kuo et al. demonstrated the ability to visualize 
ablative lesions within the canine heart using a saline-fi lled 
balloon. 11  Kuo et al. used a 3.3-mm fi ber-optic endoscope 
placed inside a polyurethane tube attached to a latex balloon 
(Fig.  10.1 ). Using fl uoroscopic guidance, the scope assem-
bly was advanced into the right atrium. The latex balloon 

  Fig. 10.1    ( a ) The tube-balloon system with the balloon defl ated. The 
Olympus fi ber-optic scope is inserted inside the tube-balloon system. 
( b ) The balloon is infl ated with normal saline and illuminated. 
( c ) Frontal view of  b  (From Kuo and Koch 11 , with permission)       
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was then infl ated with 5–10 mL of normal saline. Normal 
saline was found to be superior to air because the image it 
generated was clearer. The endoscope was used to image 
the right atrium, superior vena cava, tricuspid valve, and 
right ventricle. Further, in order to guide advancement of 
an electrode catheter into the coronary sinus, the endoscope 
was positioned so that the coronary sinus ostium could be 
visualized and the electrode catheter was then advanced into 
the coronary sinus. Radiofrequency ablation could also be 
visualized using the endoscope, including both the tip of the 
radiofrequency ablation catheter and the ablation lesion. Kuo 
et al. demonstrated that infl ation of the balloon up to 25 mL 
in the small canine right atrium decreased the mean cardiac 
output from 4.2 ± 1.6 to 3.6 ± 1.3 L/min, but did not cause sig-
nifi cant hemodynamic compromise. Kuo et al. described the 
anatomy of intracardiac structures in great detail (Fig.  10.2 ) 
including the semi-lunar structure of the Thebesian valve of 
the coronary sinus and the appearance of the fl oor of the cor-
onary sinus ostium. They described the difference in color of 
the dark unsaturated blood draining from the coronary sinus. 
The investigators could even identify small venules draining 
directly into the right atrium. They could also defi ne changes 
in the contour of the atrial endocardium, identifying the 

 trabeculated and smooth portions accurately. The interatrial 
septum and the fossa ovalis could be accurately identifi ed as 
could the trileafl et structure of the tricuspid valve. An area 
of yellowish appearance was identifi ed as the location of the 
central fi brous body and the atrioventricular node. Using both 
videotape and photography, Kuo et al. recorded the intracar-
diac structures described. Motion of the cardiac valves could 
be appreciated using videotape recording. The endocardial 
trabeculation of the right ventricle and the related Purkinje 
network could be observed. Radiofrequency ablative lesions 
were delivered in order to later correlate the anatomic posi-
tion with the position of the endoscopic visualization. The 
investigators noted that sometimes the volume of the balloon 
interfered with the ability to move the electrode catheter. On 
the other hand, the balloon catheter could also be used to 
stabilize the ablation catheter against the wall of the heart. 
On several occasions the balloon was perforated during abla-
tion, emphasizing the need to utilize heat-resistant materials 
if ablation is used during imaging.   

 Fujimura et al. 12  used a 36-mm endoscope with a latex 
balloon at its distal end to image catheter ablation. The endo-
scope was inserted via femoral vein cutdown and advanced 
into the right atrium without the need for fl uoroscopy. During 

a b c
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  Fig. 10.2    Visualization    of endocardial structures. ( a ,  b ) Coronary sinus 
ostium. ( a ) Dark, unsaturated blood. ( b ) Strand-like structure in orifi ce. 
( c ) Purkinje network. ( d ) Tricuspid leafl et at end-systole. ( e ) Right atrial 

pectinate muscle. ( f ) Heart worm-like structure near superior vena cava. 
( g ) Postmortem appearance (From Kuo and Koch 11 , with permission) (h) 
and ( i ) lesion in A-V node region ( j ) appearance and lesion location       
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radiofrequency ablation with a steerable ablation catheter, 
the endoscope visualized the ablation process and lesion for-
mation. The investigators noted that frequently ablation 
lesions were covered with a black coagulum when initially 
visualized using the endoscope. After 5 min, however, the 
coagulum was no longer present and the ablation lesion 
appeared yellowish or reddish in color (Fig.  10.3 ). They 
noted that there was no signifi cant bubble formation during 
creation of the ablation lesions. Lesions observed ranged in 
size from 38 to 314 mm 3 . As in the report by Kuo et al., one 
balloon was destroyed during radiofrequency energy 
delivery.  

 Although most of the groundbreaking work was done in 
the mid-1990s, there was very little work in the fi eld until 
after 2000. One of the largest breakthroughs in intracardiac 
imaging was the development of a 7F fi ber-optic defl ectable 
visualization catheter (previously made by Acumen Medical, 
Inc., Sunnyvale, CA) (Fig.  10.4 ). 13  The catheter has a distal 
imaging lens positioned within a 15-mm saline-fi lled bal-
loon. The image is carried via a coherent fi ber bundle (6,000–
7,000 pixels) to an imaging sensor located in the device 
handle outside the body. A visible light source within the 

device handle delivers the light via a fi ber bundle for illumi-
nation. Real-time video output was achieved via a cable to a 
standard video monitor.  

  Fig. 10.3    Visualization of radiofrequency lesions. ( a ) Pre-ablation 
normal tissue. ( b ) Image during ablation with 20 W for 30 s. No change 
in tip of catheter seen. ( c ) Lesion immediately after energy delivery. 
( d ) Close-up view of lesion in  c . Lesion is covered by black coagulum. 

( e ) Same lesion 5 min later with less coagulum and yellowish 
 appearance. ( f ) Same lesion 30 min later with coagulum washed away 
and well-demarcated yellowish lesion (From Fujimura et al. 12 , with 
permission)       

Catheter body
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lumen

  Fig. 10.4    Saline-fi lled balloon steerable endoscope. A compliant 
saline-fi lled balloon surrounds the imaging element. Imaging is 
achieved using a distal imaging lens and illumination fi ber optics. A 
0.032² lumen extends from the catheter (From Eversull et al. 13 , with 
permission)       
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 In a study by Irani et al. 14  radiofrequency ablation lesions 
were made in vitro in excised porcine hearts. Gaps between 
lesions were purposefully created to determine whether 
gaps in ablation lines could be accurately identifi ed. In 
total, there were 230 ablation lesions with 94 gaps. 
Figure  10.5  14  shows a comparison of images from the visu-
alization catheter with photographs of the gross specimen. 
Lesions varied in size from approximately 3 to 4 mm in 
diameter. The mean gap distance was 2.6 mm ± 1.7 mm 
with a median gap distance of 2.4 mm. Inter-lesion gaps 
were identifi ed by direct visualization with greater than 
98% accuracy. In addition, Eversull et al. demonstrated 
in vivo that it is possible to observe radiofrequency ablation 
in real time using this visualization device and to identify 
the ablation lesion after creation in vivo (Fig.  10.6 ). 13  In 
this study, there was no damage to the visualization balloon 
or imaging system from the radiofrequency ablation. 
Eversull et al. demonstrated that in vivo direct visualization 
is capable of providing remarkable detail in imaging struc-
tures such as the right atrial appendage (Fig.  10.7 ). 13  At 
present there are no commercially available visualization 
balloon devices.     

    10.2.3   Visualization for Placement of Pacing 
Leads for Cardiac Resynchronization 

 The visualization device described by Eversull et al. was 
developed initially for the purpose of guiding the place-
ment of left ventricular pacing leads via the coronary 
sinus. Anh et al. 15  were able to visualize the coronary 
sinus ostium in 98 of 100 consecutive patients undergoing 
left ventricular lead placement. In these 98 patients, 53 
patients had an identifi ed Thebesian valve. Anh et al. 15  
described in humans the extremely variable anatomy of 
the coronary sinus valve using this technique. The high 
resolution of imaging real time provided the ability to 
defi ne anatomic variations such as cardiac venous branches 
and Thebesian valves (Fig.  10.8 ). In a separate study, Ahn 
et al. 16  described the ability of this visualization catheter 
to facilitate coronary sinus cannulation. In 58 consecutive 
patients, visualization of the coronary sinus was possible 
in all patients. The mean time from insertion of the visu-
alization catheter to visualization of the coronary sinus 
ostium was 6 ± 5 min. The overall success rate for implan-
tation of the left ventricular lead was 55 of 58 patients 
(94.8%). The mean time from coronary sinus visualiza-
tion to cannulation of the coronary sinus was 2 ± 4 min. 
However, there is no comparison non-visualization group 
in this study. In four cases, the visualization catheter could 
not be advanced into the coronary sinus, but in 3 out of 4 
of these cases, left ventricular lead placement was still 
successful by other means. 15,  16    

    10.2.4   Non-balloon Visualization Systems 

 Although most of the approaches for intracardiac  visualization 
have included a balloon to exclude the blood pool, a novel 
design for direct visualization involves a hood-like structure 
that permits a low volume fl ow of saline to push away the 
blood in order to image endocardial structures. In a study by 
Thiagalingam et al. 17  this technique is used to visualize the 
atrial septum for the purposes of guiding transseptal punc-
ture. These investigators used a 12 French IRIS visualization 
catheter (Voyage Medical, Inc., Redwood City, CA) with a 
12-mm collapsible hood that has a 3-mm eccentric opening 
and eight 1-mm openings around the perimeter of the hood 
(Fig.  10.9 ). The IRIS catheter is fl ushed continuously at the 
rate of 33 mL per min. Once the atrial septum was visual-
ized, the catheter was positioned at the fossa ovalis and a 
needle and subsequently a guidewire were advanced across 
the atrial septum. The guidewire was then withdrawn and the 
IRIS catheter was again positioned at the atrium septum 
(Fig.  10.9 ). The site of the previous puncture was visualized 
and a second puncture was performed (Fig.  10.10 ). In this 
study of 6 female pigs, the fossa ovalis surface area was mea-
sured at 82.0 ± 32.3 mm 2 . There were 12 punctures success-
fully performed in the 6 animals, requiring 6.8 ± 3.6 min and 
299 ± 94 mL of fl uid. The site of each puncture was clearly 
visible. This study demonstrates the feasibility of using direct 
visualization to facilitate transseptal puncture.    

    10.2.5   Infrared Imaging of Intracardiac 
Structures 

 Although blood must be excluded from the visual fi eld to 
directly visualize the endocardial surface using visible light, 
the absorption spectrum of blood exhibits local minima 
which permit visualization of structure through blood using 
the infrared range of the electromagnetic spectrum. A novel 
infrared endoscope was developed by CardioOptics, Inc. 
(Boulder, CO) to enable visualization of intracardiac struc-
tures. Nazarian et al. 18  demonstrated the ability of this fl exi-
ble, steerable infrared endoscope to visualize the coronary 
sinus and its branches to guide placement of left ventricular 
pacing leads for cardiac resynchronization.  

    10.2.6   Combination of Balloon Ablation 
and Visualization 

 With the development of balloon ablation systems to isolate 
the pulmonary veins for the treatment of atrial fi brillation, a 
new strategy for combining ablation and visualization has 
become possible. A laser ablation device developed by 
CardioFocus, Inc. (Marlborough, MA) uses a fl uid-fi lled 
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  Fig. 10.5    In vitro direct visualization of an ablation lesions using 
saline-fi lled balloon steerable endoscope. In the  left column  are the 
endoscopic images and in the  right column  are the corresponding 
 photographs of the gross specimen. Gaps in the ablation lines were 

 purposely made. Three gaps between two ablation lesions are 
shown here, measuring 0.5 mm ( a ), 1.6 mm ( b ), and 3.3 mm ( c ) (From 
Irani et al. 14 , with permission)       
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 balloon to create an optically transparent path to cardiac tis-
sue. The device utilizes an aiming beam comprised of visible 
light in order to guide positioning of a therapeutic laser beam 
used to create ablation lesions. By positioning an endoscope 

within the laser balloon, visualization of lesion formation 
during laser energy delivery is possible. Themistoclakis 
et al. 19  used a 12 French ablation catheter to deliver 
 continuous-wave laser light energy projected as a ring 
through a 25-mm balloon. In this study of fi ve patients, 16 of 
18 pulmonary veins could be accessed using this device. 
Based on the endoscopic appearance, complete circumferen-
tial contact was confi rmed in 15 out of 16 of these pulmonary 
veins. Circumferential contact was also determined using 
intracardiac echocardiography and color Doppler fl ow. Two 
gaps in contact were seen by the fi ber-optic endoscope. The 
endoscope was not able to separate the left atrium–pulmo-
nary vein junction from the distal portion of the vein. The 
ability to visualize contact and to adjust the location of the 
laser energy delivery may be critical in achieving circumfer-
ential lesion formation, avoiding gaps in ablation, and achiev-
ing optimal and long-lasting ablative lesions. 

 Schmidt et al. 20  used a second-generation endoscopic laser 
ablation system which utilizes a compliant balloon to perform 
ablation in 30 patients with paroxysmal atrial fi brillation. The 
balloon is capable of ablating pulmonary veins as small as 
9 mm and as large as an average of 32 mm. Each individual 
ablation lesion covers 30° of arc and is overlapped by 30–50% 
to create a contiguous lesion. The ablation lines were created 
as a fi gure-of-eight at the ipsilateral pulmonary vein ostia. The 
ablation system was used to treat a total of 116 PVs (four 
patients with LCPV) with the endpoint of pulmonary vein iso-
lation being achieved in 114/116 (98%) of pulmonary veins. 
In 12/60 pulmonary veins (20%) with an individual isolation 
attempt pulmonary vein isolation was not achieved after a 
single ablation circle. Following mapping with a spiral cathe-
ter to determine the conduction gap, all pulmonary veins were 
successfully isolated with a median of six laser applications. 

 In a separate study, Dukkapati 21  performed ablation using 
the laser ablation system in 101 pulmonary veins in 27 
patients. Complete occlusion and positioning of the balloon 
is demonstrated by contrast injection (Fig.  10.11 ). The endo-
scopic system permits visualization of the pulmonary vein 
anatomy, the position of the aiming beam, and ablation lesion 
that is formed (Fig.  10.11 ). Using the endoscopic visual 
guidance, 84.2% (85/101) PVs were isolated with the fi rst 
attempt for visually guided circumferential placement of 
contiguous point-by-point lesions. Using the same spiral 
catheter mapping technique as Schmidt et al., 19  100% of the 
remaining pulmonary veins were isolated, resulting in an 
average of 1.3 attempts to isolate each vein.   

    10.2.7   Future Visualization Ablation Systems 

 Future visualization systems will utilize technology that will 
optimize the ability to see ablation lesions in the human 
myocardium. In addition, they will combine visualization 

  Fig. 10.6    In vivo direct visualization of an ablation lesion in the right 
atrium using saline-fi lled balloon steerable endoscope. A conductive 
element was passed through the central lumen to the distal tip ( A ) of the 
direct visualization catheter and radiofrequency energy was delivered 
via this element. A confl uence of previously created lesions appears in 
the  upper half  of the fi eld of view with pristine endocardial tissue seen 
in the  lower half  of the fi eld of view with  arrows  denoting the lesion 
borders (From Eversull et al. 13 , with permission)       

  Fig. 10.7    In vivo direct visualization of the right atrial appendage 
using saline-fi lled balloon steerable endoscope. The blood-fi lled pock-
ets ( P ) accentuate the atrial appendage (From Eversull et al. 13 , with 
permission)       
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  Fig. 10.8    Images seen from the fi ber-optic saline-fi lled balloon catheter. ( a ) Simple semi-lunar valve. ( b ) Fenestrated valve. ( c ) Valve and strands 
and bands within the ostium. ( d ) Strands and bands within the ostium (From Irani et al. 14 , with permission)       

  Fig. 10.9    The IRIS visualization catheter has a hood that is kept open 
by gold-plated nitinol struts ( a ). The needle sheath ( brown and white 
striped ) and needle were extended ( b ). The catheter has been fl exed ( c ). 

The fi berscope has 10,000 pixel imaging (From Thiagalingam et al. 17 , 
with permission)       
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Fig. 10.9 (continued)

  Fig. 10.10    The IRIS catheter is positioned at the fossa ovalis ( a ). The 
transseptal needle is advanced ( b ). The needle is withdrawn and the 
wire is advanced into the left atrium ( c ). A postmortem specimen ( d ) 

and the image from the IRIS catheter ( e ) are shown. There are three 
atrial septal punctures proximal to the patent foramen ovale (From 
Thiagalingam et al. 17 , with permission)       
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with other ablation energies such as radiofrequency, ultra-
sound, and cryoablation. Future visualization systems will 
also be designed to facilitate lead placement.   

    10.3   Conclusion 

 Although the foundations of direct intracardiac imaging were 
laid several decades ago, the pace of technology develop-
ment and clinical application in this area have accelerated 
during the last 10 years. The clinical feasibility, and in some 
cases clinical utility, of this imaging modality have been 
demonstrated for device implantation and catheter-based 
ablation. Despite the advances in this technology, there 
remain a number of areas where further development might 
be anticipated. It is likely that as image sensors become 
smaller and less expensive, the sensors positioned at the dis-
tal catheter tip will eliminate the need to use coherent fi ber 
bundles for image transmission. The resulting increase in 
imaging resolution will yield more anatomical detail and 
facilitate larger fi elds of view. Improved blood displacement 
elements and the combination of visible light imaging with 
infrared imaging may provide for greater depth of imaging 

fi eld within the heart. Electromagnetic energy in and around 
the visible spectrum may be used to selectively enhance or 
differentiate the appearance of the specifi c features of inter-
est, such as newly created ablation lesions. Overall, the con-
tinued use of direct visualization in the electrophysiology 
laboratory has the potential to improve navigation within the 
heart and improve procedural outcomes.      
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 Abstract 

 Cardiac arrhythmias are traditionally mapped by assessing the timing of electrical activa-
tion at various locations in the heart (endocardial, epicardial, or both) under fl uoroscopic 
guidance. These observed timing data are interpreted by the physicians, and the potential 
sites of ablation are targeted. However, the importance of anatomic structures in the initia-
tion and maintenance of cardiac arrhythmia is increasingly being recognized, mandating a 
better understanding and defi nition of the patient’s cardiac anatomy for successful electro-
physiological procedures. There has been a signifi cant evolution of these electroanatomic 
systems to considerably enhance the electrophysiologists’ understanding of real-time posi-
tion management and mapping, thus to enable more precise catheter navigation in different 
chambers of the heart. Once the image of the cardiac chamber of interest is created, the 
ablation catheter is moved to the appropriate target sites. Contact mapping technique 
involves the direct recording of electrical activity with electrodes positioned in selected 
places within the endocardial surface of the heart or the epicardium. In contrast, noncontact 
mapping does not require direct contact with the endocardium; the electrograms and the 
activation sequence are computed based on far-fi eld interpolated voltage differences gener-
ated by myocardial depolarization. Image integration of the generated image with an ana-
tomical image of computerized tomography (CT) or magnetic resonance imaging (MRI), 
although not traditionally included in the arsenal of electrophysiology, could be seen as 
useful adjuncts for precise and reproducible catheter guidance. 

 Keywords 

 Electroantomical mapping  •  Contact mapping  •  Noncontact mapping systems  •  Cardiac 
mapping  •  Catheter ablation guidance 

 Cardiac arrhythmias are traditionally mapped by assessing 
the timing of electrical activation at various locations in the 
heart (endocardial, epicardial, or both) under fl uoroscopic 
guidance. These observed timing data are interpreted by the 
physicians, and the potential sites of ablation are targeted. 
However, the importance of anatomic structures in the initia-

tion and maintenance of cardiac arrhythmia is increasingly 
being recognized, mandating a better understanding and def-
inition of the patient’s cardiac anatomy for    successful elec-
trophysiological procedures. 

 Appreciation of the three-dimensional cardiac chamber 
anatomy has been substantially improved by the computer-
generated 3D-representation of data using electroanatomic 
systems. These can objectively reinforce a physician’s sub-
jective interpretations. Even though conventional electro-
physiological mapping is adequate for the majority of cardiac 
arrhythmias, advanced mapping systems may facilitate the 
mapping of complex arrhythmias and reduce fl uoroscopic 
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exposure while potentially reducing the procedure duration 
and risk. Electroanatomic 3D mapping techniques, both con-
tact and noncontact, utilize specialized catheters and/or 
patches to determine position within the heart. This posi-
tional information is combined with electrical timing data to 
provide a map of the cardiac chamber of interest in these 
computer-based mapping systems. These new mapping sys-
tems can function in a complementary role to the conven-
tional mapping technique, or can be used independently. 

 There has been a signifi cant evolution of electroanatomic 
systems to considerably enhance the electrophysiologists’ 
understanding of real-time position management and map-
ping to enable more precise catheter navigation in different 
chambers of the heart. Once the image of the cardiac cham-
ber of interest is created, the ablation catheter is moved to the 
appropriate target sites. Contact mapping technique involves 
the direct recording of electrical activity with electrodes 
positioned in selected places within the endocardial surface 
of the heart or the epicardium. In contrast, noncontact map-
ping does not require direct contact with the endocardium; 
the electrograms and the activation sequence are computed 
based on far-fi eld interpolated voltage differences generated 
by myocardial depolarization. Image integration of the gen-
erated image with an anatomical image of computerized 
tomography (CT) or magnetic resonance imaging (MRI), 
although not traditionally included in the arsenal of electro-
physiology, could be seen as useful adjuncts for precise and 
reproducible catheter guidance. 

    11.1   Advantages of 3-D Mapping over 
Conventional Mapping System 

 Although successful for many applications, the conventional 
endocardial catheter mapping has certain inherent limita-
tions. Fluoroscopy cannot reproduce the three-dimensional 
heart structure using orthogonal fl uoroscopic projections. 
Sequential catheter mapping to determine the activation pat-
terns is cumbersome, relationships between points are not 
inherently obvious, and exposure to ionizing radiation is 
often high. This is compounded further by the lack of accu-
rate reproducibility of intracardiac catheter localization by 
x-ray projection alone. 

 In contrast, electroanatomic mapping systems help recre-
ate cardiac anatomy, evaluate electrical activation during 
arrhythmias, allow real-time catheter localization, and guide 
catheter placement for delivery of radiofrequency current. A 
system which plots the position of and activation time at a 
roving mapping catheter assists in identifying sites of early 
activation for focal arrhythmias, and, combined with entrain-
ment mapping, appears to be useful in identifying critical 
isthmuses in complex reentry circuits, such as those resulting 
from atrial scars and incisions late after repair of congenital 

heart disease. The 3D constructs of electrogram voltage may 
also help defi ne areas of electrical scarring and infarction. 
Voltage, local activation timing, and complex fractionated 
maps are helpful tools displaying electrical signals of the 
heart superimposed on the 3D heart chamber to demonstrate 
the complex relation between the anatomical and functional 
barriers in the complex arrhythmias. In fact, atrial fi brillation, 
atrial fl utter with complex reentrant circuits, scar-related ven-
tricular tachycardia, and postoperative arrhythmias which are 
not routinely considered for ablation using conventional map-
ping systems can be treated effectively with 3D assistance. 

 While the greatest benefi t of electroanatomic systems 
have been seen with mapping and ablation of complex 
arrhythmias, it is well documented that these systems can 
signifi cantly reduce fl uoroscopic exposure to the operator 
and patient. 1,  2  Theoretically, by the availability of better ana-
tomical  representation, these systems should facilitate the 
reduction in complications; however, this has not been 
reported to date. Importantly, it has been shown, particularly 
in AF ablation, that the use of these systems may produce 
better clinical outcomes. 3   

    11.2   Contact Electroanatomic 
Mapping Systems 

    11.2.1   Overview 

 At present, four real-time catheter localization systems 
(EnSite NavX, CARTO XP, Real-time Position Management 
system and Electro View) utilizing different technologies are 
available for clinical use; however, CARTO and EnSite NavX 
systems have market dominance. 

 The EnSite NavX ®  system (Endocardial Solutions, St. 
Jude Medical, Inc., St. Paul, MN, USA) is capable of dis-
playing 3D positions of multiple catheters based on imped-
ance measurement derived from the voltage gradient that 
appears across the tissue when a current is applied through a 
pair of surface electrodes. 4  For 3D navigation, six surface 
patch electrodes are placed in three orthogonal pairs: anterior 
to posterior, left to right lateral, and superior (neck) to infe-
rior (left leg) with the heart at the intersection of these axes. 
A low-level, 5.6 kHz current is alternately delivered through 
each pair of these electrodes to form a 3D transthoracic elec-
trical fi eld. The absolute range of voltage along each axis 
(X, Y and Z) varies from each other, infl uenced by the vol-
ume and type of tissue subtended between each pair of sur-
face electrodes. Each level of impedance, as calculated by 
dividing the voltage gradient by the known applied current 
along each axis, corresponds to a specifi c anatomic location 
within the thorax. As catheters are maneuvered within the 
heart, each catheter electrode senses the corresponding level 
of impedance, derived from the measured voltage. Timed 
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with the current delivery, NavX calculates the X-Y-Z posi-
tional coordinates at each catheter electrode to graphically 
locate the catheters in real time (Fig.  11.1 ). The distance of 
the intracardiac catheters from each skin patch, and ulti-
mately, their location in space, can be triangulated with either 
external or intracardiac positional references. Up until its 
recent release (Version 7) the nonlinearity of the impedance 
fi eld over the heart has limited the anatomical relevance of 
NavX geometries (i.e., the similarity between the NavX 
geometry and the reconstructed CT scan), even though they 

have been shown to provide the same level of navigational 
accuracy. 5  However, in the latest iteration of NavX, “fi eld 
scaling” adjusts for impedance nonlinearity against a known 
electrode spacing constant such that now the NavX geometry 
is physiologically real. In addition, it can be fused to CT to 
locate multiple catheters within an anatomically correct 
structure. The most recent version of EnSite NavX is EnSite 
Velocity which uses the same technology in a smaller, slim-
line hardware platform with a signifi cantly updated user 
interface to expedite 3D mapping.  

  Fig. 11.1    The linear ablation points – pulmonary vein isolation ( yel-
low in color ), roofl ine ( blue ) and coronary sinus ( green ) – are marked 
on the chamber geometry created by EnSite NavX system and fused 
with the CT image (NavX fusion) in a patient with permanent atrial 

fi brillation. The intracardiac catheters – circular multipolar (lasso), 
quadripolar ablation, and decapolar coronary sinus catheters – are seen 
in real time within the geometry       
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 The CARTO mapping system (Biosense, Diamond Bar, 
CA, USA) utilizes low-level magnetic fi elds (5 × 10 −6  to 
5 × 10 −5  T) which are generated by coils within a locator 
beneath the patient 6  -  9  to locate a magnetic-tipped catheter in 
3D space. A tripod beneath the patient emits three electro-
magnetic waves at unique frequencies. The location sensors 
embedded proximal to the tip of a specialized mapping cath-
eter detect the strengths of these magnetic fi elds and allow 
computation of catheter position in 3D space as well as cath-
eter orientation (pitch, roll, and yaw). The distance between 
the sensor and coil determines the strength of each coil’s 
magnetic fi eld. Hence, by integrating each coil’s fi eld strength 
and converting this measurement into a distance, the location 
of the sensor at catheter tip can be triangulated, when the 
catheter tip is considered against an external reference patch 
electrode. In contrast to the NavX system, a point-by-point 
3D map is built such that it contains both electrical and ana-
tomical information. CARTO-3 is a recent upgrade of the 
Biosense mapping platform that provides, for the fi rst time on 
the CARTO system, the ability to visualize multiple catheters 
simultaneously. Using Active Current Localization (ACL) 
technology, which is similar in principle to the NavX imped-
ance-based catheter localization, non-magnetic catheters can 
be visualized in the CARTO 3D environment. Suffering the 
same nonlinearity issues as EnSite NavX, the localization of 
catheters using ACL is adjusted against a “known” location 
of a magnetic CARTO catheter (i.e., NAVI-STAR), such that 
the navigational accuracy of non-magnetic catheters improves 
when they are visualized near a magnetic catheter. 

 The Real-time Position Management system (Boston 
Scientifi c, Natick, MA, USA) uses ultrasound ranging to 
localize reference and mapping/ablation catheter positions. 10  
This ultrasound ranging technique involves a transmitter/
receiver unit and two intracardiac reference catheters with 
ultrasound transducers. The ultrasound-transmitting and 
-receiving device emits continuous ultrasound energy at 
558.5 kHz, which is received by the transducers housed 
within the reference and ablation catheters. The distance 
between transducers on the reference catheters is calculated 
from the velocity of sound transmission in the heart and by 
measuring the delay between departure and reception of the 
ultrasound pulse. Once the locations and orientations of ref-
erence catheters are established, triangulation algorithms 
defi ne the position and curve of a mapping catheter. The 
geometry is generated from inside out, with sequential acqui-
sition of points. 

 The fourth and more recent system is a simplifi cation of the 
above concepts. The Electro View is a 3D mapping extension 
of LabSystem Pro acquisition system from Bard 
Electrophysiology. In this system, the data points are posi-
tioned by the operator on a preexisting geometry of the heart 
derived from CT or MRI, according to catheter position on 
fl uoroscopic image and the activation map is made (Fig.  11.2 ). 

The advantage of this system is that it requires no proprietary 
equipment other than a conventional Bard Electrophysiology 
system. The limitation lies in the dependence of localization of 
catheter position on 3D geometry and hence its possible mis-
alignment. This system is currently undergoing trials for com-
bination with fl uoroscopic systems to facilitate navigation.   

    11.2.2   Principle of Operation 

    11.2.2.1   Fundamental Principles 
 The basic principle of any electroanatomic mapping system 
combines three essential steps to diagnose arrhythmia: (1) 
outline 3D chamber anatomy; (2) record signal morphology, 
timing, and voltage; and (3) interpret results to delineate the 
arrhythmia mechanism, in isolation or combined with other 
techniques like entrainment mapping.  

    11.2.2.2   Defi ning the Chamber Anatomy 
 Depending on the mapping system, chamber anatomy can be 
reconstructed by sequentially moving the catheter in the 
endocardial surface, wherein the location of the roving cath-
eter tip is recorded along with the local electrogram (CARTO) 
or a more complex geometry is created fi rst and then point-
by-point data are projected onto the geometry (NavX). Using 
either mapping system, the resolution of the map to diagnose 
arrhythmia depends on the number of data points taken. 
Higher point numbers reduce anatomical interpolation and in 
the case of CARTO allow for a fi ner anatomical resolution. 

 The NavX system can “project” data onto a more com-
plex previously created geometry; however, the diagnostic 
accuracy of timing maps is still related to the number of 
points taken. The creation of geometry using this system is 
best performed using a multipolar catheter as the system 
allows the simultaneous and automatic collection of geome-
try points. These then need to be edited offl ine to exclude 
erroneous points due to pressure effects on the surface. The 
use of a multipolar catheter facilitates the collection of a 
dense geometric data set with greater number of system ref-
erences to correct changes in impedance (a process called 
fi eld scaling) and thereby provide an accurate anatomical 
image. The benefi t of this system is the rapid nature of the 
geometry creation. The latest iteration of this system (EnSite-
NavX velocity) allows the creation of the geometry simulta-
neously with acquisition of electrophysiological information. 
The CARTO system to date has collected the geometry and 
electrophysiological information at the same time. However, 
the process requires the physical acquisition of a point to 
acquire either information; therefore, the creation of the 
geometry can be a longer process. The latest iteration of this 
system (CARTO-3) is adapted to also acquire geometry 
using a multipolar catheter using additional impedance map-
ping techniques as described above. 
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 Both systems have limitations when mapping complex 
and adjoining structures, especially in the areas like the junc-
tion between chambers or connections of the chamber with 
structures like valves, veins, or arteries. One way to mini-
mize this “interpolation obliteration” of those junctions with 
smoothing over the angles is to treat the adjoining structures 
as separate volumes or maps, which some systems readily 
allow. It is a good practice to identify the anatomic structures 
such as the vena cava, atrioventricular annuli, and pulmonary 
veins and display them in the initial phase of geometry cre-
ation itself. Validating the identity of these anatomical land-
marks with fl uoroscopy or intracardiac potentials in the 
initial phase of chamber geometry creation can serve as a 
skeleton for further mapping and improve its overall diag-
nostic sensitivity. Care should be taken in distinguishing 
internal locations from the endocardial surface during this 
phase, especially in systems such as CARTO, which simulta-
neously collects geometric and electrical data. The fi nal 3D 
geometry can be displayed in conventional projections, freely 
rotated about its axes or orientated in endoscopic views to 
enable effective catheter localization and arrhythmia diagno-
sis (Figs.  11.1  and  11.3 ).  

 To overcome the confounding effects of patient move-
ment, mapping systems use anatomical references, which in 
the NavX system can be an intracardiac or extracardiac elec-
trode or using CARTO, an external reference patch. Intra- 
and extracardiac reference electrodes/patches have their 
benefi ts and limitations. The extracardiac reference patch in 
the CARTO system provides a fi xed point of interest; how-
ever, upon patient movement, this patch moves with relation 
to the under-bed locator and as such catheter localization 
becomes inaccurate within the “old” 3D map. In other words, 
the catheter is being accurately located within a different 3D 
space, which is not compatible with the previous map. In this 
case, the patient can be moved back to the original position 
or another electroanatomical map maybe created. Rather 
than an under-bed fi xed locator, the NavX system utilizes 
“on-patient” patches and usually an intracardiac reference 
electrode so that this mapping system can be more stable in 
the setting of a “mobile” patient. In an intracardiac position, 
a reference electrode is also more confl uent with respiratory 
movement. If the intracardiac electrode moves or is pulled 
out of position, new geometric and electrical data still need 
to be collected. However, in the NavX system, if the internal 

  Fig. 11.2    Electro view mapping of right atrium in a patient with atrial 
tachycardia. The mapping panels show the color-coded activation maps 
in  RAO ,  AP ,  LAO , and  PA  views of respectively. The fl uoroscopic view 
shows the intracardiac position of the catheters, with the ablation cath-

eter at the site of successful ablation, in LAO view. The tachycardia was 
successfully ablated at the anterosuperior tricuspid annuls, where the 
intracardiac electrogram preceded the onset of surface p (which was 
simultaneous to the atrial electrogram in CS 7–8) by 46 ms       
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reference is moved or becomes unstable, an external refer-
ence can be selected, albeit it is more sensitive to respiration 
artifact given its location on the patient’s abdominal wall.  

    11.2.2.3   Recording Electrical Information 
 Local activation timing requires an anatomically stable 
and electrically well-defi ned reference electrogram, to 
which the activation time of a roving catheter can be com-
pared. Any surface electrocardiographic lead or intracar-
diac electrode (bipolar or unipolar) may serve as the 
reference electrogram. Often, an electrogram in the coro-
nary sinus is chosen as a reference because of its anatomi-
cal stability especially for maps of supraventricular 
tachycardia. A surface lead often serves as the electrical 
reference for studies of ventricular tachycardia. The refer-
ence electrode should remain stable during the entire study; 
so confi rmation of its position fl uoroscopically in relation 
to other landmarks is essential to ensure its temporal sta-
bility. In addition, reproducibility in automatic sensing of 
the reference is essential for map accuracy. Furthermore, 
the malsensing of a ventricular electrogram for an atrial 
electrogram can confound the mapping, especially when a 
coronary sinus electrode is taken as the reference. 
Automated sensing of mapping and reference electrograms 
is usually accomplished by detecting peak amplitude or 
maximal slope. Conventionally, maximum amplitude is 
taken for bipolar electrograms and maximum slope for uni-
polar electrograms. The steepest negative intrinsicoid 

defl ection in a unipolar electrogram is known to correlate 
with maximal Na+ conductance 11  and, thus, has the advan-
tage of providing precise measurement of local activation 
times. But poor signal-to-noise ratio, especially in areas of 
scar or low voltage potentials, can compromise the repro-
ducible interpretation of this fi ducial point. 

 While mapping tachycardia, apart from the electrical ref-
erence, a window for assigning activation times on the map-
ping catheter is required. This is the time interval relative to 
the fi ducial point, during which the local activation time is 
determined in the mapping (i.e., roving) channel. Only those 
activation times falling within this window will be acquired. 
These activation timings are labeled “early” or “late” relative 
to the electrical reference within this window. The total 
length of the window of interest should always be less than 
the tachycardia cycle length to avoid two activations in the 
same point falling during this window period. The boundar-
ies of this window relative to the reference electrogram and 
its range should be set based on the presumed activation 
range of the tachycardia being mapped. For example, it is 
important to select a broader range for window, nearly 
approximating the tachycardia cycle length, while mapping 
macroreentrant tachycardias. However, while doing so, it is 
important to remember that the designation of activation 
time as early or late in a chamber is arbitrary, as some point 
of the chamber is activated at any given point during mac-
roreentrant atrial fl utters. Hence, a change in window of 
interest in these cases would only result in a phase-shift of 

  Fig. 11.3    NavX map of the left atrium and accompanying pulmonary 
veins as established during atrial fi brillation ablation. The endoscopic 
view, shown on right, shows the encircling decapolar catheter and the 

ablation catheter at the antrum of the left pulmonary vein. The defi ning 
bridge between the posteriorly placed left pulmonary vein and anterior 
left atrial appendage is well visualized       
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the activation pattern, still maintaining the same activation 
sequence within the circuit.  

    11.2.2.4   Displaying Electrical Information 
 Electrical information obtained during the signal recording 
can be presented in the form of activation timing, voltage 
amplitude, or other user-defi ned measurements. The values 
obtained are color coded and assigned to the positional loca-
tion of the roving catheter. These values can be used to gener-
ate activation, isochronal, propagation, voltage, or signal 
complexity maps depending upon the nature of arrhythmias. 
Activation maps display color-coded local activation time 
superimposed on the chamber geometry, and are useful for 
mapping both focal and macroreentrant tachycardias 
(Fig.  11.4 ) and to demonstrate “activation detour” following 
linear ablation (Fig.  11.5 ). The propagation maps show the 
dynamic propagation of active wave front across the endocar-
dial chambers. As per conventional color-coding for activa-
tion and propagation mapping, red indicates the early 
activation sites, blue and purple late activated sites, and yel-
low and green the intermediate local activation sites. Voltage 
maps are created by the system based on the peak-to-peak 
amplitude of the local electrograms. The value is color coded 
with purple and red representing areas of highest and lowest 
amplitude respectively (Fig.  11.6 ). Conventionally, bipolar 
voltage amplitude <1.5 mV is considered abnormal in the 
ventricles, and an electrically “dense scar” is inferred in 
regions demonstrating voltages <0.5 mV. 12  However, in the 
atria, scar is defi ned as an area with bipolar voltage less than 
0.05 mV. 13  -  17  This approach is highly useful to identify the 
areas of electrical scarring and defi ning the potential chan-
nels within it. However, one should remember that these areas 
with low voltage (“electrical scarring”) do not necessarily 
represent areas of pathological scar. Signal complexity maps, 
another way of depicting the electrical information, are often 
generated based on user-defi ned algorithms (Fig.  11.7 ).     

 The accuracy of electroanatomic maps largely depends on 
their spatial resolution and temporal stability. High-density 
maps are often required near the area of interest to avoid 
erroneous interpolation between distant neighboring points 
and thus misinterpretation of the map. Similarly, identifi ca-
tion and annotating the presence and location of double 
potentials, fractionated electrograms and pathway, diastolic 
or Purkinje potentials on the anatomic shell may superiorly 
defi ne the tachycardia circuit and may even provide addi-
tional diagnostic information for targeted ablation.   

    11.2.3   Optimal Clinical Application 

    11.2.3.1   Interpretation of Maps 
 The primary aim of the electroanatomic maps is to assist in 
defi ning the tachycardia mechanism and thereby its treat-
ment. A focal tachycardia is characterized by a localized area 

of early activation where the electrical signals usually pre-
cede the surface P or QRS by 30–70 ms. From this point of 
early activation, the impulse spread in a centrifugal fashion, 
which can be depicted by the color-coded activation or prop-
agation maps. 18  In a focal mechanism, the points of the earli-
est and the latest points of electrical activation are 
anatomically well separated in the chamber being mapped, 
unless a unidirectional conduction pattern results close to the 
focus of arrhythmia due to fi xed or functional conduction 

  Fig. 11.4    Isochronal mapping of focal and macroreentrant tachycar-
dias. The activation time-scale is color coded with the  white  followed 
by  red color  denoting the earliest sites of activation and the  purple  the 
last activated site. ( a ) The centrifugal activation from the mid-crista of 
right atrium in a patient with atrial tachycardia of focal mechanism. 
Only 109 ms could be mapped in the right atrium while the tachycardia 
cycle length was 298 ms, suggesting centrifugal activation. ( b ) Mapping 
of left atrial fl utter in a patient with previous history of ablation for 
atrial fi brillation. The tachycardia cycle length was 242 ms. 228 ms 
(>90%) of the fl utter cycle length could be mapped in the left atrium. 
The  dark red band  at the roof depicts the “early meets late” activation 
pattern. The wave front propagation pattern, which is perpendicular to 
the isochrones, suggests “roof dependent fl utter” in this case, possibly 
related to the recovery of conduction across the roof line. The areas 
colored  grey  in the roof represent the areas with scar related to the pre-
vious ablation       
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  Fig. 11.5    Isochronal mapping of left atrium on pacing from left atrial 
appendage demonstrating complete conduction block across the roof-
line. The roofl ine block results in “activation detour” of the wave front 

craniocaudally in the anterior wall ( a ,  anteroposterior view ) and cau-
docranially in the posterior wall ( b ,  posteroanterior view ). The  brown 
circles  indicate the points ablated       

  Fig. 11.6    Voltage map of left ventricle in RAO view in an elderly male 
with previous anterior wall myocardial infarction, left bundle branch 
block, and recurrent ventricular tachycardia. Local bipolar electrogram 
voltage of  £ 0.5 mV has been arbitrarily selected as the threshold of 
dense scar ( red in color ),  ³ 1.5 mV as normal ( purple in color ) and 
0.5–1.5 mV the borderline zone. The electrogram window shows a 

sinus beat followed by the initial beat of ventricular tachycardia (VT). 
The local electrogram from the area marked with  blue circle  at the scar 
border zone shows mid-diastolic and presystolic potential in the dia-
stolic interval preceding the initiation of VT. Linear ablation as shown 
by  brown circles  in the fi gure made the tachycardia non-inducible       
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  Fig. 11.7    Integrated fractionated electrogram color maps ( top panel : 
CARTO;  bottom panel  NavX), with representative bipolar electrograms 
(CARTO – 2.5 s sample; NavX – 1 s sample) from each system. The 
CARTO maps demonstrate both Average Confi dence Interval ( left-
sided map ) and Interval Confi dence Level ( right-sided map ) quantifi ca-
tion of the fi brillatory electrograms. The NavX maps demonstrate 
high-density biatrial electrogram maps using complex fractionated 

electrogram mean (CFE-mean) to assess relative signal complexity. 
 Yellow tick marks  on the sample electrogram (1 s) represent detection of 
defl ection events.  IVC  inferior vena cava,  LAA  left atrial appendage, 
 LIPV  left inferior pulmonary vein,  LSPV  left superior pulmonary vein, 
 MA  mitral annulus,  RAA  right atrial appendage,  RIPV  right inferior pul-
monary vein,  RSPV  right superior pulmonary vein,  SVC  superior vena 
cava,  TA  tricuspid annulus       
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block. Although regions of conduction block and slow con-
duction are not unusual bystanders in a focal mechanism, 
they are not critical for maintenance of the tachycardia cir-
cuit. The total chamber activation time in these tachycardias 
represents the conduction time from the earliest to the last 
point of activation time within the chamber, and is expected 
to be substantially less than the tachycardia cycle length. 

 In contrast, macroreentrant tachyarrhythmias would show 
adjacent areas of early and late activation, separated by areas 
of intermediate values of activation. More than 90% of the 
tachycardia cycle length can be mapped in macroreentrant 
tachycardias. Another useful feature of the mapping software 
helps to detect “early meets late activation” pattern 
(Fig.  11.4 a). By coding these adjacent regions a specifi c 
color, sequential activation of the late to early sites can be 
depicted, as would be expected in a reentrant circuit. This 
algorithm avoids interpolation of activation times between 
the early and late points and avoids the false impression of a 
focal mechanism to the tachycardia. The direction of propa-
gation of the reentrant wave front can be interpreted based on 
the isochronal maps, which runs perpendicular to the iso-
chronal lines. However, the radial activation of the bystander 
sites can confound interpretation of isochronal maps in many 
cases. It is advisable to combine entrainment mapping with 
electroanatomic mapping in these particular situations. 

 Increasingly, the role of localized reentry in the genesis of 
arrhythmias is recognized, particularly occurring in patients 
with previous ablation. Unfortunately, due to the annotation 
used by all of these mapping systems unless the electrograms 
are carefully scrutinized, these arrhythmias may be missed as 
the color interpolation summates the region. Thus, it is impor-
tant to combine the fi ndings of conventional mapping and 
entrainment techniques with that obtained from the 3D mapping 
systems for expeditious and accurate mapping of arrhythmias.  

    11.2.3.2   Caveats: The Possible Sources of Error 
 Although electroanatomic mapping systems have largely 
contributed to better understanding of the electrophysiologic 
substrate predisposing to various clinical arrhythmias 14  -  16,  19  -  22  
and thereby improvements in the approach to complex 
arrhythmias, 12,  13,  23  -  34  the correct interpretation of the electri-
cal information obtained during mapping is still underpinned 
by basic electrophysiology principles. The following sources 
of error need to be considered during this process.
    1.     Identifi cation of the chamber(s) harboring arrhythmia . 

Arrhythmias arising and limited to one of the chambers 
can be commonly mistaken for that arising from the other. 
This is especially true for focal arrhythmias arising close 
to septum. Furthermore, if mapping is limited to the right 
atrium, left atrial tachycardias may be mistaken for focal 
arrhythmias originating in the region of dominant inter-
atrial conduction like Bachmann bundle, the interatrial 
septum, or the coronary sinus. Similarly, ventricular 

tachycardias arising from left ventricular outfl ow includ-
ing aortic sinuses may be mistaken for arrhythmias aris-
ing from right ventricular outfl ow region if only right 
ventricle is mapped (Fig.  11.8 ). Broader areas of early 
activation along the intervening septum and the absence 
of signifi cant prematurity of the local activation time in 
the mapped areas in relation to the P wave or QRS can 
serve as a clue in recognizing this septal breakthrough. In 
addition, the utility of entrainment mapping from the sep-
tal regions in the identifi cation of these septal break-
throughs during macroreentrant tachycardias cannot be 
overemphasized.   

    2.     Inappropriate activation window . Focal arrhythmias with 
adjacent areas of conduction blocks or slow passive acti-
vation of the chamber with prolonged chamber activation 
time are not unusual. If the activation window selected 
approximates the tachycardia cycle length, this could 
result in ambiguous map especially in tachyarrhythmias 
with cycle length variations. This inappropriate window 
selection may generate a spurious “early meets late acti-
vation” pattern mimicking a macroreentrant mechanism. 
Additional measures like identifi cation of the functional 
and anatomical barriers contributing to this delay and use 
of entrainment mapping can be useful in these settings.  

    3.     Low-resolution maps . A poor-resolution map can lead on 
to incorrect interpretation about components of the 
arrhythmia circuit. Interpolation between anatomically 
distant activation times may hide the true mechanism of 
arrhythmia. Radial activation from a macroreentrant cir-
cuit can also give intermediate activation times in the sur-
rounding region not directly involved in the circuit. The 
direction of wave front propagation can be correctly inter-
preted in these cases by the “early meets late” algorithm 
and entrainment mapping. Similarly, dense mapping is 
often required in the scar region in cases of scar-related 
atrial or ventricular complex reentrant arrhythmias to 
identify the low voltage signals, which may serve as 
potential targets of ablation in the diastolic isthmus. 13   

    4.     Areas of anatomical barriers and fi xed conduction block . 
Many areas in the heart like crista terminalis, scars, veno-
atrial junctions, valves, or even infarct-related scars can 
act as areas of conduction block. The interpolation of acti-
vation through these areas of conduction block can give an 
appearance of focal arrhythmia with centrifugal spread of 
activation, masking a macroreentrant mechanism. Dense 
mapping in these areas and looking for the presence of 
double potentials can often help in discrimination.  

    5.     Complex reentrant circuits.  The components of circuits in 
reentrant arrhythmias such as double loop reentrant tachy-
cardias may remain undetected unless suspected and spe-
cifi cally looked for. A low-resolution map can particularly 
contribute to this problem. Dense mapping, noting the 
markers of local conduction abnormalities like the fraction-
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ated electrogram, double potentials or local conduction 
delay, and entrainment mapping can help to identify and 
localize the reentrant circuits in these cases. Similarly, in 
scar-related ventricular tachycardias, maps solely based on 
the activation timing and voltage of the signals should be 
interpreted with caution. As in any reentrant circuits, many 
innocent bystander loops can have similar activation tim-
ings without necessarily being part of the circuit. Recognition 

of diastolic isthmus in these complex reentrant circuits may 
demand supplementary entrainment maneuvers.  

    6.     Fractionated electrograms . Assigning an activation time 
for highly fractionated and wide potentials requires a cau-
tious approach. In bipolar maps, larger amplitude signals 
usually represent the local activation time; however, mis-
annotation of these points may lead to incorrect map 
interpretation (Fig.  11.9 ).   

  Fig. 11.8    Activation mapping of outfl ow tract ventricular ectopics 
using EnSite NavX system. Initial mapping of the right ventricle 
showed earliest activation at upper septal region in this case ( a ). 
However, the endocardial signals preceded the surface QRS onset only 
by 24 ms. Further mapping on the left ventricular outfl ow region 

( b ) showed centrifugal activation from a location immediately beneath 
left main artery origin within the left coronary cusp with the local elec-
trogram preceding the surface QRS by 45 ms. The combined view of 
maps from both ventricular outfl ow tracts is shown in ( c )       
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  Fig. 11.9    Left atrial isochronal mapping during atrial fl utter with the 
reentry limited to the roof of left atrium near the base of left atrial 
appendage. The areas with fractionated electrograms ( white circles ) are 
seen in anterosuperior wall of left atrium ( a ). The coronary sinus elec-
trogram is chosen as the reference, and the sensing window is −150 and 
+150 ms relative to the reference. The tachycardia cycle length is 
320 ms, and the total activation time mapped in the small area was 
193 ms. The second potential in the fractionated electrogram with 

smaller amplitude has been annotated in ( a ) as the local potential giving 
“early meets late appearance” in the anterior wall. However, the entrain-
ment response suggested this region “out of the circuit.” The correct 
annotation of the larger one among the fractionated electrogram as the 
local potential suggested this area of double potentials was simply an 
“innocent bystander” with radial activation from the reentrant circuit 
( b ). The response to entrainment and subsequently to ablation con-
fi rmed this interpretation       
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    7.     Movement artifacts . Movement artifacts occurring after 
the geometry has been acquired  can distort the anatomi-
cal correlation. Cardiac and respiratory movements may 
decrease the accuracy of catheter localization; however, 
this movement can be fi ltered (NavX) or catheter location 
can be updated only on specifi c time within the cardiac 
cycle (CARTO). If the mapping has been performed dur-
ing various activation sequences such as sinus rhythm, 
arrhythmia, or cardiac pacing, apparent shifts in the cath-
eter localization might occur because of change in cham-
ber geometry and gating. An intracardiac spatial reference 
will largely reduce the shifts due to the respiratory excur-
sions. Selection of points during the same phase of respi-
ratory cycle can also theoretically reduce this problem, 
though diffi cult to perform practically.        

    11.3   Noncontact Mapping 

 In cases of nonsustained, hemodynamically poorly tolerated 
tachycardias or multiple tachycardias, sequential acquisition 
of data points over several cardiac cycles becomes virtually 
impossible. This would limit the number of points acquired 
and the resolution of the images created. This inherent limi-
tation of contact mapping systems is overcome using non-
contact mapping systems that allow simultaneous acquisition 
of virtual electrogram data from a whole chamber over a 
single beat. Both contact multielectrode basket catheters and 
noncontact multielectrode array catheters are capable of 
doing this. However, suboptimal resolution due to wide spac-
ing and poor apposition to the endocardial surface of the 
chamber limits the clinical utility of maps using the former 
technology. 35  -  38  

    11.3.1   Multi-Electrode Array (MEA): 
Principle of Operation 

 The commercially available noncontact mapping system 
uses a MEA catheter (EnSite, Endocardial solutions Inc., St. 
Paul, MN, USA) to map entire cardiac cycles in real time 
without requiring sequential point-to-point acquisition. 39  -  41  
The system contains a catheter-based, noncontact MEA (9F, 
64 electrodes) mounted on a 7.5 mL ellipsoid balloon, a ref-
erence patch electrode, amplifi ers, fi lters, and a computer 
workstation. The balloon is surrounded by 64 electrically 
insulated wires with each wire having a break in its insula-
tion, allowing it to function as a unipolar electrode. The ref-
erence for this unipolar recording is the ring electrode, 
located 16 cm proximal to the MEA. 

 The MEA placed in the chamber cavity records intra-
cavitary far-fi eld potentials that are sampled at 1.2 kHz and 
digitally fi ltered at 0.1–300 Hz. However, these cavitary 

potentials detected by the array are not easily interpretable in 
their raw form because of the low amplitude and frequency. 
These signals are analyzed and mathematically transformed 
at the EnSite workstation based on the inverse solution to 
Laplace’s equation to calculate how a signal detected by the 
MEA would appear on an endocardial surface that has previ-
ously been traced by a contact catheter located in 3D space 
using the MEA. 42  The MEA is capable of localizing any con-
ventional roving electrode catheter by emitting a low current 
“locator signal” (5.68 Hz) from the roving catheter tip and 
receiving by two ring electrodes located proximally and dis-
tally on the MEA. Using this method, the system calculates 
the signal angles and updates the positional location of the 
catheters 400 times per second. The system can reconstruct 
and display 3,360 virtual unipolar electrograms simultane-
ously and can generate isovoltage maps together with virtual 
electrograms from any point on traced endocardial surface. 
While the accuracy of this system has been validated repeat-
edly, 41,  43  -  47  it is limited by the distance from the MEA to the 
surface being examined, with distances >4 cm conferring a 
reduced accuracy. 39,  41  This limitation makes this technology 
of limited use in the very large chamber.  

    11.3.2   Recording of Electrical Signals 

 The MEA catheter is advanced through a special 9Fr sheath 
into the chamber of interest and deployed by injection of a 
50/50 mixture of contrast media and saline. An additional 
guide wire or the pigtail confi guration at the tip is used to 
anchor the distal catheter. This is crucial as displacement of 
MEA will invalidate the electrical and anatomic information 
acquired during the study. As the accuracy of isopotential 
mapping is also directly related to the distance to endocar-
dial surface, the array must be positioned as close as possi-
ble to the area of interest within the chamber. To assist this 
stable positioning, the system continuously displays the dis-
tance between the mapping catheter and the center of the 
balloon. 

 A color-coded isopotential map representing the spatial 
changes of depolarization as activation wave fronts can be 
created on the virtual endocardial surface (Fig.  11.10 ) and 
unipolar electrograms can be selected from the surface of 
interest to verify the slope of depolarization (−dV/dT), far-
fi eld signals, and fractionated/double potentials. In the 
review mode, the color-coded isopotential map can be 
tracked back in time to demonstrate the earliest endocardial 
activation. As the low-frequency noise, far-fi eld signals, and 
repolarization waves in the chamber being mapped are mag-
nifi ed into larger signals, these can interfere with the identi-
fi cation of true local unipolar activation signals of clinical 
interest. A larger high-pass fi ltering (HPF) setting would 
help to fi lter out the large repolarization waves but may 
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attenuate the critical information in the signals of lower fre-
quency and amplitude. Ideally, the signal sampling process-
ing should have fi lter settings that are sensitive and selective 
to enable proper delineation of early low amplitude signal 
components and suppress repolarization-related far-fi eld sig-
nal elements as much as possible. Low HPF setting enables 
an improved display of early and slow rising activation – the 
signals of interest in isopotential mapping – and a better dis-
play of the wave fronts, whereas higher values of HPF reduce 
repolarization-related signal components and noise. Slow 
and fast activation wave fronts are displayed including poten-
tial repolarization components at HPF of 0.5–2.0 Hz. Raising 
the HPF setting to about 4–12 Hz, the wave front is sharp-
ened and the unwanted signal components become more 
suppressed. Still higher values like a HPF of 16 Hz and more 
display mainly wave front changes only. The HPF is gener-
ally adjusted between 1 and 32 Hz. Though the different 
HPF levels infl uence the spatial analysis of noncontact map-
ping, the effect on the fi nal ablation result is probably not 
marked.    

    11.4   Caveats and Limitations 

 Despite the novel method and its application in complex 
arrhythmias, 43  -  47  this mapping system is not without pitfalls. 
Accuracy of the electrogram reconstruction and subsequent 
localization is best obtained at endocardial sites less than 
4 cm away from the balloon surface. This is a limitation in 

patients with dilated ventricular chambers and may neces-
sitate balloon repositioning during the study. The balloon 
catheter cannot be moved after completion of geometry 
creation as it would change the activation localization and 
result in distortion of isopotential maps. The bulkiness of 
the infl ated balloon dimensions (4.6 × 1.8 cm 2 ) can restrict 
the mapping catheter manipulations especially in the atrial 
chambers. Because of this high profi le, strict anticoagula-
tion is to be ensured during the study. As the system faith-
fully records the earliest activation in the mapped chamber 
as the earliest activation within the heart (“chamber-centric 
map’), synchronized mapping of more than one cham-
ber may be demanded in some particular situations like 
arrhythmias arising from septal structures or macroreen-
trant circuits involving more than a chamber. Moreover, the 
acquired chamber geometry is often more distorted as com-
pared to contact mapping systems, requiring multiple set 
points to clearly establish complicated structures such as 
the left atrial appendage or pulmonary veins. Low-voltage-
generating acquisition sites may also be missed in the iso-
potential mapping.  

    11.5   Integrated Anatomy-Based Mapping 

 Despite the marked technological improvements in the appli-
cation of these electroanatomic mapping systems, the geom-
etry or electroanatomic maps created by them are only an 
approximation to the true anatomy of the cardiac chambers, 

  Fig. 11.10    Isopotential maps of the right atrium in a patient with 
atrial tachycardia originating from the mid-crista region, shown in 
right lateral and RAO views. Color scale has been set so that  white  

indicates most negative potential and  blue  indicates least negative 
potential. The activation wave front shows centrifugal propagation 
from the mid-crista region       
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and are heavily operator dependent. Furthermore, important 
but subtle anatomic variations with possible implications, 
such as the precise location of the pulmonary vein–left atrial 
junction, size and location of the left atrial appendage, and 
presence and location of ridges and pouches, are not well 
defi ned by them. 48  -  55  On the other hand, highly detailed infor-
mation on the complex anatomical structures can be obtained 
by complementary imaging modalities like CT and MRI 51  -  55  
(Fig.  11.11 ). Combining the electroanatomical maps with 
anatomical imaging can facilitate the catheter navigation and 
may increase the effi cacy and safety of ablative procedure. 
The two available modalities allowing integration of the ana-
tomical images with electroanatomic maps are the CARTO-
Merge TM  (Biosense Webster, Diamond Bar, CA, USA) and 
the NavX Fusion TM  (St Jude Medical, St Paul, MN, USA) 
systems. Both of them use fundamentally different method-
ologies and algorithms for mapping and image integration, 
and have been used as an aid in catheter ablation procedures 
for atrial fi brillation.  

 In CARTO-Merge, the image integration involves dif-
ferent steps like image acquisition, “segmentation” of the 
acquired image (dividing the image into different regions 
to select the structures of interest), and “registration’ 
(alignment of the electroanatomical map and anatomi-
cal images). 56,  57  The main processes of registration used 
are “landmark registration” and “surface registration.” 
“Landmark registration” involves operator assignment of a 
“landmark’ to a particular anatomical structure (e.g., the 
veno-atrial junction or the left atrial appendage) on both 
the electroanatomic map and the CT or MRI image. These 
landmark pairs are used to align the two images. By using a 
minimum of three landmark pairs, appropriate registration 
along three orthogonal axes can be acquired. The anterior 
left atrial points should be avoided during the merge due to 
inherent mobility of these structures compared to posterior 
atrial structures. “Surface registration” involves the align-
ment of the whole electroanatomic map and the CT or MRI 
image based on a specifi c algorithm which allows the best 

  Fig. 11.11    A screen capture from CARTO-sound anatomical map 
development showing a 2D echocardiography slice taken from the right 
atrium, highlighting the carina of the left pulmonary veins ( pink dot ). 
The Sound-Star catheter tip in the right atrium, its orientation and slice 
angle are seen clearly in the right-sided image. Outlines demonstrate 

the traced edges of sequentially collected echocardiographic anatomi-
cal information that is required for interpolation of 3D geometry. White 
geometry points are collected with a conventional magnetic-tipped 
catheter and can be added to the anatomical map where required       
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fi t between the two structures by  minimizing the distance 
between all mapping points and the CT or MRI image. 
Compared to the CARTO-Merge system, NavX fusion has 
been validated in fewer clinical trials. 5  The image inte-
gration process in NavX fusion consists of several steps, 
including “fi eld scaling” of the reconstructed geometry, 
fusion of the structures using fi ducial markers (landmarks), 
and optimization of the integration by adjusting (“mold-
ing and bending”) the reconstructed geometry (Fig.  11.12 ). 
Both image integration systems, contemporarily in clinical 
use, use a geometry reconstructed from a set of endocardial 
data points collected during electrophysiological mapping. 
A new method that allows the creation and analysis of the 
maps based on the geometry derived from CT, not on the 
shape reconstructed from limited number of recordings of 
mapping catheter positions, has been described recently. 58   

 With the better defi nition of cardiac anatomy offered by 
image integration, more accurate catheter navigation and 
lesion placement would logically be expected. This is 
expected to decrease the procedural and fl uoroscopy time 
and may improve the outcome of the procedure. 59  A better 
arrhythmia-free outcome in patients who underwent AF 
ablation guided by image integration compared to electro-
anatomic or noncontact mapping has been reported. However, 
information on clinical outcomes is limited, and many theo-
retical benefi ts remain unproven at this stage. 

 Many factors could possibly interfere with the accuracy 
of the integration of the electroanatomic images with CT or 
MRI images. 60  The spatial resolution of CT is better than 
MRI and may therefore result in improved registration accu-
racy. The discrepancies in the phase of respiratory cycle dur-
ing the image acquisition and the catheter ablation, and the 

  Fig. 11.12    Screenshot series showing progressive improvement in 
geometry similarity to computed tomography for original geometry, 
fi eld scaled and primary fused geometry, and secondary fused  geometry. 

Note signifi cant dragging together of the surfaces during the secondary 
fusion stage       

 



17711 Contact and Noncontact Electroanatomical Mapping

time delay between the time of imaging and the ablation may 
adversely affect the process. In addition, the changes in left 
atrial volume between the procedures may infl uence the 
image integration accuracy. Lastly, the changes in heart 
rhythm may result in transient changes in left atrial volume 
and anatomy, and subsequently may affect the image integra-
tion process. 

 Intracardiac ultrasound, another imaging modality, is 
highly useful to provide focused real-time images of the 
endocardial surfaces critical for positioning of catheters, 
establishment of catheter/tip tissue contact, and for monitor-
ing energy delivery in the beating heart. 61,  62  The real-time 
monitoring with intracardiac echocardiography is expected 
to take care of the drawbacks of integration with anatomic 
images like some of the issues created by changing chamber 
volumes or arrhythmias. The value of 3D imaging on a real-
time basis may be considerable in such a setting, although 
this is yet to be proven. Intracardiac ultrasound as an adju-
vant in ablative procedures has a theoretical advantage over 
the other two previously described image integration meth-
ods in that it is online real time and it does not consider heart 
as a rigid body over which maps are displayed. As a conse-
quence, the major limitation of the approach to merge CT or 
MRI images with the electroanatomic maps previously 
described (differences created during the time interval 
between acquisition and intervention, as well as changes in 
volume, rhythm, cardiac cycle, or respiratory cycle) cannot 
infl uence this modality.  

    11.6   The Selection of Mapping Systems 

 The CARTO, NavX, and RPM systems can be used effec-
tively for mapping sustained, stable arrhythmias. However, 
nonsustained arrhythmias and infrequent atrial or ventricular 
premature beats are better mapped by the noncontact map-
ping system using the MEA catheter. The noncontact map-
ping array works well in these settings, although the maps 
can be fi lter-frequency dependent. The noncontact mapping 
with the MEA catheter provides a rapid assessment of the 
activation pattern during unstable VTs, obviating the need 
for long periods of tachycardia required by contact mapping 
systems. However, the precision of mapping can be limited 
in the setting of various cardiomyopathies with ventricular 
enlargement. In these settings, dynamic substrate modifi ca-
tion or scar mapping along with pace mapping and entrain-
ment mapping could act as useful alternatives to noncontact 
mapping in infarct-related ventricular tachycardia. CARTO 
and NavX perform well in this regard. Although these sys-
tems are comparable in the majority of clinical situations, 
the choice of mapping system depends ultimately on the 
 experience of the operator and the laboratory. The geom-
etry creation and the integration of maps are acceptably 

 straightforward. In contrast, the noncontact mapping system 
requires some extra-effort in the creation of a user-friendly 
working geometry. Obviously, each of these systems is in the 
development stage and the various capabilities could change 
substantially over the next few years. 

 It is important to remember that the use of these advanced 
mapping systems, capable of three-dimensional rendering of 
cardiac chambers and superimposition of electrical informa-
tion, is not designed to replace conventional mapping tech-
niques but to be used as an adjunctive tool in the analysis and 
treatment of complex arrhythmias.      
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 Abstract 

 Over the past two decades, catheter ablation has been increasingly widely applied to 
 pediatric patients and patients with major congenital heart defects, often of adult age. As is 
the case in adult electrophysiology, pediatric ablation is a highly specialized procedure 
based largely on precise, real-time analysis of anatomical imaging. In general, the imaging 
 problem to be addressed is how best to visualize a catheter or group of catheters within the 
beating heart. This scope problem is expanded by considering that the specifi c position of a 
catheter must be known, not only in terms of absolute coordinates, but more importantly in 
terms of its anatomical frame of reference, which is constantly in motion. Finally, that 
 position must be known and updated continuously so that the course and trajectory of the 
visualized catheter can be used to guide the operator as the catheter is precisely navigated 
from place to place. 
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    12.1   Pediatric and Congenital 
Catheter Ablation 

 Ablation techniques and the associated imaging and abla-
tive technologies used in the pediatric and congenital heart 
disease group have largely been translated and adapted 
from methods used in adult ablative practice. However, sig-
nifi cant differences exist in the anatomical and pathophysi-

ological characteristics which describe the pediatric and 
congenital heart patient, and these in turn have affected the 
ways in which novel imaging technologies have been used 
in this group. 

 For the majority of pediatric ablation cases, the factor 
that principally distinguishes these patients from adult 
patients is their age and body size. Most cases are per-
formed in otherwise healthy children with varieties of SVT 
occurring in anatomically and functionally normal hearts. 
The primary technical issues relevant to imaging and abla-
tion in these patients are the size of the heart and vascula-
ture, as these may impose limitations on the number and 
size of catheters which can be inserted. For a smaller num-
ber of patients, the primary anatomical issue facing catheter 
ablation techniques is the presence of congenital heart dis-
ease, which is associated with a high incidence of clinically 
important and often highly atypical atrial and ventricular 
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tachycardias. The presence of congenital malformation and 
the surgical procedures typically used to palliate these 
defects often affect vascular access, intracardiac anatomy, 
and the pathophysiology that determines the arrhythmia 
targets themselves. 1  

 The specifi c description of the case distribution varies by 
pediatric medical center, and the type of population referred 
for care. At Children’s Hospital Boston, the median age of 
patients undergoing ablative therapy is 11–12 years, with 
approximately 5% of patient below 18 months of age and 
15 kg body weight. About 20% of patients referred for cath-
eter ablation have a concomitant anatomical diagnosis of 
congenital heart disease, most commonly status post one or 
more surgical interventions.  

    12.2   Components of the Ablation Procedure 

 The technique of catheter ablation can be divided into 
 several functional components for which different types 
of imaging support might be used. In sequence, catheter 
 ablation may entail: (a) acquisition of vascular access, (b) 
navigation of peripheral vasculature to the heart, (c) place-
ment of catheters at fi xed and predetermined cardiac loca-
tions, (d) performance of diagnostic electrophysiology 
study, (e) navigated mapping of various cardiac land-
marks, (f) acquisition of transseptal access, (g) supervised 
monitoring of catheter position during ablation, and (h) 
post ablation survey to detect therapeutic effect as well as 
any adverse or complicating events. This sequence can be 
conceptually reduced to:  “diagnose – navigate – ablate 
– evaluate.”  Given the broad range of specifi c tasks out-
lined in this sequence, it is not surprising that different 
imaging modalities might be optimal for different objec-
tives, which can range from broad survey of the thorax, 
identifi cation of vascular structures, navigation of normal 
and abnormal anatomy with catheters, and close examina-
tion of  intracardiac structures.  

    12.3   Advantages and Limitations 
of Fluoroscopy in Pediatric Ablation 

 Images used to support ablation should be a perfectly accu-
rate representation of the heart, easy to generate, fully trans-
parent to the user, imbued with electrophysiological 
information and anatomical relevance, and immediately 
available for real-time catheter navigation. An approach to 
understanding the value and appropriate uses of imaging 
tools in ablation is to assess the degree to which they meet 
these criteria. 

 The original technique used to guide catheter ablation pro-
cedure in children and adults has been fl uorography. This 
imaging modality is the legacy technique employed by virtu-
ally all interventional catheterization specialists who have 
trained over the last several decades, there is an enormous 
installed base of fl uoroscopy units in hospitals around the 
world, and the technology has spawned an entire set of techni-
cal professional specialties to support its continuing use. 
Fluoroscopy has a number of features which render it uniquely 
valuable for performance of catheter-based procedures. 
Although it provides a fl attened and distorted representation of 
cardiothoracic anatomy, the use of multiple projections by a 
skilled operator allows understanding of anatomy and catheter 
location in remarkable spatial detail. It is a widely available 
and very mature technology that provides real-time, high-res-
olution images of the procedural fi eld of interest to those per-
forming cardiac interventions. This feature set allows 
fl uoroscopy to be used both for navigational survey – seeing 
“the big picture” – as well as precise catheter navigation. 
Given the materials useful in catheter fabrication, especially 
for electrophysiology catheters, good imaging contrast allows 
for precise and easy catheter visualization. Although anatomi-
cal interpretation of fl uoroscopic images can take many years 
to master, the initial technical learning curve required to obtain 
useful images is very short. The development of fl uoroscopy-
based EP procedures has fi nally been facilitated by the seren-
dipitous fact that, for many common arrhythmias, important 
procedural landmarks such as the His bundle and mitral groove 
may be identifi ed on fl uoroscopy by placement of catheters in 
easily identifi ed, reproducible locations. 

 There are several drawbacks to fl uoroscopy use as well. 
Fluorography relies on shadowing of structures by transillumi-
nation, and interpretation of these images can be quite chal-
lenging. Although large fi eld navigation is well enabled, 
anatomical detail is largely lost, especially within the heart 
where the relative opacity of blood and tissue to X-ray is the 
same. Due to beam spreading effects, there are gradients of 
magnifi cation error within images which are diffi cult to appre-
ciate. In the absence of biplane fl uorography, movements of 
catheters perpendicular to the plane of view are ambiguous. 

 Also important in fl uoroscopic procedures are the expo-
sure of patient and staff to ionizing radiation. Despite efforts 
to minimize radiation dosing by improvements in photon 
detector technology and reduction of pulse rate, large series 
of catheter ablation procedures in pediatric populations with 
SVT have reported median fl uoroscopy times ranging from 
~30 to 45 min. 2,  3  Depending on the duration of fl uoroscopy, 
the body size of the patient and the projections used, this can 
often result in doses totaling hundreds or even thousands of 
milliGray. This becomes increasingly important for patients 
undergoing more complex procedures. Potential conse-
quences of radiation exposure include both deterministic 
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effects (e.g., radiodermatitis at beam entry site) and stochas-
tic effects (e.g., increased late attributable risk of neoplasia); 
with respect to the latter, no safe lower limit for exposure has 
been determined.  

    12.4   Electroanatomical Mapping 
and Navigation 

 One important limitation of fl uoroscopy is that there is no 
simple way to organize multiple measurements taken from a 
roving catheter into an easily visualized and clinically useful 
model of cardiac electrical activity. Complex atrial and ven-
tricular arrhythmias common in patients with congenital 
heart defects are not well defi ned by fl uoroscopically identi-
fi able cardiac landmarks. This limits the utility of fl uoros-
copy for accurate target localization in congenital patients, 
and is one likely reason that initially reported effi cacy of 
ablation for such arrhythmias is lower than that seen in SVT 
encountered in anatomically normal hearts. 4,  5  

 Arrhythmia mapping, as developed in experimental EP 
and clinical arrhythmia surgery, imposes a spatial frame of 
reference on the heart to characterize the activation sequence. 
This power of this methodology, even when reduced to the 
form of rough,  ad hoc  assignments of electrogram timing to 

approximate locations on anatomic cartoons, has been amply 
demonstrated to be of value and has been used to develop 
important general hypotheses regarding arrhythmia mecha-
nism (e.g., the work by Cosio et al. 6  ) . 

 Electromagnetic fi eld–based technologies such as NavX™ 
(St. Jude), CARTO™ (Biosense Webster), and LocaLisa™ 
(Medtronic) 7  -  9  have therefore been widely used to enhance our 
ability to visualize, map, and navigate the heart in pediatric and 
congenital practice. These devices each provide an accurate 
spatial frame of reference in the form of an electromagnetic 
fi eld that defi nes a reference grid within the area of interest. 
Detection of this fi eld either using an unmodifi ed electrode or 
an electromagnetic sensor allows continuous monitoring of 
spatial location. By iterative recording of its location, the posi-
tion of which is bounded by the endocardial surface, this spatial 
data can be used both to construct three-dimensional images of 
the heart that closely match chamber anatomy and to navigate 
catheters in real time through the reference space. 

 Advanced electroanatomical mapping has allowed 
increasingly complete characterization of typical and variant 
anatomical patterns of atrial macroreentrant tachycardias 
seen in congenital heart patients with common problems 
such as the Fontan procedure for single ventricle variants 
(Fig.  12.1 ), with Mustard or Senning procedures for transpo-
sition of the great ventricles (Fig.  12.2 ), status post repair of 

  Fig. 12.1    Integration of fl uoroscopy and electroanatomical mapping 
illustrating a complex atrial macroreentry circuit in a patient with a 
Fontan procedure performed for severe Ebstein’s anomaly.  Left panel  – 
Angiographic anatomy of Fontan pathway ( RA ), created by baffl ing of 
IVC to atriopulmonary anastomosis. Pulmonary venous portion of the 
right atrium ( RAA ) and left atrium ( LA ) are also indicated,  determined 

by additional angiographies.  Right panel  – superposition of three 
chambers mapped in atrial tachycardia using CARTO on the prior 
angiographic view. A narrow conducting corridor is shown ( yellow 
asterisk ) between the RA and RAA, bounded above by the atriopul-
monary anastomosis and below by the extent of the surgical right 
atriotomy used to perform the Fontan       
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tetralogy of Fallot and atrial septal defect, and in less com-
mon diagnoses in mixed series. The positive effect of the use 
of such technologies on acute procedure outcomes has been 
demonstrated. 10  More recently, similar knowledge of com-
mon patterns and mapping and ablation methodologies in 
ventricular tachycardias has also been developed. 11    

 A signifi cant limitation of this type of three-dimensional 
imaging is the discrepancy between spatial and anatomical 
accuracy. Phasic changes in intrathoracic pressure and vol-
ume, heart rate and fi lling pressures, and the distortion of the 
endocardium by catheter pressure cause signifi cant varia-
tions in chamber size and geometry. These factors can be 
partially but not fully compensated for by gating acquisition 
to cardiac and respiratory cycles. They do not negate the 
value of this type of mapping, but do impose an upper bound 
on the reliability with which the operator can discriminate 
two closely spaced anatomical locations.  

    12.5   Incorporation of Ultrasound 
in Ablative Imaging 

 The use of echocardiography is widespread in pediatrics and 
a cornerstone of diagnostic evaluation in congenital heart 
disease. It is possibly to identify many of the anatomical 

structures relevant to ablation procedures using ultrasound, 
as well as diagnostic and ablation catheters (Fig.  12.3 , left 
panel), using transesophageal and more recently intracardiac 
echo probes, of both the rotational and phased array variety. 
Initially adopted as an adjunct imaging modality for support 
of transseptal puncture, these approaches have been demon-
strated to be effective in supporting many aspects of ablation 
procedures. 12  Importantly, ultrasound modalities at present 
represent the only widely available imaging technology 
which can demonstrate the endocardial anatomy in real time, 
addressing the limitations of electroanatomical mapping 
mentioned above. Direct contact of ablation catheters with 
the endocardial surface can be observed (Fig.  12.3 , right 
panel), and recent research has suggested that it may be pos-
sible to use ultrasound to monitor the effect of ablation on 
myocardial tissue. 13   

 Each of these characteristics is of high potential value to 
patients with congenital heart disease, and has been demon-
strated in exemplary manner in anecdotal reports and short 
case series. 14  -  16  Nonetheless, transesophageal echo and intrac-
ardiac ultrasound have not been systematically used to support 
ablation procedures to date, and no published data documents 
the specifi c value of this approach in supporting such proce-
dures. Reasons for this appear to include the unfamiliarity of 
many electrophysiologists with echocardiographic image 

  Fig. 12.2    Imaging of atrial macroreentry circuit in a patient who has 
undergone intra-atrial baffl ing for palliation of transposition of the 
great vessels (Mustard procedure).  Left panel  – fl uoroscopic catheter 
view with annotations indicating the location of the “neo-right atrium,” 
consisting of baffl ed inferior and superior caval pathways and the 
antrum of the subpulmonary mitral valve. The mapping catheter course 
is through a transbaffl e puncture and in the “neo-left atrium,” which 

redirects blood from the pulmonary veins laterally to the subaortic 
 tricuspid valve.  Right panel  – Multichamber CARTO map of an atrial 
reentry circuit bounded anteriorly by the tricuspid annulus and 
 posteriorly by a presumed atriotomy scar; the overall pattern is that of 
a clockwise atrial fl utter. The superior caval baffl e has been drawn as a 
separate chamber from the neo-right atrium to help preserve the 
 anatomical accuracy of the map       
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interpretation; diffi culty in integration of an unregistered, two-
dimensional ultrasound image; and, in the case of transesoph-
ageal echo, the need for an additional operator to manipulate 
the echo probe. 

 Recently, the problem of integrating an echocardio-
graphic image with more easily recognized three-dimen-
sional maps of the heart has been directly addressed by the 
introduction of an electroanatomically navigated intracar-
diac echo probe (CartoSOUND™, Biosense Webster). 17  
This device allows the two-dimensional echo sector to be 
continuously located within the spatial frame of an electro-

anatomical map, and the endocardial contours detected on 
echo to be used to create an accurate, interpolated represen-
tation of the chamber surface. As seen in Fig.  12.4 , this can 
allow for real-time imaging of quite complex chamber anat-
omies relevant to ablation in congenital heart patients. In 
particular, it allows detailed discrimination and examination 
of anatomical structures relevant to ablation, such as the 
cavotricuspid isthmus, intra-atrial baffl es, and relationships 
and connections of the great veins, in a direct manner which 
cannot be achieved using fl uoroscopy or electroanatomical 
mapping.   

  Fig. 12.3    Use of intracardiac echo in support of SVT ablation in 
 children with normal hearts.  Left panel  – standard views facilitate 
 interpretation and can be used to identify proper EP catheter location in 
relation to relevant anatomical structure. This is a home view for 
 position of  HBE  and  RV  catheters in relation to tricuspid annulus ( TV ), 

 RV apex , RV outfl ow ( RVOT ), and aortic root.  Right panel  – Intracardiac 
echo is useful in visualization of direct myocardial contact of the 
 ablation catheter ( Abl ). In this view, a right anterolateral pathway is 
ablated with relations of tricuspid annulus ( TV ), right atrial appendage 
( RAA ), and mapping catheter identifi ed       

  Fig. 12.4    Use of CartoSOUND integration of ICE and electroanatom-
ical navigation to construct chamber volumes for real-time mapping. 
On the left, an MRI plane of an adult congenital patient with complex 
Ebstein’s anomaly and a large outpouching of the subtricuspid right 

atrium between the right ventricle and the diaphragm. On the right, a 
CartoSOUND reconstruction performed during an ablation procedure 
demonstrating all the relevant anatomic information, as well as the 
 relevant electrophysiologic mapping information       
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    12.6   Multimodal Image Fusion in Congenital 
Heart Ablation Procedures 

 The foundation of ablation procedures in congenital heart 
patients is an accurate, detailed, and accessible representa-
tion of the cardiac anatomy, which can be used to guide map-
ping and catheter navigation. Another technology which can 
contribute to this process is the integration of segmented vol-
ume images of the heart obtained by CT scan or magnetic 
resonance imaging with ablation procedures supported by 
electroanatomical catheter navigation. This approach has 
been used very effectively to navigate the complex anatomy 
of the pulmonary veins during atrial fi brillation ablation pro-
cedures. Effective use of such images demands that they be 
properly placed within the electroanatomical reference grid 
which used to guide catheter movement. Several studies have 
shown that careful application of techniques to ensure proper 
coregistration between the volume image and navigational 
tools can reliably result in accuracy measured in millimeters, 
which for most ablation applications (e.g., pulmonary venous 
antral ablation) appears to be suffi cient. 18  -  20  

 As is the case with ultrasound, multimodal image fusion 
has been reported to be of value in congenital heart disease, 
but not established in most laboratories as a routinely used 
tool to support these procedures. 21  In addition to the intrin-
sic limitations related to accuracy mentioned above, appli-
cation of this technique in congenital patients is often 
rendered more diffi cult due to detailed and complex anat-
omy. This makes accurate segmentation and registration of 
images simultaneously more diffi cult and more critically 
important for effective use during the ablation procedure. It 
has been our observation as well that this technology, while 
helpful for understanding of anatomical issues relevant to 
catheter course and access, often provides less useful infor-
mation than three-dimensional images constructed in real 
time using navigated ultrasound technologies as described 
above.  

    12.7   Frontiers in Complex Imaging for 
Pediatric and Congenital Ablation 

 Technological innovation has been an important driver in the 
development of sophisticated ablative procedures in pediatric 
and congenital ablation. Relatively few clinical studies have 
been performed that demonstrate the specifi c value of these 
technologies on ablation outcomes, and a major future goal 
should be the performance of such studies. Those studies cur-
rently available primarily focus on supraventricular tachycar-
dia and atrial fl utter, which are already treated with high 

success rate with fl uoroscopy. Some of those suggest improved 
outcomes, but most have shown clinical equivalence with 
fl uoroscopy, the principal demonstrable benefi ts being reduc-
tions of fl uoroscopy exposure and procedure time. 22  -  24  

 With respect to procedure development, two areas seem 
promising for the development of imaging technologies in 
coming years in the fi eld of pediatric and congenital ablation: 
the application of advanced imaging to the reduction and 
eventual elimination of fl uoroscopy from ablation of common 
forms of SVT in the normal heart, and the real-time imaging 
of ablations lesions as they are created in complex ablations. 

 A major drawback of fl uoroscopy often which is unfortu-
nately often rationalized as a “necessary evil” is the exposure 
of patients to ionizing radiation. The importance of diagnos-
tic and therapeutic procedures as a major source of radiation 
exposure has recently been made evident. 25  This exposure is of 
particular concern for children, who have growing, radiosen-
sitive tissues, long life expectancy, and underlying arrhythmia 
problems that often have little or no lethal potential. Although 
exposure to ionizing radiation during fl uoroscopy-based 
ablation procedures is low in comparison, for example, to 
radiotherapy, it is calculated to be of signifi cant lifelong epi-
demiological consequence. 26  Additionally, it is also evident 
that both occupational exposure to fl uoroscopy-generated 
radiation and the use of shielding to mitigate that exposure 
are associated with long-term health consequences for opera-
tors and staff. 27  In as-yet small and uncontrolled studies, sev-
eral authors have now demonstrated the feasibility of safe 
and effective use of electroanatomical and ultrasound-based 
adjunctive techniques, initially designed to facilitate the per-
formance of complex procedures, to perform SVT ablations 
in children with normal hearts. 28  -  30  Although this approach has 
a prolonged learning curve, and it is sometimes impossible to 
avoid the use of fl uoroscopy altogether, further development 
of these techniques ultimately seems likely to displace the 
use of fl uoroscopy as a primary modality to perform ablation 
procedures in many large patient groups. 

 For complex patients, the fi nal link in the procedural 
chain  “  diagnose – navigate – ablate – evaluate”  
includes the assessment of lesion size and transmurality. A 
variety of real-time technologies have been proposed to 
determine whether an applied ablation lesion has modifi ed 
the myocardium suffi ciently to achieve the therapy goal. 
Recent developments in magnetic resonance imaging and 
catheter design compatible with high magnetic fi eld strength 
suggest that MR-guided ablation may have the unique 
potential to allow real-time or near real-time imaging of 
ablation lesions as they are actually formed in the myocar-
dium. 31  If this is brought to fruition, it will be of consider-
able value to complex procedures in congenital heart 
patients.      
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 Over    the last decade, implantable cardioverter defi brillator 
(ICD) and cardiac resynchronization therapy (CRT) have 
become well-accepted, device-based therapies for high-risk 

cardiac patients. Landmark randomized clinical trials have 
demonstrated that ICD reduces by 30–54% the mortality risk 
of patients with heart failure and coronary artery disease, and 
CRT improves heart failure symptoms, clinical outcome, 
and left ventricular (LV) function of end-stage heart failure 
patients. 1  -  5  Based on this evidence, the American Heart 
Association/American College of Cardiology/Heart Rhythm 
Society guidelines have recently considered ICD and CRT a 
class I recommendation in selected high-risk patients. 6  
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 Despite these clinical benefi ts, several uncertainties con-
front implantable device therapy. In high-risk subpopula-
tions, the clinical benefi t of ICD is not consistent; only 35% 
of patients receive appropriate ICD shocks and an increased 
risk of heart failure has been reported due to unnecessary 
ventricular pacing. 7  Furthermore, up to 20–30% of heart fail-
ure patients do not show clinical improvement after CRT 
implantation, and 40% do not improve in LV function or 
show LV reverse remodeling. 8  

 In order to optimize risk-stratifi cation and identifi cation 
of patients who will benefi t from these device therapies, 
extensive research has been conducted, mainly in the fi eld of 
multimodality cardiac imaging. Thus far, echocardiography, 
cardiac magnetic resonance imaging (MRI), nuclear imag-
ing, and multidetector computed tomography (MDCT) have 
provided meaningful insight into the substrate on which ICD 
and CRT act. This chapter provides an overview of imaging 
modalities that may improve selection of patients who ben-
efi t from ICD and/or CRT. 

    13.1   Implantable Cardioverter Defi brillator 

 Sudden cardiac death accounts for nearly 50% of all cardio-
vascular mortality worldwide with an estimated annual 
incidence of 184,000–462,000 cases. 9  The World Health 
Organization defi nes sudden cardiac death as unexpected 
death within 1 h of symptom onset if witnessed or within 
24 h of the person having been observed alive and symptom-
free if unwitnessed. 10  In 80–90% of the cases, ventricular 
tachycardia and ventricular fi brillation are the causes of sud-
den cardiac death. 11  Among several structural cardiac dis-
eases that have an increased risk for sudden death, coronary 
artery disease is the most frequent underlying cause, account-
ing for 65–70% of the cases. 11  Despite several interventions 
aiming to improve an early access to medical care and early 
advanced cardiopulmonary resuscitation, including external 
defi brillation, the mortality from life-threatening arrhyth-
mias remains high. 9  Recent multicenter, randomized trials 
have demonstrated that ICD constitutes an effective strategy 
to prevent and treat sudden death. 12,  13  

    13.1.1   Secondary and Primary 
Prevention ICD Trials 

 Three major secondary prevention ICD trials are summa-
rized in Table  13.1 : the Antiarrhythmic vs. Implantable 
Defi brillators (AVID) trial, the Cardiac Arrest Study Hamburg 
(CASH), and the Canadian Implantable Defi brillator Study 
(CIDS). 14  -  16  In brief, the target study populations included 
patients resuscitated from ventricular fi brillation or ventricu-
lar tachycardia. Pooled analysis of these three secondary pre-
vention ICD trials demonstrated 28% relative risk reduction 

in all-cause mortality and 50% relative risk reduction in 
arrhythmic mortality with ICD ( p  = 0.0006 and  p  < 0.0001, 
respectively) (Fig.  13.1 ). 23    

 In addition, ten major primary prevention ICD trials have 
been conducted (Table  13.1 , Fig.  13.2 ). 1,  4,  5,  17,  18,  21,  22,  24  Initially, 
the target populations of these trials included patients with 
ischemic cardiomyopathy (LV ejection fraction  £  35%) and 
with inducible, non-suppressible ventricular tachyarrhyth-
mias at the electrophysiological study. Thus, the Multicenter 
Automatic Defi brillator Implantation Trial (MADIT) showed 
a signifi cant relative risk reduction of 59% in total mortality 
in the ICD arm after 27-month follow-up ( p  = 0.009). 5  In 
addition, the study design of the Multicenter Unsustained 
Tachycardia Trial (MUSTT) provided further insight and 
indicated that patients with ischemic cardiomyopathy but 
without inducible life-threatening arrhythmias were also at a 
high risk for sudden death and may benefi t from ICD ther-
apy. 18  To test this hypothesis, the Multicenter Automatic 
Defi brillator Implantation Trial-II (MADIT-II) evaluated the 
benefi cial effects of ICDs in 1,232 patients with prior myo-
cardial infarction and LV ejection fraction  £ 30% but without 
electrophysiological risk-stratifi cation. 19  During 20-month 
follow-up, the superiority of ICD over antiarrhythmic medi-
cal treatment in preventing total mortality was demonstrated, 
with a relative risk reduction of 31% ( p  = 0.016). 19  Finally, 
the benefi ts of ICD on survival in patients with nonischemic 
cardiomyopathy have been also evaluated (Table  13.1 , 
Fig.  13.2 ). 1,  2,  20  -  22  Pooled data from 5 major randomized trials, 
including 1,854 patients, demonstrated that ICD was supe-
rior to medical therapy, reducing signifi cantly the relative 
risk of all-cause mortality by 31% ( p  = 0.002). 25   

 Despite these encouraging results, two major trials did not 
demonstrate benefi t of ICD for primary prevention in selected 
populations but provided valuable information on life-threatening 
arrhythmia mechanisms: the Coronary Artery Bypass Graft 
(CABG) Patch trial and the Defi brillator In Acute Myocardial 
Infarction Trial (DINAMIT). 4,  17  The CABG-Patch trial ran-
domized 1,055 patients undergoing CABG surgery to rou-
tine medical care vs. ICD. 17  The mortality rate in the ICD 
group was comparable to the medical care group (23% vs. 
21%) with no difference in all-cause mortality at 32-month 
follow-up ( p  = 0.64). In this study, the revascularization of 
jeopardized but viable myocardium probably reduced the 
risk for life-threatening arrhythmias, diminishing the power 
of the study to demonstrate the superiority of ICD over medi-
cal treatment in reducing all-cause mortality and sudden car-
diac death. 17  

 In addition, the DINAMIT trial evaluated the benefi ts of 
ICD in patients with recent myocardial infarction (within the 
fi rst 40 days). 4  Patients randomized to ICD had similar total 
mortality rate as compared to patients randomized to stan-
dard medical therapy (7.5% vs. 6.9%,  p  = 0.66). 4  Importantly, 
the annually arrhythmia-related deaths were lower in the 
ICD group than in the medical treatment group (1.5% vs. 
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3.5%). 4 This may indicate that the mechanisms of death in the 
ICD group were other than tachyarrhythmias, such as pro-
gression of LV dysfunction, recurrent heart failure events, 
bradyarrhythmias or electromechanical dissociation. 4  

 The aggregate evidence of all these secondary and pri-
mary prevention trials provided meaningful information on 
patient risk-stratifi cation and their results were implemented 

rapidly into the practice guidelines. 6  However, secondary 
analyses of these major primary prevention trials demon-
strated that only 35% of patients received appropriate ICD 
(shock) therapy after 4-year follow-up. 1,  7  This indicates 
that substantial heterogeneity exists among patients with 
depressed LV ejection fraction, and that not all patients may 
benefi t from ICD implantation. 

   Table 13.1    Major secondary and primary prevention ICD trials   

 Trial, year (Ref.#)  Randomization  No.  Population 

 Mean 
follow-up 
(months)  Main fi ndings 

  Secondary prevention  
 AVID (1997) 14   ICD vs. Antiarrhythmic 

drugs (97% amiodarone) 
 1,016  Survived VT/VF/cardiac arrest; 

VT with syncope; VT with 
LVEF  £ 40% 

 18  28% reduction in total mortality 
with ICD therapy ( p  = 0.02) 

 CASH (2000) 15   ICD vs. Antiarrhythmic 
drugs 

 288  Survived VT/VF/cardiac arrest  57  23% reduction in total mortality 
with ICD therapy ( p  = 0.08) 

 CIDS (2000) 16   ICD vs. Amiodarone  659  Survived VT/VF/cardiac arrest; 
VT with syncope; VT with 
LVEF  £ 35% 

 35  20% reduction in total mortality 
with ICD therapy ( p  = 0.14) 

  Primary prevention  
 MADIT (1996) 5   ICD vs. Antiarrhythmic 

drugs (74% amiodarone) 
 196  Prior MI; LVEF  £ 35%; 

 asymptomatic NSVT; NYHA 
class I-III; inducible VT 
refractory on EPS 

 27  54% reduction in total mortality 
with ICD therapy ( p  = 0.009) 

 CABG-Patch (1997) 17   CABG surgery plus ICD 
vs. CABG surgery plus 
conventional therapy 

 900  Patients scheduled for CABG; 
LVEF  £ 35%; positive signal 
average ECG result 

 32  No reduction in total mortality 
with ICD therapy ( p  = 0.64) 

 MUSTT (1999) 18   EPS-guided therapy 
(antiarrhythmic or ICD) 
vs. conventional therapy 

 704  Prior MI; LVEF  £ 40%; CAD; 
NSVT; inducible VT on EPS 

 39  58% reduction in total mortality 
with ICD therapy ( p   £  0.001) 

 MADIT II (2002) 19   ICD vs. conventional 
therapy 

 1,232  Prior MI; LVEF  £ 30%  20  Reduction in total mortality with 
ICD therapy ( p  = 0.02) 

 DINAMIT (2004) 4   ICD vs. conventional 
therapy 

 674  Recent MI (within 4–40 days), 
LVEF  £ 35%; impaired cardiac 
autonomic modulation (heart rate 
variability) 

 39  No reduction in total mortality 
with ICD therapy ( p  = 0.66) 

 CAT (2002) 20   ICD vs. conventional 
therapy 

 104  NYHA class II-III, nonischemic 
heart failure; LVEF  £ 30%; 
asymptomatic NSVT 

 66  No reduction in total mortality 
with ICD therapy ( p  = 0.55) 

 AMIROVIT (2003) 21   ICD vs. Amiodarone  103  NYHA class I-III,  nonischemic 
heart failure; LVEF  £ 35%; 
asymptomatic NSVT 

 36  No reduction in total mortality 
with ICD therapy ( p  = 0.80) 

 DEFINITE (2004) 22   ICD vs. conventional 
therapy 

 458  Nonischemic heart failure; 
LVEF  £ 35%; NSVT or PVCs 

 29  Reduction in total mortality with 
ICD therapy ( p  = 0.08) 

 COMPANION (2004) 2   Conventional therapy 
Vs. CRT vs. CRT/ICD 

 1,520  NYHA class II-III ischemic and 
nonischemic heart failure; 
LVEF  £ 35%; QRS  ³  120 ms 

 17  Reduction in total mortality with 
CRT alone ( p  = 0.06) 

 SCD-HeFT (2005) 1   ICD vs. conventional 
therapy 

 2,521  NYHA class II-III ischemic 
and nonischemic heart failure; 
LVEF  £ 35% 

 45  Reduction in mortality with ICD 
therapy ( p  = 0.007) 

   AMIOVIRT  Amiodarone vs Implantable Defi brillator in Patients with Nonischemic Cardiomyopathy and Asymptomatic Nonsustained Ventricular 
Tachycardia,  AVID  Antiarrhythmics vs Implantable Defi brillators,  CABG  coronary artery bypass graft;  CASH  Cardiac Arrest Study Hamburg,  CAT  
Cardiomyopathy Trial,  CIDS  Canadian Implantable Defi brillator Study,  CRT  cardiac resynchronization therapy-defi brillator,  DEFINITE  
Prophylactic Defi brillator Implantation in Patients with Nonischemic Dilated Cardiomyopathy,  DINAMIT  Defi brillator in Acute Myocardial 
Infarction Trial,  ECG  electrocardiogram,  EPS  electrophysiological study,  ICD  implantable cardioverter defi brillator,  LVEF  left ventricular ejection 
fraction,  No  number of patients,  MADIT  Multicenter Automatic Defi brillator Trial,  MI  myocardial infarction,  MUSTT  Multicenter Unsustained 
Tachycardia Trial,  NSVT  nonsustained ventricular tachycardia,  NYHA  New York Heart Association,  PVC  premature ventricular complexes, 
 SCD-HeFT  Sudden Cardiac Death in Heart Failure Trial,  VF  ventricular fi brillation,  VT  ventricular tachycardia  
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 In order to optimize identifi cation of patients who will 
benefi t from ICD, several risk-stratifi cation strategies based 
on the combination of clinical, echocardiographic, and 
electrophysiological parameters have been proposed. 26,  27  
However, detailed characterization of the arrhythmogenic 
substrate with sophisticated cardiac imaging techniques such 
as MRI or nuclear imaging may refi ne the risk-stratifi cation 
of high-risk patients.  

    13.1.2   Identifi cation and Selection of Candidates 
to ICD: Substrate Assessment 

 Structural cardiac abnormalities of the myocardium, coro-
nary arteries, and cardiac innervation system constitute a 
substrate on which transient risk factors, such as myocardial 
ischemia, hemodynamic and electrolyte disturbances, elec-
trophysiological abnormalities, and transient effect of drugs, 
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  Fig. 13.1    Secondary prevention 
ICD trials: effects of ICD on total 
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AVID, CIDS, and CASH trials 
demonstrated signifi cant 28% 
relative reduction in total 
mortality and 50% relative 
reduction in arrhythmic mortality 
with ICD.  AVID  antiarrhythmics 
vs implantable defi brillators, 
 CABG  coronary artery bypass 
graft,  CASH  Cardiac Arrest 
Study Hamburg,  CIDS  Canadian 
Implantable Defi brillator Study, 
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  Fig. 13.2    Primary prevention ICD trials: effects of ICD on total mortality. Pooling data from primary prevention trials demonstrated a signifi cant 
relative reduction in total mortality with ICD. Abbreviations:  ICD  implantable cardioverter defi brillator (Adapted from Nanthakumar et al. 24  )        
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may operate predisposing to the initiation of life-threatening 
arrhythmias. 11  The mechanisms of ventricular tachycardia 
and ventricular fi brillation rely on the presence of re-entry 
pathways at the border zone of scarred myocardial areas (i.e., 
due to an old myocardial infarction). The border zone of the 
scar tissue forms areas of viable myocardium with heteroge-
neous electrophysiological properties, such as slow conduc-
tion of the electrical breakthrough, dispersion of the 
repolarization wave, and higher arrhythmogenic response to 
several stimuli as compared to normal myocardium. In addi-
tion, the presence of increased sympathetic nervous system 
activity with elevated plasma levels of catecholamines inter-
acting with the abnormal myocardium may enhance the 
arrhythmogenic response. 11  The electrophysiological study is 
an effective tool to detect the re-entrant circuits and identifi es 
most of the patients at a high risk for sudden cardiac death. 11  
In addition, current cardiac imaging modalities (mainly MRI 
and nuclear cardiac imaging) may be helpful to characterize 
the substrate at different levels by assessing the presence and 
extent of scar tissue, characterizing the border zone of the 
scar, and evaluating the response to sympathetic stimulation. 

    13.1.2.1   Magnetic Resonance Imaging 
 MRI is considered the gold standard for LV volumes and ejec-
tion fraction quantifi cation. In addition, gadolinium contrast-
enhanced MRI permits tissue characterization with high 
spatial resolution, providing information on the location, 
extent, and tissue heterogeneity of the myocardial scar. 28  -  30  
These parameters have been all related to arrhythmogenic 
substrates. Bello et al. explored the role of contrast-enhanced 
MRI in 48 patients with coronary artery disease referred for 
an electrophysiological study. 28  The authors demonstrated the 
superiority of infarct surface area and mass assessed with 
contrast-enhanced MRI over LV ejection fraction to predict 
the occurrence of monomorphic ventricular tachycardia. 28  
Subsequently, Yan et al. provided more insight into the prog-
nostic stratifi cation of post-myocardial infarction patients. 31  In 
144 patients with prior myocardial infarction, contrast-
enhanced MRI was performed. By using a computer-assisted 
semiautomatic algorithm, the total infarct size was quantifi ed 
and divided into the core and peri-infarct regions based on 
signal-intensity thresholds (Figs.  13.3 a and b). 31  The peri-
infarct zone was identifi ed as “gray zone” areas with different 
intensities of gray indicating the presence of highly heteroge-
neous tissue. After adjusting for age and LV ejection fraction, 
the percentage of normalized peri-infarct zone was indepen-
dently related to all-cause mortality (hazard ratio, 1.42; 
 p  = 0.005) and cardiovascular mortality (hazard ratio, 1.49; 
 p  = 0.01). 31  Whether this tissue heterogeneity of the infarct 
zone was related to high risk for life-threatening arrhythmias 
was recently addressed in two studies. 29,  30  In 47 post-myocar-
dial infarction patients (>1 month), Schmidt et al. evaluated 
the infarct extent and tissue heterogeneity within the hyperen-
hanced region (“gray zone”) by using contrast-enhanced 

MRI. 30  Afterward, patients underwent an electrophysiological 
study and ICD implantation for primary prevention of sudden 
cardiac death. Patients with inducible, monomorphic ventric-
ular tachycardia had larger “gray zone” areas as compared to 
patients without inducible ventricular tachycardia (19 ± 8 g vs. 
13 ± 9 g,  p  = 0.015). The extent of “gray zone” areas was the 
only independent predictor of inducible ventricular tachycar-
dia ( p  = 0.003). 30  These results were extended by Roes et al. in 
a series of 91 patients with ischemic cardiomyopathy under-
going ICD implantation. 29  Patients were evaluated with con-
trast-enhanced MRI prior to ICD implantation, and the total 
infarct size and the extent of infarct “gray zone” were quanti-
fi ed. The extent of the infarct “gray zone” was the strongest 
predictor of the occurrence of spontaneous ventricular tachy-
cardia with subsequent appropriate ICD shock therapy (haz-
ard ratio, 1.49/each 10 g of “gray zone”;  p  = 0.04). 29  In addition, 
a cutoff value of 16.7 g was used to separate patients with a 
large extent of infarct “gray zone” (>16.7 g) and patients with 
small extent ( £ 16.7 g). During follow-up, a higher percentage 
of patients with large extent infarct “gray zones” received 
appropriate ICD shock therapies than patients with small areas 
of “gray zone” (33% vs. 7%,  p  = 0.003) (Fig.  13.3 c). 29   

 Finally, in nonischemic cardiomyopathy patients, the 
extent of scar tissue was also related to an increased risk of 
ventricular tachyarrhythmia. 32  -  34  In this subgroup of patients, 
hyperenhanced scar tissue has a patchy distribution, mainly 
located in the mid-wall, whereas the subendocardial disposi-
tion (typical for ischemic heart failure patients) is less fre-
quently observed. 33  Interestingly, contrast-enhanced MRI 
may also be a useful tool to anticipate the interventional 
management of these patients. Bogun et al. investigated the 
value of contrast-enhanced MRI to guide the ablation of ven-
tricular arrhythmias in patients with nonischemic cardiomy-
opathy. 32  In this study, the authors identifi ed scar tissue in 
almost 50% of the patients. The contrast-enhanced MRI 
images and the location of the scar were integrated into an 
electroanatomical map, resulting in a valuable guide for 
catheter ablation (Fig.  13.4 ). Of note, catheter ablation was 
unsuccessful in all patients with isolated mid-wall fi brosis. 32    

    13.1.2.2   Multidetector Computed Tomography 
 Beyond the assessment of coronary atherosclerotic burden, 
contrast-enhanced MDCT has demonstrated to be a valuable 
tool to evaluate the myocardial viability and the extent of 
scar tissue in a similar fashion to MRI. 35  Recent experimen-
tal studies have also demonstrated that contrast-enhanced 
MDCT may characterize the peri-infarct zone heterogene-
ity. 36  Schuleri et al. demonstrated an excellent correlation 
between contrast-enhanced MDCT, MRI, and histology in 
the quantifi cation of the infarct size. 36  In addition, contrast-
enhanced MDCT detected the peri-infarct zone (Fig.  13.5 ). 36  
Additional studies to demonstrate the role of contrast-
enhanced MDCT in the risk-stratifi cation of patients at a 
high risk for life-threatening arrhythmias are warranted.          
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    13.1.2.3   Nuclear Imaging: ECG-Gated 
Single Photon Emission Computed 
Tomography (SPECT) 

 ECG-gated SPECT imaging provides comprehensive infor-
mation on myocardial ischemia and viability, scar tissue, and 
LV ejection fraction. As such, this imaging technique may 
constitute an invaluable tool for the risk-stratifi cation and 

clinical management of high-risk patients. Data from the 
CABG-Patch trial showed that coronary revascularization 
diminished the benefi t of ICD, highlighting the role of jeop-
ardized but viable myocardium as arrhythmogenic sub-
strate. 17  The revascularization of this jeopardized myocardium 
may result in an increased electrical stability with a reduced 
arrhythmic death rate. 
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  Fig. 13.3    Assessment of the infarct gray zone. From a short-axis con-
trast-enhanced MRI image of a patient with a previous MI, the endo-
cardial ( red ) and epicardial ( green ) borders are outlined manually ( a ). 
Subsequently, the maximum signal intensity within the infarct region is 
determined and the infarct core is defi ned as myocardium with signal 
intensity  ³ 50% of the maximum signal intensity ( red area ) whereas 

the infarct gray zone is defi ned as myocardium with signal intensity 
 ³ 35% but with signal intensity <50% of the maximum signal intensity 
( yellow area ) ( b ). Kaplan-Meier curve analysis shows the difference in 
 appropriate ICD shock therapy when patients are divided according to 
the mean value of infarct gray zone ( c )       
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  Fig. 13.4    Integration of 
3-dimensional contrast-enhanced 
MRI within the electroanatomic 
map. From a stack of short-axis 
contrast-enhanced images 
showing the scar in the epicardial 
LV lateral wall ( a ), a 3-dimen-
sional display of the scar is 
extracted ( b ) and integrated 
within the surrounding LV 
epicardium ( c  in  orange  is 
presented the scar extending 
from the LV apex to the base). 
At the epicardial voltage map 
( d ), the scar tissue, coded in red, 
shows low voltage (<1.5 mV). 
Finally, the voltage map is 
merged with the 3-dimensional 
reconstruction of the scar seen 
on contrast-enhanced MRI ( e ) 
(Adapted from Bogun et al. 32  )              

a

b c

d e
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 Fig. 13.5    Characterization    of tissue heterogeneity in the peri-infarct zone 
by MDCT. The squares indicate the area zoomed in panels  B  and  D 
 Contrast-enhanced MDCT permits characterization of scar tissue and viable 
myocardium. The viable myocardium ( * ) shows lower attenuation values 
than enhanced scar tissue ( white arrows ) ( a  and  b ). The peri-infarct zone is 
visualized between two  black arrows  by intermediate signal intensity ( white 
circle ). Contrast-enhanced MRI characterizes the viable myocardium ( * ), 

contrast-enhanced infarct scar ( white arrows ), and the peri-infarct zone 
( white circle ) ( d  and  e ). Masson trichrome stain depicts viable myocardium 
in  red  ( * ) from nonviable tissue in  blue . At higher magnifi cation, the densely 
packed collagenous extracellular matrix ( white arrows ) in the chronic 
infarct scar can be appreciated. Islands of viable myocytes ( red ) within the 
scar tissue are visualized, showing the heterogeneity of the peri-infarct zone 
(area between  black arrows ) ( c  and  f ) (Adapted from Schuleri et al. 36  )   
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 In a series of 5,183 consecutive patients, Hachamovitch 
et al. demonstrated the superiority of stress/rest SPECT 
imaging over the prescan likelihood information (including 
clinical, historical, and exercise data) to predict cardiac 
death. 37  The annualized event rate for cardiac death was 4.2% 
in patients having severely abnormal scans as compared to 
0.5% in patients with normal scans ( p  < 0.001). 37  More 
important, confi rming the hypothesis of the CABG-Patch 
trial and the results of the MADIT-II trial, the study demon-
strated that in patients with severely abnormal scans, early 
revascularization reduced the relative risk for cardiac death, 
and that revascularized patients had a signifi cantly lower 
annualized death rate as compared to medically treated 
patients (1.3% vs. 4.6%,  p  < 0.001). 37  

 Recently, Borger van der Burg et al. evaluated the impact 
of viability, ischemia, scar tissue, and revascularization on 
clinical prognosis of survivors of sudden death. 38  In this study, 
a total of 153 consecutive survivors of sudden cardiac death 
with signifi cant coronary artery disease underwent stress/rest 
SPECT to assess stress-inducible ischemia, viability, scar 
tissue, and LV ejection fraction, and patients were revascu-
larized whenever possible ( n  = 73). In addition, according to 
electrophysiological study results and LV ejection fraction, 
112 received an ICD. During 3-year follow-up, 15 patients 
died and 42 patients had recurrent ventricular tachycardia. 
Patients with events had lower LV ejection fraction, more 
scar tissue, and less jeopardized myocardium and underwent 
coronary revascularization less frequently. The detection 
of jeopardized but viable myocardium in this study led to 
more aggressive therapy with coronary revascularization, if 
possible. Therefore, assessment of myocardial viability and 
coronary revascularization were benefi cial parameters. 38  In 
addition, when patients with jeopardized myocardium were 
analyzed according to the treatment, patients who were 
treated medically had a higher risk of cardiac death as com-
pared to revascularized patients (38% vs. 14%,  p  < 0.005). 38  

 Finally, from stress SPECT exams, valuable data on chro-
notropic response may be easily obtained, providing informa-
tion on sympathetic autonomic function and adding 
incremental value to the risk-stratifi cation of high-risk 
patients. 39  Azarbal et al. evaluated the presence of chronotro-
pic incompetence in 10,021 patients undergoing stress SPECT. 
During a mean follow-up of 2 years, there were 93 cardiac 
deaths. The presence of severely abnormal scans (assessed 
with summed stress score) was the strongest predictor of car-
diac death, but the presence of chronotropic incompetence 
provided substantial incremental value in the prediction of 
cardiac death. 39  Chronotropic incompetence may be a surro-
gate of autonomic dysfunction and, as demonstrated previ-
ously, this autonomic dysfunction leads to an increased 
mortality (similar to that observed in heart failure patients). 39  
Therefore, the assessment of autonomic dysfunction may be 
of value to refi ne risk-stratifi cation of these patients. 

  Nuclear imaging: innervation imaging.  Cardiac innerva-
tion and denervation may play an important role in the 
arrhythmogenesis. 40,  41  Cardiac sympathetic nerve fi bers run 
over the epicardial surface and follow the coronary arteries. 
These fi bers are affected by the oxygen deprivation more 
than the cardiomyocytes, and myocardial ischemia and 
infarction cause transient or permanent sympathetic dener-
vation. 42  Regions of denervation have an altered response to 
sympathetic stimulation as compared to normal myocar-
dium, and this electrophysiological heterogeneity within the 
myocardium may constitute a substrate for life-threatening 
arrhythmias. Furthermore, in heart failure syndrome, there is 
a hyperactivity of the sympathetic nervous system with an 
increase in plasma norepinephrine levels which may consti-
tute an important trigger for the development of life-threatening 
arrhythmias. 11  

 Specifi c nuclear imaging techniques enable evaluation of 
the cardiac autonomic nervous system. Cardiac innervation 
activity can be evaluated with positron emission tomography 
and carbon-11 metahydroxyephedrine, but also with SPECT 
imaging using metaiodobenzylguanidine (mIBG). 43  The 
mIBG, a norepinephrine analog labeled with 123-iodine 
(  123   I ), is taken up and stored in the presynaptic nerve endings. 
In heart failure patients, in whom a global cardiac sympa-
thetic denervation can exist,   123   I -mIBG uptake is globally 
reduced; in addition, patients with previous infarction also 
show regional defects in cardiac innervation.   123   I -mIBG is 
used with both planar and SPECT imaging. As previously 
described, images are acquired at two different phases: Early 
planar and SPECT imaging are performed 10–20 min after 
tracer administration, whereas late planar and SPECT imag-
ing are performed 3–4 h later. From the planar images, global 
myocardial   123   I -mIBG uptake can be assessed using the heart-
to-mediastinum (H/M) ratio (Fig.  13.6 ). In addition, regional 
cardiac   123   I -mIBG uptake can be quantifi ed with a summed 
score, and sympathetic denervated myocardial areas can be 
also quantifi ed from the SPECT images. 43  Several small stud-
ies and one large, multicenter trial have demonstrated the role 
of   123   I -mIBG imaging to predict long-term prognosis of heart 
failure patients. 44  -  47  Recently, in 964 heart failure patients fol-
lowed up for 2 years, the prospective open-label, multicenter 
ADMIRE-HF (AdreView Myocardial Imaging for Risk 
Evaluation in Heart Failure) trial confi rmed the superiority of 
  123   I -mIBG imaging over LV ejection fraction or natriuretic 
peptide plasma levels to predict prognosis. Patients with an 
H/M ratio <1.2 tended to die more from heart failure progres-
sion, whereas arrhythmic events tended to occur more in 
patients with H/M ratio between 1.2 and 1.6. These fi ndings 
indicate that the assessment of regional distribution of dener-
vated myocardial areas may be of incremental value to the 
H/M ratio, by providing meaningful insight into the genesis 
of life-threatening arrhythmias. In this regard, several studies 
have demonstrated the presence of larger innervation than 
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perfusion defects in patients with prior myocardial infarc-
tion. 48  -  51  Arora et al. demonstrated in 17 heart failure patients 
with an ICD that a reduced late H/M ratio was associated 

with increased likelihood of an ICD shock during a mean 
follow-up of 14 ± 11 months. 48  In addition, patients with 
appropriate ICD shocks had more extensive   123   I -mIBG/
perfusion (Tecnetium-99m sestamibi [  99m   Tc ]) mismatches on 
SPECT imaging. More recently, in a phase II multicenter 
study including 50 ischemic heart failure patients, the value 
of   123   I -mIBG-SPECT to predict the inducibility of ventricular 
arrhythmias during an electrophysiological study was 
assessed. 49  Patients with a positive electrophysiological study 
had signifi cantly larger defects on   123   I -mIBG-SPECT but not 
different H/M ratio as compared to patients with a negative 
electrophysiological study. 49  Moreover, the   123   I -mIBG defect 
score was the only independent predictor for ventricular 
tachycardia inducibility during electrophysiological testing 
and a summed defect score of 37 was able to predict a posi-
tive electrophysiological study with a sensitivity of 77% and 
specifi city of 75% (Fig.  13.7 ). 49  With this evidence,   123   I -mIBG 
imaging may be a valuable tool for identifying patients who 
will benefi t from ICD implantation.   

 In summary, the assessment of arrhythmogenic myocar-
dial substrate with current cardiac imaging modalities (con-
trast-enhanced MRI and nuclear imaging) may constitute a 
key step in the stratifi cation of patients at risk for sudden 
death, providing valuable data on myocardial viability, scar 

  Fig. 13.6    Nuclear imaging: innervation imaging. Delayed planar 
  123   I -mIBG imaging displays global cardiac sympathetic innervation, 
expressing the heart-to-mediastinum (H/M) ratio. Regions of interest 
are manually drawn over the heart, and upper mediastinum and the 
mean cardiac counts per pixel are divided by the mean mediastinum 
counts per pixel.  ROI  region of interest (Adapted from  43  )        
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  Fig. 13.7    Nuclear imaging: 
innervation imaging   . ( a  and  b ) 
Present examples of late   123   I -mIBG 
and   99m   Tc- tetrofosmin short-axis 
SPECT images in patients with 
negative and positive electrophysi-
ological study, respectively. ( a ) 
Illustration of the example of a 
56-year-old man with NYHA class 
II heart failure, LV ejection fraction 
30%, and late H/M of 1.47. 
  99m   Tc- tetrofosmin SPECT shows a 
small basal lateral wall infarction 
with summed score of 3. Late 
  123   I -mIBG SPECT shows large 
inferior and lateral wall defects, with 
summed score of 34. ( b ) Illustration 
of the example of a 72-year-old man, 
NYHA class III heart failure, LV 
ejection fraction 33%, late H/M of 
1.41.   99m   Tc- tetrofosmin SPECT 
shows a small apicolateral infarct 
with summed score of 5.   123   I -mIBG 
uptake is globally reduced (refl ected 
by high lung and liver activity) and a 
large apical and inferolateral defect 
is shown; summed score was 37. ( c ) 
Late   123   I -mIBG SPECT receiver 
operating curve analysis where a 
summed defect score of 37 was able 
to predict a positive electrophysi-
ological study with a sensitivity of 
77% and specifi city of 75% (area 
under the curve [ AUC ] = 0.76)       
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tissue, and cardiac innervation. The inclusion of such tech-
niques in current risk-stratifi cation strategies may optimize 
the selection of patients who will benefi t from ICD implanta-
tion. Large, multicenter studies will be warranted in order to 
confi rm the role of multimodality cardiac imaging in the 
risk-stratifi cation for sudden cardiac death.    

    13.2   Cardiac Resynchronization Therapy 

 Heart failure is the most frequent cardiovascular diagnosis in 
developed countries with an estimated 550,000 new diagnoses 
each year in the United States. 52  Despite advances in diagnosis 
and medical therapy in the last few decades, the morbidity and 
mortality of heart failure patients remain high. Data from 8 
randomized, multicenter trials, including 4,017 patients, have 
shown that CRT improves functional status and reduces all-
cause mortality and heart failure hospitalizations in patients 
with end-stage, drug-refractory heart failure (Table  13.2 ). 2,  3,  53  -

  57,  59  In addition, available echocardiographic data of these tri-
als demonstrated that CRT induces LV reverse remodeling, 
improvement in LV systolic function, and reduction in mitral 
regurgitation. Pooled data from 5 trials randomizing 2,371 
patients to CRT ( n  = 1,343) vs. medical therapy ( n  = 1,028) 
have shown the superiority of CRT over medical treatment in 

reducing all-cause mortality with 29% of relative risk reduc-
tion. 60  These results led to the American Heart Association/
American College of Cardiology/Heart Rhythm Society 
guidelines consider CRT as a class I indication in patients 
with end-stage heart failure (New York Heart Association 
functional class III-IV) with LV ejection fraction < or equal to 
35% and a QRS complex duration > or equal to 120 ms. 6   

 Despite the widely proven benefi cial effects of CRT, 
20–30% of the patients treated with CRT do not show clinical 
improvement, being considered “non-responder” patients. 8  
Furthermore, when echocardiographic criteria of response are 
applied, the percentage of non-responder patients increases up 
to 40%. 8  This indicates the presence of a high heterogeneity 
among end-stage heart failure patients who fulfi ll current 
selection criteria for CRT device implantation. 

 Several factors may determine the response to CRT: LV 
dyssynchrony, extent and location of scarred tissue, and 
position of the LV lead. 61  Despite current guidelines defi ne 
LV dyssynchrony by QRS complex duration, numerous 
studies have demonstrated the value of several parameters 
of mechanical LV dyssynchrony (based mostly on echocar-
diography imaging) to predict response to CRT, yielding high 
sensitivities and specifi cities (both 80–90%). 8  Finally, the 
extent and location of myocardial scar and the LV lead posi-
tion have also shown to be determinants of CRT response. 8  

   Table 13.2    Results of main clinical trials in CRT   

 Trial (Ref. #)  No.  Primary endpoints  Secondary endpoints  Main fi ndings 

 MUSTIC-SR 53   58  6 MWT  NYHA class, QoL, peak VO 
2
   Improvement in 6 MWT, NYHA class, QoL, peak VO 

2
  

 LV volumes, MR  Reduction in LV volumes and MR 
 Hospitalizations, mortality  Reduction in hospitalizations 

 PATH-CHF 54   41  Peak VO 
2
   NYHA class  Improvement in NYHA class, QoL and 6 MWT 

 6 MWT  QoL  Reduction in hospitalizations 
 Hospitalizations 

 MIRACLE 55   453  NYHA class, 6 
MWT, QoL 

 Peak VO 
2
   Improvement in NYHA class, QoL and 6 MWT 

 LVEDD, LVEF, MR  Reduction in LVEDD, MR, increase in LVEF 
 Clinical composite response 

 MIRACLE-ICD 56   369  NYHA class, 6 
MWT, QoL 

 Peak VO 
2
   Improvement in NYHA class, QoL, peak VO 

2
  

 LVEDD, LVEF, MR 
 Clinical composite response 

 PATH-CHF II 57   86  Peak VO 
2
   NYHA class  Improvement in 6 MWT, QoL, peak VO 

2
  

 6 MWT  QoL 
 CONTAK-CD 58   490  NYHA class, 6 

MWT, QoL 
 LV volume, LVEF  Improvement in 6 MWT, NYHA class, QoL 
 Composite of mortality, VT/VF, 
hospitalizations 

 Reduction in LV volume, increase in LVEF 

 COMPANION 2   1,520  All-cause mortality 
or hospitalization 

 All-cause mortality, cardiac mortality  Reduction in all-cause mortality or hospitalization 

 CARE-HF 3   813  All-cause mortality 
or hospitalization 

 All-cause mortality, NYHA class, 
QoL 

 Reduction in all-cause mortality or hospitalization 
 Improvement in NYHA class, QoL 

   CARE-HF  Cardiac Resynchronization-Heart Failure,  CONTAK-CD  CONTAK-Cardiac Defi brillator,  COMPANION  Comparison of Medical 
Therapy, Pacing and Defi brillation in Heart Failure,  CRT  cardiac resynchronization therapy,  LV  left ventricular,  LVEDD  left ventricular end- 
diastolic dimension,  LVEF  left ventricular ejection fraction,  LVESV  left ventricular end-systolic volume,  MIRACLE  Multicenter InSync Randomized 
Clinical Evaluation,  MIRACLE-ICD  Multicenter InSync Implantable Cardioverter Defi brillator trial,  MR  mitral regurgitation,  MUSTIC  Multisite 
Simulation in Cardiomyopathies,  No  number of patients,  NYHA  New York Heart Association,  PATH-CHF  Pacing Therapies in Congestive Heart 
Failure trial,  QOL  quality-of-life score,  VF  ventricular fi brillation,  VO  

 2 
  volume of oxygen,  VT  ventricular tachycardia,  6MWT  6-min walk test  
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Gadolinium contrast-enhanced MRI and nuclear imaging 
provide valuable information on myocardial viability and 
scar tissue whereas MDCT permits an exact characterization 
of the cardiac venous anatomy. 8  Therefore, noninvasive 
multimodality cardiac imaging may play a central role in 
patient selection for CRT. Whether LV dyssynchrony, LV 
scar, or LV lead position has the same value or not to pre-
dict response to CRT remains unknown. 

    13.2.1   LV Dyssynchrony Assessment 

 End-stage heart failure patients may show impaired elec-
tromechanical coupling, which may further impair LV per-
formance. 6  The most common conduction abnormalities 
include prolonged atrio-ventricular conduction (fi rst-degree 
atrio-ventricular block) and prolonged ventricular conduc-
tion (most common, left bundle branch block). Particularly, 
prolonged ventricular conduction may cause regional 
mechanical delay within the LV which in turn reduces LV 
systolic function, and causes mitral regurgitation and LV 
dilatation with further impairment of LV performance. CRT 
devices improve LV performance by restoring the syn-
chronicity at three levels (atrio-ventricular, interventricular, 
and intraventricular) which, subsequently, increases LV 
fi lling time, reduces mitral regurgitation, and corrects sep-
tal dyskinesis. 8  

 Based on current evidence, the assessment of LV dys-
synchrony seems crucial to identify patients who may well 
respond to CRT. 62  Several studies have demonstrated that 

QRS complex duration fails to predict clinical or echocar-
diographic CRT response (Fig.  13.8 a). 63,  64  In addition, QRS 
complex duration is poorly related to LV dyssynchrony 
assessed with TDI, and 30% of patients with a QRS com-
plex >150 ms do not show LV dyssynchrony whereas 30% 
of the patients with narrow QRS complex (<120 ms) may 
show LV dyssynchrony (Fig.  13.8 b). 63,  65  These observations 
indicate that LV electrical dyssynchrony is not synonymous 
to LV mechanical dyssynchrony, and several cardiac imag-
ing modalities have been explored to search for LV mechan-
ical dyssynchrony parameters that can predict the response 
to CRT.  

    13.2.1.1   Echocardiography 
 Various echocardiographic techniques have been proposed 
to quantify LV dyssynchrony (Table  13.3 ). One of the fi rst 
echocardiographic LV dyssynchrony parameters was the 
measurement of the time delay between the peak systolic 
thickening of the septum and the peak systolic thickening of 
the posterior wall, the so-called septal-to-posterior wall 
motion delay, on  M-mode echocardiography  recordings 
(Fig.  13.9 a). 66  Despite promising results in initial small series 
of patients, further studies involving larger series of patients 
tempered the predictive value of this LV dyssynchrony 
parameter and questioned the feasibility of this technique 
since a clear peak systolic excursion of the septal or the pos-
terior wall may be not observed in up to 50% of patients 
(mostly patients with ischemic heart disease). 67   Tissue 
Doppler imaging  (TDI) – an echocardiographic technique 
that measures the velocity of cardiac motion – has provided 
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  Fig. 13.8    Relation between QRS complex duration and clinical 
response to CRT ( a ) and LV dyssynchrony assessed with echocardiog-
raphy ( b ). QRS complex duration is not a good predictor of clinical 
response to CRT as no differences in baseline QRS complex duration 

are observed between responders and non-responders ( a ). There is no 
relation between electrical dyssynchrony (refl ected by the QRS com-
plex duration) and LV mechanical dyssynchrony assessed with TDI 
echocardiography ( b ) (Adapted from Bax et al. 61  and Bleeker et al. 63  )        
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several parameters to quantify LV dyssynchrony by measur-
ing the time to onset or peak systolic velocity in relation to 
the electrical activity (QRS complex). 8  There is limited evi-
dence on the value of  pulsed wave TDI  to quantify LV dys-
synchrony and to predict response to CRT. 68  With this 
technique, only one myocardial region can be interrogated at 
a time, precluding the measurement of two regions simulta-
neously. In contrast,  color-coded TDI  allows the assessment 
of two opposing LV walls simultaneously by post-processing 
the time-velocity tracings. 62,  69  Numerous non-randomized, 
single-center studies have applied this technique to quantify 
LV dyssynchrony (Fig.  13.9 b). For example, in 85 heart fail-
ure patients treated with CRT, LV dyssynchrony was assessed 
by measuring the time delay between the peak systolic myo-
cardial velocities of the basal segments of four opposing LV 
walls (septal, lateral, anterior and inferior). 62  A cutoff value 
of  ³ 65 ms was highly predictive of both clinical (sensitivity/
specifi city 80% for both) and echocardiographic responses 
(sensitivity/specifi city 92% for both). 62  In addition, Yu et al. 
used a 12-segment model to measure LV dyssynchrony. 69  A 
cutoff value of 34.4 ms predicted echocardiographic response 
to CRT yielding a sensitivity and specifi city of 87% and 
81%, respectively. 69  However, TDI-derived myocardial 
velocities or other derivate techniques (such as tissue track-
ing derived myocardial displacement) may be suboptimal 
approaches to measure dyssynchrony in ischemic heart fail-
ure patients since these techniques cannot differentiate active 
deformation (active contraction of viable myocardium) from 
passive motion (scar segments tethered by the adjacent via-
ble segments). In this regard,  TDI-derived strain (rate) imag-

ing  may provide more information since this imaging 
modality evaluates the active deformation (contraction) of 
the interrogated segments. Although several studies have 
shown that LV dyssynchrony can be quantifi ed by TDI-
derived strain (rate) imaging by measuring time to peak 
strain, its predictive value of response to CRT remains con-
troversial. 70,  74  Dohi et al. evaluated 38 heart failure patients 
treated with CRT and demonstrated that a time delay between 
peak TDI-derived strain of the septal and posterior wall 
 ³ 130 ms was predictive of acute improvement in stroke vol-
ume after CRT device implantation (sensitivity 95%, speci-
fi city 88%). 70 In contrast, Yu et al. demonstrated that LV 
dyssynchrony measurements based on longitudinal TDI-
derived strain were not predictive of LV reverse remodeling 
at 3-month follow-up. 74    

 In addition,  2-dimensional speckle tracking strain (rate) 
imaging  has emerged as a novel echocardiographic tech-
nique that enables multidirectional and angle-independent 
assessment of LV strain (Fig.  13.9 c; see this chapter movies 
on the Springer Extras). 71,  75  Initial studies have demon-
strated that a time delay between peak radial strain of the 
(antero)septal and (postero)lateral walls  ³ 130 ms predicts 
echocardiographic response yielding a sensitivity of 
83–89% and specifi city of 80–83%. 71,  75 Finally, 3- dimensional 
echocardiography  is a promising technique to evaluate LV 
dyssynchrony since, conceptually, it may provide a global 
measurement of the entire LV. 72,  73,  76  Initial studies have 
demonstrated the role of this technique by using direct vol-
umetric analysis, with  real-time 3-dimensional echocar-
diography , or by using  triplane TDI.  72,  73  The predictive 

   Table 13.3    Echocardiographic studies on LV dyssynchrony assessment and predictive value of CRT response   

 Author (Ref. #)  No.  Measurement 
 Echocardiographic 
technique 

 LV dyssynchrony 
cutoff value 

 Sensitivity 
(%) 

 Specifi city 
(%) 

 Pitzalis et al. 66   20  Septal-to-posterior wall motion delay  M-mode   ³ 130 ms  100  63 

 Diaz-Infante et al.  67   67  Septal-to-posterior wall motion delay  M-mode   ³ 130 ms  50  38 

 Penicka et al. 68   49  Sum of LV and VV dyssynchrony 
(pulsed wave systolic velocities) 

 Pulsed wave TDI  >102 ms  96  77 

 Bax et al. 62   85  Delay in peak systolic velocities  Color-coded TDI   ³ 65 ms  92  92 
 (Four segments: basal septum, lateral, 
anterior, and inferior walls) 

 Yu et al. 69   56  Standard deviation of time to peak 
systolic velocities (12 LV segments) 

 Color-coded TDI   ³ 34.4 ms  87  81 

 Dohi et al. 70   38  Delay in peak radial strain (septal to 
posterior wall) 

 TDI-derived strain   ³ 130 ms  95  88 

 Delgado et al. 71   161  Delay in peak radial strain (anteroseptal 
to posterior wall) 

 2-dimensional radial 
strain 

  ³ 130 ms  83  80 

 Marsan et al. 72   57  Systolic dyssynchrony index: standard 
deviation of time to minimum volume 
(16 LV segments) 

 Real-time 3-dimensional 
echocardiography 

  ³ 6.4%  88  85 

 Van de Veire et al. 73   60  Standard deviation of time to peak 
systolic velocities (12 LV segments) 

 Triplane TDI  >33 ms  90  83 

   LV  left ventricular,  No  number of patients,  TDI  tissue Doppler imaging,  VV  interventricular  
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  Fig. 13.9    LV dyssynchrony assessment with echocardiography. 
Several echocardiographic methods have been developed to quantify 
LV dyssynchrony (see text): septal-to-posterior wall motion delay on 
M-mode images ( a ), time delay between peak systolic velocities on TDI 
images ( b ), time delay between peak radial strain of the anteroseptal 

( AS ) and postero(lateral) ( P ) walls ( c ), systolic dyssynchrony index ( d ) 
obtained from the standard deviation of time to minimum systolic 
 volume of 16 sub-volumes ( left ) and color-coded polar maps showing 
the latest activated areas ( right ), the standard deviation of time to peak 
systolic velocities of 12 segments on triplane TDI images ( e )             

a

b
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c

d

Fig. 13.9 (continued)
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e

Fig. 13.9 (continued)

value of real-time 3-dimensional echocardiography for 
response to CRT has been recently demonstrated by Marsan 
et al. 72  With this technique, the systolic dyssynchrony index 
is calculated as the standard deviation of time to minimum 
systolic volume of the 16 sub-volumes in which the LV is 
divided (Fig.  13.9 d). A cutoff value of 6.4% predicted acute 
LV reverse remodeling after CRT implantation with a sen-
sitivity and specifi city of 88% and 85% respectively. 72  In 
addition, van de Veire et al. demonstrated the value of 
triplane TDI to measure LV dyssynchrony and to predict 
clinical and echocardiographic responses to CRT. 73  From 
the triplane LV full volume dataset, time to peak systolic 
velocity was calculated in 12 segments and the time disper-
sion was derived as LV dyssynchrony index (Fig.  13.9 e). A 
cutoff value of 33 ms predicted clinical (sensitivity/speci-
fi city of 89% and 82%) and LV reverse remodeling (sensi-
tivity/specifi city of 90% and 83%). 73  

 Despite this plethora of echocardiographic LV dyssyn-
chrony measurements, there is no consensus on which 
echocardiographic parameter should be used to identify 
patients who will respond to CRT. The Predictors Of Response 
to Cardiac Resynchronization Therapy (PROSPECT) trial 
demonstrated that no single echocardiographic measurement 

of LV dyssynchrony (based on M-mode, pulsed wave TDI, or 
color-coded TDI) was highly predictive of CRT response. 77  
Beyond patient selection and technical issues that can explain 
these results, there are several pathophysiologic issues that 
were not considered in the PROSPECT trial such as the extent 
and location of LV scar tissue and the LV lead position, cru-
cial determinants of CRT response as well. Therefore, a more 
integrated approach may optimize the selection of patients 
who will benefi t from CRT.  

    13.2.1.2   Magnetic Resonance Imaging 
 The assessment of LV dyssynchrony based on MRI tech-
niques has been shown feasible and provides reproducible 
data on 3-dimensional myocardial activation pattern. 
Currently, different approaches have been proposed to mea-
sure LV dyssynchrony and predict CRT response. 78  Tagged 
MRI enables 3-dimensional circumferential and longitudinal 
strain analysis, and several acquisition and post-processing 
algorithms have been developed to characterize the electro-
mechanical activation sequence (Fig.  13.10 a). 81,  82  By mea-
suring the time to onset or peak strain, a polar map can be 
obtained illustrating the LV mechanical activation pattern 
and identifying the latest activated areas. 82  In addition, with 
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  Fig. 13.10    LV dyssynchrony assessed with CMR techniques. Several 
CMR techniques have been proposed to measure LV dyssynchrony: 
tagged-CMR measures time to onset or peak deformation of myocar-
dial segments and provides parametric images where the onset of the 
contraction and the most delayed segments can be readily identifi ed ( a ); 
with velocity-encoded CMR, time delay in peak systolic velocities 

between basal septal and basal lateral segments can be quantifi ed ( b ); 
regional wall motion analysis of LV short-axis CMR images yields 
time-radial wall thickness curves of 16 segments and the standard devi-
ation of time to maximum wall thickness of 16 segments provides the 
LV dyssynchrony index ( c ) (Reproduced with permission from Lardo 
et al. 79 and Westenberg et al. 80  )          
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the use of velocity-encoded MRI, Westenberg et al. assessed 
LV dyssynchrony in 20 heart failure patients undergoing 
CRT implantation. 80  From myocardial velocity tracings 
obtained with velocity-encoded MRI, time differences in 
peak systolic velocities between two opposing segments can 
be calculated and LV dyssynchrony can be quantifi ed in a 
similar fashion to echocardiographic TDI (Fig.  13.10 b). 80  
The authors found an excellent agreement between velocity-
encoded MRI and echocardiographic TDI in scoring the 
severity of LV mechanical dyssynchrony (95% of patients 
were classifi ed identical). 80  Finally, LV dyssynchrony can be 
quantifi ed with regional wall motion analysis from short-axis 
cine MRI (Fig.  13.10 c). 83  By using a16-segment model, the 
time-wall thickness tracings can be obtained and the stan-
dard deviation of the time to peak wall thickness can be cal-
culated as an indicator of LV dyssynchrony. 83    

    13.2.1.3   Nuclear Imaging 
 ECG-gated SPECT imaging has been shown to be a useful 
tool to evaluate LV dyssynchrony. 84  A count-based method 
has been developed to measure amplitude (wall systolic 
thickening) and phase angle from the regional LV count 
changes along the cardiac cycle. The phase angle refl ects 
timing of conduction within the cardiac cycle (0–360º) and 
this phase angle distribution is homogeneous when LV con-
traction is synchronous and heterogeneous when LV dys-
synchrony exists. 84  In addition, the phase angle data can 
be displayed in histograms where the bandwidth can be 
measured as an indicator of the phase angle distribution. 
The value of the phase standard deviation and the band-
width of the histogram to predict CRT response have been 
recently demonstrated in 40 heart failure patients treated 
with CRT. 85  A cutoff value of 72.5º for bandwidth and 19.6º 
for phase standard deviation predict LV reverse remodel-
ing yielding a sensitivity and specifi city of 83% and 81% 
respectively. 85  

 However, as previously indicated, assessment of LV dys-
synchrony alone may not be suffi cient to identify patients 
who will or will not respond to CRT. Thus, patients with 
large areas of transmural scar or without suitable veins in the 
latest activated areas (where the LV pacing lead should be 
ideally placed) may show less benefi t from CRT. Therefore, 
selection of patients who will benefi t from CRT can be 
refi ned by integrating information on LV dyssynchrony, the 
latest activated area, extent and location of scar tissue, and 
venous anatomy.   

    13.2.2   LV Viability and Scar Tissue Assessment 

 Pacing the LV in a segment with transmural scar may reduce 
the effectiveness of CRT. 86  In addition, large areas of scar 
tissue may limit the ability of the myocardium to respond to 

CRT. 87,  88  Echocardiography, MRI, and nuclear imaging 
 provide information on the characteristics of the viable 
myocardium and on the location and extent of myocardial 
scar tissue. 

    13.2.2.1   Echocardiography 
 Low-dose dobutamine stress echocardiography is one of the 
most frequently used imaging techniques to evaluate myo-
cardial viability. 89  Myocardial segments that show contrac-
tile reserve during increasing low-dose dobutamine infusion 
are considered viable. 90  In contrast, nonviable myocardial 
segments (transmural scar) do not show contractile reserve. 90  
Few studies have used low-dose dobutamine echocardiogra-
phy to assess scar and viability prior to CRT implantation. 91,  92  
In 31 patients with advanced heart failure undergoing CRT 
device implantation, Ypenburg et al. evaluated global myo-
cardial viability with low-dose dobutamine echocardiogra-
phy. In addition, regional myocardial viability was assessed 
at the segment targeted by the LV lead using 2-dimensional 
speckle tracking strain imaging. 92  The patients who responded 
to CRT had a signifi cant increase in LV ejection fraction dur-
ing low-dose dobutamine infusion (from 27% ± 7% to 
40% ± 8%,  p  < 0.001), whereas non-responders did not show 
signifi cant improvement in LV ejection fraction. Furthermore, 
myocardial contractile reserve at the segment targeted by the 
LV lead was present only in responder patients as indicated 
by an increase in radial strain value (6 ± 5% vs. −1 ± 4%, 
 p  = 0.002 responders vs. non-responders). 92  

 Another echocardiographic technique useful to evaluate 
myocardial viability is myocardial contrast echocardiogra-
phy. With the infusion of contrast agents consisting of 
microbubbles of a high-molecular-weight gas, encapsulated 
in a shell of lipids or proteins, myocardial perfusion can be 
assessed. Areas with normal perfusion appear as enhanced 
myocardium, whereas those areas with impaired perfusion 
appear as dark or patchy (Fig.  13.11 ). A perfusion score 
index can be derived from the summed segmental perfusion 
scores and the higher the perfusion score index, the larger the 
extent of viable myocardium. In 21 heart failure patients 
treated with CRT, Hummel et al. demonstrated the incremental 
value of the perfusion score index over LV dyssynchrony for 
predicting improvement in LV ejection fraction after CRT 
implantation. 93   

  Magnetic resonance imaging.  This 3-dimensional imag-
ing technique permits a precise delineation of scar tissue with 
high spatial resolution yielding information concerning the 
exact location and transmurality of scar tissue, but also on the 
total extent of scar in the LV (the total scar burden). The gad-
olinium-based contrast agent diffuses within the scar tissue 
areas that have larger interstitial spaces between the collagen 
fi bers as compared to regions of normal myocardium. In those 
areas, the outwash of gadolinium-based contrast agents is 
slower and with an inversion-recovery 3-dimensional  gradient 
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echo sequence acquisition, the scarred areas appeared as 
hyperenhanced regions. The inversion time is usually deter-
mined with real-time plan scan to null normal myocardial 
signal (Fig.  13.12 a). With the use of contrast-enhanced MRI, 
Bleeker et al. evaluated the presence and location of transmu-
ral scar in 40 patients with end-stage heart failure before CRT 

implantation. 86  In this study, patients with substantial base-
line LV dyssynchrony (>65 ms assessed with TDI) and with-
out transmural scar at posterolateral segments (preferred LV 
lead positioning) showed a signifi cantly higher CRT response 
rate than patients with transmural posterolateral scar and/or 
absent LV dyssynchrony (95% vs. 11%,  p  < 0.05). 86   

  Fig. 13.11    Myocardial contrast echocardiography. The total scar 
 burden can be evaluated with myocardial contrast echocardiography. A 
perfusion score index can be derived from the summed segmental 
 perfusion scores and the higher the perfusion score index, the larger the 

extent of viable myocardium. The fi gure illustrates the example of a 
46-year-old patient in NYHA class III with LV ejection fraction of 32% 
and large perfusion defects. After 6 months of CRT, the patient did not 
show LV reverse remodeling       
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  Fig. 13.12    Assessment of location and total scar burden with 
 contrast-enhanced CMR. Positioning the LV pacing lead in a segment 
with transmural scar ( a ) may result in non-response to CRT. In 

 addition, a larger amount of myocardial scarred tissue (total scar 
 burden,  b ) increases the likelihood of non-response to CRT (Adapted 
Ypenburg et al. 94  )        

 In addition, the infl uence of the total scar burden on LV 
reverse remodeling after CRT implantation was tested in 34 
ischemic heart failure patients undergoing contrast-enhanced 
MRI prior CRT implantation. 94  The extent and transmurality 
of scar tissue were evaluated before CRT implantation. Using 
a 17-segment model with a 5-point hyperenhancement scale 
(from score 0 = no hyperenhancement indicating no scar, to 
score 4 = hyperenhancement > 76% indicating transmural 
scar), the total scar burden was estimated. Linear regression 
analysis demonstrated a strong direct relation between the 
total scar burden and the relative change in LV end-systolic 
volume after CRT implantation ( r  = −0.91,  p  < 0.05) indicat-
ing that the higher scar burden is, the less reverse remodeling 
may be observed. In addition, based on the 5-point hyper-
enhancement scale, a total scar burden of >1.2 resulted in a 
complete functional non-response (Fig.  13.12 b). 94  

 Therefore, not only the presence of posterolateral trans-
mural scar but also the total extent of scar tissue may limit 
the response to CRT. Contrast-enhanced MRI is an ideal 
technique to refi ne the selection of CRT candidates. 

  Nuclear imaging.  Scintigraphic techniques, positron 
emission tomography (PET) or SPECT, provide comprehen-
sive information on myocardial viability. Several radio-
labeled tracers are used to evaluate the characteristics of the 
viable myocardium (thallium-201 for myocardial perfusion 
and cell membrane integrity assessment;   99m   Tc -tetrofosmin/
sestamibi for myocardial perfusion, cell membrane integrity, 
and mitochondrial function;  F   18  -fl uorodeoxyglucose (FDG) 
for glucose metabolism). 43  The role of these imaging tech-

niques for prediction of CRT response has been evaluated in 
various studies. In a series of 20 advanced heart failure 
patients undergoing CRT implantation, the presence of non-
viable myocardium as assessed with   99m   Tc- tetrofosmin ECG-
gated SPECT was related to LV reverse remodeling at 
short-term follow-up. 95  Patients with signifi cant perfusion 
defects on ECG-gated SPECT studies (tracer uptake < 50%) 
did not show LV reverse remodeling or LV function improve-
ment whereas patients with a normal myocardial perfusion 
pattern showed favorable echocardiographic response. 95  
These results were extended by Ypenburg et al. in a recent 
study involving 51 ischemic heart failure patients with sub-
stantial LV dyssynchrony. 88    99m   Tc -tetrofosmin ECG-gated 
SPECT data were displayed in a polar map and analyzed in a 
17-segment model. Segmental tracer uptake was quantifi ed 
and segments showing a tracer uptake  ³  75% were considered 
normal (viable) and segments showing a tracer uptake < 50% 
were considered to have extensive scar tissue (transmural 
infarction). The total scar score was derived by summation of 
the segmental scores and the higher scores indicated more 
extensive scar tissue. In addition, the presence of transmural 
scar (tracer activity <50%) in the segments targeted by the LV 
lead was also assessed. The number of viable segments and 
the total scar burden were strongly related to LV reverse 
remodeling. Patients with  ³ 10 viable segments or a total 
scar score  £ 15 had higher likelihood of showing favorable 
response to CRT. 88  Finally, patients with transmural scar 
tissue in the region of the LV pacing lead showed with less 
frequency signifi cant LV reverse remodeling.   
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    13.2.3   LV Lead Position 

 Response to CRT is also infl uenced by the LV lead position 
and, indeed, initial studies showed that patients with the LV 
lead in the posterolateral regions had the best hemodynamic 
improvement. 96  In addition, several studies have demon-
strated the lack of response to CRT when the LV pacing lead 
is positioned outside the latest activated segment. 97  -  99  
Therefore, the identifi cation of the latest activated areas and 
the assessment of the venous anatomy in those areas may be 
of importance to increase the CRT response rate. A mini-
mally invasive surgical approach to implant an epicardial LV 
lead may be preferred when there are no suitable cardiac 
veins in the latest activated regions. 

 To identify the latest activated segments, several echocar-
diographic techniques may be of value. 97  -  99  Murphy et al. 
demonstrated the role of TDI echocardiography techniques 
to identify the latest activated segments and to guide the LV 
pacing lead positioning. 99  In 54 heart failure patients under-
going CRT implantation, the latest mechanical activated seg-
ments were evaluated with TDI. Patients with an LV lead 
positioned at the area of latest mechanical activation on TDI 
showed signifi cant LV reverse remodeling after 6 months of 

CRT. 99  However, TDI does not distinguish between myocar-
dial segments with active contraction or passively tethered 
by the adjacent and viable segments. In this regard, 2-dimen-
sional strain (rate) imaging may provide more realistic infor-
mation on the latest activated segments. 97,  100  In 257 heart 
failure patients treated with CRT, the latest activated seg-
ments were identifi ed with 2-dimensional speckle tracking 
radial strain imaging. 100  The LV lead position was assessed 
from chest X-ray. At 6-month follow-up, signifi cant LV 
reverse remodeling was observed only in patients with the 
LV lead positioned at the latest activated segments. 100  More 
important, a concordant LV lead position was shown to be an 
independent predictor of hospitalization-free survival at 
long-term follow-up. 100  

 To ensure concordant LV lead positioning at the latest 
site of activation, it may be important to assess the avail-
ability and distribution of cardiac veins in order to plan 
whether a transvenous approach is feasible, or minimally 
invasive surgery is preferred. MDCT or MRI techniques can 
noninvasively visualize venous anatomy. 101,  102  Particularly, 
in patients with ischemic heart failure and previous lateral 
infarction, MDCT has demonstrated the absence of the left 
marginal vein (Fig.  13.13 ). 101  This fi nding has important 

  Fig. 13.13    Assessment of venous    anatomy with MDCT. The coronary 
sinus and the tributaries can be evaluated with MDCT. ( a ) Left marginal 
vein ( LMV ) and posterior vein of the left ventricle ( PVLV ) are identi-
fi ed. In patients with prior myocardial infarction, suitable veins for LV 
lead implantation are less frequently observed and only minimal car-

diac veins are identifi ed ( b ). Abbreviations:  CS  coronary sinus,  GCV  
great cardiac vein,  LMV  left marginal vein,  PIV  posterior interventricu-
lar vein,  PVLV  posterior vein of the left ventricle (Adapted from Van de 
Veire et al.  101  )        
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clinical implications since the absence of (postero)lateral 
veins may preclude to target the latest activated segments 
when the LV lead is placed transvenously. In those cases, a 
surgical approach to implant the LV lead may be preferred.    

    13.3   Conclusions 

 A large body of published evidence from multicenter con-
trolled trials has demonstrated the clinical benefi ts of ICD 
and CRT in high-risk patients. However, to achieve the larg-
est benefi t, risk-stratifi cation strategies and identifi cation of 
candidates for these therapies should be optimized. In this 
regard, analysis of the cardiac substrate may provide impor-
tant information. In candidates to ICD implantation, MRI 
and nuclear imaging provide meaningful insight in the 
arrhythmogenic substrate. In addition, selection of candi-
dates to CRT should rely on an integrated approach includ-
ing the assessment of LV dyssynchrony (latest activated 
segment), location and extent of myocardial scar tissue, and 
cardiac venous anatomy. As shown in numerous studies, 
patients with signifi cant LV dyssynchrony and with an 
LV pacing lead positioned in or near the latest activated 
segments will benefi t most from CRT implantation. 
Echocardiographic techniques provide useful information in 
this pathophysiological aspect. Furthermore, in patients with 
ischemic heart failure, positioning of the LV pacing lead in a 
segment with transmural scar reduces the CRT response. 
MRI and nuclear imaging are key imaging tools to evaluate 
the extension and location of scar tissue. Finally, the lack of 
suitable cardiac venous anatomy for transvenous LV lead 
implantation at the latest activated segments may be com-
mon in patients with prior myocardial infarction. In this sub-
group of patients, MDCT may constitute a valuable imaging 
modality to anticipate the LV lead implantation strategy 
(transvenous or minimally invasive surgical approach). 
Therefore, a multimodality imaging approach, including 
echocardiographic techniques, MRI, nuclear imaging, and 
MDCT, may refi ne the risk-stratifi cation and selection of 
candidates to these device therapies.      
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    14.1   Overview of Echocardiographic 
Dyssynchrony 

    14.1.1   Pathophysiological Basis of Dyssynchrony 

 Cardiac resynchronization therapy (CRT) has been proven 
to be a major benefi t to severely symptomatic heart failure 
patients with widened QRS duration  ³  120 ms, and reduced 
ejection fraction (EF)  £  35%. Several randomized clinical 
CRT trials have demonstrated signifi cant improvements in 
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heart failure symptoms, ventricular function, and survival. 1  -  3  
The prevailing evidence supports that multi-site pacing 
improves abnormalities of left ventricular (LV) mechanical 
activation, known as dyssynchrony, as the principal thera-
peutic effect of CRT. The most common pattern of dyssyn-
chrony is represented by left bundle branch block (LBBB), 
which is characterized by early septal mechanical activa-
tion followed by delayed posterior and lateral wall activa-
tion (Fig.  14.1 ). Although several variations in abnormalities 

of electrical and mechanical activation may exist, the 
 electrical dispersion manifest by QRS widening is believed 
to be a  surrogate for mechanical dyssynchrony. Current 
clinical guidelines based on selection criteria used in the 
CRT trials use QRS widening as a marker for dyssynchrony. 
Unfortunately, approximately one-third of patients receiv-
ing CRT do not seem to benefi t using these routine clinical 
selection criteria. 4  -  8  Since CRT implantation is expensive 
and associated with a small but signifi cant procedural risk 
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  Fig. 14.1    Three-dimensional echocardiographic strain images and 
corresponding segmental time-strain curves from a normal subject ( top 
panels ) and a heart failure patient with left bundle branch block ( LBBB ) 
( bottom panels ). The normal subject illustrates synchronous  contraction 

with similar timing of peak strain curves, and the patient with LBBB 
demonstrates the typical dyssynchronous pattern of early septal con-
traction followed by delayed posterior segmental contraction       
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of complications, efforts have been focused on improve-
ment in patient selection. The study of echocardiographic 
dyssynchrony has led to the important observation that 
there is a subset of patients with widened QRS duration that 
do not have signifi cant mechanical dyssynchrony. 4,  5,  7,  9  -  12  
(Table  14.1 ) The reasons for the disassociation of mechani-
cal dyssynchrony from QRS widening are unclear, but most 
existing information indicates that the patients with QRS 
widening who lack signifi cant mechanical dyssynchrony 
do not respond favorably to CRT and appear to have a worse 
prognosis.    

    14.1.2   Dyssynchrony and the PROSPECT Study 

 A large body of literature exists that supports the utility of 
echocardiographic dyssynchrony to predict response to CRT 
and improve patient selection. However, it remains contro-
versial as to which echocardiographic dyssynchrony approach 
is most reproducible and clinically useful. The multicenter 
study of the predictors of responders to cardiac resynchroni-
zation therapy, known as the PROSPECT study, attempted to 
determine which echo-Doppler approach would be the most 
favorable predictor of response to CRT. 13  In this study of 426 
patients with routine CRT indications from 53 international 
sites, M-mode, routine pulsed Doppler, and tissue Doppler 
methods were examined at baseline, and the outcome vari-
ables of clinical symptomatic response and reductions in 
end-systolic LV volumes assessed at 6 months. 

 Unfortunately, no single echocardiographic dyssynchrony 
measure was found to be highly predictive of CRT response. 
Furthermore, PROSPECT reported a low feasibility of 

M-mode and tissue Doppler dyssynchrony measures in 
many patients, and a high variability in their analysis. Since 
PROSPECT was the fi rst prospective multicenter study of 
echocardiographic dyssynchrony, it concluded that rou-
tine clinical selection criteria have not yet been replaced. 13  
Subsequently, several problems with the PROSPECT 
which most likely contributed to the variability in data have 
been identifi ed including three different echocardiographic 
systems, three different off-line software programs used 
by three different echo core labs. Furthermore, the techni-
cal quality of many of the echocardiographic studies was 
limited, even for routine measures such as LV end-systolic 
volumes, which interfered with interpretation of the results. 
Furthermore, the follow-up period of 6 months may have 
been too short to demonstrate any signifi cant outcome pre-
diction in these patients. In the aftermath of PROSPECT, 
the clinical utility of echocardiographic dyssynchrony to 
predict response to CRT has become less clear. Further 
evidence suggested that response to CRT is multifacto-
rial, including improvement in dyssynchrony, scar burden, 
LV lead positioning, atrio-ventricular delays, and LV-right 
ventricular interactions. 8,  14  -  16  (Fig.  14.2 ). With the acknowl-
edgment that echocardiographic assessment of mechanical 
dyssynchrony is complex and that its signifi cance is not 
completely elucidated, the remainder of this chapter will 
review the body of data that support the potential useful-
ness of echocardiographic dyssynchrony and response to 
CRT. Since no echocardiographic or Doppler method is 
ideal, a multi-modality echocardiographic approach is pru-
dent utilizing the three most supported methods of routine 
pulsed Doppler, tissue Doppler, and the newer approach of 
speckle tracking assessment of dyssynchrony.    

   Table 14.1    Dyssynchrony indices associated with response to cardiac resynchronization therapy   

 Index  Method 
 Cut-off 
(ms)  Calculation  Comments 

 Septal to posterior 
wall delay 

 M-mode   ³ 130  Time difference between peak inward 
motion of the septum and posterior wall 

 Largely affected by passive motion or 
tethering. Diffi culties with segmental 
akinesis 

 Interventricular 
mechanical delay 

 Routine pulsed 
Doppler 

  ³ 40  Time difference between right ventricular 
ejection and left ventricular ejection 

 Widely available. Highly reproducible 

 Opposing wall delay, 
2-sites 

 Color tissue Doppler 
peak velocity 

  ³ 65  Time difference between peak systolic 
velocities of opposing walls during ejection 
interval 

 Requires color TD equipment. Affected 
by passive motion and tethering 

 Maximum wall 
delay, 12-sites 

 Color tissue Doppler 
peak velocity 

  ³ 100  Maximum time difference between peak 
systolic velocities of 12 sites during 
ejection interval 

 More complete detection of longitudinal 
dyssynchrony. Affected by passive motion 
and tethering 

 Yu index  Color tissue Doppler, 
12-segment standard 
deviation 

  ³ 32  Standard deviation in time from onset of 
QRS to peak velocities during ejection 
interval from 12 sites 

 Time-consuming but complete assessment 
of longitudinal dyssynchrony. Affected by 
passive motion and tethering 

 Delayed longitudinal 
contraction 

 Color tissue Doppler 
strain/strain rate 

 N/A  Delayed onset of contraction from basal 
sites 

 Technically demanding. Less affected by 
passive motion or tethering 

 Septal to posterior 
wall delay 

 Radial strain   ³ 130  Time difference between peak positive 
strain in septum to posterior wall 

 Requires specialized software for 
analysis. Refl ects active contraction 
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    14.2   Routine Pulsed Doppler Methods 

 Routine pulsed Doppler echocardiography is widely avail-
able and highly reproducible to measure the timing and 
 duration of cardiac blood fl ow events. Cazeau et al. intro-
duced the use of routine pulsed Doppler to assess effects of 
cardiac dyssynchrony. 17  The most widely used measures 
include the onset of LV outfl ow, also known as the pre-ejection 
delay (PED), the difference between the right ventricular 
pre-ejection period and LV pre-ejection period, also known 
as the interventricular mechanical delay (IVMD), and mitral 
infl ow fi lling time, usually expressed as a ratio to the R-R 
interval (FT/RR). The pathophysiological basis for delays in 
LV ejection is thought to be intraventricular dyssynchrony 
that result in increases in the LV pre-ejection period and 
IVMD. (Fig.  14.3 ). Although confounding variables for 
IVMD include effects of heart rate and right ventricular func-
tion, these simple measures have been shown to be predictive 
of patient outcomes following CRT. The commonly used 
cutoffs considered as signifi cant dyssynchrony include: 
 ³ 140 ms for PED,  ³ 40 ms for IVMD, and  £ 40% for FT/RR. 
Of these three routine pulsed Doppler indices, IVMD has 
been shown to be most predictive of response to CRT, in par-
ticular in patients with wider QRS durations. Achilli et al. 
reported the SCART study of 133 patients, where a positive 
response to CRT was predicted by IVMD > 44 ms with a sen-
sitivity of 66% and a specifi city of 55%. 18  Richardson et al. 
also reported that an IMVD > 50 ms was associated with 
patient survival following CRT as part of the CARE-HF trial 
analysis. 19  More recent data have shown that IVMD is asso-
ciated with wider QRS duration and thus uncommon in 

patients with shorter QRS duration <130 ms. Accordingly, 
signifi cant IVMD > 40 ms is likely the result of a more severe 
degree of dyssynchrony and is a potentially useful addition 
to measures of intraventricular dyssynchrony as discussed in 
detail subsequently.   

    14.3   Tissue Doppler Imaging 

 The largest body of published literature on echocardiographic 
dyssynchrony analysis to predict response to CRT is repre-
sented by tissue Doppler imaging. 4,  5,  7  -  10,  12,  20  The most frequent 
approach takes advantage of the favorable Doppler angle of 
incidence from the apical windows to measure LV longitudi-
nal mechanical events. The most direct measurement utiliz-
ing tissue Doppler is velocity, and differences in time-to-peak 
velocity have been used widely as markers of dyssynchrony. 
The most straightforward approaches have been either the 
opposing wall delay, or the 12-site standard deviation, also 
known as the Yu Index (Fig.  14.4 ). 8,  12,  20  Tissue Doppler data 
are recorded from three standard apical views, including api-
cal 4-chamber view, apical 2-chamber view, and apical long-
axis view (Figs.  14.5  and  14.6 ). A summary of practical 
technical steps to help achieve reproducible longitudinal tis-
sue Doppler velocity results is as follows:         

   Utilize color-coded tissue Doppler imaging and off-line • 
analysis.  
  Align the left ventricle as vertical as possible within the • 
ultrasound sector, to achieve the most favorable Doppler 
angle of incidence.  
  Limit analysis to the timing of LV ejection, excluding • 
post-systolic peaks. The event timing is usually extracted 
from routine Doppler tracings of the LV outfl ow tract.  
  Use large regions of interest (7 × 15 mm) to enhance spa-• 
tial averaging.  
  Limit analysis to the basal and middle thirds of the LV, • 
excluding the LV apex, because of an unfavorable Doppler 
angle of incidence and near-fi eld noise.  
  Adjust the region of interest within the segment to deter-• 
mine the most reproducible peak velocity signal, exclud-
ing short-duration high-frequency noise.    
 The cutoff values utilized commonly for signifi cant dys-

synchrony by tissue Doppler velocity include an opposing 
wall delay of  ³ 65 ms from a single view and a 12-site stan-
dard deviation of >32 ms. Other groups have been successful 
with post-processing approaches to tissue Doppler, including 
tissue Doppler strain and    strain rate; however, the velocity 
data have the more robust signal to noise ratio. 10  The major 
disadvantage to tissue Doppler velocity assessment is that 
velocity cannot differentiate between the timing of active 
contraction, which is believed to be important for dyssyn-
chrony analysis and passive motion, which is a confounding 
variable with ischemic heart disease and myocardial scar.  

Dyssynchrony Lead
position

Suboptimal or
related to scar

Scar
burden

Too much scar to
reverse remodel

No baseline
dyssynchrony or

no resynchronization

  Fig. 14.2    Approximately one-third of patients who receive cardiac 
resynchronization therapy do not respond favorably. Although lack of 
dyssynchrony appears to play a role in non-response to cardiac resynchro-
nization therapy, other important potential reasons for non-response exist       
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    14.4   Speckle Tracking Echocardiography 

    14.4.1   Two-Dimensional Speckle Tracking 

 A recent advance in echocardiographic assessment of dys-
synchrony is speckle tracking, which may be applied to 
routine gray scale digital images. The concept of speckle 
tracking is to use computer programming to recognize 
patterns of myocardial speckles within a region of interest 
from frame-to-frame. 9,  11  Quantitative data is then extracted 
to determine myocardial strain as the relative change in 
distance or length. Three variations in two-dimensional 
strain have been described, including radial strain and cir-
cumferential strain from short-axis images and longitudi-

nal strain from apical images. Radial strain from the 
mid-ventricular short-axis plane has been described to be 
advantageous to the alternate methods for dyssynchrony 
analysis, although data continue to emerge on these newer 
methods (Figs.  14.7  and  14.8 ). A summary of practical 
advice on achieving reproducible two-dimensional radial 
strain data from mid-LV short-axis images for dyssyn-
chrony analysis with currently available equipment is as 
follows:  

   Acquire high image quality data with frame rates • 
60–90 Hz. Frame rates too slow are excessively smoothed, 
and frame rates too fast are noisy.  
  Carefully place the endocardial region of interest slightly • 
within the LV cavity and place the epicardial region of 

  Fig. 14.3    Routine    pulsed Doppler recordings demonstrating the calcu-
lation of interventricular mechanical delay ( IVMD ). The time differ-
ence between onset of right ventricular ejection and onset of left 
ventricular ejection is the IVMD. Lines in  left panels  indicate the loca-

tion of pulsed Doppler sample volumes.  Arrow top-right  indicates time 
to onset of right ventricular ejection,  arrow bottom-right  indicates time 
to onset of left ventricular ejection       
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interest to match the epicardial contour. Care must be 
taken to adjust the septal region of interest to be slightly 
less wide than the free wall, consistent with the anatomi-
cal contour.  
  Use the cine play feature to ensure visually that the region • 
of interest is tracking the myocardial motion, in particular 
tracking the endocardium. Adjust and fi ne-tune the region 
of interest until satisfactory tracking is achieved.  
  Determine the timing of peak positive strain (above the • 
zero baseline), which represents thickening toward the LV 
cavity center, in septal segments and posterior and/or lat-
eral segments. Note that the typical dyssynchrony pattern is 
early septal thickening and delayed free wall thickening.  
  Analyze several beats and average values if beat-to-beat • 
variability occurs.  
  The time difference between anteroseptal to posterior • 
wall peak strain has been shown to be predictive of 
response to CRT.    
 A variation of speckle tracking echocardiography is 

velocity vector imaging. This software utilizes routine 

digital DICOM images, and can extract quantitative data 
 off-line. 16  Both longitudinal velocity data may be obtained 
from apical views for dyssynchrony analysis and radial 
strain from parasternal short-axis views. Although details 
for analysis of speckle tracking echocardiograms are 
related to specifi c manufacturer’s software, similar results 
may be obtained. 21  Accordingly, speckle tracking echocar-
diography for dyssynchrony analysis appears promising 
for future applications.  

    14.4.2   Three-Dimensional Speckle Tracking 

 The most recent technological advance in speckle track-
ing echocardiography has been three-dimensional strain. A 
pyramid of echocardiographic data is acquired using a three-
dimensional transducer, which allows myocardial dynam-
ics to be tracked in three-dimensional space. This enables 
the complexities of three-dimensional dyssynchrony to be 
quantifi ed and mechanical activation sequences displayed. 

  Fig. 14.4    An example determination of the tissue Doppler two-site 
opposing wall delay from the 4-chamber view from a patient with left 
bundle branch block. The opposing wall delay is assessed as the time 

difference between the septal peak velocity and the lateral wall peak 
velocity. Analysis of peak velocities is limited to the ejection interval 
between aortic valve opening ( AVO ) and aortic valve closure ( AVC )       
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  Fig. 14.5    A representative example of a patient with left bundle branch 
block and signifi cant dyssynchrony. Time from onset of the electrocar-
diographic QRS complex to peak systolic velocities is shown from 
basal and mid segments using apical 4-chamber, apical 2-chamber, and 

apical long-axis views. Calculation of the standard deviation of the 
time-to-peak velocity from 12 sites is known as the Yu Index. Analysis 
of peak velocities is limited to the ejection interval between aortic valve 
opening ( AVO ) and aortic valve closure ( AVC )                 
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Fig. 14.5 (continued)

 Fig. 14.6    A representative example of a patient with signifi cant QRS 
widening 150 ms, but no signifi cant dyssynchrony using tissue Doppler 
longitudinal velocities. Note that the time-to-peak velocities are similar 
in the three apical views. This patient was a non-responder to cardiac 

resynchronization therapy. Analysis of peak velocities is limited to the 
ejection interval between aortic valve opening ( AVO ) and aortic valve 
closure ( AVC )  
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Fig. 14.6 (continued)
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Formats used for strain display include three-dimensional 
color-coded LV strain and polar maps (Figs.  14.9  and  14.10 ). 
The initial clinical experience has demonstrated that the 
greatest degree of dyssynchrony in patients with wide QRS 
duration may be observed in the basal and mid levels of the 

left ventricle. 22  Furthermore, variations in site of latest acti-
vation may be observed in individual patients with LBBB 
or similar QRS duration, which suggests the potential for 
using this technology to assist with guiding optimal LV lead 
positioning.     

a
Posterior

wall

Before CRT

After CRT

Antero-
septum

b

  Fig. 14.7    ( a ) A mid-ventricular 
short-axis image with two-
dimensional speckle tracking 
radial strain analysis in a heart 
failure patient with left bundle 
branch block before 
resynchronization therapy. Note 
the typical early contraction of 
the anteroseptum ( yellow line ) 
and delayed contraction of the 
posterior wall ( purple line ) and 
lateral wall ( green line ). ( b ) The 
same patient in ( a ) after 
biventricular pacing implantation 
demonstrating improvement in 
alignment of time-strain curves 
consistent with mechanical 
resynchronization       
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    14.5   Dyssynchrony and Response 
to Resynchronization Therapy 

 When evaluating critically markers that predict response to 
CRT, the defi nitions of response have varied in the exist-
ing scientifi c literature. Clinical responses have included 

improvements in heart failure class, 6 min walk distance, 
quality of life, and a clinical composite score. The diffi culties 
in utilizing these assessments are that there is inherent sub-
jectivity to all of these measures, and the sample size must be 
suffi ciently large to overcome the placebo effect associated 
with all clinical heart failure therapeutic trials. For example, 

  Fig. 14.9    Pyramidal ultrasound sector acquisition for three-dimensional speckle tracking analysis in a normal subject. Note similar alignment of 
segmental time-strain curves in  bottom right panel        

  Fig. 14.8    A mid-ventricular 
short-axis image from a patient 
with left bundle branch block but 
paradoxically no signifi cant 
dyssynchrony; 50 ms delay from 
anteroseptum to posterior wall. 
This patient was a non-responder 
to cardiac resynchronization 
therapy       
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the sample size was likely too small to overcome the limita-
tions with the clinical end-point of the composite score in 
the PROSPECT study. 13  Alternate widely utilized markers 
of response to CRT have been LV functional or LV reverse 
remodeling measures, such as relative or  absolute increase 
in EF or relative decreases in end-systolic  volume. These 
measures have been useful because they are more objective 
than clinical assessments alone. Dyssynchrony measures of 
opposing wall delay  ³ 65 ms, alone or more powerfully in 
combination with speckle tracking radial strain  anteroseptal 

to posterior wall delay >130 ms were associated with a 
relative EF response to CRT (Fig.  14.11 ). 9  In particular, the 
absence of both signifi cant longitudinal and radial dyssyn-
chrony was predictive of a lack of EF response to CRT. The 
lack of reverse remodeling determined by at least a 10% 
reduction in end-systolic volume following CRT has been 
associated with a poor prognosis. More recently, echocar-
diographic dyssynchrony measures have been shown to be 
associated with long-term survival. Patients with dyssyn-
chrony characterized by aYu Index with a cutoff of  ³  32 ms 
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  Fig. 14.10    Three-dimensional speckle tracking of a heart failure 
patients with left bundle branch block and dyssynchrony before ( left ) 
and the day after ( right ) cardiac resynchronization therapy ( CRT ). Note 

early septal and late posterior mechanical activation before and 
improvement in mechanical synchrony after therapy       
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or speckle tracking radial strain anteroseptal to posterior wall 
delay  ³  130 ms were both associated with a more favorable 
survival free from heart transplant or ventricular assist device 
implantation after CRT (Fig.  14.12 ). 23  The clinical implica-
tions of these observations is not entirely clear, but they add 
evidence to the notion that echocardiographic dyssynchrony 
is predictive of patient outcome following CRT.    

    14.6   Borderline QRS Duration 

 Current clinical criteria for CRT include patients with New 
York Heart Association functional class III or IV (on opti-
mal pharmacological therapy), EF  £  35%, and QRS duration 
of  ³  120 ms. The existing evidence does not currently sup-
port the use of echocardiographic dyssynchrony informa-
tion to withhold CRT to patients who meet these criteria. 
However, clinical scenarios may exist where patients are 
considered as borderline candidates, usually because of a 
borderline QRS duration, where echocardiographic dyssyn-
chrony information may be used as an adjunct to assist with 
clinical decision making. The CARE-HF trial, which dem-
onstrated a signifi cant survival benefi t to CRT, required 
patients with QRS duration of 120–150 ms to have two out 
of three echocardiographic dyssynchrony indices to be pres-
ent: IVMD > 40 ms, pre-ejection delay > 140 ms, and/or a 
posterior lateral wall delay. 3  These data indirectly support 
that potential utility of echocardiographic dyssynchrony for 
patient selection for CRT with lesser degrees of QRS widen-
ing. More recent data have shown that patients with QRS 
duration between 100 and 130 ms have less prevalent dys-
synchrony as compared to those with wide QRS > 130 ms. 24  
In a series of 201 CRT patients, a smaller proportion of bor-
derline QRS patients (53%) were EF responders compared 

with 75% with  widened QRS ( p  < 0.05). Differences were 
observed in the ability of dyssynchrony to predict EF 
response to CRT. 24  Specifi cally, IVMD  ³  40 ms and oppos-
ing wall delay  ³  65 ms were  predictive of EF response in the 
wide QRS group, but not the borderline QRS group. Speckle 
tracking radial dyssynchrony  ³  130 ms, however, was pre-
dictive of EF response in both wide QRS patients and bor-
derline QRS patients and associated with reverse remodeling 
demonstrated by signifi cant reductions in end-systolic vol-
ume. (Fig.  14.13 ). These data suggest that speckle tracking 
radial strain may be useful to assist with patient selection for 
CRT in those individuals who are otherwise considered bor-
derline candidates.   

    14.7   Future Applications of 
Echocardiographic Dyssynchrony 

 Potential future clinical applications of echocardiographic 
dyssynchrony information include guidance of LV lead posi-
tioning, discussed elsewhere in detail, and selection of CRT 
for patients with narrow QRS duration who have mechanical 
dyssynchrony. Previous single-center studies have shown 
that a subset of heart failure patients may have mechanical 
dyssynchrony with QRS duration < 120 ms, and have sug-
gested that these patients may benefi t from CRT. (Fig.  14.14 ) 
The fi rst and presently the only randomized clinical trial of 
CRT in patients with narrow QRS and echocardiographic 
dyssynchrony was the RethinQ trial. 25  Patients were selected 
for randomization if they had New York Heart Association 
Class III heart failure, EF  £  35%, QRS <130 ms, and evi-
dence of mechanical dyssynchrony. Dyssynchrony in 
RethinQ was defi ned as a tissue Doppler septal to lateral wall 
cutoff of  ³  65 ms from either apical 4-chamber views or api-
cal long-axis views, or M-mode septal to posterior wall 
delay  ³  130 ms. More than 90% of randomized patients had 
dyssynchrony by tissue Doppler criteria. 25  This trial did not 
show a therapeutic effect of CRT on the primary end-point of 
peak myocardial oxygen consumption at 6 months. However, 
positive effects of CRT were observed on the secondary end-
points of improvement in NYHA functional class, 6 min 
walk distance in the non-ischemic subgroup, and peak myo-
cardial oxygen consumption in a pre-specifi ed subgroup of 
patients with borderline QRS duration between 120 and 
130 ms. Although RethinQ was reported as a negative ran-
domized trial, the positive aspects of this trial have led other 
investigators to interpret these results as inconclusive. It is 
unclear presently if the type or degree of dyssynchrony may 
be refi ned in this narrow QRS population to predict response 
to CRT. Larger randomized clinical trials are underway to 
explore more defi nitively if patients with mechanical dys-
synchrony and narrow QRS may benefi t from CRT and the 
potential pivotal role that echocardiography will play in their 
selection for therapy.       
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  Fig. 14.11    Results of a combined dyssynchrony assessment of longi-
tudinal velocity by tissue Doppler and radial strain by speckle tracking. 
When longitudinal and radial dyssynchrony results were similar, ejec-
tion fraction response ( EF ) to cardiac resynchronization therapy was 
predicted       
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  Fig. 14.12    Kaplin–Meier plots of survival free from heart transplanta-
tion or left ventricular assist device ( LVAD ) implantation following car-
diac resynchronization therapy ( CRT ). Patients with signifi cant 
dyssynchrony by tissue Doppler Yu Index  ³  32 ms or speckle tracking 

radial dyssynchrony  ³  130 ms had signifi cantly more favorable event-
free survival following CRT       
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  Fig. 14.13    Bar graphs of group 
mean data from 72 patients with 
borderline QRS duration 
(100–130 ms) demonstrating 
ejection fraction and end-systolic 
volume responses to cardiac 
resynchronization therapy ( CRT ). 
The 36 patients with signifi cant 
radial dyssynchrony  ³  130 ms by 
speckle tracking had a more 
favorable response than the 35 
without signifi cant radial 
dyssynchrony       
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 Abstract 

 Cardiac resynchronization therapy (CRT) has been shown to improve outcomes in clinical 
trials for appropriate selected patients with heart failure; however, there is still a signifi cant 
nonresponse rate when the electrocardiographic QRS duration is used to identify mechanical 
dyssynchrony.  From a physiological standpoint, the appropriate cardiac substrate for CRT 
is most appropriately identifi ed by assessment of mechanical dyssynchrony and myocardial 
scar burden, but QRS duration has poor sensitivity and specifi city in this regard.  For this 
reason, cardiac imaging has been evaluated in order to improve CRT candidate selection, but 
results using echocardiography have been disappointing.  In contrast, clinical studies show 
great promise for CMR in this regard.  As the gold standard for assessment of cardiac scar 
and strain, cardiac magnetic resonance (CMR) offers clear advantages over other imaging 
modalities for assessment of the cardiac substrate for resynchronization.  In particular, CMR 
is regarded as the best imaging modality for assessment of circumferential strain, which cor-
responds to the primary orientation of cardiac myofi bers.  This chapter reviews important 
principles of CMR dyssynchrony and scar imaging, then discusses in detail clinical and 
technical aspects of myocardial tissue tagging, displacement encoding with stimulated 
echoes (DENSE), strain-encoded MR (SENC), velocity-encoded MR, and contour tracking 
methods.  The role of CMR in patients with pacemakers and defi brillators is also discussed.  
The potential role of cardiac CT (CCT) for dyssynchrony evaluation is also discussed.  
Cardiac CT provides excellent assessment of coronary venous anatomy, while methods for 
assessment of dyssynchrony and scar based on CCT are being developed. 

 Keywords 

 Cardiac dyssynchrony evaluation  •  Dyssynchrony evaluation  •  MRI in dyssynchrony 
 evaluation  •  CCT in dyssynchrony evaluation 

    15.1   Rationale for CMR and CCT for Cardiac 
Dyssynchrony Evaluation 

    15.1.1   Epidemiology of Heart Failure 
and Dyssynchrony 

 Nearly fi ve million Americans have heart failure 1 ; more than 
500,000 are diagnosed each year 2  and 2.5 million require 
hospitalization for their disease. 3  Overall 5-year survival in 
patients diagnosed with heart failure is approximately 25% 
in men and 38%    in women, 4  with an estimated annual mortality 
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rate of 300,000. 2  In addition to the traditional predictors of 
mortality, including age, systolic dysfunction, and functional 
class, QRS duration (QRSd) has an incremental prognostic 
value, with a 3-year mortality risk of 20%, 36%, and 58% in 
patients with a QRSd of less than 120 ms, between 120 and 
160 ms, and greater than 160 ms, respectively, 5  with left bun-
dle branch block (LBBB) carrying a worse prognosis than 
right bundle branch block (RBBB). 6   

    15.1.2   Defi nitions: Electrical and Mechanical 
Dyssynchrony 

 Electrical dyssynchrony merely refers to a prolonged con-
duction time in the ventricles resulting in a prolonged QRS 
duration. LV electrical conduction proceeds from the AV 
node and His bundle to the right and left bundle branches. 
A prolonged QRS duration may be due to some combina-
tion of bundle branch block (LBBB or RBBB) and intramyo-
cardial conduction delay (myocyte-to-myocyte conduction). 
Mechanical dyssynchrony refers to mechanical discoordina-
tion in the hearts of patients with heart disease, usually asso-
ciated with simultaneous contraction and stretch in different 
regions of the left ventricle, as well as delays in time to peak 
contraction from one region of the left ventricle to another. 
Mechanical dyssynchrony is more important than electrical 
dyssynchrony for identifi cation of appropriate CRT candi-
dates because it is the mechanical abnormality rather than 
the electrical abnormality that causes symptoms, and CRT 
corrects the mechanical abnormality. 

 Typical hemodynamic effects of CRT, generated by simul-
taneous right ventricular (RV) and left ventricular (LV) free 
wall stimulation (biventricular pacing) with a shortened 
atrioventricular (AV) delay, on heart failure with LBBB have 
been described. 7  Clinical trials have established the benefi t 
of CRT. For example, in the MIRACLE, 8  COMPANION, 9  
CARE-HF trials, 10  and other trials, CRT resulted in improve-
ments in morbidity and/or mortality in patients with New 
York Heart Association class III-IV heart failure and a pro-
longed QRSd.  

    15.1.3   The Clinical Imperative for Accurate 
Imaging in CRT Candidates 

 Despite the impressive results reported by the clinical trials, 
there remains a signifi cant nonresponse rate (approximately 
30–35%) if patients are selected by current guideline-rec-
ommended non-imaging-based clinical criteria, which are: 
(1) ejection fraction 35% or less; (2) class III or IV heart 
failure symptoms; and (3) QRSd greater than or equal to 
120 ms or frequent dependence on ventricular pacing. 11  
Echocardiography-based criteria for CRT selection designed 

to improve this response rate have looked promising in small 
single-center studies, but unfortunately the recent multi-
center blinded PROSPECT 12  and RethinQ 13  trials showed 
that echocardiography adds little predictive value for CRT 
response, highlighting the need for alternative imaging 
modalities such as cardiac magnetic resonance imaging 
(CMR) and cardiac CT to identify CRT responders.   

    15.2   Cardiac Strain Assessment 
for Mechanical Dyssynchrony 

    15.2.1   Mechanical Dyssynchrony 

 Mechanical dyssynchrony within the left ventricles is termed 
intraventricular dyssynchrony, while mechanical dyssyn-
chrony between the ventricles is termed interventricular dys-
synchrony. Although interventricular delay has been used to 
help set intervals for CRT, recent studies have not found a 
signifi cant relationship between its basal value and chronic 
clinical CRT response. 14  Instead, recent studies for CRT 
selection have been based almost entirely on evaluation of 
intraventricular dyssynchrony, which is illustrated in 
Fig.  15.1  and the accompanying movie (Movie 1 in Chap. 15 
folder on Springer Extras) based on a now classic MR-tagging-
based mechanical activation study. 15  With LBBB-induced 
LV dyssynchrony, the LV septum often shortens up to 10% 
prior to ejection, has minimal subsequent systolic shorten-
ing, and undergoes late systolic stretch. The lateral wall is 
pre-stretched up to 15% in early systole and then undergoes 
systolic shortening. Of note, a distinction may also be made 
between timing-based dyssynchrony, in which regional tim-
ing delays in peak velocity or strain are measured, and disco-
ordination-based dyssynchrony, in which the extent of 
simultaneous regional stress and contraction is measured.   

    15.2.2   Strain Versus Velocity 

 One challenge in imaging patients for CRT has been quanti-
tatively characterizing this mechanical dyssynchrony. 
Although cardiac motion can be indexed by tissue velocity, 
tissue velocity is infl uenced not only by myocardial contrac-
tion but also by the rigid body translation and rotation of the 
heart. Although tissue displacement and velocity describe 
myocardial motion, they are infl uenced by myocardial con-
traction as well as the rigid body translation and rotation of 
the heart and by tethering to other tissue. Contractile func-
tion alone is more precisely quantifi ed by strain, a tensor 
quantity that accounts for the complete three-dimensional 
complex deformation of the myocardium, quantifi es the 
change in shape of regions of the myocardium, and directly 
assesses myocardial contraction and thickening. Strain may 
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be calculated as Lagrangian strain, in which material coordi-
nates are used to characterize the deformation, or Eulerian 
strain, in which spatial coordinates are used. As shown in 
Fig.  15.2 , the components of strain that are commonly used 
to describe the heart are  E  

rr
 ,  E  

cc
 , and  E  

ll
 , which describe radial 

thickening, circumferential shortening, and longitudinal 
shortening, respectively. Of note,  E  

rr
  is thus positive during 

systole because the myocardium thickens in the radial direc-
tion, while  E  

cc
 , and  E  

ll
  are negative during systole because 

the myocardium shortens in these directions. Typical values 
of end-systolic  E  

rr
 ,  E  

cc
 , and  E  

ll
  for normal volunteers are 

approximately 0.35, −0.20, and −0.15 in the mid-ventricle, 
respectively.   

    15.2.3   Rationale for Dyssynchrony Based 
on Circumferential Strain 

 As shown in Fig.  15.3 , circumferential strain may be a supe-
rior measure for dyssynchrony compared to radial or longitu-
dinal strain because the predominant orientation of cardiac 
myofi bers is circumferential. 16  A study comparing LBBB HF 
animals before and after resynchronization found that cir-
cumferential dyssynchrony indices have twice the dynamic 
range and less than half the intrasubject variance than longi-
tudinal parameters, although the longitudinal dyssynchrony 
parameters in this study were based on extrapolated strain 
values from a spline function. 17  We confi rmed the superiority 

DCM with LBBB Normal

Stretch Relaxed Contraction

a b

  Fig. 15.1    Mechanical dyssynchrony in cardiomyopathy with LBBB – 
CMR strain data depicting contraction ( blue ) and stretch ( yellow ) 
obtained from a canine with heart failure and LBBB ( a ) compared to a 

normal canine ( b ). ( a ) Shows the late lateral wall contraction with simul-
taneous septal stretch characteristic of heart failure with LBBB. See also 
Movie 1 on Springer Extras. (From Curry et al., 15  with permission)       
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  Fig. 15.2    Cardiac strain – Standard compo-
nents of the strain tensor for the left ventricle 
are circumferential ( E  
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 ), radial ( E  
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 ), and 
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 ) strain       
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of circumferential strain in another study with canines hav-
ing heart failure with or without LBBB.  

 Circumferential contraction directly results in radial inward 
myocardial motion, and therefore, radial strain could presum-
ably be a surrogate measure of circumferential strain. Yet it is 
known that regional segmental radial strain is subject to some 
degree of tethering, such that radial strain in a given segment 
is somewhat dependent on radial strain in adjacent segments. 
This suggests another potential advantage for circumferential 
strain, as it does not have this limitation. In a clinical study, 
circumferential strain measured with myocardial tagging and 
indexed by Fourier-transform–based dyssynchrony index with 
circumferential strain was shown to be highly predictive of 
functional class improvement following CRT. 18  The contro-
versy surrounding this question is highlighted by a recent 
study suggesting that radial strain as measured by speckle 
tracking was better for indexing dyssynchrony than circum-
ferential strain, 19  although the accuracy of speckle tracking for 
measuring circumferential strain has not been established   

    15.3   Basic MR Concepts Related to Strain 
and Dyssynchrony Imaging 

 A basic description of some key MR imaging concepts is in 
order prior to a discussion of the MR pulse sequences and anal-
ysis methods that have been used for assessment cardiac dys-
synchrony. The following sections discuss how MR images are 
generated, various protocols for cardiac MR, the importance of 
ECG gating, how contrast between tissue types is formed, and 
the importance of k-space and Fourier transformation in the 
generation of images. These concepts are integral to an under-
standing of the role of MR for dyssynchrony imaging. 

    15.3.1   Magnetization and RF Excitation 

 Magnetic resonance imaging is possible because the human 
body is 95% water, and each water molecule contains two 
hydrogen atoms, or protons. The protons are really very 

small magnets, each with a very small magnetic fi eld, called 
a magnetic moment. When an external magnetic fi eld ( B  

0
 ) is 

applied, the magnetic moments of the protons will precess 
around the axis of the magnetic fi eld at a frequency equal to 
42.6 MHz/T multiplied by  B  

0
 . With the typical 1.5 T super-

conducting magnet present in most scanners, protons 
exposed to the magnetic fi eld will thus precess at a fre-
quency of 64 MHz. 

 To produce an MR image, four different hardware com-
ponents are required. First, the superconducting magnetic 
is necessary to produce the baseline magnetization in the 
cranial-caudal, or  z  direction. Second, a transmitting coil 
emits a radiofrequency (RF) pulse that generates a sec-
ond, much smaller magnetic fi eld,  B  

1
  (on the order of 

10–20  m T and oriented in an orthogonal direction) that 
changes the magnetization of the protons. When the RF 
pulse is stopped, the magnetization undergoes relaxation 
as it returns to the baseline orientation. Third, the chang-
ing magnetization induces an electrical current in a receiv-
ing coil, usually a phased-array coil positioned close to 
the body. The signal received by the coil is called the 
echo. Finally, three pairs of gradient coils are used to gen-
erate magnetic fi eld gradients in the  x ,  y , and  z  directions, 
sometimes referred to as the frequency encoding, phase 
encoding, and slice-select directions, or alternatively as 
the  P ,  R , and  S  directions. These gradients help to localize 
the signal based on small spatial gradients of the magnetic 
fi eld. This process is then repeated 128–512 times to form 
the image.  

    15.3.2   MR Pulse Sequences 

 MR pulse sequences are defi ned by the relationship between 
the RF pulses and the detection of the signal generated by 
relaxing protons, referred to as the echo. The RF pulse in 
the orthogonal direction causes some of the magnetic 
moment to be translated from the longitudinal ( z ) direction 
to the transverse ( xy ), or orthogonal plane, resulting 
in transverse magnetization. The resulting angle of the 

Axial

Circum-
ferential

  Fig. 15.3    Predominance of circumferential 
myofi ber orientation in the heart – 
Diffusion magnetic resonance imaging has 
shown that circumferentially oriented 
cardiac myofi bers are dominant. (From 
Helm et al., 16  with permission)       
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magnetization is called the fl ip angle. The time between RF 
pulses is referred to as the relaxation time, or TR, while the 
time between the RF pulse and the echo is referred to as the 
echo time, or TE. As protons relax, fi rst the coherence of 
the precessing magnetic moment is lost, which is called T2 
relaxation. Second, the transverse magnetization is lost and 
longitudinal magnetization returns as protons return to their 
original magnetization. This is called T1 relaxation. The 
pulse sequence also defi nes the gradients used for spatial 
localization. 

 The two main types of MR images are gradient echo and 
spin echo images. For dyssynchrony and functional imaging, 
gradient echo imaging and a variant called steady-state free 
precession (SSFP) 20  are used for the most part. With gradient 
echo imaging, an RF pulse results in transverse magnetiza-
tion    with a fl ip angle less than 90° causing a coherent trans-
verse magnetization. A gradient in the  x  direction results in 
accelerated, or forced, dephasing after the RF pulse, while a 
second  x  gradient results in accelerated rephasing. The gradi-
ent echo is then formed when the phase is maximally coher-
ent. The process is then repeated a number of times. As a 
result, gradient echo imaging is fast at the cost of some sig-
nal relative to noise, and is ideal for assessment of cardiac 
function. 

 For cine functional images, SSFP or balanced SSFP is 
usually used and has largely replaced other types of cine 
gradient echo sequences (such as spoiled gradient echo 
sequences) at most centers. Examples of SSFP imaging in 
patients with and without mechanical dyssynchrony are 
shown in Movies 2A and 2B on Springer Extras, respec-
tively. Figure  15.4  shows an example of a pulse sequence 
diagram for balanced SSFP, with  P ,  R , and  S  axes as defi ned 
above. 20  RF pulses are applied throughout the SSFP 
sequence at very tight intervals (TR less than 4–5 ms with 
segmented k-space fi lling) to keep the magnetization in a 
steady state. SSFP offers images with high spatial resolu-
tion, as well as very good temporal resolution on the order 
of 40–50 ms, but is more sensitive to fi eld inhomogeneities 
and artifacts.   

    15.3.3   Electrocardiographic Gating 

 Electrocardiographic (ECG) gating, the mechanism by which 
MR or CT data acquisition is linked to the phase of the car-
diac cycle, is very important for acquisition of high-quality 
MR or CT images. The two main types of gating are pro-
spective triggering and retrospective gating. With prospec-
tive triggering, MR data acquisition begins at a preset time 
interval following the R wave, depending on the phase of the 
cardiac cycle being imaged. With prospective gating, the 
acquisition window is usually about 90% of the R-R interval, 
in order to account for small beat-to-beat differences in 
the R-R interval. With retrospective gating, both the data and 
the ECG tracing are acquired continuously and throughout the 
entire cardiac cycle. After the acquisition has been com-
pleted, the data are then retrospectively sorted based on the 
echo timing relative to the R wave, such that image recon-
struction is more complex than with prospective triggering. 
Patients with arrhythmias, particularly atrial fi brillation and 
frequent premature beats (which are not uncommon in 
patients with heart failure and dyssynchrony), present a chal-
lenge for dyssynchrony imaging. For these arrhythmias, 
prospective triggering or real-time sequences may improve 
image quality. Prospective gating can reduce radiation expo-
sure in cardiac CT by reducing scan times. 21   

    15.3.4   Myocardial Signal and Contrast Agents 

 MR pulse sequences may be either T1-weighted or 
T2-weighted. T1 relaxation times are typically much lon-
ger than T2 relaxation times. Normally myocardial tissue 
such as myocardium have relatively short T1 and T2 
times, while fl uids such as blood have relatively long T1 
and T2 times. Relaxation times for fat are also distinct 
from blood and myocardium. These differences permit 
contrast of different types of tissue in the body, which 
may be expressed by a quantity called the CNR, or contrast-
to-noise ratio. 

balanced SSFP

S

P

R
TE

TR

  Fig. 15.4    Steady-State Free Precession 
( SSFP ) pulse sequence – The pulse sequence 
for balanced SSFP is shown. See text for 
explanation of P, R, and S axes. See also 
Movie 2 on Springer Extras for clinical 
examples. (From Scheffl er and Lehnhardt, 20  
with permission)       
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 Gadolinium chelates are effective contrast agents for car-
diac MR imaging. Gadolinium has the effect of shortening 
T1 relaxation, resulting in increased T1 signal. Because gad-
olinium preferentially accumulates in areas of myocardial 
scar, late gadolinium enhancement is typically used to image 
myocardial scar. As discussed later, scar imaging holds 
important prognostic signifi cance of patients with heart fail-
ure being considered for CRT.   

    15.4   Myocardial Tissue Tagging 

    15.4.1   Technical Aspects 

 The most widely used MR tissue tracking technique is myo-
cardial tissue tagging (MR-MT). Developed in the 1980s by 
Zerhouni and colleagues, 22  tagging is typically performed 
using breath-hold segmented ECG-gated acquisitions. 23  Like 
breath-hold cine MRI, tagged cine images are generally 
acquired using an ECG-gated, segmented method, requiring 
12–16 heartbeats during suspended respiration. Spoiled gra-
dient echo imaging has most commonly been used for signal 
generation; however, recent studies have demonstrated better 
tag contrast and reduced tag fading using SSFP. 24,  25  

 As shown in Fig.  15.5 , radiofrequency and gradient pulses 
result in saturation of the tissue magnetization (tagging) in a 
stripe or grid pattern. 27  A movie of myocardial tagging in a 
patient with mechanical dyssynchrony is also provided 

(Movie 3 on Springer Extras). These pulses are applied with 
detection of the ECG R wave, which occurs before the onset 
of systolic contraction. After application of the tagging 
pulses, signal nulling in a stripe or grid pattern is evident, 
because no contraction has occurred between application of 
the tags and acquisition of the images. The fi gure shows that 
a movie of the tagged images is created by combining frames 
from sequential TR intervals. Although tagging pulses can 
be added to any imaging sequence, the sequence must pro-
vide good contrast between tagged and non-tagged myocar-
dium with adequate temporal and spatial resolution.  

 Myocardial strain can then be calculated    from the defor-
mation of the stripe or grid pattern in subsequent phases 
because the saturated tissue moves coherently as the heart 
contracts. Essentially, a Fourier transformation permits con-
version between the actual tagged image and k-space, with 
the latter containing all the frequency information used to 
calculate strains. The k-space generated from a Fourier trans-
form of the image with vertical tag stripes is oriented in the 
horizontal direction, while the k-space orientation is vertical 
for the horizontal tag stripes. As time progresses during the 
cardiac cycle, the magnetization recovers toward equilibrium 
due to spin-lattice, or T1, relaxation. As a result, the satu-
rated tissue does not retain diminished signal intensity indef-
initely. Because the T1 of the heart at a magnetic fi eld 
strength of 1.5 T is 850 ms, the tags remain adequately satu-
rated throughout systole and into early diastole. 

 The processing and analysis of tagged MR images 
involves three stages. 28  First, the left ventricular myocardium 
must be identifi ed on two-dimensional images. Second, the 
tag lines must be identifi ed. These fi rst two steps are accom-
plished through manual or semiautomatic computer-assisted 
detection of the epicardial border, endocardial border, and 
tag lines, 26  although semiautomatic techniques generally 
require some extent of manual correction and either tech-
nique is usually quite time consuming. Third, strain must be 
estimated from the tag lines and contours. Initially fi nite 
element methods, global polynomial fi tting, and model-free 
stochastic estimation approaches were used, but these were 
limited by lack of automation and dependence on interpola-
tion. With these methods, detection of tag lines 29  was time 
intensive and impractical for routine use. The Harmonic 
Phase, or HARP method, was developed at Johns Hopkins in 
the late 1990s to address these problems and has become the 
standard method for tagging anlaysis to date. 

 The HARP method, as illustrated in Fig.  15.6 , is based 
on the use of SPAMM tag patterns, which modulates the 
underlying images and produces an array of spectral peaks 
through Fourier analysis containing information about tis-
sue motion. The initial single-shot HARP image analysis 
technique was based on reconstructing synthetic tag lines, 
and calculating displacement fi elds and Eulerian strain for 
a single time-frame in the cardiac cycle. This method uses a 

  Fig. 15.5    Automatic tracking of myocardial grid tags – A typical 
appearance of myocardial grid tags is shown along with the result of 
automatic tracking. The epicardial, midmyocardial, and endomyocardial 
contours are represented by the colors  green ,  orange , and  yellow , respec-
tively. See also Movie 3 on Springer Extras and reference Young et al. 26        
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bandpass fi lter to isolate the lowest harmonic frequency, or 
HARP  frequency, in a certain tag direction. Using an inverse 
Fourier transform of the bandpass region, a harmonic phase 
image containing a detailed picture of myocardial motion is 
created. The harmonic phase image contains a characteristic 
harmonic phase and HARP angle that are    material properties 
of the tagged tissue, and this permits tracking of tagged lines 
as a set of points having the same harmonic phase. The net 
result is that Lagrangian circumferential and radial strain can 
be determined using this method. Tracking points on con-
centric circles within the myocardium yields radial strain, 
while tracking points along a ray intersecting the center of 
the left ventricle results in radial strain. Twist and torsion 
associated with tag deformation is performed automati-
cally. Circumferential strain,  E  

cc
 , is an accurately estimated 

element of the strain tensor from tagged images and most 
commonly reported component of strain. Of note, HARP 
analysis applies signifi cant fi lters to the raw MRI data, and 
the spatial resolution of strain is signifi cantly lower than the 
spatial resolution of the original tagged image. 30  For some 
applications, this may be an important limitation.   

    15.4.2   MRI-Based Measures of Dyssynchrony 

 Myocardial tagging was employed in some very important 
early studies of dyssynchrony physiology. These studies dem-
onstrated the distinction between electrical/mechanical dys-
synchrony, 31  the favorable dynamic range for circumferential 
strain, 17  and the “sweet spot” for left ventricular pacing for 
maximal synchrony and cardiac function. 32  We recently 
reported the results of a study applying this technique to 
patients with heart failure referred for CRT. 18  Using the HARP 

method for rapid analysis of MR-MT data, we determined cir-
cumferential strain for each of 24 segments of several short-
axis left ventricular slices during systole and early diastole; 
incorporated the data into a multi-slice, multiphase, multiseg-
ment circumferential dyssynchrony index called CURE (cir-
cumferential uniformity ratio estimate); 31  evaluated CURE for 
prediction of improvement in function class after CRT; and 
compared the results of MR-MT-based CURE to the TDI sep-
tal-lateral delay. Determination of CURE is from regional cir-
cumferential strain and is shown in Fig.  15.7 . In this series, 
CURE predicted improvement in function class after CRT with 
90–95% accuracy depending on whether the left ventricular 
scar burden was also included. Furthermore, TDI and CURE 
offered discordant dyssynchrony assessments in 30% of heart 
failure patients, and the TDI actually indicated dyssynchrony 
in 44% of normal patients, who all had a normal CURE. 18     

    15.5   SENC and Fast-SENC 

    15.5.1   Technical Aspects 

 Strain-encoded magnetic resonance imaging, or SENC-MR, 
is a variation on myocardial tagging that was fi rst reported in 
2001. 34  SENC uses a similar SPAMM pulse sequence, but 
differs from myocardial tagging with respect to the orienta-
tion of the tagged surface relative to short-axis images. With 
traditional myocardial tagging, the planes of saturated mag-
netization are oriented orthogonal to the image plane; how-
ever, with SENC, the tag planes are initially oriented parallel 
to the imaging plane. 

 The chief strength of this pulse sequence is that measure-
ment of longitudinal strain is possible from measurement of 

contraction

stretching

  Fig. 15.6    Harmonic phase analysis – 
This illustration shows the relation between 
local strain and tag frequency. The contraction 
of a tagged fi ber increases the tagging 
frequency (density of tag lines) as shown 
by the top fi ber. Stretching causes a 
reduction in local frequency. See also reference 
Zerhouni et al. 22        
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two short-axis left ventricular MR slices, as long as the slice 
thickness is several times larger than the tag period. The 
SENC images yielding longitudinal strain may then be com-
bined with standard short-axis tagged images, the latter 
yielding circumferential and radial strain. With standard 
myocardial tagging, long-axis images would be required to 
determine longitudinal strain. Furthermore, only six regional 
strains per long-axis level are usually obtained with the usual 
three long-axis views obtained with myocardial tagging. 
With SENC, determination of regional longitudinal strain at 
any point along the circumference of the left ventricle is pos-
sible. However, the density of points along the long axis of 
the left ventricle for a specifi c circumferential location for 
which longitudinal strain may be determined with SENC is 
limited, as the slice thickness must be at least four times the 
tagging period. Of note, longitudinal strain may also be 
determined from MR short-axis images using DENSE, and 
this technique is currently under development. 

 The SENC pulse sequence employs a magnetic fi eld (tag-
ging) gradient oriented in the slice-selection direction and 
placed between    the two RF pulses at end-diastole, with a 
crusher in place at the end to spoil all transverse spins. A tun-
ing (demodulation) gradient is then applied during the refo-
cusing lobe of the slice-selection gradient, which allows 
image acquisition at a specifi c tuning frequency (i.e.,   w  , the 
local frequency of the spatial sinusoidal tag pattern). 
Deformation of the heart throughout the cardiac cycle 
changes the local frequency of the tagging pattern, and this 
changes regional signal intensity of the images acquired 

using a specifi c tuning frequency. As with standard myocar-
dial tagging, the tag pattern during myocardial contraction 
undergoes both compression and tilting, corresponding to 
the deformation and displacement undergone by the left ven-
tricle. The effect on the tagging pattern may be represented 
by the baseline tag frequency ( w ) and the overall tag fre-
quency during systole. The latter frequency has a component 
(  n  ) in the  z  (slice-select) direction representing longitudinal 
strain and another component (  w  ) representing the local 
modulation frequency of the myocardium at a specifi c posi-
tion. Two tuning frequencies (  w  ), both a high frequency and 
low frequency, must be applied. There is then a shift in  n  so 
that it is greater than the original tag frequency during con-
traction, but is less than the original tag frequency during 
relaxation. Longitudinal strain is then calculated in standard 
fashion based on the shift in tag frequency compared to the 
baseline tag frequency. 

 Recently, Osman has developed a modifi cation of the 
SENC pulse sequence called fast-SENC, which enables scan 
durations as short as a single heartbeat. 33  Fast-SENC images 
are shown in Fig.  15.8  and Movie 4 on Springer Extras. The 
rationale for fast-SENC is that faster acquisition times would 
make the technique useful for applications such as stress test-
ing and provide an MR technique useful for patients with lim-
ited capacity for breath-holds or arrhythmias. Fast-SENC 
achieves accelerated SENC images by combining three tech-
niques. First, localized excitation helps achieve a reduced fi eld 
of view (FOV) without foldover artifacts. This reduces the 
size of the sampled matrix in k-space, which in turn reduces 
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  Fig. 15.7    Derivation of CURE (Circumferential Uniformity Ratio 
Estimate) – The derivation of CURE for circumferential mechanical 
dyssynchrony is shown. CURE (0–1; 1 = synchrony; 2 = dyssynchrony) 
is a ratio measure based on the zero- and fi rst-order Fourier transform 
terms for regional strain at a specifi c time point based on a short-axis 

left ventricular slice. Simultaneous regional stretch and contraction, as 
is typically found in heart failure with LBBB and is evident in ( a ) of 
Fig.  15.1 , will cause the measure to be lower. The CURE may then be 
averaged over multiple time points to obtain the overall measure for 
that slice. See also reference Bilchick et al. 33        
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the scan time. Second, interleaved tuning refers to the fact that 
the two images obtained with different tuning frequencies can 
be obtained in a single acquisition. Third, spiral imaging is 
employed for rapid acquisition. This takes advantage of the 
fact that most of the information from SENC images is local-
ized in the center of K space and provides both short echo 
times (TEs) and reduced sensitivity to fl ow artifacts.  

 With fast-SENC, cine SENC images may be acquired in 
as little as 1 heartbeat, (although more cardiac cycles may be 
used to improve the signal-to-noise ratio), while 12 heart-
beats (for a breath-hold lasting approximately 10 s) are usu-
ally used with SENC. Initial application was on a 1.5 T 
scanner, although implementation on a 3.0 T scanner to 
improve SNR has recently been described. 35  A typical fre-
quency confi guration on a 1.5 T scanner would be a high-
tuning frequency of 0.4 mm −1  and a low-tuning frequency of 
0.3 mm −1 . Typical inplane resolution is 4.0 mm 2  × 4.0 mm 2 , 
which is somewhat    lower resolution than the 4.0 mm 2  × 
4.0 mm 2  used in standard SENC.  

    15.5.2   Clinical Studies 

 In an animal study, SENC has been shown to identify regions 
of reduced contractility in dogs with myocardial infarction, 
with areas of reduced strain corresponding to regions with 
delayed hyperenhancement. 33  Peak systolic and diastolic 
strains acquired by fast-SENC performed at 3 T have been 
found to correlated closely with myocardial tagging in 
patients with heart failure and normal volunteers. 35  In this 
study, quantitative analysis was signifi cantly faster with 
fast-SENC as compared to tagging. Another recent study of 
SENC at 1.5 T confi rmed that characterization of regional 
heterogeneity of strain with SENC correlated closely with 
strain results obtained from myocardial tissue tagging. 36    

    15.6   Velocity-Encoded MR Imaging 

    15.6.1   Technical Aspects 

 A second method for measuring intramyocardial function is 
velocity-encoded phase contrast MRI. This technique works by 
measuring instantaneous myocardial tissue velocities at succes-
sive cardiac phases throughout the cardiac cycle. Instantaneous 
velocity is measured by creating transverse magnetization, 
applying bipolar velocity-encoding gradients, and detecting 
phase shifts that are linearly proportional to velocity. 37  The suc-
cessive instantaneous velocities can be interpreted in a manner 
analogous to tissue Doppler echocardiography, or can be used 
to estimate displacements, strains, and strain rates. 38  Advantages 
of this technique include pixel-wise spatial resolution and 
inherent quantifi cation of velocity and strain rate without the 
need for tag detection. However, a disadvantage of this tech-
nique is that errors in the velocity measurements are cumula-
tively propagated into estimates of displacement as each volume 
of tissue is tracked through time. 39,  40   

    15.6.2   Clinical Studies 

 Longitudinal myocardial velocities derived from magnetic 
resonance velocity-encoded (VENC) MR were shown to cor-
relate with longitudinal velocity by tissue Doppler imaging 
in a small study with ten normal volunteers and ten patients 
with dyssynchrony, 41  although the velocities with MR were 
noted to be consistently higher than the corresponding veloc-
ities obtained with tissue Doppler imaging. Both techniques 
also agreed with respect to time-to-peak velocity, and repro-
ducibility of the MR velocity measurements appeared rea-
sonable. Similar results were found in two other studies with 
about 30 patients each (composed of normal volunteers and 

  Fig. 15.8    Fast-SENC and SSFP – Typical 
images obtained with the fast-SENC 
technique are shown on the  left , with a 
corresponding SSFP image on the  right . 
See also Movie 4 on Springer Extras       

 



242 K. Bilchick et al.

patients with heart failure). 42,  43  In these studies, VENC-MR 
results for peak systolic longitudinal velocity, time-to-peak 
velocity, and delay in time-to-peak velocities between the 
septal and lateral walls (SLD) agreed with those from tissue 
Doppler imaging. Of note, one of these studies, estimation of 
fi lling pressures as measured by E/E ¢ , also showed signifi cant 
agreement. Although these studies established agreement 
between tissue Doppler and VENC-MR techniques, none of 
them demonstrated clinical signifi cance for CRT response. 
As noted earlier, the PROSPECT study showed very limited 
value for tissue Doppler measurements with respect to CRT 
response, so the fact that the VENC-MR correlated with 
another poorly predictive technique does not appear to be 
clinically important. 

 In another study, velocity-encoded (VENC) MR was com-
pared with pulsed-wave echocardiography for the quantifi ca-
tion of interventricular mechanical dyssynchrony (IVMD). 44  
In this study, VENC MR was used to measure the timing 
between the onset of aortic and pulmonary blood fl ow in 
45 heart failure patients with or without left bundle branch 
block. Interobserver and intraobserver agreements were very 
good for the VENC measurements, and there was a strong 
correlation between the two modalities for the quantifi ca-
tion of IVMD. Although this study once again established 
agreement between the two modalities, clinical signifi cance 
was not demonstrated. Of note, IVMD measurements have 
historically had limited predictability for CRT response as 
compared to intraventricular dyssynchrony measurements. 
Furthermore, as discussed above, measurement of circum-
ferential versus longitudinal dyssynchrony may be more 
physiologic, and dyssynchrony parameters based on strain 
are preferable to those based on velocity.   

    15.7   SSFP Contour Tracking Methods 

    15.7.1   Technical Aspects 

 Due to the specialized expertise required for acquisition and 
analysis of cardiac strain with certain MR strain imaging 
techniques, there has been interest in performing strain mea-
surements based on tracking of contours using steady-state 
free procession (SSFP) MR images. (See later discussion for 
further details on SSFP.) Cine white blood imaging using 
SSFP also has high temporal resolution with excellent defi ni-
tion at the myocardial/blood pool interface, permitting high-
quality contour detection. As shown in Fig.  15.9  (and Movie 
5 on Springer Extras), these cine images are usually acquired 
for any patient undergoing CMR and can be analyzed post-
hoc even if strain imaging was not intended based on the 
original study. This technique may also facilitate strain imag-
ing in patients with pacemakers and defi brillators, as well as 
other patients with artifacts present that may preclude strain 
analysis with other techniques. Several software packages 

are now available for this analysis, and validation studies are 
presently underway.   

    15.7.2   Clinical Studies 

 In a recently published European study, investigators per-
formed SSFP imaging in patients with heart failure undergo-
ing CRT. 45  A short-axis stack of approximately 8 LV slices 
was obtained, then radial wall motion was determined for 
6 segments in each slice at 20 time points. The radial wall 
motion was then fi tted to an empirical sine wave function to 
account for the cyclical nature of myocardial motion. The 
chosen dyssynchrony parameter was the CMR-TSI, which 
was calculated as the standard deviation of the segmental 
phase shifts for each segment, which essentially refl ects the 
time delay to peak contraction and bears some similarity to 
the Ts-SD validated by Yu and colleagues. (The Ts-SD is cal-
culated as the standard deviation in time-to-peak longitudinal 
velocity in six basal and six mid-cavity segments from tissue 
Doppler long-axis left ventricular images.) Intraobserver and 
interobserver variability for this technique was satisfactory. 
In a cohort of 77 heart failure patients, the authors found that 
CMR-TSI > 110 ms was an independent predictor of cardio-
vascular death with a hazard-ratio of 3.8 ( p  < 0.001). These 
results run counter to the major fi ndings in the body of the 
dyssynchrony literature indicating the increasing mechani-
cal dyssynchrony is associated with a better response to 
resynchronization. The patients in the group with the greater 
CMR-TSI (increased dyssynchrony) had more severe dis-
ease, more severe left ventricular systolic dysfunction, more 
left ventricular dilatation, and an increased likelihood of 
ischemic cardiomyopathy. These factors likely account for 
the poorer prognosis in this group. The authors did not per-
form any regression analysis to account for these differences 
between groups, so the signifi cance of the CMR-TSI for 
risk-stratifi cation has not really been established. 

 Other studies comparing SSFP tissue tracking for circum-
ferential and radial strain to myocardial tagging are presently 
in progress. It is possible that this technique, when studied in 
an appropriate population with appropriate dyssynchrony 
parameters, may prove to be useful in the future.   

    15.8   Displacement Encoding with Stimulated 
Echoes (DENSE) 

    15.8.1   Technical Aspects 

 Although myocardial tagging is a good technique, it has some 
limitations. For example, HARP analysis applies  signifi cant 
fi lters to the raw CMR data resulting in a  signifi cantly reduced 
spatial resolution, 30  and there are only a limited number of 
tags that can fi t in certain walls of thin dilated hearts. The 
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DENSE technique 46  -  48  has high accuracy, high spatial and 
temporal resolution, inherent tissue tracking without tag 
detection, and straightforward strain analysis. 

 In a manner similar to conventional myocardial tagging, 
DENSE tags the signal upon detection of the R wave at end-
diastole and samples the displacement-encoded signal later 
in the cardiac cycle, thereby avoiding the error accumulation 
problem inherent to velocity-encoded imaging. In addition, 
as shown in Fig.  15.10  (and Movie 6 on Springer Extras), 
instead of encoding displacement information into the ampli-
tude of the signal like myocardial tagging, the displacement 
information is encoded into the phase of the signal. Thus, 
DENSE has the property that displacement relative to the 
end-diastolic position, not instantaneous velocity, is mea-
sured in the signal phase. Also, because displacement is 
measured using the phase, pixel-wise spatial resolution and 
inherent tissue tracking are achieved. Although DENSE and 
MR-MT are based on similar principles, the hallmark of 
DENSE has been much higher spatial and temporal resolu-
tion realized through prospective pulse sequence design 

rather than fi ltering the raw data acquired using conventional 
tagging sequences.   

    15.8.2   Clinical Studies 

 Initial implementations of DENSE focused primarily on high 
spatial resolution, and image acquisition was limited to a 
single cardiac phase. Cine DENSE data acquisition 50  and 
analysis 48  methods were subsequently developed, such that 
2D displacement-encoded images with spatial resolution of 
2.5 × 2.5 × 8 mm 3  and temporal resolution of 34 ms of a sin-
gle slice can now be achieved in a single 13 – 19 heartbeat 
breathhold. 49  It is also possible to perform 3D tissue tracking 
with DENSE, albeit at the cost of increased data acquisition 
time. Using motion phantoms, for displacements and veloci-
ties representative of the human heart, the displacement 
accuracy of cine DENSE is approximately 0.25 mm. 47  Strain 
analysis of cine DENSE has also been validated in normal 
human subjects versus conventional tagging. 46    

  Fig. 15.9    Tissue tracking for cardiac strain – Tracking of myocardial 
tissue contours from short-axis SSFP images is demonstrated in a 
patient with anteroseptal myocardial scar. ( a ) Short-axis delayed 
enhanced MRI image of myocardial scar divided in 24 segments. 
( b ) Color-coded radial strain plot generated from a non-tagged MRI 
cine showing contraction ( red ) in viable myocardium and simultaneous 

stretching ( blue ) in the anteroseptal myocardium. ( c ) Plots of strain 
 versus time for select myocardial segments show that tissue tracking 
results correlate well with the viability data. See also Movie 5 on 
Springer Extras       
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    15.9   MR Scar Imaging with Late 
Gadolinium Enhancement 

    15.9.1   Technical Aspects 

 Delayed contrast-enhanced MR, also referred to as late 
 gadolinium enhancement (LGE), is used to assess areas of 
infarct. Typically, a gadolinium contrast injection of 
 0.1–0.2 mmol/kg is given intravenously and the myocardium 
imaged 10–30 min later. Due to delayed washout of gado-
linium from infracted myocardium and other areas with scar, 
fi brosis and infarct appear bright with LGE (as shown in 
Fig.  15.11 ), as gadolinium shortens T1 and T2 times, as 
described above. Typically, an ECG-triggered inversion 
recovery sequence is used, with the inversion pulse at 150–
200 ms after the R wave so that imaging occurs during dias-
tole. Either a spoiled gradient echo or steady-state free 
precession sequence is used. Usually, a short-axis stack and 
three long-axis images are performed. Analysis of regional 

transmurality and extent of scar, as well as percent LV scar 
volume, may then be performed using standard software. 53    

    15.9.2   Clinical Studies 

 Although mechanical intraventricular dyssynchrony has been 
shown to be useful for identifying CRT candidates, 30–40% 
of patients with mechanical dyssynchrony confi rmed by 
echocardiographic metrics actually do not respond to CRT. 12  
This may be due to inaccuracies (false positives) in the assess-
ment of the mechanical dyssynchrony by echocardiography 
or characteristics of the underlying complex  myocardial sub-
strate such as  myocardial scar burden/distribution. Evidence 
suggests that patients with signifi cant posterolateral scar 52  or 
greater than 15% overall left ventricular total scar are less likely 
to respond to CRT. 54  Precise assessment of LV fi brosis volume 
and location of scar represents an important advantage of car-
diac magnetic resonance imaging over echocardiography.   
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  Fig. 15.10    Displacement Encoding with Stimulated Echoes (DENSE) – 
This fi gure demonstrates analysis of strain data using DENSE for a syn-
chronous heart. The magnitude and phase images are shown in the  top 
row . With DENSE, strain is directly encoded in the phase of the MR sig-

nal, which decreases the amount of post-processing required compared to 
myocardial tagging. In the  bottom row , strain may be depicted in terms of 
a vector-based movie or a color-coded movie. See also Movie 6 on 
Springer Extras and reference Zhong et al. 49        
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    15.10   MR Imaging in Patients with 
Pacemakers and Defi brillators 

    15.10.1   Clinical Importance 

 Traditionally, MR imaging of patients with pacemakers and 
defi brillators has not been performed due to concern about 
the potential effects of the magnetic fi eld on the devices and 
leads. However, many patients with pacemakers and defi bril-
lators have a clinical indication for noncardiac MR imaging. 
Furthermore, the ability to perform CMR in patients with 
non-CRT defi brillators or pacemakers in order to assess 
mechanical dyssynchrony and scar could be very useful in 
patients with devices referred for CRT upgrades. An example 
of how adequate images may be obtained even with artifact 
from the device is shown in Fig.  15.12 . Upgrades have 
become an increasing component of referrals for CRT, as 
compared to patients referred for new CRT implants.   

    15.10.2   Testing of MR Safety in Patients 
with Cardiac Devices 

 Cardiac MR is not presently approved for routine use in 
patients with pacemakers and defi brillators, although recent 
safety data is promising. In an animal study, Roguin et al. 
tested pacemakers and defi brillators manufactured before 
and after the year 2000 for lead heating, device function, 
force acting on the device, and image distortion at 1.5 T, and 
found that devices in the later group had stable function 

before and after the MR study without signifi cant force or 
heating effects. Nazarian et al. then reported a series of 58 
patients with pacemakers or defi brillators who had MR imag-
ing (including 13 cardiac viability studies) performed with 
appropriate precautions. 55  The clinical question was answered 
in all nonthoracic studies and 93% of thoracic studies, with 
no inappropriate activation or inhibition of pacing and stable 
lead parameters before and after the study. 

 A recent published statement from the FDA notes that 
while there have been some studies suggesting the safety of 
MR for patients with pacemaker and defi brillators, 56  there is 
still not enough data to justify routine use, although the ben-
efi ts may outweigh the risks in selected patients. At this time, 
MR-conditional pacemaker systems are now clinically avail-
able, while implantable cardioverter defi brillator systems 
designed for the MR environment are in the advanced stages 
of development. In addition to overcoming the safety issue, 
application of MR for dyssynchrony imaging in patients with 
preexisting pacemaker and defi brillators must also overcome 
possible cardiac artifacts due to the device and leads.   

    15.11   Cardiac Computed Tomography (CCT) 
for Cardiac Resynchronization Therapy 

 There has been interest in the use of multidetector cardiac 
computed tomography (MDCT) for patients with heart fail-
ure referred for resynchronization because it has the poten-
tial to provide many different types of information relevant 
to these patients. Like other imaging modalities, CCT can 
provide some information about LV contractile function and 
mechanical dyssynchrony, although MR is still the gold 
standard. In addition, CCT can provide a detailed three-
dimensional image of the coronary veins, as discussed below. 
Third, CCT can provide some approximation to the scar 
information available with MR late gadolinium enhance-
ment. Finally, since the CRT procedure is performed with 
fl uoroscopy, the potential integration of CCT information 
with the fl uoroscopy in real time is another possible applica-
tion of CCT in these patients. 51  

    15.11.1   Coronary Vein Imaging 

 The ability of MDCT to provide detailed information about 
the coronary venous anatomy is the distinct advantage of this 
imaging modality compared to others such as CMR. While it 
is possible to image the coronary veins with CMR, the detail 
provided by MDCT is better. 57  There have now been several 
studies showing the accuracy of MDCT, in particular 64-slice 
MDCT, for coronary venography. 58  -  62  Several of these dem-
onstrated accuracy of MDCT compared to invasive coronary 
sinus venography obtained during the CRT procedure. 

  Fig. 15.11    MR Late    Gadolinium Enhanced Scar Imaging – A postero-
lateral infarct ( arrow ) is evident with LGE imaging. As shown in 
Truong et al., 51  This predicts a decreased response rate to CRT. (From 
Bleeker et al., 52  with permission)       
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 A CT protocol similar to that used for CT coronary 
arteriography has been shown to be effective for coronary 
venography 61 ; however, modifi cations to the arterial protocol 
have been suggested. 51  These include using a test bolus 
rather than bolus tracking to calculate contrast agent tran-
sit time. Also, an empiric 5–10 s delay for image acquisi-
tion may be added to the time of peak contrast opacification 
of the ascending aorta to facilitate acquisition during the 
venous rather than the arterial phase. An example of high-
quality CT venous imaging is shown in Fig.  15.13 .  

 Classifi cation and nomenclature of the coronary sinus 
branches may be based on names for specifi c veins or by 
the region of LV myocardium drained, as recently pro-
posed. 63  Regarding the specifi c coronary sinus branches, 
the recent CT literature refers to three veins of particular 
interest, in order of proximal to distal takeoff from the main 
coronary sinus: the posterior interventricular vein (PIV), 
the posterior vein of the left ventricle (PVLV), and the left 
marginal vein (LMV). 61  The coronary sinus beyond the 

PVLV is termed the greater cardiac vein (GCV) and eventu-
ally gives off the anterior interventricular vein. Pacing leads 
in anterior branches are less likely to generate effective 
resynchronization. 

 One goal of this body of literature has been to deter-
mine the effect of ischemic heart disease on the likelihood 
of patency of the coronary veins used for the resynchroni-
zation lead. In one study, the PIV was present in nearly all 
patients, regardless of whether they were normal patients, 
had coronary artery disease (CAD), or had prior myocar-
dial infarction (MI). However, the PVLV was present in 
only 82–84% of patients with prior MI or CAD, compared 
to 96% of controls. The LMV was much less likely to be 
present with prior myocardial infarction (27%) as com-
pared to patients with CAD without prior MI or controls 
(61–71%). 61  Among patients with myocardial infarc-
tion, patients with Q wave infarctions were noted to have 
fewer branches than those with non-Q wave infarctions. 
Of note, about 20% of patients with CAD or prior MI 
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  Fig. 15.12    Myocardial tagging in a patient with 
CRT-D – ( a ) Mid-myocardial, mid-systole short-axis MRI 
tagging image in a patient with a CRT device. Tag quality 
is good and suffi cient for strain analysis. The right 
ventricular lead is shown by the  small arrow    . ( b ) Strain 
versus frame/time plots of two myocardial segments       
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had an absent PVLV and LMV, indicating that the PIV 
would be the only posterolateral branch available for the 
resynchronization lead in these patients. Of note, a pre-
vious invasive coronary venography study of 86 patients 
referred for ICD implantation found a PVLV present in 
55% and LMV present in 83%, while the PIV was present 
in all but one patient. 64   

    15.11.2   CCT-Based Mechanical Dyssynchrony 

 Although CCT does not offer the full cardiac strain assess-
ment capabilities of CMR, inferences regarding dyssyn-
chrony and cardiac function can be made based on wall 
thickening and wall motion. Truong et al. recently evaluated 
the ability of CCT to characterize mechanical dyssynchrony 
in 27 patients with HF and LVEF less than 35% compared to 
11 control patients. 62  A dyssynchrony index based on the 
standard deviation to maximal wall thickening or maximal 
wall motion in six short-axis cardiac segments was compared 
to dyssynchrony characterized by the maximal difference in 
thickening or wall motion between opposing segments 
(Fig.  15.14 ). The authors were able to demonstrate accept-
able intraobserver and interobserver variability for the stan-
dard deviation in six segments in time to maximal thickening 
(the best of the parameters) with this technique. Although 
they showed that this measure was signifi cantly greater in 
heart failure patients compared to controls, this metric was 
not effective for discrimination between the narrow-QRS 

and wide-QRS HF groups. Although QRS duration does not 
correlate well with CRT response, it is uncommon with 
patients with QRS durations less than 110–120 ms to have 
signifi cant mechanical dyssynchrony based on the RETHINQ 
study, 13  such that the failure of a dyssynchrony metric to 
discriminate between patients with wide- and narrow-QRS 
complexes may indicate decreased potential to predict CRT 
response.  

 As with MR/SSFP-based contour tracking methods, the 
use of wall thickening to characterize mechanical dyssyn-
chrony depends on a radial-based measurement and is 
suboptimal compared to CMR techniques offering direct 
characterization of circumferential, longitudinal, and radial 
strain. However, improved dyssynchrony characterization 
may be possible with improvements in temporal resolution 
available with multisegment reconstruction algorithms. 65  In 
addition, evaluation of better methods to characterize 
mechanical dyssynchrony based on information from the CT 
may be possible.  

    15.11.3   Scar Assessment 

 Since posterolateral scar and overall increased volume of 
myocardial scar as assessed by CMR are poor prognostic 
indicators for CRT response, 54,  66  an accurate CCT-based 
assessment of scar would be desirable. Although CMR is 
the gold standard for scar assessment, CT has been investi-
gated by Dickfeld and others for scar characterization in 

PIV

  Fig. 15.13    CT venography of coronary sinus – Excellent correlation between CT venography and invasive fi ndings is demonstrated. (From van 
de Veire et al., 61  with permission)       
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patients referred for ventricular tachycardia ablation. 67  -  69  
Because defi nition of scar is somewhat limited with CCT as 
compared to CMR, metabolic PET imaging is often used in 
combination with CCT to provide optimal scar imaging. 
An example of CCT scar imaging is shown in Fig.  15.15 . 
Using this technique, a good correlation has been demon-
strated between voltage mapping at the time of ablation and 
the CCT scar map. In addition, CT/PET scar mapping was 
also found to identify metabolically active channels within 
the myocardial scar not detected by voltage mapping. 68  
However, CCT without PET mapping has not yet been 
demonstrated to identify scar accurately and consistently 
compared to CMR.   

    15.11.4   Future of CCT for Dyssynchrony 

 Due to its potential to image scar, mechanical function, and 
the coronary veins, as well as ability to integrate with fl uo-
roscopy and confi rmed safety in patients with preexisting 
pacemakers and non-CRT defi brillators, CCT may fi nd fur-
ther applications in patients referred for CRT in the future. 
However, at this time, CCT has still not been demonstrated to 

provide the degree of accuracy of scar and mechanical assess-
ment provided by CMR. Although spatial resolution is quite 
good, protocols to improve temporal resolution are still under 
evaluation. In addition, CCT exposes patients to a signifi cant 
dose of radiation, as well as intravenous contrast, which may 
be problematic for patients with renal dysfunction. As a 
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cardiac cycle, although MR is still the gold standard. (From Truong et al., 51  with permission)       

  Fig. 15.15    CT Scar imaging – An example of anteroapical scar from 
CCT imaging is shown       
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result, further investigation is required to determine if CCT 
will eventually prove useful in patients referred for CRT.       
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    16.1   Historical Perspectives 

 Nuclear imaging relies on the detection of photons emitted 
through the principle of radiodecay. Historically, radioactivity 
was originally observed through decaying products in purifi ed 
ores of radium and uranium. Hevesy conducted early plant 
circulation experiments involving radioactive isotope of lead 
in the 1920s which earned him a Nobel peace prize. 1  

Subsequent development of atomic reactors and accelerators 
in the 1940s paved the way to the production of artifi cial radi-
onuclides including  99m Tc, C-11, N-13, F-18,  131 I. 1  -  4  By the late 
1940s, scintillator counters consisting of NaI(Tl) and CsI(Tl) 
crystals were developed to allow for effective photon detec-
tion. 1  Shortly thereafter, Cassen, a UCLA physicist developed 
a rectilinear scanner, the fi rst nuclear imaging device using a 
NaI (Tl) probe to obtain a single analog tomographic scan. 1,  5  
The fi rst gamma camera was soon developed by Anger at the 
Lawrence Radiation Laboratory in the period 1950s–1960s 1,  6  
and made dynamic imaging of the cardiac distribution of 
radioactivity possible. 7,  8  With the fi rst commercially available 
thallium-201 ( 201 Tl) introduced in 1976, myocardial perfusion 
scintigraphy with two-dimensional  planar imaging was shown 
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 Abstract 

 Nuclear imaging procedures have grown since the fi rst gamma camera was invented in 
the late 1960s, and have now become an essential part of clinical cardiology practice. 
Major clinical applications of SPECT and PET in cardiology continue to be in the 
 diagnosis, prognostic evaluation, and risk stratifi cation of patients with known or 
 suspected coronary artery disease. Additionally, both SPECT and PET remain gold 
 standard in determining myocardial viability using radiotracers of blood fl ow and glucose 
metabolism. Recent developments in cardiology research suggest that nuclear imaging 
may prove to be an important clinical tool for evaluating patients with cardiac 
 electrophysiologic pathologies. Although still in the investigational stage, nuclear  imaging 
techniques such as gated SPECT MPI with phase analysis have been shown clinically 
useful in selecting appropriate candidates for CRT. Cardiac neurotransmission imaging 
with SPECT using  123 I-MIBG has also been shown to predict fatal cardiac outcomes and 
may be useful in combination with other clinical parameters for selecting patients who 
would greatly benefi t from ICD. Studies also demonstrated the potential clinical utility of 
 123 I-MIBG in assessing CRT response through improvement in cardiac adrenergic 
 activity. Additionally, PET has provided metabolic characterization of myocardial scar 
that has been shown valuable in guiding ablation of scar-related ventricular tachycardia. 
In this chapter, the potential role of nuclear imaging for device therapy is discussed. 

 Keywords 

 Nuclear imaging for device therapy  •  SPECT in cardiology  •  PET in cardiology  
•  Electrophysiologic pathologies  •  Cardiac neuronal imaging 
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useful for detection of coronary artery stenosis and eventually 
in the risk stratifi cation of patients. 7,  8  In mid-1980s, single 
photon emission computed tomography (SPECT) using pla-
nar gamma camera was invented. 1,  9  The approval for use of 
technetium-99 m ( 99m Tc)-sestamibi in the United States in 
1990 followed shortly by another  99m Tc-based agent,  99m Tc-
tetrofosmin, made it possible to obtain images from different 
parts of the cardiac cycle (gated SPECT) owing to their high 
myocardial count rates. Gated SPECT was routinely applied 
in the clinics in the late 1990s. 7,  8  

 The earliest work on positron imaging using coincidence-
counting techniques was done by Brownell and Sweet using 
a positron probe 2,  10,  11 , while Aronow later used a positron 
scanner for brain studies. 2,  12  Thereafter, the fi rst positron 
emission tomograph initially intended for use in brain imag-
ing was built by a group of researchers led by Hoffman, 
Phelps, and Ter Porgassan at Washington University in the 
early 1970s 2,  13,  14  and was shortly introduced as a new imag-
ing modality in cardiology. 2,  15  In recent years, hybrid imag-
ing devices such as PET/CT and SPECT/CT have become 
available allowing direct image fusion to localize radioactiv-
ity within a specifi c anatomic site. 16,  17  

    16.1.1   Imaging Mechanism and Current 
Techniques 

    16.1.1.1   SPECT 
 The scintillation camera detectors used by SPECT rotate 
180° around the patient in a semicircular or elliptical fash-
ion to collect sets of transaxial tomographic images. 1,  7  
The  three-dimensional (3D) reconstruction of myocar-
dial radioactivity from the two-dimensional projections 
produces a sequence of slices of images in the short axis, 
vertical long axis, and horizontal long axis orientations. 7  

Electrocardiographically (ECG) gated single photon emis-
sion computed tomography (SPECT) myocardial perfusion 
imaging (MPI) is the most commonly utilized diagnostic test 
for determining the presence of coronary artery stenosis. It 
is primarily useful in the early evaluation of patients sus-
pected of coronary artery (CAD) and in the risk stratifi ca-
tion and prognostic evaluation of patients with established 
CAD. 18  Gated SPECT images are obtained in 8–16 phases of 
the cardiac cycle through the process of electrocardiographic 
(ECG) triggering (gating) 19  which allows evaluation of 
global and regional left ventricular function (Fig.  16.1 ). 18,  21,  22  
The most commonly used radiotracers are thallium (Tl-201) 
and the two technetium-99 m (Tc-99 m) labeled compounds, 
sestamibi (Cardiolite) and tetrofosmin (Myoview). 18,  19   

 In patients who can exercise adequately, exercise stress 
protocols are typically employed with SPECT MPI while 19,  23  
for patients who cannot achieve an adequate level of exercise 
(85% of maximal predicted HR), 19,  23  pharmacologic stress 
testing is used. 19,  24  Coronary vasodilators, adenosine or 
dipyridamole, are the preferred pharmacologic stress agents 
for SPECT MPI. 19  In addition to the perfusion information, 
the SPECT images provide the size, shape, wall motion, and 
overall function of the left ventricle (LV), transient ischemic 
dilation (TID) of the LV, right ventricular (RV) myocardial 
uptake pattern, RV size, and abnormalities of lung uptake or 
other abnormal extracardiac activity. 7,  25,  26  SPECT MPI can 
additionally be used to assess myocardial viability. 7,  27  

 SPECT has also been performed with equilibrium radionu-
clide angiography (multiple-gated blood-pool imaging) where 
a blood-pool tracer, usually  99m Tc-labeled red blood cells, is 
used. 7,  28,  29  Resting images of the blood-pool tracer within the 
cardiac chambers are obtained at a constant heart rate by EKG 
gating through multiple cycles. 29  Methods of acquisition and 
processing have been shown to be similar to that of SPECT 
MPI. 7,  28  In multiple-gated blood-pool scanning, images are 

RAW PLANAR PROJECTIONS (30–60 steps)

RECONSTRUCTION
& REORIENTATION

TOMOGRAPHIC
SHORT AXIS IMAGE SETS

8–16 frames/step, gated to ECG

SPECT ACQUISITION

  Fig. 16.1    SPECT acquisition 
Single Photon Emission 
Tomography (SPECT) 
acquisition is performed using 
a gamma camera mounted on 
a gantry which is then rotated 
around the patient. Detector 
orbits can be orbital or elliptical. 
A common approach to image 
acquisition is called the step and 
shoot method. There, the detector 
stops at pre-defi ned intervals 
to acquire the images, which can 
be obtained while gated to the 
ECG. After the orbit is 
complete, the raw planar 
images are reconstructed to 
produce the tomographic image 
sets for interpretation (From 
Fuster et al. 20  )        
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taken at different views or angles to avoid tissue overlap and 
thereby enhance evaluation of regional function. 7,  30   

    16.1.1.2   PET 
 PET imaging involves the use of radionuclide agents that 
decay by positron emission. 15,  31  The positron ( b  + particle) 
that is ejected from the nucleus collides with a nearby elec-
tron ( b  − particle) which leads to an annihilation event 32  dur-
ing which the positron and electron masses are converted 
into energy and a pair of gamma ( g ) rays 2 . The total energy 
is conserved with each gamma ray having an energy of 511 
kiloelectron volt (keV) with the two gamma rays traveling 
in opposite directions (180° apart). 32  These gamma rays 
are detected by using a pair of collinearly aligned detectors 
which are installed in a ringlike pattern, and this allows mea-
surement of radioactivity within the volume of interest at a 
series of angle and radial distances. This angular information 
is used to re-construct tomographic images of regional distri-
bution of the positron-emitting radionuclide 2,  32  (Fig.  16.2 ). 

 PET, with its diverse utility and function, has become a 
valuable imaging tool over the years. PET has provided assess-
ment of the relative distributions of regional myocardial blood 
fl ow, contractile function and has also provided information 
on regional functional processes (i.e., biochemical changes, 
substrate fl ow, and neuronal and membrane receptor func-
tion). Other tracers, although still in the experimental phase, 
can target and monitor specifi c gene  expression, cell traffi ck-
ing, and provide insight about  molecular processes and car-

diac innervation. 2,  18,  19  Recent introduction of multimodality 
imaging such as PET/CT and PET/MR has allowed merging 
of functional information (i.e., myocardial blood fl ow, vas-
cular infl ammation, or apoptosis) with structural information 
(i.e., coronary calcifi cations, arterial plaques, or regional or 
global left ventricular (LV) contractile function) which has 
provided further understanding of the pathophysiology of 
atherosclerosis 2,  19,  34,  35  and can potentially help gain deeper 
insight about other cardiovascular pathologies. Over the 
years, PET’s major clinical application in cardiology remains 
in the detection, prognostic evaluation, and risk stratifi cation 
of patients with Coronary Artery Disease. Additionally, PET 
remains the gold standard for assessing myocardial viability 
(using radiotracers of blood fl ow and glucose metabolism) 
in the clinical setting. 19  The most commonly used tracers for 
visual assessment of regional myocardial tracer distribution 
(qualitative myocardial blood fl ow) under rest and stress con-
ditions are rubidium-82 and N-13 ammonia. 2,  36  -  41  

 C-11 palmitate is the fi rst radiopharmaceutical used for 
PET measurement of regional cardiac metabolism. C-11 ace-
tate is converted to C-11 acetyl CoA in the mitochondria and 
enters the TCA (tricarboxylic acid) cycle, where it interacts 
with the TCA cycle intermediates and exits from the myocar-
dium in the form of C-11-CO 

2.
  3  C-11 allows measurement of 

myocardial oxygen consumption providing parameters of 
oxidative metabolism as well as blood fl ow. 2,  42  -  46  PET using 
Flourine-18 ( 18 F) Fluorodeoxyglucose (FDG) has been used 
for myocardial viability imaging. 47  Like  d -glucose, FDG is 
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  Fig. 16.2    Coincidental photons are captured by the gamma camera and 
are continuously recorded along with information about time after start 
of acquisition, electrocardiographic (ECG) data, and optionally breathing 
data. Reconstruction of images is performed afterwards. ( A ) High-count 
static images can be reconstructed by summing all information after a 
pre-defi ned delay time after tracer injection (pre-scan delay). ( B ) 
Dynamic imaging sequences,used for tracer kinetic analysis, are obtained 

by serial temporal reconstruction at different times after injection. ( C ) 
ECG-gated images, done to assess  ventricular function are obtained at 
multiple phases of the cardiac cycle. ( D ) Respiratory gated images, used 
to suppress artifacts from respiratory motion, can be obtained at different 
phases of the breathing cycle. ED = end diastole; ES = end systole; 
EXSP = expiratory phase; INSP = inspiratory phase; PET = positron 
emission tomography. PET acquisition (From Bengel et al. 33  )        
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transported into the myocardium and is trapped in the cell 
because of the very low levels of the enzyme, glucose-6-phos-
phatase responsible for catalyzing the reverse reaction. 47,  48  
PET with Oxygen-15 Oxygen ( 15 O-oxygen) and Carbon-11 
acetate ( 11 C-acetate) has also been used to measure myo-
cardial oxygen consumption (MVO 

2
 ), with  11 C-acetate as the 

most commonly used and most accurate method of measuring 
MVO 

2
  noninvasively. Additionally, fl uoromisonidazole has 

also been used to measure tissue hypoxia. 47  -  52    

    16.1.2   Nuclear Imaging in Cardiac 
Resynchronization Therapy 

 Cardiac resynchronization therapy (CRT), which has become 
an important therapeutic option for patients with refractory 
heart failure, is typically employed in patients with NYHA 
class II-IV heart failure, depressed LV function, sinus rhythm, 
and an intraventricular conduction defect (IVCD). Despite 
these selection criteria, several trials show that a large por-
tion of patients fail to improve after CRT. 53  Accordingly, 
other factors to aid in the selection of patients that are likely 
to respond to CRT have been sought. One such factor, the 
presence of LV dyssynchrony, which has been shown in sev-
eral trials to identify patients likely to benefi t from CRT, is 
most often measured using echocardiography (ECHO). 54  
However, when these ECHO approaches have been applied 
in a large multicenter setting, as was done in the PROSPECT 
trial, the value of using ECHO information in the selection of 
patients for CRT is rather modest, 55  possibly a result of the 
relatively large intra- and inter-reader variability in ECHO 
measurements. Accordingly, better methods for measuring 
cardiac dyssynchrony are desired. 

 Nuclear imaging techniques have long been investigated 
for evaluation of dyssynchrony, the most commonly 
employed nuclear method being gated blood-pool ventricu-
lography scanning (GPBS) with phase analysis. 53,  56  During 
GPBS phase analysis, a fi rst-, second-, or third-harmonic 
Fourier analysis of the blood-pool-time-versus-radioactivity 
curve is typically performed (Fig.  16.3 ). To accomplish this, 
the time-activity curve from each pixel is analyzed as a series 
of cosine waves, each having a frequency, amplitude, and 
phase shift relative to the R-wave. As a result, several char-
acteristics of cardiac contraction are derived, including the 
timing of ventricular contraction (from phase angle data), 
and relative ventricular synchrony (from standard deviation 
of ventricular phase data). 53,  56,  58   

 Henneman et al. observed that two indices of phase analy-
sis, histogram bandwidth, and phase standard deviation 
(measures degree of dyssynchrony) correlate well with 
ECHO measures of LV dyssynchrony (tissue Doppler imag-
ing, or TDI). 59  In their study, they reported correlation coef-
fi cients of 0.89 and 0.80 between TDI and histogram 
bandwidth and phase SD measures of dyssynchrony, respec-

tively ( P  < 0.001 for both). Furthermore, phase analysis mea-
sures can be largely automatically measured, and have 
relatively low inter- and intra-observer variability, 60  making 
it an attractive modality for clinical use. 

 Several studies have been performed to evaluate cardiac 
dyssynchrony with phase analysis of radionuclide angioscin-
tigraphy. 53,  56,  61  -  64  In an early pilot study of patients with idio-
pathic dilated cardiomyopathy and IVCD, phase analysis 
was employed to evaluate the effect of biventricular pacing 
on contractile synchrony and left ventricular ejection frac-
tion (LVEF). 56  This study demonstrated improvement of 
interventricular synchrony and an increase in LVEF during 
biventricular pacing in 9 out of 13 patients. The improve-
ment of interventricular dyssynchrony correlated with the 
increase in LVEF while no signifi cant correlation was found 
between baseline QRS duration and LVEF improvement. A 
prospective study by Toussant et al. 64  investigated the long-
term effects of biventricular pacing on ventricular electrome-
chanical resynchronization as assessed with radionuclide 
angioscintigraphy phase analysis on 34 patients. All patients 
had NYHA class III-IV, LVEF <40, and a wide QRS (>150 
ms) with a left bundle branch block (LBBB) pattern. 
Radionuclide angioscintigraphy was performed before CRT, 
8 days after implantation, and every 6 months thereafter with 
follow-up duration of 20 ± 7 months. Results demonstrated 
that biventricular pacing reduced electrical and mechanical 
dyssynchrony and improved clinical status (Fig.  16.4 ).  

 While the above studies suggest utility of GPBS phase 
analysis to improve selection among patients that meet stan-
dard ACC/AHA criteria for CRT, studies using GPBS phase 
analysis are underway to identify patients that do not meet 
classical criteria but which might none-the-less benefi t from 
CRT. One recent study shows that patients with mild-to-
moderate LV dysfunction (EF 36–50%) exhibit signifi cant 
degrees of dyssynchrony compared to normal controls. 65  
Another recent study demonstrates that approximately 29% 
of patients with LVEF 35–50% and QRS duration <120 ms 
manifest mechanical dyssynchrony. 66  Such provocative 
observations suggest that GPBS phase analysis might also 
prove useful for identifying patients who might benefi t from 
CRT despite not meeting current standard criteria. 

 Studies suggest that the presence of scar tissue in the 
region of the LV pacing lead (usually in the posterolateral 
wall) may limit response to CRT. 64,  65  Gated SPECT using 
 99m Tc-tetrofosmin was used by Ypenburg et al. 67  to evaluate 
the presence of scar tissue before CRT and found out that 
patients without scar tissue in the LV pacing target region 
showed improvement in the NYHA class, quality of life, 
6 min walk test, LV volumes, and LVEF at 6-month fol-
low-up whereas no improvement was observed in patients 
with scar tissue. Additionally, extent of viable myocar-
dium was positively related to decreased LV volumes and 
improved LVEF. Other studies reported similar fi ndings. 68,  69  
Furthermore, using FDG imaging, studies showed that 
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clinical response to CRT could be predicted with a sen-
sitivity of 74% and a specifi city of 87% when substantial 
viability was present. On the other hand, extensive scar tis-
sue predicted a non-response to CRT with a sensitivity of 
83% and a specifi city of 74%. 54,  70,  71  

 Nuclear imaging techniques have been used to study the 
mechanisms involved in the benefi ts seen with CRT. Several 
studies 54,  72  -  76  have investigated the effect of CRT on global 
MVO 

2
  using PET with  11 C-acetate. The results of these stud-

ies showed no signifi cant change in global MVO 
2
  despite a 

signifi cant improvement in LV systolic function. Moreover, 
several other studies examined the effect of CRT on myocar-
dial blood fl ow (MBF), none of which showed signifi cant 
difference in global MBF with CRT compared with no 
CRT. 53,  70,  72  -  75,  77  -  80  The effect of CRT on myocardial energetics 
had also been investigated with  18 FDG-PET. Such studies 
have demonstrated that CRT leads to more homogeneous 
glucose metabolism. 53,  70,  71  

    16.1.2.1   Cardiac Neuronal Imaging 
 Cardiac neural autonomic function plays an important role in 
cardiac electrophysiology. Several studies have demonstrated 
that abnormal cardiac sympathetic function is associated 
with worsening heart failure and increased cardiac mortality. 
Systemic catecholamine levels increase in advanced heart 
failure. At the level of the cardiac sympathetic nerve termi-
nal, there is an initial increase in receptor-mediated NE 
uptake (uptake-1 mechanism). However, with advancing 
heart failure, there is eventual downregulation of uptake-1-
related proteins and loss of neurons. This neuronal deregula-
tion has proven to be amenable to imaging (Fig.  16.5 ).  

 Several radiotracers have been developed to characterize 
cardiac sympathetic function.  123 I metaiodobenzylguanidine 
(MIBG) has been used extensively in Europe and Japan for 
cardiac imaging. This agent is an analog of norepinephrine 
that diffuses into the synaptic space where it accumulates in 
the pre-synaptic nerve terminal by way of the uptake-1 
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  Fig. 16.3    Demonstrating the derivation of SPECT myocardial perfu-
sion imaging to derive information about myocardial perfusion as well 
as phase analysis to assess LV dyssynchrony. The points in the sino-
grams represent regional wall thickening data. The fi rst-harmonic 
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phase polar map shows a signifi cant phase delay (bright region) at the 
anterior and apical wall. The location of the phase delay matches well 
with the perfusion defect shown in the perfusion polar map (Adapted 
from Chen et al., 57  with permission)       
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pathway (a protein-mediated, energy-dependent pathway). 
This agent is imaged using SPECT, during which MIBG 
uptake is typically assessed as a heart to mediastinal ratio 
(HMR). MIBG washout is also sometimes assessed when 
planar imaging techniques are employed, and may refl ect 
turnover of catecholamines. 

 In advanced heart failure, the HMR is decreased and the 
washout is increased. Several studies have shown that a 
decreased HMR in patients with heart failure is associated 
with a poor prognosis. 82,  83  One study of 414 patients that 
underwent MIBG imaging found HMR to be a more power-
ful predictor of overall cardiac death than NYHA class, the 
presence of previous myocardial infarction, and age. 84  
Further, Agostini et al. performed 123I-mIBG imaging on 
290 patients with heart failure and adjudicated events over 
the subsequent 24 months. 85  They demonstrated HMR and 
LVEF as the only signifi cant predictors of cardiac events. 
Moreover, they demonstrated that a normal HMR can be 

used to identify patients with low risk of cardiac event within 
patients with low LVEF. 

 The risk stratifi cation enabled by MIBG imaging raises 
the possibility that MIBG imaging can be used to select 
patients for ICD implantation. Nagahara et al. showed that 
MIBG activity combined with plasma brain natriuretic pep-
tide (BNP) and LVEF has been shown to be associated with 
fatal cardiac events and may be useful in the selection of 
patients who would benefi t from an implantable cardioverter 
defi brillators (ICD). The study prospectively followed up 54 
ICD-treated patients after assessment of MIBG activity, 
plasma BNP, and LVEF. The results showed that a low level 
of MIBG activity, a high plasma BNP, and an LVEF of <50% 
can predict fatal outcome, either cardiac death or an ICD 
shock precipitated by lethal arrhythmias. 86  Multicenter, ran-
domized prospective trials are needed to further clarify the 
utility of using MIBG imaging for selection of patients for 
ICD therapy. 

Example of phase analysis in a non-responder to CRT

Example of phase analysis in a responder to CRT

a

b

  Fig. 16.4    Example images from two patients with NYHA functional 
class III, depressed left ventricular ejection fraction (LVEF) (<35%), 
and prolonged QRS duration (>120 ms) who underwent CRT. Phase 
analyses are displayed for a non-responder ( a ) and a responder ( b ) to 
CRT. LV dyssynchrony with phase analysis was absent in the non-
responder, but present in the responder. At 6 month after CRT, the 

non-responder experienced worsened CHF (NYHA functional class 
increased from III to IV), whereas the responder improved (NYHA 
functional class decreased from III to II), while the change in LVEF 
post-CRT was minimal for both patients (non-responder: from 32% to 
33%; responder: from 27% to 33%) (Adapted from Chen et al., 57  with 
permission)       
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 MIBG imaging may also be useful in the evaluation of 
other electrophysiologic disorders. It is appreciated that neu-
ronal system activity plays an important role for the progno-
sis of patients with atrial fi brillation (AF). Akutsu et al. 
recently investigated the role of MIBG imaging toward eval-
uating risk of vascular events in 69 patients with paroxysmal 
AF who did not have structural heart disease. 87  They found 
that after adjustment for age, left atrial dimension, and left 
ventricular function, HMR was an independent predictor of 
vascular events with a hazard ratio of 4.1 [95% confi dence 
interval (CI): 1.3–12.6,  p  = 0.014]. 

 MIBG has also been used to assess changes in cardiac 
adrenergic activity after CRT therapy. In one such study, 
CRT responders defi ned as those patients who had  ³ 5% 
absolute increase in LVEF + improvement in  ³ 1 NYHA 
class + absence of heart failure hospitalization were shown to 
have lower MIBG washout at follow-up compared to non-
responders, moderately correlating with LVEF improvement 
at follow-up but not at baseline. 88  Similar results were 
obtained in another study which reported a decrease in MIBG 
washout after 6 months of CRT, together with an improve-
ment in NYHA classifi cation, reduction in QRS width, 
improvement in echo parameters such as decrease LV 

end-diastolic and systolic diameter, septal to lateral delay, 
and decreased BNP levels. 89  

 Cardiac sympathetic imaging can also be accomplished 
using PET, which provides greater quantitation and better 
spatial resolution compared to SPECT. Further, current neu-
ronal tracers used with PET, such as C11-hydroxyephedrine 
(HED), have better specifi city for sympathetic nerve termi-
nals compared to MIBG. As seen with MIBG, global sympa-
thetic denervation has been demonstrated with HED PET. 90,  91  
Further in a study of 46 NYHA class II-III CHF patients 
(mean LVEF 35% ± 8%) who had undergone HED imaging, 
reduced HED retention predicted death or need for heart 
transplantation over the subsequent 5 years. 92   

    16.1.2.2   Characterization of Scar Prior 
to VT Ablation 

 Another potential role for nuclear imaging methods in electro-
physiology is in the metabolic detection and characterization 
of myocardial scar prior to VT ablation. Current clinical map-
ping systems used for VT ablation have a limited ability to 
detect and characterize intramyocardial or epicardial scar. 
A recent study by Fahmy et al. evaluated feasibility and accu-
racy of PET/CT integration with voltage-based electroana-
tomical map. The investigators demonstrated that PET/CT 
images could be well-registered with electroanatomical maps, 
with a mean surface registration error of 5.1 ± 2.1 mm. 
Conventional voltage-based scar set at 0.5 mV (of the eight dif-
ferent thresholds evaluated) was found to have the greatest total 
percent error when compared to biological PET-based scar 
which correlated best with voltage threshold of 0.9 mV 
(Fig.  16.6 ). Based on these results, the authors suggested that 
there may be a need for a re-adjustment of the conventional 
voltage-based scar for a more accurate scar localization prior to 
VT ablation. Moreover, they proposed that in view of the better 
accuracy of PET/CT in defi ning scar, the need for acquiring 
detailed voltage maps may be obviated with this technique. 93  In 
a similar study, Tian et al. studied ten patients scheduled for VT 
ablation who underwent contrast-enhanced computed tomogra-
phy and Rubidium-82 perfusion/F-18 Fluorodeoxyglucose 
metabolic PET imaging. Data from PET/CT reconstruction 
allowed 3D display of myocardial scar and border zone and has 
provided a more detailed scar anatomy, with CT providing addi-
tional anatomic changes. LV scar area from FDG-PET 3D 
reconstruction correlated well with voltage-defi ned scar. 94  The 
above results are promising and may prove useful for accurate 
localization and ablation of ventricular tachycardia (VT).    

    16.1.3   Future Directions 

 Using current selection criteria, CRT is unsuccessful in about 
20–30% of patients. 53  The presence of LV dyssynchrony and 
tissue viability has been shown to be important for predicting 
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iodobenzylguanide,  MQNB  methylquinuclidinyl benzilate,  NE  nor-
epinephrine (From Chun et al., 81  with permission)       
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a response to CRT, and nuclear imaging techniques such as 
gated blood-pool ventriculography and phase analysis can 
provide such clinical information and may be considered to 
be a promising alternative or may even prove superior to 
echocardiography. The results of large prospective trials 
should clarify the role of GPBS phase analysis for the selec-
tion of patients for device therapy. 

 Scintigraphic imaging for managing patients with risk 
for arrhythmic events is rapidly changing. Cardiac MIBG 
activity in combination with other clinical parameters such 
as BNP and LVEF may prove clinically useful in the risk-
stratifi cation and selection of patients for ICD. The develop-
ment of highly sensitive and specifi c neuronal PET tracers 
has the potential to substantially change the approach for 
the selection of patients for ICD implantation. Newer agents 
looking at parasympathetic cardiac activity may  provide bet-
ter understanding of the sympatho-vagal balance in cardiac 

disease. Additionally, novel PET approaches for use with 
VT scar mapping systems may prove clinically valuable 
(Table  16.1 ).    

    16.2   Summary 

 Nuclear imaging techniques are rapidly emerging as impor-
tant tools for use in selecting patients for device therapy. 
Further investigation, however, is needed in order to eluci-
date the true clinical value of these techniques. As such, large 
prospective trials are essential to document and validate the 
clinical utility of these nuclear imaging techniques. 
Additionally, the development of novel molecular PET trac-
ers targeting important electrophysiologic pathways may 
lead to a greater understanding of relevant electrophysiologic 
mechanisms.      

a b
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Inner surface
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  Fig. 16.6    Integration of PET/CT with electroanatomical mapping in a 
patient with a large scar. ( a ) Slight left anterior oblique and right post-
oblique to demonstrate scar areas at threshold 0.5 mV. ( b ) Same views 

at threshold 0.9 mV. Note that the latter electroanatomical map corre-
lates better with PET (From Fahmy et al., 93  with permission)       
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     Cardiac resynchronization therapy (CRT) has been shown to 
improve cardiac structure and function, quality of life (QOL), 
and exercise capacity; alleviate symptoms; and lower mortality 
and morbidity in patients with moderate-to-severe heart failure 
and intraventricular conduction defect. 1  -  5  The effectiveness of 
CRT per se depends on the adequacy of mechanical synchrony 

achieved at atrio-ventricular (AV), interventricular, and intra-
ventricular levels. The clinical and echocardiographic response 
to CRT may vary signifi cantly among patients. Like any effec-
tive drug or device therapy for heart failure patients, response to 
therapy can be heterogeneous. Dubious    response to CRT may 
be attributed to the interplay of factors that relate to suboptimal 
medical therapy; inappropriate lead placement and suboptimal 
programming of AV timing; and occurrence of atrial tachyar-
rhythmias that may result in intermittent or complete loss of 
CRT. Addressing these issues during follow-up evaluation of 
CRT patients may impact on their response to therapy. 6  
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 Abstract 

 The utility of CRT optimization remains to be confi ned to patients whose response to the 
treatment is either suboptimal or negligible. There are several techniques, mostly echocar-
diographic, to optimize device settings but none has been universally accepted as gold stan-
dard. Methods differ in recording techniques and may therefore vary signifi cantly in 
performance. Several studies have employed various techniques in interrogating AV inter-
val with or without concomitant V-V interval optimization. Optimization was performed at 
varying time points. Even the defi nition for favorable response to CRT varied. Optimization 
of AV and V-V intervals is patient-specifi c and optimal values change over time. This may 
relate to time-related LV reverse remodeling or to progression of disease. The effects of 
inter-atrial conduction defect, right atrial pacing, and exercise on AV delay add complexi-
ties to performance of AV delay optimization. At the very least, it has to be ensured that the 
programmed AV delay should neither produce fusion of mitral E and A waves nor trunca-
tion of the latter. Despite evidences of hemodynamic benefi ts, the utility of V-V interval 
optimization remains controversial. Evidence for the incremental long-term benefi ts on 
mortality and morbidity is still lacking. Three large clinical trials reported confl icting results 
in terms of clinical and echocardiographic improvement. Differences in the study designs 
could have contributed to the confl icting results. It is important to remember, however, that 
simultaneous biventricular pacing is not always synonymous with suboptimal V-V interval, 
nor should sequential pacing be routinely regarded as ideal. 

 Keywords 

 Cardiac resynchronization therapy  •  Imaging post CRT  •  Echocardiography  •  CRT optimi-
zation  •  AV delay optimization 
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    17.1   Optimizing CRT 

 There are a considerable number of patients who have min-
imal benefi t or no improvement at all from CRT and are 
considered as “non-responders.” A recent study compre-
hensively evaluated 75 ambulatory recipients of CRT plus 
defi brillator (CRT-D) devices for a minimum duration of 
6 months who persistently experienced heart failure symp-
toms. The investigators reported a high percentage (47%) of 
suboptimal AV delay programming detected in this cohort 
of clinical non-responders. 6  While the European Society 
of Cardiology recommended performance of AV and ven-
triculo-ventricular (V-V) interval optimization to maintain 
atrial-synchronous permanent biventricular pacing, 7  there is 
still no consensus for routine performance of AV and V-V 
delay optimization after CRT. The current use of CRT opti-
mization is limited and is still considered as an  option  in an 
attempt to convert patients judged to be “non-responders” 
to “responders.” 8   

    17.2   Echocardiography and Optimal CRT 

 Currently, echocardiography is the modality most widely 
used in optimizing AV and V-V intervals in CRT. 8  
Echocardio graphic measurements are safe to acquire, eas-
ily repeatable, and are accurate when compared to invasive 
hemodynamic measurements. Optimizing pacemaker set-
tings can be incorporated into a follow-up study allowing 
simultaneous assessment of reverse remodeling, mitral 
regurgitation (MR), and left ventricular (LV) function. 
However, it requires a certain level of expertise among 
those acquiring and interpreting the studies. Moreover, 
optimizing pacemaker settings using some echocardio-
graphic techniques may require a signifi cant length of time 
which, in turn, may impact on the patient, the consistency 
in image acquisition, and the availability of the personnel 
performing the optimization.  

    17.3   Atrio-Ventricular Interval Optimization 

 During AV sequential pacing, the effect of AV interval on LV 
fi lling impacts on LV systolic performance by modulating 
preload. Inadequate programming of the atrial to  left  ven-
tricular delay has the potential to curtail the benefi cial effects 
of CRT. While optimizing AV delay may benefi t “under-

responders,” it cannot convert a  true  “non-responder” to a 
“responder.” 9  AV delay optimization has been shown to 
improve the acute hemodynamic response to CRT and may 
improve long-term clinical outcomes. The optimal AV delay 
in CRT exhibits great variability from patient to patient. 10  -  12  
Moreover, recent studies have suggested that the optimal AV 
delay changes over time. 12  -  16  

    17.3.1   Atrio-Ventricular Relationships 

 In the setting of a prolonged AV conduction, atrial depo-
larization occurs relatively early in diastole resulting in 
the superimposition of atrial contraction on the early LV 
fi lling phase, thereby compromising atrial contribution 
to cardiac output (CO). Following atrial contraction, the 
mitral valve remains open as a result of delayed LV con-
traction. As LV diastolic pressure exceeds left atrial (LA) 
pressure during atrial relaxation, diastolic MR ensues. This 
condition decreases preload and reduces LV end-diastolic 
pressure (LVEDP) at the onset of LV systole with subse-
quent reduction in LV rate of pressure rise (LV d P /d t  

max
 ) 

and ultimately, CO. 10  In the setting of a short AV delay, on 
the other hand, the LA contribution to LV fi lling is compro-
mised by premature mitral valve closure that results from 
early LV contraction. Thus, an optimal AV relationship is 
achieved by an AV interval that provides the longest LV 
fi lling duration that allows maximal LA contribution to LV 
fi lling, eliminates diastolic MR, and shortens isovolumic 
contraction phase, thus resulting in greater stroke volume 
(SV) and CO. 17  

 Translated echocardiographically, prolonged AV conduc-
tion is characterized by the fusion of the transmitral Doppler 
E and A wave and the appearance of MR signals during late 
diastole (reduced LV fi lling time). Unphysiologically short 
AV delay is characterized by a distinct separation of the 
Doppler E wave and a truncated A wave (increased LV fi lling 
time) (Fig.  17.1 ). The optimal AV delay is the shortest AV 
delay that will allow maximal EA duration without causing 
abbreviation of transmitral Doppler A wave. The onset of rise 
of LV pressure should coincide with the end of atrial 
contraction.  

    17.3.2   Echocardiography-Based Atrio-
Ventricular Delay Optimization 

 There are many ways of optimizing the AV delay. Doppler 
echocardiographic methods include analysis of mitral infl ow 
and LV outfl ow (LVOT) profi le using pulsed-Doppler, and 
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trans-aortic fl ow and MR velocity profi les using continuous 
wave (CW)-Doppler techniques. Using these fl ow velocity 
profi les, optimal AV delay can be calculated from temporal 
parameters measured during specifi c short and long AV 
delays (calculation-based) or estimated by a single hemody-
namic parameter measured against a series of practicable 
AV intervals (dynamic AV interval-based). A wide array of 
optimization techniques has been used in several small 
 studies, but none has been universally considered as the 
gold standard. The results may vary according to recording 
techniques and therefore may differ substantially in 
performance. 18   

    17.3.2.1   Calculation-Based Method of AV 
Delay Optimization 

 Optimization of AV delay by calculation-based method is 
performed by pulsed-Doppler interrogation of mitral infl ow. 
It aims to maximize LV fi lling time without compromising 
the atrial kick. Techniques that employ analysis of mitral 

infl ow velocity profi les generally vary in terms of the loca-
tion of the sample volume. In most protocols, Doppler wave-
forms are recorded by sampling at the tips of the mitral 
leafl ets where the fl ow velocity profi le refl ects the diastolic 
function and fi lling parameters rather than volume. 
Conversely, sample volume placed at the level of the mitral 
annulus refl ects the diastolic fi lling volume rather than func-
tion. Normally, E wave velocity is higher at the tips of the 
leafl ets, thereby relatively increasing the prominence of the 
A wave when waveforms are recorded by sampling at the 
mitral annulus. 19  Calculation-based method involves mea-
surements of several time intervals during a programmed 
short and long AV delays. The measurements rely on the A 
wave confi guration. Because it entails recordings at only two 
AV intervals, the time required for performing optimization 
is generally less. 

  Ritter’s technique  has been the most popular calculation-
based technique of optimizing AV delay after CRT. According 
to Ritter, the most ideal AV interval is that setting that will 

  Fig. 17.1    Effects of atrio-ventricular dyssynchrony on diastolic fi lling. 
During ( a ) prolonged atrio-ventricular conduction, or ( b ) programmed 
long AV delay, LV fi lling is compromised by a relative delay in mitral 
valve closure and opening, causing superimposition of early and late 

diastolic fi lling and is refl ected by fused mitral Doppler E and A waves. 
( c ) With a programmed short AV delay, the contribution of atrial kick to 
LV fi lling is abbreviated    by the early closure of the mitral valve causing 
truncation of A wave ( green arrow ).  SAV-sensed AV delay        
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allow mitral valve closure, as a result of ventricular contrac-
tion, to coincide with the completion of the atrial transport 
represented by the end of the mitral A wave. Ritter used the 
QRS onset on a simultaneously recorded EKG signals to 
time the onset of ventricular contraction during a pro-
grammed long (usually 200 ms) and short (usually 60 ms) 
AV delays. The programmed long AV delay has to be reduced 
by the difference between the time intervals from the QRS 
onset to the end of the mitral A wave during the programmed 
short and long AV delays in order to determine the optimal 
AV delay 20  (Fig.  17.2 ).  

 Ritter’s method has originally been used to optimize AV 
delays in dual-chamber pacemakers where patients have 
AV block and normal LV function. MIRACLE and 
INSYNCH III trials have used the technique to set the AV 
delay settings in their respective studies. 21  In a study that 
evaluated 40 patients within 24-h post-CRT device implan-
tation, the optimal AV delay obtained by aortic velocity-
time integral (VTI) method was signifi cantly longer than 
that calculated by Ritter’s method. 22  In two other studies, 
the optimized AV delay by this technique showed poor 
correlation with the invasive LV d P /d t  measurements and 
may therefore not represent the maximum achievable 
hemodynamic benefi t. 18,  23  There are some limitations to 
the application of this technique. In heart failure, elevated 
LVEDP promotes immediate closure of the mitral valve. It 
may be diffi cult to ascertain A wave abbreviation. In the 

presence of a short or normal PR interval, biventricular 
pacing can be compromised during long AV delay 
setting. 9  

 Several techniques have been derived from Ritter’s 
method. Ishikawa used the fi rst component of the fi rst heart 
sound (S1) using a phonocardiogram or, alternately, the end 
of the diastolic MR velocity signals. The optimal AV delay 
is a slightly prolonged AV delay less the duration of dia-
stolic MR at that AV delay setting. A slightly prolonged 
AV delay ensures full biventricular pacing during the pro-
cedure even in patients with intact AV conduction. Like 
Ritter’s technique,  Ishikawa’s technique  was used initially 
applied to optimizing dual-chamber pacemaker settings. 24  
In a study that evaluated fi ve heart failure patients who 
received biventricular pacemakers, optimal AV delay pre-
dicted by Ishikawa’s technique yielded the highest echocar-
diographic CO and longest LV fi lling time than when the 
AV delay was set 25 ms earlier and later than the optimal 
AV delay. In addition, regular evaluation of the optimal AV 
delay every 3–6 months over a 2-year-follow-up period 
was associated with improvement of the patients’ func-
tional class. 25  However, in the absence of a control group 
on top of a modifi cation in the medical management, such 
improvement may be attributed to the concerting effect of 
CRT itself and the medical management. 

 Instead of diastolic MR, Meluzin used the onset of high 
velocity (systolic) component of MR to index the onset of 

  Fig. 17.2    Ritter’s formula for calculating optimal AV delay.  Left and 
right panels  represent mitral infl ow velocity profi les during respective 
long and short sensed AV (SAV) delays. QA is measured from the QRS 

onset to the end of mitral A wave. In this example, optimal AV delay 
using the Ritter formula is calculated at 150 ms (149 ms)       

 



26717 Post-CRT Imaging Based Optimization

ventricular contraction. The time interval between the end of 
the A wave (representing the late diastolic transmitral fl ow 
at atrial contraction) and the onset of the systolic (high 
velocity) component of MR measured during a programmed 
long AV interval represents the time that the testing long 
interval must be shortened to achieve the optimal AV delay 
(Fig.  17.3 ).  Meluzin’s technique  predicted the AV delay that 
yielded the maximum CO (thermodilution technique) in 
78% of 18 CRT patients optimized 3 months post-device 
implantation. The technique is simple. In contrast to the 
Ritter’s and Ishikawa’s methods, it only requires a single 
echo recording and a single measurement to calculate the 
optimal AV delay. 26  It however requires the presence of sys-
tolic MR which is a limitation to the technique. Ismer et al. 
used the ventricular pacing stimulus to mark the onset of 
ventricular contraction.  

  Ismer’s technique  requires the use of bipolar esophageal 
leads to record LA electrogram. Simultaneous recording of 
transmitral fl ow, LA electrogram, and real-time pacemaker 
sensed-event markers allows determination of the compo-
nents of the optimal AV delay. 27  According to Ismer, the 
hemodynamically optimal AV delay can be calculated as 
the sum of the inter-atrial conduction interval and the LA 
electromechanical action reduced by the latency of mitral 
valve closure induced by ventricular stimulation. 27  Ismer’s 
method was used to determine the optimal AV delay in 11 
CRT patients. Echocardiographic LV ejection fraction 
(LVEF), measured at three programmed AV delays (opti-
mal AV delay, optimal AV delay + 50 ms, and optimal AV 
delay – 50 ms), was maximal with optimal AV delay. 28  The 
same group has employed this technique to compare opti-
mal AV delay at rest and during submaximal exercise in 20 
CRT-D patients. 29   

    17.3.2.2   Dynamic AV Interval-Based Optimization 
of AV Delay (Iterative Method) 

 Dynamic AV interval-based method of optimizing AV delay 
or the iterative method determines the ideal AV delay by suc-
cessive estimation of a single hemodynamic index from a 
range of programmed AV delays commencing from the lon-
gest AV interval that allows full capture of biventricular pac-
ing. Alternately, the longest AV delay is set 30 ms less of the 
measured interval during an atrial-sensed and ventricular-
sensed setting. Iterative method requires recordings at more 
than two programmed delays and entails long procedural 
time. Moreover, consistency in the sample volume location 
where pulsed-Doppler waveforms are recorded is essential. 
Variability and errors may arise from these two limiting 
factors. 

 Unlike the calculation-based method, the application of 
iterative method is not limited to optimizing diastolic fi lling 
time. In addition to LV fi lling volume, iterative method can 
also be used to optimize markers of systolic function such as 
SV and CO, Doppler-derived LV d P /d t  

max
 , and myocardial 

performance index (MPI). These hemodynamic indices of 
systolic performance can also be used in optimizing V-V 
delay as well. Thus, iterative method allows the assessment 
of relative changes in a referenced hemodynamic parameter 
when combined AV and V-V delay optimization procedure is 
performed. 

  Diastolic fi lling time (DFT)  is the time interval from the 
onset of the mitral E wave to the end of A wave. The AV 
interval that produces the complete separation of the Doppler 
E and A waves without causing A wave truncation is consid-
ered optimal (Fig.  17.4 ).  Mitral infl ow VTI  is an index of LV 
fi lling volume. In the absence of MR or shunt abnormalities, 
mitral infl ow VTI serves as a surrogate for SV assuming a 

  Fig. 17.3    Meluzin technique. In a apical 4-chamber view, 
pulsed-Doppler interrogation of the mitral infl ow is 
performed with sample volume placed at the tips of the 
mitral leafl ets to record early and late diastolic fi lling and 
mitral regurgitation fl ows. The testing long AV delay by 
which the recording was made has to be shortened by t1 
( yellow double arrow ) to determine the optimal AV delay. 
In this fi gure, testing long AV delay was 220 ms during an 
atrial-sensed, ventricular paced mode (ASVP 220). T1 
measured from the end of fused mitral E and A waves to 
the onset of the high velocity signal of mitral regurgitation 
(MR) was 82 ms. Thus, optimal AV interval was set at 
140 ms (138 ms)       
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constant cross-sectional area of the mitral annulus. Functional 
MR is very common among heart failure patients. Thus, the 
LV fi lling volume cannot refl ect the actual SV as the fl ow 
across the regurgitant orifi ce will generally be higher. 30  The 
programmed AV interval that yields the maximum mitral 
infl ow VTI is considered optimal (Fig.  17.5 ).   

 In a series of 30 patients, 4 techniques of AV optimiza-
tion were compared against invasive LV d P /d t  

max
 . Mitral 

infl ow VTI, DFT, and aortic VTI predicted optimal AV 
delay in 97%, 67%, and 43% of patients respectively. Ritter 
method failed to predict optimal AV delay. 18  In this study, 
V-V delay optimization was likewise performed. In addi-
tion more than half of the patients have moderate-to-severe 
MR. The extent to which the presence of MR and the opti-
mization of the V-V delay affected the results is not known. 
Neither invasive SV nor CO measurement was reported. 
Moreover, aortic VTI was collectively represented by both 

pulsed   -Doppler recordings at the LVOT and CW Doppler 
recordings across the aortic valve. 

 Improvement in the hemodynamic indices of systolic 
function is a function of both AV and intraventricular syn-
chrony. Thus, these markers can be used to optimize both AV 
and V-V interval. Assessment of SV and CO can be per-
formed by pulsed-Doppler interrogation of the LVOT or by 
CW Doppler recording of fl ow across the aortic valve. Trans-
aortic VTI technique ( aortic VTI technique ) is more repro-
ducible than measuring LVOT VTI ( LVOT VTI technique ) 
(Fig.  17.6 ). It is however infl uenced by the morphology of 
the aortic valve and may not be accurate in the subset of CRT 
patients with concomitant aortic valve disease.  

 A randomized, prospective, single-blind trial consisting of 
40 CRT patients compared aortic VTI-guided AV delay opti-
mization ( n  = 20) using AV intervals of 60–200 ms (119 ± 34 ms) 
to an empirically programmed AV interval of 120 ms ( n  = 20) 

  Fig. 17.4    Iterative method using diastolic fi lling time technique. 
Diastolic fi lling time measured from the onset of mitral E to the end of 
mitral A is repeatedly measured during progressive uniform reduction 
in the programmed sensed AV delay (SAV). As the AV delay shortens, 
DFT increases. DFT starts to decrease once a signifi cant interruption in 

the mitral A wave is reached. In this example, DFT was maximal at the 
AV delay of 100 ms. Close examination revealed beginning A wave 
truncation that did not improve by increasing the AV delay by 10 ms 
(not shown). Thus, optimal AV delay was 120 ms       
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in VDD pacing mode at the initiation of CRT. After initiation 
of CRT, optimized AV delay resulted in a signifi cant improve-
ment in both the aortic VTI (4.0 ± 1.7 cm vs. 1.8 ± 3.6 cm, 
 p  < 0.02) and LVEF (7.8 ± 6.2% vs 3.4 ± 4.4%,  p  < 0.02) com-
pared to the empirically programmed AV delay. At 3-month 
follow-up, there was greater improvement in the NYHA class 
and QOL in the optimized group. Both groups achieved 
improvement in the objective 6 min walk test (6MHWT) to a 
comparable degree. 31  The same group of investigators further 
compared aortic VTI with Ritter’s technique. The intra-
observer reproducibility was excellent for both aortic VTI 
( r  = 0.99) and Ritter’s technique ( r  = 0.98 and 0.99 at long and 
short AV interval). Aortic VTI-guided optimized AV delay 
resulted in a greater improvement in LV SV (as estimated 
change in aortic VTI from baseline) compared to optimized 
AV delay calculated by Ritter’s formula in 36 of the 40 
patients. Both techniques resulted in a comparable improve-
ment in the diastolic fi lling. There was, however, no correla-
tion in the AV delay values predicted by the two  techniques 

( r  = 0.03) 22  In two studies, aortic VTI technique showed better 
correlation with invasive LV d P /d t  

max
  compared with the Ritter 

formula in terms of sensed and paced AV delay optimization 23  
or combined AV and V-V delay optimization. 18  

 The chronic effects of AV delay optimization guided by 
LVOT VTI (sensed and paced) performed at 31 ± 8 weeks 
after initiation of CRT were investigated in 33 patients. AV 
delay optimization resulted in a bidirectional magnitude of 
change from the pre-programmed AV delay at implantation. 
After a mean follow-up of 43 days, a signifi cant increase 
from baseline in the 6MHWT (from 449 ± 16 m to 475 ± 17 m, 
 p  < 0.05) and reduction in the NT pro-BNP level (from 
3192 ± 765 ng/L to 2593 ± 675 ng/L) were reported in the 
absence of improvement in the LVEF and diastolic fi lling. 
These benefi ts were signifi cantly greater in the subgroup of 
patients with greater corrections in the AV delay. 32  In the 
absence of a control group, it is however diffi cult to attribute 
the observed improvements solely to the benefi cial effect of 
AV delay optimization. 

  Fig. 17.5    Iterative method using mitral infl ow (EA) VTI technique. 
Representative images of mitral infl ow velocity profi les recorded dur-
ing progressive uniform reduction in the programmed sensed AV delay 

(SAV). Shortening of AV delay increases EA VTI until the optimal AV 
delay is achieved. In this example, optimal SAV is 140 ms where EA 
VTI is maximal       
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  Doppler-derived LV dP/dt  
 max 

  – Optimizing AV synchrony 
has been shown to increase invasive LV d P /d t  

max
  at the time of 

device implantation. 10,  33  LV d P /d t  
max

  derived from invasive LV 
pressure measurements has been used as the gold standard for 
validating various noninvasive AV and V-V delay optimiza-
tion techniques. 18,  23  An approach to program optimal AV delay 
based on this invasive method is to evaluate the response in 
the LV dP/dt max determined by CW Doppler measurements 
of the time of acceleration in the MR jet velocity (Fig.  17.7 ).  

 A recent study allocated 41 consecutive CRT patients on 
a 2:1 basis to optimization using Doppler-derived LV d P /
d t  

max
  or empirical 120 ms AV delay 3 months post-device 

implantation. A wide range of optimal AV delay was observed 
with majority of patients falling between 80 and 120 ms. 
Intra- and inter-observer repeatability were excellent ( r  = 0.99 
and 0.98, respectively). The results demonstrated the superi-
ority of Doppler-derived d P /d t  

max
  technique over a fi xed AV 

delay of 120 ms in terms of improvement in the functional 
classifi cation and echocardiographically determined LVEF 

at 6-month follow-up. 34  Nevertheless, this technique requires 
the presence of a well-defi ned MR jet-envelope by CW 
Doppler and may not be applicable in all patients. 

  MPI  is considered a measure of global cardiac function. It 
is correlated with LV dP/dt and the clinical severity of heart 
failure. MPI is calculated by dividing the total isovolumic 
time by the ejection time. 35,  36  Ejection time is the interval 
between the start and the end of the aortic fl ow. Total iso-
volumic time is the difference between the interval from the 
mitral A terminus to the onset of the subsequent mitral E 
wave and the ejection time 37  (Fig.  17.8 ).  

 Postoperative optimization of AV and VV intervals using 
MPI has been used in two non-randomized small studies that 
did not include clinical outcome. Both did not include any 
control group and used baseline non-CRT measurements for 
comparison. Selection of optimal AV/V-V delay combina-
tion was based on minimum MPI. Optimized intervals 
improved the LV mechanical effi ciency by reducing the iso-
volumic phases of the cardiac cycle. 14,  38  

  Fig. 17.6    Iterative method using LV outfl ow (LVOT) VTI technique. 
Representative images of LVOT velocity profi les recorded during pro-
gressive uniform reduction in the programmed sensed AV delay (SAV). 

In this example, repeated measurements of LVOT VTI across a range of 
SAV’s estimated the optimal SAV at 160 ms       
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 In the absence of consensus for routine performance of 
AV delay optimization after CRT, the American Society 
of Echocardiography has proposed a simplifi ed Doppler 
 screening protocol using mitral infl ow velocity analysis. 
Accordingly, performance of AV delay optimization is not 
required in the presence of a clearly identifi ed and separated 
E and A waves provided that the termination of the A wave 
occurs at least 40 ms before QRS onset or mitral valve clo-
sure click. 39  In addition, presence of stage one LV diastolic 
fi lling pattern may obviate the need for optimization. 30,  40    

    17.3.3   Optimal AV Delay with Right Atrial 
Pacing or During Exercise 

 AV interval interrogation has been routinely done at rest and 
most of the published literatures on AV delay optimization 
were based on intrinsic atrial conduction. Data on the effect 
of exercise on optimized AV delay reported confl icting 
results. 29,  41  Thus, the utility of rate-adaptive AV delay remains 
controversial. 

 Echocardiographic methods of programming the opti-
mal AV interval in patients that require DDD pacing during 
CRT have not been studied extensively. In contrast to the 
VDD mode where both atria are intrinsically activated, pac-
ing the right atrial appendage leads to a delayed electrome-
chanical activation of the left atrium. 42  Compensating for 
such delay entails longer paced AV interval at the expense of 
reduced LV fi lling duration. There are reports that optimal 

AV delay during right atrial pacing is longer than the opti-
mized sensed AV interval. 23,  29,  43  However, there is no gen-
eral consensus as to what value the default offset between 
sensed and paced AV intervals should be, as parameter will 
depend on intra-atrial and inter-atrial conduction delay as 
well as right atrial lead position. 44,  45  Thus, optimizing paced 
AV delay is deemed necessary in patients who are expected 
to require atrial pacing. When optimizing AV delay in DDD 
mode, mitral infl ow technique is, however, inferior to aortic 
VTI technique. 23    

    17.4   Ventriculo-Ventricular Delay 
Optimization 

 Technically, the benefi t of acute and long-term CRT to heart 
failure patients is dependent on the restoration of synchro-
nous ventricular contraction. Post-CRT mechanical ventricu-
lar synchrony can be compromised by suboptimal LV lead 
position, abnormal global activation, and regional conduc-
tion delays across infarcted myocardium. Compensating for 
these delays is a function of tailored sequence of ventricular 
stimulation. 21,  46,  47  

 Tailored sequence of ventricular stimulation, in combina-
tion with optimal atrio-ventricular coupling, produces an 
ideal coalition of the activation wave fronts derived from RV 
and LV pacing, and spontaneous AV conduction. 48,  49  Hence, 
the LV area that is simultaneously depolarized is substan-
tially increased, and LV synchrony is improved. 

  Fig. 17.7    Doppler-derived rate 
of LV pressure rise (LV d P /
d t  max ). The MR CW Doppler 
velocity curve refl ects pressure 
gradient between LV and left 
atrium during systole. The LV 
d P /d t  can be estimated by 
measuring the time (d t ,  red line ) 
for the MR velocity to increase 
from 1 (V1) to 3 (V2) mmHg. 
Thus LV d P /d t  in this example is 
32 mmHg divided by 0.035 s       
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 Contemporary CRT devices permit programming of 
AV interval and sequential stimulation of the ventricles. 
Interrogation of optimal V-V delay proceeds in such a way 
that the optimal AV delay obtained during simultaneous 
biventricular pacing is used across all sequence of ventricu-
lar stimulations. It is important that the optimized AV delay 
be maintained by the right atrial-LV channels throughout the 
series of V-V interval interrogation. 

    17.4.1   Echocardiography-Based Techniques 
of V-V Delay Optimization 

 Echocardiographic V-V interval programming is guided by 
the same techniques used in AV delay optimization, more 
commonly with aortic or LVOT VTI technique. Evaluation 
of the extent of residual LV dyssynchrony after V-V delay 
programming requires the application of more sophisticated 

a

b

MPI =
a-b

b

  Fig. 17.8    Myocardial 
performance index (MPI). MPI is 
calculated from several temporal 
measurements derived from both 
pulsed-Doppler mitral infl ow 
( a ) and LVOT fl ow ( b ) velocity 
profi les. It is the ratio of the total 
isovolumic time to ejection time. 
Ejection time ( b ) is measured 
from the onset to the end of the 
LVOT velocity envelope. The 
time interval from the mitral A 
terminus to the onset of the 
succeeding mitral E    wave 
( a ) minus the ejection time is the 
total isovolumic time       
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echocardiographic techniques such as Tissue Doppler 
Imaging (TDI), Tissue Synchronization Imaging, and strain 
echocardiography. 47  It has to be noted, however, that the role 
of these echocardiographic techniques in selecting patients 
for CRT has been challenged by the result of PROSPECT 
trial. Signifi cant intra- and inter-observer variability posed 
important limitations to the use of several Doppler-derived 
indices of mechanical dyssynchrony in predicting response 
to CRT. Accordingly, the use of these echocardiographic 
dyssynchrony indices cannot be recommended for CRT can-
didate selection and device function optimization. 50  

    17.4.1.1   Impact of Optimized V-V Interval on 
Echocardiographic and Clinical Outcome 

 Two small, non-randomized studies optimized V-V delay 
using LVOT VTI and assessed residual intraventricular and 
interventricular dyssynchrony after CRT. In a study 41 
patients that underwent VV-delay interrogation including 
uni-ventricular pacing immediately post-device implanta-
tion, simultaneous biventricular pacing was the optimal V-V 
setting in 15% of the patients. AV delay optimized-nominal 
V-V delay setting resulted in increased CO, decreased MR, 
and improved echocardiographic ventricular dyssynchrony 
indices. Incremental benefi ts were observed when V-V inter-
val was optimized. Such changes translated to improvement 
of NYHA class, QOL, exercise capacity with increased 
LVEF, and reduced LV end-systolic (LVESV) and end-dia-
stolic volumes (LVEDV) at 3-month follow-up. 51  In another 
study consisting of 20 patients whose pacemaker settings 
were optimized at prehospital discharge, improvement in 
CO, MR, and ventricular dyssynchrony translated to 
improved NYHA class and LVEF at 6-month follow-up. 
There was a 10% non-response to CRT based on a 25% cut-
off in terms of LVEF and LV end-diastolic diameter (LVEDD) 
change from baseline. Optimal V-V interval at simultaneous 
biventricular pacing was noted in three patients. 52  

 A subset of patients ( n -34) enrolled in a multi-center, 
non-randomized, observational 3 months trial ( n  = 189) 
underwent V-V interval optimization guided by aortic VTI 
technique at two time points: prehospital discharge and at 
3-month follow-up. Optimal V-V delay with LV pre- excitation 
was reported in only 38% at prehospital discharge and 53% 
at 3-month follow-up. With V-V delay optimization, SV 
and aortic VTI increased by 23% and 18% at prehospital 
discharge and 3-month follow-up respectively. SV and VTI 
were found to be optimal within a small range of V-V delays 
and changes in these V-V delays were minimal or none at 
all in 79% at 3-month follow-up. NYHA class and distance 
covered at 6MHWT at 3-month follow-up were comparable 
between groups of patients programmed on simultaneous 
biventricular pacing or periodic AV and V-V optimization. 53  
Using a follow-up period of 12-months, another study that 
included 37 patients performed serial AV/V-V optimization 

within 48 h after device implantation, at 6 month follow-up, 
and in less than half of the patients ( n  = 14) at 12-month fol-
low-up. At implant, the optimal V-V delay was achieved by 
simultaneous biventricular pacing in four patients. A non-
concordance was found in the optimal V-V delay between 
each assessment. Increased aortic VTI associated with V-V 
delay optimization at all three time points translated to 
minimal but signifi cant increase in LVEF at 6 months (from 
a median of 25% at baseline to 28%,  p  < 0.002). Median 
LVEF at 12 months was 35% compared with 26% at base-
line, ( p  < 0.14). CRT response based on a minimum 15% 
reduction in LVESV was observed in 20 of 37 and 10 of 
14 patients at 6- and 12-month follow-up respectively. AV 
and V-V delay were comparable between responders and 
non-responders. 15  

 There are two large multi-center trials that investigated 
incremental benefi ts of optimized biventricular pacing 
on clinical outcomes.  In-Synch III  is a non-randomized 
trial that evaluated 359 patients. LVOT VTI-guided 
pre- discharged V-V interval optimization yielded 8.6% 
increase in stroke volume. Clinical outcomes at 6 months 
were compared against the treatment arm of MIRACLE 
trial. There was no signifi cant difference in the effect of 
optimized sequential and simultaneous CRT on NYHA 
functional class and QOL. The In-Synch III cohort experi-
enced greater improvement in the 6MHWT from baseline 
to 6 months compared to the MIRACLE simultaneous CRT 
treatment group with or without adjusting for differences 
in the baseline 6MHW, beta-blocker use, QRS duration, 
gender, and LVEDD between the two cohorts. Moreover, 
signifi cant improvement in SV with sequential biventricu-
lar pacing has been consistently observed among a subset 
of patients with prior history of myocardial infarction. 21  A 
single-blind randomized trial ( RHYTHYM II trial ) allocated 
121 CRT patients at prehospital discharge to simultaneous 
or LVOT VTI-guided optimized biventricular pacing on a 
1:3 sampling method. Response to CRT was assessed on 
the basis of clinical (NYHA functional class improvement 
by at least one class) 54  or echocardiographic (at least 5% 
increase in LVEF and/or at least 10% decrease in LVESV) 12  
during a follow-up period of 6 months. Optimal V-V set-
ting is simultaneous biventricular stimulation in 30% of 
patients. Contradictory to the In-Synch III results, optimiz-
ing V-V delay failed to confer additional clinical benefi ts 
over simultaneous biventricular pacing in terms of NYHA 
functional class, QOL, and 6MHWT at 6-month follow-up. 
It also failed to promote additional reverse LV remodeling 
and improve the proportion of echocardiographic respond-
ers. 12,  54  It has to be recognized however that simultaneous 
biventricular pacing is a dichotomous variable. In both 
studies, V-V delay interrogation was performed only on 
the group randomized to optimized V-V setting. As such, 
the proportion of patient randomized to simultaneous 
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biventricular pacing whose setting is actually optimal 
 cannot be determined and the extent to which it infl uenced 
the results is not known. 12  

 The DECREASE-HF trial is a randomized double-
blind, 3-arm trial designed to show treatment equivalence 
of sequential biventricular and LV pacing to simultaneous 
biventricular pacing in terms of echocardiographic response 
at 6 months follow-up. Patients were randomly assigned 
without testing the hemodynamic response to each modality. 
Timing of sequential biventricular pacing was programmed 
on the basis of baseline intrinsic conduction and may have 
not represented the most hemodynamically optimal V-V set-
ting. Like RHYTHM II, sequential biventricular pacing failed 
to show superiority over simultaneous biventricular pacing in 
terms of echocardiographic improvement at 6-month follow-
up when compared to baseline pre-CRT values. 46    

    17.4.2   Nuclear Imaging-Based V-V Delay 
Optimization 

 Radionuclide ventriculography has been used in the assess-
ment of mechanical dyssynchrony and measurement of LVEF 
in patients with dilated cardiomyopathy. 55,  56  Compared to 
echocardiography, nuclear ventriculography has lower tem-
poral resolution. One study ( N  = 27) has utilized radionuclide 
ventriculography to optimize LVEF in selecting optimal V-V 
interval. Simultaneous biventricular LV pacing yielded max-
imal LVEF in 33% of patients. A relative increase in LVEF 
by 18% during sequential pacing was found in the remaining 
patients. As with echocardiography, there was great hetero-
geneity in individual response to V-V delay programming. 
Improvement in LVEF, however, was not to accompanied by 
improvement in intraventricular dyssynchrony. 57    

    17.5   Summary 

 The utility of CRT optimization remains confi ned to patients 
whose response to the treatment is either suboptimal or neg-
ligible. There are several techniques, mostly echocardio-
graphic, to optimize device settings but none has been 
universally accepted as gold standard. Methods differ in 
recording techniques and may therefore vary signifi cantly in 
performance. 

 Several studies have employed various techniques in 
interrogating AV interval with or without concomitant V-V 
interval optimization. Optimization was performed at vary-
ing time points. Even the defi nition for favorable response to 
CRT varied. Optimization of AV and V-V intervals is patient-
specifi c and optimal values change over time. This may relate 
to time-related LV reverse remodeling or to progression of 
disease. The effects of inter-atrial conduction defect, right 

atrial pacing, and exercise on AV delay add complexities to 
performance of AV delay optimization. At the very least, it 
has to be ensured that the programmed AV delay should nei-
ther produce fusion of mitral E and A waves nor truncation 
of the latter. 

 Despite evidences of hemodynamic benefi ts, the utility of 
V-V interval optimization remains controversial. Evidence 
for the incremental long-term benefi ts on mortality and mor-
bidity is still lacking. Three large clinical trials reported con-
fl icting results in terms of clinical and echocardiographic 
improvement. Differences in the study designs could have 
contributed to the confl icting results. It is important to 
remember, however, that simultaneous biventricular pacing 
is not always synonymous with suboptimal V-V interval, nor 
should sequential pacing be routinely regarded as ideal.      
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 Sudden cardiac death is the leading cause of cardiovascular 
mortality accounting for approximately 400,000 lives each 
year in the USA. 1,  2  Patients with a history of coronary artery 
disease, previous myocardial infarction, and depressed 
left ventricular function are at increased risk for ventricu-
lar arrhythmias that are responsible for the vast majority of 
this syndrome. 3  As a result, many of these patients with an 
ejection fraction  £ 35% receive prophylactic placement of an 
implantable cardioverter-defi brillator (ICD). Closer examina-
tion of the two trials 4,  4a,  5  responsible for this current standard 

of care found that only slightly more than 20% of implanted 
ICDs had fi red appropriately during 4 years of follow-up, 6  
subjecting the majority of patients to the morbidity of hav-
ing implanted hardware without receiving benefi t. While 
ejection fraction is a strong predictor of ventricular tach-
yarrhythmias, it is relatively nonspecifi c, and other  clinical 
characteristics are needed to help appropriately risk- stratify 
these patients. 7  

 As a result, the search for a diagnostic test that could serve 
as a noninvasive means of identifying patients at risk for sud-
den cardiac death has rapidly evolved. Traditional methods, 
such as exercise treadmill testing and myocardial perfusion 
imaging, provide important prognostic information for 
patients at risk for cardiovascular morbidity and mortality. 
While medical therapy improves outcomes in patients with 
structural heart disease, the use of ICDs has dramatically 
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mias, much of this review will highlight the use of this modality and the data presently 
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altered the treatment of primary and secondary prevention of 
sudden cardiac death. 

 Most of the experimental work that has elucidated the 
mechanism of scar-related ventricular tachycardia has been 
performed in models of myocardial infarction from the occlu-
sion of an epicardial coronary artery. It is important to review 
the pathological process of scar-related ventricular tachyar-
rhythmias as it has allowed to launch the means to accurately 
detect its hallmarks to identify the high-risk patient. 

    18.1   The Substrate of Sudden Cardiac Death 

    18.1.1   Mechanism of Ventricular Tachycardia 

 In order to fi nd a more specifi c way of assessing who is at 
risk for sudden death, an understanding of the basic mecha-
nism of ventricular tachycardia in the patient with coronary 
artery disease is critical. Detailed works in animal and human 
pathological specimens have shown that both a substrate and 
a trigger are required for the initiation and propagation of 
the reentry circuit. 8  -  11  The initiation may be due to multiple 
factors such as ischemia, changes in autonomic tone, and 
neurohormonal and metabolic infl uences. 12  The anatomic 
substrate is scar tissue around which propagation exhibits 
slow conduction, thus allowing for maintenance of reentry 
circuits. The surviving myocardial fi bers surrounding and 
interspersed within the infarcted region provide the electri-
cal heterogeneity that is required for differences in conduc-
tion velocity, functional block, and alterations in cell-to-cell 
coupling. 13  -  19  

 In explanted human hearts, high-resolution mapping 
revealed that the mechanism of slow conduction that is criti-
cal for reentry occurred along a complex network of surviv-
ing myocytes interspersed in and around the scar 20,  21  
(Fig.  18.1 ). These fi ndings helped to complement earlier 
work in animal models that demonstrated the presence of the 
circuit in the “border zone” of tissue made of scar and sur-
viving myocardium. 22,  23    

    18.1.2   Viable Myocardium, Hibernating 
Myocardium, and Cardiovascular 
Prognosis 

 At about the same time that the relevance of these surviving 
fi bers was determined in the context of reentrant circuits, the 
role of viable myocardium (also referred to as jeopardized 
myocardium) was emerging as a risk factor for death in 
patients with a history of myocardial infarction. In patients 
with an area of previously infarcted myocardium, the tissue 
is often a heterogeneous mixture of both scar and noncon-
tractile but still surviving myofi bers. 

 This dysfunctional but viable tissue in the setting of 
chronic coronary disease has been classifi ed as hibernating 
myocardium. 24  In patients with viable myocardium, the abil-
ity to restore blood fl ow through revascularization improves 
survival as compared to those who are treated medically 25  -  28  
(Fig.  18.2 ). This mortality benefi t occurs even without an 
improvement in left ventricular function. 29  However, revas-
cularization is not possible in many patients, especially those 
with a prior coronary artery bypass grafting or diabetics with 
poor target vessels. Despite areas of viable myocardium, 
these patients are treated medically with the subsequent risk 
of higher mortality. Not surprisingly, in small, nonrandom-
ized studies, sudden cardiac death was the leading cause of 
mortality in patients with hibernating myocardium who were 
treated medically. 30  -  32     

    18.2   Imaging the Substrate 

    18.2.1   The Use of Magnetic Resonance Imaging 
to Determine Viable Myocardium 

 Cardiac magnetic resonance imaging (MRI) in the assess-
ment of myocardial dysfunction has become a powerful tool 
for the assessment and quantifi cation of myocardial tissue 
characteristics as well as cardiac function. 33,  34  Its ability to 
distinguish living from chronically infarcted tissue with great 
detail is done so with a technique known as delayed-enhance-
ment contrast MRI (DE-MRI). 35  -  37  Studies have validated its 
use in the assessment of viable myocardium 38,  39 ; it can quan-
tify the extent of transmural scar, 40  and it can distinguish 
viability from scar in the different myocardial layers. 41,  42  
There are recent studies that have utilized this technique for 
general cardiovascular outcomes, 43,  44  and none to date in 
large scale for VT/VF.  

    18.2.2   Image Integration to Characterize Scar 
in Patients with Ventricular Tachycardia 

 Image integration of scar in patients with ventricular arrhyth-
mias using multiple imaging modalities has been performed 
during electrophysiologic study in patients with ventricular 
tachycardia. Because imaging is performed in patients who 
have had a prior arrhythmogenic event, the information 
derived from visualization of the substrate has yielded impor-
tant insights when considering mapping and ablating patients 
who have had VT. Initial studies in the porcine model of 
healed myocardial infarction demonstrated the feasibility of 
aligning pre-procedural imaging (in this case MRI) with 
real-time electroanatomic mapping to aid in mapping and 
ablation of the heart. 45  This early work suggested that 
DE-MRI could begin to visualize the substrate that had been 
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described in the earlier experimental models of reentry 
(Fig.  18.3 ).  

 Both MRI and CT have since been used to characterize 
the tissue to be targeted for ablation. DE-MRI was used in 
characterize and aid in the localization of the critical site for 
successful catheter ablation of ventricular arrhythmias in 29 
patients with nonischemic cardiomyopathy. 46  Importantly, 
when pre-procedural imaging identifi ed scar in the epicar-
dium or midmyocardium without extension to the endocar-
dium, endocardial ablation was unsuccessful. These fi ndings 

are important as these patients are more likely than those 
with coronary disease to have arrhythmias that can only be 
successfully ablated from the epicardial surface. 

 Integration of positron emission tomography (PET) 
with voltage mapping has also been described to aid in the 
ablation of ventricular tachycardia. The potential ability of 
PET-CT to provide both biological and anatomical charac-
teristics of the scar and interdigitating fi bers that can be com-
bined with the electrical properties of the surviving tissue 
has been performed in patients with coronary artery disease 
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  Fig. 18.1    ( a ) Photomicrograph of sections of Langendorff-perfused 
human heart. The patient had a history of myocardial infarction, coro-
nary artery disease, and ventricular tachycardia.  Dark areas  mark sur-
viving cardiac tissue;  light areas  point to fi brotic and fatty tissue. ( b ) 

Schematic drawings of the section. ( c  and  d ) Schematic drawings of 
sections beneath  b .  Arrow  notes continuous patch of viable tissue cours-
ing through lateral and posterior wall (From de Bakker et al., 20  with 
permission)       
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undergoing ablation of ventricular tachycardia. Reports indi-
cate that the delineation of such tissue is markedly enhanced 
with this technology. In addition, areas of low voltage due to 
poor catheter contact can be quickly confi rmed as such if the 
areas represent metabolically normal tissue. Indeed, these 
studies have shown that successful integration of these imag-
ing modalities can be reliably performed when performing 
an anatomical approach for patients with scar-related VT 
(substrate modifi cation). 47,  48    

    18.3   What Are the Critical Components? 

    18.3.1   Imaging of Scar and Ventricular 
Tachyarrhythmias: Is Quantifi cation 
of Scar Enough? 

 The concept that the presence of scar and/or fi brosis repre-
sents a potential substrate for ventricular tachyarrhythmias 
has led investigators to determine whether prognostic infor-
mation can be obtained in a variety of pathological processes, 
including hypertrophic cardiomyopathy, and ischemic and 
nonischemic cardiomyopathies. For patients with a history 
of myocardial infarction, prior data has suggested that total 
cardiac enzyme release is a predictor of cardiovascular out-
comes. 49  The degree of tissue necrosis may therefore be 
refl ected by the extent of scarred myocardium. It has been 
able to provide prognostic information for patients treated 
with percutaneous coronary intervention during an acute ST 
segment elevation myocardial infarction. DE-MRI performed 
1 week post intervention ( n  = 122) was able to be a better 
predictor of subsequent death, myocardial infarction, or heart 
failure. 50  

 The extent of scar tissue, as determined by stress testing 
with myocardial perfusion (technetium) imaging, has been 
demonstrated to be an important predictor of death and ven-
tricular arrhythmias. 51  In 349 patients with ischemic cardio-
myopathy and depressed ejection fraction, patients who were 
more likely to die or undergo cardiac transplantation were 
found to have a greater degree of quantifi able scar than those 
who did not reach this endpoint. 52  In addition, this study 
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  Fig. 18.2    Death rates for patients with and without myocardial viabil-
ity treated by revascularization or medical therapy. There is 79.6% 
reduction in mortality for patients with viability treated by revascular-
ization ( p  < 0.0001). In patients without myocardial viability, there was 
no signifi cant difference in mortality with revascularization versus 
medical therapy (From Allman et al.,  25  with permission)       

  Fig. 18.3    MR image of explanted and in vivo porcine infarcts. IV 
gadolinium was infused in a chronic infarcted pig. The explanted heart 
was imaged ( a  and  b ) using MRI surface coils (1.5 T MRI). Alternatively, 
IV gadolinium was infused and an in vivo MRI was performed ( c ) using 

surface coils. In ( a ), the infarct can be seen involving the  interventricular 
septum, and the magnifi cation ( b ) of this region is suggestive of inter-
digitation of normal and abnormal tissue. In ( c ), the infarcted tissue is 
hyperenhanced (Courtesy of Vivek Reddy, MD)       
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found that women with scar were also more likely to be pre-
dictors of cardiac events. Similarly, DE-MRI performed in 
231 patients with a prior healed myocardial infarction dem-
onstrated that infarct size was a better predictor of long-term 
mortality than left ventricular ejection fraction. 53  

 While the ability to accurately quantify scar in patients 
with coronary artery disease may be useful to accurately 
refl ect the size of a prior myocardial infarction, it is not clear 
if this information will be useful to predict who is likely to 
develop ventricular tachyarrhythmias as opposed to mortal-
ity due to congestive heart failure or myocardial infarction. 
Efforts to answer this question have grown with the hope of 
providing a noninvasive measure to prognosticate cardiovas-
cular outcomes, especially as it relates to arrhythmogenesis. 

 Infarct mass, as determined by DE-MRI, was shown to be 
a better predictor than left ventricular ejection fraction of 
inducible monomorphic ventricular tachycardia at electro-
physiology study in patients ( n  = 48) with a history of coro-
nary artery disease. 54   

    18.3.2   DETERMINE Study 

 Based on the data suggesting that infarct size may be an 
important predictor of future arrhythmogenic events, the 
Defi brillators to Reduce Risk by Magnetic Resonance 
Imaging Evaluation (DETERMINE) Trial (trial (  http://clini-
caltrials.gov/ct2/show/NCT00487279    ) was designed with 
the hope of answering this question. The goal of the study 
was to test the hypothesis that patients with an infarct size of 
 ³ 10% randomized to ICD and medical therapy will have 
improved survival as compared to those randomized to medi-
cal therapy alone. 55  DE-MRI would have been performed in 
patients with coronary disease and an ejection fraction of 
>35% and less than 50% (or patients with an ejection frac-
tion of 30–35% and NYHA class I heart failure without a 
history of ventricular tachyarrhythmias). The primary end-
point was    to have been death from any cause. Unfortunately, 
to reach the target randomization, approximately 10,000 
patients would have to been screened with DE-MRI. Due to 
slow enrollment, the study was recently halted.  

    18.3.3   Fibrosis/Scar in Patients with 
Nonischemic Cardiomyopathy 

 Patients with a dilated cardiomyopathy (without obstructive 
coronary artery disease) are also at risk for the development 
of scar and fi brosis, thus creating the substrate for reentrant 
ventricular arrhythmias. While it has been known that fi bro-
sis and scar can be present in myopathic hearts without coro-
nary disease, 56  the ability to detect these changes with 
noninvasive imaging has only recently been realized. One of 

the initial studies 57  demonstrated that 28% patients with a 
nonischemic cardiomyopathy were found to have delayed 
enhancement; the pattern was patchy in nature and distinct in 
territory as compared to those with coronary artery disease. 

 Further studies have sought to use this fi nding to prognos-
ticate this subgroup of patients. Of 101 patients with a his-
tory of nonischemic dilated cardiomyopathy, 35% were 
found to have midwall fi brosis as detected by DE-MRI. 58  
Patients with fi brosis were more likely than those without to 
reach the primary endpoint of mortality or hospitalization for 
cardiovascular causes. In addition, although there were few 
patients with sudden cardiac death or ventricular tachyar-
rhythmias, those with fi brosis were more likely to reach this 
secondary endpoint as well. 

 To determine which characteristics of scar may play a role 
in the inducibility of sustained monomorphic ventricular 
tachycardia during electrophysiologic study, one group 59  
performed DE-MRI in 26 patients with moderate-to-severe 
left ventricular dysfunction without obstructive coronary 
artery disease. Five of the 26 patients were inducible; the 
mean cycle length of the tachycardias was 290 ms. Inducible 
patients were more likely to have scar distribution that 
involved 26–75% of the wall thickness, suggesting that a cer-
tain degree of transmural necrosis may be necessary for the 
maintenance of reentry in patients without a history of sig-
nifi cant coronary disease. This cohort was limited in the 
number of patients, and it was noted that inducible patients 
were more likely to have a lower ejection fraction and fewer 
segments without hyperenhancement of myocardial tissue. 

 Another group 60  performed DE-MRI in 65 patients with 
nonischemic cardiomyopathy who subsequently underwent 
implantation of an ICD for primary prevention of sudden 
cardiac death. Delayed enhancement was detected in 42% of 
these patients. At 17 months, patients with fi brosis were sig-
nifi cantly more likely to reach a combined endpoint of hos-
pitalization for heart failure, appropriate ICD discharge, or 
cardiac death. While 4 of 27 patients with delayed enhance-
ment had an appropriate ICD discharge, it is important to 
note that 3 out of 38 patients without delayed enhancement 
did receive an appropriate ICD discharge. The latter fi nding 
may be due to the mechanism of ventricular tachycardia 
being independent of the presence of scar or because the 
degree of fi brosis could not be detected by DE-MRI. 
Regardless, this fi nding is an important consideration when 
making clinical decisions in such patients. 

 The largest study to date that evaluated the prognostic 
capability of DE-MRI included 857 patients with both isch-
emic ( n  = 642) and nonischemic cardiomyopathy( n  = 215) 
with the primary endpoint being all-cause mortality or car-
diac transplantation. 61  Patients with a known etiology (hyper-
trophic cardiomyopathy, sarcoidosis, amyloidosis) were 
excluded. At a median follow-up of 4.4 years, 29% of patients 
reached this endpoint underscoring the fact that these patients 
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were selected for referral for MRI. Most of these patients had 
a history of coronary artery disease (75%) with mild-to-
moderate left ventricular dysfunction. The scar index inde-
pendently predicted death or transplantation regardless of 
whether the patients had coronary disease. This fi nding was 
true even in patients with an ejection fraction of less than 
30%. Interestingly, even in patients with preserved ejection 
fraction, the presence of delayed enhancement signifi cantly 
increased the likelihood of death or progression to 
transplantation. 

 However, while the presence of scar results in a potential 
substrate, the actual mixture of viable and nonviable tissue in 
and around the infracted tissue may be a more important 
predictor. 43    

    18.4   Characterizing the Border Zone 

 The ability to characterize scar and the surrounding border 
zone in patients with a prior myocardial infarction has been 
studied using both DE-MRI as well as PET CT. Furthermore, 
initial reports seem to yield promising results regarding 
prognostic information in potentially high-risk patients. 

 Fernandes and colleagues 62  characterized the anatomical 
and mechanical properties of left ventricular wall segments 
that contain different degrees of scar tissue and the location 
of these segments from the interface between infarcted and 
noninfarcted myocardial tissue. All 46 patients underwent 
electrophysiologic testing before implantation of a cardio-
verter-defi brillator for primary prevention of sudden cardiac 
death. Patients with inducible monomorphic ventricular 
tachycardia during electrophysiology study were more likely 
to have a greater number of infracted and border zone seg-
ments as compared to those who were noninducible. In addi-
tion, inducible patients were more likely to have border zones 
segments with greater systolic contractility as compared to 
noninducible patients. These fi ndings suggested that 
“enhanced” border zone function as determined by DE-MRI 
may be a marker of inducible monomorphic ventricular 
tachycardia. This characterization of the mixture of viable 
and nonviable tissue (tissue heterogeneity) and how it relates 
to arrhythmogenesis further strengthened the potential prog-
nostic capabilities of DE-MRI. 63  

 More recently, Roes and colleagues 64  examined whether 
infarct tissue heterogeneity could be used to predict sponta-
neous ventricular tachyarrhythmias. Ninety one patients with 
a prior myocardial infarction underwent DE-MRI before 
placement of an implantable cardioverter-defi brillator (ICD). 
After a median follow-up of 8.5 months, 18 patients had 
received appropriate ICD therapy. Infarct tissue heterogene-
ity was a better predictor of appropriate ICD therapy as com-
pared to left ventricular function, volume, and total infarct 
size. 

 Specifi c characteristics of the interface between scar and 
surviving tissue are likely a crucial determinant of whether a 
substrate exists; while DE-MRI has traditionally been used 
to characterize this area (Fig.  18.4 ), computed tomography 
with delayed enhancement has also been used given the 
number of patients who already have ICDs (Fig.  18.5 ).   

 There are important technical considerations when assess-
ing the characteristics of the peri-infarct territory known as 
the border zone. This mixture of viable and nonviable tissue 
does alter signal intensity as partial volume effects produce 
intermediate signal intensities along the border zone. 65  The 
quality of the study is paramount; proper adjustment of inver-
sion time (T1) is crucial in interpreting the images. 66  Manually 
adjusting the T1 to null signal from normal myocardium is 
necessary in each patient on an individual basis to optimize 
signal intensity. 67  This method is necessary to maximize the 
difference between infracted and noninfracted tissue. As the 
fi eld rapidly evolves, measures of infarct tissue heterogene-
ity continue to grow.  

    18.5   Arrhythmogenic Right Ventricular 
Cardiomyopathy/Dysplasia (ARVC/D) 

 Arrhythmogenic right ventricular cardiomyopathy/dysplasia 
is a cardiomyopathy with a progressive replacement of right 
ventricular myocytes with adipose and fi brous tissue; the left 
ventricle can also be affected. The incidence has been esti-
mated at 1:5000 68 ; it can exist in a sporadic as well as an 
inherited fashion, most commonly in an autosomal dominant 
fashion. There is mounting evidence that genetic mutations 
of desmosomal proteins located at the intercalated disk are 
altered and susceptible to stress and damage ultimately lead-
ing to myocyte death. 69  Sudden cardiac death is common, 
and up to half of patients die before the age of 35. 70  The 
diagnosis has been aided by criteria established by the Task 
Force of cardiomyopathies. 71  

    18.5.1   The Impact of Imaging for Diagnosing 
ARVC/D 

 The use of MRI to aid in the diagnosis of arrhythmogenic 
right ventricular dysplasia has been widely adopted. While 
the original task force recommendations include that the 
diagnosis of fi brofatty replacement of myocardium be made 
by endomyocardial biopsy (a major criteria), this determina-
tion has been largely replaced by noninvasive imaging, either 
by DE-MRI or CT. 72,  73  This practice has become more accept-
able not only due to the potential complications due to biopsy 
of the right ventricle, but also because of the patchy nature of 
the fi brofatty replacement of tissue of the disease which may 
result in a relatively low sensitivity as a means of diagnosis. 
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a

  Fig. 18.4    Electroanatomic voltage map created during electrophysi-
ologic study and radiofrequency ablation of a 61-year-old female with 
a prior history of myocardial infarction with sustained monomorphic 
ventricular tachycardia. Successful termination of tachycardia ( a ) 
with application of radiofrequency energy at the site marked with 
 white arrow  on electroanatomical map ( b ). The site is located at the 

border zone of scar and healthy tissue ( purple  is surviving, healthy 
tissue with normal amplitude while  red  is scar with the colors in 
between representing a mixture of viable and nonviable tissue. Cardiac 
MRI with scar extending anteriorly and septally ( c ). In the distal sep-
tal region, the scar is surrounded by viable tissue; it is this region 
where the tachycardia was ablated (Courtesy of Vivek Reddy, MD)         

cb
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    18.5.1.1   Has Imaging Overstated the Incidence? 
 There is limited data as to whether DE-MRI can be used to 
determine which patients are at risk for malignant tachyar-
rhythmias. While several studies have attempted to determine 
whether the presence of scar in patients with HOCM may 
help stratify those at risk for ventricular tachycardia, a thor-
ough evaluation has not yet been undertaken in patients with 
ARVC/D. It was reported that six of eight patients suspected 
of having ARVC/D who had the presence of delayed enhance-
ment were found to have inducible sustained monomorphic 
ventricular tachycardia during electrophysiologic testing. 74  

 A unique study reported the prognosis of 64 patients with 
or without ARVC/D all of whom presented with  nonischemic 

scar-related VT of right ventricular origin. 75  A diagnosis of 
ARVC/D was made based on the task force criteria. Scar was 
determined either by DE-MRI or contrast echocardiography; 
further details were not provided. There was no difference in 
the recurrence of VT in patients diagnosed with or without 
ARVC/D based on the task force criteria. 

 It is important to note that the potential concern for the 
overdiagnosis if only fat is present on DE-MRI. While the 
presence of fi brosis should raise concern, fat replacement of 
the right ventricle has been found to be present in patients 
without ARVD/C, and likely represents a distinct entity of 
uncertain signifi cance. 76  The presence of fat replacement in 
the anterior wall of the apex is probably not an abnormal 

  Fig. 18.5    Pre procedural computed tomography imaging ( a  and  b ) 
with delayed enhancement of a 59-year-old male with a prior history 
of  myocardial infarction and ICD who subsequently developed sus-
tained monomorphic ventricular tachycardia demonstrated scar and 
thinning in the lateral wall with areas of intersection of scar and sur-

viving tissue in the inferolateral aspect toward the base of the heart. 
Voltage mapping ( c  and  d ) demonstrated a large inferolateral scar in 
the basal segment of the heart. Successful ablation of the tachycardia 
was performed in this region       
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fi nding. Prior data has suggested that the presence of signifi -
cant amounts of fat infi ltration of the right ventricle occurs in 
greater than half of normal hearts in elderly patients. 77,  78  
DE-MRI has been used to show that patients with marked fat 
deposition without other morphological features of ARVD/C 
is a distinct clinical entity that must be treated as such to 
avoid unnecessary referral for ICD implantation. 79  The pres-
ence of fi brosis in the form of delayed enhancement appears 
to improve the diagnostic accuracy of DE-MRI for 
ARVD/C. 80    

    18.5.2   Hypertrophic Cardiomyopathy 

    18.5.2.1   Present Components for Risk Stratifi cation 
 The mechanism of sudden cardiac death in patients with 
hypertrophic cardiomyopathy has been shown to be mainly 
due to ventricular tachycardia and/or fi brillation. 81  The tradi-
tional risk factors for assessment of sudden cardiac death 
include family history of sudden death, history of syncope, 
nonsustained ventricular tachycardia on Holter, abnormal 
blood pressure response during exercise stress testing, and 
left ventricular hypertrophy of 30 mm or greater. 82,  83  
Unfortunately, most data suggests that many patients experi-
ence an event with only one risk factor. Indeed, data with 
long-term follow-up suggests that appropriate ICD dis-
charges are just as likely in patients with one risk factor as 
they are in those with 3 or more risk factors. 84  As a result, 
recommendations on prophylactic implantation of a defi bril-
lator are diffi cult in patients who may have only one such 
risk factor. 

 Triggers are thought to include abnormal refl ex control of 
the peripheral vasculature leading to inappropriate vasodi-
latation, especially during or immediately after exercise. 85,  86  
This abnormal response is thought to account for the obser-
vation that a substantial portion of patients with hypertro-
phic cardiomyopathy experience sudden cardiac death with 
exertion. 82   

    18.5.2.2   Scarring in HOCM 
 The pattern of scarring in hypertrophic cardiomyopathy is 
distinct in that it typically does not occur in the territory of 
the epicardial coronary arteries. There are indeed typical pat-
terns of fi brosis seen on DE-MRI. Recent data has suggested 
that the presence of scar and fi brosis in patients can be reli-
ably detected using delayed enhanced MRI. In addition, data 
suggests that there is good histological correlation of the scar 
with areas of delayed enhancement. 87  More importantly, the 
use of this imaging modality may have prognostic signifi -
cance in these patients. 88  

 Several studies have sought to show a correlation between 
scar and fi brosis as detected by DE-MRI and the presence of 
nonsustained ventricular tachycardia as detected by Holter 

monitoring. One such investigation 89  found that delayed 
enhancement was present in 41% of 177 patients with hyper-
trophic cardiomyopathy. Although this fi nding was an inde-
pendent predictor of NSVT on Holter, there was no difference 
in the extent of tissue with delayed enhancement in patients 
with or without NSVT. Another study ( n  = 47) found that 
delayed enhancement was present in nearly all patients with 
NSVT on Holter, but that it was also present in 60% of 
patients without NSVT. It also found that the degree of tis-
sue with delayed enhancement was not different in patients 
with or without NSVT. 90  Importantly, while patients with 
delayed enhancement may be more likely to have NSVT, the 
lack of delayed enhancement as seen by MRI does not pre-
clude the presence of NSVT by Holter. 91,  92  As a result, 
whether this imaging modality will prove to have a negative 
predictive value that is clinically acceptable during risk-
stratifi cation of patients has yet to be determined. Most of 
these studies have found that the presence of fi brosis at the 
RV insertion site of the septum is “classic” for hypertrophic 
cardiomyopathy. 93  

 The largest study published to date included 424 patients 
who underwent DE-MRI. 94  While 56% were found to have 
delayed enhancement, there was no relationship to symp-
toms or functional class as compared to those without this 
fi nding. Patients with delayed enhancement were more likely 
to have NSVT on Holter than those without it (27 vs. 8.5%). 
Many of the patients had undergone genotyping as well. 
Gene “positive” patients were more likely to have areas of 
delayed enhancement as well. Importantly, sudden cardiac 
death occurred in four patients, and an additional four 
patients received appropriate ICD therapy; all eight patients 
had tissue with delayed enhancement (Fig.  18.6 ).  

 It is important that the absence of NSVT on Holter in chil-
dren is by no means reassuring. Indeed, certain genotypes 
have been shown to have higher rates of sudden death, but 
with extensive myocardial disarray and less myocardial 
hypertrophy and fi brosis at autopsy. In addition, these patients 
tend to be much younger. 95  Myocardial disarray may act as a 
substrate for ventricular arrhythmias due to the alteration of 
the location and extent of gap junctions which are critical for 
cell coupling and impulse propagation. 

 Because it is known that sudden death can occur in 
patients without signifi cant left ventricular hypertrophy, 96  it 
is still not known whether these patients would demonstrate 
a signifi cant amount of scarring on DE-MRI that would war-
rant concern. While it is believed that the substrate is due to 
myocardial disarray as well as fi brosis, it is not yet clear 
which of the two is the more important component in the 
maintenance of ventricular tachyarrhythmias. There can be 
signifi cant amounts of disorganized myocardial architecture 
in myocardial tissue that is not hypertrophied. 97  In addition, 
it is not yet certain of the relationship between myocardial 
disarray and fi brosis that is detected during imaging. 
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 It has been suggested that the scar and fi brosis detected by 
DE-MRI in patients with hypertrophic cardiomyopathy may 
be directly related to the presence and degree of small intra-
mural coronary arteriole dysplasia which is the result of 
pressure necrosis due to left ventricular hypertrophy and 
dynamic outfl ow tract gradients. 98  These fi ndings also cor-
related with the occurrence of ventricular tachycardia as 
detected by Holter monitoring. 

 While there is no general consensus as to how to use this 
data, many clinicians are using DE-MRI as a “tie breaker” in 
risk-stratifying their patients for those who have one or more 
of the established features in the original guidelines. Others, 
however, suggest that the fi nding of scar alone is enough to 
warrant concern.   

    18.5.3   Sarcoidosis 

    18.5.3.1   Background 
 Sarcoidosis is a multisystem disease characterized by nonca-
seating granulomas. While it most commonly affects the 
lungs and lymph nodes, other organs and tissues, including 
the heart, liver, eyes, skin, and spleen, can be involved as 
well. While the exact etiology has not yet been determined, 
it is believed that the granulomas may be an immunologic 
response to an antigenic trigger. 99  In the USA, the annual 
incidence has been estimated at 10.9 per 100,000 in whites 
and up to 35.5 per 100,000 in African Americans. 100  

 Autopsy studies have shown cardiac involvement in at 
least 25% of patients with sarcoidosis in the USA 101  and is 
responsible for up to a quarter of the deaths. 102  The presence 

of noncaseating granulomas can be found anywhere in the 
heart, but especially in the left ventricular free wall and inter-
ventricular septum; conduction abnormalities are common, 
including complete heart block. 103  Ventricular arrhythmias 
are not uncommon, and sudden cardiac death is responsible 
for up to 65% of cases of mortality due to cardiac sar-
coid. 104,  105  DE-MRI has been shown to correlate with cardiac 
involvement with fi ndings of delayed enhancement suggest-
ing fi brogranulomatous replacement and infl ammation. 106,  107  
When delayed enhancement is found on MRI, it is typical in 
the basal aspects of the septum and the free wall of the left 
ventricle. 108   

    18.5.3.2   Present Use of Imaging 
 There is limited data on the prognostic utility of DE-MRI 
in predicting future cardiac events. One of the only studies 
to do so 109  prospectively evaluated 81 consecutive patients 
with biopsy-proven extracardiac sarcoidosis with DE-MRI 
for evaluation of cardiac involvement and followed them for 
approximately 2 years. Delayed enhancement was present 
in 26% of patients, representing a twofold higher identifi ca-
tion than the consensus criteria for the diagnosis of cardiac 
sarcoidosis developed by the Japanese Ministry of Health 
and Welfare (JMH). 110  All patients with hyperenhancement 
underwent coronary angiography that excluded the pres-
ence of obstructive coronary disease. While there was no 
difference in LV volumes, patients with hyperenhancement 
had signifi cantly lower, albeit only mildly so, ejection frac-
tions (median = 45 vs. 57% respectively) as compared to 
patients without evidence delayed enhancement. Patients 
with delayed enhancement were nine times more likely to 

  Fig. 18.6    DE-MRI images    of a 52-year-old male with a known history 
of apical hypertrophic cardiomyopathy who had none of the traditional 
risk factors for sudden cardiac death. Maximal wall thickness was 
16 mm. While on a routine business trip, he collapsed at the airport. 

Within minutes, a passerby placed an automated external defi brillator 
which revealed ventricular fi brillation. He was successfully defi bril-
lated. Delayed enhancement was seen in a subepicardial distribution in 
the basal to mid anteroseptal wall       
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reach a combined endpoint of death, defi brillator therapy, 
or requirement of pacemaker implantation as compared to 
those without this fi nding. In addition, four patients with 
delayed enhancement reached the endpoint of cardiac death 
as opposed to one patient without it (Fig.  18.7 ).     

    18.6   Left Ventricular Non-compaction 

 Isolated left ventricular non-compaction (LVNC) is a cardio-
myopathy characterized by persistent prominent ventricular 
trabeculations with deep intertrabecular recesses (Fig.  18.8 ) 
resulting from a defect in embryogenesis. 111  It is considered 
to be a rare cause of cardiomyopathy, although an important 
one in the pediatric population. 112  There is very little data 
about the natural course of this entity. Initially thought to 

have a poor prognosis, more recent data suggests other-
wise. 113  These inconsistencies are not surprising due to the 
lack of long-term follow-up and the small numbers cited in 
the literature. In addition, most reports have been cited in 
patients who presented with symptoms. A registry of 105 
adult patients in France diagnosed by echocardiography 
found that over 2.3 years of follow-up, severe heart failure 
occurred in a third of patients, ventricular arrhythmias 
occurred in 7, embolic events occurred in 9, and death in 12 
patients. 114   

 Magnetic Resonance Imaging is now considered to 
be the gold standard for the diagnosis of this entity. It can 
 conclusively make the diagnosis when results of other imag-
ing modalities are not defi nitive. Of a total of 763 patients 
referred for DE-MRI for the further characterization of a 
cardiomyopathy, 42 patients were diagnosed with LVNC. 

  Fig. 18.7    DE-MRI images of a 55-year-old female with a history of 
ventricular tachycardia. Workup included a normal cardiac catheteriza-
tion, mildly dilated left ventricle with an ejection fraction of 50%, and 
a biopsy of the right ventricle which was unrevealing. ( a  and  b ) 

Demonstrate scar in the septum and inferior wall at the midventricular 
levels. A diagnosis of sarcoidosis was eventually made, and she received 
an implantable defi brillator due to sustained ventricular tachycardia. 
She also developed high degree AV block       

a b c

  Fig. 18.8    Various imaging modalities used to demonstrated LVNC with the  arrows  highlighting the trabeculations. Transthoracic echocardiogra-
phy ( a ), contrast echocardiography ( b ), DE-MRI ( c ), and 3D echocardiography ( d ). The explanted heart is shown in ( e )         
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Echocardiography had made the diagnosis in only 10% of 
these patients. Half the patients with LVNC had presented 
with dyspnea, and a further 14% had evidence of throm-
boembolic phenomenon (pulmonary embolism, stroke, and 
brachial artery embolism   ). 115  The understanding of this dis-
ease is still in its infancy, and long-term data with prognostic 
indicators is still lacking.  

    18.7   Future Directions 

 To date, the ability of DE-MRI to image the substrate has 
focused on detecting areas of scar as well as the inter-
face of surviving and infarcted tissue (gray zone, areas of 

 interdigitation). Newer methods, such as diffusion spectrum 
MRI tractography (DSI tractography), have been devel-
oped to view the myofi ber architecture in normal and dis-
eased hearts. 116  This technique is able to visualize fi bers at 
the microstructural level; the ability to do so is based on the 
preferential diffusion of water along the muscle fi ber. This 
imaging modality has shown that in the excised rodent heart, 
the normal architecture consists of a highly organized pattern 
consisting of tracts of crossing helical myofi bers. In contrast, 
3 weeks after the induction of myocardial infarction, DSI 
tractography is able to show profound changes including the 
loss of myofi bers as well as the replacement of the normal tra-
jectory of these fi bers with a meshwork network of orthogo-
nally directed fi bers. 117  These areas of disrupted architecture 
represent the mechanical remodeling that occur which likely 
have profound electrophysiological consequences. While not 
yet available in the clinical setting, the fi eld is advancing rap-
idly to achieve this goal.  

    18.8   Conclusion 

 The search to image the substrate for sudden cardiac death 
has rapidly evolved. The use of noninvasive imaging, par-
ticularly DE-MRI, to quantify and characterize scar in a vari-
ety of myopathic substrates continues to move forward with 
the ultimate goal to be able to more effectively predict which 
scar is more likely to give rise to ventricular tachyarrhyth-
mias. Whether this assessment of scar will replace, or be 
used in conjunction with, ejection fraction as the test of 
choice remains to be seen.      
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 Abstract 

 The combination of an EAM system and a CCT/cMRI is able to provide real-time informa-
tion with regard to catheter position; however, this approach requires registration of two 
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 Integration of cardiac Magnetic Resonance Imaging (cMRI) 
and Cardiac Computerized Tomography (CCT) images with 
a non-fl uoroscopy-based electroanatomical mapping (EAM) 
system is a signifi cant step in assisting with navigation and 
mapping of complex arrhythmias, since it allows for precise 
catheter monitoring in a real-time three-dimensional manner 
during ablation. Integration typically consists in fusing two 

images: a pre-acquired CCT or cMRI image with an electro-
anatomical map. 

 EAM systems record continuously and in real time the 
position of a moving catheter in the cardiac chamber. By 
assigning points in space and integrating these points, inter-
polating the surface in between them, a 3D shell of such 
chamber can be created. This information is then integrated 
with electrophysiological data collected and a map of the 
electrical activity of a cardiac chamber can be created. This, 
however, has limitations such as the need for a dedicated 
mapping system, some requiring special catheters, and limit-
ing the anatomic information to those areas that can be 
reached by the catheter. Newer mapping systems can com-
bine this electroanatomical information provided by the 
catheter with a 3D rendering from a CCT or cMRI of the 
cardiac chamber of interest allowing combination of both 
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data sets for more accurate spatial resolution. 1  In this case, 
the CCT or cMRI provides accurate, three-dimensional ana-
tomical information, while the electroanatomical mapping 
system provides real-time information about catheter posi-
tion and electrical activity within such chamber. 

 Integration of CCT and cMRI with fl uoroscopy has the 
potential advantage to combine high spatial resolution and 
anatomical detail from 3D reconstructions from CCT/cMRI 
with a familiar 2D fl uoroscopic image able to provide real-
time information without the need for an expensive and dedi-
cated EAM system. 2  -  6  

    19.1   Cardiac Computerized Tomography 
and Cardiac Magnetic Resonance 
Registration into a 3D 
Electroanatomical Mapping System 

 Integration of CCT/cMRI with 3D EAM system consists in 
combining a high-resolution image from either a CCT or 
cMRI, which provides a high level of anatomic detail, with a 
3D shell of the cardiac chamber of interest obtained in real 
time from the 3D EAM system, with the ultimate goal to be 
able to have high quality anatomical data combined with 
real-time information to aid in catheter navigation. 

 The process of registration CCT/cMRI images into a 3D 
EAM system consists of three basic steps: (1) image acquisi-
tion from CCT/cMRI, (2) image segmentation, and (3) regis-
tration of both systems.
    1.    Images  acquired  from CCT/cMRI are uploaded as raw 

fi les into the EAM system.  
    2.     Segmentation  of these images consists in identifying and 

separating the component or chamber of interest from 
those other structures visualized in the image. This is a 
semi-automated process which requires isolation of the 
structure of interest, annotation of pertinent associated 
structures, and fi nally manual adjustments to the model.  

    3.    The fi nal step consists in  registration  of both image 
systems (CCT/cMRI and EAM system). This can be 
performed by matching anatomical landmarks or  fi du-
ciary points  between both systems 2,  3  or by  registration 
of chamber surface , in which a 3D shell of the chamber 
of interest acquired with EAM system is combined with 
the image acquired and segmented from the CCT/cMRI. 
Disadvantages and limitations of registration based on 
 fi duciary points  are: changes in chamber size between 
time of acquisition of CCT/cMRI and time of EAM, and 
differences in position and chamber size due to subopti-
mal gating at the time of image acquisition. 4  Limitations 
related to surface registration consist in either poor distri-
bution of the point sample collected during mapping or 
collection of points in highly mobile parts of the cardiac 

chamber of interest (such as the left atrial anterior wall) 
which may lead to indentations and inaccuracies in the 
3D shell generated. 5       

    19.2   Integration of Cardiac Computerized 
Tomography and Cardiac Magnetic 
Resonance with Fluoroscopy 

 The process of registration of CCT or cMR images into a 
fl uoroscopy system consists in acquiring, segmenting, and 
registering into the fl uoroscopy system the images of the car-
diac chamber of interest. 

    19.2.1   Image Acquiring 

 The process of cMRI/CCT image acquisition is essentially 
the same regardless of the fi nal system combined for catheter 
navigation. Gating for image acquisition is a critical step to 
obtain quality images. For CCT, the optimal portion of the 
cardiac cycle length (CL) for image acquisition was 70–80% 
of the RR interval for patients in normal sinus rhythm and 
45% for those in atrial fi brillation. 7,  8  This last portion of the 
CL is chosen due to shorter and variable RR intervals in this 
last group. For cMRI acquisition of atrial images has been 
gated at the end of systole, to coincide    with atrial diastole. 6  
cMRI is not only ECG gated but also respiratory navigated, 
this allows for tracking of the diaphragm and cardiac struc-
tures with respiratory motion. 9  

 Optimal visual resolution of the blood–myocardium inter-
face is achieved by using radio-opaque contrast during CCT 
imaging. This presents all the drawbacks related to iodinated 
contrasted agents. cMRI is more fl exible and allows for visu-
alization of the blood pool and the myocardium with or with-
out the use of contrast. Gadolinium-based contrast agents 
have been used for endoluminal imaging and delineation of 
the endocardial surface 8 ; with cMR angiography, the images 
can then be segmented and reconstructed from this data set. 
Alternatively, cMRI allows for imaging of the endocardial–
blood interface without contrast with the use of special MRI 
acquisition sequences. 6  The advantage of this methodology 
is that inhomogeneous contrast distribution leading to low 
chamber image resolution is avoided.  

    19.2.2   Segmentation 

 The segmentation process is essentially the same for integra-
tion with fl uoroscopy than that used for EAM systems. 
However, segmentation is processed in separate workstations 
and then exported to the fl uoroscopy system. 5,  10   
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    19.2.3   Registration 

 The approach to registration of CCT/cMRI images with 
 fl uoroscopy-based systems is different than that used for 
EAM systems. The fi rst step involves calibration of the fl uo-
roscopy system; for this, a catheter with a known interelec-
trode distance, which can be measured, is imaged on two 
orthogonal planes. The next step consists in introducing the 
3D model of the segmented chamber from the cMR images. 
After calibration, the catheter position from the fl uoroscopic 
images is projected in the 3D model obtained from cMR 
images. 6  With this technique, the alignment errors for a heart-
cast model experiment were negligible (0.37–0.6 mm), sug-
gesting that the alignment errors seen between the 3D 
reconstruction from the cMRI and patients angiographic 
views of the cardiac chambers were related to cardiac motion 
or changes in chamber size between imaging and ablation 
procedure. 6  

 Alternatively, a catheter can be introduced from the supe-
rior vena cava distally into the coronary sinus. This catheter 
is left at the time of fl uoroscopy imaging and is then used to 
align those images with the corresponding 3D model of seg-
mented structures from CCT images, the superior vena cava 
and the coronary sinus (CS). 7  Using catheter motion images 
on fl uoroscopy, the CS position is captured and registered 
during diastole. The CS position is then aligned with that 
recorded during CCT imaging and used to assist in the regis-
tration process.   

    19.3   Pitfalls of CCT and cMRI Registration 
with Fluoroscopy 

 There could be several potential issues that affect accurate 
image registration between two systems: 

 The optimal portion of the cardiac cycle length for image 
acquisition has not been completely established. 11  Studies 
suggest 45% of CL during AF and 70–80% of the CL during 
sinus rhythm. However, as newer multidetector CT scanners 
able to image the atrium in a single cycle became available, 
this would potentially be less of an issue. 

 Respiratory navigated image acquisition is also impor-
tant. Respiration and diaphragmatic movement causes 
changes in cardiac position and may affect atrial size as it 
produces changes venous return. 12  

 CCT/cMR images are usually acquired hours to days 
prior to the actual electrophysiological study. Changes in the 
patient volume status and different cardiac loading condi-
tions may affect cardiac chamber size. During the procedure, 
differences in rhythm, and pressure exerted by the catheters 
against the cardiac walls may also affect chamber geometry 
and size.  

    19.4   Summary 

 The combination of an EAM system and a CCT/cMRI is 
able to provide real-time information with regard to catheter 
position; however, this approach requires registration of two 
different models with different appearance. Furthermore, 
EAM systems are dedicated, expensive, and require operator 
familiarity with its function and display modalities. 

 Registration of CCT/cMRI with fl uoroscopy-based sys-
tems has several benefi ts. Advantages related to fl uoroscopy-
based systems are its widespread use and the familiarity of 
its images to most electrophysiologists. Some of the disad-
vantages are related to the low soft-tissue resolution, images 
that are 2D projections, and high exposure to ionizing radia-
tion from X-rays. 

 CCT and cMRI have the capability to provide very high 
quality and resolution imaging which can be processed to 
generate 3D renderings or models of the cardiac chamber 
selected in great detail. Disadvantages are related to the 
use of contrast to delineate the endocardial surface of the 
cardiac chambers, the inability to reliably image patients 
with implantable cardiac defi brillators (cMRI), and expo-
sure to ionizing radiation (CCT), among others. Potential 
pitfalls related to this newer methodology are related to 
diffi culty in performing an accurate registration and 
potentially double exposure to ionizing radiation (if CCT 
is used).      
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 Since more than 8 years, the magnetic navigation system 
(Stereotaxis Inc.) has been introduced into clinical practice 
and has meanwhile established its place in advanced arrhyth-
mia and interventional procedures. 1  -  4  This chapter reviews 
the technique of remote navigation and the progress made in 
recent years, but also discusses the shortcomings and limita-
tions of the currently available system. 

    20.1   Baseline Concept 

 Small magnets are integrated in the tip of a very soft 
 ablation catheter that can be moved by using a well-defi ned 
outer magnetic fi eld (0.08 T). 3,  4  By changing the orientation 
of the outer magnets, the small magnets in the catheter tip 
arrange parallel to the outer magnetic fi eld lines. The 
 combination with a mechanical motor drive allows  operating 
the magnetic mapping and ablation catheter fully remote-
controlled. 2   

    20.2   Available Ablation Catheters 

 The fi rst-generation ablation catheter equipped with a sin-
gle magnet (1M) consisted of a 4-mm tip and a single ring 
electrode (2 mm) allowing single bipolar recordings only. It 
was mostly used in supraventricular tachycardia (SVT) abla-
tions. 2,  5  -  8  The second-generation catheter had a total of three 
magnets embedded (3M) in the distal shaft, but still only two 
electrodes. 9  Since all embedded magnets will parallel    out in the 
outer magnetic fi eld, the ability of this catheter to respond to 
more acute vectors was much improved. Further  development 
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 fi nally two dif-
ferent irrigated tip catheters have become available recently: a 
CARTO-sensor (Biosense Webster) equipped one and a gold-
tipped version (Trignum Flux, BIOTRONIK).  

    20.3   Compatibility with 3D Mapping Systems 

 Initially, only the LocaLisa system (Medtronic, Minneapolis, 
MN) and the NAVx mapping system (St. Jude Medical, 
St. Pauls, MN) were compatible with the magnetic navigation 
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system. Both work on the same principle which is able to 
locate all catheters positioned in the thorax between the 
condensator-like patches. 

 Subsequently, a fully integrated 3D electroanatomical 
CARTO system (CARTO RMT, Biosense Webster, Brussels, 
Belgium) was introduced that integrates its ultralow electro-
magnetic fi eld (10 −12  T) with the permanent magnetic fi eld 
of the navigation system (0.08 T). In addition, cross-talk 
between the fl uoroscopy system, the magnetic navigation 
system, and the CARTO RMT system is enabled, such that 
the information is displayed superimposed on the fl uoro-
scopic reference pictures (Fig.  20.1 ).   

    20.4   Tachycardia Substrates 

 After the fi rst report on remote-controlled catheter abla-
tion of AV nodal reentrant tachycardia, most of the ini-
tial reports have dealt with supraventricular tachycardia 
substrates. However, several reports have focused on 
ventricular arrhythmias with excellent success rates. 10  -  13  
Theoretically, the soft catheter shaft should reduce the 
risk of mechanical block during mapping of the left ven-
tricular septum.  

    20.5   Remote-Controlled Ablation 
of Atrial Fibrillation 

 Despite initial reports of a single center on their experience 
using the solid 4-mm tip, the majority of groups have not yet 
touched on this most interesting, but also most challenging 
substrate. 14  -  17  The urgently awaited irrigated tip catheter will 
certain encourage more centers to apply their AF ablation 
strategy remote-controlled. So far, mostly mapping and abla-
tion in re-procedures have been published. However, switch-
ing to a handheld irrigated catheter certainly reduces the 
effect on radiation exposure for the investigator.  

    20.6   Irrigated Tip AF Ablation 

 Recently, a magnetically enable irrigated tip catheter that also 
incorporates a CARTO location sensor has been introduced. 18  
Therefore, the operator can now perform both mapping and 
ablation totally remote-controlled without the need to convert 
to conventional techniques. Certainly, the operator has to 
apply different strategies than the direct transfer of conven-
tional electrode positions, since the limited contact force might 
make lesion formation otherwise very diffi cult (Fig.  20.2 ).   

  Fig. 20.1    Example of the Navigant workstation with CARTO maps of both right ( RA ) and left atrium ( LA ) displayed in the corresponding 
 fl uoroscopy reference pictures       
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    20.7   ACHD Ablation Using Magnetic 
Navigation 

 One of the recently published achievements is the introduc-
tion of magnetic navigation to the challenging group of 
arrhythmia patients with surgically corrected congenital 
heart disease. While not only the understanding of the 
underlying anatomy is a challenge of its own right, acces-
sibility of the target chamber might prove to require techni-
cally diffi cult access such as trans-baffl e punctures. 19  Using 
the soft magnetic catheter, the target chamber can be reached 
atraumatically, e.g., across the aortic valve and retrograde via 
the corresponding AV valve. 20  By integration of previously 
acquired 3D imaging using magnetic resonance or computer 
tomography, the whole anatomy including large vessels can 
visualized on the fl uoroscopy reference screens (Fig.  20.3 ).   

    20.8   Further Advantages of Remote 
Magnetic Navigation 

 One of the most obvious advantages of a remote-controlled 
catheter navigation system is the reduced fl uoroscopy expo-
sure for the investigator. Once all catheters are inserted and 
positioned in the specifi c locations, mapping and subsequent 
ablation will be performed from the control room without 
further exposure to scattered radiation. However, if this 

comes at the expense of increased radiation exposure for the 
patients, this remote position of the investigator would not be 
very benefi cial since it would demonstrate the poor orienta-
tion of the investigator. Because of the outer magnetic fi eld’s 
permanent nature (it is formed by magnetic metals called 
“rare earthers” that have magnetic properties), the position 
of the magnetic catheter is very stable and will only change 
when the fi eld vector is altered. Therefore, the catheter 
position is precise and good contact is ascertained by little 
beat-to-beat variation of the distal bipolar signal. Once 
accustomed to being “remote” and after fulfi llment of the 
learning curve, reduction of the overall fl uoroscopy expo-
sure can be demonstrated.  

    20.9   Other Magnetic Tools 

 Generally speaking, any device that is equipped with mag-
nets will attempt to align parallel to the outer magnetic fi eld 
direction. Clinically established tools are magnetically 
enabled guidewires that have been used to address complex 
tortuous vessels and complex coronary artery disease. 1,  21  
Following the same concept, left ventricular lead placement 
guided by magnetically steering into all CS side branches 
has been reported. 22  In selected cases, the operator might 
even omit to visualize the CS side branches using contrast 
injection, but would instead enter in candidate vessels 

  Fig. 20.2    Unusual catheter positioning required to improve stability 
when addressing diffi cult-to-reach sites. The fi gure depicts the position 
of the magnetic catheter inside the coronary sinus of a patient after total 

cavo-pulmonary connection advanced retrogradely across the aortic 
valve and through a double inlet left ventricle       
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“blindly” guided only by the appropriate magnetic fi eld vec-
tor. This allows avoiding the use of any long guidance sheath, 
which on removal might dislodge the LV lead (at least in the 
hands of non-experienced operators).  

    20.10   Magnetic Navigation in Patients 
with Implantable Devices 

 Since the magnetic fi eld strength of the system amounts only 
to 0.08 T, any cardiac procedure can be carried out safely 
when the magnets are in “park” position. Patients with 
implanted devices convert into “magnet mode” (e.g., VVI 
pacing 100 bpm), once the magnets are positioned in “navi-
gate” position. By changing the direction of the magnetic 
fi eld, the device might revert to non-inhibited mode depending 
which fi eld direction is applied. Therefore, in a pacing depen-
dent patient, a temporary pacing lead has to be safely posi-
tioned before the magnets are placed in “navigate” position. In 
order to avoid possibly disturbing action of the implanted 
devices, the output of the capturing lead should be reduced to 
the minimum in order to not to interfere with the EP study.  

    20.11   Conclusion 

 The magnetic navigation system is, more than 6 years after 
its introduction into clinical practice, able to successfully 
perform all varieties of tachycardia substrates including ven-
tricular tachycardia, AF, and complex arrhythmia ablation in 
patients with congenital heart disease.      
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 Abstract 

 The advent of ablation procedures for supraventricular and ventricular arrhythmias acceler-
ated the development of technology to facilitate catheter manipulation and imaging. 
Defl ectable catheters, electroanatomic imaging, and intracardiac echocardiography repre-
sent technologies that have had a high impact on the fi eld. The early work on catheter-based 
ablation of arrhythmias focused on elimination of accessory pathways, dual AV nodal phys-
iology, right atrial tachycardias, or typical isthmus-dependent right atrial fl utter. These 
arrhythmias demand signifi cant skills for catheter manipulation, but the ability to direct a 
catheter to the target rarely proves diffi cult for an experienced electrophysiologist. Two 
technologies developed to meet these objectives include the magnetic navigation system 
designed by Stereotaxis, Inc., and a robotic-controlled catheter system manufactured by 
Hansen Medical. While neither is approved specifi cally for ablation of atrial fi brillation or 
ventricular tachycardia, the impetus to develop these technologies is to use them for com-
plex ablation procedures. The potential utility of these remote navigation systems has not 
been fully developed, but they have improved. Prospective studies are not available to com-
pare these technologies or to demonstrate defi nitively that either system shortens procedure 
time, improves outcomes of ablation, or improves the safety profi le of these and other com-
plex ablation procedures. Nonetheless, preliminary evidence offers promise that these goals 
could be achieved. 
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 The advent of ablation procedures for supraventricular and 
ventricular arrhythmias accelerated the development of tech-
nology to facilitate catheter manipulation and imaging. 
Defl ectable catheters, electroanatomic imaging, and intracar-
diac echocardiography represent technologies that have had 
a high impact on the fi eld. The early work on catheter-based 
ablation of arrhythmias focused on elimination of accessory 
pathways, dual AV nodal physiology, right atrial tachycardias, 

or typical isthmus-dependent right atrial fl utter. These 
arrhythmias demand signifi cant skills for catheter manipula-
tion, but the ability to direct a catheter to the target rarely 
proves diffi cult for an experienced electrophysiologist. 

 As electrophysiologists began to ablate more complex 
arrhythmias, the limitations of standard defl ectable catheters 
placed greater demands on the skills of the electrophysiolo-
gists. In most cases, catheter defl ection is bound by a fi xed 
radius of curvature in a single plane. Side-to-side catheter 
motion is determined by transmission of torque, which may 
be limited by tortuosity of vessels and the orientation of the 
catheter within the cardiac chamber. Once the shaft of the 
catheter has undergone one or more curvatures imposed by 
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anatomy, the response of the distal catheter becomes less 
predictable when torque is applied to the handle. In addition, 
stable endocardial contact at the tip of the catheter may be 
compromised by cardiac or respiratory motion. These limita-
tions are particularly important for ablation of complex 
arrhythmias such as ventricular tachycardia, atypical atrial 
fl utter, or atrial fi brillation, which depend on accurate control 
of the catheter for focal or linear lesions. Imprecise control 
may result in gaps within a linear lesion, excessive force 
resulting in perforation, or inadequate contact which affects 
lesion formation. 

 Radiation exposure to patients and physicians and the 
orthopedic consequences of prolonged ablation procedures 
raise additional concerns about safety and long-term conse-
quences. Radiation-induced skin injury is a well-documented 
complication of complex procedures that depend on X-ray 
imaging. 1  -  4  While adherence to good technique can reduce 
the risk of this complication, it does not eliminate the risk 
entirely. Longer procedures require prolonged periods of 
wearing lead aprons, which puts additional stress and strain 
on the shoulders and spinal column. 5  Accordingly, electro-
physiologists are at an increased risk of spinal injuries, 6  that 
may cause prolonged absence from work, surgery, or in 
career changes. 

 Advances in technology offer potential solutions for many 
of these issues. The objectives of developing new technolo-
gies to facilitate complex ablation procedures include:
    1.    Precise and stable catheter navigation  
    2.    3D imaging systems to track the position of the catheter 

and guide effective ablation of tissue  
    3.    Improved delivery of energy for more effective delivery 

of ablative lesions  
    4.    Assessment of effective lesion formation  
    5.    Reduced radiation exposure  
    6.    Shorter procedures  
    7.    Cost-effective     

 While new technologies generally increase the cost of a 
procedure when they are introduced, the costs may be justi-
fi ed if they improve outcomes. For example, it is common for 
patients to require a second ablation procedure to eliminate 
atrial fi brillation. If advances in technology reduced the need 
for a second or third ablation procedure, the additional cost 
incurred during the initial ablation might be justifi ed. The 
concept of remote catheter navigation is appealing for the 
operator because these systems may reduce radiation expo-
sure to the physician and the risk of developing orthopedic 
problems related to prolonged use of protective lead aprons 
during protracted cases. They also may facilitate analysis of 
intracardiac electrograms and 3D images because the cathe-
ter navigation and analysis can be performed from a work 
station where the operator is seated. Other key objectives are 
more accurate navigation to a specifi ed target, improved 
lesion formation, and a reduction in the risk of perforation. 

 Two technologies developed to meet these objectives include 
the magnetic navigation system designed by Stereotaxis, Inc., 
and a robotic-controlled catheter system manufactured by 
Hansen Medical. While neither is approved specifi cally for 
ablation of atrial fi brillation or ventricular tachycardia, the 
impetus to develop these technologies is to use them for com-
plex ablation procedures. The potential utility of these remote 
navigation systems has not been fully developed, but they have 
improved. Prospective studies are not available to compare 
these technologies or to demonstrate defi nitively that either 
system shortens procedure time, improves outcomes of abla-
tion, or improves the safety profi le of these and other complex 
ablation procedures. Nonetheless, preliminary evidence offers 
promise that these goals could be achieved. 

    21.1   Magnetic Navigation 

    21.1.1   Principles of Magnetic Navigation 

 The fundamental concept underlying magnetic navigation is 
that the catheter aligns itself with a magnetic fi eld vector. 
This principle can be illustrated by holding a compass in one 
hand and a large magnet in the other. As the magnet is moved 
toward the compass, the needle of the compass will align 
itself with the magnet. The magnetic catheter navigations 
system approved for human use (Stereotaxis, Inc.) does not 
pull the catheter forward. In order to advance or retract the 
catheter, a mechanical device is attached to the catheter near 
the vascular access site and is controlled by the operator at 
the workstation. 

 The magnetic navigation system developed by Stereotaxis, 
Inc., uses two large fi xed magnets located on either side of 
the patient that rotate to generate a composite fi eld vector. 
The maximum fi eld strength is in the range of 0.08 T, which 
is less than one tenth of an MRI scanner. A computer work-
station located in the control room allows the operator to 
select a fi eld vector that adjusts the positions of the magnets. 
The catheter aligns with the vector provided that there are no 
anatomic barriers. Once the vector is selected, the operator 
advances the catheter, which tends to move along the line of 
the fi eld vector to the target. 

 The degree to which the catheter defl ects depends on the 
strength of the magnetic fi eld, the angle of the fi eld vector 
relative to the shaft of the catheter, the length of the magnet, 
and the ferromagnetic materials that comprise the magnet. 
The maximal force on the catheter occurs when the fi eld is 
perpendicular to the catheter, and the force decreases to zero 
when the catheter is parallel to the fi eld vector. As a result, 
the catheter aligns with the magnetic fi eld because this is the 
path of least resistance. The size and number of magnets 
within the catheter determine the response to the magnets 
and the fl exibility of the distal portion of the catheter.  
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    21.1.2   Early Development 

 The concept of magnetic navigation had its roots in neuro-
surgery. The initial work by Rogers Ritter examined the pos-
sibility that a fl exible implement could be introduced through 
the skull via a burr hole and guided to a target deep in the 
brain using a magnetic fi eld to steer the implement. 7  The fi rst 
prototype, which was used for the initial cardiac experiments 
in relatively small dogs or pigs, is shown in Fig.  21.1 a. It was 
developed for neurosurgery and consisted of an orthogonal 
array of electromagnets that were cooled by liquid nitrogen. 
The bore of the magnet was small, which limited the size of 
animals used for magnetic cardiac navigation and was not 
large enough for a human torso. The expense and engineer-
ing support required for this system was impractical for com-
mercial release. The software used to direct the magnetic 
fi eld was not optimal, and there were delays of 10–15 s 
whenever the fi eld vector was changed.  

 Although the initial prototype was used successfully for 
proof of concept in animals, a larger magnet was required to 
encompass the torso of a human and higher fi delity fl uoros-
copy was mandatory. The second prototype, shown in 
Fig.  21.1 b, met these requirements, but it had other charac-
teristics that were not attractive for clinical use. The electro-
magnets were cooled by liquid helium which had to be 
compressed by pumps that created substantial background 
noise. The sound generated by the helium pumps made com-
munication diffi cult. The patient was inserted into the donut 
of the magnet, which could induce claustrophobia, imposed 
an additional constraint on monitoring and communication, 
and limited the size of the patient. Nonetheless, the initial 

human trials were conducted successfully without any sig-
nifi cant complications. 

 Figure  21.2  illustrates the third design, which replaced 
electromagnets and the need for helium to cool the system. 
This design, which is currently in use (Niobe II, Stereotaxis, 
Inc.), employs large fi xed magnets, housed on either side of 
the patient, which the operator controls by a computer inter-
face. The system rotates the magnets quietly and rapidly to 
adjust the fi eld vector in about 1–2 s. There is no barrier to 
communication. The system accommodates relatively large 
patients without inducing claustrophobia, but patients who 

a b

  Fig. 21.1    ( a ) Photograph of the initial prototype used for early proof of 
concept in animals. The core of the magnet was relatively small because 
it was designed for neurosurgical procedures. A large tank of liquid 
nitrogen is positioned behind the core of the magnet. An orthogonal 
array of three electromagnets was built into the core. Flat panel moni-
tors were used to avoid image deterioration caused by the interaction of 

the magnetic fi eld with a cathode ray tube monitor. ( b ) The second 
 prototype of the magnetic guidance system was designed for cardiac 
mapping in humans. The core of the magnet was considerably larger. A 
helium compressor was used to cool the magnet, so the large tank of 
liquid nitrogen was eliminated. Flat plates were positioned over the 
patient within the core of the magnet for fl uoroscopic imaging       

  Fig. 21.2    The Niobe II system was approved for commercial release. 
It uses fi xed magnets that are housed within the encasements positioned 
on either side of the patient       
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are broad shouldered or exceed approximately 280 lb may be 
not fi t well between the magnets. To date, rotational fl uoros-
copy is employed, but bi-planar fl uoroscopy cannot be used 
with the magnets in place. There have been substantial 
improvements in catheter and software design to improve 
catheter navigation. Figure  21.3  shows the workstation where 
the physician sits while operating the system. New compet-
ing technologies offer single screen displays to reduce clutter 
at the workstation.   

 The initial animal studies tested the feasibility of mag-
netic navigation and identifi ed areas for further develop-
ment. 8  Three questions were evaluated regarding the safety 
and effi cacy of the catheter. First, would electrical interfer-
ence induced by the magnetic fi eld limit the fi delity of 
recording standard surface ECGs or intracardiac electro-
grams? Second, would the magnetic catheter apply excessive 
force that could result in injury or perforation? Third, would 
the catheter meet demands for accurate navigation, intracardiac 

recording, and radiofrequency ablation of cardiac tissue 
in vivo? The initial studies showed that the magnetic fi eld 
induced an electrical potential that was superimposed on the 
ECG recorded on the body surface and distorted the T-wave 
predominantly. It is attributed to a potential generated by 
blood fl ow in the aorta by the magnetic fi eld. The temporal 
distribution of the interfering signal component does not 
compromise analysis of the P-wave or QRS morphology. 
Intracardiac recordings with conventional fi lter settings were 
qualitatively unaffected by the magnetic fi eld. Intracardiac 
signals can be recorded without substantial effect on the 
signals. 

 The maximal endocardial contact force exerted by the 
magnetic catheter was determined to be less than the maxi-
mal force applied by a conventional catheter, and attempts in 
animals to intentionally perforate the heart with the magnetic 
catheter did not result in endocardial injury or perforation. 
The third objective of the study confi rmed accurate navigation 

a

b

  Fig. 21.3    ( a ) Computer 
interface with X-ray images, the 
CARTO electroanatomic image, 
and the Stereotaxis images are 
shown. The control box for the 
catheter advancer system is 
designated by an  arrow . ( b ) An 
updated display, which is 
controlled by a single keyboard 
and mouse, integrates X-ray 
images, the CARTO image, and 
the Stereotaxis image on a single 
large plasma screen       

 



30921 Magnetic and Robotic Navigation

of the catheter to all four cardiac chambers. In addition, navi-
gation to the pulmonary veins was achieved by transseptal 
and retrograde approaches. 

 From its inception, the ultimate goal of cardiac magnetic 
navigation was to facilitate ablation of atrial fi brillation. A 
second series of animal experiments focused on electrical iso-
lation of pulmonary veins in seven canines using an ostial seg-
mental ablation strategy. 9  A remote control mechanism was 
used to advance or retract the catheter. The procedures were 
performed using an irrigated catheter. All targeted pulmonary 
veins were successfully isolated without evidence of stenosis 
during long-term follow-up. Figure  21.4  demonstrates the 
appearance of the pulmonary vein ostium 3 months after abla-
tion, and Fig.  21.5  shows the histological appearance of trans-
mural ablation lesions when the animal was sacrifi ced 
3 months later. The conclusion of this study was that electrical 
isolation of the pulmonary veins was feasible with a magneti-
cally guided irrigated catheter. The force of catheter contact 
appeared to be adequate and the irrigation technology induced 
transmural lesions without charring or other complications.    

    21.1.3   Clinical Trials 

 The fi rst clinical trial in humans, performed at Washington 
University in St. Louis, was designed to demonstrate the 
equivalence of magnetic catheter navigation with conven-
tional 4-mm tip catheters. 10  The primary objectives were to 

test the system for intracardiac navigation, pacing, and 
recording. A secondary endpoint was measurement of stimu-
lation thresholds in the right atrium and right ventricle. 
Lessons learned early in the study led to modifi cation of the 
catheter to improve its response to navigation. Electrograms 
and pacing thresholds were comparable to a conventional 
catheter. In addition, the magnetic catheter was used to ablate 
supraventricular tachycardia successfully in each of the 
seven patients in whom this was attempted. One limitation of 
this trial was that the catheter advancer system had not been 
approved for use in humans, so the catheter was advanced or 
retracted manually. 

 Subsequent clinical trials were performed at other centers 
in the United States, Europe, and other international sites as 
the system became available. Although a major long-term 
objective for remote magnetic navigation is ablation of com-
plex arrhythmias that are technically challenging, clinical tri-
als for ablation of common supraventricular arrhythmias 
provide experience for more complex problems. These ini-
tial trials confi rmed the safety and effi cacy of the magnetic 
navigation system, developed operator experience, and iden-
tifi ed areas for improvement in the design of the system. The 
studies by Ernst, Thornton, and Kerzner confi rmed that 
remote navigation could be used safely and with a high 
degree of success for ablation of AV nodal reentry. 11  -  13  

 Chun reported the success rate for three successive cath-
eter designs for the ablation of accessory pathways in patients 
with atrioventricular reentry tachycardia using remote mag-
netic navigation. 14  The improved success rate with succes-
sive models (67%, 85%, and 92%) was attributable to the 
enhanced responsiveness in the third-generation catheter and 
experience gained with using the system. This investigation 
is characteristic of an evolving technology. 

  Fig. 21.4    Canine pulmonary vein ostium appearance 3 months after 
catheter ablation. A typical pulmonary vein ostium is pictured 3 months 
after remote-controlled pulmonary vein isolation. The fi gure demon-
strates prominent endocardial fi brosis of the peri-ostial region of the 
right superior pulmonary vein after a segmental ablation strategy. 
No pulmonary vein stenosis was present (From Greenberg et al., 9  with 
permission)       

  Fig. 21.5    Histologic appearance of catheter ablation lesion. 
Microscopic examination of the pulmonary vein ostium RF ablation 
lesion 3 months after catheter ablation shows full thickness fi brosis 
with replacement of the muscle bundles (trichrome stain at 40×) (From 
Greenberg et al., 9  with permission)       
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 In Chun’s study, 14  patient fl uoroscopy exposure was 
reduced by the magnetic navigation system compared to 
ablations performed with a conventional catheter. One rea-
son is that the catheter can be redirected to a previously vis-
ited location using stored coordinates. The catheters are so 
fl exible that they can be navigated without live fl uoroscopy, 
and can be guided using only 3D imaging systems in con-
junction with the magnetic navigation system, which further 
reduces the fl uoroscopy dose. 

 Chun observed that retrograde mapping of the mitral 
annulus can be performed successfully, but it was more dif-
fi cult to position the catheter with this approach than with 
transseptal navigation. 14  This observation is concordant with 
the author’s experience. The soft shaft of the catheter tends 
to prolapse into the left ventricular apex rather than moving 
the tip forward as the operator tries to advance it. This obser-
vation has implications for the design of catheters intended 
primarily for left ventricular mapping, and could also be an 
important consideration when using a retrograde approach to 
access left atrial sites that are diffi cult to reach from the 
transseptal route. 

 A multicenter trial reported by Wood on behalf of the 
Stereotaxis Heart Study Investigators found an overall suc-
cess rate of 91%, which did not differ signifi cantly from 
patients who underwent ablation with a conventional cathe-
ter. 15  The authors found that the number of lesions delivered 
to achieve success was less with magnetic navigation and the 
fl uoroscopy time was shorter, which has been a consistent 
fi nding in several trials. Another study by Davis et al. found 
that typical AV nodal reentry could be ablated in all 16 
patients who were studied. The time of onset to a junctional 
tachycardia was less with magnetic navigation compared 
with conventional catheters used in a control group, and 
magnetic navigation was associated with less temperature 
variation. 16  These observations suggest that magnetic navi-
gation catheter provides excellent contact along the right 
side of the septum, and other reports using magnetic navi-
gation of parahisian pathways attests to the accuracy of 
small incremental changes that can be achieved with this 
system. 17,  18  

 Several conclusions can be drawn from these initial clini-
cal trials for ablation of AV nodal reentry and accessory 
pathways. The risk of perforation associated with this system 
is extremely low. The composite data demonstrate a high 
degree of success despite the fact that it is an evolving tech-
nology with characteristics that were new to the investiga-
tors. It is clear that the soft, fl exible magnetically controlled 
catheters provide adequate tissue contact for the ablation of 
cardiac tissue. 

 The experience with magnetic navigation for ablation of 
atrial fi brillation is more limited. Pappone evaluated the 
magnetic guidance system for wide circumferential ablation 

in 40 patients with paroxysmal or chronic atrial fi brillation. 19  
A nonirrigated 4-mm tip catheter was employed for this 
study using a target temperature of 65° and a maximum 
power of 50 W. Figure  21.6  illustrates changes in left atrial 
voltage induced by ablation of left atrial tissue and the distri-
bution of lesions used in a representative case. As illustrated 
in Fig.  21.7 , procedural times decreased as the investigators 
gained experience with the system. The median procedure 
time was 192 min in the fi rst 12 patients and 148 min in the 
last 28. There was no reduction in the overall procedure time 
of the last 28 patients compared to controls in whom a con-
ventional catheter was used.   

 DiBiase et al. reported signifi cant limitations when they 
used a remote magnetic navigation of a 4-mm tip catheter for 
ablation of atrial fi brillation. 20  In their experience, the cathe-
ter could be accurately navigated to the target sites with 
reduced fl uoroscopy exposure, but they did not observe a 
reduction in total procedure time. Two particularly important 
observations were that pulmonary vein antrum isolation was 
not reliably achieved with a 4-mm tip catheter and there was 
a high incidence of charring during tissue ablation. Experience 
with remote navigation is required to assess tissue contact, 
but the incidence of charring reported by DiBiase suggests 
that adequate contact was not a problem. A reasonable con-
clusion is that the 4-mm tip catheter, which was designed for 
ablation of supraventricular tachycardia, should not be pro-
moted for ablation of atrial fi brillation. 

 Katsiyniannis et al. reported a more favorable experi-
ence when they used the 4-mm tip catheter in 20 patients 
who had predominantly paroxysmal atrial fi brillation. 21  
They were able to isolate all four pulmonary veins in all 
patients and 80% of the patients were free of atrial fi brilla-
tion at 1 year. Their experience was that procedural times 
were shorter in a control group who underwent ablation 
with a conventional catheter, but the fl uoroscopy time was 
substantially shorter with magnetic navigation compared 
with conventional catheter navigation (58.6 ± 21 min vs 
19.5 ± 9.8 min,  P  < 0.001) 

 Based on the results of pulmonary vein isolation in ani-
mals, 9  an irrigated magnetic navigation catheter should 
address the concerns raised by DiBiase. Charring was not 
observed in those studies and consistent pulmonary vein iso-
lation was achieved. A magnetic irrigated catheter has been 
released for human use, but no multicenter, randomized, 
controlled trials have been performed to compare magnetic 
navigation to conventional catheters for ablation of atrial 
fi brillation. 

 No major trials have been conducted to evaluate the 
magnetic navigation system for ablation of ventricular 
tachycardia. Reports by Thornton have demonstrated its 
use for right ventricular outfl ow ventricular tachycardia and 
left ventricular fascicular ventricular tachycardia, 22,  23  and 
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Burkhardt reported a case in which magnetic navigation 
was used to ablate a ventricular arrhythmia arising from the 
left aortic cusp. 24  Reddy used magnetic navigation with 
excellent results in 24 patients with ventricular tachycardia 
related to scar from myocardial infarction, dilated cardio-
myopathy, arrhythmogenic right ventricular cardiomyopathy, 

hypertrophic cardiomyopathy, or sarcoidosis. 25  The system 
was used successfully to ablate 75 of 77 ventricular tachy-
cardias, including a few that required percutaneous epi-
cardial access. Both transseptal and retrograde aortic 
approaches were used for mapping the left ventricular 
endocardium.  

  Fig. 21.6    ( a ) Posteroanterior view showing color-coded preablation 
electroanatomical voltage map of the left atrium and pulmonary veins 
using a CARTO RMT integration system. ( b ) Post-ablation electroana-
tomical map with encircled lesions around all targeted pulmonary veins 
and the mitral isthmus line. Note atrial electrograms before ( a ) ( arrow ) 
and after ablation ( b ). No potentials were recorded inside encircled 

lesions ( arrow ). The mitral isthmus ablation line is evident. ( c ) A mesh 
anatomical map is shown. ( d )  Red points  depicted on fl uoroscopic 
views indicate ablation points sent from the CARTO RMT integration 
system.  Blue line  shown on both fl uoroscopic images represents the 
base for target control navigation on Navigant (From Pappone et al., 19  
with permission)       
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    21.1.4   Overview of Magnetic Navigation 

 There have been signifi cant improvements in the system 
since introduction of the initial prototype. The Niobe II 
model, which features fi xed magnets that rotate in response 
to the computer interface, has performed reliably. Successive 
improvements in catheter design have made the catheters 
more responsive to the operator, and software improvements 
facilitate accurate navigation to the target. An irrigated cath-
eter offers potential advantages for ablation of atrial fi brilla-
tion and ventricular tachycardia. The system performs well 
in all four chambers of the heart, but it can be diffi cult to 
navigate beneath the right inferior pulmonary vein, espe-
cially in patients with a relatively small left atrium. 

 In patients who require left ventricular mapping, the cath-
eter is easy to maneuver along the septum where conven-
tional catheter manipulation can be diffi cult. The only 
limitation in the left ventricle is that when the inferior wall is 
targeted near the mitral annulus, the soft shaft of the catheter 
may prolapse into the apex as the catheter is advanced if the 
patient has a large apical aneurysm. Future catheter designs 
may need to modify the stiffness of the shaft and the transi-
tion point between the shaft and the highly fl exible distal 
portion of the catheter. 

 When electroanatomic mapping is required, magnetic 
navigation is compatible with either the Carto or NavX sys-
tems. Special anesthesia equipment, designed to be com-
patible with MR imaging, is needed if general anesthesia is 
used during the procedure. The staff must be educated in 
safety procedures when working around large magnets 

because instruments or other metallic equipment may be 
drawn forcefully to the magnets if appropriate precautions 
are not used. 

 The main limitations are that large patients may not fi t 
between the magnets, and it is not approved for use with 
pacemakers or ICDs. Although the magnetic fi eld strength of 
the system is less than one tenth of an MRI system, there 
may be a risk of damaging components of pacemakers or 
ICDs if they are positioned between the magnets, and expo-
sure of leads to the magnetic fi eld induces a current that 
could cause tissue injury. To date, the author has not observed 
any change in pacemaker or ICD pacing or sensing thresh-
olds after exposure to the system, but the number of patients 
studied is not suffi cient to provide broad safety guidelines. 
This system is not approved for use in patients with implant-
able pacemakers or defi brillators and further study is needed 
to verify the safety of magnetic navigation in patients with 
these devices.   

    21.2   Robotic Navigation 

    21.2.1   Principles of Robotic Navigation 

 The Hansen Robotic system shown in Figs.  21.8  and  21.9  is 
approved for cardiac navigation and mapping in humans. 
The robotic system (Sensei™ Robotic Catheter System, 
Hansen Medical) consists of a physician workstation (PWS) 
that includes an instinctive motion controller (IMC) – other-
wise simply the remote catheter manipulator, and a setup 
joint that is mounted on table at the patient’s side. The remote 
catheter manipulator directly controls a robotic hollow cath-
eter (Artisan™ catheter) consisting of an internal steerable 
guide sheath and an outer sheath comprising the steerable 
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  Fig. 21.7    Graph showing the learning curve of remote magnetic navi-
gation for atrial fi brillation ablation. Sequence of the fi rst 40 procedures 
performed at Hospital San Raffaele. Note that the ablation time curve 
stabilizes after the fi rst 12 cases. In the fi rst and third patient, radiofre-
quency ablation was completed manually (From Pappone et al., 19  with 
permission)       

  Fig. 21.8    The robotic arm is mounted over the patient and the sheaths 
are inserted via the femoral vein       
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sheath system (SSS Artisan Catheter). This robotic hollow 
catheter is in reality a hollow robotically steered sheath that 
can house any mapping or ablation catheter. The physician 
workstation is placed at a remote location from the patient’s 
table. The control is provided via a master and slave electro-
mechanical system: The operator movements at the IMC are 
updated constantly with resultant motion of the catheter. 
Using this system, catheter control is performed in three 
dimensions.    

    21.2.2   Left Atrial Mapping and Ablation 

 The Hansen steerable sheath system is not approved for 
ablation of atrial fi brillation, but there is considerable expe-
rience with left atrial mapping and ablation. The following 
discussion is based on experience acquired at the Cleveland 
Clinic. 26  The steerable sheath system is inserted via a 14 Fr 
sheath in the right femoral vein and advanced manually 
into the right atrium under fl uoroscopic visualization. When 
patients undergo ablation of atrial fi brillation, two trans-
septal punctures are performed manually under guidance 
by intracardiac echocardiography. A long sheath is intro-
duced through the fi rst transseptal puncture and a circular 
mapping catheter is introduced through the sheath into the 
left atrium. Systemic anticoagulation is initiated just prior 
to the fi rst transseptal puncture, using intravenous heparin 
with a target ACT of approximately 400 s. A wire is intro-
duced into the left atrium through the second transseptal 
puncture. The robotically guided ablation catheter housed 
in the steerable sheath is then driven into the left atrium 
alongside the wire. With this confi guration, the fi nal setup 
before initiation of ablation includes the following: A 
robotically controlled steerable sheath housing the ablation 
catheter is operated by the physician at the console and a 
circular mapping catheter is positioned manually by a sec-
ond physician at the procedure table. 

 Radiofrequency power is set at 25–40 W with a maximum 
temperature limit of 45°C with irrigation using heparinized 
saline infusion (2,000 IU/L) at a rate of 30 cm 3 /min via the 
Cool Flow pump (Biosense Webster, Diamond Bar, CA, 
USA). At the end of the procedure, systemic anticoagulation 
is discontinued and partially reversed with intravenous 
protamine prior to removal of vascular sheaths.  

    21.2.3   Early Development and Clinical Studies 

 Preliminary studies in animals demonstrated the feasibility 
and safety of cardiac navigation and the safety of transseptal 
puncture in animals with preliminary evidence that proce-
dure time and radiation exposure might be reduced. 27,  28  

 Reddy has systematically evaluated robotic navigation for 
ablation of atrial fi brillation in animals and humans. 29  CT 
scans were performed and segmented data sets were manu-
ally converted into 3D surface reconstruction, which were 
combined with electroanatomic mapping using custom imag-
ing software (Fig.  21.10 ). The registered images were used 
to guide robotic navigation using either an 8-mm or 3.5-mm 
irrigated tip catheter. During the preclinical phase, mapping 
and ablation was performed in nine pigs. Left and right pul-
monary veins were successfully targeted. The authors felt 
that the catheter was stable and responded well during navi-
gation. Postmortem studies showed that lesions were distrib-
uted around the pulmonary vein ostia and there was no 
evidence of perforation.  

 The second phase of the study reported by Reddy included 
nine patients who underwent pulmonary vein isolation for 
atrial fi brillation. 29  They were able to manipulate the catheter 
into the pulmonary veins and left atrial appendage without 
diffi culty. Intracardiac echocardiography was performed to 
verify accurate positioning of the catheter at these sites. An 
irrigated catheter was used to perform extra-ostial pulmo-
nary vein isolation in all nine patients. The lesion set was 

  Fig. 21.9    The operator controls 
the robotic arm from a console 
at the workstation       
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extended on the posterior left atrial wall to include the pul-
monary vein antrum. Figure  21.11  shows an integrated image 
demonstrating precise placement of ablation lesions during 
isolation of the pulmonary veins. Low-amplitude fraction-
ated signals were targeted during atrial fi brillation. In three 
patients with chronic atrial fi brillation, the lesion sets 
included a cavotricuspid line, left atrial roof line, and a line 
between the mitral annulus and the left pulmonary veins. No 

acute or chronic complications were observed. The overall 
procedure time was 338 ± 89 min. To put the relatively long 
procedure times in perspective, the experience with the sys-
tem was limited and the intent was to evaluate the capabili-
ties of the system as opposed to assessing the shortest 
possible time to complete the procedure.  

 An initial report by Saliba included 40 patients in whom 
the procedure was performed in Europe between January and 

Robotic guide
catheter system

Electroanatomic
mapping system

Custom image
processing
workstation

3D registered, view synchronized robotic
guide catheter manipulation

Preoperative imaging
data

  Fig. 21.10    View-synchronized 
robotic mapping. ( a ) The custom 
image processing workstation 
integrated the navigation, 
mapping, and imaging 
information. The 3D CT image 
was imported and registered to 
the real-time electroanatomic 
mapping system. Synchronizing 
the 3D imaging view to that of 
the RNS made intuitive cardiac 
mapping feasible. ( b ) Movement 
of the catheter to the right on this 
posterior oblique view of the 
synchronized 3D CT image is 
accomplished by moving the 3D 
joystick in the same direction 
( yellow arrows ). Accordingly, 3D 
view synchronization provides a 
facile means for cardiac mapping 
regardless of the perspective 
from which the chamber is 
viewed (From Reddy et al., 29  
with permission)       
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July 2005. The total procedure time was 163 ± 88 min, abla-
tion time 89.6 ± 43 min, and fl uoroscopy time 64 ± 33 min. 
The average radiation exposure at the procedure table is 149 
vs. 13 microseiverts at the physician workstation ( P  < 0.05). 
Acute isolation of all pulmonary veins was achieved in all 
patients. Two patients undergoing pulmonary vein isolation 
developed pericardial tamponade requiring pericardiocentesis. 

The procedure was aborted in one patient after manual 
transseptal puncture. However, procedural success was 
similar to the manual approach. 30  

 Several other groups have evaluated the Hansen robotic 
navigation system with encouraging results. Kantner et al. 
compared robotic navigation to conventional manual navi-
gation in patients who underwent pulmonary vein antral 

  Fig. 21.11    View-synchronized catheter ablation. In this patient with 
paroxysmal AF, external posterior views ( a ,  d ) and endoluminal views 
( b ,  c ) of the left-sided pulmonary veins are shown. The irrigated abla-
tion catheter is shown during ablation along the posterior LA wall ( a ,  b ) 
and at the ridge between the left superior pulmonary vein and the left 

atrial appendage ( c ); this latter lesion completed extra-ostial electrical 
isolation of these left-sided pulmonary veins (also shown in  d ). In ( a ), 
the  arrow  indicates the tip of the ablation catheter.  LSPV  indicates left 
superior PV,  RSPV  right superior PV,  LIPV  left inferior PV, and  RIPV  
right inferior PV (From Reddy et al., 29  with permission)       
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 isolation for atrial fi brillation and found that robotic naviga-
tion reduced the cumulative time of radiofrequency energy 
delivery and fl uoroscopy time. 31  This study also noted a 
decrease in procedure time. Although Schmidt found that 
robotic navigation reduced fl uoroscopy time, it did not 
reduce the procedural time. 32  Steven et al. compared robotic 
navigation to manual navigation in patients who required 
ablation of common right atrial fl utter. 33  In their experience, 
robotic navigation reduced fl uoroscopy time and cumulative 
time for applications of radiofrequency energy, but the total 
procedural time was longer. In aggregate, these studies sug-
gest that robotic navigation provides stable tissue contact 
for energy delivery and reduces the time of radiofrequency 
application. While the reduction in fl uoroscopy time prob-
ably refl ects accurate navigation, the total procedural time 
has not been consistently reduced. It is likely that this goal 
will be achieved with greater operator experience and techni-
cal improvements. 

 If robotic navigation provides better contact with the 
tissue during ablation, one must question whether energy 
delivery should be modifi ed to reduce the risk of steam 
pops or collateral damage. DiBiase evaluated the relation-
ship between lesion formation and pressure in animals 
using the robotic navigation system and Intellisense force 
sensor. 34  Intellisense provides an indirect measure of force 
based on variations of the resistance to forward motion as 
measured from the proximal as opposed to the distal por-
tion of the catheter. Therefore, the force is an estimate of 
the actual contact with tissue. He found that 30 W lesions 
were more likely to be transmural at >40 g pressure com-
pared with <30 g pressure, but the risk of steam pops and 
crater formation were greater with the higher pressure. 34  
The investigators found that transmural lesions could be 
achieved with 20–30 g of pressure at 40 W with reduced 
risk of steam pops. This study was not designed to assess 
whether applications with this power and degree of pressure 
have an associated risk of esophageal injury. It is a diffi cult 
problem to study because animal models do not replicate 
the anatomy of humans. The unresolved questions regard-
ing force, power of energy, and duration of the application 
are applicable to manual navigation, magnetic navigation, 
and robotic navigation. Other work by Cummings demon-
strated that in animals, there is a substantial temperature 
gradient between the esophageal lumen and the external 
wall of the esophagus during applications of radiofre-
quency energy to the posterior wall of the left atrium. 35  
Moreover, in humans, the power of the application did not 
correlate well with temperature recorded from the esopha-
geal lumen. 36  The distance between the esophagus and the 
atrium, displacement of the posterior wall of the atrium 
toward the esophagus during catheter navigation, and the 
vascular supply of the esophagus are among the other vari-
ables that are diffi cult to control. 

 An extensive single center report, based on experience 
acquired at the Cleveland Clinic from July 2007 to October 
2008, included 71 patients with AF (31 paroxysmal) who 
underwent attempted ablation with the Hansen system. 26  
This is the largest single center report and refl ects a learning 
curve. In this study, 67 patients underwent pulmonary vein 
antral isolation with the Hansen system. Four patients were 
lost to follow-up. In the remaining 63 patients, 49 (78%) had 
no recurrence of arrhythmia off antiarrhythmic drugs after 
161 ± 90 days of follow-up. 

 The experience gained from this series will be reviewed in 
detail because it may be of value to those who are not famil-
iar with the Hansen system. The mean left atrial instrumenta-
tion time was 171 ± 51 min. In 70 patients, left atrial 
instrumentation was achieved with the Hansen system, but in 
one patient, the robotic sheath could not be advanced across 
a thick septum. 

 One procedure was aborted intraoperatively due to a vas-
cular complication with excessive femoral bleeding at the 
Hansen sheath site after the robotically performed transseptal 
puncture was completed. This complication occurred before 
ablation in left atrium. In one patient, the procedure was con-
verted to the manual approach because the Hansen system 
malfunctioned, and the procedure was terminated in another 
because of tamponade prior to ablation. In the remaining 67 
procedures, the pulmonary veins were isolated acutely with 
the Hansen system. Further left atrial ablation was performed 
on the posterior wall in all patients. In three (4%) of the 67 
patients, the right inferior pulmonary veins were isolated 
manually because of diffi culty reaching the target with the 
Hansen system. Ablation in the posterior wall was limited 
due to rise in esophageal temperature in 22 patients.  

    21.2.4   Avoiding Complications 

 The experience gained from the Cleveland Clinic experience 
helps to identify ways to avoid complications. 26  The robotic 
sheath is inherently stiff because of the steering mechanisms. 
The introducer sheath is large (14 Fr) which increases the 
risk of complications, which includes the risk of venous dis-
section if the steerable sheath is inadvertently driven into the 
wall of the vein. In order to minimize the risk of vascular 
complications, it is advisable to obtain venous access under 
ultrasound guidance. First, an 8 Fr sheath is inserted and then 
upsized sequentially to an 11 Fr and then a 14 Fr sheath. 
A long 30-cm 14 Fr sheath is positioned with the end at the 
level of the liver. This is used to insert the steerable sheath 
into the right atrium leading with the fl exible ablation cath-
eter by at least 10 cm. At this level, the ablation catheter is 
withdrawn into the steerable sheath with only the distal elec-
trodes protruding. When this technique was employed, there 
were no further vascular complications 
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 Cardiac tamponade during ablation procedures often is 
caused by perforation because of improper catheter move-
ment or a steam pop during an application of radiofrequency 
energy. There was only one steam pop phenomenon leading 
to cardiac tamponade early in our experience. Following this 
episode, we altered our power output to a maximum of 35 W 
in most areas in the left atrium. Due to stability afforded by 
the robotic nature of the system, the power delivered could 
be lowered with the same resultant attenuation of myocardial 
signal. 

 The steerable sheath did not respond appropriately despite 
numerous realignments in one patient. The operator noticed 
uncontrolled rebound (“fl ing”) of the catheter with steering. 
The patient became hemodynamically unstable with sinus 
tachycardia and hypotension. Intracardiac echocardiography 
and fl uoroscopy confi rmed the presence of tamponade which 
was quickly treated with pericardiocentesis. On further 
investigation and discussion with the manufacturer, it became 
apparent that certain catheters with fl at wire defl ection mech-
anisms, such as the current version of the CoolPath Ablation 
Catheter manufactured by St. Jude, are not compatible with 
the Hansen system, thereby rendering the system a semi-
open rather than fully open platform. Subsequent to this 
event, Hansen Medical issued a fi eld notifi cation regarding 
this issue to all Hansen users. The fl at wire mechanism allows 
the catheter to only bend along a 2D plane described by the 
fl at surface of the wire without causing tension. When the 
robotic sheath moves in a direction that is not along the 2D 
plane of the fl at wire, tension is created resulting in an uncon-
trolled rebound rapid correction of the system. This rarely 
happens with manual manipulation of the catheter alone 
because the operator will rotate the catheter appropriately to 
achieve the desired position. 

 Sometimes it is diffi cult to cross a thick septum. This was 
encountered in one patient who later on developed tampon-
ade after attempted transseptal puncture. The operator real-
ized that the system was not responding appropriately and 
had advanced anteriorly instead of the intended posterior tra-
jectory even after several realignments. Subsequent analysis 
revealed that one of the pull wires of the robotic sheath had 
broken. As with all new technologies, vigilance is required 
to detect erratic or unanticipated performance. In such cases, 
the system should be abandoned and the manufacturer should 
be notifi ed so that a root cause analysis can determine the 
reason. 

 In order to reduce the risk of a misdirected transseptal 
puncture, one solution is to perform a manual transseptal 
puncture in the plane of the left pulmonary veins under guid-
ance by intracardiac echocardiography. This provides a 
visual landmark for transseptal puncture with the Hansen 
system. Next, fl uoroscopy and intracardiac echocardiogra-
phy is used to guide the Hansen system housing the ablation 
catheter, which is driven bluntly alongside this wire into the 

left atrium. Currently, there is no robotically driven trans-
septal needle available for use in the United States; however, 
there is a specially designed Hansen steerable sheath dilator 
over which the steerable sheath can be advanced into the left 
atrium. Our recommendation is to perform the transseptal 
puncture manually and then advance the system into the left 
atrium over this wire. In some cases, the dilator may not be 
stiff enough to adequately support the advancement of the 
steerable sheath into the left atrium without buckling at the 
level of the septum. 

 Ablation on the posterior wall of the left atrium is associ-
ated with the risk of injury to the esophagus or para-esopha-
geal nerves that control gastric motility. The same risks exist 
with the robotic navigation system and can be even greater if 
lower energy is not employed because of the stable contact 
afforded by the steering sheath. In one patient, ablation was 
limited on the posterior wall because of a rapid rise in tem-
perature even with powers as low as 5 W. Therefore, if pos-
terior wall ablation is planned using the Hansen system 
temperatures, the esophageal temperature should be moni-
tored closely. Currently, we limit power in the posterior wall 
according to a predetermined maximal change in esophageal 
temperature recorded in the esophagus. RF delivery is termi-
nated when luminal esophageal temperature reaches 38°C. 
There were no cases of atrial esophageal fi stulas; however, 
there was one case of gastroparesis. These observations 
emphasize the need to limit power while ablating on the pos-
terior wall of the left atrium.  

    21.2.5   Conclusions Drawn from the Cleveland 
Clinic Experience 

 While the robotic system affords greater stability at the tis-
sue interface, complications that occur with the manual 
approach can also occur with the robotic system. The same 
features that provide catheter stability are associated with 
stiffness and rigidity of the sheath that must be taken into 
consideration by the operator. As with any evolving technol-
ogy, it is incumbent on the operator to be cognizant of poten-
tial complications and to avoid maneuvers that could increase 
these risks. 

 In the future, design improvements that address the fol-
lowing issues will add to the safety profi le of the system:
    1.    Robotic transseptal puncture with a dedicated transseptal 

needle that can be robotically driven.  
    2.    Decrease of the steerable sheath size may be possible as 

smaller profi le catheters become available.  
    3.    Development of more advanced catheters with accurate 

measurement of force exerted by sensors at the catheter 
tip.  

    4.    Optimal energy titration while using the system still needs 
to be determined given the stability afforded.      
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    21.2.6   Overview of Robotic Navigation 

 This evolving technology provides accurate catheter naviga-
tion and contact for ablation of tissue in the atria or along the 
mitral or tricuspid annuli. The risk of perforation by an abla-
tion catheter that is steered by a relatively stiff guiding sheath 
appears to be diminished by technology that provides feed-
back about the relative degree of force at the tip of the cath-
eter. It does not require special anesthesia equipment and can 
be used in patients with pacemakers or implantable cardio-
verter defi brillators. The relatively large supporting sheath 
(14 Fr) may increase the risk of bleeding when it is removed 
from the body, but this potential problem has not been clini-
cally signifi cant in the early clinical reports. The supporting 
and steering sheaths are designed for use in the atria. They 
are not long enough to be used in the left ventricle. Moreover, 
careful study would be required to assess the safety of intro-
ducing a stiff sheath into the left ventricle. It is likely that this 
will be accomplished at some point in the future, but the cur-
rent system is not designed for this purpose.   

    21.3   Comparison of Magnetic and Robotic 
Navigation 

 No direct comparison of magnetic and robotic navigation has 
been performed. A valid comparison would require a ran-
domized multicenter trial performed by physicians who are 
experienced with both systems and have no fi nancial ties to 
either manufacturer through consulting fees, grant support, 
or other incentives. Individual assessments, including the 
authors’, may be infl uenced by personal experience that is 
greater with one system compared with the other. 

 Both systems require experience to master use of the soft-
ware for navigation, and there is undoubtedly a learning 
curve that affects procedural time. The duration of the learn-
ing curve probably depends on how frequently the system is 
used. It takes longer to gain profi ciency if the system is used 
only once a week. The repetition of daily use is likely to 
shorten the time needed to take full advantage of the technol-
ogy. For most physicians, this is likely to be a minimum of 
20–30 cases. Although the systems may facilitate catheter 
navigation, this technology is no substitute for other funda-
mental skills. Experience, analytical ability, and judgment 
will continue to be the defi ning attributes of excellence, but 
the ability to maneuver a catheter to a specifi ed target may be 
reduced to a common denominator by these and other inno-
vative advances in technology. 

 Magnetic and robotic navigation can be used to direct the 
catheter to a target with a high degree of precision. Sometimes 
the catheter may not move as expected because it meets 
resistance from contact with the endocardium. One compo-
nent of the learning curve is to recognize when the catheter 

must be retracted so that it can respond to the control mecha-
nism. It may need to be advanced after it shifts position in 
order to achieve optimal tissue contact. The Stereotaxis sys-
tem estimates tissue contact by the difference between the 
selected fi eld vector and the position of the catheter. The 
assumption is that if the catheter is not fully aligned with 
the fi eld, then it must be in contact with the tissue. One of the 
limitations of this estimate is that it provides less information 
about force perpendicular to the endocardium. In that case, the 
contact can be estimated fl uoroscopically by defl ection of the 
catheter tip. The catheter is so fl exible that the risk of perfora-
tion is negligible. In contrast, Hansen’s robotic system depends 
on relatively stiff sheaths to direct a standard ablation catheter. 
An accurate feedback mechanism is particularly important to 
assess tissue contact and reduce the risk of perforation. Both 
systems have the potential to improve tissue contact, which 
may change the energy requirements for ablation of tissue. 
This is an important consideration on the posterior wall of the 
left atrium, which is relatively thin and in close proximity to 
other structures such as the esophagus. 

 There are three distinct differences between the systems. 
Hansen’s robotic system is portable, so it can be moved to 
the room where it is required. This provides fl exibility for 
programs that have multiple rooms; however, a practical 
limitation is that the calibration may need to be adjusted if 
the system is moved. For that reason, it is generally left in 
one lab for day-to-day usage. In contrast, the large magnets 
required for Stereotaxis are not portable, they consume con-
siderable space within the laboratory, and the fl oor of the 
laboratory requires additional structural support to bear the 
weight of the magnets. The second major difference is that 
specially designed catheters are required for magnetic navi-
gation. In principle, any eight French ablation catheter can 
be inserted through the steering sheath developed by Hansen 
for robotic navigation; however, as noted in the preceding 
discussion, caution should be exercised with new catheters 
until the response to defl ection has been analyzed. The third 
difference is that while the Stereotaxis system has been used 
safely in all four chambers of the heart, the Hansen system is 
designed for use in the atria. 

 We face an era in which the cost of technology will come 
under increasing scrutiny. Neither company can claim that 
their system reduces cost compared to conventional ablation 
technology. The argument that cost may be reduced by 
shorter procedure times has not been realized yet. Even if the 
time to complete an ablation is reduced, the overall proce-
dure time may not be effected substantially because the time 
to set up equipment or perform the diagnostic portion of the 
study is not shorter. The remaining arguments by the manu-
facturers may center on the comparative costs of their sys-
tems. It is clear that the initial cost of Stereotaxis is 
substantially greater, but the incremental costs of the disposable 
guiding catheters manufactured by Hansen accrue over time. 
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The expenses related to these systems may be comparable at 
5 years. Differences in contractual agreements between the 
manufacturers and the hospital make these comparisons even 
more diffi cult. 

 Expensive technologies should have a signifi cant impact 
on effi ciency, reduce the risk of complications, and improve 
long-term outcomes. Even if the time to complete an ablation 
is reduced, the overall procedure time may not be affected 
substantially because the time to set up equipment or per-
form the diagnostic portion of the study is unchanged. The 
argument that cost may be reduced by shorter procedure 
times has not been realized yet. It is likely that radiation 
exposure to the patient will be reduced by an experienced 
operator. Neither company can claim that their system 
reduces cost compared to conventional ablation technology, 
nor are there controlled studies to show that they reduce the 
risk of complications or improve long-term outcomes.      
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  Ablation 

 ACHD, 301, 302 
 atrial fi brillation, 38–40, 309 
 catheter-based, 85, 86, 89, 305 ( see also  Catheter ablation) 
 cost of, 306 
 defl ectable catheters, 305–306 
 epicardial 

 pericardial calcifi cations, 101–102 
 subxiphoidal approach, 100, 101 

 irrigated tip AF, 300, 301 
 left atrial mapping, 313 
 objectives of, 306 
 pediatric ( see  Pediatric ablation) 
 post wall edema, 42 
 pulmonary vein ostium, 309 
 radiation exposure, 306 
 radiofrequency, 42–43 
 remote-controlled, 300 
 ventricular tachycardia, 40–42 
 VT ablation, 257, 258  

  Angioscopy and optical imaging 
 heart structures visualization 

 balloon ablation, 153, 155, 158 
 cardioscopy, 150 
 endocardial structures, 151 
 endoscope, 151 
 fi ber-optic imaging technology, 150 
 infrared imaging, 153 
 non-balloon visualization systems, 153, 156–157 
 pacing leads, 153 
 radiofrequency, 151, 152 
 right atrial appendage, 153, 155 
 right atrium, 153, 155 
 saline-fi lled balloon steerable endoscope, 152 
 tube-balloon system, 150 

 intracardiac structures, 149  
  Antiarrhythmic  vs.  implantable defi brillators (AVID) trial, 192  
  Arrhythmogenic right ventricular cardiomyopathy/dysplasia 

(ARVC/D) 
 hypertrophic cardiomyopathy 

 risk stratifi cation components, 285 
 scarring, 285–286 

 imaging impact 
 fi brofatty replacement, 282 
 incidence of, 284–285 
 MRI use, 282 

 sarcoidosis 
 DE-MRI, 286–287 
 incidence, 286  

  Arrhythmogenic right ventricular dysplasia (ARVD) 
 characterization, 42 
 echocardiography 

 apical four chambers, 75–76 
 diagonosis of, 75 
 genetic cardiomyopathy, 75 
 LV systolic dysfunction, 76 
 parasternal short and long-axis view, 75–76 
 RV systolic function, 76 
 subcostal view, 75–76 
 TAPSE, 76 

 fatty or fi brofatty infi ltration, 75 
 TAPSE, 76 
 voltage mapping, 23  

  Arterial phase imaging, 55  
  Atrial arrhythmias 

 atrial tachycardia ablation, 87 
 bumpy surface, 87 
 catheter contact, 86 
 congenital heart disease, 93 
 cristae terminalis, 87 
 electroanatomic mapping, 87 
 electrogram amplitude, 87 
 Eustachian ridge, 86–87 
 image tools, 86 
 interatrial septum 

 atrial arrhythmias, 87 
 intraprocedural imagimng, 88, 89 
 pre-procedural image, 87–89 
 transseptal punctures, 87–89 
 transseptal sheath, 88 

 left atrium 
 ablation ( see  Left atrial ablation) 
 appendage, 88–89 

 post-procedural imaging, 93 
 right atrium 

 cavo-tricuspid isthmus, 85–87 
 tachycardia, 87 
 thebesian valve, 86 

 watchman device, 88  
  Atrial fi brillation (AF) 

 echocardiography 
 fossa ovalis, 75 
 hypertension, 72 
 ICE, 74–75 
 LA appendage thrombus, 72–73 
 LV systolic and diastolic, 72 
 M-mode or two-dimensional, 72 
 pulmonary venous ostia, 74 
 real-time 3DTEE, 73–74 
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 TEE, 72–73 
 thromboembolism, 72–73 
 tissue Doppler imaging, 73 
 TTE, 72 

 magnetic resonance imaging 
 ablation success prediction, 38 
 cardiac arrhythmia, 38 
 image acquisition, 38–39 
 LA cMRI and non-fl uoroscopy based mapping system, 38 
 LGE-MRI quantifi cation, 39 
 post ablation scarring, 39 
 pulmonary vein, 38 
 safety, 40 
 staging, 38–40 
 structural remodeling, 39 
 tissue characterization, 38 

 management, 51  
  Atrio-ventricular (AV) interval delay programming 

 atrial depolarization, 264 
 AV interval-based optimization 

 diastolic fi lling time, 267, 268 
 LV dP/dt 

max
 , 270, 271 

 LV outfl ow, 268, 270 
 6 min walk test, 269 
 mitral infl ow, 267–269 
 MPI, 270, 272 
 pulsed-Doppler waveforms, 267 
 V-V delay optimization, 268 

 calculation-based method 
 Ishikawa’s technique, 266 
 Ismer’s technique, 267 
 Meluzin technique, 266–267 
 pulsed-Doppler interrogation, 265 
 Ritter’s technique, 266 
 A wave confi guration, 265 

 Doppler E and A wave, 264 
 echocardiography-based, 264–265 
 LV fi lling phase, 264 
 responder, 264 
 right atrial pacing, 271   
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  Balloon ablation, 153, 155, 158  
  Brain natriuretic peptide (BNP), 256   

  C 
  Cardiac computed tomography (CCT) 

 electrophysiology, 51–53 
 principle and historical aspects 

 half-scan reconstruction, 48 
 hounsfi eld units, 48 
 MDCT system, 48–49 
 rotating gantry, 48 
 spatial resolution, 49 
 temporal resolution, 49 

 protocols 
 coronary veins, 58–60 
 data acquisition, 55, 56 
 image reconstructions, 55–57 
 patient preparation, 54–55 
 post-processing techniques, 55–57 
 pulmonary veins, 57–59 

 risks factors 
 allergy, 54 

 contrast-induced nephropathy, 54 
 extravasation, 54 
 radiation, 53 

 scanners 
 MDCT scanner, 49–50 
 scan acquisition, 50–51 

 spatial resolution, 49 
 temporal resolution, 49 
 Z-plane resolution, 49  

  Cardiac magnetic resonance imaging (CMR), 52, 53  
  Cardiac resynchronization therapy (CRT), 3, 9, 53 

 atrio-ventricular interval 
 atrial depolarization, 264 
 calculation-based method, 265–267 
 delay programming ( see  Atrio-ventricular (AV) interval delay 

programming) 
 Doppler E and A wave, 264 
 echocardiography-based, 264–265 
 LV fi lling phase, 264 
 responder, 264 

 CCT 
 coronary vein imaging, 245–247 
 mechanical dyssynchrony, 248 
 scar assessment, 247–248 

 clinical trials, 201 
 echocardiography, 264 
 LV dyssynchrony assessment 

 echocardiography ( see  Echocardiography) 
 magnetic resonance imaging, 206–208 
 nuclear imaging, 208 
 QRS complex duration, 202 

 LV lead position, 211–212 
 LV viability 

 echocardiography, 208–211 
 scar tissue assessment, 208 

 QRS complex duration, 201–202 
 ventriculo-ventricular delay 

 echocardiography-based techniques, 272–274 
 nuclear imaging-based, 274  

  Cardioscopy, 150  
  Catheter ablation 

 advanced tools, 99–100 
 akinesia/dyskinesia, 96, 97 
 arrhythmias, 141, 142 
 arterial and venous system, 97–98 
 atrial fl utter 

 catheter–tissue contact, 140 
 cavotricuspid isthmus, 140 
 hypermobile cavotricuspid isthmus, 140, 141 

 cavotricuspid dependent atrial fl utter, 106 
 chest X-ray examination, 95–96 
 collateral, 86 
 coronary artery circulation, 97 
 echocardiography, 96–97 
 endocardial calcifi cation, 98, 99 
 epicardial ablation 

 pericardial calcifi cations, 101–102 
 pericardium ( see  Pericardium ablation) 
 subxiphoidal approach, 100, 101 

 esophagus, imaging, 138 
 fl uoroscopy time, 139 
 guiding mapping, 138–139 
 left atrial, 89, 112 
 pulmonary veins, imaging, 138 
 radiofrequency, 86, 139 
 right atrial, 85 



323Index

 right pulmonary agenesia, 98 
 septal, 86, 87 
 three-dimensional, 144 
 thromboembolism, 139 
 transthoracic echocardiography, 96 
 ventricle aneurism, 98, 99 
 ventricular angiographic evaluation, 97 
 ventricular mapping, 98–99 
 ventricular tachycardia, 141–143  

  Circumferential Uniformity Ratio Estimate (CURE), 239–240  
  Contact electroanatomical mapping 

 CARTO mapping system, 164 
 chamber anatomy, 165 

 3D map, 165 
 extracardiac reference electrodes/patches, 165 
 interpolation obliteration, 165 
 NavX map, 165, 166 

 electrical information 
 fractionated electrogram color maps, 167, 169 
 Isochronal mapping, 166–167 
 isochronal mapping, tachycardia, 167 
 recording, 166–167 
 voltage map, 168 

 fundamental principles, 164 
 linear ablation points, 163 
 NavX geometry, 163, 164 
 optimal clinical application 

 activation window, 170 
 chambers identifi cation, 170 
 complex reentrant circuits, 170–171 
 fi xed conduction block, 170 
 fractionated electrograms, 171–172 
 low-resolution maps, 170 
 maps interpretation, 167, 170 
 movement artifacts, 173 

 real-time position management system, 164  
  Contrast-induced nephropathy (CIN), 54  
  Coronary sinus (CS) 

 arched, 10, 14 
 atrioventricular bypass tracts, 10 
 ectopic atrial tachycardias, 10 
 mitral annulus, 11 
 retrograde venous, 9–10, 14 
 thebesian valves, 11, 15–16  

  Coronary vein 
 CT protoclos, 58–60 
 imaging, 245–247  

  Cristae terminalis, 87   

  D 
  Defi brillator In Acute Myocardial Infarction Trial (DINAMIT), 

192–193  
  Diastolic fi lling time (DFT), 267, 268  
  Displacement encoding with stimulated echoes (DENSE) 

 clinical studty, 243 
 technical aspects, 242–244  

  3D mapping systems, 299–300  
  Dyssynchrony evaluation 

 cardiac strain assessment, 234–236 
 CMR and CCT 

 CRT, 234 
 electrical, 234 
 heart failure epidemiology, 233–234 
 mechanical, 234 

 CRT, 245–247 

 DENSE 
 clinical studty, 243 
 technical aspects, 242–244 

 echocardiography ( see  Echocardiography) 
 LGE 

 clinical studies, 244 
 technical aspects, 244–245 

 MR concepts related to strain 
 contrast agents, 237–238 
 electrocardiographic gating, 237 
 magnetization, 236 
 MR pulse sequences, 236–237 
 myocardial signal, 237–238 
 RF excitation, 236 

 MRI-based measures, 239–240 
 myocardial tissue tagging, 238–239 
 pacemakers and defi brillators 

 clinical importance, 245, 246 
 MR safety, 245 

 SENC, 239–241 
 SSFP contour tracking methods 

 clinical studies, 242 
 technical aspects, 242 

 velocity-encoded MR imaging 
 clinical study, 241–242 
 technical aspects, 241   

  E 
  Ebstein anomaly, 141  
  Echocardiography 

 ARVD 
 apical four chambers, 75–76 
 diagonosis of, 75 
 genetic cardiomyopathy, 75 
 LV systolic dysfunction, 76 
 parasternal short and long-axis view, 75–76 
 RV systolic function, 76 
 subcostal view, 75–76 
 TAPSE, 76 

 atrial fi brillation 
 fossa ovalis, 75 
 hypertension, 72 
 ICE, 74–75 
 LA appendage thrombus, 72–73 
 LV systolic and diastolic, 72 
 M-mode or two-dimensional, 72 
 pulmonary venous ostia, 74 
 real-time 3DTEE, 73–74 
 TEE, 72–73 
 thromboembolism, 72–73 
 tissue Doppler imaging, 73 
 TTE, 72 

 borderline QRS duration, 229 
 clinical applications, 229 
 contrast-enhanced CMR, 210 
 2-dimensional speckle tracking strain, 203–206 
 electroanatomic mapping, 71, 74 
 electrophysiology procedure, 71–72 
 hypertrophic cardiomyopathy 

 asynchrony assessment, 78 
 diagonosis of, 78 
 diastolic function, 78 
 heart of athlete, 78 
 myocardial deformation, 78 
 myocardial hypertrophy, 76 



324 Index

 parasternal long-axis view, 76–77 
 peak and dome confi guration, 78 
 systemic hypertension, 76 

 interauricular septum, 75 
 intracardiac ( see  Intracardiac echocardiography) 
  M -mode, 202 
 myocardial contrast, 208, 209 
 not-compacted cardiomyopathy 

 color doppler, 78–79 
 congenital cardiac disorder, 79 
 diagnosis of, 78 
 neuromuscular disorder, 79 

 pathophysiological basis 
 CRT, 217–218 
 LBBB, 218 
 PROSPECT study, 219–220 

 pulsed wave Doppler, 73–74 
 resynchronization therapy, 227–230 
 risk of, 71 
 routine pulsed Doppler methods, 220–221 
 scintigraphic techniques, 210 
 speckle tracking 

 three-dimensional, 222, 226–228 
 two-dimensional, 221–222, 226, 227 

 stunning, 73 
 tissue Doppler imaging, 202–203 

 left bundle branch block, 220, 223 
 QRS widening, 220, 224 
 two-site opposing, 220, 222 
 velocity, 220 

 total scar burden, 209, 210 
 transesophageal, 133–134 
 transseptal puncture, 74, 75  

  Electroanatomical mapping (EAM), 38, 183–184 
 caveats and limitations, 174 
 contact ( see  Contact electroanatomical mapping) 
 3-D mapping advantages, 162 
 integrated anatomy-based mapping 

 CARTO-Merge, 175 
 3D imaging, 177 
 landmark registration, 175 
 reconstructed geometry, 176 

 mapping systems, 177 
 noncontact 

 electrical signals, 173–174 
 MEA, 173  

  Electrocardiographic gating, 237  
  Endoscopic laser balloon ablation system, 139  
  Epicardial ablation 

 anatomy, 100–104, 123, 129 
 pericardium 
 calcifi cations, 101–102 

 EP recording systems, 123 
 pericardium 

 coronary arteries, 102–103 
 epicardial fat, 104 
 phrenic nerve, 103 
 serous layer, 102  

  Esophagogastroduodenoscopy (EGD), 40  
  estimated Glomerular Filtration Rate (eGFR), 52   

  F 
  Fiber-optic imaging technology, 150  
  Fluoroscopy 

 angiorotation, 116, 117 
 antero-posterior projection, 4 
 CARTO to 3D ATG, 122–123 
 CCT/cMRI, 296–297 
 congenital ablation, 186 
 fossa ovalis, 6 
 ICE, 75 
 intracardiac catheter navigation, 37 
 myocardial contraction, 118 
 pediatric ablation, 182–183 
 reduction of, 139 
 safety considerations, 106   

  G 
  Gated blood-pool ventriculography scanning 

(GPBS), 254, 255   

  H 
  Heart anatomy 

 cardiac resynchronization therapy, 3, 9 
 defi brillators, 3 
 fl uoroscopic technique 

 antero-oblique projection, 3–4 
 antero-posterior projection, 3–4 
 lateral projection, 5 
 left antero-oblique projection, 5, 6 
 right antero-oblique projection, 6 

 left atrium 
 adjacent structure, pulmonary vein, 17–18 
 esophagus, 18–19, 26 
 left atrial appendage, 18 
 vestibule, 16–17, 20–21 

 left ventricle 
 antero & posterior quadrant, 25, 33 
 inlet, apical and outlet component, 24–25 
 LVOT, 25 
 morphology, 24 
 protuberences of, 24 
 ventricular cavity, 24, 31 

 pacemakers, 3 
 right atrium 

 atrial septum, 13–15 
 cavo-tricuspid isthmus, 7–9 
 coronary sinus ( see  Coronary sinus) 
 crista terminalis, 7 
 Eustachian valve, 9, 12 
 right atrial appendage, 6–7 
 sinus venosus, 5, 7, 8 
 sub-Eustachian pouch, 8, 12 
 vestibule, 7 

 right ventricle 
 ARVD, 23 
 crista supraventricularis, 23, 28 
 dysplasia triangle, 23 
 inlet, apical and outlet component, 23, 27 
 moderate band, 23, 28 
 RVOT, 21 
 trabecula septomarginalis, 23, 28 

 road map, 4 
 sophisticated imaging technique 

 computed tomography, 3–4 
 CT slice, 3–4 
 fl uoroscopy, 3–4 
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 magnetic resonance imaging, 3–5 
 real-time 3D transesophageal echocardiography, 3–4 

 virtual endoscopy, 7, 9  
  Heart to mediastinal ratio (HMR), 256  
  Helical scanning, 51, 52  
  HMR.  See  Heart to mediastinal ratio  
  Household units (HU), 48  
  Hypertrophic cardiomyopathy (HOCM) 

 echocardiography 
 asynchrony assessment, 78 
 diagonosis of, 78 
 diastolic function, 78 
 heart of athlete, 78 
 myocardial deformation, 78 
 myocardial hypertrophy, 76 
 parasternal long-axis view, 76–77 
 peak and dome confi guration, 78 
 systemic hypertension, 76 

 risk stratifi cation components, 285 
 scarring, 285–286   

  I 
  Idiopathic ventricular tachycardia, 42  
  I metaiodobenzylguanidine (MIBG), 255–256  
  Implantable cardioverter-defi brillator (ICD), 277 

 secondary and primary prevention 
 antiarrhythmic  vs.  implantable defi brillators 

trial, 192 
 arrhythmic mortality, 192, 194 
 candidates selection, 194–195 
 DINAMIT, 192 
 magnetic resonance imaging, 195 
 multidetector computed tomography, 195, 198 
 nuclear imaging, 196, 199–201 
 patient risk-stratifi cation, 193–194 
 total mortality, 192, 194  

  Instinctive motion controller (IMC), 312  
  Interventricular mechanical delay (IVMD), 220  
  Intracardiac echocardiography (ICE), 74–75 

 cardiac chambers and structures, 134, 135 
 clinical utility 

 catheter ablation, 137–140 
 transseptal puncture guidance, 136, 137 

 complications 
 cardiac structures damage, 142–143 
 pericardial effusion, 143, 144 
 tissue edema, 143, 144 

 3D echocardiography, 145–146 
 ventricular imaging, 136  

  Intra-procedural techniques.  See also  Echocardiography 
 AF ablation, 111–114 
 antral ablation, 115–116 
 complications 

 cardiac tamponade, 118 
 esophageal fi stula, 119 
 phrenic nerve injury, 118 
 pulmonary vein stenosis, 118, 119 

 epicardial ablation, 123, 129 
 EP recording systems, 123–128 
 fl uoroscopic imaging solutions 

 angiorotation, 116, 117 
 CARTO to 3D ATG, 122–123 

 left atrial linear lesions, 116 
 mitral line, 117–118 
 pulmonary vein anatomy 

 atrial lesions, 114 
 diameter, 113–114 
 frequency of, 111–112 

 pulmonary vein isolation, 114, 115 
 pulmonary vein stenosis, 114–115 
 RAO projection, 106 
 roof line, 116–117 
 safety considerations, 106 
 transseptal puncture 

 catheterization, 111 
 foramen ovale visualization, 107, 108 
 guidewire, 107 
  vs.  left main bronchus, 107 
 pressure monitoring, 107 
 radio-opaque contrast, 107, 111 

 X-ray fl uoroscopy, 105  
  Ishikawa’s technique, 266  
  Ismer’s technique, 267   

  L 
  Late gadolinium enhancement (LGE) 

 clinical studies, 244 
 technical aspects, 244–245 
 MRI 

 atrial fi brillation, 38, 39 
 radiofrequency ablation, 42, 44  

  Left atrial ablation 
 aorta, 92 
 atrial fi brillation, 89 
 esophagus, 92 
 NavX system, 89 
 phrenic nerve, 92–93 
 pouches and septal ridges, 92 
 pulmonary veins, 89–91 
 wall thickness, 91  

  Left bundle branch block (LBBB), 218  
  Left ventricle end-diastolic 

pressure (LVEDP), 264  
  Left ventricular ejection fraction (LVEF), 254  
  Left ventricular non-compaction (LVNC) 

 echocardiography, 288 
 magnetic resonance imaging, 287 
 trabeculations, 287–288  

  Left ventricular outfl ow tract (LVOT), 21, 25   

  M 
  Magnetic navigation 

 ablation 
 ACHD, 301, 302 
 atrial fi brillation, 309 
 catheters, 299 
 irrigated tip AF, 300, 301 
 pulmonary vein ostium, 309 
 remote-controlled, 300 

 advantages of, 301 
 baseline concept, 299 
 clinical trials 

 atrial fi brillation, 310–312 
 atrioventricular reentry tachycardia, 309 
 AV nodal reentry, 310 
 conventional catheter, 309 
 fl uoroscopy exposure, 310 
 mitral annulus, 310 
 pulmonary vein isolation, 310 
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 supraventricular arrhythmias, 309 
 ventricular tachycardia, 310–311 

 computer interface, X-ray images, 307–308 
 3D mapping systems, 299–300 
 electroanatomic mapping, 312 
 fi delity fl uoroscopy, 307 
 implantable devices, 302 
 left ventricular mapping, 312 
 Niobe II system, 307 
 pacemakers/ICDs, 312 
 principles of, 306 
  vs.  robotic navigation, 318–319 
 safety and effi cacy, catheter, 308 
 skull via burr hole, 307 
 tachycardia substrates, 300 
 tools, 301–302  

  Magnetic resonance imaging (MRI) 
 atrial fi brillation 

 ablation success prediction, 38 
 cardiac arrhythmia, 38 
 image acquisition, 38–39 
 LA cMRI and non-fl uoroscopy based mapping system, 38 
 LGE-MRI quantifi cation, 39 
 post ablation scarring, 39 
 pulmonary vein, 38 
 safety, 40 
 staging, 38–40 
 structural remodeling, 39 
 tissue characterization, 38 

 radiofrequency ablation 
 late imaging and recurrence, 42–43 
 non-refl ow phenomenon and LGE-MRI, 42, 44 
 post wall edema, 42, 43 

 real-time MRI, 43–45 
 safety, 40 
 ventricular tachycardia 

 ARVD/C, 42 
 ischemic VT, 40–42 
 normal ventricles, 42  

  Magnetization, 236  
  MEA.  See  Multi-Electrode Array  
  Mechanical dyssynchrony 

 in cardiomyopathy, 234, 235 
 circumferential strain, 235–236 
 CRT, 247, 248 
 defi nitions, 234 
 strain  vs.  velocity, 234–235  

  Meluzin technique, 266–267  
  6 min walk test (6MHWT), 269  
  Mitral infl ow, 267–269  
  Multidetector computed tomography, 195, 198  
  Multi-detector CT (MDCT) scanner, 49–51  
  Multi-Electrode Array (MEA), 173  
  Multi-planar reformations (MPR) images, 56–57  
  Myocardial performance index (MPI), 270, 272  
  Myocardial tissue tagging 

 automatic tracking, 238 
 HARP method, 238–239 
 tag lines detection, 238   

  N 
  Noncontact mapping 

 electrical signals, 173–174 
 MEA, 173  

  Non-gated CT, 50, 51  

  Nonischemic cardiomyopathy, 281–282  
  Nuclear imaging 

 CRT 
 BNP, 256 
 ECHO, 254 
 GPBS phase analysis, 254, 255 
 HMR, 256 
 LVEF, 254 
 MIBG, 255–256 
 MVO 

2
 , 255 

 neurotransmission, 255, 257 
 VT ablation, 257, 258 

 ECG-gated SPECT 
 arrhythmogenic myocardial substrate, 200–201 
 CABG-patch trial, 196 
 cardiac innervation and denervation, 199 
 I-mIBG, 199–200 
 MADIT-II trial, 199 

 historical perspectives, 251–252 
 hybrid imaging, 67–68 
 implantable cardioverter defi brillator, 196, 199–201 
 PET, 253–254, 258, 259 

 clinical cardiology, 67 
 C-MQNB, 67 
 molecular function imaging, 67 
 myocardial metabolism, 67 
 myocardial perfusion, 67 
 scanner, 65 

 SPECT, 252–253 
 arrhythmogenic RV, 66 
 artifacts, 64–65 
 ECG gating, 64–65 
 end-diastolic axis, 64 
 end-systolic axis, 64 
 heart-to-mediastinum ratio, 66 
 innervation image, 66–67 
 myocardial perfusion, 65–66 
 pulmonary hypertension, 66 
 ventricular function, 66   

  P 
  Pacemakers and defi brillators 

 clinical importance, 245, 246 
 MR safety, 245  

  Pediatric ablation 
 complex imaging, 186 
 components of, 182 
 congenital, 181–182 
 electroanatomical mapping and navigation, 183–184 
 fl uoroscopy, 182–183 
 multimodal image fusion, 186 
 ultrasound, 185–186  

  Pericardial effusion, 143, 144  
  Pericardium ablation 

 coronary arteries, 102–103 
 epicardial fat, 104 
 phrenic nerve, 103 
 serous layer, 102  

  Physician workstation (PWS), 312  
  Positron emission tomography (PET) 

 C11-hydroxyephedrine, 257 
 clinical cardiology, 67 
 C-MQNB, 67 
 C–11 palmitate, 253 
 electroanatomical mapping, 258 
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 fl ourine–18, 253–254 
 hybrid imaging, 67–68 
 innervation imaging, 65, 67 
 molecular function imaging, 67 
 myocardial metabolism, 67 
 myocardial perfusion, 67 
 myocardial viability, 210 
 scanner, 65 
 scar imaging, 248  

  Prospectively ECG-triggered scanning, 51, 52  
  Pulmonary vein 

 anatomy, 51 
 CT protocols, 57–59 
 isolation, 114, 115 
 stenosis, 114–115   

  R 
  Radiofrequency (RF) 

 ablation, 38, 42–43 
 excitation, 236  

  Real-time MRI (RT-MRI), 43–45  
  Retrospectively ECG-gated scan, 51, 52  
  Right ventricular outfl ow tract (RVOT), 21  
  Ritter’s technique, 266  
  Robotic navigation 

 complications avoidance 
 cardiac tamponade, 317 
 fl at wire defl ection mechanisms, 317 
 introducer sheath, 316 
 thick septum, 317 
 transseptal puncture, 317 

 development and clinical study 
  vs.  conventional manual navigation, 315–316 
 custom imaging software, 313, 314 
 Hansen system, 316 
 procedure time, 316 
 pulmonary vein isolation, 313–314 
 radiation exposure, 314 
 tissue contact, 316 

 left atrial mapping and ablation, 313 
  vs.  magnetic navigation, 318–319 
 optimal energy titration, 317 
 principles of 

 IMC, 312 
 PWS, 312 
 steerable sheath system, 312–313 

 steerable sheath size, reduction, 317 
 transseptal needle, 317  

  Routine pulsed Doppler echocardiography, 220–221   

  S 
  Saline-fi lled balloon steerable endoscope 

 ablation lesions, 154 
 right atrial appendage, 155 
 right atrium, 155  

  Sarcoidosis 
 DE-MRI, 286–287 
 incidence, 286  

  Scar-based monomorphic ventricular tachycardia, 40–42  
  Sequential scanning, 51, 52  
  Single photon emission computed tomography (SPECT) 

 arrhythmogenic RV, 66 
 artifacts, 64–65 
 CAD, 65 

 ECG gating, 64–65 
 end-diastolic axis, 64 
 end-systolic axis, 64 
 heart-to-mediastinum ratio, 66 
 innervation image, 66–67 
 myocardial perfusion, 65–66 
 pulmonary hypertension, 66 
 ventricular function, 66  

  Speckle tracking echocardiography 
 three-dimensional, 222, 226–228 
 two-dimensional, 221–222, 226, 227  

  Spiral scanning, 51, 52  
  Steady-state free precession (SSFP) 

 clinical studies, 242 
 pulse sequence, 237 
 technical aspects, 242  

  Steerable sheath system, 312–313  
  Step-and-shoot scanning, 51, 52  
  Strain-encoded magnetic resonance imaging (SENC) 

 baseline tag frequency, 240 
 clinical study, 241 
 fast-SENC, 240–241 
 longitudinal strain measurement, 239–240 
 tag pattern, 240  

  Substrate assessment 
 CRT ( see  Cardiac resynchronization therapy) 
 ICD ( see  Implantable cardioverter-defi brillator)  

  Sudden cardiac death 
 ARVC/D 

 hypertrophic cardiomyopathy, 285–286 
 imaging impact, 282–285 
 sarcoidosis, 286–287 

 border zone 
 electroanatomic voltage map, 282, 283 
 pre procedural computed tomography imaging, 282, 284 

 critical components 
 DETERMINE Study, 281 
 nonischemic cardiomyopathy, fi brosis/scar, 281–282 
 scar imaging, 280–281 

 exercise treadmill testing, 277 
 ICD, 277 
 LVNC, 287–288 
 myocardial perfusion imaging, 277 
 myocardium 

 magnetic resonance imaging usuage, 278 
 mortality rate, 278, 280 

 ventricular tachycardia, 278, 279 
 image integration, 278–280   

  T 
  Three-dimensional transesophageal echocardiography (3DTEE), 

73–74  
  Tissue Doppler imaging (TDI) 

 color-coded, 203 
 derived strain, 203 
 left appendage contractile, 73 
 left bundle branch block, 220, 223 
 LV dyssynchrony, 206 
 QRS widening, 220, 224 
 RV systolic function, 76 
 two-site opposing, 220, 222 
 velocity, 220  

  Tissue edema, 143, 144  
  Topogram, 55  
  Trabecula septomarginalis (TSM), 23, 28  
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  Trans-axial images, 56–57  
  Transesophageal echocardiography (TEE), 72–73, 133–134  
  Transseptal puncture 

 catheterization, 111 
 foramen ovale visualization, 107, 108 
 guidewire, 107 
  vs.  left main bronchus, 107 
 pressure monitoring, 107 
 radio-opaque contrast, 107, 111  

  Transseptal puncture guidance, 136, 137  
  Transthoracic echocardiography (TTE), 72  
  Tricuspid annular plane systolic excursion (TAPSE), 76  
  Tube-balloon system, 150   

  U 
  Ultrasound 

 ablative imaging, 184–185 
 catheter, 74 
 congenital heart disease, 186 
 intracardiac, 177 
 intracardiac catheters, 133 
 lipomatous hypertrophy, 136 
 pediatric ablation 

 CartoSOUND integration, 185 
 intracardiac, 184, 185 

 transducer-tipped catheter, 134 
 transmitting and receiving device, 164   

  V 
  Velocity-encoded (VENC) MR imaging 

 clinical study, 241–242 
 technical aspects, 241  

  Ventricular mapping, 98–99  
  Ventricular tachyarrhythmias 

 DETERMINE study, 281 
 scar tissue, 280  

  Ventricular tachycardia (VT), 278, 279 
 image integration 

 DE-MRI, 279 
 PET, 279–280 
 in vivo porcine infarcts, MRI, 278–280 

 magnetic resonance imaging 
 ARVD/C, 42 
 ischemic VT, 40–42 
 normal ventricles, 42  

  Ventriculo-ventricular (V-V) delay optimization 
 echocardiography-based techniques 

 clinical outcomes, 273–274 
 tissue Doppler imaging, 273 

 nuclear imaging-based, 274  
  Volume-rendering techniques (VRT) images, 57   

  W 
  Wolff–Parkinson–White syndrome, 141   

  X 
  X-ray fl uoroscopy, 105        
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