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P R E FA C E
We are pleased to launch this 4th edition after increasing levels of
demand from readers and practitioners all over the world. This newest
edition tracks the rapid and exciting development of new mapping/
imaging/catheter technologies and ablation techniques in our rapidly
changing field. We could not have prepared this text without the valuable input from countless readers, and we continue to welcome your
comments, criticisms, and feedback to improve future editions of this
book.
Major changes in this edition include the addition of several innovative chapters and new authors, particularly in the areas of atrial fibrillation and ventricular tachycardias. We also removed obsolete content
and updated every chapter to match the latest in field knowledge and
application methods, such as fundamental concepts of biophysics
and parameters of radiofrequency lesion formation and cryothermal
ablation, ablation-related anatomy, pathophysiology and diagnoses of
arrhythmias, as well as 3-dimensional mapping/image-guided ablation
techniques of common and uncommon arrhythmias. We also provided
troubleshooting tips for helpful guidance in difficult cases. In addition
to hundreds of detailed figures and tables, the number of online videos has been substantially expanded to facilitate access to and ease of
learning.
We retained some features from prior editions including the same
chapter format for consistency in organizational structure and content
presentation. We continued our work with experienced, skilled, and
acclaimed subject matter experts to write and review each chapter.
Finally, we remained committed to casting a wide readership net and
aimed to make this book readily accessible to all levels of cardiac electrophysiologists, trainees, and allied health professionals.

We envision this book to be a powerful and authoritative reference tool for the office; a practical guide for patient care, teaching, and
preparation for the board examination in clinical cardiac electrophysiology; a comprehensive and trustworthy manual for an ablation procedure; and a valuable and accessible resource in every electrophysiology
laboratory. We also hope that this book will help the next generation of
practitioners be better equipped to overcome challenges and succeed in
the expanding field of cardiac electrophysiology.
Shoei K. Stephen Huang, MD
Temple, Texas, USA
John M. Miller, MD
Indianapolis, Indiana, USA
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Biophysics and Pathophysiology of
Radiofrequency Lesion Formation
David E. Haines
KEY POINTS
•	Radiofrequency (RF) energy induces thermal lesion formation
through resistive heating of myocardial tissue. Tissue temperatures
of 50°C or higher are necessary for irreversible injury.
•	Under controlled conditions, RF lesion size increases with
increasing delivered power, electrode–tissue interface temperature,
electrode diameter, and contact force.
•	Power density declines with the square of distance from the
source, and tissue temperature declines inversely with distance
from the heat source.
•	The ultimate RF lesion size is determined by the zone of acute
necrosis as well as by the region of microvascular injury.

•	Electrode cooling reduces the efficiency of tissue heating. For
a fixed energy delivery, blood flow over the electrode–tissue
interface reduces lesion width on the surface by convective
tissue cooling. Cooled ablation increases lesion size by allowing
the operator to increase the power that can be delivered before
limiting electrode–tissue interface temperatures are achieved.
•	Avoiding collateral injury while maintaining lesion transmurality
when ablating thin-walled structures is challenging because
present technology does not allow the operator to monitor lesion
formation in real time.

When Huang and colleagues first introduced radiofrequency (RF)
catheter ablation in 19851 as a potentially useful modality for the management of cardiac arrhythmias,2 few would have predicted its meteoric rise. In the past 2 decades, it has become one of the most useful
and widely used therapies in the field of cardiac electrophysiology. RF
catheter ablation has enjoyed a high efficacy and safety profile, and
indications for its use continue to expand. Improvements in catheter
design have continued to enhance the operator’s ability to target the
arrhythmogenic substrate, and modifications in RF energy delivery
and electrode design have resulted in more effective energy coupling
to the tissue. It is likely that most operators view RF catheter ablation
as a black box in that once the target is acquired, they need only push
the button on the RF generator. However, gaining insight into the biophysics of RF energy delivery and the mechanisms of tissue injury in
response to this intervention will help the clinician to optimize catheter
ablation, which may ultimately enhance its efficacy and safety.

frequencies are more likely to stimulate cardiac muscle and nerves,
resulting in arrhythmias and pain sensation. Higher frequencies will
result in tissue heating; however, in the megahertz range, the mode of
energy transfer changes from electrical (resistive) heating to dielectric
heating (as observed with microwave energy). With very high frequencies, conventional electrode catheters become less effective at transferring the electromagnetic energy to the tissue, and therefore complex
and expensive catheter antenna designs must be used.3
Resistive heat production within the tissue is proportional to the RF
power density, and that, in turn, is proportional to the square of the
current density (Table 1.1). When RF energy is delivered in a unipolar
fashion, the current distributes radially from the source. The current
density decreases in proportion to the square of the distance from the
RF electrode source. Thus direct resistive heating of the tissue decreases
proportionally with the distance from the electrode to the fourth power
(Fig. 1.1). As a result, only the narrow rim of tissue in close contact with
the catheter electrode (2–3 mm) is heated directly. All heating of deeper
tissue layers occurs passively through heat conduction.4 If higher power
levels are used, both the depth of direct resistive heating and the volume
and radius of the virtual heat source will increase.

BIOPHYSICS OF TISSUE HEATING
Resistive Heating
The RF energy is a form of alternating electrical current that generates a lesion in the heart by electrical heating of the myocardium. A
common form of RF ablation found in the medical environment is the
electrocautery, which is used for tissue cutting and coagulation during
surgical procedures. The goal of catheter ablation with RF energy is
to transform electromagnetic energy into thermal energy in the tissue effectively and to destroy the arrhythmogenic tissues by heating
them to a lethal temperature. The mode of tissue heating by RF energy
is resistive (electrical) heating. As electrical current passes through a
resistive medium, the voltage drops and heat is produced (similar to
the heat that is created in an incandescent light bulb). The RF electrical
current is typically delivered in a unipolar fashion with completion of
the circuit through an indifferent electrode placed on the skin. Typically, an oscillation frequency of 500 to 750 kHz is selected. Lower
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Thermal Conduction
Most of the tissue heating resulting in the formation of lesion during
RF catheter ablation occurs as a result of thermal conduction from
the direct resistive heat source. Transfer of heat through tissue follows
basic thermodynamic principles and is represented by the bioheat
transfer equation.5 Change in tissue temperature with increasing distance from the heat source is called the radial temperature gradient.
At the onset of RF energy delivery, the temperature is very high at the
source of heating and falls off rapidly over a short distance (see Fig.
1.1 and Videos 1.1 and 1.2 on Expert Consult). As time progresses,
more thermal energy is transferred to deeper tissue layers by thermal
conduction. The tissue temperature at any given distance from the heat
source increases in a monoexponential fashion over time. Sites close to

CHAPTER 1
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Equations Describing Biophysics
of Radiofrequency Ablation
TABLE 1.1
V=IR

Ohm’s Law
V – voltage
I – current
R – resistance

Power = V I (cos ά)

Cos ά – phase shift between voltage (V)
and current (I) in alternating current

Current Density = I/4 π r2

I – total electrode current
r – distance from electrode center

SAR =│E│2
σ/r = │J│2 │ σ r

SAR – heat production per unit of volume of
tissue
σ – tissue electrical conductivity
r – tissue mass density
E – electrical field strength
J – electrical current density

J = I │ π r2

I – current, r – distance of spherical boundary
from electrode center in conductive medium

SAR at boundary α I2/ r4
T (t) = Tss + (Tinitial – Tss)
e-t/τ

Monoexponential relationship between
tissue temperature (T) and duration of radiofrequency energy delivery (t).
Tinitial – starting tissue temperature
Tss – tissue temperature at steady state
τ – time constant

r/ri = (to – T) / (t – T)

Relationship between tissue temperature and
distance from heat source in ideal system.
r – distance from center of heat source,
ri – radius of heat source, to – temperature
at electrode tissue interface, T – basal tissue
temperature, t – temperature at radius r.

the heat source have a rapid rise in temperature (a short half-time of
temperature rise), whereas sites remote from the source heat up more
slowly.6 Eventually, the entire electrode–tissue system reaches steady
state, meaning that the amount of energy entering the tissue at the
thermal source equals the amount of energy that is being dissipated at
the tissue margins beyond the lesion border. At steady state, the radial
temperature gradient becomes constant. If RF power delivery is interrupted before steady state is achieved, tissue temperature will continue
to rise in deeper tissue planes as a result of thermal conduction from
more superficial layers heated to higher temperatures. In one study, the
duration of continued rise in temperature at the lesion border zone
after a 10-second RF energy delivery was 6 seconds. The temperature
increased by an additional 3.4°C and remained above the temperature
recorded at the termination of energy delivery for more than 18 seconds. This phenomenon, termed thermal latency, has important clinical
implications because active ablation, with beneficial or adverse effects,
will continue for a certain period despite cessation of RF current flow.7
Because the mechanism of tissue injury in response to RF ablation
is thermal, the final peak temperature at the border zone of the ablative
lesion should be relatively constant. Experimental studies predict this
temperature with hyperthermic ablation to be approximately 50°C,3
although alternative methods propose that this critical temperature
may be higher.8 This is called the isotherm of irreversible tissue injury.
The point at which the radial temperature gradient crosses the 50°C
isothermal line defines the lesion radius in that dimension. One may
predict the three-dimensional temperature gradients with thermodynamic modeling and finite-element analysis and by doing so can
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predict the anticipated lesion dimensions and geometry with the 50°C
isotherm. In an idealized medium of uniform thermal conduction
without convective heat loss, a number of relationships can be defined
using boundary conditions when a steady-state radial temperature gradient is achieved. In this theoretical model, it is predicted that radial
temperature gradient is inversely proportional to the distance from
the heat source. The 50°C isotherm boundary (lesion radius) increases
in distance from the source in direct proportion to the temperature at
that source. It was predicted, then demonstrated experimentally, that in
the absence of significant heat loss because of convective cooling, the
lesion depth and diameter are best predicted by the electrode–tissue
interface temperature.4 In the clinical setting, however, the opposing
effects of convective cooling by circulating blood flow diminish the
value of electrode-tip temperature monitoring to assess lesion size.
The idealized thermodynamic model of catheter ablation by tissue
heating predicted, then demonstrated, that the radius of the lesion is
directly proportional to the radius of the heat source (Fig. 1.2).9 When
one considers the virtual heat source radius as the shell of direct resistive heating in tissue contiguous to the electrode, it is not surprising
that larger electrode diameter, length, and contact area all result in a
larger source radius and larger lesion size, and that this may result in
enhanced procedural success. Higher power delivery not only increases
the source temperature but also increases the radius of directly heated
tissue (i.e., the heat source), thereby increasing lesion size in two ways.
These theoretical means of increasing the efficacy of RF catheter ablation have been realized in the clinical setting with large-tip catheters
and cooled-tip catheters.10–12
The relationship of ablation catheter distance from the ablation
target to the power requirements for clinical effect was tested in a
Langendorff-perfused canine heart preparation. Catheter ablation of
the right bundle branch was attempted at varying distances, and during
the delivery of RF energy, power was increased in a stepwise fashion.
The RF power required to block the right bundle branch conduction
increased exponentially with increasing distance from the catheter. At
a distance of 4 mm, most RF energy deliveries reached the threshold
of impedance rise before block was achieved. When pulsatile flow was
streamed past the ablation electrode, the power requirements to cause
block increased fourfold.13 Thus the efficiency of heating diminished
with cooling from circulating blood, and small increases in distances
from the ablation target corresponded with large increases in ablation
power requirements, emphasizing the importance of optimal targeting
for successful catheter ablation.

Sudden Impedance Rise
While the peak tissue temperature increases during ablation, the temperature at greater tissue depths also increases. A very high source temperature therefore should theoretically yield a very deep 50°C isotherm
temperature and, in turn, very large ablative lesions. Unfortunately,
this process is prevented in the biological setting because of the formation of coagulum and char at the electrode–tissue interface when temperatures exceed 100°C. At 100°C, blood literally begins to boil. This
can be observed in the clinical setting with generation of showers of
microbubbles if tissue heating is excessive.14 As the blood and tissue in
contact with the electrode catheter desiccate, the residue of denatured
proteins adheres to the electrode surface. These substances are electrically insulating and result in a smaller electrode surface area available
for electrical conduction. In turn, the same magnitude of power is concentrated over a smaller surface area, and the power density increases.
With higher power density, the heat production increases, and more
coagulum is formed. Thus in a positive-feedback fashion, the electrode
becomes completely encased in coagulum within 1 to 2 seconds. In a
study testing ablation with a 2-mm-tip electrode in vitro and in vivo, a
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Fig. 1.1 Infrared thermal imaging of tissue heating during radiofrequency ablation with a closed irrigation catheter. Power is delivered at 30 W to blocks of porcine myocardium in a tissue bath. The surface of the tissue is
just above the fluid level to permit thermal imaging of tissue and not the fluid. Temperature scale (right) and a
millimeter scale (top) are shown in each panel. A, When viewed from the surface, there is radial heating of the
tissue from the electrode. B, Tissue heating visualized in cross section. The electrode is partially submerged in
the fluid bath and perpendicular to the upper edge of the tissue. In both cases, very high tissue temperatures
(>96°C) are achieved at 60 seconds because of the absence of fluid flow over the tissue surface.

measured temperature of at least 100°C correlated closely with a sudden rise in electrical impedance (Fig. 1.3).15 All modern RF energy
ablation systems have an automatic energy cutoff if a rapid rise in
electrical impedance is observed. Some experimenters have described
accumulation of soft thrombus when temperatures exceed 80°C.16 This
is likely caused by blood protein denaturation and accumulation, but
fortunately appears to be more of a laboratory phenomenon than one

observed in the clinical setting. When high temperatures and sudden
rises in electrical impedance are observed, there is concern about the
accumulation of char and coagulum, with the subsequent risk of char
embolism. Reports of asymptomatic cerebral embolic lesions on diffusion weighted imaging–magnetic resonance imaging (MRI) images
after atrial fibrillation ablation highlight the clinical significance of
microembolism.17,18 Anticoagulation and antiplatelet therapies have
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Fig. 1.2 A, Radial temperature gradients measured during in vitro catheter ablation with source temperatures varying from 50°C to 80°C. The
tissue temperature falls in an inverse proportion to distance. The horizontal line represents the 50°C isothermal line. The point at which the
radial temperature gradient crosses the 50°C isotherm determines the
boundary of the lesion. A higher source temperature results in a greater
lesion depth. B, Lesion depth and diameter are compared with the electrode radius in temperature-feedback power-controlled radiofrequency
ablation. A larger diameter ablation electrode results in higher power
delivery and a proportional increase in lesion dimension.
been proposed as preventative measures,19 but meticulous sheath management avoidance of excessive heating at the electrode–tissue interface remains the best strategy to avoid this risk.20

Convective Cooling
The major thermodynamic factor opposing the transfer of thermal
energy to tissue is convective cooling. Convection is the process in which
heat is rapidly distributed through a medium by active mixing of that
medium. In the case of RF catheter ablation, the heat is produced by
resistive heating and transferred to deeper layers by thermal conduction.
Simultaneously, the heat is conducted back into the circulating blood
pool and metal electrode tip. Because the blood is moving rapidly past
the electrode and over the endocardial surface, and because water (the
main constituent of blood) has a high heat capacity, a large amount of
the heat produced at the site of ablation can be carried away by the blood.
Convective cooling is such an important factor that it dominates the
thermodynamics of catheter ablation.21 Efficiency of energy coupling to
the tissue can be as low as 10%, depending on electrode size, catheter stability, and position relative to intracavitary blood flow.22 Unstable, sliding
catheter contact results in significant tip cooling and decreased efficiency
of tissue heating.23 This is most often observed with ablation along the
tricuspid or mitral valve annuli, or on the left pulmonary vein ridge.
Paradoxically, the convective cooling phenomenon has been used to
increase lesion size. As noted earlier, maximal power delivery during RF
ablation is limited by boiling of blood and coagulum formation at the

No impedance
Impedance
rise
rise
Fig. 1.3 The association of measured electrode-tip temperature and
sudden rise in electrical impedance is shown in this study of radiofrequency catheter ablation with a 2-mm-tip ablation electrode in vitro (blue
circles) and in vivo (yellow squares). The peak temperature recorded at
the electrode–tissue interface is shown. Almost all ablations without a
sudden rise in electrical impedance had a peak temperature of 100°C or
less, whereas all but one ablation manifesting a sudden rise in electrical
impedance had peak temperatures of 100°C or more. (From Haines DE,
Verow AF. Observations on electrode–tissue interface temperature and
effect on electrical impedance during radiofrequency ablation of ventricular myocardium. Circulation. 1990;82:1034-1038. With permission.)

electrode tip. However, if the tip is cooled, a higher magnitude of power
may be delivered without a sudden rise in electrical impedance. The
higher magnitude of power increases the depth of direct resistive heating and, in turn, increases the radius of the effective heat source. In addition, higher temperatures are achieved 3 to 4 mm below the surface, and
the entire radial temperature curve is shifted to a higher temperature
over greater tissue depths. The result is a greater 50°C isotherm radius
and a greater depth and diameter of the lesion. Nakagawa and coworkers demonstrated this phenomenon in a blood-superfused exposed
thigh muscle preparation. In this study, intramural tissue temperatures
3.5 mm from the surface averaged 95°C with an irrigated-tip catheter
despite a mean electrode–tissue interface temperature of 69°C. Lesion
depths were 9.9 mm compared with 6.1 mm in a comparison group of
temperature-feedback power control delivery with no electrode irrigation (Fig. 1.4). An important finding of this study was that six of 75
lesions had a sudden rise in electrical impedance associated with an
audible pop. In these cases, the intramural temperature exceeded 100°C,
resulting in sudden steam formation and a steam pop. The clinical concern about pop lesions is that sudden venting of steam to the endocardial or epicardial surface (or both) can potentially cause perforation and
tamponade.24 Monitoring intramyocardial steam formation with near
field ultrasound to terminate energy delivery before steam venting can
occur has been proposed as a method of mitigating this risk.25
The observation of increasing lesion size with ablation-tip cooling
holds true only when the ablation is not power limited. If the level of
power used is insufficient to overcome the heat lost by convection,
the resulting tissue heating may be inadequate. In this case, convective cooling will dissipate a greater proportion of energy, and less of
the available RF energy will be converted into tissue heat. The resulting lesion may be smaller than it would be if there was no convective
cooling. As power is increased to a higher level, more energy will be
converted into tissue heat, which results in larger lesions. If power is
unlimited and temperature-feedback power control delivery is used,
greater magnitudes of convective cooling will allow for higher power
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Fig. 1.4 Current, voltage, and temperatures measured during radiofrequency catheter ablation with a perfused-tip electrode catheter in
a canine exposed thigh muscle preparation are shown. Temperatures
were recorded within the electrode, at the electrode–tissue interface,
and within the muscle below the ablation catheter at depths of 3.5 and
7 mm. Because the electrode–tissue interface is actively cooled, high
current and high voltage levels can be used. This results in an increased
depth of direct resistive heating and superheating of the tissue below
the surface of ablation. The peak temperature in this example at a
depth of 3.5 mm was 102°C, and at 7 mm was 67°C, indicating that the
50°C isotherm defining the lesion border was significantly deeper than
7 mm. (From Nakagawa H, Yamanashi WS, Pitha JV, et al. Comparison
of in vivo tissue temperature profile and lesion geometry for radiofrequency ablation with a saline-irrigated electrode versus temperature
control in a canine thigh muscle preparation. Circulation. 1995;91:22642273. With permission.)

levels and very large lesions. Thus paradoxically in this situation, lesion
size may be inversely related to the electrode–tissue interface temperature if the ablation is not power limited.26 However, if power level is
fixed (most commercial RF generators limit power delivery to 50 W for
use with standard catheters), lesion size increases in proportion to the
electrode–tissue interface temperature even in the setting of significant
convective cooling (Fig. 1.5).27
The magnitude of convective cooling that is achieved with irrigated
catheters is relatively small compared to the circulating blood pool, but
this cooling can occur in the highly localized region at the electrode–
tissue interface. The main effect of irrigation is to prevent excessive surface
heating, boiling, char formation, and impedance rise despite use of high
power amplitude. High versus low irrigation rates do not affect the ablation
lesion depth if power is constant. However, high irrigation rates do result
in smaller lesion diameter on the endocardial surface. Thus if thin-walled
tissues are being ablated (e.g., posterior left atrial wall), then using high
irrigation flow rate will not alter risk of injury to collateral structures, but it
will decrease ablation efficacy by reducing superficial lesion size.28
Electrode-tip cooling can be achieved passively or actively. Passive
tip cooling occurs when the circulating blood flow cools the mass of the
ablation electrode and cools the electrode–tissue interface. This can be
enhanced by using a large ablation electrode29 or by using an electrode
material with high thermal conductivity, such as gold30,31 or diamond.32
Active tip cooling can be realized with a closed or open perfused-tip system. One design recirculates the saline through a return port, and the
opposing design infuses the saline through weep holes in the electrode into
the bloodstream. Both designs are effective and result in larger lesions and
greater procedure efficacy than standard RF catheter ablation,33,34 although
open irrigation is preferred because operators observe less tendency for
formation of thrombus compared to closed systems. Present-day electrode
geometries vary considerably, tip irrigation is used routinely, and standard
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Fig. 1.5 Temperatures measured at the tip of the electrode during
experimental radiofrequency ablation and power are compared with
the resulting lesion volume in this study. A maximal power of 70 W
was used. If lesion creation was not power limited (group 1), the lesion
volume was a function of the delivered power. However, if lesion production was limited by the 70-W available power maximum (group 2),
the temperature measured at the electrode tip correlated with lesion
size. (From Petersen HH, Chen X, Pietersen A, et al. Lesion dimensions
during temperature-controlled radiofrequency catheter ablation of left
ventricular porcine myocardium: impact of ablation site, electrode size,
and convective cooling. Circulation. 1999;99:319-325. With permission.)

catheters embed their thermocouples within the mass of the electrode tip,
thereby providing evidence of tip cooling with irrigation, but no ability to
detect tissue heating. A new generation of temperature sensing catheters
offers to improve this scenario. Six miniature thermocouple sensors have
been positioned immediately below the electrode surface and distributed
around the tip of a force sensing catheter, significantly improving ability to
predict catheter orientation and lesion depth.35
Because the peak tissue temperature is shifted from the endocardial surface to deeper intramyocardial layers, there is a risk of excessive intramural heating and pop lesions. The challenge for the clinician
lies with the fact that with varying degrees of convective cooling, there
is no reliable method for monitoring whether tissue heating is inadequate, optimal, or excessive. Cooling at the electrode–tissue interface
limits the value of temperature monitoring to prevent excess power
delivery and steam pops. New technologies such as MR thermography36 or near-field ultrasound-guided ablation37 may allow the operator to visualize lesion formation real time during energy delivery and
more precisely adjust power and magnitude of convective cooling to
optimize lesion formation. Catheter ablation in the pericardial space
is a unique condition. Because there is no circulating blood, there is
no convective cooling whatsoever. Ablations performed with conventional RF catheters yield very small lesions. Perfused-electrode catheters are usually used in this setting to provide some surface cooling
and allow ablation at higher powers. In particular, linear ablation tools
designed for surgical ablation of atrial fibrillation from the epicardial
surface require cooling to achieve transmural atrial lesions.38,39
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Biophysics and Pathophysiology of Radiofrequency Lesion Formation

Catheter Contact Force and Orientation
It has long been appreciated that electrode–tissue contact force is
an important factor in successful RF energy lesion formation. With
increasing force, greater proportion of the electrode surface area
is in contact with the tissue, and there is more efficient energy
coupling. In addition, with thin-walled tissues, the endocardial
surface is slightly depressed with increasing contact force and the
tissue is somewhat thinner at the contact point. This increases the
likelihood that the RF lesion will be transmural. In recent years,
force-sensing catheters have been developed that use either fiber–
optic or piezoelectric components attached to a flexible catheter tip
that can accurately measure the force applied to the tip electrode
of the catheter. Lesions created with higher contact force (>20 g–
force) were larger and required lower powers than lesions created
with lower contact force.40 Contact force catheters have also been
used to determine that the average force needed for atrial perforation in a swine model was 175 g–force (range, 77–376 g–force).41
Force-sensing catheters have been tested extensively in the clinical
setting. Successful catheter ablation has been associated with higher
contact forces, and higher forces that have been applied over longer
durations (the force-time integral).42,43 However, there is a concern
that using greater contact force and longer durations during ablation of the posterior left atrial wall may have contributed to a higher
risk of atrial-esophageal fistula.44
Catheter orientation will affect lesion size and geometry. Perpendicular catheter orientation results in less electrode surface area in
contact with the tissue and more surface area in contact with the
circulating blood pool. Parallel catheter orientation provides more
electrode–tissue contact. With unrestricted power delivery, the parallel orientation should produce the larger lesion. In perfused-tip
catheters, parallel orientation also results in more active tissue cooling and smaller lesion sizes than a perpendicular orientation.45 The
resultant interplay among active cooling, passive cooling, and power
availability or limitation determines whether the lesions will be larger
or smaller in these varying conditions. If perfused-tip catheters are
positioned in a parallel orientation with greater tissue cooling, the
lesions are smaller in vitro because of diminished efficiency of energy
delivery. The effects of catheter orientation are less important with
4- or 5-mm-tip catheters but become more dominant when 8- or
10-mm tips are used.

Electrical Current Distribution
Catheter ablation depends on the passage of RF electrical current
through tissues. As tissue contact improves, the impedance of the
RF electrical circuit decreases since there is lower impedance at an
electrode–tissue interface than at an electrode-blood interface.46,47
A strong correlation is observed between effective lesion formation
and rate of impedance fall during energy delivery because hotter
tissue has a lower impedance than cooler tissue. When electrode–
tissue interface temperature monitoring is unreliable because of
high-magnitude convective cooling, an observed impedance drop is
a useful sign that tissue heating is occurring. An initial impedance
drop greater than 10 Ω is an indicator of good catheter contact as
assessed by force-sensing catheters.48 With the progressive fall in
impedance during ablation, the delivered current increases along
with tissue heating. If no impedance drop is observed, catheter
repositioning is warranted.49,50
The magnitude of tissue heating is determined by the current
density; in turn, the distribution of RF field around the electrodes in
unipolar, bipolar, or phased RF energy delivery will determine the distribution of tissue heating. If energy is delivered in a unipolar fashion in
an isotropic medium from a spherical electrode to an indifferent electrode with infinite surface area, current density around the electrode
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should be entirely uniform. As geometries and tissue properties change,
heating becomes nonuniform. Standard 4- or 5-mm electrode tips are
small enough so that heating around the tip is fairly evenly distributed,
even with varying tip contact angle to the tissue. One study of ablation
with a nonirrigated catheter equipped with multiple surface mounted
thermistors showed that the single thermistor located at the tip of the
4-mm electrode accurately represented the maximum recorded temperature from all thermistors 96% of the time, and failed to predict sudden impedance rise in only one of 17 of cases where that occurred.51
It has been proposed that power distribution during RF ablation
can be modulated by altering the tonicity of the irrigation solution. RF
power is dissipated throughout the entire circuit, including the catheter, catheter-tissue interface, myocardium, tissue between the heart
and the dispersive electrode, skin-dispersive electrode interface, wire
conductors, and RF generator electronics. If more power is channeled
through this tissue rather than directly into the blood pool, lesion size
should be larger. This was accomplished by Nguyen et al. by replacing
0.9% saline with 0.45% saline as the irrigation liquid.52 The hypotonic
solution produced a higher impedance environment in the blood pool
around the electrode and resulted in a greater proportion of RF current
passing directly into the tissue. This resulted in 60% larger lesion volumes in experimental testing in vivo. This may be a useful strategy for
ablation of deep intramyocardial targets.52
Fat is distributed widely on the epicardium of the heart and reduces
both electrical and thermal conductivity. Epicardial ablation over fat
will result in minimal ablation of the underlying myocardium. Conversely, ablation of tissue insulated by fat outside of the ablation target
will produce an insulating effect, with higher temperatures for longer
durations after cessation of energy delivery.53
Bipolar ablation uses a second active ablation electrode rather than
a dispersive electrode, and the current flows between the two electrodes with heating occurring at both electrodes. For symmetrical
ablation at both active electrodes of the bipole, it is important that the
electrodes are similar in size, because heating is proportional to power
density, which is a function of both power and electrode surface area.
With bipolar delivery, the electrical field is densest between the electrodes, and so some additional volume heating may be achieved in the
intervening tissues if the interelectrode spacing is close. If energy is
delivered in a bipolar mode between contiguous electrodes on a catheter positioned parallel to the tissue, there may be improved lesion
formation between the electrodes, but lesion depth will be less than
that achieved with multipolar ablation in the unipolar mode. It is possible to deliver both unipolar RF energy to multiple poles and bipolar
energy between poles simultaneously by altering the phase of RF signal
between the two electrodes, or by using a duty cycle to alternate from
unipolar to bipolar. The blended unipolar–bipolar RF lesion from contiguous electrodes will be deeper than a pure bipolar ablation but more
continuous than a pure unipolar ablation.54

Dispersive Electrode
For unipolar RF energy delivery, the power dissipated in the complete
electrical circuit is proportional to the impedance and voltage drop for
each component of the series circuit. The impedances of the ablation
system generator electronics and transmission lines are low relative to
the impedance of the tissue interposed between the catheter and the
dispersive electrode, so most of the energy dissipation occurs within the
body. The site of greatest impedance, voltage drop, and power dissipation is at the electrode–tissue interface. However, most power is consumed with electrical conduction through the body and blood pool and
into the dispersive electrode. In fact, only a fraction of the total delivered power is actually deposited in the myocardial tissue (Fig. 1.6). The
return path of current to the indifferent electrode will certainly affect
the current density close to that indifferent electrode, but its placement
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Fig. 1.6 Circuit diagrams for radiofrequency (RF) ablation. A, From the RF generator, the cables and catheter
present minimal resistance. The myocardial tissue and blood pool represent resistance circuits in parallel from
the distal electrode. The return path from the ablation electrode to the generator comprises the patient’s body
and dispersive electrode in series. B, Hypothetical resistances for RF ablation circuit path. The resistance of
the blood pool is about half than that of the myocardial tissue. In this situation, for 50 W of energy delivered
to the catheter, only 5 W is deposited in the myocardial tissue because of shunting of current through the
lower resistance blood pool and power loss in the return path. C, Effect of adding a second dispersive skin
electrode to the circuit. Assuming that the impedance of each dispersive electrode is 45 Ω and the generator
voltage is constant, the total ablation circuit impedance is decreased by 12%. This allows for greater current
delivery through the circuit and a proportional increase in power delivered to the tissue.

anterior versus posterior, and high versus low on the torso, has only a
small effect on the distribution of RF current field lines within millimeters of the electrode. Therefore lesion geometry should not be affected
greatly by dispersive electrode placement. However, the proportion of
RF energy contributing to lesion formation will be reduced if a greater
proportion of that energy is dissipated in a long return pathway to the
dispersive electrode. When the ablation is power limited, it is advantageous to minimize the proportion of energy that is dissipated along
the current pathway at sites other than the electrode–tissue interface to
achieve the greatest magnitude of tissue heating and the largest lesion. In
an experiment that tested placement of the dispersive electrode directly

opposite to the ablation electrode versus at a more remote site, lesion
depth increased by 26% with optimal placement.55 Vigorous skin preparation to minimize impedance at the skin interface with the dispersive
electrode, closer placement of the dispersive electrode to the heart, and
use of multiple dispersive electrodes to increase skin contact area will
all increase tissue heating in a power-limited energy delivery. Nath
and associates reported that in the setting of system impedance higher
than 100 Ω, adding a second dispersive electrode increased the peak
electrode-tip temperature during clinical catheter ablation (Fig. 1.7).56
The dispersive electrode has a large surface area relative to that of
the ablation electrode so that the power density at the skin surface is
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Fig. 1.7 Impedance, voltage, current, and catheter-tip temperature readings during radiofrequency catheter ablation in a subset of patients with a
baseline system impedance of more than 100 Ω. Ablations using a single
dispersive electrode were compared with those using a double dispersive electrode. A lower system impedance was observed with addition
of the second dispersive patch. This resulted in a greater current delivery
and higher temperatures measured at the electrode–tissue interface.
(From Nath S, DiMarco JP, Gallop RG, et al. Effects of dispersive electrode position and surface area on electrical parameters and temperature
during radiofrequency catheter ablation. Am J Cardiol. 1996;77:765-767.
With permission.)

uniformly low. As a consequence, there is minimal skin heating during
RF catheter ablation. However, if high powers are used, and/or the contact surface area of the dispersive electrode is reduced (e.g., a partially
detached electrode), excess power density with resultant skin heating
can occur. Case reports of serious skin burns from the dispersive electrode emphasize this point.57 Sequential activation of two ground pads
to allow intermittent cooling of each pad results in lower skin temperatures during high-power delivery.58

Edge Effect
Electrical field lines are not entirely uniform around the tip of a unipolar ablation electrode. The distribution of field lines from an electrode source is affected by changes in electrode geometry. At points of
geometric transition, the field lines become more concentrated. This
so-called edge effect can result in significant nonuniformity of heating
around electrodes. The less symmetrical the electrode design (such as
the ones found with long electrodes), the greater the degree of nonuniform heating. McRury and coworkers tested ablation with 12.5-mm
length electrodes and found that a centrally placed temperature sensor
significantly underestimated the peak electrode–tissue interface temperature.59 Finite-element analysis demonstrated a concentration of
electrical current at each edge of the electrode (Fig. 1.8). When dual
thermocouples were placed on the edge of the electrode, the risk of
coagulum formation and impedance rise was significantly reduced
during ablation testing in vivo.

TISSUE PATHOLOGY AND PATHOPHYSIOLOGIC
RESPONSE TO RADIOFREQUENCY ABLATION
Gross Pathology and Histopathology of the Ablative
Lesion
The endocardial surface in contact with the ablation catheter shows
pallor and sometimes a small depression caused by volume loss of the
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acute lesion. If excessive power has been applied, there may be visible
coagulum or char adherent to the ablation site. On sectioning the acute
lesion produced by RF energy, a central zone of pallor and tissue desiccation characterizes its gross appearance. There is volume loss, and
the lesion frequently has a teardrop shape with a narrower lesion width
immediately subendocardially and a wider width 2 to 3 mm below the
endocardial surface. This is because of surface convective cooling by
the endocardial blood flow. Immediately outside the pale central zone
is a band of hemorrhagic tissue. Beyond that border, the tissue appears
relatively normal. The acute lesion border, as assessed by vital staining,
correlates with the border between the hemorrhagic and normal tissue (Fig. 1.9). The histologic appearance of the lesion is consistent with
coagulation necrosis. There are contraction bands in the sarcomeres,
nuclear pyknosis, and basophilic stippling consistent with intracellular
calcium overload.60
The temperature at the border zone of an acute hyperthermic
lesion assessed by vital staining with nitro blue tetrazolium was
observed to be 52°C to 55°C in one study,3 and 60°C in another.61
However, it is likely that the actual isotherm of irreversible thermal
injury occurs at a lower temperature boundary outside the lesion
boundary, and that it cannot be identified acutely. Coagulation necrosis is a manifestation of thermal inactivation of the contractile and
cytoskeletal proteins in the cell. Changes in the appearance of vital
stains are caused by loss of enzyme activity, as is the case with nitro
blue tetrazolium or triphenyl tetrazolium chloride staining and dehydrogenase activity.62 Therefore the acute assessment of the lesion border represents the border of thermal inactivation of various proteins,
but the ultimate viability of the cell may depend on the integrity of
more thermally sensitive organelles such as the plasma membrane
(see later discussion). In the clinical setting, recorded temperature
does correlate with response to ablation. In patients with manifest
Wolff–Parkinson–White syndrome, the reversible accessory pathway conduction block with a nonirrigated catheter was observed at
a mean electrode temperature of 50°C ± 8°C, whereas the permanent block occurred at a temperature of 62°C ± 15°C.63 In a study of
electrode-tip temperature monitoring during atrioventricular junctional ablation, an accelerated junctional rhythm was observed at a
mean temperature of 51°C ± 4°C. Permanent complete heart block
was observed at ablation temperatures of 60°C ± 7°C.64 Because the
targeted tissue was likely millimeters below the endocardial surface,
the temperatures recorded by the catheter were expected to be higher
than those achieved intramurally at the critical site of ablation.
The subacute pathology of the RF lesion is similar to what is
observed with other types of injury. Although the appearance of typical coagulation necrosis persists, the lesion border becomes more
sharply demarcated with infiltration of mononuclear inflammatory
cells. A layer of fibrin adheres to the lesion surface, coating the area
of endothelial injury. After 4 to 5 days, the transition zone at the
lesion border is lost, and the border between the RF lesion and surrounding tissue becomes sharply demarcated. The changes in the
transition zone within the first hours and days after ablation likely
account for the phenomena of early arrhythmia recurrence (injury
with recovery)65 or delayed cure (progressive injury caused by the
secondary inflammatory response).66 The coagulation necrosis in
the body of the lesion shows early evidence of fatty infiltration. By
8 weeks after the ablation procedure, the necrotic zone is replaced
with fatty tissue, cartilage, and fibrosis and can be surrounded by
chronic inflammation.67 The chronic RF ablative lesion evolves into
a uniform scar. Like any fibrotic scar, there is significant contraction of the scar with healing. Relatively large and wide acute linear
lesions have the final gross appearance of narrow lines of glistening scar when examined 6 months after the ablation procedure.68

10

PART 1

Fundamental Concepts of Transcatheter Energy Delivery

Catheter
body

Insulating UV
adhesive

Ablation
electrode
coil

Insulating UV
adhesive

Catheter
body

161
145

Blood

130

12.5 mm

114
99.0
83.5
68.0

Tissue

52.5
37.0

Fig. 1.8 Steady-state temperature distribution derived from a finite-element analysis of radiofrequency ablation with a 12-mm-long coil electrode. In this analysis, the electrode temperature at the center of the electrode was maintained at 71°C. The legend of temperatures is shown at the right of the graph and ranges from
the physiologic normal (violet = 37°C) to the maximal tissue temperature (red = 161°C) located below the
electrode edges. There is a significant gradient of heating between the peak temperatures at the electrode
edges and the center of the electrode. UV, Ultraviolet. (From McRury ID, Panescu D, Mitchell MA, Haines DE.
Nonuniform heating during radiofrequency catheter ablation with long electrodes: monitoring the edge effect.
Circulation. 1997;96:4057-4064. With permission.)

M

Fig. 1.9 Typical appearance of radiofrequency catheter ablation lesion.
There is a small central depression with volume loss, surrounded by an
area of pallor, then a hemorrhagic border zone. The specimen has been
stained with nitro blue tetrazolium to differentiate viable from nonviable
tissue.

The uniformity of the healed lesion accounts for the absence of any
proarrhythmic effect of RF catheter ablation, unless multiple lesions
with gaps are made. A group of patients who underwent pulmonary
vein ablation and had clinical recurrence had full-thickness pulmonary vein antral biopsies at the time of a follow-up surgical maze
procedure. Fifty percent of those specimens showed viable myocardium with or without scar on histopathologic analysis, explaining
the reestablishment of pulmonary vein conduction after the acute
catheter procedure.69

Radiofrequency Lesion Ultrastructure
The ultrastructural appearance of the acute RF lesion offers some
insight into the mechanism of tissue injury at the lesion border zone.
In cases of experimental RF ablation in vivo, ventricular myocardium
was examined in a band 3 mm from the edge of the acute pathologic
lesion as defined by vital staining (Fig. 1.10). It showed marked disruption in cellular architecture characterized by dissolution of lipid
membranes and inactivation of structural proteins. The plasma

Z

Fig. 1.10 Electron micrograph of a myocardial sample 3 mm outside
of the border zone of acute injury created by radiofrequency catheter
ablation. There is severe disruption of the sarcomere with contracted Z
bands, disorganized mitochondria, and basophilic stippling (arrows). Bar
scale is 1.0 μm. M, mitochondria; Z, Z-bands. (From Nath S, Redick JA,
Whayne JG, Haines DE. Ultrastructural observations in the myocardium
beyond the region of acute coagulation necrosis following radiofrequency catheter ablation. J Cardiovasc Electrophysiol. 1994;5:838-845.
With permission.)

membranes were severely disrupted or missing. There was extravasation of erythrocytes and complete absence of basement membrane. The
mitochondria showed marked distortion of architecture with swollen
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and discontinuous cristae membranes. The sarcomeres were extended
with loss of myofilament structure or were severely contracted. The
T tubules and sarcoplasmic reticulum were either absent or severely
disrupted. Gap junctions were also either severely distorted or absent.
Thus despite the fact that the tissue examined was outside of the border
of the acute pathologic lesion, the changes were profound enough to
conclude that some progression of necrosis would occur within this
border zone. The band of tissue 3 to 6 mm from the edge of the pathologic lesion was examined, and it showed significant ultrastructural
abnormalities, but not as severe as those described closer to the lesion
core. Severe abnormalities of the plasma membrane were still present,
but gap junctions and mitochondria were mainly intact. The sarcomeres were variable in appearance, with some being relatively normal
and some partially contracted. Although ultrastructural disarray was
observed in the 3- to 6-mm zone, the myocytes appeared to be viable
and would likely recover from the injury.70
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Radiofrequency Ablation and Arterial Perfusion
In addition to direct injury to the myocytes, RF-induced hyperthermia has an effect on the myocardial vasculature and the myocardial
perfusion. Impairment of the microcirculation likely contributes
to lesion formation by an ischemic mechanism. A previous study
examined the effects of microvascular perfusion during acute RF
lesion formation. In open-chest canine preparations, the left ventricle was imaged with ultrasound from the epicardial surface, and a
myocardial echocardiographic contrast agent was injected into the
left anterior descending artery during endocardial RF catheter ablation. After ablation, the center of the lesion showed no echo contrast, consistent with severe vascular injury and absence of blood
flow to that region. In the border zone of the lesion, a halo effect of
retained myocardial contrast was observed. This suggested marked
slowing of contrast transit rate through these tissues. The measured
contrast transit rate at the boundary of the gross pathologic lesion
was 25% ± 12% of the transit rate in normal tissue. In the 3-mm
band of myocardium outside of the lesion edge, the contrast transit
was 48% ± 27% of normal, and in the band of myocardium 3 to
6 mm outside of the lesion edge, the transit rate was 82% ± 28% of
normal (P < .05 for all comparisons). The ultrastructural appearance
of the arterioles demonstrated marked disruption of the plasma
membrane and basement membrane and extravasation of red blood
cells in these regions of impaired myocardial perfusion. Although
the relative contribution of microvascular injury and myocardial
ischemia to ultimate lesion formation is unknown, it may play a role
in lesion extension during the early phases after ablation.71 Clinically, this phenomenon has been demonstrated with late gadolinium
enhancement MRI. Regions of nonenhancement, indicating microvascular injury, on the MRI acquired immediately after ablation correlated best with scar observed on MRI 3 months later.72
The effect of RF heating on larger arteries is a function of the
size of the artery, the arterial flow rate, and the proximity to the RF
source. The heat-sink effect of coronary blood flow is protective of
the vascular endothelium. With higher power output of new ablation technologies, however, the convective cooling of the arterial
flow may be overwhelmed, and there may be an increased risk of
vascular injury. In one study, flow rate through a marginal artery
(or intramural perfusion cannula) in an in vitro rabbit heart preparation was varied between 0 and 10 mL/minute. A pair of epicardial
ablations was produced with epicardial RF energy applications. Even
at low flow rates, there was substantial sparing of the artery and the
surrounding tissue owing to the heat-sink effect of the arterial flow
(Fig. 1.11). However, if 45 W of power was applied along with RF
electrode-tip cooling, complete ablation of the tissue contiguous
to the intramural perfusion cannula was achieved.73 Although this

Endocardial surface
Preserved
myocardium

60C Sequential lesions
12 mL/min Perfusion Rate

Fig. 1.11 Top, Epicardial view of two radiofrequency lesions created
during perfusion of a penetrating marginal artery in a rabbit heart. The
lesions show central pallor that is apparent after vital staining. The
course of the artery is marked. The asterisks mark the line used for perpendicular sectioning of the lesion. Bottom, Cross-section through the
middle of lesion perpendicular to marginal artery. The broken lines outline the lesion boundary. A region of myocardial sparing contiguous to
the penetrating marginal artery (labeled) is apparent. Electrical conduction was present across this bridge of viable myocardium postablation.
(From Fuller IA, Wood MA. Intramural coronary vasculature prevents
transmural radiofrequency lesion formation: implications for linear ablation. Circulation. 2003;107:1797-1803. With permission.)

may be a desirable effect in the setting of small perfusing arteries
through a region of conduction critical for arrhythmia propagation, it is not desirable if the artery is a large epicardial artery that
happens to be contiguous to an ablation site, as is sometimes the
case with accessory pathway or slow atrioventricular nodal pathway ablation, ablation in the tricuspid–subeustachian isthmus for
atrial flutter, or epicardial ablation. Cases of arterial injury have
been reported, particularly with the use of large-tip catheters or
tip-cooling technologies that allow for application of high RF powers.74,75 In particular, when high-power ablation is required within
the coronary sinus or great cardiac vein, it is prudent to define the
course of the arterial anatomy to avoid unwanted arterial thermal
injury. Because greater destructive power is possible, the operators
need to be aware of using only enough power that is required to
achieve complete ablation of the targeted tissue to achieve the goal
of arrhythmia ablation.

Collateral Injury From Ablation
The injury to targeted myocardium is usually achieved if an effort is
made to optimize electrode–tissue contact. To ensure procedural success, particularly with ablation of more complex substrates such as
those found with atrial fibrillation, operators have used a number of
large-lesion RF technologies such as cooled-tip, perfused-tip, or largetip catheters. However, with deep lesions sometimes comes unintended
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collateral injury to contiguous structures. Therefore an understanding
of the anatomic relationships and careful titration of RF energy delivery can avoid adverse consequences of ablation in most cases. A rare
but dangerous complication of ablation of the posterior left atrium is
esophageal injury, often leading to atrioesophageal fistula or esophageal perforation.76 The esophagus is located immediately contiguous
to the atrium in most patients, with a distance from atrial endocardium to esophagus as small as 1.6 mm.77 Hyperthermic injury leads
to damage to structural proteins resulting in significant reduction in
tensile strength of the esophageal musculature.78 This, coupled with
esophageal mucosal injury and ulcer formation, likely leads to ultimate perforation with a high case-fatality rate. Other structures that
can be damaged with pulmonary vein isolation procedures are vagal
and phrenic nerves.79,80 Although these nerves usually regenerate after
several months, permanent palsy can occur. Avoiding injury to these
structures while achieving reliable transmural ablation of the myocardium can be challenging.
The standard approach to minimizing heating of extracardiac structures has been to limit power amplitude and carefully monitor heating
with multiple modalities (temperature, impedance drop, microbubbles
on intracardiac echocardiogram imaging). However, longer durations
of delivery that are required when lower powers are used promote heating of deeper tissue layers. Conversely, high power with short ablation
duration exploits different rates of temperature rise between superficial
and deep tissue layers. Whereas superficial tissues heat very rapidly,
deeper tissues require heat conduction from the source of resistive
heating and heating is delayed. Thus short duration RF delivery preferentially heats the superficial tissues resulting in successful ablation of
the thin-walled myocardium while avoiding excess heating of deeper
structures. Reduction in catheter irrigation will also increase superficial lesion width and promote continuity and contiguity of adjacent
lesions.28
A complication of ablation of atrial fibrillation that was prevalent
when ablation was being performed within the vein was pulmonary
vein stenosis.81 If the temperature rise of the venous wall is excessive,
irreversible changes in the collagen and elastin of the vein wall will
occur. In vitro heating of pulmonary vein rings showed a 53% reduction
in circumference and a loss of compliance with hyperthermic exposure
at or above 70°C. After exposure to those temperatures, results of the
histologic examination showed loss of the typical collagen structure,
presumably caused by thermal denaturation of that protein.82 For this
reason, most pulmonary vein isolation is now performed outside the
vein in the pulmonary vein antrum.

CELLULAR MECHANISMS OF THERMAL INJURY
The therapeutic effect of RF catheter ablation is caused by electrical heating of tissue and thermal injury. The field of hyperthermia is
broad, and the effects of long-duration exposures to mild and moderate
hyperthermia have been well characterized in the oncology literature.
Thermal injury is dependent on both time and temperature. For example, when human bone marrow cells in culture are exposed to a temperature of 42°C, cell survival is 45% at 300 minutes. However, when
those cells are heated to 45.5°C, survival at 20 minutes is only 1%.83
Data regarding the effects of brief exposure of myocardium to higher
temperatures, as is the case during catheter ablation, are more limited
and are reviewed in this section. The central zone of the ablation lesion
reaches high temperatures and is simply coagulated. Lower temperatures are reached during the ablation in the border zones of the lesion.
The responses of the various cellular components to low and moderate
hyperthermia determine the pathophysiologic response to ablation.
The thermally sensitive elements that contribute to overall thermal

injury to the myocyte are the plasma membrane with its integrated
channel proteins, the nucleus, and the cytoskeleton. Changes in these
structures that occur during hyperthermic exposure all contribute to
the ultimate demise of the cell.

Plasma Membrane
The plasma membrane is very thermally sensitive. A pure phospholipid bilayer will undergo phase transitions from a relatively solid form
to a semiliquid form as temperature rises. Addition of integral proteins and the varying composition of the phospholipids with regard
to the saturation of the hydrocarbon side chains affect the degree of
membrane fluidity in eukaryotic cells. In one study, cultured mammalian cell membranes were found to have a phase transition at 8°C
and a second transition between 22°C and 36°C. No phase changes
were seen in the 37°C to 45°C temperature range, but studies have
not been performed examining this phenomenon in sarcomeres or at
temperatures above 45°C.84 Regarding the function of integral plasma
membrane proteins during exposure to heating, both inhibition and
accentuation of protein activity have been observed. Stevenson and
colleagues reported an increase in intracellular potassium (K+) uptake
in cultured Chinese hamster ovary cells upon heating up to 42°C.
This was blocked by ouabain, indicating an increased activity of the
sodium (Na+), K+–adenosine triphosphatase pump.85 Nath and colleagues examined action potentials in vitro in a superfused guinea pig
papillary muscle preparation. In the low hyperthermic range between
38°C and 45°C, there was an increase in the maximal dV/dt (rate of
phase 0 depolarization) of the action potential, indicating enhanced
Na+ channel kinetics. In the moderate hyperthermia range from 45°C
to 50°C, the maximal dV/dt decreased below baseline values. The
mechanism of this Na+ channel inhibition was hypothesized to be
either partial thermal inactivation of the Na+ channel or, more likely,
voltage-dependent Na+ channel inactivation caused by thermally
mediated cellular depolarization86 (see later discussion).

Cytoskeleton
The cytoskeleton is composed of structural proteins that form microtubules, microfilaments, and intermediate filaments. The microfilaments
coalesce into stress filaments. These include the proteins actin, actinin,
and tropomyosin and form the framework to which the contractile
elements of the myocyte attach. The cytoskeletal elements may have
varying degrees of thermal sensitivity depending on the cell type. For
example, in human erythrocytes, the cytoskeleton is composed predominantly of the protein spectrin. Spectrin is thermally inactivated
at 50°C. When erythrocytes are exposed to temperatures above 50°C,
the erythrocytes rapidly lose their biconcave shape.87 There is no scientific literature reporting the inactivation temperature of the cytoskeletal proteins in myocytes. However, electron micrographs of the border
zone of RF lesions show significant disruption in the cellular architecture with loss of the myofilament structure.70 In the central portion of
the RF lesion, thermal inactivation of the cytoskeleton contributes to
the typical appearance of coagulation necrosis.

Nucleus
The eukaryote nucleus shows evidence of thermal sensitivity in both
structure and function. Nuclear membrane vesiculation, condensation of cytoplasmic elements in the perinuclear region, and a decrease
in heterochromatin content have been described.88,89 The nucleolus appears to be the most heat-sensitive component of the nucleus.
Whether or not hyperthermia induces DNA strand breaks is controversial. One reproducible finding after hyperthermic exposure is
the elaboration of nuclear proteins called heat shock proteins (HSPs).
Although the function of HSPs has not been entirely elucidated, they
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appear to exert a protective effect on the cell. It is hypothesized that
70-kDa HSP facilitates the effective production and folding of proteins
and assists their transit among organelles.90
Hyperthermia leads to dramatic changes on the electrophysiology of
myocardium. The thermal sensitivity of myocytes has been tested in
a variety of experimental systems, and the mechanisms of the electrophysiologic responses to catheter ablation have been elucidated.
In one series of in vitro experiments, isolated superfused guinea pig
papillary muscles were subjected to 60 seconds of exposure to hyperthermic superfusate at temperatures varying from 38°C to 55°C.
Action potentials were recorded continuously during and after the
hyperthermic pulse. If resting membrane potential was not restored
after return to normothermia, the muscle was discarded, and testing
proceeded with a new tissue sample. The resting membrane potential
was assessed in unpaced preparations, and the action potential amplitude, duration, dV/dt, and excitability were tested during pacing. The
preparations maintained a normal resting membrane potential in the
low hyperthermic range (<45°C). In the intermediate hyperthermic
range (45°C–50°C), the myocytes showed a temperature-dependent
depolarization that was reversible on return to normothermic superfusion. Finally, experiments in the high hyperthermic range (>50°C)
typically resulted in irreversible depolarization, contracture, and
death (Fig. 1.12). There was a temperature-dependent decrease in
action potential amplitude between 37°C and 50°C as well as an
inverse linear relationship between temperature and action potential duration. With increasing temperatures, the dV/dt increased,
but above 46°C, this measurement began to decrease in preparations that had a greater magnitude of resting membrane potential
depolarization.
Spontaneous automaticity was observed in both paced and
unpaced preparations at a median temperature of 50°C, compared
with a temperature of 44°C in preparations without automaticity. The
occurrence of automaticity in unpaced preparations in the setting of
hyperthermia-induced depolarization suggested abnormal automaticity as the mechanism. Beginning at temperatures higher than 42°C,
loss of excitability to external-field stimulation was seen in some paced
preparations and was dependent on the resting membrane potential.
Mean resting membrane potential observed with loss of excitability was −44 mV, compared with −82 mV for normal excitability. The
superfusate temperature measured during reversible loss of excitability was 43°C to 51°C, but irreversible loss of excitability (cell death)
occurred only at temperatures of 50°C or higher.86 Thus it appeared
from these experiments that there was increased cationic entry into the
hyperthermic cell and that the resultant depolarization led to loss of
excitability and cell death.

Calcium Overload and Cellular Injury
In a preparation similar to that described previously, Everett and
colleagues further elucidated the specific mechanisms for cellular
depolarization and death in response to hyperthermia.91 Isolated
superfused guinea pig papillary muscles were attached to a force
transducer to assess the pattern of contractility with varying hyperthermic exposure. Consistent with the observations of resting membrane potential changes during heating, there was a reversible increase
in tonic resting muscle tension at temperatures between 45°C and
50°C. Above 50°C, the preparations showed evidence of irreversible
contracture. This suggested that hyperthermia was causing calcium
entry into the cell and ultimately calcium overload. This hypothesis
was confirmed with calcium-sensitive Fluo-3-acetoxymethyl (AM)
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Fig. 1.12 The magnitude of depolarization of guinea pig papillary muscle
cells exposed to 1-minute pulses of hyperthermic perfusate versus perfusate temperature. At temperatures below 45°C, little depolarization
is seen. The cells have progressive depolarization between 45°C and
50°C. Above 50°C, few recordings are made because most cells have
irreversible contracture and death. (From Nath S, Lynch C III, Whayne
JG, Haines DE. Cellular electrophysiological effects of hyperthermia on
isolated guinea pig papillary muscle: implications for catheter ablation.
Circulation. 1993;88:1826-1831. With permission.)

dye. Hyperthermic increases in papillary muscle tension correlated
well with Fluo-3-AM luminescence. To elucidate the mechanism of
calcium entry into the cell and its role in cellular injury, preparations
were pretreated with either a calcium-channel blocker (cadmium or
verapamil) or an inhibitor of the sarcoplasmic reticulum calcium
pump (thapsigargin). Preparations heated to 42°C to 44°C showed
no significant changes in tension at baseline or with drug treatment.
Upon exposure to 48°C, treatment with calcium-channel blockers did
not reduce the increase in resting tension or Fluo-3-AM fluorescence,
suggesting that the increase in cytosolic calcium was not the consequence of channel-specific calcium entry into the cell. By contrast,
thapsigargin treatment led to irreversible papillary muscle contracture
at lower temperatures (45°C–50°C) than that observed without this
agent. For preparations heated to 48°C, there was a greater increase in
muscle tension and Fluo-3-AM fluorescence in the thapsigargin group
compared with controls (Fig. 1.13). The authors concluded that hyperthermia results in significant increases in intracellular calcium, probably as a result of nonspecific transmembrane transit through thermally
induced sarcolemmal pores. With increased intracellular calcium
entry, the sarcoplasmic reticulum acts as a protective buffer against
calcium overload, unless this function is blocked with an agent like
thapsigargin. In this case, cell contracture and death occur at lower
temperatures than expected.91

Conduction Velocity
Simmers and coworkers have examined the effects of hyperthermia
on impulse conduction in vitro in a preparation of superfused canine
myocardium.92 The average conduction velocity at baseline temperatures of 37°C was 0.35 m/second. When the superfusate temperature
was raised, conduction velocity increased to supernormal values,
reaching a maximum of 114% of baseline at 42.5°C. At temperatures
above 45.4°C, conduction velocity slowed down. Transient conduction block was observed between 49.5°C and 51.5°C, and above
51.7°C permanent block was observed (Fig. 1.14).92 These findings are
exactly concordant with the temperature-related changes in cellular
electrophysiology described previously. In a related experiment, the
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Fig. 1.13 The effects of hyperthermic exposure on calcium entry into cells were tested in isolated superfused
guinea pig papillary muscles. A change in resting tension was used as a surrogate measure for cytosolic
calcium concentration (A, C), and a change in Fluo-3-acetoxymethyl (Fluo-3-AM) fluorescence was used as a
direct measure of free cytosolic calcium (B, D). With exposure to mild hyperthermia (42°C–44°C), little change
in calcium levels was observed. With moderate hyperthermia (48°C), however, muscle tension and Fluo3-AM fluorescence increased significantly. This increase was not channel specific because calcium-channel
blockade with cadmium or verapamil did not alter this response (A, B). The response was accentuated by
thapsigargin (C, D), an agent that blocks calcium reuptake by the sarcoplasmic reticulum. (From Everett TH,
Nath S, Lynch C III, et al. Role of calcium in acute hyperthermic myocardial injury. J Cardiovasc Electrophysiol.
2001;12:563-569. With permission.)
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Fig. 1.14 Conduction velocity of myocardium in superfused canine
myocardium in vitro versus the temperature of the superfusate. A mild
augmentation of conduction velocity caused by an increase in dV/dt is
observed at temperatures up to 45°C. Between 45°C and 50°C, conduction velocity falls, and above 50°C, conduction is blocked. (From Simmers TA, de Bakker JM, Wittkampf FH, Hauer RN. Effects of heating
on impulse propagation in superfused canine myocardium. J Am Coll
Cardiol. 1995;25:1457-1464. With permission.)

authors assessed myocardial conduction across a surgically created
isthmus during heating with RF energy. The temperatures recorded
during transient conduction block (50.7°C ± 3.0°C) and permanent
conduction block (58.0°C ± 3.4°C) were nearly identical to those temperature ranges recorded in the experiments performed with hyperthermic perfusate. The authors concluded that the sole effects of RF
ablation on the electrophysiologic properties of the myocardium were
hyperthermic, and that there was no additional pathophysiologic
response that could be attributed to direct effects of passage of electrical current through the tissue.93 It is unknown whether these changes
in conduction velocity are solely caused by changes in intracellular
ionic concentrations or whether thermal injury to gap junctions may
also be implicated.

DETERMINANTS OF EFFECTIVE LESION
FORMATION
Targeting
The success of catheter ablation is dependent on several factors. The
first and foremost factor is optimizing the targeting of the arrhythmogenic substrate. It is intuitive that increasing the size and depth of an
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ablative lesion will not improve the ablation success if the site selected
for ablation is poor. To optimize site selection, it is necessary to understand the physiology and the anatomy of the arrhythmia in its entirety.
The proximity of the electrode to the target will be the most important
factor for ablation success.

Tissue Composition
Lesion sizes are decreased in areas of dense scar. In addition, an insulating layer of fat as thin as 2 mm overlying myocardial tissue (as in
epicardial ablation) will prevent formation of a lesion with RF energy
delivery.94

Power
Lesion size is proportional to power. Any method that will allow for
greater power deposition into the tissue will result in more tissue heating and greater depth of thermal injury. In addition to power amplitude, efficiency of power coupling to the tissue (i.e., how much power
is converted into tissue heat and how much is “wasted” with convective
cooling) will affect ultimate lesion size.

Electrode Temperature
The electrode is passively heated by conduction of heat from the tissue during ablation. Lesion size increases directly with electrode temperature up until the point of coagulum formation and impedance
rise. The relationship between lesion size and electrode temperature is
confounded by the effects of convective cooling and catheter motion
in vivo.

Peak Tissue Temperature
Because of convective cooling, electrode temperature underestimates
peak tissue temperature—the real determinant of lesion size. Future
sensors such as infrared, microwave, or ultrasound detectors may
allow the operator to monitor actual lesion growth. Real-time MRI
may guide ablation and provide real-time thermography or imaging
of lesion formation.

Electrode Contact Force
Greater electrode–tissue contact force increases lesion size by
improving electrical coupling with the tissue, increasing the electrode surface area in contact with the tissue, and reducing the
shunting of current to the blood pool. In addition, greater contact
force may prevent the electrode from sliding with cardiac motion.
The optimal electrode contact force is believed to be 20 to 40 g–
force.6,40,42,43 Excessive contact that buries the electrode in the tissue,
however, may prevent convective cooling of the electrode and reduce
current delivery.

Convective Cooling
Ultimately, lesion size is a function of tissue heating, and tissue heating
is a function of the magnitude of RF power that is converted into heat
in the tissues. The greater the magnitude of power delivered to the tissue, the greater the lesion size. Convective cooling at the electrode–tissue
interface, either active or passive, will allow the operator to increase
safely the power amplitude before impedance rises. However, if the
ablation is power limited (i.e., the power amplitude is fixed throughout
the ablation), greater degrees of convective cooling will draw heat from
the tissue surface to create a smaller endocardial lesion diameter, especially at the endocardial surface, and smaller lesion volume. The two
factors that affect passive cooling at the electrode–tissue interface are
the magnitude of regional blood flow and the stability of the electrode
catheter on the tissue surface. Catheter motion over the tissue greatly
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increases the loss of heat to the blood pool. Intramyocardial blood flow
draws heat from the tissue and not from the electrode, and therefore
decreases lesion size.

Electrode Size
When the goal is to maximize lesion size, larger electrodes will
always be better than smaller electrodes. Larger electrodes increase
the surface area and allow the operator to deliver higher total power
without excessive current density at the electrode–tissue interface.
Thus coagulum formation with a sudden rise in electrical impedance can be avoided despite high total power delivery. The higher
power delivery to the tissue increases the depth of direct volume
heating and in turn increases the size of the virtual heat source. This
translates directly into a larger lesion. As is the case with cooled
electrodes, a large electrode will result in larger lesion formation
only if it is accompanied by higher power delivery. If a large electrode is used with lower power, a larger endocardial surface area
may be ablated, but the lesion will not be as deep. The RF energy
delivery to multiple electrodes may simultaneously produce a large
lesion as well, but other issues such as catheter and target geometry
may limit energy coupling to the tissue if the electrode–tissue contact is poor.

Duration of Energy Delivery
Tissue temperature follows a monoexponential rise during RF delivery
(Table 1.2) until steady state is achieved. The half-time for lesion formation is 5 to 10 seconds for conventional ablation. Therefore lesion
formation is assumed to be nearly complete after 45 to 60 seconds (five
half-lives). Large lesion technologies such as irrigated-tip catheters
have a longer half-time of lesion growth, and in these cases continued
energy application for 2 minutes or more may result in some incremental gain in lesion depth. High power, short duration energy delivery will maximize heating in the first 2 to 3 mm and lessen heating in
deeper layers.28

Ablation Circuit Impedance
For RF ablation, reducing resistance within the cables and dispersive
electrode current path will increase current delivery to the tissue.
Using 0.45% saline as an irrigation solution may result in greater current density and heating within the tissue. Placing dispersive electrodes
on the trunk rather than on the thigh and using two dispersive electrodes particularly when baseline impedance is high will maximize
tissue heating.

Electrode Orientation
For nonirrigated electrodes with unrestricted power, an orientation parallel to the tissue generally results in larger lesions because
of a larger electrode area in contact with the tissue and less current shunting to the blood pool. For irrigated electrodes delivering
high-power outputs, the parallel electrode orientation may result
in smaller lesion sizes because of a greater magnitude of tissue
cooling.45

Electrode Geometry
Very long electrodes will provide greater surface area, allow higher
power delivery, and usually yield larger lesions. If the electrode is too
long, however, efficiency of electrode coupling to the tissue is lost, and
lesion size is not increased.27 In addition, power is concentrated at
points of geometric transitions (the edge effect), resulting in the possibility of excess heating at the electrode edges and less heating in the
middle of the electrode.59
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Unmodulated

Factors Influencing
Radiofrequency Lesion Size
TABLE 1.2
Factor

Effect on Lesion Size

Targeting

Close proximity to the target improves
likelihood of success even with a small
lesion size

Tissue composition

Smaller lesion sizes in scar and fat

Power

Directly proportional to lesion size

Ablation electrode temperature

Underestimates peak tissue temperature
because of convective cooling effects

Peak tissue temperature

Directly proportional to lesion size

Electrode–tissue contact force

Directly proportional to lesion size

Modulated

A

Convective cooling
–	With fixed energy delivery, reduces
–	Electrode–tissue interface
lesion size; with unlimited energy,
Active – perfused tip catheter
increases lesion size
Passive – large tip, sliding
–	Reduces lesion size
contact
–	Intramyocardial arterial flow
Electrode size

Directly proportional to lesion size provided unrestricted power

Duration energy delivery

Monoexponential relation to lesion size
with half-time lesion formation of 5–10
seconds

Ablation circuit impedance

Lower body and dispersive (skin) patch
resistance increases current delivery. Shunting current through blood
decreases impedance but can reduced
lesion size.

Electrode orientation

For nonirrigated electrode, parallel orientation increases lesion size. For irrigated
electrode, perpendicular orientation
increases lesion size.

Electrode geometry

Effects lesion size and shape by concentrating current density at electrode
edges and asymmetries

Electrode material

Higher heat conductive materials increase
lesion size by electrode cooling

RF characteristics
–	Pulsed
–	Phased
–	Frequency

–	May increase lesion size by allowing
electrode cooling
–	Increases continuity of linear lesions
formed with multi-electrode arrays
–	Reduced heating efficiency at higher
(MHz) frequencies

Electrode Material
Electrode materials with high heat-transfer characteristics (such as
gold and diamond) are more effectively cooled by passive blood flow
and may allow for greater energy deliveries.30,31
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Fig. 1.15 A, Unmodulated and modulated patterns of radiofrequency
(RF) power. The modulated waveform is pulsed with periods of oscillating voltage separated by periods of quiescence. B, Unipolar and phased
RF deliveries from a multielectrode array. With the unipolar delivery, the
oscillating voltages among the electrodes are all in phase, and therefore
there is no electrical potential for current flow between electrodes. With
phased RF, the oscillations in voltage among contiguous electrodes are
out of phase, creating an electrical potential for current to flow between
electrodes as well as to the dispersive skin electrode.

Characteristics of Radiofrequency Energy
Very high frequencies of alternating current lead to less efficient tissue
heating, and lower frequencies may result in tissue stimulation causing
pain and arrhythmias. Pulsed RF current may allow for more electrode
cooling than unmodulated RF, and therefore increase power delivery.
With multielectrode ablation arrays, phased RF among the electrodes
allows for more continuous linear lesions (Fig. 1.15).

CHAPTER 1

Biophysics and Pathophysiology of Radiofrequency Lesion Formation
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   C O N C L U S I O N
The RF catheter ablation remains the dominant modality for ablative therapy of arrhythmias. This technology is simple, has a high
success rate, and has a low complication rate. Despite the fact that
new ablation technologies such as ultrasound, laser, microwave, and
cryothermy are being tested and promoted as being easier, safer, or
more efficacious, they are unlikely to supplant RF energy as the first
choice for ablation of many arrhythmias. An appreciation of the biophysics and pathophysiology of RF energy heating of myocardium
during catheter ablation will help the operator to make the proper
adjustments to optimize ablation safety and success. A tissue temperature of 50°C needs to be reached to achieve irreversible tissue
injury. This likely occurs as a result of sarcolemmal membrane injury

and intracellular calcium overload. The 50°C isotherm determines
the boundary of the lesion. Greater lesion size is achieved with higher
power delivery and higher intramural tissue temperatures. Energy
coupling to tissue is optimized by assuring optimal catheter contact
force into tissue. Monitoring surface temperature in noncooled catheters is useful in preventing boiling of blood with coagulum formation
and a sudden increase in electrical impedance. Irrigated-tip catheters are effective at allowing the operator to increase power resulting
in increased lesion depth. A full understanding of the biophysics of
catheter ablation, and the anatomy and physiology of the arrhythmogenic substrate, will allow the operator to select the optimal ablation
approach.
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Video 1.1 Infrared thermal imaging of tissue heating during radiofrequency ablation with a closed irrigation
catheter as seen from the surface of the tissue. Power is delivered at 30 W to blocks of porcine myocardium in
a tissue bath. The surface of the tissue is just above the fluid level to permit thermal imaging of tissue and not
the fluid. Temperature scale (right) and a millimeter scale (top) are shown in each panel.
Video 1.2 Infrared thermal imaging of tissue heating during radiofrequency ablation with a closed irrigation
catheter as seen in cross section. Power is delivered at 30 W to blocks of porcine myocardium in a tissue
bath. The surface of the tissue is just above the fluid level to permit thermal imaging of tissue and not the
fluid. Temperature scale (right) and a millimeter scale (top) are shown in each panel.

2
Guiding Lesion Formation During
Radiofrequency Catheter Ablation
Eric Buch, Houman Khakpour, Kalyanam Shivkumar
KEY POINTS
•	Radiofrequency (RF) energy is the most commonly used energy
source in cardiac catheter ablation procedures. The goal of RF
power titration is to maximize the safety and efficacy of energy
application.
•	Stable catheter-tissue contact is inadequately assessed by
fluoroscopy, tactile feedback, and electrogram characteristics.
Contact force sensing catheters may improve the safety and
efficacy of catheter ablation procedures.
•	Careful titration of energy delivery can avoid local complications,
including coagulum formation, steam pop, and cardiac
perforation. Collateral damage to nearby structures, including the
atrioventricular node, esophagus, and phrenic nerves, can also be
prevented.

•	Each method of guiding RF energy delivery has advantages and
limitations. Common methods include monitoring ablation
electrode temperature, changes in ablation circuit impedance, and
electrogram amplitude reduction.
•	The discrepancy between catheter-tip temperature and myocardial
tissue temperature is greater for large-tip and irrigated-tip
catheters. Special precautions should be taken to avoid excessive
myocardial heating and collateral damage.
•	RF ablation in nonendocardial anatomic sites, such as in the
pericardial space or coronary sinus, requires modification of the
general power titration approach.

GENERAL PRINCIPLES OF POWER TITRATION

assessment by intracardiac echocardiography, proximity to outer surface on electroanatomic mapping system, pacing capture threshold,
and tactile feedback. Catheter ablation procedures can be performed
without fluoroscopy, relying instead on intracardiac echocardiography and electroanatomic mapping.1–3 Yet, even using all this information, substantial differences between estimated and actual CF are
common.

Catheter ablation is first-line treatment for many cardiac arrhythmias.
The energy source used most often in these procedures is unipolar
radiofrequency (RF) energy, usually at 300 to 1000 KHz, which can be
modulated to allow precise destruction of targeted tissue. The goal is
to successfully destroy tissue critical to the tachycardia circuit or focus
while avoiding local complications and collateral damage to adjacent
anatomic structures.
Various sources of information are available to guide the operator
in producing adequate, but not excessive, tissue heating and lesion
size. Systematic methods of RF power titration are discussed in detail.
Alternative energy sources for ablation and the biophysics of RF lesion
formation are reviewed in other chapters.

ASSESSMENT OF CATHETER-TISSUE CONTACT
RF ablation is critically dependent on tissue contact. RF current is usually delivered in a unipolar mode from the ablation catheter tip electrode to a grounding patch (dispersive electrode) on the patient’s skin.
Current density is high at the catheter tip because of its small surface
area, resulting in resistive heating at the catheter tip-tissue interface.
The zone of resistive heating extends only 1 to 2 mm from the catheter
electrode tip, because energy delivery and direct heating are inversely
proportional to the fourth power of distance from the catheter tip.
Without good contact, only intracavitary blood is heated, without sufficient energy delivery to targeted myocardial tissue.
Before contact force (CF) sensing catheters were available, only
surrogate measures of catheter-tissue contact could be used, including local electrogram quality and beat-to-beat variability, baseline
ablation circuit impedance, changes in electrode temperature and
impedance during ablation, catheter movement on fluoroscopy, visual
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Contact Force Sensing
Catheters that measure and report real-time CF are now available.
Using either a fiberoptic sensor (TactiCath, Abbott Medical, Abbott
Park, IL) or a magnetic spring coil (SmartTouch, Biosense Webster,
Diamond Bar, CA) that deform in response to force at the tip, these
systems display both contact pressure in grams and the instantaneous
force vector at the catheter tip (Fig. 2.1).4 Similar efficacy has been
shown for ablation of atrial fibrillation (AF) with use of CF sensing as
compared with standard irrigated catheters in several studies.5,6
The ideal method of incorporating CF data to guide lesion formation requires further investigation. In the TOCCASTAR (TactiCath
Contact Force Ablation Catheter Study for Atrial Fibrillation) study,
patients treated with CF greater than 10 g in 90% or more of lesions had
higher success rates.6 Preclinical studies have shown that the force-time
integral (FTI), defined as the total CF integrated over the time of RF
delivery (the area under the CF vs. time curve), correlates with tissue
temperature and lesion volume at a given power setting.2,3 One study
reported that FTI during RF ablation can predict lesion transmurality,
with the best cutoff FTI value of more than 392 gram‐seconds (gs).7
In another study, ablation with minimum FTI of less than 400 gs had a
higher likelihood of isolation gaps and pulmonary vein (PV) reconnection,8 which is associated with higher recurrence rates after ablation for
AF.9 Other algorithms, including lesion size index (incorporating FTI
and power) and force-power-time-index (FPTI), have been devised to

CHAPTER 2
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Fig. 2.1 Design of currently available contact force sensing catheters. A, Force on the deformable body of the catheter tip changes the
reflected wavelength of light in three optical fibers, allowing the calculation of contact force magnitude and orientation. B, Three magnetic
sensors near the tip measure the proximity of a magnetic spring coil,
which varies based on magnitude and angle of contact force. (A, From
Yokoyama K, Nakagawa H, Shah DC, et al. Novel contact force sensor
incorporated in irrigated radiofrequency ablation catheter predicts lesion
size and incidence of steam pop and thrombus. Circ Arrhythmia Electrophysiol. 2008;1:354-362. B, From Nakagawa H, Kautzner J, Natale A,
et al. Locations of high contact force during left atrial mapping in atrial
fibrillation patients: electrogram amplitude and impedance are poor predictors of electrode-tissue contact force for ablation of atrial fibrillation.
Circ Arrhythmia Electrophysiol. 2013;6:746-753.)

incorporate other variables, but further research is needed to determine
the optimal parameters for predicting a durable lesion.10–13
In theory, CF monitoring can help prevent cardiac perforation and
other complications of ablation associated with excessive CF,14,15 and
may also increase procedural efficacy. CF-guided ablation might also
allow reduced RF and procedure time,16 as well as zero-fluoroscopy
catheter ablation procedures.2,3
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POWER TITRATION FOR ABLATION EFFICACY
The goal of catheter ablation is to cause irreversible damage to targeted
tissue and permanent loss of conduction, which results from sustained
tissue temperatures over 50°C.17 Lesion size is defined as the dimensions (width and depth) or volume of the lesion. The best predictor of
lesion size is achieved tissue temperature, because the zone of necrosis corresponds to tissue heated to 50°C or higher. Key factors influencing the size of an RF ablation lesion include current density at the
electrode–tissue interface (determined by delivered power and electrode surface area), duration of energy delivery, electrode-myocardium
CF, orientation of catheter tip, achieved electrode tip temperature (for
nonirrigated catheters), electrode size, heat dissipation from intracavitary blood flow or nearby cardiac vessels, dispersive (patch) electrode
size, and polarity of RF system (unipolar vs. bipolar). Because some of
these factors are unknown during ablation, power is often increased to
reach a prespecified goal (e.g., 30–50 W for ablation of the right atrial
isthmus) or to a desired effect (e.g., loss of preexcitation or silencing
an ectopic focus). Power is also titrated by monitoring changes in electrode impedance and catheter-tip temperature.
Only tissue in direct contact with the electrode tip is significantly
affected by resistive heating; most lesion volume results from conductive heating, which occurs more slowly. The process can be modeled as
nearly instantaneous production of a heated capsule at the catheter tip
followed by conductive heating of adjacent tissue until thermal equilibrium is reached. Increasing the power output increases lesion size by
raising the temperature of the resistively heated rim, allowing a larger
volume of tissue to reach the critical temperature (50°C) required for
tissue necrosis during energy application. Due to conductive heating,
ablation lesions continue to grow even after interruption of RF energy,
a phenomenon called thermal lag or thermal latency.18

POWER TITRATION FOR ABLATION SAFETY
Although efficacy is important, it is also critical to avoid complications of excessive energy delivery. Careful titration of RF power can
minimize the probability of coagulum formation, steam pops, cardiac
perforation, and collateral damage to intracardiac and extracardiac
structures. Table 2.1 lists some warning signs of impending complications, which can be avoided by discontinuing RF application or reducing RF power.

Coagulum Formation
During RF catheter ablation procedures, excessive energy delivery
can cause a sudden increase in impedance because of blood boiling at
the electrode–tissue interface when temperature exceeds 100°C. This
causes accumulation of steam along the electrode surface, which acts as
an electrical insulator, leading to abrupt increase in impedance. Boiling
at the electrode-tissue interface, called interfacial boiling, is necessary
but not sufficient for this abrupt impedance rise. If gas is not trapped by
intimate myocardial contact, but instead dissipated by brisk blood flow
or open irrigation, overall ablation circuit impedance may not change
despite interfacial boiling.19
Coagulum is caused by excessive heating of blood near the
electrode-endocardial interface, denaturating proteins in blood cells
and serum. This results in “soft thrombus” or char that initially anneals
to the endocardium at the electrode–tissue interface (Fig. 2.2).20 Coagulum is not formed by activation of clotting factors like typical thrombus and is not prevented by heparin or other anticoagulants. During
temperature-controlled RF delivery, the tip temperature necessary for
interfacial boiling is usually not reached, and therefore the dramatic
impedance rise from gas at the electrode is not seen. However, because

20

PART 1

Fundamental Concepts of Transcatheter Energy Delivery

Warning Signs of Impending Complications With Conventional Radiofrequency
Ablation Catheters
TABLE 2.1
Indicator

Cause

Notes

Excessive ablation catheter electrode temperature
rise (over 65°C for 4-mm electrode, 55°C for
8-mm electrode, 45°C for irrigated electrode)

Excellent catheter contact with inadequate
convective cooling

Risk of steam pop or coagulum, less likely in
temperature-controlled ablation mode

Impedance drop over 10 Ω, especially if rapid

Excessive tissue heating

Increased risk of subsequent impedance rise and
steam pop

Increase in ablation circuit impedance

Formation of coagulum on electrode tip, trapping
elaborated gas and insulating the electrode

Formed by denatured blood proteins, not prevented by
anticoagulation

Shower of microbubbles on intracardiac
echocardiography

Boiling at electrode–tissue interface

Correlates with surface temperature, not tissue
temperature

Audible “pop” or sudden change in electrode
temperature or impedance

Boiling within myocardial tissue

Can result in myocardial tear, effusion, or tamponade,
especially in thin-walled chambers

Esophageal temperature rise

Heating of esophagus during ablation of posterior
left atrium

Risk of esophageal injury or atrio-esophageal fistula
(usually fatal)

Loss of diaphragmatic capture with pacing from
ablation distal electrode pair

Thermal injury to phrenic nerve

Seen especially with ablation at right-sided pulmonary
veins and epicardial ablation

lesions were created, and no abrupt increases in impedance were
observed.22

Myocardial Boiling (Steam Pop)

Fig. 2.2 View of atrial endocardium after tetrazolium staining, demonstrating coagulum (arrows) overlying radiofrequency ablation lesions.
(From Schwartzman D, Michele JJ, Trankiem CT, Ren JF. Electrogram-guided radiofrequency catheter ablation of atrial tissue comparison
with thermometry-guide ablation: comparison with thermometry-guide
ablation. J Interv Card Electrophysiol. 2001;5:253-266. With permission.)

proteins denature at temperatures well below boiling, around 60°C,
coagulum can form even in the absence of impedance rise. Matsudaira
and colleagues found that coagulum formed in heparinized blood even
when electrode temperature was limited to 65°C with a 4-mm electrode and 55°C with an 8-mm electrode.21
Coagulum annealing to tissue rather than the electrode tip may
not affect electrode temperature or impedance yet could detach from
tissue and embolize. Embolic complications have been reported even
in patients undergoing relatively short ablation procedures when few

When tissue temperature exceeds 100°C, water in myocardial tissue can
boil and cause a sudden buildup of steam, which can be heard or felt
as a “steam pop” (Video 2.1).23 This is often associated with a shower
of microbubbles on intracardiac echocardiography, composed of steam
(Video 2.2).24 The escaping gas can cause barotrauma with dissection
along tissue planes. Damage ranging from superficial endocardial craters to full-thickness myocardial tears resulting in cardiac perforation
and tamponade can occur (Fig. 2.3). The consequences of a steam pop
vary widely depending on location, myocardial thickness, and proximity to vulnerable structures such as the atrioventricular (AV) node.
Temperature-controlled ablation with a conventional 4-mm-tip
catheter carries a low risk for steam pop because tissue and electrode temperature are similar, and temperature is limited to well
below 100°C. However, this is not necessarily true in regions with
brisk blood flow, in which convective cooling can cause significant discrepancy between tissue and electrode temperature. Steam
pops are more likely with large-lesion technologies, such as largeelectrode ablation catheters (8–12-mm tips) and cooled-tip ablation catheters.25 A common feature of these large-lesion catheters
is that tissue temperature greatly exceeds electrode temperature,
sometimes by as much as 40°C. Therefore steam pops can occur
even when electrode temperature is limited to ostensibly safe levels
(Fig. 2.4).

Cardiac Perforation
RF energy delivery can contribute to perforation even without a steam
pop. This is more likely in a thin-walled chamber such as the left
atrium, especially with high power and excessive CF. Long deflectable
sheaths allow highly effective contact with myocardium. Unless caution is exercised (e.g., by limiting power), this may increase the chances
of cardiac perforation during delivery of RF energy.
Left atrial ablation for AF is often performed with an irrigated catheter through a long sheath and carries a particularly high risk for cardiac
perforation, effusion, and tamponade—over 1% in a worldwide survey.26 Limiting energy delivery (power or duration) to the minimum
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Fig. 2.3 Lateral view of porcine heart following radiofrequency catheter
ablation. Two transmural lesions in the left atrium appendage are shown
(arrows). A steam pop occurred with the more superior lesion, and a
surface tear is visible (arrowhead). (From Cooper JM, Sapp JL, Tedrow
U, et al. Ablation with an internally irrigated radiofrequency catheter:
learning how to avoid steam pops. Heart Rhythm. 2004;1:329-333. With
permission.)
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aorta, or esophagus.30 Although many strategies have been developed
to protect these structures during ablation,31–33one of the simplest and
most effective is to reduce power to the minimum necessary level and
limit duration of RF energy application.
Monitoring for heating of extracardiac structures is important, especially with irrigated and large-tip catheters. During posterior left atrial
ablation, temperature monitoring in the esophagus can detect potentially dangerous heating of esophageal tissue, allowing the operator to
reduce power or reposition the catheter.34 During ablation at the rightsided pulmonary vein ostia or in the epicardial space, phrenic nerve
injury can occur, with symptoms ranging from transient and mild to
permanent and disabling dyspnea. To avoid this complication, many
operators avoid RF application in sites with phrenic nerve capture on
high-output pacing. Another option is to ablate at lower power during
continuous pacing just above phrenic capture threshold, interrupting
energy delivery if diaphragmatic stimulation is lost.35 Several techniques
for phrenic nerve protection have been developed to allow safer ablation
at a critical site in which phrenic nerve injury is otherwise likely.32,36,37

Methods of Titrating Energy Delivery With
Conventional Radiofrequency Ablation Catheters

Multiple methods of titrating power with conventional nonirrigated
catheters have been used, alone and in combination, in response to
real-time data. Commonly used parameters are electrode-tip temperature, ablation circuit impedance, local electrogram amplitude, and
electrophysiologic end points.

Temperature-Titrated Energy Delivery
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Fig. 2.4 Data recorded during lesion application that resulted in steam pop
and transmural left atrial tear from barotrauma. At the moment of microbubble release on intracardiac echocardiography, a small, nonsustained
rise in impedance was observed (arrow). A few seconds later, electrode
temperature rose abruptly, as bubbles engulfed the ablation electrode.

required to achieve the procedural end point reduces the risk for local
complications, including coagulum, steam pops, and perforation.

Damage to Surrounding Structures
In addition to these local complications, collateral damage to structures outside the heart can result from excessive energy delivery.
Depending on the arrhythmia location targeted, catheter ablation can
result in damage to lung tissue, coronary arteries,27,28 phrenic nerves,29

Power and duration of RF application do not accurately predict extent
of tissue destruction because unmeasured variables such as catheter
orientation, cavitary blood flow, and catheter CF significantly affect the
volume of the resulting lesion. Ablation catheters contain a thermistor
near the tip, and temperature of the electrode-tissue interface has been
shown to be useful in predicting lesion volume. Current RF generators
decrease power automatically when temperature exceeds a specified
cutoff. Power, temperature, and impedance are continuously displayed
to the operator as time plots during the energy application. In one large
series, an 80% reduction in rate of coagulum formation and sudden
impedance rise was seen with closed-loop temperature control.38
Controlling catheter-tip temperature reduces, but does not eliminate, the risk for coagulum formation and steam pops, because coagulum can form at temperatures well below 100°C and tissue temperature
is often higher than catheter-tip temperature. Besides power and electrode temperature, other important determinants of tissue temperature
include catheter orientation, electrode size, catheter contact, and convective cooling.39 Not all of these can be controlled or monitored in a
clinical ablation procedure.
True tissue temperature control, as opposed to electrode-tip temperature control, has been tested in vitro. RF energy delivery was
titrated using a thermocouple needle extending 2 mm from the catheter tip into the myocardium.40 This achieved adequate lesions without
excessive intramyocardial temperature rise and prevented steam pops.
In theory, tissue temperature–guided power titration would result in
more predictable lesion size, reducing variability because of differences
in catheter contact and convective blood flow cooling. However, significant engineering obstacles must be overcome, such as demonstrating
the safety of inserting a needle into the beating human heart and reliably measuring tissue temperature regardless of catheter orientation.

Impedance-Titrated Energy Delivery
Because neither applied power nor electrode-tip temperature adequately reveals tissue temperature, investigators have sought other
surrogate measures of tissue heating. One such parameter is ablation
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circuit impedance, which reflects the resistance to current flow, from
the tip of the ablation catheter to the skin grounding pad. At the high
frequencies used for RF ablation, tissue impedance can be modeled as a
simple resistor.41 As the tissue is heated, ions in the tissue become more
mobile, resulting in a fall in local resistivity, measurable as a fall in ablation circuit impedance. Significant tissue heating is associated with a
predictable fall in impedance, usually in the range of 5 to 10 Ω. Absence
of impedance fall may reflect inadequate energy delivery to the tissue,
poor catheter-tissue contact, or catheter instability.
Impedance titration has been used successfully to guide ablation
procedures. In one protocol used for accessory pathway ablation,
power was adjusted manually to achieve a fall in impedance of 5 to 10
Ω, to a maximal power of 50 W.42 A randomized comparison showed
similar results for temperature and impedance power monitoring with
93% procedural success in each group, and no difference in the rate
of coagulum formation. However, the same investigators found that
impedance titration was not useful for AV nodal slow pathway modification, in which lower power and temperature are desirable to avoid
AV block, with smaller resulting lesions.43 Successful slow pathway
sites showed a lower mean electrode temperature (48.5°C) and no significant change in impedance. This suggests that impedance drops are
smaller, and impedance monitoring less useful, for ablations in which
smaller lesions are desired. Theoretically, a closed-loop system using
impedance instead of electrode temperature to regulate power could be
developed, but such systems are not commercially available.
Impedance monitoring can also be used to increase the safety of ablation procedures. Large drops in impedance, reflecting excessive tissue
heating, predict subsequent impedance rises caused by interfacial boiling. In one study, RF applications caused coagulum only when impedance fell at least 12 Ω.44
An important finding from early studies was that impedance and
electrode-tip temperature do not always correlate. For example, Strickberger and colleagues found a statistically significant inverse association between impedance drop and electrode-tip temperature, with
each ohm corresponding to 2.63°C on average (Fig. 2.5).44 However,
there was significant scatter between the two variables, with a correlation coefficient (R = 0.7, R2 = 0.49), suggesting that only half the
variability in impedance was associated with corresponding changes
in electrode-tip temperature. Although impedance reflects tissue characteristics, impedance drop is an imperfect means of assessing the true
outcome of interest, tissue heating.
RF applications resulting in large impedance change relative to
temperature increase are common in areas of brisk convective blood
cooling, in which electrode temperature substantially underestimates
tissue temperature (Fig. 2.6). Conversely, a large increase in electrode
temperature without significant impedance drop may indicate intimate electrode–tissue contact without convective cooling. In this case,
surface heating occurs without significant deep tissue heating, energy
delivery is limited by electrode-tip temperature, and a small lesion
results.
Both electrode-tip temperature and impedance drop provide indirect assessment of the true variable of interest, achieved tissue temperature, which cannot be measured directly with current technology.
Taking both of these parameters into account allows the operator to
titrate RF energy delivery to create large lesions safely, mitigating the
inherent variability arising from differences in catheter contact and
convective cooling.

Electrogram Amplitude-Titrated Energy Delivery
Power can also be titrated by using reduction in electrogram amplitude
as a physiologic marker of effective ablation. During RF application,
local electrogram amplitude typically falls as tissue heating causes loss
of excitability. However, the magnitude of this amplitude reduction
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Fig. 2.5 Correlation between final temperature and change in impedance during radiofrequency ablation. Temperature (°C) is represented on
the x axis, and Δ impedance (Ω) is represented on the y axis (y = 15.3
– 0.38x; P< .0001; R = 0.7). (Data from Strickberger SA, Ravi S, Daoud
E, et al. Relation between impedance and temperature during radiofrequency ablation of accessory pathways. Am Heart J. 1995;130:10261030. With permission.)

varies, and the exact myocardial volume sensed by ablation catheter
electrodes (“field of view”) is not known. In a prospective evaluation
using a 90% reduction in bipolar electrogram amplitude to titrate
energy delivery, many lesions were small and not transmural.45
In return for a potentially higher level of safety, electrogram amplitude reduction produces smaller lesions.46 Concerns about efficacy
have prevented this method of energy titration from being widely
adopted. However, many operators increase power or duration at a
given site, if no significant reduction in local electrogram amplitude is
seen during ablation.

Titrating Energy Delivery by Electrophysiologic End
Points

Some ablation procedures have clear electrophysiologic end points that
can be used to titrate energy delivery. One example is RF ablation of the
cavotricuspid isthmus for typical atrial flutter. In this setting, relatively
high power is often needed to permanently destroy the targeted myocardial tissue. Energy delivery can be modified to result in electrogram abatement or splitting of the electrogram into two components, indicating local
conduction block. During catheter ablation for AV nodal reentrant tachycardia, RF energy is applied in the slow pathway region until the appearance of junctional ectopic beats, indicating modification of the targeted
tissue. Other examples include RF delivery at progressively greater power
until termination of ventricular tachycardia or focal atrial tachycardia.

Titrating Energy Delivery With Large-Tip Catheters
For many clinical applications of RF ablation, such as modification
of the AV nodal slow pathway, the goal is to produce a small, circumscribed lesion at a precise position. Standard 4-mm-tip ablation
catheters are well suited to this purpose. However, for other ablation
procedures, such as ventricular tachycardia ablation, small lesions are
inadequate. Higher power cannot increase lesion size beyond a certain
point because coagulum formation and impedance rise will occur. This
can necessitate multiple RF applications at each site.
Early in the development of RF catheter ablation, investigators
hypothesized that increasing the surface area of electrode–tissue contact
would result in high current density over a larger area of myocardium,
yielding larger lesions. Another mechanism of larger lesion formation
is the increase in convective cooling seen across the large surface area
of the 8-mm-tip catheter.47 However, because RF energy is dispersed
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Fig. 2.6 Plot of impedance, power, and temperature during catheter ablation of a left posteroseptal accessory pathway using a conventional 4-mm-tip catheter. Blood flow was brisk, and convective cooling kept the
catheter-tip temperature below 50°C despite high power (50 W). However, even without a high temperature
at the catheter tip, evidence of tissue damage was seen. Accessory pathway conduction was blocked in less
than 3 seconds, and impedance fell by more than 15 Ω during energy application.

over a wider area current density is reduced unless power is increased.
In temperature-controlled mode with higher maximum power (up to
100 W), larger lesions are achieved with 8- and 10-mm-tip catheters.48
Clinical results in ablation procedures have generally supported the
concept that larger lesions are more effective. For typical atrial flutter,
ablation using an 8-mm-tip instead of a 4-mm-tip catheter results in
higher procedural success; bidirectional block can be achieved with
fewer lesions and lower fluoroscopy time. Large-tip catheters have also
been used successfully in ablation of AF and ventricular tachycardia.
In general, higher power is required for electrode tip heating and
adequate lesion formation using large-tip catheters, other factors being
equal. Although initial impedance is lower for these catheters, impedance titration can still be used by assessing change from baseline. However, temperature-guided ablation remains the most common method
in clinical practice. Because a greater volume of tissue is heated resistively and more convective cooling occurs, tissue temperature is substantially higher than catheter-tip temperature, and therefore a lower
target electrode temperature should be chosen, usually 50°C to 55°C.
Special caution is warranted, considering the large lesions produced
by these catheters. Care should be exercised when applying energy
adjacent to the esophagus, phrenic nerves, or coronary arteries. In
addition, greater discrepancy between tip and tissue temperature with
large-tip catheters increases the chances of steam pop and perforation.
Finally, the large surface area of these electrodes can obscure the usual
signs of coagulum formation; impedance may not rise significantly if
only a portion of the catheter tip is covered in coagulum.

TITRATING ENERGY DELIVERY WITH IRRIGATED
RADIOFREQUENCY ABLATION CATHETERS
Differences Between Irrigated and Conventional
Ablation Catheters
The observation that convective blood cooling allows delivery of
higher power and creation of larger lesions led to the development

of catheters actively cooled by irrigating the catheter tip with saline,
either internally or externally. Cooling the catheter tip lowers the risk
for coagulum formation by preventing interfacial boiling and washing
away denatured proteins.49 However, it should be kept in mind that
coagulum can still form, because tip temperature may substantially
underestimate interfacial temperature.
Irrigated catheters allow ablation at higher power, with a predictable increase in the surface area, depth, and volume of ablation lesions.
Procedural efficacy with these catheters is higher when large lesions are
required, including ablation of ventricular tachycardia50 and atrial flutter.45 Irrigated catheters also have been successful in the treatment of
accessory pathways resistant to conventional ablation.46 Most ablation
procedures for AF, if using RF energy, are performed with irrigated RF
catheters, with improved efficacy and reduced likelihood of coagulum
and embolic complications.26
A key difference between irrigated and conventional ablation catheters is the increased discrepancy between catheter-tip and tissue temperature, especially with higher irrigation flow rates. Tissue temperature
may exceed tip temperature by 40°C or more and is highest at least 2
mm away from the tip of the ablation catheter.46 Therefore steam pops
can occur even in the absence of markedly increased tip temperature.
Some investigators have argued that this divergence precludes titrating
RF power by tip temperature. However, because the tip temperature still
increases in response to adjacent tissue heating, a significant increase
in catheter-tip temperature to more than 42°C to 45°C during irrigated
ablation signals the need to reduce power or reposition the catheter.

Factors Affecting Lesion Size During Irrigated
Radiofrequency Ablation

Most irrigated-tip catheters use room-temperature saline for cooling,
but chilled saline can also be used in either closed-loop or open-irrigated systems. In theory, this should allow delivery of greater power
and create larger lesions, but in practice, the effect is minimal.19 Irrigation flow rate is important, especially when the catheter tip is located
in an area with poor convective blood cooling, such as in a myocardial
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Evidence of Lesion Formation
With Irrigated Radiofrequency Ablation
Catheters
TABLE 2.2

Reduction in local electrogram amplitude (>50%)
Impedance drop (5–10 Ω)
Increase in local pacing threshold (>100%)
Emergence of double potentials, signifying local conduction block
Development of conduction block during pacing maneuvers

20
Distance from RF source
Fig. 2.7 Tissue temperature gradients in three conditions. Tissue temperature higher than 50°C defines the border of the lesion (vertical
arrows). During low-power ablation without tip cooling (green plot),
electrode temperature only slightly underestimates peak tissue temperature, and the lesion is not deep. During ablation with tip cooling
(orange plot), surface temperature remains low, allowing high-power
delivery, and peak tissue temperature is reached below the endocardial
surface, with a large resulting lesion. However, if flow rate is excessive (blue plot), a greater proportion of radiofrequency energy will be
dissipated by convection, and the tissue will absorb less energy. The
resulting lesion may be smaller than what would be created with standard, noncooled ablation. (Modified from Haines DE. Biophysics and
pathophysiology of lesion formation by transcatheter radiofrequency
ablation. In: Wilber DJ, Packer DL, Stevenson WG, eds. Catheter Ablation of Cardiac Arrhythmias: Basic Concepts and Clinical Applications.
Malden, MA: Blackwell, 2008:20–34. With permission.)

pouch or between tissue trabeculations. In such areas, increasing rate
of irrigation flow may be necessary to permit desired power delivery
without excessively heating the electrode tip. At high flow rates, tip and
tissue temperatures diverge more widely. Excessive flow, beyond that
needed to allow targeted power delivery, should be avoided because it
may serve as a heat sink that actually reduces tissue temperature and
results in a smaller lesion (Fig. 2.7).51
As with conventional ablation catheters, increasing the power and
duration of RF application will result in larger lesions. More time is
generally required to achieve thermal equilibrium, and therefore maximal lesion size, with irrigated-tip catheters.

Titrating Power During Irrigated Radiofrequency
Ablation

As with nonirrigated catheters, power should be set at the minimum
required to destroy targeted tissue, in order to reduce the risk of complications. With conventional catheters, electrode temperature is an
important indicator of tissue heating, and a response to inadequate
heating might be to increase RF power. With irrigated catheters, however, electrode temperature is less useful, and other indicators of tissue
damage should also be used. See Table 2.2 for a summary of factors
suggesting adequate lesion formation with irrigated ablation catheters.
None of these alone is a definitive indicator of successful lesion formation, but taken together, they can help determine when targeted tissue
has been ablated effectively. In general, electrode temperatures of 40°C
to 45°C and impedance drops of 5 to 10 Ω are sought.
Warning signs of excessive energy delivery can be seen with
irrigated-tip catheters. Although catheter cooling reduces the rate of
interfacial boiling and coagulum formation, especially with external
irrigation, steam pops may be more common.52 Indicators of possible
impending steam pop include temperature rise to above 42°C to 45°C19
and impedance drop of more than 18 Ω.53 See Fig. 2.8 for an example
of excessive temperature rise during irrigated RF application. Microbubbles seen on intracardiac echocardiography have been investigated

Tachycardia termination during ablation

as another way to titrate energy delivery,24 although they appear to be
a better indicator of high interface temperature than of tissue temperature.54 Table 2.3 presents practical recommendations on titrating RF
energy during irrigated ablation.

TITRATING ENERGY DELIVERY IN OTHER
ANATOMIC SITES
The preceding sections described methods of RF power titration for
endocardial ablation using conventional and irrigated ablation catheters. However, when catheter ablation is performed at nonendocardial
sites, it may be necessary to modify the approach.

Power Titration During Epicardial Ablation
Minimally invasive epicardial catheter ablation through a percutaneous
subxiphoid approach was first described by Sosa and colleagues.55 Originally used to treat ventricular tachycardia in patients with Chagas disease, the technique has also proved useful in the treatment of ischemic
ventricular tachycardia, accessory pathways, and other arrhythmias.56
One key difference between epicardial and endocardial catheter ablation is the lack of blood flow in the pericardial space, resulting in minimal convective cooling. As a result, conventional nonirrigated ablation
catheters reach high tip temperature at relatively low power (<10 W),
limiting energy delivery and resulting in small lesions. Intervening epicardial fat may also prevent effective ablation of targeted myocardial
tissue. However, internally or externally irrigated catheters allow higher
RF power (35–50 W) without temperature rise; larger lesions are created, even when ablating over epicardial fat.57 Most operators begin at
20 to 30 W and titrate up to a maximum of 50 W, maintaining adequate
irrigation rate to keep tip temperature below 45°C. Indicators of lesion
formation are similar to those used in irrigated endocardial ablation,
including fall in impedance and local electrogram amplitude.
Special precautions should be taken when ablating within the pericardial space. When using externally irrigated ablation, the epicardial
sheath must be periodically aspirated to prevent accumulation of pericardial fluid. Care must be taken not to apply RF energy near epicardial
coronary arteries. Although in theory, coronary arteries are protected by
the cooling effect of intraluminary blood flow, coronary complications of
RF ablation have been described, including coronary thrombosis, vessel
wall damage, and vasospasm. Smaller vessels may be at particularly high
risk.58 Real-time coronary angiography is usually necessary to delineate
the course of the arteries. RF application is usually avoided within 5 to
10 mm of a coronary artery, although no absolute safe distance has been
defined.59 Experimental evidence suggests that infusion of chilled saline
into the coronary artery may help protect the endothelium, but this
strategy has not been widely adopted.60 The phrenic nerves are also
vulnerable during epicardial ablation (Fig. 2.9). Diaphragmatic capture
with pacing identifies sites with high risk for phrenic nerve injury, and
ablation there should be avoided. This diagnostic maneuver is possible
only when the patient has not received skeletal muscle relaxants.
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Fig. 2.8 Excessive temperature rise during irrigated radiofrequency (RF) ablation. During ablation in the left
atrium for atrial fibrillation, using an externally irrigated 4-mm-tip catheter with flow rate of 17 mL per minute,
the operator noticed a steadily rising temperature and discontinued RF when it reached 45°C. This probably
resulted from excessive tissue contact that prevented adequate cooling of the electrode tip. Other possible
responses would have been increasing the irrigation flow rate, reducing power, or repositioning the catheter.

Practical Recommendations on Radiofrequency Power Titration With Externally
Irrigated Radiofrequency Ablation Catheters
TABLE 2.3

Set irrigation flow rate between 8 to 30 cc/min depending on the type of catheter and power.
Use power control setting on radiofrequency (RF) generator, beginning at 15–30W (depending on cardiac chamber and location).
Gradually increase RF power, watching for electrode tip temperature to increase to 37°–40°C. If tip temperature rises above 42°C, decrease power or reposition
catheter to reduce risk of steam pop.
If temperature remains above 40°C despite power <20W, the ablation catheter tip is likely wedged in tissue. Consider repositioning catheter or increasing irrigation
flow rate. If problem persists, check integrity of the cooling system.
Impedance should fall by 5–10 Ω as tissue is ablated. If impedance does not change, catheter-tissue contact is likely inadequate and repositioning may be needed.
If impedance falls by 18 Ω or more, titrate down power or pause energy delivery, because this may signal impending steam pop. If impedance rises, discontinue RF
application and check cooling system, inspect catheter tip for coagulum.

Fig. 2.9 Phrenic nerve injury after ablation. Following epicardial ablation of ventricular tachycardia, this patient
developed shortness of breath and was found to have an elevated left hemidiaphragm (arrows). This was
managed conservatively and resolved completely within 3 months.
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Summary of Radiofrequency Energy Titration Methods

Method

Target Parameters

Advantages

Drawbacks

Fixed power

No titration

Simple, no special equipment
required.

Increased risk of complications from
excessive heating.

Ablation catheter-tip temperature

4-mm electrode: 55°–60°C
8-mm electrode: <55°C
Irrigated electrode: <42°C

Easy to apply, closed-loop systems
regulate power automatically.

Does not reliably predict lesion size
or risk of complications because of
difference between tip and tissue
temperature.

Change in ablation circuit impedance

5–10 Ω decrease

Can be used with any electrode, in
some cases may correlate better
with tissue temperature.

Variable association with myocardial
tissue temperature, insensitive for
smaller lesions.

Electrogram amplitude reduction

90% reduction in size of bipolar
electrogram

Shows direct effects of ablation on
targeted tissue.

May result in small or nontransmural
lesions, likely lower procedural
efficacy.

Power Titration During Ablation Within the
Coronary Sinus

Occasionally, the optimal site for ablation is within the coronary venous
system, accessed through the coronary sinus. Subepicardial accessory
pathways, premature ventricular complexes, atypical atrial flutter, and
AF61 have been successfully treated with RF ablation within the coronary sinus. One common indication for ablation in the coronary
sinus is completing a mitral isthmus line as part of left atrial ablation
for mitral isthmus dependent atrial flutter or persistent AF. This is usually done with an irrigated ablation catheter: flow rate, 17 to 30 mL/
minute; maximal temperature, 45°C to 50°C; and power, 20 to 30 W.62

However, successful creation of a mitral isthmus line remains technically challenging, even with combined endocardial and coronary sinus
ablation. Some investigators hypothesize that this is caused by coronary
venous blood flow acting as a heat sink, carrying RF energy away and
preventing adequate lesion formation.63 In an animal study, D’Avila and
colleagues tested a device that occluded the coronary sinus ostium to
prevent blood flow during ablation.52 They were better able to achieve
transmural lesions from endocardial ablation when flow was prevented
by balloon occlusion. Care must be taken during ablation in the coronary sinus, because the left circumflex coronary artery also runs within
the AV groove. Occlusion of the circumflex artery has been described
during ablation in the coronary sinus.64

   C O N C L U S I O N
Current methods of RF energy titration allow safe and effective catheter ablation for the treatment of cardiac arrhythmias. Most of these
methods have a sound theoretical basis but have not been examined
in rigorous prospective studies. Table 2.4 summarizes the RF energy
useful titration methods with respective target parameters, advantages,

and drawbacks. CF sensing may be an important advance in guiding lesion formation. In the future, technologies and techniques for
titrating RF power and tissue response will continue to evolve, further
improving the results of catheter ablation procedures.
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Videos

Video 2.1 Microbubble formation in an isolated tissue preparation during ablation with an internally irrigated
catheter. See figure for orientation. Note that there is steam formation and “boiling” within the block of tissue
and profuse microbubble formation.
Video 2.2 Steam pop during pulmonary vein isolation procedure captured on echocardiography. An 8-mm-tip
catheter was being used to deliver a lesion near the left superior pulmonary vein. Note the appearance of a
few scattered microbubbles in the left atrial chamber before the explosion of microbubbles.
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Irrigated and Cooled-Tip
Radiofrequency Catheter Ablation
Taresh Taneja, Shoei K. Stephen Huang

KEY POINTS
•	In animal experiments, cooled ablation overcomes the limitations
of standard radiofrequency (RF) delivery by cooling the catheter
tip and preventing an impedance rise, thus allowing higher power
delivery and resulting in deeper and larger lesions.
•	In the clinical setting, efficacy of cooled-tip RF ablation is
comparable to or better than conventional RF ablation for the
catheter-based treatment of recurrent atrioventricular reentrant
arrhythmias, reentrant atrial flutters, atrial fibrillation, and
ventricular tachycardias.

•	Temperature monitoring is less reliable for cooled-tip than
noncooled-tip RF ablation. Other monitoring parameters, such
as impedance, power, and contact force, during RF ablation are
important.
•	The safety profile of cooled-tip RF ablation is comparable to
conventional RF ablation.
•	Further developments in catheter design are targeting real-time
assessment of ablation lesion formation and effectiveness. There
will be more widespread use of irrigated tip and contact force
sensor to enhance efficacy and safety of RF ablation.

Radiofrequency (RF) ablation has become the standard of therapy
for supraventricular tachycardia (SVT),1–5 including atrial fibrillation (AF),6 and ventricular tachycardias (VTs).7 More recently, RF
ablation has also been used increasingly for the treatment of more
complicated arrhythmias, particularly VT associated with structural
heart disease.8,9 Although the results are promising, RF current delivered through a standard 7 F, 4-mm-tip electrode catheter is limited
to ablation of arrhythmogenic tissue located within a few millimeters
of the ablation electrode. In 1% to 10% of patients with accessory
pathways3,10,11 and in 30% to 50% of patients with nonidiopathic
VT,8,12–14 the arrhythmogenic tissue cannot be destroyed using a
conventional ablation catheter. The overall success rate in these cases
may be improved using alternative technologies for RF application
that increase lesion size and depth.
Reducing the temperature of the ablation catheter tip has proven to
be a solution for increasing the duration and power of RF application,
decreasing the impedance rise and coagulum formation, and thereby
developing a larger and deeper lesion.15,16 With the U.S. Food and
Drug Administration (FDA) approving the use of several irrigated-tip
ablation catheters in the past few years, there have been significantly
increasing uses of this kind of catheter to ablate various supraventricular and ventricular arrhythmias. The aim of this chapter is to review
current understanding of the mechanism of irrigated-tip and cooledtip catheter ablation, as well as the results of animal studies and clinical
trials that have used this technology.

somewhat greater than the diameter of the electrode tip. Conductive
heat is thought to be responsible for thermal injury several millimeters
away.17,18 For any given electrode size and tissue contact area, RF lesion
size is a function of RF power level and exposure time.19,20 At higher
power, however, the exposure time is frequently limited by an impedance
rise that occurs when the temperature at the electrode–tissue interface
reaches 100° C,17,21 because tissue desiccation and steam and coagulum formation occur at this temperature. The impedance rise limits the
duration of RF current delivery, the total amount of energy delivered,
and the size of the lesion generated. Please refer to Chapters 1 and 2
for details.
Although currently used temperature-controlled17,18,22,23 RF delivery systems are able to minimize the incidence of coagulum formation
and impedance rise, the power applied is usually decreased and the
lesion size is limited. During temperature-controlled RF ablation, the
tip temperature, tissue temperature, and lesion size are affected by
the electrode–tissue contact in addition to the cooling effects resulting from blood flow. With good contact between catheter tip and tissue and low cooling of the catheter tip, the target temperature can be
reached with little power, resulting in fairly small lesions even though a
high tip temperature is being measured. By contrast, a low tip temperature can be caused by a high level of convective cooling, which results
in higher power consumption to reach the target temperature, yielding
a relatively larger lesion.
Two methods have been used to cool the catheter tip, prevent the
impedance rise, and maximize power delivery. In one approach, larger
ablation electrodes (8 F, 8–10 mm in length) are used.17,23,24 The larger
electrode–tissue contact area results in a greater volume of direct resistive heating. In addition, the larger electrode surface area exposed
to blood results in greater convective cooling of the electrode by the
blood. This cooling effect helps to prevent an impedance rise, allowing
longer application of RF current at higher power, which produces a
larger and deeper lesion.

BIOPHYSICS OF COOL RADIOFREQUENCY
ABLATION
During RF application, delivery of RF current through the catheter
tip results in a shell of resistive heating, which serves as a heat source
that conducts heat to the myocardium (Fig. 3.1). The shell of resistive
heating is thin and within a few millimeters of diameter and is only
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Fig. 3.1 Schematic drawing of radiofrequency catheter ablation on the
endocardium demonstrating zones of resistive and conductive heating and convective heat loss into the blood pool and coronary arteries.
Superficial myocardium near the catheter is ablated by resistive heating,
and deeper myocardium is heated by conductive heating. (From EP Lab
Digest. With permission.)

An alternative approach described by Wittkampf and coworkers16
is to irrigate the ablation electrode with saline to cool down the electrode–tissue interface temperature and prevent an impedance rise.15,16,
25–29 This approach allows cooler saline to bathe the ablation electrode
internally or externally, dissipating heat generated during RF application (Fig. 3.2). It decreases the electrode–myocardial interface temperature and allows for a larger amount of RF current to be passed
before heating of tissue that results in the development of impedance
rises and pops.30 Compared with conventional RF application, cooled
ablation allows passage of both higher powers and longer durations of
RF current with less likelihood of impedance rises. In addition, because
convective cooling from the bloodstream is not required, an irrigated
electrode may be capable of delivering higher RF power at sites of low
blood flow, such as within the ventricular trabecular crevasse.31
During cooled ablation, as the RF current is passed through the
electrode to the myocardium, resistive heating still occurs at the
electrode–myocardial interface. However, unlike with standard RF
application, the area of maximum temperature with cooled ablation
is within the myocardium, rather than at the electrode–myocardial
interface. Nakagawa et al.26 demonstrated that the maximum temperature generated by cooled RF application will be several millimeters away from the electrode–myocardial interface as a result of active
electrode cooling. In a study by Dorwarth and coworkers,32 the hottest
point extended from the electrode surface to 3.2 to 3.6 mm within the
myocardium, from the electrode–tissue interface for cooled ablation
modeled with a catheter and cooled by internal perfusion of saline.
Therefore tissue temperature generated during cooled RF ablation
increases from the electrode tip to a maximum temperature a couple
of millimeters within the myocardium. The current density and the
width of the shell of resistive heating are increased around the electrode–myocardial interface, resulting in a larger effective radiant surface diameter and larger lesion depth, width, and volume.
Because the catheter tip is cooled actively, the temperature at the
tip–tissue interface during cooled RF application is unreliable as a
marker for determining the duration of RF application. Limiting tip
temperature to less than 100° C prevents almost all impedance rises
with conventional RF application. However, because the maximum
tissue temperature is several millimeters away from the catheter tip
during cooled ablation, the maximum tissue temperature may not be
accurately monitored by a tip thermistor or thermocouple. Although
RF current is increased with cooled RF application, intramyocardial

tissues could be heated to 100° C, which would result in intramyocardial steam and crater formation, possibly associated with dissection,
perforation, and thrombus formation. The maximum temperature
may now be intramyocardial and surrounded by cooler areas of tissue.32 Some animal studies suggest that the optimal power required to
avoid large craters are no greater than 50 W for an internally cooled
catheter, or 20 W for an irrigated catheter.32–34 Wharton and coworkers35 demonstrated that impedance rises may be minimized to less
than 6.3% if tip temperatures are maintained at less than 45° C. Nibley and coworkers27 also showed that a constantly maintained power
of 50 W for the internally cooled catheter tip may deliver the maximum energy. Further studies are needed to expand these observations
over a range of catheter types and clinical conditions to better understand how to limit power in cooled RF ablation in humans to prevent
crater formation.

DESIGN OF IRRIGATED- AND COOL-TIP
RADIOFREQUENCY CATHETERS
Cooling of the catheter tip during RF ablation is achieved by circulating saline through or around the tip of the ablation catheter while RF
current is being delivered. In general, there are two types of irrigation
catheters. The first type is the closed-loop irrigation catheter, which has
an internal thermocouple and continuously circulates saline within the
electrode tip, internally cooling the electrode tip. The second type is
the open-irrigation catheter (OIC), which has an internal thermocouple and multiple irrigation holes located around the electrode, through
which the saline is continuously flushed, providing both internal and
external cooling. Four different cooled catheters have been designed
as shown in Fig. 3.3. The internally cooled catheter (Boston Scientific
Electrophysiology, San Jose, CA) has an internally cooled (or chilled)
tip electrode that is perfused with room-temperature saline (Fig. 3.4A).
With this closed-loop system, saline perfuses the tip of the catheter
through a conduit in the catheter shaft and returns back through a second conduit in the catheter. Saline is not infused into the body (see
Fig. 3.4).
One of the other designs investigated in vivo and in vitro is a screwtip needle electrode, through which saline and contrast material could
be infused during RF ablation. This specially designed electrode tip
has been demonstrated to create a larger lesion in canines.36 A newly
developed long irrigated ablation catheter (tripolar; 7 F; length of each
electrode, 22 mm; interelectrode distance, 2 mm; helix radius, 9 and 10
mm) covered by a porous membrane to provide continuous irrigation
could create longer and deeper lesions in vivo.37
The Chilli cooled RF ablation system (Boston Scientific Electrophysiology; see Fig. 3.4) is approved by the FDA for use in patients
with nonidiopathic VT. In clinical applications, cooling is achieved by
pumping saline (0.6 mL per second) to the tip of the catheter during RF
application. RF energy is titrated to achieve an electrode temperature
between 40° C and 50° C, to a maximum of 50 W.
The other cooled RF ablation systems that are available are showerhead-type irrigated-tip catheter (Biosense Webster, Diamond Bar, CA
and St. Jude Medical, St. Paul, MN). The ThermoCool ablation catheter (Biosense Webster; Fig. 3.5) is also approved by the FDA for AF
ablation. Cooling is achieved with saline infused at a rate of 17 or 34
mL per minute during RF application and 2 mL per minute during all
other times. A new addition is the Therapy Cool Path ablation catheter
from St. Jude Medical, which is a 4-mm externally irrigated ablation
catheter with six equidistant ports with a nominal flow rate of 2 and
13 mL per minute during ablation (Fig. 3.6A). The maximum power
setting is 50 W, and it has thermocouple temperature monitoring at
the maximum set temperature of 50° C. The Therapy Cool Path Duo
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Fig. 3.2 A, Relationship between lesion volume and superfusate flow rate over cooled-tip (irrigated) or largetip (10 mm) electrodes in isolated porcine ventricular tissue. The flow rate of 3 L per minute corresponded to
a flow velocity of 15.5 cm per second. With increasing flow rate, larger lesions could be produced with the
large-tip catheter in temperature-control mode (65° C to 70° C). The increased lesion size was based on the
ability to deliver more power before reaching target electrode temperature (see panel B). For the irrigated
electrode, there was no increase in lesion volume. B, Average power delivered versus superfusate flow rate
over the irrigated- or large-tip electrodes. No further power could be delivered to the irrigated electrode with
increasing superfusate flow. For the large-tip electrode, increased flow rate provided incrementally more electrode cooling and allowed more power delivery. This resulted in larger lesion sizes for the large-tip electrode.
C, Current shunting with large-tip ablation catheter. Theoretical ablations with 4-mm (left) and 8-mm (right)
catheters are shown. The current path for each electrode comprises the tissue resistance (165 Ω) and blood
pool resistance (varies with electrode area) in parallel and the resistance to the skin electrode in series. Fifty
watts of power is delivered to each electrode. Because the electrode diameter is the same for each catheter,
in this orientation the tissue resistances to each electrode are the same. Because the 8-mm electrode places
greater surface area in contact with the blood pool, the blood pool resistance is lower than for the 4-mm electrode. This shunts current away from the tissue (2 W vs. 5 W delivered to tissue in this scenario) despite a
lower total resistance (80 W vs. 100 W). The result is a smaller lesion for the 8-mm electrode despite identical
power deliveries to the catheters. NS, Not significant. (A and B, From Pilcher TA, Sanford AL, Saul P, Dieter
Haemmerich D. Convective cooling effect on cooled-tip catheter compared to large-tip catheter radiofrequency ablation. Pacing Clin Electrophysiol. 2006;29:1368-1374. With permission.)

(St. Jude Medical) irrigated-tip ablation catheter will be introduced
soon with two sets of six ports evenly distributed on the distal and
proximal portion of the tip electrode (Fig. 3.6B).
Yokoyama and coworkers38 found that open-irrigation systems
resulted in greater interface cooling with lower interface temperatures
and lower incidences of both thrombus formation and steam pops than
seen with closed-loop irrigated cooled-tip catheters.

ANIMAL STUDIES
Several authors have compared cooled RF catheter ablation with conventional ablation using animal models.
Nakagawa and coworkers26 evaluated cooled ablation. They compared conventional RF current delivery without irrigation with saline
irrigation through the catheter lumen and ablation electrode at 20 mL
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Fig. 3.3 Schematic drawings of four different methods of cooling: A, closed-system irrigation; B, opened
showerhead or sprinkler type; C, external sheath irrigation; and D, porous irrigated-tip catheter. (From EP Lab
Digest. With permission.)
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Fig. 3.4 A, Schematic drawing of the Chilli internally cooled ablation catheter. B, Schematic drawing of the
open-system irrigation ThermoCool ablation catheter showing location of irrigation ducts in the distal electrode. The pattern of irrigation fluid dispersion is shown at lower right. (A, Courtesy Boston Scientific Electrophysiology, San Jose, CA. B, Courtesy Biosense Webster, Diamond Bar, CA.)

External cooling via saline
Six Irrigation ducts (0.016″)
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Luer fitting

Fig. 3.5 The ThermoCool open irrigated ablation catheter. (Courtesy Biosense Webster, Diamond Bar, CA.)
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Fig. 3.6 A, The Therapy Cool Path St. Jude 7 F 4-mm-tip ablation catheter with six ports for irrigation. B,
The Therapy Cool Path Duo St. Jude ablation catheter tip with two sets of six ports evenly distributed. RF,
Radiofrequency.
RF Lesion Dimensions
Constant voltage
(66 V)

Temperature control
(80–90° C)

Constant voltage (66 V)
with irrigation

9.8  0.8

10.3  0.9

(D)
10.1  1.3
1.2  0.5

4.7  0.6

4.1  0.7
(C)

6.1  0.5
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9.9  1.1
(A)
14.3  1.5
(B)

Lesion volume:
135  33 mm3

275  55 mm3

700  217 mm3

Fig. 3.7 Diagram of radiofrequency (RF) lesion dimensions for the three groups of ablation conditions studied.
Values are expressed in millimeters (mean ± standard deviation). A indicates maximal lesion depth; B, maximal lesion diameter; C, depth at maximal lesion diameter; and D, lesion surface diameter. Lesion volume was
calculated using the formula for an oblate ellipsoid, by subtracting the volume of the missing cap (hatched
area). (From Nakagawa H, Yamanashi SW, Pitha JV, et al. Comparison of in vivo tissue temperature profile and
lesion geometry for radiofrequency ablation with a saline-irrigated electrode versus temperature control in a
canine thigh muscle preparation. Circulation. 1995;91:2264-2273. With permission.)

per minute in a canine thigh muscle preparation. In the saline irrigation group despite the tip-electrode temperature not exceeding 48° C
and electrode–tissue interface temperature not exceeding 80° C, the
largest and deepest lesions (9.9 and 14.3 mm, respectively) were noted.
They also demonstrated that the maximum tissue temperature during
cooled ablation of 94.7° C occurred 3.5 mm from the tip of the electrode
as opposed to conventional ablation where maximum temperatures
were recorded at the electrode–tissue interface (Fig. 3.7). Mittleman
and coworkers25 also demonstrated that the use of a saline-irrigated
luminal electrode with an end hole and two side holes (Bard Electrophysiology, Haverhill, MA) in canine myocardium in vivo at 10 to
20 W produced significantly larger lesions than a standard catheter
(Figs. 3.8 and 3.9). Dorwarth and coworkers32 compared three different

actively cooled systems (showerhead electrode tip, porous metal tip,
and internally cooled system) with standard 4- and 8-mm ablation
catheters in isolated porcine myocardium. They found that the externally cooled systems had the largest lesion depth and diameter followed
by the internally cooled system, which had a similar lesion depth with
a slightly smaller diameter. The 8-mm tip had a similar lesion diameter
with smaller depth. However, there were no differences in lesion volumes between the three cooled and the 8-mm ablation catheters. Maximum lesion volume was induced at a power setting of 30 W for the
two open-irrigated systems and 20 W for the internally cooled catheter.
Larger electrode diameter or length during conventional RF
application may generate larger lesions.24 However, Nakagawa and
coworkers39 demonstrated an inverse relationship between electrode
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Fig. 3.8 Dimensions of radiofrequency (RF) lesions (mean ± standard deviation) created at two sets of
energy levels (10 W × 60 seconds and 20 W × 60 seconds). REG-C is a standard electrode catheter; LUM-C
is a saline-infused electrode catheter; *P < .001 versus standard catheter. (From Mittleman RS, Huang
SKS, De Guzman WT, et al. Use of the saline infusion electrode catheter for improved energy delivery and
increased lesion size in radiofrequency catheter ablation. Pacing Clin Electrophysiol. 1995;18:1022-1027. With
permission.)

Fig. 3.9 Examples of lesion created with either a saline-infused catheter (left) or a standard catheter (right), in
the anterior and posterior wall of the left ventricle, respectively. The lesion on the left is bigger and exhibits a
larger area of pitting and more extensive necrosis. The energy level for both lesions was 20 W for 60 seconds.
Ruler divisions are at l-mm intervals. (From Mittleman RS, Huang SKS, De Guzman WT, et al. Use of the saline
infusion electrode catheter for improved energy delivery and increased lesion size in radiofrequency catheter
ablation. Pacing Clin Electrophysiol. 1995;18:1022-1027. With permission.)
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size and lesion size during RF application with actively cooling electrode perpendicular to the tissue. A 2-mm electrode delivered 49%
more heating power than a 5-mm electrode; the latter lost more current to the surrounding blood, decreasing the effectiveness of the RF
current to the targeted region. In the perpendicular electrode–tissue
orientation, RF applications at 50 W resulted in lower power with
the 2-mm electrode compared with the 5-mm electrode (26 vs. 36
W, respectively), but higher tissue temperature, larger lesion depth
(8.0 vs. 5.4 mm), and greater diameter (12.4 vs. 8.4 mm). With the
electrode parallel to the tissue, the overall power was lower with the
2-mm electrode (25 vs. 33 W), but tissue temperatures were higher
and lesions were deeper (7.3 vs. 6.9 mm) with similar lesion diameters for both electrodes. Therefore if the cooling is adequate, the

Temperatures During
Radiofrequency Application With Various
Irrigation Flow Rates
TABLE 3.1

IRRIGATION FLOW RATE (ML PER
MINUTE)
Parameters of
Radiofrequency
Application

5 (n = 15)

10 (n = 14)

20 (n = 14)

Total power

929 ± 12

939 ± 12

935 ± 5

Maximum impedance (W)

133 ± 13

125 ± 12

113 ± 12

Maximum catheter-tip temperature (° C)

43 ± 3

39 ± 3

37 ± 3

•	At 3.5 mm

79 ± 8a

67 ± 5

57 ± 4

•	At 7.0 mm

57 ± 4

67 ± 5

58 ± 6

Audible pops

0

0

0

Thrombus formation

0

0

0

Maximum tissue temperature
(° C)

aP

< .01 versus 10 and 20 mL per minute. All radiofrequency applications were achieved with a 30 W power output and a 30 second pulse
duration.
From Weiss C, Antz M, Eick O, et al. Radiofrequency catheter ablation
using cooled electrodes: impact of irrigation flow rate and catheter
contact pressure on lesion dimensions. Pacing Clin Electrophysiol.
2002;25:463-469. With permission.

TABLE 3.2
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smaller actively cooled electrode transmitted a greater fraction of the
RF power to the tissue and resulted in higher tissue temperatures and
larger lesions.
Flow rates of saline infusion may also affect the size of a lesion
created by cooled ablation.40 A higher flow rate might have a greater
cooling effect on the catheter tip, which could potentially generate a
larger lesion, while wasting more RF current as a result of overcooling.
By contrast, a lower flow rate might result in a lesion size approaching that of conventional RF ablation. Weiss and coworkers41 compared
three flow rates (5, 10, and 20 mL per minute) on sheep thigh muscle
preparations (Table 3.1). There were no differences in tip temperature
or thrombus formation or power delivery to deeper tissues. The higher
flow rate (20 mL per minute), however, did result in a smaller surface
diameter lesion.
Temperature monitoring during cooled RF application may be an
unreliable marker because the actual surface temperature is underestimated. In the design of a longer catheter tip (6–10 mm) for increased
convective cooling of the catheter tip, Petersen and coworkers33 found
a negative correlation between tip temperature reached and lesion
volume for applications in which maximum generator output was not
achieved, whereas the delivered power and lesion volume correlated
positively. They also directly examined the tissue temperature and
lesion volumes formed by a showerhead-type cooled tip in the setting
of either temperature control or power control. Power-controlled RF
ablation at 40 W generated lesions that were similar to those achieved
with temperature control at both 80° C and 70° C, as opposed to 60° C
at which the lesions were significantly smaller. Importantly, positive
correlations between lesion volume and real tissue temperature did not
appear at the peak electrode-tip temperature.
For monitoring internal tissue temperatures, Thiagalingam and
coworkers36 designed an intramural needle ablation catheter with
an internally cooled 1.1-mm diameter straight needle that could be
advanced up to 12 mm into the myocardium. The catheter could create
significantly deeper and more transmural ablation lesions than a conventional irrigated-tip catheter (5-mm electrode; ThermoCool D curve
system, Biosense Webster; Table 3.2).
Another potential application of RF ablation with active cooling
might be used for epicardial ablation because of (1) the lack of convective cooling of the ablation catheter in the pericardial space and that
conventional RF application would result in rapid rise in impedance
and reduce the duration of RF energy delivery, and (2) the varying
presence of epicardial adipose tissue interposed between the ablation
electrode and the target site.

Comparison of Standard, Irrigated-, and Large-Tip Ablation Catheters
Standard Catheter

Irrigated Catheter

Large-Tip Catheter

Electrode length

4–5 mm

3.5–4 mm

6–10 mm

Power delivery

Up to 50 W

Up to 50 W

Up to 150 W

Power titration

Temperature control

Power control monitoring temperature and
impedance

Usually temperature control monitoring
impedance ± microbubble formation

Lesion size limited by

Electrode temperature and impedance rise

Power setting

Electrode temperature, current shunting, impedance rise

Coagulum risk

Present

Low (especially open irrigation)

Present (possibly highest)

Steam pop risk

Low

Present

Present

Typical uses

Atrioventricular node reentry
Accessory pathways
Atrial tachycardias
Ventricular tachycardia with normal heart
Atrioventricular junctional ablation

Ventricular tachycardias with structural heart disease Atrial flutter
Atrial flutter
Possibly atrial fibrillation
Atrial fibrillation
Possibly epicardial ablation
Coronary sinus ablation
Epicardial ablation
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Fig. 3.10 A and B, Cooled-tip and standard radiofrequency (RF) epicardial ablation lesions in an animal model.
A, The smallest epicardial lesion was generated with standard RF energy (yellow arrow); the other five lesions
on this heart were created with cooled-tip RF application. B, Contour of cooled-tip epicardial lesions on normal
epicardial surface and on fat (black arrow). C and D, Histopathologic slides of epicardial lesions. Epicardial fat
interposed between the tip of the ablation catheter and epicardium prejudiced creation of deep epicardial
RF lesions. C, Lesion created with standard RF application shows a distinct border at the beginning of the
epicardial fat layer. D, Significant attenuation toward the area covered by epicardial fat in a lesion created
by cooled-tip RF application. (From d’Avila A, Houghtaling C, Gutierrez P, et al. Catheter ablation of ventricular epicardial tissue: a comparison of standard and cooled-tip radiofrequency energy. Circulation. 2004;109:
2363-2369. With permission.)

D’Avila et al.42 examined the dimensions and biophysical characteristics of RF lesions generated by either standard or cooled-tip ablation
catheters delivered to normal and infarcted epicardial ventricular tissue in 10 normal goats and 7 pigs with healed anterior-wall myocardial infarction. Cooled-tip RF delivery resulted in significantly deeper
and wider lesions than conventional RF delivery. During cooled-tip RF
application using a 4-mm tip with internal irrigation at 0.6 mL per second, 35.6 ± 7.1 W of power was required to achieve a temperature of
41.4° C ± 2.2° C (Fig. 3.10). Epicardial fat attenuated lesion formation.
Nazer et al.43 used a modification of the circular nMARQ in a linear
shape with seven externally irrigated electrodes (Fig. 3.11A) in a swine
model and showed it delivered contiguous endocardial and epicardial
ablation with no gaps, as opposed to focal lesions with shorter ablation
times.
Everett and coworkers44 compared safety profiles aFnd lesion sizes
of 4- and 10-mm-tip single thermistor, 10-mm-tip multi-temperature
sensor, 4-mm closed-loop irrigated cooled-tip, and 4-mm open-loop
irrigated cooled-tip ablation catheters in freshly excised canine thigh
muscle placed in a chamber filled with circulating, heparinized blood
heated to 37° C. For all of these catheters, complications correlated to
electrode-tip temperature and power setting, with the cooled-tip catheters experiencing at least sixfold greater odds of popping, bubbling,
and impedance rises than the conventional 4-mm-tip electrode, but the
majority occurred at a power setting greater than 20 W.
Rozen et al.45 studied the safety and efficacy of high-power
short-duration lesions using an ablation catheter equipped with a
highly accurate novel thermocouple (TC) technology. In adult male

Yorkshire swine using an irrigated force sensing catheter equipped
with six miniature thermocouple sensors, they delivered high-power
short-duration lesions (10s total; 90W for 4s followed by 50W for 6s),
which were safe and effective. Average power delivered was 55.4 ± 5.3
W with a mean lesion depth of 3.9 ± 1.1 mm in nontransmural lesions.
There were 12.3% transmural lesions. There were no steam pops.

CLINICAL STUDIES
Cooled Radiofrequency Ablation for Nonidiopathic
Ventricular Tachycardia
Calkins and coworkers46 enrolled 146 consecutive patients, the majority
of which had ischemic heart disease (82%) and an ejection fraction of 35%
(73%) or higher. Using a Chilli Cooled RF system and up titration of power
from 25 W (to 50 W) to reach a target temperature of 40° C to 50° C, they
were able to eliminate 75% of all mappable VT, but only 41% of patients
were completely noninducible with a 1-year recurrence rate of 56%. Major
complications occurred in 8% of the patients. The mortality rate was
2.7%. Reddy and coworkers47 evaluated the safety and acute procedural
efficacy of the NaviStar Biosense Webster 3.5-mm-tip showerhead-type
irrigated ablation catheter in 11 patients. The target VT was eliminated
in 82% of patients with elimination of all inducible monomorphic VT in
64% of patients. Soejima and coworkers48 compared the efficacy of VT
termination using standard with cooled-tip RF application and showed
that cooled-tip terminated VT more frequently at isthmus sites with or
without an isolated potential and at inner loop sites. Termination rates
were similarly low for bystander and outer loop sites. The significantly
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Fig. 3.11 A, Biosense Webster ThermoCool SF ablation catheter with a porous tip and low flow rate; B, St. Jude
Therapy Cool Flex: unique laser cut catheter-tip electrode designed to provide an optimized irrigation flow distribution and better contact because of flexible tip. C, Schematic illustration of catheter-force measurement technology through microdeformations of a precision spring connecting tip and shaft of the catheter (THERMOCOOL
SMARTTOUCH; Biosense Webster, Diamond Bar, CA). This catheter is integrated into the Caro3 system (Biosense
Webster). SF, Surround flow. (From Martinek M, Lemes C, Sigmund E, et al. Clinical impact of an open-irrigated
radiofrequency catheter with direct force measurement on atrial fibrillation ablation. PACE. 2012;35:1312–1318.
with Permission.)

higher termination rate at isthmus sites in the cooled RF group suggests
that these reentry isthmuses exceed the width and depth of the standard
RF lesion. Stevenson and coworkers49 enrolled 231 patients with infarctassociated recurrent VTs in the Multicenter ThermoCool VT Ablation
Trial, and using a 3.5-mm irrigated-tip ablation catheter was reported
to be successful in abolishing all inducible VTs in 49% of patients at
6-month duration, with a procedure mortality rate of 3% and a 1-year
mortality rate of 18% (72.5% of deaths were attributable to ventricular
arrhythmias). In the EURO-VT study, 63 patients with ischemic cardiomyopathy with a median of 17 VTs in the preceding 6 months were
mapped and ablated with the NaviStar ThermoCool ablation catheter
(Biosense Webster), with an acute success rate of 81%, major complication rate of 1.5%, and no mortality at 30 days.50 Deneke and coworkers51 performed electroanatomic substrate mapping in a single patient
with multiple VTs and coronary artery disease. After successful ablation
with a cooled-tip RF ablation catheter in regions of altered myocardium
(0.5–1.5 mV), the patient died 7 days later from worsening heart failure.
Postmortem examination results showed that ablation with the cooledtip system had produced transmural coagulation necrosis of mesh-like
fibrotic tissue with interspersed remnants of myocardial cells up to a
maximum depth of 7 mm.

Cooled Radiofrequency Ablation for Atrial Flutter
Cavotricuspid Isthmus–Dependent Atrial Flutter

The most common type of atrial flutter is cavotricuspid isthmus dependent, in which the reentry is confined to the right atrium. Because of
pouches, ridges, recesses, and trabeculations that may occur in the isthmus, it is often advantageous to create lesions that are larger and deeper

than those achieved using a 4-mm-tip ablation catheter by using either
an 8-mm-tip or a cooled- or irrigated-tip ablation catheter. Several studies
have demonstrated that complete isthmus block is more reliably achieved
with a cooled- or irrigated-tip catheter than with a conventional ablation
catheter.52–57 However, Da Costa and coworkers58 performed a metaanalysis of seven available randomized trials to compare the efficacy of cooledtip and 8-mm-tip catheters for RF ablation of the cavotricuspid isthmus for
isthmus-dependent atrial flutter. There were no significant differences in
the achievement of bidirectional block, RF application time, and ablation
procedure time. In a subsequent paper by Da Costa and coworkers59, it
was suggested that catheter selection be based on cavotricuspid angiography, recommending use of an 8-mm-tip RF ablation catheter for a straight
isthmus and use of a cool-tip ablation catheter for an isthmus with a pouch.
Jais and coworkers54 compared conventional and irrigated-tip
(ThermoCool D curve system, Biosense Webster) catheter ablation of
typical atrial flutter and showed that 100% of patients in the irrigated-tip
group achieved successful creation of bidirectional isthmus block with
significantly fewer RF applications and shorter procedure times as
opposed to 85% of patients in the conventional RF group achieving
bidirectional block. Ilg and coworkers60 randomized 60 consecutive
patients with typical atrial flutter to ablation with a 10-mm ablation
catheter and an open-irrigated-tip catheter and showed similar clinical
efficacy, but the 10-mm ablation catheter achieved complete cavotricuspid isthmus block more rapidly. Atiga and coworkers52 compared
standard RF ablation with cooled-tip ablation using the Chilli system
in type I atrial flutter, and showed that after 12 RF applications 79%
in the cooled-tip group achieved bidirectional cavotricuspid isthmus
block, as opposed to 55% in the conventional RF group.
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Atypical Atrial Flutter
Bai and coworkers61 performed a randomized comparison of openirrigated-tip (3.5 mm) and 8-mm-tip (without irrigation) ablation
catheters in 70 patients with atypical atrial flutter after cardiac surgery
or AF ablation, and showed that both acute and long-term success (10
months) were significantly higher in the open-irrigated group despite
shorter fluoroscopy and RF times. Blaufox and coworkers62 analyzed
the pediatric RF catheter ablation database of intraatrial reentrant
tachycardia (IART) in patients with structural heart disease and found
eight patients in whom conventional ablation techniques with the
4-mm-tip catheter had failed. However, there was successful elimination of 11 of 13 IART circuits in 7 of these 8 patients using either passive cooling with an 8-mm tip or active cooling using the Chilli system.

Cooled Radiofrequency Ablation for Atrial Fibrillation
AF is the most commonly sustained cardiac rhythm disturbance
increasing in prevalence with age. Previous studies have shown that
potentials arising in or near the ostia of the pulmonary veins (PVs)
provoked AF and that elimination of these foci abolished AF-escalated
enthusiasm for catheter-based ablation.63 The technique of ablation has
continued to evolve from early attempts to target individual ectopic
foci within the PV to circumferential electrical isolation of the entire
PV musculature using different ablation technologies. Marrouche and
coworkers64 performed ostial isolation of all PVs using 4-mm-tip (47
patients), 8-mm-tip (21 patients), or cooled-tip catheter (122 patients)
and found that the patients treated with 8-mm tip had no recurrence
of AF, whereas 21% and 15% of the patients treated with 4-mm tip
and cooled-tip, respectively, had recurrence of AF at 6 months. Dixit
and coworkers6 prospectively compared cooled-tip (40 patients) with
8-mm-tip (42 patients) ablation catheters in achieving electrical isolation of PVs for long-term AF control in 82 patients. Although electrical
isolation of the PVs was achieved in a shorter time with the 8-mm ablation catheter, both ablation catheters had similar efficacy and safety.
Matiello and coworkers65 in a series of 221 patients with symptomatic
AF performed circumferential PV ablation using an 8-mm-tip ablation catheter (55 W, 50° C, Group 1) in 90 patients and using cooledtip catheters at different temperatures and power (30 W, 45° C in 42
patients [Group 2] and at 40 W, 45° C in 89 patients [Group 3]). At
1-year follow-up, although there was no difference in complications,
the probability of being arrhythmia free after a single procedure was
53%, 35%, and 55%, respectively, leading them to conclude that cooledtip catheter ablation at 30 W led to a significantly higher recurrence
rate.
Chang and coworkers66 reported a comparison of cooled-tip (52
patients) with 4-mm-tip catheter (102 patients) in the efficacy of
acute ablative tissue injury during circumferential PV isolation. The
cooled-tip catheter caused more reduction in the electrical voltage in
the PV antrum, lower incidence of acute (30 minutes) PV reconnection, inducibility of AF, and gap-related atrial tachyarrhythmia despite
the need for less ablation applications and shorter procedure time.
There were no significant differences in pain sensation or complications between the two groups, with the 14-month recurrence rate being
13.5% in the cooled-tip group and 33.7% in the 4-mm group. More
recent clinical studies of using contact force (CF) sensor along with
irrigated-tip catheter are described in the section of “Advancements in
Cooled-Tip Catheter Technology” of this chapter.

Cooled Radiofrequency Ablation for Accessory Pathway
Mediated Atrioventricular Reentrant Tachycardia

Between 5% and 17% of posteroseptal and left posterior accessory
pathways have been reported to be epicardial and able to be ablated
only within a branch of the coronary sinus (most commonly the

middle cardiac vein), on the floor of the coronary sinus at the orifice
of a venous branch, or within the coronary sinus diverticulum.67 These
pathways may consist of connections between the muscle coat of the
coronary sinus and the ventricle. In the presence of a coronary sinus–
ventricular accessory pathway, a conventional ablation catheter may
completely occlude a branch of the coronary sinus, preventing cooling of the ablation electrode, and resulting in impedance rise when RF
energy is delivered. This markedly reduced the amount of power that
can be delivered and may result in adherence of the ablation electrode
to the wall of the vein. An externally saline-irrigated ablation catheter
allows more consistent delivery of RF energy with less heating at the
electrode–tissue interface.
A small percentage of left free-wall accessory pathways may also
be epicardial, requiring ablation from within the coronary sinus.
Other types of unusual accessory pathways that cannot be ablated
with standard endocardial approach at the annulus have also been
described.3,10,11 These include accessory pathways that connect the
right atrial appendage to the right ventricle that are successfully ablated
using a transcutaneous pericardial approach, and accessory pathways
closely associated with the ligament of Marshall, ablated by targeting
that ligament.68–70 Several studies71,72 have shown that RF application
using an irrigated-tip catheter can be useful for the treatment of some
right posteroseptal accessory pathways resistant to conventional catheter ablation. The optimal temperature suggested by the authors is no
greater than 40° C to 45° C, and the temperature setting should be even
lower if cooled-tip RF ablation is applied to the cardiac veins. As a first
procedure, irrigated-tip catheters are shown not to be more efficient
than conventional catheters for ablation of right free-wall and posteroseptal accessory pathways.73 More recently, the use of irrigated-tip
catheter technology has become more routine and often the preferred
strategy for ablation. Gulletta and coworkers74 prospectively followed
41 pediatric and adolescent patients who underwent RF ablation for
Wolff–Parkinson–White syndrome using an open-irrigated-tip catheter with power titration from 15 to 30 W in right-sided accessory
pathways, 40 W in left-sided accessory pathways, and 20 W inside
the coronary sinus and reported a procedural success rate of 95.1%
after the first procedure, mean procedure time of 26.4 minutes, mean
fluoroscopy time of 12.2 minutes, with no complications and no
recurrence at 12 months. In a recent retrospective analysis of 105
patients younger than 18 years old undergoing ablation for rightsided accessory pathways (AP), Telishevska and coworkers75 showed
a similar acute success rate between the irrigated-tip ablation with
3-dimensional mapping (94.3%) versus conventional ablation (94.2%),
but a significantly higher freedom from AP recurrence at 4 years
(94% versus 81%).

SAFETY PROFILE OF COOLED-TIP VERSUS
NONCOOLED-TIP ABLATION CATHETERS
Several studies comparing irrigated-tip RF with conventional RF
for VT, atrial flutter, and AF have shown comparable safety profiles.46,49,53,54,65,66 Zoppo and coworker76 analyzed the profiles of 991
consecutive patients who underwent AF ablation in an Italian multicenter registry, in which 86 patients had ablation performed by
an 8-mm-tip catheter, and 905 patients were ablated with an openirrigated ablation catheter. Even though the irrigated-tip ablation patients
had a significantly longer clinical AF duration, larger left atrial size, and
longer procedure time, the rates of cumulative complications were similar in the two groups. Kanj and coworkers77 randomized 180 patients
with AF into three groups and performed PV antral isolation using
either an 8-mm ablation catheter or an open irrigated catheter (OIC)
(OIC-1 with a peak power 50 W, and OIC-2 with a peak power 35 W).
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Although PV antral isolation was achieved in all patients with a significantly lower fluoroscopic and instrumentation time in the OIC-1
group with higher power titration, there was a significantly greater
incidence of pops (1.3 pops per patient), pericardial effusion (20%),
gastrointestinal complaints (17% in OIC-1 vs. 3% in the 8-mm vs. 5%
in the OIC-2 groups), and focal areas of esophageal erythema (6.7% in
the OIC-1 vs. none in the other two groups).

ADVANCEMENTS IN COOLED-TIP CATHETER
TECHNOLOGY; DIFFERENT APPROACHES TO TIP
IRRIGATION
Conventional irrigation catheters use six irrigation channels (ports) circumferentially arranged at the distal end of the ablation electrode, which
cool the distal electrode tip. However, when the catheter is parallel to the
tissue, the proximal part is not equally cooled,78 and lesion characteristics may thus change with varying catheter orientations. Knecht and
coworkers79 sought to evaluate the clinical value of additional six supplementary channels at the proximal catheter tip compared with a standard
irrigated RF catheter with six conventional channels at the distal tip in
95 consecutive patients prospectively randomized to cavotricuspid isthmus ablation. The authors showed that at similar power settings, there
were no significant differences between the two catheter types in procedure time, RF duration, fluoroscopic duration, and irrigation volume.
However, the 12-irrigation channel group had a significantly increased
risk of steam pop. The ThermoCool surround flow (SF) catheter (Biosense Webster; Fig. 3.12A) has 56 very small holes positioned along the
entire distal electrode. In animal studies when comparing 6-, 12-, and
56-hole catheters with similar lesion sizes, the 56-hole tip significantly
decreased the incidence of thrombus formation.80 An additional benefit
of ThermoCool SF design is the reduction in irrigation rate to 15 mL per
minute for ablation power above 30 W and 8 mL per minute for ablation
power below 30 W. Bertaglia and coworkers81 randomized 106 patients
undergoing circumferential isolation of the PVs for paroxysmal AF to
conventional ThermoCool and ThermoCool SF ablation catheters and
found that PV isolation by SF lowered the rate of PV early reconnections and reduced the volume of infused saline, while maintaining the
safety profile of RF ablation. The Cool Flex catheter (St. Jude Medical;
Fig. 3.12B) has a flexible 4-mm tip with irrigation slits that are laser cut
in a zigzag pattern. Four ports at the distal end of the tip allow irrigation to flow around the surface area. The Cool Flex catheter is able to
adapt better to cardiac tissue anatomy, improving contact and irrigation
flow to the tissue being ablated.82 Testing suggests that the average tip
temperature is 5° C cooler in comparison to the rigid tip catheter, with
the possibility of reduced thrombus or char formation and steam pops.
Novel multielectrode circular and crescent-shaped catheters with active
cooling have been designed (nMARQ; Biosense Webster; see Fig. 3.11A)
and tested for AF ablation.83–88 Although pulmonary vein isolation using
this novel irrigated multipolar device appears to be acutely effective, there
appears to be a high incidence of silent cerebral ischemic (33%) and thermal esophageal lesions (33%) with this device.84 Using bipolar energy
as opposed to unipolar energy was associated with a lower esophageal
temperature.85 During RF catheter ablation, low electrode–tissue CF is
associated with ineffective lesion formation, whereas excessively high
CF may result in an increased risk of steam pop and cardiac perforation.89,90 An advancement of irrigated ablation catheters is the addition of
a small spring connecting the ablation tip electrode to the catheter shaft
with a magnetic transmitter and sensors to measure microdeflection
of the spring (THERMOCOOL SMARTTOUCH; Biosense-Webster;
Fig. 3.12C).91 Clinical studies using real-time CF assessment with the
THERMOCOOL SMARTTOUCH catheter during AF ablation have

A

B
Fig. 3.12 A, The nMARQ Ablation catheter (Biosense-Webster, Diamond Bar, CA). Linear ablation catheter with seven 3-mm electrodes
spaced 5-mm apart covering a 3- to 5-cm distance with irrigation ports
between each electrode.43 B, Qdot catheter tip (Biosense Webster Inc,
Diamond Bar, CA). This novel catheter is based on the Biosense STSF
catheter with 56 irrigation holes. The metal tip electrode embeds 6 thermocouples and acts as an ideal conductor thus improving tip electrode
temperature measurement.103 ((A) From Nazer B, Walters T, Duggirala
S, et al. Feasibility of rapid linear-endocardial and epicardial ventricular
ablation using an irrigated multipolar radiofrequency ablation catheter.
Circ Arrhythm Electrophysiol. 2017;10:e004760; (B) From Leshem E,
Tschabrunn C, Jang J, et al. High-resolution mapping of ventricular scar.
Evaluation of a novel integrated multielectrode mapping and ablation
catheter. J Am Coll Cardiol EP. 2017;3:220–231.)

shown that areas with acute PV reconnection had significantly lower CF
measurements.92 Several studies93,94 have looked at the safety and efficacy
of an irrigated CF- sensing catheter for paroxysmal AF. When an optimal
CF (≥ 10g) versus a nonoptimal CF stratification was used, effectiveness
(defined as acute electrical isolation of all pulmonary veins, freedom
from recurrent symptomatic atrial arrhythmia, and off all antiarrhythmic
drugs at 12 months) was achieved in 75.9% versus 58.1%, respectively.94
Real-time RF ablation lesion assessment remains elusive. Rozen
et al.95 used a novel externally irrigated-tip catheter containing six
miniature TC sensors in addition to force sensing technology (Fig.
3.11B) in a swine ventricle model. They showed accurate real-time
prediction of lesion depth is feasible using this novel design and
a mathematical model that incorporates ablation duration, power,
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irrigation rate, impedance drop, CF, sensor temperature, and “orientation factor.”
Linhart and coworkers96 compared a new irrigated gold-tip electrode with the conventional platinum–iridium irrigated-tip ablation
catheter in 60 patients undergoing first PV isolation and cavotricuspid isthmus ablation. The results showed that the mean catheter-tip
temperature was significantly lower with significantly higher energy
delivery in the gold group. During cavotricuspid isthmus ablation, necessary saline flow was almost 2.5-fold lower in the gold group accompanied by significantly lower tip temperature. This may be related to
gold having a fourfold higher thermal conductivity than conventional
platinum–iridium,97 thereby allowing more efficient heat transmission
both to the electrode–tissue interface and to the electrode–fluid interface, resulting in greater convective cooling by the fluid flow.
Irrigant osmolarity and catheter position may also affect lesion
characteristics.98 In an ex vivo viable bovine myocardium, ablation in
the perpendicular position produced significantly larger lesions in dextrose water than in half normal saline, which in turn were larger than
in normal saline. This suggested that decreased osmolarity and charge
density increased radiofrequency energy delivery.

LIMITATIONS OF COOLED-TIP CATHETER
TECHNOLOGY
Current ablative catheter technologies, while measuring electrode temperature with a thermistor or a thermocouple at the catheter tip, only

give an estimate of the tissue temperature. Because exact tissue temperature is not measured, excessive thermal injury from steam pops
cannot be accurately predicted.99 On a plane of tissue surface, irrigation
holes positioned at the interface between the catheter and the tissue surface are obstructed by the tissue itself, and most of the irrigation will be
delivered through the other holes. In addition, the interface between the
catheter and the tissue represents only a small minority of the total electrode interface, and therefore the temperature sensor is more influenced
by the blood environment. Novel methods for tissue-temperature monitoring include using a special sensor that detects microwaves100 irradiating from the heated tissue. An alternative strategy consists of a new
multifunctional intracardiac echocardiography catheter with a microlinear capacitive micromachined ultrasound transducer with an ablation tip that permits simultaneous RF delivery and assessment of tissue
temperature using thermal strain imaging.101 Magnetic resonance thermometry102 offers the possibility to measure tissue temperature during
ablation, although there are no commercial catheters in use for cardiac
ablation. The best approximation of the surface and tissue temperature
would probably be performed by positioning the temperature sensor as
close as possible to the electrode–tissue interface with thermal insulation of the irrigation channels. Another limitation of open irrigation is
that current technology allows for nonselective saline perfusion, which
is mainly distributed away from the tissue–electrode interface during an
application with parallel position of the catheter as opposed to selective
perfusion directed to the electrode–tissue interface, with the rest of the
electrode being cooled by the blood pool.79

   C O N C L U S I O N
Research on cooled-tip ablation has been evolving over the last 15
years. The theoretical advantages of irrigated-tip catheters have been
borne out in clinical trials. The efficacy and safety of irrigated-tip
ablation have been demonstrated in the treatment of several common
arrhythmias including recurrent accessory pathways after conventional
RF ablation procedures, atrial flutter, VT, and now AF. The inability
to create transmural lesions by nonirrigated catheters could possibly
be responsible for the recurrence of arrhythmia after conventional RF
ablation and also explain improved success with irrigated-tip catheters in scar-related arrhythmias. It appears that despite better outcomes with the irrigated-tip catheters, the overall complication rates
are comparable to RF ablation with conventional catheters. There

has been an increasingly widespread use of externally irrigated-tip
catheter rather than using the internally cooled-tip catheter that has
almost disappeared in the market, because the former catheter tends
to increase the efficacy and decrease the complications of RF ablation.
Newer irrigated-tip electrode designs are expected to emerge to further increase the efficacy and safety of RF catheter ablation for difficult
arrhythmias. In addition to the recent interest in utilizing CF sensor
with irrigated-tip catheter, especially for AF and VT ablation, incorporation of more reliable measurements of other important parameters,
such as electrode-tissue temperature, tip cooling flow rate, and contact
angle, etc., is expected to evolve rapidly.
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Catheter Cryoablation: Biophysics
and Clinical Applications
Francis Bessière, Jason G. Andrade, Paul Khairy, Marc Dubuc

KEY POINTS
•	The biophysics and mechanisms of cryothermal injury comprise
the following general phases: freeze/thaw, hemorrhage and
inflammation, replacement fibrosis, and apoptosis.
•	Cryoablation lesion size is determined by refrigerant flow rate,
electrode size, electrode pressure, electrode orientation, duration
of energy delivery, and electrode temperature.
•	Advantages of cryoablation include the ability to titrate
temperature/duration to produce reversible lesions before

permanent tissue destruction (cryomapping), decreased risk of
thromboembolism, superior catheter stability, and lesser risk of
injury to vascular structures.
•	Cryoablation has been applied clinically to a variety of
arrhythmic substrates including, atrioventricular (AV) nodal
ablation, AV nodal reentrant tachycardia, mid- and paraseptal
pathways, ventricular tachycardia, atrial flutter, and atrial
fibrillation.

The introduction of percutaneous direct-current ablation over 30 years
ago launched an era of interventional cardiac electrophysiology that transformed the management of cardiac arrhythmias. Direct-current ablation
was later supplanted by radiofrequency (RF) energy, which offered a more
attractive safety and efficacy profile. Transcatheter RF ablation was broadly
disseminated as the procedure of choice, with expanding indications that
paralleled the growing global experience and knowledge base. Although the
benefits of RF ablation became widely appreciated, limitations were noted,
such as thromboembolization, inadvertent collateral damage to surrounding vascular and electrical structures, and the inability to assess electrophysiologic effects before permanent lesion creation were appreciated.
The scientific community therefore persevered in its efforts to further improve patient safety and procedural outcomes by seeking alternative sources of energy and developing ablation systems capable of
creating deeper, larger, and more contiguous lesions. It is within this
context that cryothermal energy ablation emerged as an alternative
treatment modality. With the first transcatheter procedure performed
in humans at the Montreal Heart Institute in August 1998, the collective
experience has increased exponentially over the last 20 years.1 Potential
advantages were recognized, including an impressive safety record with
decreased thrombogenic potential, improved catheter stability during
cryoapplications, lesser propensity to damage vascular structures, the
ability to produce reversible electrophysiologic effects before permanent lesion creation, and decreased levels of pain perceived by patients.
The purpose of this chapter is to provide the clinical electrophysiologist, trainee, and cardiologist with a solid understanding of the field of
cryoablation, beginning with a brief historical overview, discussion of
biophysics, and depiction of the components of a transvenous catheter
cryoenergy delivery system. Advantages and limitations of cryoablation are reviewed, and current clinical applications are discussed.

cooling to treat medical disorders dates back to the ancient Egyptians,
who described the use of hypothermic therapy between 3000 and 1600
bc.2,3 In the mid-1800s, iced saline was used for the treatment of carcinomas of the cervix and breast, followed by the topical use of liquid
oxygen, nitrogen, and hydrogen for superficial carcinomas in the early
1900s. In 1948 Hass and coworkers first described predictable controlled myocardial lesions with cryoenergy using carbon dioxide as a
refrigerant.4,5 In 1964 Lister and coworkers first described the application of cryoenergy to the cardiac conduction tissue by suturing a 4-mm
U-shaped silver tube delivering cold energy near the bundle of His.6
Progressive but reversible high-grade atrioventricular (AV) block was
demonstrated. Thus although not novel as an energy modality, harnessing cryoenergy into a steerable transcatheter format represents a
more recent landmark in the history of arrhythmia therapy. Table 4.1
summarizes key historical landmarks in the development of a transvenous cryoablation system for cardiac arrhythmias.3,4,6–11
The modern era of cryosurgery was initiated by Cooper and Lee
when vacuum-insulated cryosurgical probes cooled by liquid nitrogen
(−196°C) were introduced in the early 1960s.12 Evolving from Cooper’s
apparatus, in which cooling was produced by a liquid-to-gas phase
change in nitrogen, novel cryoprobes were subsequently developed using
the Peltier effect (i.e., thermoelectric cooling by passing a direct current
through dissimilar metal junctions) or cooling by the Joule–Thomson
effect (i.e., cooling from the expansion of a highly compressed nonideal
gas into a region of low pressure). Whereas the thermoelectric method
offered limited thermal efficiency, the Joule–Thomson effect was relatively efficacious and spurred the development of diverse instruments
(thin needle-like probes, clamp devices, catheter probes, and balloon
structures), which in turn expanded the applications of cryoenergy for
the treatment of a wide spectrum of dermatologic, prostatic, hepatic,
gynecologic, ophthalmologic, neurologic, and oncologic disorders.
In the 1970s the rigid handheld cryothermal ablation probes were
adapted for cardiac surgical applications as an alternative to open
surgical dissection for the treatment of refractory arrhythmic substrates.8,13–15 In 1977 separate reports from Harrison and coworkers
and Gallagher and coworkers demonstrated the efficacy of cryothermal

HISTORY OF CRYOTHERMAL ENERGY USE IN
CARDIOVASCULAR MEDICINE
Cryotherapy, or the use of cold temperatures to elicit a specific tissue
response, has a long history of effective medical use. The concept of
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Year

Authors (Ref. No.)

Contribution

1948–1951

Hass and colleagues4,5

Cryothermal myocardial lesions

1963

Cooper and Lee7

Cryosurgical apparatus development

1964

Lister and coworkers6

Cryothermal energy used to retard
conductive tissue with evidence
of reversibility

1977

Harrison and coworkers8

Surgical application of cryothermal
energy by handheld probe

Gillette and coworkers9

Percutaneous application of cryothermal energy by transvenous
catheter in animals

Dubuc and coworkers10

Use of steerable cryocatheter system with pacing and recording
electrodes

Dubuc and coworkers11

Percutaneous transvenous catheter cryoablation in humans

1991

1998
2001

MECHANISMS OF CRYOTHERMAL INJURY

Historical Landmarks in Cardiac

From Khairy P, Dubuc M. Transcatheter cryoablation. In: Liem LB,
Downar E, eds. Progress in Catheter Ablation. Dordrecht, The Netherlands, 2001:391. With permission.

ablation for supraventricular arrhythmic substrates.13 Under cardiopulmonary bypass, Harrison and coworkers produced complete AV
nodal block using a handheld bipolar electrode probe by cooling the
His bundle site to −55° C to −60° C for 90 to 120 seconds in 20 dogs;
they also achieved AV block in three patients with refractory supraventricular tachycardia.8 Long-term follow-up on a larger series was
later reported, with AV block successfully achieved in 17 of 22 patients.
That same year, Gallagher and coworkers reported the first two cases of
successful cryosurgical accessory pathway ablation.13 Following these
early reports, several case series were published, including those targeting AV nodal reentrant tachycardia (AVNRT) and other arrhythmias
with rapid AV conduction with the objective of slowing but preserving
nodal conduction. In addition, reports were also published on novel
approaches obviating the need for extracorporeal bypass (i.e., ablation
within the coronary sinus or right coronary fossa, or through the use of
dual atriotomy incisions), and targeting selected patients with refractory ventricular arrhythmias (often as an adjunct to more extensive
surgery including aneurysmectomy, subendocardial resection, encircling endocardial ventriculotomy, coronary artery bypass grafting,
and valvular replacement).15–27 Surgical cryoablation has also been
described for less common arrhythmias including nodoventricular
tachycardia,28 sinoatrial reentrant tachycardia,29 disabling ventricular
bigeminy,30 bundle branch reentry tachycardia,31 and fetal malignant
tachyarrhythmias.32
Although insights gained from the extensive cryosurgical experience invaluably contributed to the conceptualization of the modern
transvenous catheter cryoablation system, significant engineering
advances were required to achieve the safe and effective delivery of a
pressurized cryorefrigerant to the tip of a steerable percutaneous catheter. Gillette and coworkers reported the first animal study using a
transvenous cryocatheter in 1991.9 In five miniature swine, complete
AV block was produced with an 11-F cryocatheter cooled by pressurized nitrous oxide. Although feasibility of transcatheter cryolesion
formation was demonstrated, modest success was attributed to limited
maneuverability as well as the lack of recording electrodes (i.e., cryocatheter positioning required the aid of a second catheter to record local
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Fig. 4.1 Mechanisms of cryothermal injury during the freeze–thaw
cycle of catheter cryoablation.

signals). Transcatheter cryoablation was revived several years later,
ultimately leading to clinical use. In 1998 the first animal experiment
using a steerable cryocatheter with integrated recording and pacing
electrodes was reported.10 This 9-F catheter system used halocarbon
502 (Freon) as a refrigerant. Chronic histology was later characterized, with sharply demarcated ultrastructurally intact lesions devoid of
thrombus. These and other preclinical studies contributed importantly
to the understanding of the impact of cooling rate and catheter-tip
temperature on tissue effects.10,23,24,33,34

BIOPHYSICS AND MECHANISMS OF
CRYOTHERMAL ENERGY TISSUE INJURY
The ultimate purpose of cryoablation is to freeze tissue in a discrete
and focused fashion to destroy cells in a precisely targeted area. The
application of cryothermal energy results in the formation of an ice
ball. Cooling first occurs at the distal catheter tip in contact with
endocardial tissue. Freezing then extends radially into the tissue,
establishing a temperature gradient. The lowest temperature and fastest freezing rate are generated at the point of contact, with slower
tissue cooling rates at the peripheral regions.10,34–37 The mechanisms
of tissue damage are complex and still debated but involve freezing
and thawing, hemorrhage and inflammation, replacement fibrosis,
and apoptosis (Fig. 4.1).38
Tissue hypothermia causes cardiomyocytes to become less fluidic
as metabolism slows, ion pumps to lose transport capabilities, and
intracellular pH to become more acidic.33 These effects may be transient, depending on the interplay between temperature and duration.
The shorter the exposure to a hypothermic insult and/or the warmer
the temperature, the faster the cells recover. As a clinical correlate, this
characteristic feature of cryoenergy permits functional assessment of
putative ablation sites (i.e., cryomapping) without cellular destruction.
By contrast, the hallmark of permanent tissue injury induced
by hypothermia is the formation of ice crystals. As cells are rapidly
cooled to freezing temperatures, ice crystals are first formed within
the extracellular matrix, and then intracellularly.39 The size of ice
crystals and their density are dependent on the combination of the
following: proximity to the cryoenergy source, local tissue temperature achieved, and rate of freezing. Initially, ice crystals are formed
exclusively in the extracellular space as the tissue temperature drops
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Fig. 4.2 A, Low-power photomicrograph of a subacute cryothermal lesion; well-circumscribed borders of the
lesion are seen. B, Medium-power photomicrograph of a chronic cryothermal lesion with preserved tissue
architecture. Both lesions were performed in the left ventricular myocardium of a mongrel dog with a 4-minute
cryoapplication to −55° C.

below −15°C. Progressive cooling to below −40°C results in the
formation of intracellular ice crystals.39 Although ice crystals are
associated with mechanical cellular disruption, the predominant
mechanism of cellular injury is biochemical.40–42 The formation of
extracellular ice crystals results in the extracellular space becoming
relative hypertonic. To reestablish osmotic equilibrium, there is a
compensatory egress of water from the intracellular to the extracellular space, with subsequent cellular shrinkage, resulting in intracellular desiccation.42 Further, the newly established osmotic gradient
precipitates a diffusion gradient between extracellular and intracellular spaces, resulting in the net movement of hydrogen (H)+ ions out
of the cell and the migration of solute ions into the cell. Concomitant
increase in the intracellular saline concentration with a reduction in
intracellular pH results in cellular protein damage, enzyme system
impairment, and adverse effects on lipoprotein components of the
plasma membrane.42,43 Of all the cytoplasmic components, the mitochondria are particularly sensitive and are the first structures to suffer
irreversible damage.44–46
Upon completion of the freezing phase, the tissue passively
returns to body temperature resulting in a thawing effect. This second phase induces cellular damage through a combination of two
mechanisms. First, recrystallization and coalescence of intracellular and extracellular ice crystals increase the osmotic damage and
generate shear forces, which further disrupt tissue architecture.41,47
Second, restoration of microcirculatory function is associated with
a hyperemic vascular response characterized by hemorrhage and
inflammation (coagulation necrosis; Fig. 4.2, A).33,38–40 Specifically,
blood vessel walls become porous, leading to increased capillary
permeability, and subsequent interstitial edema. This vascular congestion, combined with endothelial injury, induces platelet aggregation and microthrombi formation, and culminates in vascular
obliteration and ischemic cellular necrosis. As such, although the
central region subjected to the coldest freezing temperatures undergoes direct cellular damage, the surrounding microvascular injury
results in the extension of tissue destruction.
The final phase of cryoinjury begins concurrent to thawing and is
characterized by reactive inflammation, followed by tissue repair and
replacement fibrosis. Over the subsequent weeks, these processes culminate in the generation of a mature lesion (see Fig. 4.2, B), which
has a distinct, well-circumscribed central region of dense fibrosis surrounded by a narrow border zone of variable cellular death (because of
microvascular injury and apoptosis).48

ECG wire Deflection wire Thermocouple wire

Vacuum
returns lumen

Injection tube Refrigerant

Fig. 4.3 Schematic diagram demonstrating the internal design of the
CryoCath Freezor cryocatheter and its distal tip cooling by the Joule–
Thomson effect. The electrocardiogram (ECG) wire, deflection wire,
thermocouple wire, central injection tube, and vacuum return tip and
lumen are shown. Refrigerant is injected from the central injection
lumen into the distal tip, where it rapidly evaporates. The cooling of the
tip causes formation of ice ball around the external portion of the distal
tip with freezing of adjacent tissue. (Courtesy Medtronic CryoCath LP,
Montreal, QC, Canada.)

CRYOABLATION TECHNICAL ASPECTS
Console and Catheters
Although insights gained from the extensive cryosurgical experience
invaluably contributed to the conceptualization of the modern transvenous catheter cryoablation system, a significant number of engineering
advances were required to achieve safe and effective delivery of cryorefrigerant to the tip of a steerable percutaneous catheter. Although the
system has undergone various modifications since its conception in
the early 1990s, the basic design has remained constant. Specifically,
the modern transvenous deflectable cryocatheter consists of a hollow
shaft with a closed distal end containing a cooling electrode tip, integrated thermocouple device, and three proximal ring electrodes for
recording and pacing (Fig. 4.3). A central CryoConsole (Medtronic
CryoCath LP, Pointe-Claire, QC, Canada) contains the cryorefrigerant
fluid (Fig. 4.4).48 The cooling liquid travels through the inner delivery lumen to the catheter tip, where the cryorefrigerant is pressurized
and released. This accelerated liquid-to-gas phase change results in
rapid cooling of the distal tip. The gas is then conducted away from the
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Fig. 4.4 Cryoablation console and connectors. (Courtesy Medtronic CryoCath LP, Montreal, QC, Canada.)

catheter tip through a second coaxial return lumen maintained under
vacuum and evacuated in the hospital medical gas disposal system.
The console allows the operator two different modes of operation.
The first is the cryomapping mode in which the tip is cooled to a temperature not lower than −30°C for a maximum of 80 seconds, so as to
prevent irreversible tissue damage. The second mode is cryoablation,
which results in cooling of the catheter tip to at least −75°C for a programmable period (nominally 4 minutes), producing the permanent
lesion. The cryomapping mode can be used for an indefinite number
of times before cryoablation. Cryoablation may be initiated at any time
during a cryomapping application or, from the onset, if the operator
wishes to forego the cryomapping function.
Although the core tenets of its design have remained largely
unchanged, the transvenous cryoablation catheter has undergone significant evolutionary advances over the last decade. The refrigerant
has progressed from halocarbon 502 (Freon) to Genetron AZ-20 to
the current nitrous oxide–generating lower catheter temperatures and
faster freezing rates. Catheter diameter has been reduced from 9 F to
7 F, while larger electrode-tip sizes were introduced (4, 6, and 8 mm;
Fig. 4.5). Steering mechanisms were developed and refined. Finally,
with the introduction of innovative catheter configurations (focal, linear, circular, and balloon-based apparatuses), diverse clinical applications have been explored. Thus within a relatively brief time frame, the
initial 9 F focal cryoablation catheter with slow cooling and a temperature limit of −50°C was transformed into the modern 7 F catheter with
rapid cooling and achievable temperatures below −80°C.
In addition, an expandable 23-mm (currently abandoned) and
28-mm diameter cryoballoon (CB) catheter (Arctic Front; Medtronic
CryoCath LP) was specifically designed to isolate pulmonary veins
(PVs) in patients with atrial fibrillation (AF; Fig. 4.6). The basic design
and function of the CB catheter differ from the focal catheter in three
major respects. First, instead of a rigid cooling electrode tip, the distal CB catheter consists of dual polyurethane and polyester balloons.
Second, the CB is larger than the focal catheter (10.5-F outer diameter) and requires the use of a 15 F (outer diameter) deflectable delivery
sheath (FlexCath; Medtronic CryoCath LP). Third, the CB is deployed
using an over-the-wire technique with a central lumen that permits a

4 mm

6 mm

8 mm

Fig. 4.5 Cryoablation catheters with 4-, 6-, and 8-mm distal electrode
tips. (Courtesy Medtronic CryoCath LP, Montreal, QC, Canada.)

Fig. 4.6 Medtronic Arctic Front balloon cryoablation catheter. This catheter has a 10-F shaft with a lumen to permit over-the-wire placement
at the ostium of the pulmonary veins and comes in balloon sizes of 23
and 28 mm. (Courtesy Medtronic CryoCath LP, Montreal, QC, Canada.)
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Fig. 4.7 Evolution of the cryoballoon from the first to the second generation. From left to right. The combination of an increased number of jets (4 to 8) with a more distal positioning of the injection mechanism results
in a wider band of more homogeneous cooling that is positioned slightly more toward the distal aspect of the
balloon. (Courtesy Medtronic CryoCath LP, Montreal, QC, Canada.)

guidewire for positioning/support, or a small-diameter circular diagnostic catheter for monitoring of PV potentials, as well as contrast
injection to ensure adequate positioning. Moreover, the CB catheter
underwent an evolutionary revision (Fig. 4.7). In the first-generation
catheter, 6.2 L per minute of vapor was sprayed to the distal face of the
balloon through four jets positioned at 90 degrees from one another,
slightly distal to the CB equator. This resulted in a band of optimal
cooling that was relatively equatorial and nonuniform between the two
CB sizes. Specifically, given the identical refrigerant delivery mechanisms, the larger surface area associated with the 28-mm CB meant
that the cryorefrigerant was delivered in a relatively less concentrated
manner, resulting in heterogeneous cooling across the anterior aspect
of the CB. The second-generation catheter refined the design by repositioning the jets more distally, increasing the number of jets to eight,
and increasing the flow rate in the larger CB catheter to ensure more
uniform ablative temperatures around the entirety of the distal surface
of the CB.

Determinants of Cryoablation Lesion Size
During catheter cryoablation, tissue temperatures follow a monoexponential decline toward steady-state values about the ablation electrode (Fig. 4.8).49 The size of catheter-based cryoablation lesions is
dependent on many factors (Table 4.2).49 Analogous to electrical current for RF ablation, the refrigerant is the mediator of thermal change
in cryoablation systems. Higher flow rates of refrigerant are capable
of extracting more heat from the tissue, and therefore lesion sizes
are increased. The more the temperature drop is abrupt and deep,
the more the induced lesion is significant. In addition, refrigerants
differ in their capacity to extract heat based on their physical properties and physical phase delivered to the electrode tip. For example,
a colder gas phase of refrigerant may well produce a smaller lesion
than a liquid refrigerant undergoing a phase change within the electrode at a warmer temperature. Larger electrode sizes appear tied
to larger lesions by way of allowing greater refrigerant flow rates.49

Lesion surface areas produced by 8-mm catheters are, on average,
92 mm2 larger (177%) than by 4-mm catheters and 72 mm2 larger
(101%) than by 6-mm catheters.50 The 8- and 6-mm catheters yield
mean lesion volumes 253 mm3 (248%) and 116 mm3 (114%) larger
than 4-mm catheters, respectively.50 Lesion sizes also increase with
greater electrode contact pressure and with greater electrode surface
area in contact with the tissue to allow greater heat extraction from
the tissue and less from the local blood pool.49,50 Electrode orientations that are parallel with the tissue therefore produce larger lesions
than perpendicular orientations because of greater thermal coupling
with the tissue.49–51 Convective warming of electrode and tissue by
local blood flow has a detrimental effect on lesion formation.52 In
experimental preparations, simulated blood flow over cryoablation
electrodes may reduce lesion volume by 75% compared with the
absence of blood flow.49 Even under strictly controlled experimental
conditions, electrode temperature is an imperfect predictor of lesion
size (Fig. 4.9). Because active cooling occurs within the electrode and
near the embedded thermocouple, electrode temperature is insensitive to other factors critical to lesion formation such as convective
warming, contact pressure, and electrode orientation.49 In addition,
maximal electrode cooling may occur in the absence of any tissue
contact. This differs from RF ablation in which the electrode is passively heated from contact with the tissue. In isolated tissue experiments, lesion dimensions were increased by prolonging energy
delivery or by repeating the freeze–thaw cycle when compared with
single 2.5-minute applications.51

Cryoablation versus Radiofrequency Ablation
In comparison with RF catheter ablation, lesions associated with
focal cryothermal ablation have a smaller surface area caused, in
part, by cryoadhesion-induced loss of the brushing effect, with
no difference in lesion depth.48 Histologically, cryothermy results
in a dense, homogeneous fibrosis that is clearly demarcated from
normal myocardium (Fig. 4.10, A, right).37,47,48 By contrast, the
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Fig. 4.8 Graphs of average tissue temperature versus time in isolated myocardial tissue undergoing
catheter cryoablation. Temperature recordings are made at 1-, 2-, 3-, and 5-mm depths from an 8-mm-tip
cryoablation catheter. The individual temperature curves each follow a monoexponential decrease over
time. The vertical lines represent one standard deviation above and below the average temperature just
before energy termination. The four graphs represent differing conditions of vertical (perpendicular) or
horizontal (parallel) electrode orientation to the tissue and either the presence or absence of simulated
blood flow over the electrode–tissue interface. Note the marked effect of convective warming on tissue
temperatures. *P < .05 versus same condition except no flow, +P < .05 versus same condition except
horizontal. (From Wood MA, Parvez B, Ellenbogen A, et al. Determinants of lesion sizes and tissue temperatures during catheter cryoablation. PACE. 2007;30:644-654. With permission.)
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Determinants of Lesion Size for
Catheter Cryoablation
TABLE 4.2
Factor

Effect On Lesion Size

Refrigerant flow rate

Increased flow increases lesion size

Electrode size

Increased electrode size allows greater refrigerant
flow rates

Tissue contact

Increased contact pressure increases lesion size

Electrode orientation

Larger lesion sizes with horizontal (parallel) electrode
orientation to tissue

Convective warming

Blood flow over electrode/tissue reduces
lesion size

Electrode temperature Colder temperature creates larger lesiona
Duration of energy
application
aSee

Longer delivery produces larger lesion

text.
Heat-extraction capacity of the refrigerant is important. A refrigerant
with greater heat-extraction capacity may produce a larger lesion at a
lower electrode temperature than a colder electrode using refrigerant
with low heat-extraction capacity.
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Fig. 4.9 Lesion volumes versus cryoablation electrode temperature
in isolated ventricular myocardial tissue under controlled conditions of
vertical or horizontal electrode orientation, tissue-contact pressure, and
simulated blood flow over the electrode–tissue interface for an 8-mm-tip
cryoablation catheter. Note the general trend toward larger lesions
with colder electrode temperatures; however, for any given electrode
temperature, the resulting lesion size may vary by threefold to fourfold
depending on conditions such as electrode orientation and convective
warming from blood flow. (From Wood MA, Parvez B, Ellenbogen A,
et al. Determinants of lesion sizes and tissue temperatures during catheter cryoablation. PACE. 2007;30:644-654. With permission.)
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Fig. 4.10 A, Photomicrographs of a chronic radiofrequency (RF) lesion (60 seconds at 70° C) (left) compared
with a chronic cryothermal lesion (4 minutes at −75° C) (right). Note the hemispherical necrosis of the cryothermal lesion, as well as the discrete lesion demarcation (right, arrow) and preserved tissue architecture. By
contrast, the RF lesion exhibits less discrete lesion demarcation (left, arrow) and less well-preserved architecture (left, arrowhead). B, Photomicrographs of a chronic RF lesion (60 seconds at 70° C) (left) compared
with a chronic cryothermal lesion (4 minutes at −75° C) (right). Note the well-preserved endothelium free of
thrombus in the cryothermal lesion (right, arrows), compared with the disrupted endothelium (left, arrow)
and associated thrombus (left, arrowheads) of the RF lesion. C, Schematic diagram comparing lesion geometries between an RF lesion (left) and a cryoablation (CRYO) lesion (right). The RF lesion has similar depth
but larger lesion volume and area. D, Infrared thermal images of cryoablation lesion created with a 6-mm-tip
electrode and RF lesion created with 4-mm internally irrigated electrode (25 W). The lesions are created in
blocks of porcine ventricular myocardium in a warmed fluid path with the tissue surface exposed just above
the fluid level. The outlines of the submerged electrode locations are shown. (A, left, From Khairy P, Chauvet
P, Lehmann J, et al. Lower incidence of thrombus formation with cryoenergy versus radiofrequency catheter
ablation. Circulation. 2003;107:2045-2050. With permission; C, From Khairy P, Chauvet P, Lehmann J, et al.
Lower incidence of thrombus formation with cryoenergy versus radiofrequency catheter ablation. Circulation.
2003;107:2045-2050. With permission.)
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hyperthermic injury induced by RF energy results in diffuse cellular
destruction characterized by intralesional hemorrhage and ragged
edges less clearly demarcated from normal myocardium (see Fig.
4.10, A, left).37 In addition, although devitalized, lesions produced
by cryothermal ablation are associated with preservation of ultrastructural integrity, an observation that is attributed to the remarkable resilience of fibroblasts and collagen fibers to hypothermia.53
Preservation of tissue ultrastructural integrity should theoretically
result in a lower risk of myocardial perforation, esophageal injury,
and aneurysmal dilation.3,37,47,48,54 It may be speculated that lesions
produced with cryoablation should be less arrhythmogenic (given
that distinct border zones are less susceptible to spontaneous depolarization) and associated with a lower incidence of venous or arterial stenosis (given the minimal tissue contraction observed with
lesion healing).3,37,47,48,54 Thermal profiles for cryoablation and RF
ablation lesions obtained by infrared thermography are shown in
Fig. 4.10, D.
Some factors influencing lesion size for catheter cryoablation are
also critical to RF ablation, whereas others may have opposite effects
for the two energy sources (Fig. 4.11).55 Both modalities benefit from
enhanced tissue-contact pressure and larger electrode sizes if the
larger electrode allows greater refrigerant flow or electrical current
to be delivered. Creation of larger lesions with cryoablation depends
on conditions such as convective thermal effects and electrode orientation. For RF ablation, convective cooling of the electrode by local
blood flow can enhance power delivery. For cryoablation, local blood
flow can only be detrimental by warming the electrode and tissue.49,55
For cryoablation and noncooled RF ablation, an electrode orientation
parallel to the tissue enhances lesion size. For irrigated RF catheters,
a parallel electrode orientation reduces lesion size.55 Simultaneously

applying standard RF and cryothermal energy through the same
catheter may produce lesions of similar dimension to irrigated RF
ablation.56

Cryomapping and Cryoablation Delivery
Standard ablation with the CryoCath system consists of advancing a
steerable quadripolar catheter to the region of interest. The ablation
target is identified with mapping techniques similar to RF ablation
procedures. Once the target is identified, the operator may select
between cryomapping and cryoablation modes. The cryomapping
mode is typically used before cryoablation when the arrhythmia substrate is in the vicinity of the AV node/His–Purkinje conduction system. This mode consists of the use of milder freezing temperatures at
the target lesion site to assess clinical effect (efficacy mapping) and
ensure the absence of adverse clinical outcomes (safety mapping).
The operator may choose to apply cryoablation directly if the region
is deemed safe or at some distance from the conduction system. It is
important to note that although safety and efficacy mapping may be
realized through the use of the cryomapping feature, a dynamic cryomapping process will naturally occur over the course of a cryoapplication as the hypothermic wave front spreads centrifugally from the
catheter tip to the surrounding tissue.3,47,57 In effect, the cooling of
cells with reversible electrophysiologic effects (e.g., cryoprobe temperature, 0°C to −30°C; tissue temperature, 0°C to −5°C) necessarily precedes irreversible tissue destruction (e.g., at temperatures of
<−50°C to −60°C). Thus vigilance must be maintained throughout
the cryoapplication when treating critical substrates (e.g., perinodal),
because tissues not initially affected have the potential to undergo
reversible suppression as the cryolesion continues to expand during
cryoablation.
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Fig. 4.11 Lesion volumes for irrigated and radiofrequency (RF) ablation (blue bars) and cryoablation (beige
bars) under various conditions of electrode orientation (vertical or horizontal), contact pressure (6 or 20 g), and
simulated blood flow over the electrode–tissue interface (0.2 or 0.4 m/s). *P < .05 versus same conditions
except cryoablation catheter, **P < .05 versus same conditions except vertical orientation, ***P < .05 versus
same conditions except 6-g pressure, ****P < .05 versus same conditions except 0.4-m/s simulated blood
flow. (From Parvez B, Pathak V, Schubert CM, Wood M. Comparison of lesion sizes produced by cryoablation
and open irrigated radiofrequency ablation catheters. J Cardiovasc Electrophysiol. 2008;19:528-534. With
permission.)
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When temperatures reach −20°C, electrical noise appears on the
distal electrode pair, with loss of the local electrogram signal because
of the formation of the ice ball. This electrical noise resolves once the
temperature warms to over −20°C. During the time that temperatures
remain colder than −20°C, the catheter adheres to the cardiac endocardial tissue and, therefore allows the operator to perform programmed
stimulation to confirm safety and/or efficacy without concern for catheter dislodgment. In the event of an undesirable effect, prompt termination of the application usually results in complete recovery within
seconds after rewarming, with no permanent effect. If desired effects are
confirmed, cryoablation is typically maintained for 4 minutes, largely
because preclinical studies based on correlation between histopathologic analyses and visualization of ice ball formation demonstrated that
the lesion increases in size during the first 2 to 3 minutes and reaches
a plateau thereafter (Fig. 4.12, A–C).34 However, chlorofluorocarbon
agents have since been replaced by a more potent refrigerant, currently
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nitrous oxide (N2O), which produces a faster drop in temperatures and
lower absolute values. The standard 4-minute application has been questioned, with preclinical studies of focal cryocatheter58 and CB59 ablation
suggesting that shorter application times (e.g., 2-minutes) suffice.
Although one application is typically sufficient to create permanent
effects on conduction, double freeze–thaw cycles or multiple applications may be performed if desired or required to create more homogeneous necrosis.34
When performing PV isolation (PVI) for the treatment of AF with
cryoenergy, the delivery tool is different and based on a balloon technology. The standard technique with the Arctic Front catheter consists
of inserting a guidewire in a PV, advancing the catheter over the wire
to the desired location, inflating the balloon, assessing tissue contact by
injecting contrast through the catheter’s central lumen demonstrating
venous occlusion, in the absence of leaks, and applying 2 to 4 minutes
of cryoablation.59
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Fig. 4.12 A, Plot of lesion width (mm) by time (min) of application demonstrating increase in lesion size
during the first 3 minutes, with no substantial further increase thereafter. *P < .5 versus previous time.
B, Schematic diagram demonstrating that with freezing temperatures at the catheter tip, adjacent cardiac
tissue is cooled, with formation of ice ball and outward expansion in a concentric fashion. The longer the
catheter is cooled, the larger the formation of ice ball and the larger the lesion (until a plateau is reached).
C, Schematic plot of cryothermal energy delivery demonstrating the effect of temperature versus time. To
create a permanent ablation lesion, the tissue adjacent to the catheter must reach a certain temperature,
and this temperature must be applied for a given time. The colder the temperature, the shorter the duration of application required to achieve a permanent lesion. NS, Not significant. (A, From Dubuc M, Roy D,
Thibault B, et al. Transvenous catheter ice mapping and cryoablation of the atrioventricular node in dogs.
Pacing Clin Electrophysiol. 1999;22:1488-1498. With permission. B and C, Courtesy Medtronic CryoCath
LP, Montreal, QC, Canada.)
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CLINICAL ADVANTAGES OF CRYOTHERMAL
ENERGY FOR CATHETER ABLATION

TABLE 4.3

Theoretical advantages of cryothermal over RF ablation are summarized in Table 4.33 and include reversibility, catheter stability, minimal risk of thromboembolism, safety near vascular structures, and
decreased pain perception.

Advantages

Clinical Implications

Catheter adhesiveness

Greater catheter stability
Programmed stimulation may be performed
during ablation
Avoidance of brushing effects

Reversible Effects
As previously discussed, one of the most exciting and truly remarkable
characteristics of cryothermal energy is the ability to dynamically and
prospectively assess the safety and efficacy of a potential ablation lesion
site, because a period of reversible electrophysiologic tissue inhibition
obligatorily precedes permanent tissue destruction (a process that can
be dynamically manipulated by varying the temperature and/or time
of application). Although extreme freezing (i.e., tissue temperatures
colder than −50°C) results in near instantaneous permanent tissue
injury, a functional effect may be obtained at sublethal temperatures
(i.e., −10°C to −25°C), with complete recovery of all electrophysiologic properties and no histologically identifiable damage (Fig. 4.13,
A–D).3,10,11,47 Cryomapping is not only theoretically possible, but the
broad temperature/time window between reversible and irreversible
effects renders this feature readily clinically applicable. Thus by identifying the desired substrate before definitive ablation, the appropriate
catheter placement site may be confirmed to be efficacious (i.e., efficacy
cryomapping) and/or safe (i.e., safety cryomapping). Reversible cryomapping may be of particular importance when ablating arrhythmogenic substrates located near critical sites such as the AV node, where
a missed target lesion may have major consequences. Reversibility
observed with cryothermal energy contrasts starkly with RF energy.60
With RF ablation, hyperthermal tissue injury leading to reversible loss
of excitability occurs at a median tissue temperature of 48°C, whereas
irreversible tissue destruction occurs at tissue temperatures greater
than 50°C.60,61 The RF reversibility window is therefore too narrow for
safe clinical applications.

Catheter Stability
With hypothermia generated at the distal cooling electrode, the cryocatheter adheres to tissue affording greater catheter stability.62 Metaphorically, this has been likened to a wet tongue sticking to a frozen pole.
The operator may let go of the catheter once it has adhered onto the
endocardial surface. Programmed electrical stimulation may be performed during cryoablation without concern for catheter dislodgment.
Moreover, brushing effects that occur during beat-to-beat rocking
heart motions and with respiratory variations are eliminated. This feature may be particularly advantageous if the arrhythmogenic substrate
is located at a site where contact is difficult to maintain or ablation of
nearby tissue is deemed hazardous (i.e., near the conduction system,
epicardial coronary arteries, or PVs).10,11 It also permits ablation to be
performed during tachycardia without the menace of catheter dislodgment upon abrupt arrhythmia termination. By contrast, catheter stability may be an issue during RF ablation. The catheter must be held
in place by the operator to ensure adequate delivery of power and subsequent tissue heating, which may prove difficult in the beating heart.
Such effects may be magnified during tachycardia, upon arrhythmia
termination, and in patients with substantial valvular regurgitation. The
lesser control and variable brushing effect may contribute to increasing
the size, unpredictability, and imprecision of the lesion created.

Minimal Risk of Thromboembolism
To compare the propensity for RF and cryoenergy ablation to produce
thrombus on the surface of the ablation lesion, a randomized preclinical

Potential Advantages of
Cryoablation Over Radiofrequency Ablation

Homogeneous sharply demar- Less arrhythmogenic
cated lesion
More controllable titration of lesion size
Preservation of ultrastructural Decreased risk of thrombus formation
integrity
Absence of aneurysmal dilation or rupture
Reversible suppression of
conduction tissue

Prediction of successful site
Avoidance of unwanted lesions
Ablation of high-risk substrates

Lesion limited by warming
blood flow

Safety to nearby epicardial coronary arteries

Visualization by ultrasound

Real-time monitoring
Confirmation of endocardial contact
Defining optimal freezing parameters

Pain-free ablation

Discomfort minimized under conscious
sedation

study was conducted involving 197 ablation lesions in 22 dogs at right
atrial, right ventricular, and left ventricular sites.48 RF energy was 5 times
more thrombogenic than cryoablation, as confirmed by results of histologic morphometric analyses 7 days after ablation. Moreover, thrombus
volume was significantly greater with RF compared with cryoablation
(see Fig. 4.10, B, left). Interestingly, the extent of hyperthermic tissue
injury was positively correlated with thrombus bulk. This was unlike
cryoenergy, in which lesion dimensions were not predictive of thrombus
size. It was conjectured that this disparity likely reflected the fact that
intact tissue ultrastructure with endothelial cell preservation was maintained with cryoenergy. These results were later extended to larger tip
cryocatheters, further supporting the notion that the low risk of thrombosis is a feature of cryothermal energy, independent of lesion size.50
Moreover, cryothermal ablation lesions are associated with a lesser degree
of platelet and coagulation cascade activation when compared with RF
ablation.48,63,64 Although the true incidence of thromboembolism associated with RF ablation is likely underreported, especially for right-sided
interventions, clinically important thrombi have been reported to occur
in 1.8% to 2% of procedures in systemic cardiac chambers.65,66

Minimal Risk to Vascular Structures
Concerns have been raised regarding RF ablation adjacent to or
within the coronary venous system or PVs.62 Venous injury (including acute perforation and tamponade, and/or delayed fibrosis/stenosis), acute or subacute endoluminal venous thrombosis, and collateral
damage to the esophagus and/or adjacent coronary arteries have been
reported.67 Perforation, tamponade, and coronary artery stenosis
are potential complications. The circumflex and/or right coronary
artery may course in close proximity to the arrhythmia substrate.68–70
Moreover, the AV nodal artery passes near the mouth of the coronary
sinus, and ablation may conceivably damage this small vessel.71 Preclinical studies suggest a lower incidence of coronary artery stenosis
following cryoablation compared with RF ablation. In an experimental study in swine submitted to cryoablation within the mid and distal
coronary sinus, no angiographic coronary stenosis was observed and
the medial and intimal layers of the coronary artery were preserved.72
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Fig. 4.13 Electrograms demonstrating the reversible effect of cryomapping on the AV node. For all panels, I,
aVF, and V1 are surface electrocardiographic (ECG) recordings. A, Normal baseline PR interval of 200 ms and
AH interval of 95 ms before cryomapping application (paper speed = 50 mm/s). B, After onset of cryomapping
at a temperature of −25° C (evidenced by high-frequency signal on Map 1-2) for 57 seconds, the PR interval
increased to 300 ms (paper speed = 50 mm/s). C, At the end of the cryomapping application, a nonconducted
atrial beat with a ventricular backup paced beat is shown. Upon rewarming, no further nonconducted atrial
beats occurred (paper speed = 25 mm/s). D, After 5 seconds of rewarming, normal 1 : 1 AV conduction
resumed, and the PR interval returned to baseline (paper speed = 25 mm/s). AH, Atrium-to-His activation
time; AV, atrioventricular; HV, His-to-ventricle activation time; MAP 1-2, signal from the distal electrode pair
of the cryocatheter; PR, PR interval from the surface ECG. (From Dubuc M, Khairy P, Rodriguez-Santiago A,
et al. Catheter cryoablation of the atrioventricular node in patients with atrial fibrillation: a novel technology for
ablation of cardiac arrhythmias. J Cardiovasc Electrophysiol. 2001;12:439-444, with permission.)

In a canine model, Aoyama and coworkers demonstrated that cryoablation in the coronary sinus within 2 mm of the left circumflex artery
produced transmural myocardial lesions similar to RF energy but
with a lesser risk of coronary artery stenosis.73 Histologically, 50%
of the animals randomized to RF energy had intimal coronary artery
damage compared with none with cryoablation. These observations
have been attributed to the resilience of fibroblasts and collagen fibers
to hypothermic injury and to the protective heating effect of coronary
arterial blood flow.24,25 There is also growing evidence that cryoablation in close proximity to PVs is associated with a lesser risk of
venous stenosis than RF energy.74–76

Painless
RF ablation may be painful to the patient under conscious sedation
through direct stimulation of cardiac sensory nerves or pericardial or
collateral visceral irritation, particularly when ablating near thin-walled
or venous structures such as the posterior left atrium, coronary sinus,
or posterior cavotricuspid isthmus. In contrast to RF catheter ablation,
several studies have noted that pain perception, as assessed by standard
Likert scales, is significantly less with cryoablation.77–80 Thus for select
procedures associated with substantial patient discomfort, the use of
cryoablation may theoretically result in lower anesthetic and analgesic requirements.78–80 This is especially relevant for electrophysiology

laboratories that do not use general anesthesia. However, it should be
noted that in the case of AF ablation, a rare incidence of transient ice
cream headache has been described during ablation.

Visualization by Ultrasound
In the 1990s the ability to provide continuous real-time imaging of the
freezing process was considered a major technologic advancement that
sparked renewed interest in visceral cryosurgery.33 Indeed, ultrasonographic monitoring of the freeze–thaw cycle and frozen tissue volume
contributed to rapid improvements in hepatic and prostatic surgery.
The ability to visualize formation of ice ball by ultrasonic means was
likewise demonstrated in preclinical transcatheter cryoablation studies
(Fig. 4.14, A–C).34 This feature of cryoablation has proved helpful in
defining optimal freezing parameters.

CLINICAL APPLICATIONS
Since its inception, transcatheter cryoablation technology has substantially improved. The refrigerant was modified to allow lower temperatures and faster freezing rates, larger electrode-tip sizes emerged, and
innovative catheters of differing configurations were manufactured.
Diverse clinical applications have since been explored, as indications
continue to be refined.48,72,76,81–87
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A

B

C
Fig. 4.14 A, Ablation catheter adheres to adjacent cardiac tissue upon formation of ice ball. B, The catheter situated in the right atrium (RA) is indicated by the arrow. C, After application of cryoenergy, the presence of an ice
ball is seen as a hypoechoic zone bordered by a hyperechoic rim with posterior shadowing. RV, Right ventricle.
(A, Courtesy Medtronic CryoCath LP, Montreal, QC, Canada. B, From Dubuc M, Khairy P, Rodriguez-Santiago
A, et al. Catheter cryoablation of the atrioventricular node in patients with atrial fibrillation: a novel technology
for ablation of cardiac arrhythmias. J Cardiovasc Electrophysiol. 2001;12:439-444. With permission.)

Atrioventricular Nodal Ablation
Somewhat ironically, the first series of patients with transcatheter
cryoablation underwent AV node ablation and pacemaker implantation as a rate-control strategy for permanent AF.11 Although cryoablation is generally not advocated for this indication because of potentially

lower long-term success rates, AV node ablation was deemed an appropriate substrate for the initial safety and feasibility studies. Indeed, in
the very first study with the first-generation equipment (9 F catheter;
suboptimal handling characteristics; minimum achievable temperature −55°C), AV node ablation was successful in 10 of 12 patients.11
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Atrioventricular Nodal Reentrant Tachycardia
AVNRT is one of the most extensively studied arrhythmia substrates
as the unique properties of this arrhythmia are particularly well suited
to cryoablation. Specifically, reversible tissue inhibition allows for the
electrophysiologic evaluation of slow pathway conduction during mapping and/or ablation.81 Catheter adherence minimizes the chance of
inadvertent collateral damage and allows atrial extrastimulus testing to
assess end points (such as disappearance of an A2-H2 jump, arrhythmia termination, and noninducibility) during the cryoapplication and
without risk of catheter dislodgment.81,88 Moreover, inadvertent permanent high-degree AV block is yet to be reported with cryoablation
for AVNRT (in contrast to RF ablation where the occurrence of complete AV block necessitating pacemaker implant remains significant at
0.8% to 2%).89–91 Although preferences and practice patterns continue
to vary, this superior safety profile has prompted some centers to adopt
cryoablation as first-line therapy for the treatment of AVNRT.
In contrast to the well-established exceptional safety profile, some
debate remains about long-term efficacy. In the first case series of 18
patients with cryoablation for AVNRT, cryomapping was demonstrated
to be feasible, 17 patients underwent a successful ablation, and no recurrence was noted at 5 months of follow-up.81 Important observations
included the absence of an accelerated junctional rhythm during cryoablation, the ability to test for slow pathway conduction during the cryoapplication, and reversibility of AV block upon tissue rewarming.79,82,92 In
the prospective multicenter FROSTY cohort study, 103 patients with
AVNRT had attempted cryoablation.82 The acute procedural success rate
was 91% using a 4-mm electrode-tip cryocatheter. At 6 months, arrhythmia-free survival in patients with acutely successful interventions was
94%. The more recent multicenter Intracardiac CrYoablation for AtrioVentricular Nodal Reentrant Tachycardia (ICY-AVNRT) study reported
a 92.6% long-term success rate with a 6-mm electrode-tip cryocatheter.93
Although these figures appear somewhat lower than historically reported
success rates with RF ablation, direct comparisons to RF were not made.
In a small pilot study directly comparing acute and long-term success with cryoablation versus RF ablation for AVNRT, no statistically
significant difference in acute success was noted (97% versus 98%).94
However, long-term success rates favored RF. A separate study of 63
patients randomized to RF or cryoablation for AVNRT also noted
equivalent acute procedural success rates.95 The median number of
cryothermal applications was significantly lower than the number of
RF applications (two vs. seven). Fluoroscopy and procedural times
were comparable. Long-term follow-up was later reported, suggesting
no difference in outcomes.96 In a systematic review that combined 22
published studies (2654 patients), cryothermal ablation had a high procedural success rate (95%; range 85%–99%) that was comparable with
RF catheter ablation (RFCA; 95%–98%).82, 89–91,96–107 Long-term freedom from recurrent arrhythmia with cryoablation was reported to be
92.6% (range 89.5%–94.8%), which was lower than historical observations with RF (93%–97% recurrence).91,93 Although historical comparisons between observational studies are fraught with potential biases, 11
comparative studies between cryothermy and RF catheter ablation for
AVNRT (8 retrospective observational studies and 3 prospective randomized studies) reported comparable acute success rates.96–107 In these
studies, the procedure duration was globally similar, with a shorter fluoroscopy time with cryoablation. Although the long-term recurrence
rate was statistically similar in 7 of the 11 studies, there was an overall trend that favored RF energy. It is important to note, however, that
the lack of statistical significance is not synonymous with equivalency,
which requires adequately powered studies.
Importantly, the risk of recurrence with cryoablation is sensitive
to several modifiable factors, which are largely based on the fact that
cryoablation for AVNRT differs from RF catheter ablation in several
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ways. For example, (1) precise mapping is more critical than with RF
because of the more focused nature of the cryolesion; (2) the ideal ablation site is generally more proximal (more atrial) and superior (higher
up the septum; Figure of Koch triangle and successful location of cryocatheter ablation);93,108 (3) the ability to test slow pathway conduction
during ablation allows for an assessment of relative proximity of the
catheter tip to the target tissue. An early time to effect is associated
with a higher likelihood of delivering an efficacious lesion;81,88,108 (4)
repeated freeze–thaw cycles produce faster and more extensive tissue
cooling, which extend the lethal effect of ablation to the outer limit
of the frozen volume;109 (5) larger catheter-tip dimensions (6 and 8
mm) have been associated with increased procedural and long-term
efficacy.98,99,110,111 In a study of 289 patients with cryoablation using 4or 6-mm electrode-tip catheters as a first-time procedure for AVNRT,
a similar rate of acute procedural success was achieved.110 However,
recurrences were less common with 6-mm tips. Actuarial event-free
survival rates at 1, 3, 6, and 12 months with 6- versus 4-mm electrode-tip
catheters were 97%, 93%, 92%, and 89% versus 90%, 87%, 84%, and
77%, respectively, with no recurrence thereafter. Indeed, ablation with
a 4-mm cryocatheter was associated with a 2.5-fold increased risk of
recurrence; (6) it remains debated whether the usual end points used
with RF catheter ablation are applicable to cryoablation. Specifically,
although persistent AV nodal physiology without more than a single
echo beat on isoproterenol is an acceptable end point for RF catheter
ablation after 30 minutes of observation, some studies suggest that a
similar end point is appropriate for cryoablation, whereas others suggest that complete abolition of the slow pathway is preferable.93,111–114
Long-term efficacy outcomes may continue to improve as operators
gain experience, the procedure is further refined, and catheter designs
evolve.

Septal and Parahissian Accessory Pathways
Most users of transcatheter cryoablation would probably agree that this
technology permits them to tackle substrates that they would have otherwise refrained from ablating because of an unacceptably high risk of
AV block using other energy modalities.115,116 Midseptal and parahissian pathways are classic examples.79,82,92 For septal pathways, including parahissian locations, AV block with RF ablation has ranged from
12.5% to 20%.115,116 By contrast, in a study that included 11 anteroseptal
and 8 midseptal accessory pathways undergoing cryoablation, transient
atrium-to-His activation-time prolongation was noted in four of eight
patients with midseptal pathways and not in any of the patients with
anteroseptal pathways.83 No permanent AV block occurred. Although
the acute procedural success rate was reported at 100%, 20% recurred at
15 months of follow-up. The series was later extended to include a total
of 39 patients with perinodal accessory pathways, 15 midseptal and 24
parahissian.117 An acute success rate of 95% was achieved. Other series
have reported similar acute successes.79,118 As for AVNRT, permanent
inadvertent AV block is yet to be reported with ablation of perinodal
pathways, whereas right bundle branch block has occurred on occasion.

Atrial Flutter
The treatment of cavotricuspid isthmus–dependent atrial flutter by RF
ablation has been associated with high success rates and improvements
in quality of life. Although reported success rates are in the range of
80% to 100%, cavotricuspid isthmus ablation with RF may be painful during lesion delivery and is rarely complicated by AV block and/
or injury to the circumflex or right coronary artery. Several studies
assessed cryoablation for atrial flutter and reported comparable success
and recurrence rates, with lower pain perception.77,78,92,119,120
In an observational study of 95 patients with attempted cavotricuspid isthmus ablation using 9 F 8-mm (n = 52) or 7 F 6-mm
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(n = 43) electrode-tip cryocatheters, a higher acute success rate was
achieved with the larger catheters (100% vs. 88%).121 Despite comparable outcomes, modest advantages favored the larger tip catheter
with shorter fluoroscopy time and procedural duration and fewer
applications. As an alternative technique, some investigators have
advocated electrogram-guided hot spot focal ablation.122 The authors
placed an 8-mm electrode-tip cryocatheter at the isthmus, close to
the mouth of the coronary sinus. The catheter is maneuvered laterally along the isthmus in search of electrograms with separated atrial
and ventricular components and a local stimulus to onset time 70 ms
or higher.123 At these sites, cryoablation is performed at −75°C for
60 seconds. If conduction time across the cavotricuspid isthmus
increases by 30 to 40 ms, an 8-minute cryoapplication is delivered.
Although this approach was acutely successful, by 3 months of followup 44% no longer had bidirectional block on repeat testing.122
In comparison with conventional RF catheter ablation, similar freedom from recurrence (86% vs. 87% with RF ablation at 11.6 months of
follow-up; P = .84) and fluoroscopy time (27.5 vs. 27.3 minutes with
RF ablation; P = .28) have been reported with cryothermal ablation.80
Although the procedural time has been reported to be significantly
longer with cryothermal ablation (171.7 vs. 134.5 minutes with RF
catheter ablation; P < .001), cryothermy results in a lesser degree of
patient discomfort than RF energy.77,78,80

Atrial Fibrillation
Early attempts at PVI with cryoenergy were performed in a point-bypoint manner similar to contemporary RF catheter ablation. Although
the procedure was shown to be feasible and safe, it was associated with
prohibitively long ablation and procedural durations (mean cryoablation time 65 ± 39 minutes per vein; mean total procedural time 7.5
± 2 hours), and a disappointing long-term success rate (6% freedom
from recurrent AF at 18 ± 9 months of follow-up).75,76,124 In response
to these limitations, a specialized curvilinear self-expanding 7 F Arctic
Circler (Medtronic CryoCath LP) catheter was developed. Although
acute isolation could be achieved in 91% of targeted PVs (4/45 PVs
required focal RFCA for isolation), only 22% of patients (4/18)
remained arrhythmia free after 14.8 ± 6.2 months of follow-up.125
Efforts to further refine the cryothermal energy delivery system
for PVI spurred the designing of an expandable CB ablation catheter (Arctic Front; Medtronic CryoCath LP). To date, over 250,000
CB-based ablation (CBA) procedures have been performed worldwide. The first randomized trial comparing antiarrhythmic drug
(AAD) therapy with CBA, the Sustained Treatment of Paroxysmal
Atrial Fibrillation (STOP-AF) trial, enrolled 245 patients with paroxysmal AF and randomized them 2 :1 to CBA (n=163) or AAD therapy
(n=82).126 Balloon-only PVI was realized in 90.8% of participants,
with an overall procedural success rate (≥3 PVs isolated) of 98.2%
when focal cryoablation touch-ups were added. Some 19% of patients
required a repeat procedure within the 3-month blanking period. At
12 months of follow-up, 69.9% of the CB group versus 7.3% of the
AAD group remained free of recurrent AF (P < .001) with a statistically significant improvement in symptoms and quality of life in the
CBA group.
A metaanalysis examining the early experience with the firstgeneration CB catheter reported that CBA resulted in a high procedural
success rate (>98% of patients achieving complete PVI) and 1-year freedom from recurrent AF (1-year single procedure off AADs success of
60%; 73% if a 3-month blacking period was included).127 In comparison, long-term freedom from recurrent AF after RF catheter ablation has
been reported to be 50% to 64% after a mean follow-up of 14 months in
the metaanalysis by Calkins and coworkers, and 40% at 1 year in the prospective long-term cohort study by Weerasooriya and coworkers.128,129

As previously mentioned, the first generation of CBA catheters (Artic
Front; 23 and 28 mm) included only four N2O injectors. The cooling
process was slower and less homogeneous than the second-generation
CB (Artic Front Advance), built with eight injectors. Hence, procedural
duration, time to isolation, and fluoroscopy times have since been significantly reduced.130 Importantly, freedom from AF at one year was
systematically improved, with reports indicating 80% event-free survival130–134 The third-generation CB (Artic Front Advance Short Tip)
facilitates analysis of PV potentials during cryoapplications135 to obtain
real-time recordings of time to isolation.
Recently, a prospective randomized study on 762 patients demonstrated noninferiority of CBA versus RF ablation for paroxysmal AF.
After a 1-year follow-up, the primary efficacy end point (supraventricular arrhythmia recurrence, AAD prescription, and/or repeated ablation) occurred in 138 patients in the CB group compared with 143 with
RF ablation (34.6% and 35.9%, respectively; P < .001).136
In a direct comparison to other contemporary AF ablation technologies, CBA is associated with procedures that are somewhat shorter than
conventional irrigated RF ablation.137–141 However, fluoroscopy times
remain longer with CBA because procedures are usually performed
without electroanatomic mapping systems.136 Despite these procedural
differences, efficacy outcomes do not seem to differ between CBA and
conventional irrigated RF catheter ablation, magnetic-guided RF, and
duty-cycled multielectrode RF ablation.137–142 Moreover, the rate of
major complications with CBA is relatively low (<3% to 5%) in comparison with irrigated RF (5% to 6%).128,143–145 With CBA, the reported
rate of periprocedural stroke or transient ischemic attack (TIA) is 0.3%,
0.6% for cardiac tamponade, and 1.8% for groin complications. Corresponding complication rates with RF ablation are 0.3% to 0.9% for
stroke or TIA, 0.8% to 1.3% for cardiac tamponade, and 1% to 1.5% for
groin complications.127
Although the global complication rate with CBA appears comparable to conventional irrigated RF ablation (10.2% vs. 12.8%, P = .24),136
four types of complications merit further discussion. Phrenic nerve
palsy (PNP) is the most frequently observed complication after CBA,
with an estimated incidence of approximately 6% (range 3% to 11%)
despite the interruption of ablation when impaired diaphragmatic
excursion is detected by continuous abdominal palpation during continuous phrenic nerve pacing.64,127,146 Although PNP has been observed
with other ablation energy sources, it occurs more frequently with balloon-based technologies.128,144,145 Fortunately, the majority of cases
after CBA are transient, with <0.4% of PNPs persisting for more than 1
year.127 Despite the rarity of its occurrence, the incidence of persistent
PNP nevertheless appears to be approximately 2 times that reported
with RF ablation (0.17%).144 Although alternative monitoring techniques, such as continuous diaphragmatic visualization and/or auditory monitoring of diaphragmatic contraction, have been proposed,
the use of diaphragmatic electromyography represents a potentially
more sensitive technique.146 During phrenic nerve pacing a reliable
signal (the diaphragmatic compound motor action potential [CMAP])
can be easily recorded using surface electrodes. In preclinical studies, it
was demonstrated that it is technically possible to record high-quality
diaphragmatic CMAP signals during CBA, and a 30% reduction in diaphragmatic CMAP amplitude reliably predicted impending hemidiaphragmatic paralysis (presaging diaphragmatic paralysis by abdominal
palpation by a mean of 31 seconds). In a randomized preclinical study,
the use of CMAP monitoring resulted in a significant reduction in the
incidence of acute hemidiaphragmatic paralysis (50% vs. 100%; P =
.001), persistent hemidiaphragmatic paralysis at 30 days (21% vs. 75%;
multivariate odds ratio, 0.12; 95% confidence interval, 0.02 to 0.69;
P = .017), and the histologic severity of phrenic nerve injury (P = .001)
when compared with standard diaphragmatic palpation.146,147
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Interestingly, the CMAP amplitude decreases more frequently
during right superior PVI, as the phrenic nerve path courses along the
right side of the heart.148
The second complication that warrants a more in-depth discussion
is that of PV stenosis. Before the STOP-AF trial, multiple studies using
systematic screening reported no PV stenosis (0/550 patients).126,149–156
Conversely, the landmark STOP-AF trial reported a 3.07% (7/228
patients) incidence of radiographic PV stenosis. This incongruity likely
reflects differences in criteria used to define the significance of PV
stenosis. In the AF ablation literature, PV stenosis is most commonly
defined on the basis of diameter measurements (typically as a reduction in PV diameter >70%).157 By contrast, the STOP-AF trial defined
PV stenosis as a >75% reduction in cross-sectional area from baseline,
which corresponds to a 50% reduction in PV diameter.126 As such, this
more liberal definition may represent a relative overestimate of the
rate of PV stenosis and limits direct comparisons with other studies.
Even so, when the results of the STOP-AF trial were combined with
other studies using systematic screening with noninvasive imaging, the
incidence of radiographic PV stenosis was 0.90% (7/773 procedures),
which is approximately half the rate observed in a large metaanalysis
of conventional AF ablation with RF.128,149–156 Reassuringly, the rate
of symptomatic PV stenosis or PV stenosis requiring intervention
was low (0.17%) and comparable with that observed with RF (0.1% to
0.3%).128,144,145 In recent studies, the incidence of PV stenosis appeared
to be negligible.158
The third is the possibility of esophageal injury after CBA. Four
studies comprising 148 participants reported the results of systematic upper endoscopy after CBA.152,159–161 Although two studies documented a 17% (6/35 patients) and 19% (6/32 patients) incidence of
esophageal ulceration after CBA, two further studies failed to demonstrate thermal esophageal lesions in 38 and 43 patients who underwent
systematic esophageal endoscopy. Similarly, although there were no
cases of left atrial–esophageal fistula (0/1298 procedures) reported in
the metaanalysis, subsequent case reports have emerged indicating
that, although the possibility of atrial–esophageal fistula exists, the
incidence is relatively rare (0.00018% with CBA vs. 0.018% with RF).
The last complication that warrants a more detailed discussion is
that of systemic thromboembolism. Cerebral ischemic events are a
recognized complication of percutaneous endocardial left atrial ablation. In the recent systematic review of CBA, the incidence of thromboembolic complications, including periprocedural stroke or TIA, was
0.32%, which compares favorably to conventional RF catheter ablation
(0.3% to 0.94%).128,144,145 Recognizing that not all embolic cerebral
events lead to clinical symptoms, recent studies quantified microembolic signals (MESs) as a surrogate of subclinical disease. In a series
of 30 patients, a significantly lower incidence of MES was noted in the
middle cerebral arteries with CBA and irrigated RF catheters when
compared with conventional nonirrigated RF.162 Similarly, two studies comprising a total of 182 patients compared the incidence of silent
cerebral ischemic lesions after PVI with duty-cycled multielectrode
ablation, conventional irrigated-tip RFCA, and CBA. In both studies
the incidence of new silent cerebral ischemic lesions was found to be
significantly higher with multielectrode ablation (37.5% to 38.9%)
when compared with irrigated RF (7.4% to 8.3%) or CBA (4.3% to
5.6%).163,164
In short, a single CBA procedure for paroxysmal AF results in high
acute and medium-term efficacy rates with a relatively low incidence of
complications. The most frequent complication, PNP, is often transient
and may be preventable. Moreover, rates of ischemic thromboembolic
complications appear lower with CBA than other technologies, which
may reflect maintenance of endocardial integrity and lower risk of
thrombosis.
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Ventricular Tachycardia
A few case series on cryoablation for ventricular tachycardia have been
published.165,166 Obel and coworkers reported three cases of left ventricular outflow tract tachycardia successfully ablated from the distal
great cardiac vein.167 In a larger series, cryoablation with an 8-mm-tip
catheter was attempted in 14 patients with highly symptomatic frequent
monomorphic ventricular premature beats or nonsustained ventricular tachycardia originating within the right ventricular outflow tract.168
Cryoablation resulted in complete success in all but one patient. Three
patients reported slight pain arising from local pressure of the catheter
on the right ventricular outflow tract with no pain related to delivery
of cryothermal energy. All patients with acutely successful procedures
remained arrhythmia free at 3 months of follow-up.

Cryoablation in Children
Because of smaller anatomic structures and distressing consequences of
inadvertent AV block, cryoablation has emerged as an attractive treatment
option for several arrhythmia substrates in children. Fortunately, persistent AV block has not been reported with cryoablation in the young. In
children with AVNRT, acute success rates are comparable to RF ablation.
However, concerns persist over potentially higher recurrence rates.169,170
Although these trends are not statistically significant and are influenced by
learning curves, the concerns are valid, particularly with 4-mm-tip cryocatheters. In addition, reported procedural times are longer with cryoenergy
versus RF ablation (148 minutes vs. 112 minutes).171
Similar trends are noted with cryoablation of accessory pathways
in children that are either close to the AV node or within the coronary
venous system.169,172 An acute success rate of 78% was noted in 35 young
patients (mean age 15.6 years).172 Permanent PR prolongation occurred
in one patient and right bundle branch block in another. At median
follow-up of 207 days, recurrences were noted in 45%. Younger patient
age and midseptal pathways were associated with a higher likelihood of
recurrence. Although acute success rates were comparable to RF ablation
in a historical institutional control group, recurrences were significantly
higher. The authors conjectured that safety benefits may nonetheless
provide suitable compensation for higher recurrences. However, it is
important to note that when applied to immature myocardium, the rate
of expansion of cryoablation lesions is similar to RF catheter ablation.173
Reports of other substrates in children successfully cryoablated
include ectopic atrial tachycardia,169 junctional ectopic tachycardia,169,170 and permanent junctional reciprocating tachycardia.171

Cryoablation in Congenital Heart Disease Patients
In patients with a congenital heart disease, particular indications may
include presence of an intracardiac shunt to minimize thromboembolic
risk48 and anatomic displacement of the AV conduction system for
cryomapping of the AV node and/or its inputs.174 In several forms of
congenital heart disease, the AV node and/or conduction system may
be fragile or displaced. These include patients with AV septal defects,
in whom the AV node is usually displaced inferiorly, anterior to the
coronary sinus ostium, and congenitally corrected transposition of the
great arteries (ccTGA) in whom the AV node is displaced anteriorly and
laterally.175,176 In other cases, location of the AV node may be uncertain and difficult to predict as a result of a distorted Koch’s triangle and
reconstructed atrial anatomy. Iatrogenic damage to AV conduction in
this subset of patients, particularly those with Fontan physiology, may be
poorly tolerated and pacemaker implantation, if required, may only be
feasible surgically considering the lack of transvenous access to a ventricle. Recently, Avila et al.177 reported that cryoablation was safe and feasible as a first-line therapy for treating perinodal arrhythmia substrates
in adults with various forms of congenital heart disease associated with
complex anatomies and/or displaced conduction systems.
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Cardiac Anatomy for Catheter Mapping
and Ablation of Arrhythmias
Niyada Naksuk, Deepak Padmanabhan, Samuel J. Asirvatham
KEY POINTS
•	Anatomic terminology presently used and pertinent for the
interventional electrophysiology defers from classic anatomy
descriptions. It is more important for electrophysiologists to be
able to correlate the anatomic view in a consistent fashion with
real-time imaging.

•	Intracardiac ultrasound, along with fluoroscopy, is the primary
real-time imaging modality used during mapping and ablation.
•	Preoperative transthoracic echocardiography, 3-dimensional
computed tomography, and magnetic resonance imaging with
registration (fluoroscopy or ultrasound) are an important visual
aid for planned procedures.

Cardiac anatomy remains a cornerstone for successful and safe
interventional treatment for cardiac arrhythmias. The importance
of appreciating detailed anatomy and correlating the specifics in
real time, with fluoroscopy and intracardiac echocardiography as
well as the sensed electrograms, has become even more relevant
with complex arrhythmia management. In this chapter, the regional
anatomy of the heart is discussed in general, and after reviewing
the tenets for anatomic correlation, specific points of interest to the
principal arrhythmias targeted today in the electrophysiology laboratory are discussed. Where pertinent, key anatomic points for the
electrophysiologist are highlighted.

IMAGING MODALITIES FOR MAPPING
AND ABLATION

BASIC ORIENTATION AND TERMINOLOGY
The heart is situated within the middle mediastinum with its base
directed superiorly marking the horizontal plane at the sternal angle,
right border between the third and sixth ribs, left border between the
second rib and fifth intercostal space, and apex projecting toward the
left in an anterior, inferior direction. Structurally the cardiac chambers
consist of an inner endocardium, muscular myocardium, and a superficial epicardial layer; on the outside, the heart is surrounded by the
pericardium.
The terminology historically used for anatomic orientation of the
cardiac structures was developed by cardiac pathologists and anatomists and used by cardiac surgeons. With advances in transcatheter
ablation techniques, electrophysiologists typically navigate the heart
using catheters under fluoroscopic guidance, rather than observing
the heart in the direct visual field. The previously used terminology
was often inaccurate for the heart in its undisturbed anatomic position. Thus in 1999, an attitudinally appropriate nomenclature was proposed, which considers the orientation of the heart within the chest
in vivo1 (Fig. 5.1). This terminology is consistent when used for the
electrocardiogram, the fluoroscopic projections, and other adjunctive
imaging modalities. Under this scheme the body and the anatomically
situated heart within the chest are viewed in the standing position
and described by three axes, namely, the superior–inferior, anterior–
posterior, and right–left axes.

54

Computed tomography (CT), magnetic resonance imaging (MRI), and
echocardiography allow the operator to visualize the anatomy before
ablation. The fundamental imaging modalities for real-time guidance and trouble-shooting during catheter manipulation and ablation
include fluoroscopy and intracardiac echocardiography (ICE).2

Fluoroscopy
Fluoroscopy is a noninvasive and relatively inexpensive method
that offers real-time imaging. The drawbacks of this method are its
inability to visualize and discriminate soft tissues such as the myocardium and contiguous structures, and it exposes both the patient
and the operator to ionizing radiation. Fluoroscopy provides overlapping 2-dimensional projections of 3-dimensional structures, and
the views obtained are operator dependent, which may obfuscate
interpretation. Fluoroscopic orientation can be determined by a
number of anatomic references in the image such as the cardiac
silhouette, the calcified coronary artery, the vertebral column, the
diaphragm, the mediastinum, the fat stripe demarcating the atrioventricular (AV) groove, implanted devices, and orientation of
standard catheters (Videos 5.1, 5.2, 5.3, and 5.4).
Two routinely used fluoroscopic views of the heart are the right
anterior oblique (RAO) and left anterior oblique (LAO; Fig. 5.2). The
RAO projection portrays a profile view looking from the side of the
heart and allows for good AV differentiation. The ventricle is anterior
(closer to the sternum) than the atrium (closer to the vertebral column) in the RAO view. However, in RAO there is an overlap of the
right and left chambers, and the septal and lateral aspects of the chambers; such spatial differentiation is not possible. The LAO projection
looks at the heart front from the apex toward the base, thus allowing
for good left versus right and septal versus lateral differentiation. However, it does not allow discrimination between the atria and ventricles
as they are superimposed. Both RAO and LAO provide superior–
inferior delineation. Catheters may be positioned at specific locations
to serve as fluoroscopic landmarks for this purpose.

CHAPTER 5

Cardiac Anatomy for Catheter Mapping and Ablation of Arrhythmias

Intracardiac Echocardiography
Intracardiac cardiac ultrasonography using ICE is now commonly
available. ICE can supplement fluoroscopy by accurately delineating
cardiac structures such as the interatrial septum, Eustachian ridge,
cardiac valves, moderator band, papillary muscles, false tendons, and
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coronary artery ostia (Videos 5.5 to 5.8). In addition, it allows for
visualizing catheter contact and transmural lesion formation in real
time (Video 5.9). It enables the operator to avoid complications and to
identify them when they arise, for example, formation of thrombus on
catheters, accumulation of pericardial effusion, damage to valve leaflets, and decrease in left ventricular (LV) systolic function (Videos 5.10
and 5.11). Three-dimensional ICE has been described but has not yet
been adopted for routine electrophysiology procedure.3

STRUCTURAL ANATOMY OF THE LEFT AND RIGHT
ATRIA
Right Atrium

Superior
Posterior
Right

Left
Anterior

The left and the right atria (LA and RA, respectively) have pronounced
gross and histological differences, and both chambers are intricately
involved in initiation and propagation of cardiac arrhythmogenesis.
The RA is marked laterally by a line joining the superior and inferior
vena cava (IVC) with its superior border terminating medially in the
RA appendage (RAA). Medially, it is bound by the right AV groove
and continues inferiorly with the inferior margin of the heart. The
interatrial septum forms the posterior wall of the RA superior to the
opening of the coronary sinus (CS). Inferiorly, a depression known as
the fossa ovalis marks the remnant of the primary septum of the fetal
heart. The upper margin remains crescent shaped and is identified as
the limbus (Fig. 5.3).

Sinus Venarum
Inferior
Fig. 5.1 The axes of orientation of the heart in vivo as proposed by
Cosío et al. 1999. The apex points to left, anterior, and inferior axes. The
orientation of the plane of the mitral and tricuspid valve annuli is more
anteroposterior than left to right. (From Cosío FG, Anderson RH, Kuck
K-H, et al. Living anatomy of the atrioventricular junctions. A guide to
electrophysiologic mapping: A Consensus Statement from the Cardiac
Nomenclature Study Group, Working Group of Arrhythmias, European
Society of Cardiology, and the Task Force on Cardiac Nomenclature
from NASPE. Circulation. 1999;100(5):31-37.)

The smooth-walled sinus venarum or the intercaval area is the rightward portion of the posterior RA, encompassing the posterior RA wall
between the orifices of the SVC and IVC. The venous component of
the RA continues medially as the interatrial septum that has a central
rounded thin-walled fossa ovalis. The RA vestibule is the smoothwalled area on the left aspect of the RA between the venous component
posteriorly and the tricuspid valve orifice anteriorly.

Right Atrium Appendage
The RAA is the trabeculated part of the RA formed by the pectinated
muscle extending anteriorly from the crista terminalis.4 It is the most

Fig. 5.2 The right anterior oblique (RAO) and left anterior oblique (LAO) projections show catheters placed
in position. The RAO allows good separation of the anterior and posterior views. The coronary sinus catheter
(CS, yellow line) serves as a landmark for the atrioventricular groove. The right ventricular catheter (RV) and
the right atrial catheter (RA) are anterior and posterior to the CS catheter, respectively. With RAO alone, it is
not possible to differentiate between left and right. The LAO projection discriminates right and left sides. The
His catheter (His) is positioned on the right atrial septum, marking the midline between right and left on the
LAO projection. In this view, the CS catheter locates just posterior to the left atrium, serving a landmark of
the mitral annulus. Abl, Ablation catheter placed on the cavotricuspid isthmus; TA, tricuspid annulus catheter.
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Clinical Correlation. RAA thrombus can form in patients with
atrial fibrillation, although this is far less frequent than LAA thrombus, potentially because of a wider mouth, more musculature, and
absence of multilobularity in the RAA.5 The complex arrangement
of pectinate muscles in the RAA in a minority of individuals may
predispose to catheter entrapment and perforation.6 Accessory
pathways that connect between the RAA and the ventricle have
been reported.7

anterior and medial part of the RA with the tip of the appendage
projecting anteriorly and leftward over the aortic root (Fig. 5.4). The
appendage wall is nonuniform with variable myocardial thickness and
orientation. The inferior vestibular part of the appendage has a thinner wall that overlies the epicardial fat surrounding the right coronary
artery (RCA) coursing around the tricuspid annulus. The RAA is larger
and more muscular than the left atrial appendage (LAA) and has a triangular shape. The arrangement of the pectinate muscle fibers in the
RAA is quite variable. Loukas and coworkers have suggested that 10%
of RAA have an arborizing arrangement of pectinates.5

Superior Vena Cava
Superior vena cava (SVC) has a close relation to the right superior pulmonary vein (PV) posteriorly and the ascending aorta medially (see
Fig. 5.4).8 The RA myocardium has extensions into the SVC, although
typically muscle is absent in the IVC.9 Muscle sleeves are seen in
three-quarters of SVCs, extending a mean distance of 4 mm (3.8 ± 9.4
mm) above the orifice.10 Two-fifths of extensions into the SVC have
a symmetric circumferential sleeve of muscle rather than an isolated
projection on one side. Isolating the SVC might thus require circumferential ablation. The azygos vein drains into the posterior SVC for an
average distance of 2.3 cm from the SVC–RA junction. Approximately
6% the myocardial sleeves extend all the way into the azygos vein.
Clinical Correlation. A study suggested that the SVC sleeve length
may be associated with risk of inducible SVC fibrillation.10 Catheter
mapping in the SVC may demonstrate the signals of nearby structures.
Similarly, far field SVC signals can be recorded when mapping the
anterior and superior aspects of the right superior PV (see Fig. 5.4).11
The substrate for atrial arrhythmias or atrial fibrillation may reside in
the azygos veins as well.

Superior Vena Cava–Right Atrium Junction

The anterior aspect of the SVC and RA junction is complex with variable thickness and direction of the muscle fibers. The sagittal bundle,
composed of one or two prominent pectinates, extends anteriorly from
the superior part of the crista terminalis and branches into the RAA,
potentially ending in a ring-like formation at the tip of the appendage.4
In addition to the crista terminalis and the sagittal bundle, an arcuate
ridge can be present, extending from the crista terminalis to the superior limbus of the fossa ovalis on the interatrial septum (see Fig. 5.3).

Fig. 5.3 Anatomy of the right atrium. Structures relevant for electrophysiologists are superior vena cava (SVC), fossa ovalis (FO), arcuate
ridge, crista terminalis, inferior vena cava (IVC), Eustachian valve and
ridge (ER), coronary sinus (CS), Eustachian ridge (EU), tendon of Todaro
(ToT), Thebesian valve (TH), and tricuspid valve (TV). (From Gami AS. EP
Anatomy of typical atrial flutter: Posterior boundary and causes for difficulty with ablation. J Cardiovasc Electrophysiol. 2010;21(2):144-149.)

A

B

Fig. 5.4 (A) The superior view of an autopsied heart shows close relationships between the superior vena
cava (SVC), the right atrial appendage (RAA), the left atrial appendage (LAA), and the outflow tracts. Catheters
placed in the appendages can pick up far filed ventricular signals of the outflow tracts, and vice versa. Note
that the ascending aorta (AO) is anterior and superior to the RAA. The ascending aorta separates from the
SVC with the aortocaval groove. Posterior to the SVC is the right superior pulmonary vein (RSPV). (B) Cross
section of a computerized tomography at the level of SVC reveals close relationship between the posterior
wall of SVC and the anterior wall of the RSPV. Hyper-enhanced material seen in the SVC and the anterior
part of the right atrium is a pacemaker lead. PA, pulmonary artery. (A, from Asirvatham SJ. Cardiac anatomic
considerations in pediatric electrophysiology. Indian Pacing Electrophysiol J. 2008;8:S75-S91.)
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Clinical Correlation. The sagittal bundle is a pathway for preferential conduction from the sinus node into the RAA. Giving the complexity of the conduction system, the signal recorded in this area can be
complex. Along with the actuate ridge, it can be the source of automatic
tachycardias, and variability in thickness of these bundles may predispose to conduction abnormalities within the RA that are important for
reentrant arrhythmias. Successful ablation at the arcuate ridge in a case
of inappropriate sinus tachycardia has been described previously.12

Crista Terminalis
The crista terminalis, also referred to as the terminal crest, is a
C-shaped muscular ridge on the lateral endocardial aspect of the RA
(see Fig. 5.3). It separates the smooth venous component of the RA,
formed by the sinus of vena cava (sinus venarum) posteriorly, from
the rough pectinate musculature of the RAA anteriorly. Corresponding
to the crista terminalis on the lateral epicardial aspect of the RA is a
superoinferiorly oriented groove filled with adipose tissue, the sulcus
terminalis. The sulcus terminalis overlies the location of the sinoatrial
(SA) node in the musculature of the crista terminalis near the orifice
of the SVC.13 The crista terminalis originates at the interatrial grove
posterior to the ascending aorta where its fibers coalesce with those of
the Bachmann bundle.14 It courses laterally and inferiorly anterior to
the SVC orifice and eventually branches out as trabeculations into the
cavotricuspid isthmus (CTI) anterior to the IVC orifice.
Clinical Correlation. Myocytes are oriented along the long axis of
the crista, thereby facilitating preferential conduction in the longitudinal
direction.14 However, the interlacing bundles of the crista terminalis trabeculations predispose to conduction delay and block transversely across
the crista, which can set up the conditions for intraatrial reentry (focal
atrial tachycardia).15 It also serves as an anatomic barrier to conduction
traversing across the lateral RA wall during most typical atrial flutters.9

Cavotricuspid Isthmus and Adjacent Structures
The CTI is a complex region that comprises of important landmarks
for ablation of CTI-dependent atrial flutter (Fig 5.5). There is the
Eustachian ridge, which separates the IVC and the smooth-walled
sinus venarum posteriorly and the CS ostium anteriorly. Anteriorly, there is the inferior aspect of the tricuspid annulus. Cabrera
and coworkers divided the CTI into three separate sections (lateral,
central, and paraseptal), with the myocardium being thinnest at
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the central region and thickest at the paraseptal isthmus.6 Its mid
portion is also the narrowest part, serving as an optimal location
targeted for ablation. In contrast, the lateral section, which is a
continuation of pectinate muscles branching out from the crista
terminalis, is rich of trabeculation that may impede satisfactory
ablation. In half the cases, the RCA course is within 4 mm of the
lateral isthmus.
The paraseptal isthmus region is bounded by the CS ostium laterally. Just lateral to the CS ostium there is a pouch-like depression
called the sub-Eustachian pouch, between the Eustachian ridge and the
tricuspid annulus. There is a lot of variability in the depth of the sub-
Eustachian pouch that sometimes can be 10 mm deep or more (Fig. 5.6).

Fig. 5.5 An autopsied heart cut along the plane of the atrioventricular
annulus. The cavotricuspid isthmus is a 3-dimensional structure located
posterior to the tricuspid annulus (cut) and the Eustachian ridge (ER). In
this picture, a significant sub-Eustachian pouch is noted. The Eustachian
valve (EV), thebesian valve (TH), and the tricuspid valve bound to pouch.
The Eustachian valve is inserted along the margin of the ER. In continuation of the ER, the tendon of Todaro (TT) courses deep to the crest
of the ridge onto the interatrial septum. Note the pouch is deepest on
the septal region close to the coronary sinus (CS). (From Asirvatham SJ.
Correlative anatomy and electrophysiology for the interventional electrophysiologist. J Cardiovasc Electrophysiol. 2009;20(1):113-122.)

B

Fig. 5.6 Eustachian pouch detected from a patient undergoing cavotricuspid isthmus (CTI)–dependent atrial
flutter ablation. (A) Left anterior oblique view demonstrates a different floor level between the floor of coronary sinus (CS) and the CTI region, suggesting deep Eustachian pouch (yellow arrow). The finding is consistent with cardiac computerized tomography obtained before ablation (* indicating the Eustachian pouch). (B)
The finding is consistent with cardiac computerized tomography obtained before ablation.
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This may lead to unsatisfactory catheter placement and suboptimal
ablation with failure to get bidirectional CTI block.16 In addition, the
distal RCA and its posterolateral branch may approximate the paraseptal isthmus vestibular endocardium by less than 3 mm, an important
relation to remember to avoid arterial damage while ablating in this
area.9 Furthermore, in 10% of cases the inferior AV nodal extensions
reach the paraseptal isthmus region.
Clinical Correlation. The CTI has anisotropic conduction properties with the muscle fibers oriented parallel to the tricuspid annulus.
It is a natural location for ablation to achieve conduction block and
interrupt the atrial flutter circuit.16 For routine typical atrial flutter
cases, the central isthmus may be the best site for linear ablation
between the tricuspid annulus and the IVC because of its shorter
dimension, thinner wall, and greater distance from the RCA and the
AV node.

Eustachian Valve
During fetal life, blood is oxygenated by the placenta and returns to the
heart by the IVC. The Eustachian valve at the orifice of the IVC directs
this oxygenated blood across the foramen ovale to the left atrium (LA)
and the systemic circulation. The Eustachian valve gradually degenerates completely or remains as a small vestigial remnant at the Eustachian ridge on the anterior lip of the IVC ostium.
Clinical Correlation. Occasionally, the Eustachian valve persists
as a web-like Chiari network, which may be indistinguishable from an
intracardiac thrombus. Extreme form of its remnant is known as cor
triatriatum, which can be an impediment to passage and manipulation
of catheters.17

Thebesian Valve
A crescent-shaped thebesian valve, which covers the posterior aspect of
the CS ostium just left and anterior of the Eustachian ridge, is visible in
over 60% of autopsy hearts. (see Fig. 5.5). The thebesian valve is variable
in size and orientation, although it preferentially covers the posterior
aspect of the CS ostium just left and anterior of the Eustachian ridge.
Clinical Correlation. Rarely, the thebesian valve can be circumferential around the ostium of the CS causing obstruction and complicating cannulation of the CS.18,19

Triangle of Koch
The tendon of Todaro is a superiorly and slightly anteriorly directed
continuation of the Eustachian ridge across the interatrial septum that
extends to the central fibrous body (Fig. 5.7). As the actual tendon is
difficult to identify, a surrogate line connecting the Eustachian ridge/
valve and the central fibrous body may be used to identify its location.20 The triangle of Koch is an important anatomic landmark located
on the anterior aspect of the septal RA wall. The three borders of the
triangle of Koch are formed by (1) the base of the septal leaflet of the
tricuspid valve (anterior and leftward), (2) the tendon of Todaro (posterior and rightward), and (3) the superior lip of the CS ostium. The
triangle of Koch is the site of the compact AV node and its continuation with the bundle of His, which penetrates the membranous septum
anterior to the central fibrous body. The AV node consists of slow and
fats-pathway extensions.
Clinical Correlation. The inferior AV nodal extension or the slow
pathway lies inferiorly in the triangle of Koch and is frequently targeted
by ablation in this region at next to the CS ostium for the treatment of
AV nodal reentry tachycardia and a nodofascicular accessory pathway.
To reduce risk of AV block, caution should be exercised when mapping
or ablating near the fast pathway, which is behind (posterior and to
the right of) the tendon of Todaro and possibly also on the left atrial
septum (Fig. 5.8).

Interatrial Septum
The interatrial septum is anterosuperior to the aortic root and posterior
to the epicardial invagination by adipose and fibrous tissues between
the sinus of the venae cava in the RA and the right-sided PVs entering
the LA (See Fig. 5.6). Thus the true interatrial septum is in fact small
and comprises of the area of fossa ovalis, which serves as a good site
for transseptal puncture. Immediately anterior to the fossa ovalis is the
ascending aorta (Fig. 5.9). In a minority of patients (34% aged <30,
25% aged 31–80, and 20% aged >80), a patent foramen ovale persists.21
Although a patent foramen ovale (PFO) can serve as a natural site for
the transseptal approach, its orientation may make the sheath or the
catheter too anterior to the desirable position. Making a transseptal
approach is generally preferred.
Clinical Correlation. The relationships and anatomy of the interatrial septum have many electrophysiologic implications. The area of
fossa ovalis is the desirable site for transseptal puncture. During the
transseptal puncture, the system consisting of needle and sheath is
being pulled back from the SVC, where the first drop is at the level of
SVC–RA junction and the second drop is from the ascending aorta/
the right sinus of Valsalva (RSOV) to fossa ovalis. Puncture through
other regions of the interatrial septum, such as across the superior limbus, will actually exit the heart before reentering the LA.

Bachmann Bundle
The Bachmann bundle22 or the interatrial subepicardial tract is a bundle of parallel myocardial strands connecting the RAA and LAA.23
The bundle runs through the superior aspect of the atria in between
the SVC, superior to the RAA and the ascending aorta, subepicardially across the interatrial groove, and superior to the LA roof before
reaching the neck of the LAA. In the vicinity of the LA, the superior
part traverses the left lateral ridge in front of the orifices of the left
superior PV.24
Clinical Correlation. Disruption of the bundle’s structure causes
interatrial conduction block,25 which can be an arrhythmogenesis site
for various atrial tachyarrhythmias26 and related to electromechanical
dysfunction of the LA.27

Left Atrium
The LA is positioned posterior and forms most of the base of the
heart. In situ in the chest, the LA is posterior, leftward, and slightly
superior in relation to the RA. The aortic root runs along the anterior aspect of the interatrial septum (see Fig. 5.9). Left of the aortic
root, the main pulmonary artery trunk is anterosuperior to the LA
with the pulmonary artery bifurcation and the proximal right pulmonary artery forming the roof of the LA. The tracheal bifurcation
is posterosuperior to the LA with the main right and left bronchi
superior to the ipsilateral PVs going to the hila of the lungs. Below
the tracheal bifurcation, the esophagus has an immediate relationship with the posterior wall of the LA and the PV.28 The esophagus descends along the fibrous pericardium and is separated from
the LA posterior wall only by the epicardial space (specifically the
oblique sinus), which contains fibrous, adipose tissues, esophageal
arteries lymph nodes, and the vagal nerve. The anterior aspect of
the descending thoracic aorta contacts three-quarters of the fibrous
pericardium, the LA posterior wall, or left inferior PVs as it dives
inferiorly in the chest.29
Compared with its right-sided counterpart, the LA is structurally less complex and has a smooth wall. Overall, the pectinates are
much less prominent in the LA than in the RA and are located almost
exclusively in the LA appendage. The vestibule of the LA is larger
than that of the RA, and it encompasses the atrial wall between the
venous parts posteriorly and the mitral valve annulus anteriorly.
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Fig. 5.7 (A) The triangle of Koch, the region of the compact atrioventricular node (AVN, yellow), is bounded
by the tendon of Todaro (ToT), septal leaflet of tricuspid valve (TV), and ostium of the coronary sinus (CS). The
proposed region of right-sided fast-pathway and slow-pathway extensions of the AVN is shown in blue and
pink, respectively. The AVN continues as the His-bundle, which penetrates the central fibrous body (CB) at
the superior apex of the triangle. (B) Corresponding right anterior oblique view shows the imaginary area of
triangle of Koch, bounded by CS ostium at the proximal CS catheter and the His-bundle at the apex where the
His catheter is placed. (A, From Mulpuru SK, Cha YM, Asirvatham SJ. Synchronous ventricular pacing with
direct capture of the atrioventricular conduction system: functional anatomy, terminology, and challenges.
Heart Rhythm. 2016;13(11):2237-2246.)
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Fig. 5.8 (A and B) Right anterior oblique (RAO) and left anterior oblique (LAO) fluoroscopic projections show
ablation catheter (Abl) placed at the slow-pathway region on the right atrial septal site, anterior to the coronary
sinus ostium. It is a midline structure below the location of the His. (C and D) The location of the fast-pathway
extension is higher and slightly posterior to the slow-pathway demonstrated on the RAO view. Because the
fast-pathway is behind the tendon of Todaro, it is on a true septum, which is medial to the location of the His
demonstrated on the LAO view.
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Fig. 5.9 (A) The interatrial septum shown in a thin slice of the horizontal long axis of the heart. The thinnest
part made by the fossa ovalis (*) in the center of the interatrial septum is seen. (B) Cross section of a cardiac
computed tomography from a patient with a history of patent foramen ovale status post Amplatzer occluder
implant (*), serving as an anatomic landmark for the fossa. Note the close relationship of the ascending aorta
(AO) immediately anterior to the true atrial septum. LA, Left atrium; RA, right atrium. (A, From Gard J, Swale
M, Asirvatham SJ. Transseptal access for the electrophysiologist: anatomic considerations to enhance safety
& efficacy. Innov Card Rhythm Manage. 2011;2:332-338.)

The vestibule may often have pits and crevices including the openings of small cardiac veins (foramina venarum minimarum), which
can occasionally be large enough to trap the ablation catheter. The
LA posterior wall tends to be thinner in those with atrial fibrillation, being the thinnest in the middle, between the inferior PV
ostia.30 This is most important when ablating in this area because of
the proximity of adjacent vital structures such as the esophagus and
vagal nerve plexus. The roof of the LA is the thinnest region of the
LA31, with various morphologies including flat, concave, or convex
types.32 Just above the LA roof is a transverse sinus that separates
the LA and the pulmonary artery. Literally, the LA roof forms the
floor of the transverse sinus (see the epicardial section below). This
sinus contains the Bachman bundle, and the sinoatrial nodal artery
branched from the left circumflex artery (LCX; in ∼27% of general
population).33
Clinical Correlation. Ablation of the posterior wall of the LA and
PV isolation carry a small risk of injuries to the adjacent structures.
Esophageal injury and LA-esophageal fistula can be found in both
radiofrequency ablation and cryoablation techniques. Air from the
esophagus can reach the oblique sinus, evident as a pneumopericardium on a chest x-ray, and is rarely seen in the LA on CT. Because of
many variations of the esophageal position and movement, it is critical
to mark and monitor the position of the esophagus during the procedure (Fig. 5.10).34 A rarer complication, atriobrachial fistula after atrial
fibrillation has been reported.35,36 There are dense vagal nerve fibers
and plexuses that cross the esophagus in regions relevant to ablation
in the LA.37 Injury of the left vagus in this region could result in upper
gut dysmotility.38

Left Atrial Appendage
The LAA is a small multilobular structure with a finger-like extension from the anterior part of the LA to the AV sulcus and LV free
wall.39 The body of the LAA is anterior to the LA and parallel to
the left PVs.40 The tip is in close relation to the pulmonary artery,
right ventricular (RV) outflow tract, and LV free wall (Fig. 5.11).
Inferior to the LAA and the ostium, there is the LCX, and the great
cardiac vein (GCV) courses along the AV groove and the mitral
valve. The left phrenic nerve also courses posterolaterally. There is

the Bachmann bundle, which ends near the LAA neck. Even though
the LAA is trabeculated with comb-like folds of pectinate muscles,
its wall is actually thin (∼1 mm). Slightly medial to the LAA ostium
and neck there is the ligament of Marshall (LOM), or a remnant
of the left SVC, which is an epicardial landmark between the left
lateral aspect and left superior PV (see Fig. 5.11). On the endocardial aspect of the LOM, the invagination of the ligament causes a
prominent landmark called the Q-tip, or Coumadin ridge, or left
atrial endocardial ridge. This structure lies between the left-sided
PVs posteriorly and the LAA anteriorly. The left lateral ridge differs
from the Eustachian ridge as it is primarily myocardial without significant fibro-fatty components. In general, there are many variations on the LAA morphology, size, shape, and number of lobes.41,42
Clinical Correlation. The LAA is the most common source of
thrombus in patients with atrial fibrillation, which is likely as a result
of its tubular anatomy, a small mouth, and the presence of multiple
lobes that promote stasis.43 There has been an increased interest in
potential interventions of the LAA for stroke prevention. The LA
appendage can be arrhythmogenic for atrial tachycardia or a maintenance circuit for atrial fibrillation. There is a recent study proposing
LAA isolation to improve success rate for atrial fibrillation ablation.44
The vein of Marshall (VOM) is of importance to cardiac electrophysiologists because muscle tissue in the vein and the surrounding autonomic network may be the trigger for atrial fibrillation and can serve
as a passageway for macroreentrant atrial flutter circuits following
linear ablation of the mitral isthmus or surgical maze. In such cases,
ablation of the VOM may be necessary. As a result of dense cardiac
autonomic ganglion located at the epicardial surface of the VOM,
ablation at this site or at the left lateral ridge may cause an autonomic
disturbance such as transient bradycardia or high grade AV block
during the procedure.

Pulmonary Veins
Commonly there are four PV ostia; two each draining the right and
left lungs. However, variations in PV anatomy are present in over 25%
patients, more frequently involving the right-sided PVs and up to six
PVs have been reported.45 A number of PV variants exist, including left
common PV, additional middle PVs, and in some instances, a vein may
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Fig. 5.10 (A) Preprocedural cardiac computed tomography from a patient undergoing pulmonary vein isolation for treatment of atrial fibrillation. In this case, the esophagus (Eso, yellow arrow) locates leftward
immediately posterior to the left inferior pulmonary vein (LIPV) ostium. (B and C) Right anterior oblique and
left anterior oblique fluoroscopic views show the Lasso catheter placed in the LIPV in close proximity to the
esophageal probe (Eso).
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Fig. 5.11 (A) Illustration demonstrates the relation between the left atrial appendage (LAA) and the left superior
pulmonary vein (LSPV), the left inferior pulmonary vein (LIPV), and ligament of Marshall (LOM). The superior
aspect of LAA is related to the pulmonary artery (PA) and the left pulmonary artery. The left circumflex artery,
the great cardiac vein, and the left ventricle lie in close proximity to the inferior aspect. The left phrenic nerve
(LPN) crosses the appendage posterolaterally. (B) On the endocardium, the left lateral ridge (LLL), at the corresponding area of the LOM, separates the appendage ostium from the LSPV. There are several pits or diverticula
around the indistinct border of the LAA ostium (*). (C) Computed tomography shows the LAA locates anterior
to the LSPV. In this patient there is a persistent left-sided superior vena cava (SVC), which is located between
the LAA and LSPV. (From Naksuk N, Padmanabhan D, Yogeswaran V, et al. Left atrial appendage: embryology,
anatomy, physiology, arrhythmia, and therapeutic intervention. JACC:Clinical Electrophysiology. 2016;2:4.)

enter directly into the roof of the RA (right top PV).46 The left-sided
PV ostia are usually slightly superior to the right-sided ostia. The superior PV ostia are also anterior to the inferior PV ostia. Normally the
right superior PV courses close to the RA–SVC junction anteriorly. The
right inferior PV passes posteriorly to the intercaval area of the RA. The

orifice to the left superior PV is located immediately posterior to the
LAA, and the anterior wall of the vein close to the ostium juxtaposes
the posterior wall of the appendage (see Fig. 5.11).
Both the presence and extent of myocardial extensions into the PVs
have been well documented.46,47 Myocardial sleeves are thicker and
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is variable and coronary angiogram is often required. Mitral valve
disjunction is a condition where the mitral valve leaflets insert onto
the atrial myocardium52 (Video 5.12). Its prevalence is thought to be
more common and often underrecognized. To achieve mitral isthmus
line ablation with this condition, it may be necessary to advance the
catheter into the left ventricle and retroflex to reach the mitral valve
leaflet.

STRUCTURAL ANATOMY OF THE
ATRIOVENTRICULAR JUNCTION AND THE CENTRAL
FIBROUS BODY

Fig. 5.12 An autopsied heart shows the floor of the mitral isthmus
(MI, dotted line), which is a part of the posterior wall of the left atrium
between the ostium of the left inferior pulmonary vein (LIPV) and the
mitral valve. Note its close relationship to the great cardiac vein (GCV)
and the left circumflex artery (LCX). From the endocardial perspective,
the LCX is closer to the MI than the GCV. Myocardial thickness along
the floor of the MI is inhomogeneous and extends to form an incomplete muscle sleeve around the GCV. (From Becker AE. Left atrial isthmus: anatomic aspects relevant for linear catheter ablation procedures
in humans. J Cardiovasc Electrophysiol. 2004;15(7):809-812.)

extend farther in the superior PVs compared with the inferior PVs.48
These sleeves usually extend farthest in the left superior PV, followed in
order of decreasing length by the right superior, left inferior, and right
inferior veins.17 In each PV, the myocardial sleeves are thickest proximal to the heart at the venoatrial junction, and become thinner more
distally along the vein.
Clinical Correlation. These PV myocardial extensions result in
predisposition for arrhythmogenesis from these areas.49 Because of the
interindividual variability in PV anatomy, awareness of variable anatomic patterns of the PVs in different individuals and carefully examining preprocedural MRI/CT, and ICE are important to maximize the
effectiveness of catheter ablation of atrial fibrillation and to avoid the
complication of PV stenosis as a result of ablation in the veins.50

Mitral Isthmus
The mitral isthmus is an area of the posteroinferior left atrial wall
spanning between the left inferior PV ostium and the mitral annulus (Fig. 5.12) that is often a target of linear ablation for atrial fibrillation and left atrial flutter. The thickness of the atrial myocardium
progressively decreases down the isthmus closer to the mitral annulus.41 When the LA dilates, the isthmus can be more prominent.51 A
distinct pouch (more commonly multiple pseudo diverticula) containing myocardial tissue pectinate muscles on its floor, similar to
a sub-Eustachian pouch, may be found in up to 20% of patients. In
this condition, the mitral valve leaflets insert onto the atrial myocardium.52 On the epicardial surface of the heart, the GCV and the distal
LCX course near the mitral annulus.
Clinical Correlation. Blood flow in the nearby vessels can cause
convective cooling, or a heat sink, preventing adequate lesion delivery
with radiofrequency ablation during mitral isthmus ablation.41 When
epicardial ablation through the GCV in addition to endocardial ablation is required to overcome the heat sink, care to avoid injury to
the LCX is required. The relationship between the GCV and LCX

There is a lack of myocardial continuity at the AV junction. The fibrous
tricuspid and mitral annuli (AV rings) are a part of the fibrous skeleton of the heart and electrically insulate atria and ventricles from each
other. The AV junctions have been defined to include the complex septal and paraseptal areas containing the AV conduction structures and
the AV rings. The mitral annulus is slightly smaller and lies posterior
and slightly superior to the tricuspid annulus. Epicardially, the tricuspid groove is deeper than the mitral groove.
The central fibrous body or the right fibrous trigone is an area of
fibrous cardiac skeleton where the aortic, mitral, and tricuspid valves
meet (see Figs 5.7 and 5.13). It is the confluence of the commissures
between the septal and anterior tricuspid leaflets, the right and noncoronary aortic cusps, and the mitral leaflets. The tricuspid and mitral
AV junctions are confluent at the area of the AV septum. Because of
the slight apical displacement of the tricuspid annulus compared with
the mitral annulus, the AV septum separates the RA from the LV. Some
authors have divided the septal annular region as anterior, mid, and
posterior53,54 (or attitudinally correct superior, mid, and inferior),
whereas others have restricted the term septal to the true membranous
septum and referred to other areas as paraseptal. Just slightly anterior
to the central fibrous body, there is the membranous septum where the
bundle of His penetrates the AV junction at this septum.55,56 On the
right, the superoseptal AV junction is in the region of the confluence of
the supraventricular crest of the RV with the membranous septum. In
the left superior paraseptal region, there is fibrous tissue between the
noncoronary aortic cusp and the anterior mitral leaflet (aorto-mitral
continuity [AMC] or intervalvular fibrosa) without any atrial or ventricular muscular structure.
Clinical Correlation. Accessory AV pathways exist all around
the AV junction (see Fig. 5.13). The left anteroseptal region between
the noncoronary aortic cusp and the anterior mitral leaflet (AMC or
intervalvular fibrosa) is without any atrial or ventricular muscular
structure and extremely rarely described as having accessory AV connections.13 To minimize risk of AV block, the anteroseptal pathways in
the peri-Hisian region can be approached from the left paraseptum or
noncoronary cusp. The posteroseptal pathways are off the true septum
and are accessible from the CS and its branches, especially when on the
left posteroseptal region.

Inferior Pyramidal Space
The inferior pyramidal space, or crux of the heart, is the extracardiac, fibroadipose, opened space located at the posterior septal region
between the four cardiac chambers.57 This is a complex small region
bounded anteriorly by the inferomedial RA and the posterosuperior
LV, and the LA and the RA walls posteriorly (Fig. 5.14). The CS courses
through the base of the inferior pyramidal space on the left side. The
space contains the AV nodal artery running near the RA wall within
0.5 to 5 mm of the CS orifice, which is located 2.3 ± 0.4 cm superior and
medial to the space.58 The central fibrous body lies above the pyramidal
space. MCV, also known as the posterior interventricular vein, courses
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Fig. 5.13 The left ventricular outflow tract (LVOT). (A) Illustration with the sinus of Valsalva (SOV) of the LVOT cut
open longitudinally from the front. The location of the right fibrous trigone (RFT) and the membranous interventricular septum (MS), together forming the central fibrous body of the cardiac fibrous skeleton, at the junction of the
right sinus of Valsalva (RSOV) and noncoronary sinus of Valsalva (NCSOV) is shown (blue area). This is a landmark
for His-bundle. On the left, there is the aorto-mitral continuity (AMC) in the fibrous area between the meeting point
of the NCSOV and the anterior mitral leaflet (green area). (B) The relationship of the LVOT and the atrioventricular
junction from the base of the heart. The NCSOV has close relation to the interatrial septum. Double lines represent
possible locations of accessory pathways, which are additional muscular bands connecting the atrial and ventricular myocardium at the atrioventricular junction. Accessory pathways can also connect between the NCSOV to
the interatrial septum region, and the pericardial structure such as coronary sinus and middle cardiac vein. LSOV,
left sinus of Valsalva; RVOT, right ventricular outflow tract. (A, From Macedo PG, Patel SM, Bisco SE, et al. Septal
accessory pathway: anatomy, causes for difficulty, and an approach to ablation. Indian Pacing Electrophysiol J.
2010;10(7):292-309. B, From Hat JJ, Lachman N, Syed FF, et al. The anatomic basis for ventricular arrhythmia in
the normal heart: what the student of anatomy needs to know. Clinical Anatomy. 2014;27(6):885-893.)
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Fig. 5.14 (A) Schematic drawing showing the crux of the heart or the inferior pyramidal space (see text for details).
(B, C, D) Cross section of cardiac computed tomography at the apical, mid, and basal levels, respectively. The
anterior boundary of the pyramidal space is marked by the yellow lines. Note the close proximity of the posterolateral artery (PL) and the middle cardiac vein (MCV). LV, Left ventricle; RA, right atrium; RCA, right coronary artery;
RV, right ventricle. (A, From Sánchez-Quintana D, Ho SY, Cabrera JA, et al. Topographic anatomy of the inferior
pyramidal space: relevance to radiofrequency catheter ablation. J Cardiovasc Electrophysiol. 2001;12(2):210-217.)
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with the posterior ascending artery and enters the the CS on the right
side of the pyramidal space. Near the junction of the MCV and CS,
there are dense cardiac autonomic plexuses and ganglion.59
Clinical Correlation. This space is important for catheter ablation of posteroseptal accessory pathways, from connections of the CS
musculature or the MCV to either right or left ventricle. Note that by
definition this is not a true atrial or AV septum, and thus the term
inferoparaseptal has been proposed. MCV sometimes can be accessed
for epicardial ablation of ventricular arrhythmias.

STRUCTURAL ANATOMY OF THE VENTRICLES AND
OUTFLOW TRACTS
Right Ventricle
Fig. 5.15 The right ventricle (RV) is anatomically divided into inlet and
apical portions by the anterior papillary muscle (Ant PM) and the outlet
by the septal papillary muscle (Septal PM). There are muscle bundles,
serving as the anatomic marks linking these sections. The supraventricular crest (SV crest) is a trabecular muscular bundle passing from
the free wall of the RV to the interventricular muscles at the base. The
septomarginal trabeculation is a continuation of the muscle bundle from
the outflow tract to the apex, in connection to the moderator band (MB),
which attaches from the RV septum to the free wall where it becomes
close to the anterior papillary muscle. Posterior papillary muscle (post
PM) often arises from the moderator band. (From Naksuk N, Kapa S,
Asirvatham SJ. Spectrum of ventricular arrhythmias arising from papillary muscle in the structurally normal heart. Card Electrophysiol Clin.
2016;8(3):555-565.)

A

Attitudinally, the RV is the anterior most chamber of the heart that
is located immediately posterior to the sternum. The RV is generally
divided into inlet, apical, and outlet by the papillary muscles and muscle bundles, serving as the anatomic marks linking these sections (Fig.
5.15). The supraventricular crest passes from the free wall of the RV to
the interventricular septum with its extensions connecting to both the
tricuspid and the pulmonary valve annuli.60 The ventriculoinfundibular fold is a continuation of the supraventricular crest and separates the
inflow from the outflow. The inlet portion of RV is a relatively smooth
portion extending from tricuspid annulus to the base of the anterior
papillary muscle. There is the landmark of the RV inlet, which is highly
trabeculated. The RV is thin walled compared with the LV, with the trabecular areas of the RV wall measuring 3 to 5 mm in thickness61 where
there is less trabeculation. The anterior free wall and the outflow tract
(OT) can be paper-thin.

B
Fig. 5.16 (A) Illustration with the anterosuperior parts of the chambers removed to show the relationship
between the ventricular outflow tracts. The right ventricular outflow tract (RVOT) crosses anteriorly from
right to left of the left ventricular outflow tract (LVOT) as it spans from the inflow region to the suprapulmonary valve region. The right and left sinus of Valsalva is just posterior to the distal posterior RVOT. (B)
Illustration shows the anteroposterior relationship between the outflow tract structures, which explains the
QRS morphology recorded in V1. Because lead V1 is the most anterior lead, ventricular arrhythmias arising
from the anterior RVOT (1) has QS appearance. Arrhythmias coming from more posterior parts (2, posterior
RVOT and 3, right sinus of Valsalva) have more evidence of small r wave on V1. Note the close proximity
between the posterior RVOT and anterior LVOT. Moving to more posterior locations, the noncoronary sinus
of Valsalva of the LVOT and the aorto-mitral continuity have a prominent R wave (4). Arrhythmias from the
posterior mitral annulus (5) have R appearance on V1. (From Hai JJ, Lachman N, Syed FF, et al. The anatomic
basis for ventricular arrhythmia in the normal heart: what the student of anatomy needs to know. Clin Anat.
2014;27(6):885-893.)
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Tricuspid Valve
The tricuspid valve consists of three leaflets, namely, anterior (superior
or infundibular), posterior (inferior or marginal), and septal (medial).
The anterior leaflet is the largest and the posterior leaflet is the smallest. It may occasionally be difficult to discern a separation between
the anterior and posterior leaflets.62 The septal leaflet is an important
landmark for His bundle penetration becoming proximal right bundle
branch just beneath the endocardium.

Endocavitary Structures
The papillary muscles attach to the tricuspid valve leaflets by tendinous cords. Although classically three papillary muscles are described
for the tricuspid valve, the actual number and morphology of the papillary muscles may be quite variable.63 The moderator band extends
from the base of the posterior papillary muscle to the septomarginal
trabeculae that arches over the ventriculoinfundibular fold with one
extension inserting into the base of the septal papillary muscle and the
other continuing to the subpulmonary infundibulum, connecting the
interventricular septum to the RV free wall.
Clinical Correlation. Endocavitary structures may be relevant for
ventricular tachycardia mapping and ablation.31 These structures may
interfere with catheter manipulation or interpretation of the activation
and pace mapping. However, they can be an easy target for ablation
when those limitations are recognized. They may be a source of automatic tachycardias, be part of reentrant circuits, conduits to carry the
activation across the chamber, and may play a role in arrhythmias
by mechanical stretch on the ventricular wall and conductive tissue
(Video 5.13). The moderator band is of particular importance to electrophysiologists because it connects the interventricular septum to

the papillary muscle and the RV free wall. It carries a fascicle of the
right bundle branch to carry activation to the free wall (Video 5.14).
Furthermore, the presence of Purkinje fibers within the moderator
band may serve as a trigger for ventricular arrhythmias.31,64 The septal muscle arises from the RV outflow tract (RVOT), and ventricular
arrhythmias arising from this location may have a similar morphology
to arrhythmias arising from the RVOT.65

Right Ventricular Outflow Tract
The RVOT and LVOT are closely related structures and have complex
relationships with the conduction system, the epicardial space, and the
coronary vasculature. The inflow portions of the ventricles are appropriately named with regard to their location in the body. Thus the inflow
RV lies to the right of the inflow LV and vice versa. However, the distal
outflow tracts (OTs) of the two ventricles twist around each other, such
that the distal RVOT lies on the left side of the body, whereas the distal
LVOT lies posterior and to the left side of the distal RVOT.66
The RVOT starts on the right side of the body where the inflow
RV (and the tricuspid valve) is located and then wraps around the
LVOT such that the distal RVOT and pulmonic valve is to the left,
cephalad, and anterior to the aortic valve. The most caudal and rightward portion of the RVOT is in continuity with the tricuspid annulus, and this region includes the normal location of the penetrating
bundle of His and membranous septum. The cone-shaped subpulmonary infundibulum (conus arteriosus) forms the RV outflow and
connects to the pulmonary trunk and the pulmonic valve. Because
the pulmonic valve is situated superior to the aortic valve, ablating
at the level below to the pulmonic valve is in close proximity to the
coronary arteries (Fig. 5.17).
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Fig. 5.17 The relationship of the coronary arteries and veins to the right ventricular outflow tract and left
ventricular outflow tract (RVOT and LVOT, respectively). (A) A cutout view from the atrial aspect of the atrioventricular junction with the atria removed. The left main coronary artery (LM) originates from the left sinus
of Valsalva (LSOV) just behind the posterior aspect of the subpulmonic region. It branches in to left anterior
descending artery (LAD), which then forms the lateral border near the RVOT. Along with the LAD, anterior
interventricular vein (AIV) is close by and can be used as a vantage point for mapping arrhythmias arising
from the region of RVOT and LSOV. Similarly, on the right side, right coronary artery (RCA) originates from
the right sinus of Valsalva (RSOV) and locates immediately posterolateral to the subpulmonic region. (B) The
anteroposterior view of the base of the heart. The noncoronary sinus of Valsalva (NCSOV) is located at the
most posterior part of the LVOT, just in front of the interatrial septum. The left and right atrial appendages
have close relationships to the opposite outflow tracts. SVC, superior vena cava. (From Hai JJ, Lachman N,
Syed FF, et al. The anatomic basis for ventricular arrhythmia in the normal heart: what the student of anatomy
needs to know. Clin Anat. 2014;27(6):885-893.)
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Pulmonic Valve
The pulmonic valve is the most superior of the four valves and lies posterior to the third left costosternal junction.67 Adjacent to the pulmonic
valve is the LAA to the left and the LA posteriorly (see Fig. 5.4). Circumferential muscle sleeves extend from the RV beyond the ventriculoarterial junction into the pulmonary artery in a majority of hearts,
with extensions in all three pulmonic valve cusps.68
Clinical Correlation. The OTs are a source of the majority of idiopathic premature ventricular complexes and ventricular tachycardia in
structurally normal hearts. The fact the superior parts of the RVOT lie
leftward of the LVOT is important to remember, as ectopic beats from
the anterior and leftward sites are sometimes inaccurately perceived as
originating from the LVOT.69 The myocardial sleeves above the pulmonic valve are also an important cause of arrhythmogenesis as well
as the difficulty with mapping and ablation of distal RVOT. Failure to
map and failure to maintain catheter contact are usually because of a
dynamic pulmonic valve.
The posterior muscular infundibular portion of the RVOT is
located just anterior to the aortic valve, specifically the anterior portion
of the left sinus of Valsalva (LSOV) consisting of the right and left coronary cusps of the aortic valve.69 At this location there is no epicardial
surface in between the OTs. Care must be taken when ablating the posterior wall RVOT as this area locates at the level of the coronary artery

ostia. The origin of the left main coronary artery closely approximates
the RV infundibulum at the level of the posterior pulmonic valve cusp
(Figs. 5.17 and 5.18; see Videos 5.7 and 5.8).68,69 Slightly inferior to the
junction of the posterior RVOT and the LAA, there is the region of
bifurcation of the LM coronary artery into the left anterior descending
(LAD) and the left circumflex arteries.70 In the anterior interventricular groove, the LAD coronary artery turns into the left boundary of the
RVOT. The proximal RVOT approximates the right coronary artery to
within 4 to 5 mm and is separated by epicardial fat. In addition, this
region has a thin wall, and thus endocardial ablation may be effective
in eradication of epicardial foci. Similarly, the anterior intraventricular
vein running together with the LAD may be used as a vantage point
to eliminate arrhythmia located in this leftward portion of the RVOT
(Fig. 5.18).

Left Ventricle
The LV is a cone-shaped structure that lies posterior to the RV and
anterior to the LA. The inferior wall is adjacent to the diaphragm. The
LV is composed of an inlet, the apex, and the outlet. The inlet is continuous with the leaflets of the mitral valve at the hinges. The mitral
valve has two leaflets, namely, the larger sail-like anterior leaflet that is
continuous as the AMC with the noncoronary cusp of the aortic valve,
and the C-shaped, smaller, scalloped posterior leaflet. Both leaflets are
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Fig. 5.18 (A and B) Right anterior oblique (RAO) and left anterior oblique (LAO) fluoroscopy images from a
patient with frequent premature ventricular contraction from posterior right ventricular outflow tract (RVOT)
just below the pulmonary valve. Coronary angiogram was performed to evaluate the proximity of the left main
artery (LM). It is critical to observe the close relationship between the structures of the outflow tract and the
coronary artery in both RAO and LAO projections and in both systolic and diastolic phases. (C and D) RAO and
LAO projections from another patient exhibit proximity of the leftward portion of the RVOT and the anterior
interventricular vein (AIV). The ablation catheter (Abl) was placed just above the pulmonic valve, compared to
another catheter in the AIV.
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attached by chordae tendineae to the larger anterolateral and smaller
posteromedial papillary muscles. Unlike in the RV where the inflow
and outflow are separated by the muscular ventriculoinfundibular fold,
the mitral and aortic valves are contiguous through the intervalvular
fibrous tissue. The papillary muscles insert about two-thirds of the way
to the apex. The apical component of the LV is distal to the insertion
of the papillary muscles. On the whole, the LV is thicker than the RV,
although the apical regions can be quite thin and may be only 1 mm in
thickness. The LV apical trabeculations are very fine even in enlarged
and hypertrophied hearts, giving the apex a smooth contour.

Endocavitary Structures
In general, there are two dominant papillary muscles in the LV. The
posteromedial papillary muscle is supplied by either the right coronary
or the circumflex artery (dependent of the dominance). The anterolateral papillary muscle has dual blood supplies from the left anterior
descending artery and the circumflex artery. Hence, the posteromedial
papillary muscle is more vulnerable to ischemic injury than the anterolateral muscle. The papillary muscles are named based on their location
despite that they are actually very close to each other (Fig. 5.19). This
can cause difficulties in manipulating the catheter.71 Thin, muscular
connections, known as false tendons, between the papillary muscles,
to the interventricular septum, or to the free wall are common variants
(Fig. 5.20). These tendons contain muscle fiber and conduction tissue
of the distal portion of the left bundle branch.
Clinical Correlation. The LV can be accessed in a retrograde
fashion through the aortic valve or through a transatrial septal puncture and across the mitral valve. Although catheter stability is better,
catheter manipulation may be difficult with a retrograde approach.
The transseptal puncture allows for easier access to the anterior wall
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of the LV, but at the expense of catheter stability. Endocavitary structures, especially papillary muscles and false tendon, can be important
sources of ventricular arrhythmias.72,73 The challenges of such cases
include transmural lesion and catheter stability. ICE can be very helpful
to precisely guide the location and stability of the catheter (see Video
5.5). Furthermore, papillary arrhythmias may exhibit multiple QRS
morphologies because of variable exit sites from an intramural focus or
its attachment to false cords.74

Left Ventricular Outflow Tract
The LVOT is continuous with the ascending aorta and is located
immediately posterior to the RVOT. The LV outlet is embryologically
derived from the superior AV cushion that forms both the AMC on
the posterior aspect and the anteromedial wall that is the basal part of
the interventricular septum.75 The intervalvular fibrosa at the junction
of the anterior mitral leaflet and the noncoronary cusp is bounded by
the right and left fibrous trigone (see Figs. 5.13 and 5.17). The right
fibrous trigone forms the central fibrous body of the fibrous skeleton
of the heart. It is the region of the penetrating bundle of His entering
the membranous interventricular septum at the apex of the triangle of
Koch in the RA, and also the apex of the inferior pyramidal space. On
the septal aspect of the basal interventricular septum at the junction
of the noncoronary and the right coronary cusps of the aortic valve
is the left aspect of the membranous septum where the bundle of His
penetrates (see Fig. 5.17).

Coronary Cusps and the Aortic Sinuses of Valsalva
Similar to the pulmonary valve, the aortic valve consists of three semilunar cusps, right, left, and noncoronary cusps (RCC, LCC and NCC,
respectively). The coronary artery ostia arise from corresponding aortic sinus of Valsalva, but at variable levels.76 The distance between the
LM coronary artery and the RCA from the sinotubular junction is 3 to
15 mm and 1 to 13 mm, respectively.76,77 In nearly 80% of autopsied
hearts the ostia location was more common at the level below the sinotubular junction.76
Corresponding to the coronary cusps, there is the sinus of Valsalva, which is the widening of part of the ascending aorta just above
each cusps of the aortic valve. The RSOV is inferior to the LSOV. The
RCC/RSOV is the most anterior, which lies immediately posterior to
the infundibular part of the RVOT. The NCC/noncoronary sinus of
Valsalva (NCSOV) is the most posterior and relates to the interatrial
septum.16
Supravalvar myocardial extensions into the aortic valve cusps and
the sinuses of Valsalva are asymmetric (unlike the pulmonic valve) and
present well over half the time almost always in the RSOV, a quarter of
the time in the LSOV, and very rarely in the NSOV.68 Although usually
only a few millimeters, the muscle sleeves are longer above the RSOV
when compared with the LSOV.

Aorto-Mitral Continuity

Fig. 5.19 The posteromedial papillary muscle (PM) lies in between the left
ventricular septum and posterior free wall, whereas the anterolateral papillary
muscle (AL) lies on the anterolateral free wall. The locations where their large
bases insert are close to each other and can be difficult to separate by limited
view from intracardiac echocardiography. (From Abouezzeddine O, Suleiman
M, Buescher T, et al. Relevance of endocavitary structures in ablation procedures for ventricular tachycardia. J Cardiovas Electrophysiol. 2010;21(3):246.)

This AMC separates the LV myocardium and the LVOT from the
LV inflow. It is the continuation of the posterior portion (or the LV
myocardium) of the LSOV, and at another end the anterior mitral leaflet (see Figs. 5.13 and 5.17).78 The AMC also relates to the LA of the
NCSOV. Albeit that the region of the AMC consists of a membranous
structure and without any significant neighboring myocardium, some
data suggests that remnant fascicles of Purkinje tissue are related to the
conduction system, which may be the source of abnormal signals that
have been successfully targeted for ablation.79
Clinical Correlation. Similar to RVOT, LVOT is one of important
sites of ventricular arrhythmias, and care must be taken when ablating
near the sinotubular junction. To minimize the risk of damaging the
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coronary artery when ablating near or deep in the sinuses of Valsalva,
the coronary arterial anatomy should be defined using angiography
or intravenous ultrasound monitoring (see Fig. 5.18; see Videos 5.7
and 5.8). Rarely, OT ventricular arrhythmias may originate from myocardial extensions in the main coronary arteries themselves. In these
cases, careful ablation using an isolation-based approach to block activation of the ventricles may be safely used.80
Besides targeting for ventricular arrhythmias, the NCSOV, which
has a close relation to both atria, can be a source of atrial tachycardia.81,82 The NCSOV is also a vantage point for ablating the atrial insertion site for accessory pathways.

EPICARDIAL VENOUS SYSTEM
The cardiac venous system may be divided into two separate systems,
which will be referred to as the lesser and greater cardiac venous systems.83 The lesser cardiac venous system, also referred to as the Thebesian system, consists of the smallest cardiac veins, which are tiny
valveless veins composed mostly of endothelial cells. These minute veins
are present in the walls of all chambers of the heart and empty directly

into the cardiac chambers. However, the venous blood from majority
of the myocardium drains through the greater coronary venous system
that includes the epicardial veins, which converge together and eventually empty into the RA through the CS (Table 5.1).84–86

The Greater Cardiac Venous System
The CS receives the great cardiac and main posterior lateral veins
as well as tributaries including the inferior LV and middle cardiac
veins (Fig. 5.21). The CS runs posteriorly in the coronary groove or
AV sulcus and terminates in the inferior limit of the posterior wall
of the RA, just medial to the inferior pyramidal space. The CS is 20
to 50 mm long with a variable diameter, begins at the RA orifice,
and extends distally to the valve of Vieussens, which is the anatomic
landmark between the CS and the GCV.18 The Vieussens valve is
located at the confluence of the VOM or the oblique vein of the
LA that courses between the left-sided PVs and the LAA. Usually
the posterolateral LV branch also joins the CS at the valve of Vieussens region. The orifice of the CS typically lies between the IVC
and tricuspid valve and may be obstructed in at least some degree
by the Thebesian valve, a crescent-shaped flap of tissue.18,87 Most
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Fig. 5.20 (A) Autopsied heart dissection opening into the left ventricle (LV). Asterisk points to the papillary
muscle. Note the anatomic basis for the multiple exits that may be present for a focus within the papillary
muscle. Other endocavitary structures (arrow points to a bifurcated false tendon) and trabeculae connect to
the papillary muscle. (B) Intracardiac echocardiogram demonstrates an ablation catheter (Abl) positioned on
the false tendon (FT, arrows) thought to be an arrhythmogenic source in a patient with frequent premature
ventricular contraction. (A, From Madhavan M, Asirvatham SJ. The fourth dimension. Circ Arrhythm Electrophysiol. 2010;3:302-304.)

TABLE 5.1

The Greater Coronary Venous System

Chamber

Venous drainage

Left ventricle (LV)

•	Anterior wall: the anterior interventricular vein (AIV) continues to be the great cardiac vein (GCV)
•	Lateral wall: the left marginal vein drains to the GCV
•	Inferior wall: the middle cardiac vein (MCV) drains to the coronary sinus (CS)

Right ventricle (RV)

•	Main venous drainage system is similar to the LV. The AIV and the MCV are the major system for anterior and posterior aspect of the RV.
The anterior cardiac vein drains the majority of the anterior and the anterolateral wall of the RV.
•	The right marginal vein (RMV), known as the vein of Galen, ascends along the right border of the RV and collects small venous branches
from the posterior and anterior RV walls. The RMV drains to the small cardiac vein or directly into the right atrium.

Left atrium (LA)

•	There are multiple branches of the GCV with the vein of Marshall being the largest tributary.

Right atrium (RA)

•	The small cardiac vein receives tributaries draining the RA (and RV). It runs in the right AV groove adjacent to the distal RCA and empties
into the MCV or directly into the right margin of the CS.
•	Note that the RA appendage does not have connection to the epicardial coronary veins are considered to be part of the smaller cardiac
venous system.
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Fig. 5.21 Venography of the coronary sinus and its tributaries (see text for details). AIV, Anterior interventricular vein; CS, coronary sinus; GCV, great cardiac vein; MCV, middle cardiac vein.

frequently, the Thebesian valve is an insubstantial endothelial ridge
along the posterior aspect of the CS ostium with its estimated diameter of 5 to 20 mm.88
The largest tributary of the CS is the GCV, which originates near the
LV apex, running in the anterior interventricular groove along with the
LAD (in this part the vein is known as anterior interventricular vein
[AIV]), ascending to the left along the AV groove along with the LCX,
and finally drains into the CS. Through the course, the GCV and the
AIV receive tributaries from both ventricular veins (namely posterolateral and lateral branches) and the LA. An important branch is the left
marginal vein draining the lateral wall of the LV.
The veins draining the LA are divided into posterolateral, posterosuperior, and septal veins.88 The VOM or the oblique vein of the LA is
the largest atrial vein and is the embryological remnant of the left SVC.
It is the landmark when the GCV becomes the CS. The VOM locates
along the lateral wall of the LA, passing between the left-sided PVs
and the LA appendage. Oftentimes the VOM is short and obliterated.89
There is rich epicardial adipose tissue around this vein (see Autonomic
section) housing dense cardiac ganglion.
The MCV, also known as the posterior interventricular vein, drains
the posterior wall of ventricles (see Fig. 5.21). It starts at the posteroapical aspect and runs along the inferior interventricular groove alongside the posterior descending branch of the RCA, passing the inferior
pyramidal space, and drains into the CS near the orifice. Rarely, the
MCV may have a separate ostium into the RA. There is the small cardiac vein runs in the right AV groove adjacent to the distal RCA. It
either empties into the MCV or directly into the right margin of the
CS. The small cardiac vein receives tributaries draining the RA and RV,
although anterior RV veins may drain directly into the RA.
Clinical Correlation. Rarely, the CS orifice may be obstructed by
fenestrated membranes or complicated networks of fenestrated myocardial strands, or the Thebesian valve and catheter cannulation of the
CS may not be possible.18 Conversely, CS is dilated in patients with
high right-sided pressure, chronic CS lead, and persistent left-sided
SVC. The CS and related branches may be the site of arrhythmogenesis.
Occasionally, pectinates from the RA can extend well into the CS and be
the source of atrial tachycardias from the CS ostial region.46 The CS wall
has its own muscle that usually communicates with the left atrial myocardium. However, occasionally a segment of the CS muscle insulated
from the left atrial muscle can be a source of reentrant arrhythmias.18,90

In rare instances, the myocardium in the wall of the CS, its branch such
as MCV or coronary vein, may extend on to the ventricle as an epicardial AV bypass tract, as well as ventricular arrhythmias.91 Ablation near
the CS and MCV has a minimal risk of injury to the AV nodal artery
and posterolateral artery, respectively (Figs. 5.14 and 5.22).
The LOM is implicated as a substrate for left atrial arrhythmias.92
When the LOM is largely patent and communicates with the left subclavian and internal jugular veins, it is referred to as a persistent left
SVC. The prevalence of persistent left SVC is approximately 0.3% to 2%
in general population93 but can be as high as 3% to 10% in congenital
heart disease.94,95 Around one-third of patients with persistent left SVC
also have absence of right SVC. This has a clinical implication such as
planning of intracardiac access and catheter placement.

STRUCTURAL ANATOMY OF THE CONDUCTING
SYSTEM
In normal sinus rhythm, the electrical impulse originates in the SA
node and travels through the atria to the AV node, where it is delayed
to allow for adequate atrial contraction, before it continues through the
His–Purkinje network to trigger ventricular contraction.

Sinoatrial Node
The SA node was first described by Keith and Flack in 1907.96 It is a
crescent-shaped structure spanning on average 13.5 mm and is located
beneath the epicardial surface of the sulcus terminalis. The SA node is
an irregular structure composed of interdigitating pacemaker cells and
fibrous tissue with radiations and caudal fragments that provide multiple breakthrough points for exit to the crista terminalis and the RA
muscle.97 Chandler and coworkers demonstrated that the ion channels
in the human sinus node, paranodal cells, and RAs are expressed in a
heterogeneous pattern, and explain its pacemaker role.98 The paranodal cells, which differ both electrically and histologically from the SA
nodal cells, facilitate the conduction of the electrical impulse from the
SA node. They may account for the nonrandom, preferential pathways
of conduction from the SA node to the atria.99 In addition, the SA node
is innervated by sympathetic and parasympathetic nerve branches
originating from the sympathetic chains and vagus nerve.
Clinical Correlation. Catheter ablation of the SA node is complicated by the vast span of the structure, the cooling effect of the SA
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Fig. 5.22 Coronary angiogram in a patient with frequent premature ventricular contraction arising from the
middle cardiac vein (MCV) where the ablation catheter placed. Right coronary angiography shows that the
MCV locates close to the posterolateral artery (PL). Also note the atrioventricular node artery (AVN) branches
out from the PL. PDA, Posterior descending artery.

nodal artery that runs through the length of the SA node, and the thick
terminal crest that serves as a barrier for effective energy delivery from
an endocardial approach.97 The arterial supply to the sinus node may
be damaged during left atrial roof ablation in the minority of case when
the SA nodal artery arises from the LCX.

Atrioventricular Node
The activation in normal sinus rhythm reaches the AV node through
the atrial myocardium. Conduction passes from the right and sometimes the LA to the AV node through its posterior (or rightward)
fast-pathway and inferior slow-pathway extensions. The human AV
node is approximately 5 mm long and resembles a half-oval morphologically. It is a midanterior septal structure on the RA aspect of the
tricuspid annulus adjacent to the central fibrous body and surrounded
by circumferential layers of atrial myocardial cells within the triangle
of Koch (see Figs. 5.7 and 5.8).100 The AV nodal tissue is notable for
extremely slow conduction velocity. Histological studies reveal distinct
intermediate cells in the AV nodal extensions and nodal cells in the
compact AV node. Molecular studies show the presence of fewer gap
junctions and specific expression of connexins with higher expression
of intermediate conductance connexin 40 and lesser expression of large
conductance connexin 43 in the posterior and inferior nodal extensions, the compact AV node, and the penetrating bundle.101 Moreover,
the compact AV node has a higher expression of the small conductance
connexin 45.
Clinical Correlation. Ablation in this region has a high risk of AV
block. Because of the apical displacement of the tricuspid valve compared with the mitral valve, AV block can occur because of injury to the
AV node during basal septal LV ablation below the mitral valve leaflets.
Similarly, injury to the AV node can occur during mitral valve surgery.

His–Purkinje System
After passing through the AV node, the conduction axis continues
anteriorly and superiorly where it becomes insulated from the atrial
myocardium by the fibrous tissues of the central fibrous body (Fig. 5.7),
where the meeting between noncoronary cusp and the septal and anterior leaflets of the tricuspid valve serves as the anatomic landmark. This
fibrous sheath insulates the His bundle from the surrounding myocardium. The His bundle then penetrates the membranous ventricular

septum and readily bifurcates at the level of the junction of the membranous and muscular ventricular septum, entering the ventricles to
form the left and right bundle branches.
The left bundle branch continues to descend as a broad sheet along
the subendocardium of the LV septum and branches into two or three
broad fascicles. These include (1) the left anterior fascicle supplying the
anterior papillary muscle, the anterior and superior LV wall, (2) the left
posterior fascicle for the posterior papillary muscle, the inferior and
posterior walls, and (3) the septal fascicle for initiation of the intraventricular septum. These left fascicles are highly variable in anatomic
distribution, branches, and length (Fig. 5.23).
Unlike the wide, fan-like structure of the left bundle branch, the
anatomy of right bundle branch is generally uniform, running down
the right side of the interventricular septum as a cord-like structure
and emerging subendocardially at the base of the septal RV papillary
muscle. Here it radiates through the RV and penetrates into the septomarginal trabeculae and extends through the moderator band to
branch out to the anterior papillary muscle and the RV free wall. As the
fibers of the left and right bundle branches extend toward their respective ventricular apices, the insulating fibrous sheaths surrounding the
bundles become less evident. Eventually these fibers become the Purkinje fibers distally, directly contacting the subendocardial ventricular myocytes. The sequence of myocardial contraction occurs from
endocardium to epicardium, and the contractile wave moves from the
ventricular apices toward the bases, allowing for efficient expulsion of
blood into the great arteries.
Clinical Correlation. The fascicles and Purkinje networks serve as
an important source of focal or reentrant arrhythmias. Given the many
variations of fascicular and Purkinje system in width, connections, and
lengths,102 using a sole anatomic approach to ablate related arrhythmias may not be successful. Knowledge of their anatomy, however, can
serve as a fiducial reference for mapping. As for the approach to ablate
the tachycardia from bundle branch reentry, the right bundle is easier
to ablate because it is a discrete structure compared with the diffuse
nature of the left bundle.

Arterial Supply of the Conducting System
The SA node obtains its blood supply from the SA nodal artery,
which has a variable course among different individuals. In 50%
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Fig. 5.23 Diagrammatic depiction of the proximal left-sided conduction
system as observed in 20 normal human hearts demonstrating the various patterns of the anterior, posterior, and median fascicles, as well as
their interconnections. (From Demoulin JC, Kulbertus HE. Histopathological examination of concept of left hemiblock. British Heart Journal.
1972;34(8):807–814.)

to 60% of individuals, the proximal RCA provides blood to the SA
node, whereas the proximal LCX supplies the other 30% to 40%.33
The presence of more than one branch supplying the SA node
in over half of patients in one study could explain why SA nodal
infarction occurs so infrequently.103 The AV node is supplied by the
AV nodal branch, which originates from the RCA 90% of the time
(see Fig. 5.22), whereas in the remaining 10% of the time it branches
from a dominant LCX artery.33 The bundle of His receives most of
its blood from the AV nodal branch, although septal branches of
the left anterior descending artery provide additional supply.104 The
proximal bundle branches are primarily supplied by septal perforators of the left anterior descending artery.

ANATOMY OF THE PERICARDIAL SPACE
The pericardium is composed of two layers, the serous and fibrous
pericardium. The inner serous pericardium is further divided into
the visceral pericardium adhered to the epicardium, and the parietal pericardium adhered to the outer fibrous pericardium. The
serous pericardium reflects off the vessels at the base of the heart
as the outer fibrous pericardium. The tough fibrous pericardium is
continuous with the adventitious layer of the surrounding vascular
structures, and in addition to protection, anchors the heart. The
space between the visceral and parietal layers of the serous pericardium is called the pericardial space and has a small amount of fluid
to lubricate the heart.105,106

Pericardial Sinuses
There are two most important pericardial sinuses for ablationists
(Fig. 5.24). The transverse sinus is the space between the arterial
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Fig. 5.24 Dissected chest cavity with the heart removed and an outline
of the posterior portion of pericardial sac is shown. The reflection of the
pericardium off the four pulmonary veins forms the oblique sinus accessible from between the right and left inferior pulmonary veins (RIPV and
LIPV, respectively). The space between the great arteries on one side
and the superior vena cava and right and left superior pulmonary veins
(RSPV and LSPV, respectively) on the other is the transverse sinus that
courses from the left heart border to the right heart border. A needle
is shown piercing the chest wall toward the apex of the heart. In a
relatively normal sized heart without enlargement (as seen in the setting of pericardial effusion), directing the needle to half way between
the midline and left shoulder will prevent pulmonary injury in most
cases. (From Syed F, Lachman N, Christensen K, et al. The pericardial
space: obtaining access and an approach to fluoroscopic anatomy. Card
Electrophysiol Clin. 2010;2(1):9-23.)

mesocardium covering the aortic root and the pulmonary trunk
and the venous mesocardium covering the SVC, PVs, and the left
atrial roof. The transverse sinus is related to the ascending aorta and
the main pulmonary trunk anteriorly; the pulmonary artery bifurcation and the proximal right main pulmonary artery superiorly;
the descending aorta, tracheal bifurcation, and the SVC posteriorly
and to the right; and the superior PVs and the roof of the LA with
Bachmann bundle inferiorly. The superior aortic recess (also called
aortocaval sinus, superior sinus, or superior pericardial recess)
extends superiorly from the transverse sinus between the SVC and
the ascending aorta to the level of the right innominate artery.106 The
inferior aortic recess extends inferiorly between the right and the
noncoronary aortic cusps.
The oblique sinus is a cul-de-sac situated posterior to the LA in the
area between the four PVs. It is accessible from the inferoposterior surface of the heart between the inferior PVs. It is bounded superiorly by
the reflection of serous pericardium between the right and left superior PVs, which separate it from the transverse sinus. The right and left
sides are bounded by the pericardial reflections between the right- and
the left-sided PVs, respectively. In a study on 107 cadaveric hearts, the
average oblique sinus opening measured 4.1 cm with 3.1 cm depth.107
The esophagus and the descending aorta lie immediately posterior to
this oblique sinus.
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Fig. 5.25 (A) Anatomy of the left ventricular summit, the region of the epicardia surface that is bounded by
the bifurcation of the left main coronary artery (LMCA) and divided by the great cardiac vein (GCV, blue dotted
lines). The GCV bisects the summit into a superior portion surrounded by the green dotted line (the inaccessible area) and an inferior portion (the accessible area). (B) Long-axis section shows the summit, which is the
most superior portion of the left ventricular outflow tract (magnification, fig. C). The septal perforator within
the interventricular septum has a close relation to this region. (From McAlpine, Heart and Coronary Arteries,
An Anatomical Atlas for Clinical Diagnosis, Radiological Investigation, and Surgical Treatment. Berlin-Heidelberg: Springer-Verlag, 1975.)

Epicardial Fat
Fatty deposits are present on both the outside and inside of the pericardial sac. Pericardial fat lies along the outer layer of fibrous pericardium,
whereas epicardial fat lies beneath the visceral pericardium along the
epicardial surface. Epicardial fat tends to aggregate around specific anatomic sites and increases with age. It is concentrated in the AV and interventricular grooves to protect the coronary arteries. Other areas where
epicardial fat may be present are the RV free wall, LV apex, coronary
artery branches, free walls of the atria, and both atrial appendages.108
Epicardial fat houses dense cardiac ganglion and plexus (See below).

Phrenic Nerve
The course of phrenic nerves passes downward between the pleura
and fibrous pericardium on either side of the heart. The right phrenic
nerve descends along the right anterolateral border of the SVC, coming in very close proximity to the mid and distal portion of the right
superior PV before descending down along the lateral wall of the
right atrium. Its inferior course is also adjacent to the lateral border of the entrance of the IVC. The left phrenic nerve descends over
the aortic arch, pulmonary trunk, lateral wall of the LAA, and high
anterolateral LV free wall.
Clinical Correlation. Epicardial ablation may be necessary for ventricular arrhythmias, atrial fibrillation, and accessory pathway.109 Although

uncommon, pericardial venous varices may be present, especially in
patients with venous occlusions caused of CS leads.110 They may be noted
on CT angiography.111 There is a potential for hemorrhagic complications
with pericardial access and ablation when such venous varices are present.
An epicardial approach also allows direct access to the pericardial sinuses
or recesses important for autonomic modification and introducing devices
to protect the esophagus and phrenic nerves. The anatomic location of the
transverse sinus serves as an access for ablation of left atrial roof, Bachmann bundle, and access to the posterior LVOT and proximal aorta.105,112
In some individuals, the transverse sinus allows passage of catheters across
from the posterior LV surface to the right-sided heart border.
The phrenic nerves are subject to injury because of great variation of
their course. Methods to prevent damage of the phrenic nerve during
the procedure include observation of diaphragmatic stimulation, while
pacing the area of interest or monitoring the diaphragmatic amplitude
during ablating.

Summit Area
The LV summit is the highest point of the LV epicardium near the
bifurcation of the LM artery. It is a triangular region bounded by the
bifurcation of LM superiorly, the LAD medially, the LCX laterally, and
the first septal perforator inferiorly (Fig. 5.25).113 In this triangle there
is the GCV, which divided the area into (1) a superior region toward
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Fig. 5.26 The major cardiac ganglia located in the oblique sinus and the transverse sinus. (From Madhavan M,
Venkatachalam KL, Swale M et al.. Novel percutaneous epicardial autonomic modulation in the canine for
atrial fibrillation: results of an efficacy and safety study. Pacing Clin Electrophysiol. 2016;39(5):407-417.)

the apex of the triangle, which is an inaccessible area because of the epicardial fat and close vicinity to the coronary arteries, and (2) an inferior region toward the base of the triangle, which may be accessible for
catheter ablation (see Fig. 5.25). This region is next to the left coronary
cusp, posterior RVOT, and related to the LV septum.77
Clinical Correlation. Up to 15% of idiopathic LV arrhythmias
arise from this region which is the most common location for idiopathic ventricular arrhythmias arising from the epicardium.113 The
accessible area of the summit may be reached by percutaneous epicardial puncture or through the cannulation of the AIV/GCV and septal
veins. Venogram of the coronary system is often required to delineate
the venous branches. If ablation is needed in the GCV/AIV or with the
epicardial access, careful examination of the nearby coronary arteries
with coronary angiogram is required. However, ablation for this region
may be achieved from adjacent structures, such as LSOV, LV septum,
LAA, or posterior leftward RVOT.

Autonomic System
The intrinsic cardiac nervous system comprises of a large network of
cardiac ganglion and plexus and distribute along the location of epicardial adipose tissue.112 These ganglia contain both sympathetic and
parasympathetic nerves and innervate directly to cardiac myocytes.
Although the effects on cardiac function depend ultimately on input
from extrinsic sources, fine degrees of modulation may be realized at
these local levels.105
Primary locations for the cardiac ganglia include retroatrial, annular, and peri-great vessel ganglia. Although there is complex interaction between ganglia,114 the SA node is mostly affected by the ganglia

located near the SVC/atrial junction, and the AV node is more affected
by ganglia located in the vicinity of the IVC and LA.115,116
Clinical Correlation. The autonomic nervous system has an
important role in modulating chronotropy and isotropy and may
contribute to arrhythmogenesis. For instance, the role of the cardiac
autonomic system in the pathogenesis of atrial fibrillation may be supported by anatomic clues suggesting the highest density of autonomic
nerves lie near the PV ostia.117 Although these autonomic ganglia may
be ablatable from an endocardial aspect using transmural ablation, an
epicardial approach may allow for more direct access for stimulation
and/or ablation. The main cardiac ganglia are the retroatrial ganglia
approachable from the oblique sinus, annular ventricular (along the
AV groove), and peri-great vessel including the aortocaval ganglia
approachable through the transverse sinus and ganglia along the VOM
(Fig. 5.26).118

   C O N C L U S I O N
Exact knowledge of regional anatomy and a detailed understanding
of the contours and relations of sites where mapping and ablation are
frequently performed are prerequisites for safety and efficacy. Further,
appreciating correlation of the electrogram and real-time imaging is
essential. Therefore students of electrophysiology need to reacquaint
themselves continuously with regional anatomy using cardiac dissections, observing surgical procedures, and correlating anatomy with
imaging modalities through the course of their career.
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Videos

Video 5.1 Right anterior oblique view from a patient undergoing coronary sinus lead placement. Just slightly anterior to the wire being
advanced in the coronary sinus, note the radiolucency of epicardial fat
serves as a landmark for tricuspid annulus.
Video 5.2 Right anterior oblique view from a patient with extensive
coronary artery disease undergoing a pacemaker implantation. Observe
calcified right coronary artery and left circumflex artery located along
the tricuspid annulus and mitral annulus.
Video 5.3 (A and B) Right anterior oblique (RAO) and left anterior oblique
views from a patient with a history of serve mitral regurgitation secondary to bileaflet mitral valve prolapse status post mitral annuloplasty and
mitral valve repair. Note the distance between the mitral annulus and
the coronary sinus. Also note the radio-opaque area between the annuloplasty ring and the tip of the ablation catheter on the RAO view. This is
correlated with calcified mitral apparatus showed in Video 5.4.
Video 5.4 Intracardiac echocardiogram from the same patient of Video
5.3. Corresponding to the fluoroscopic view, calcified mitral apparatus
is noted.
Video 5.5 Intracardiac echocardiogram from a patient with frequent
premature ventricular contraction arising from both papillary muscles
of the left ventricle. (A and B) Catheter ablation was placed at the basal
anterolateral and the apical posteromedial papillary muscles, respectively.
Video 5.6 Intracardiac echocardiogram from a patient with frequent
premature ventricular contraction triggering ventricular fibrillation. Successful ablation was performed at the false tendon of the left ventricle.
In the video, ablation catheter was placed on the false tendon attached
the posteromedial papillary muscle and anterior free wall.
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Video 5.7 Intracardiac echocardiogram monitors ablation catheter
placed in the vicinity of the sinus of Valsalva near the left main ostium.
Video 5.8 Intracardiac echocardiogram demonstrates close relationship between the right ventricular outflow tract (RVOT) and the sinus
of Valsalva. The posterior RVOT just beneath the pulmonic valve has a
close relation to the left sinus of Valsalva and the left main ostium (not
seen in the Video). The posterior RVOT at the level of the pulmonic
valve is next to the right sinus of Valsalva and the right coronary artery
ostium.
Video 5.9 Intracardiac echocardiogram helps confirming good catheter
contact on the left coronary cusp. Also note that there is hyperdensity
at the ablated site, suggesting lesion formation.
Video 5.10 Intracardiac echocardiogram from a patient undergoing
atrial fibrillation ablation. During the procedure, thrombus formation
around the catheter sheath was observed.
Video 5.11 An incidental finding of thrombus attached to the pulmonic
valve was observed during atrial fibrillation ablation.
Video 5.12 Tranesophageal echocardiogram of a patient with bileaflet
mitral valve prolapse and mitral valve disjunction.
Video 5.13 Intracardiac echocardiogram shows ablation catheter targeted on the moderator band. Notice thick right ventricular wall in this
patient with a longstanding history of pulmonary stenosis.
Video 5.14 Intracardiac echocardiogram of the right ventricular outflow
tract. Observe the septal papillary muscle on the interventricular septum about 2 cm below the pulmonic valve.
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KEY POINTS
•	Intracardiac electrograms provide timing and morphologic
information.
•	Local tissue activation is best identified by the point of maximal
downslope of unipolar electrograms and maximal amplitude of
bipolar electrograms.
•	Cardiac mapping techniques include activation mapping, pace
mapping, entrainment mapping, and computerized mapping
(sometimes called substrate mapping).

•	Atrial and ventricular pacing maneuvers performed in sinus
rhythm and during tachycardia can be used to differentiate and
diagnose cardiac arrhythmias.

This chapter discusses the fundamentals of intracardiac mapping as it
relates to the mapping and ablation of cardiac arrhythmias. The initial
sections are dedicated to the basis and methodology of intracardiac,
extracellular recording techniques; this is followed by a description of
intracardiac electrograms as recorded in the normal myocardium, and
subsequently by a description of intracardiac signals in the abnormal
heart. The remainder of the chapter is dedicated to the application of
various endocardial mapping techniques, including activation, pace,
and entrainment mapping, in the diagnosis and ablation of atrial and
ventricular arrhythmias in both normal and diseased hearts. Computerized mapping is discussed in Chapter 7.

In view of the summation of intracellular potentials that occurs
to generate extracellular potentials, some fundamental questions
regarding cardiac mapping require further investigation. For example, when one asks the activation time determined from extracellular
potentials, there may not be a single answer, because different cells
within the field of view of an extracellular recording electrode may be
activated at different times. Thus uniform rules regarding interpretation of extracellular electrograms need to account for differences
in underlying physiology, and different rules may be appropriate in
different circumstances. For example, it has generally been accepted
that the HV interval should be measured from the onset of the His
bundle electrogram. The basis for this approach is that regardless of
the location of the recording electrode, one wishes to determine the
onset of activation within the His bundle to best evaluate conduction
time within the His–Purkinje system. By contrast, mapping of tachycardia origin uses techniques such as the baseline crossing in a bipolar electrogram that seeks to determine not the onset of activation but
the occurrence of activation at a specific location, and in most cases
to predict the effects of ablation at that site. Thus understanding the
physiology that generates extracellularly recorded potentials and the
purpose of a particular mapping technique is required to determine
the best theoretical as well as practical techniques to use for intracardiac mapping.

UNDERLYING BASIS FOR THE EXTRACELLULAR
ELECTROGRAM
Cardiac electrical activity originates from activation of ion channels
across cell membranes. The cardiac action potential is generated within
individual cells and reflects cardiac electrical activation. Although some
net charge flow occurs in the extracellular space, most cardiac electrical
activity is generated within individual myocardial cells. Extracellular
electrodes record potentials generated in the extracellular space and
therefore differ markedly from action potentials recorded intracellularly. The differences are caused not only by differences in recording
location (extracellular vs. intracellular) but also by the inherent summation of electrical activity from multiple cells that occurs when an
extracellular potential is generated.
The field of view of extracellularly recorded electrograms reflects
the relative contribution of individual cells both near to and far from
recording electrodes that generate extracellular potentials. Computer
modeling studies have created simulated extracellular potentials
using various assumptions regarding intracellular action potentials.1
Factors that affect the field of view of recording electrodes are whether
the recordings are unipolar or bipolar, interelectrode distance (for
bipolar recordings), electrode size and composition, and inherent
myocardial properties such as tissue resistivity and space constant.
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ELECTROGRAM RECORDING: AMPLIFICATION,
FILTERING, AND DIGITIZATION OF SIGNALS
Physiologic signals acquired through intracardiac electrodes are typically less than 10 mV in amplitude and therefore require considerable amplification before they can be digitized, displayed, and stored.
In most modern electrophysiology laboratories, the signal processor
(filters and amplifiers), visualization screen, and recording apparatus
are often incorporated as a computerized laboratory recording system.
The amplifiers used for recording intracardiac electrograms must have
the ability to gain modification as well as to alter both high-band–pass

CHAPTER 6

Typical Filter Settings for
Electrophysiology Laboratory Recordings
TABLE 6.1
Recording

High Pass

Low Pass

Surface electrocardiogram

0.05–0.1 Hz

100 Hz

Bipolar intracardiac

30–50 Hz

300–500 Hz

Unipolar intracardiac

DC, 0.05 Hz

>500 Hz

DC, Direct current.

and low-band–pass filters to permit appropriate attenuation of the
incoming signals.2
After amplification, signals are digitized and filtered by a computerized data-acquisition system and are written to a hard disk or optical
drive, while displaying signals in real time on a monitor. Digitization is
a form of data reduction, whereby an analog waveform is sampled at a
constant rate (sampling rate) by an analog-to-digital (A/D) converter.
The amplitude of the analog waveform is translated into a binary number (e.g., 8-, 10-, or 12-bit conversion resolution of the A/D converter),
which represents the full dynamic input range of the A/D converter
(typically ±2.5 or ±10 V). Sampling rates of 600 Hz or more allow for
the recording of most of the data contained in the intracardiac electrogram waveforms, with most modern mapping systems sampling at
or about 1000 Hz. The ideal system should be able to provide a variety of display configurations with a wide range of sweep speeds (most
modern systems can display up to 400 mm/second) and should allow
adjustment of the size and gain and other characteristics of the amplified electrogram.
Filtering is an important aspect of electrogram processing (Table 6.1).
High-pass filters eliminate components below a given frequency (allowing signal content of higher frequency to pass without attenuation). In
the surface electrocardiogram (ECG), components such as the T wave
are of relatively low frequency, and high-pass filtering of 0.05 to 0.1 Hz
is used to preserve these components while eliminating baseline drift.
When examining bipolar intracardiac electrograms, high-frequency
components are of the most interest, and high-pass filtering of 30 to
50 Hz is used to eliminate the low-frequency components. Unipolar
electrograms usually go through a high-pass filter of 0.05 Hz, however, because the polarity of the signal (which reflects the direction
of myocardial activation) and the signal morphology (and therefore
low-frequency components) must be preserved. To eliminate noise at
higher frequencies, low-pass filters are generally set to about 500 Hz
for intracardiac signals (because there are essentially no intracardiac
signals of interest much above 300 Hz).3 Notch filters remove specific
frequencies such as 60-Hz noise from power supplies. Fig. 6.1 shows
the effect of different filter settings on intracardiac atrial, ventricular,
and His–Purkinje signals.

UNIPOLAR AND BIPOLAR SIGNALS
The morphology and amplitude of the recorded electrograms depend
on (1) the type of normal or abnormal depolarization responsible for
the electrical potential and on local myocardial characteristics such as
ischemia or infarction; (2) the orientation of the activation wave front
in relation to myocardial fiber orientation4; (3) the distance between
the source of the potential and the recording electrode; (4) the size,
configuration, and interpolar distance of the recording electrode5;
(5) the orientation of the wave front in relation to the poles of a bipolar electrode; (6) the conducting medium in which electrograms are
recorded6; and (7) other factors.
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The unipolar electrogram is recorded as the potential difference
between a single electrode in direct contact with the heart (exploring
electrode) and an indifferent electrode, which is placed at a distance
from the heart7 (such as in the inferior vena cava) or at the Wilson
central terminal.8 The recording is therefore not truly unipolar because
all recordings depend on voltage differences between two poles; the
unipolar designation signifies that one of the poles is distant from
the heart. During cardiac activation, the approach of the dipole of an
activation wave front toward an exploring electrode gives a small positive deflection, and its passage gives a rapid deflection in the negative
direction, with a final return to baseline.9 The amplitude of the unipolar electrogram is proportional to the area of the dipole layer and
the reciprocal value of the square of the distance between the dipole
layer and the recording site.10 Thus the unipolar electrogram records
a combination of local and distant electrical events, with the contribution of distant electrical events decreasing in proportion to the square
of the distance from the exploring electrode.11 As mentioned earlier,
extracellular recordings are not synonymous with intracellular microelectrode recordings. Nonetheless, in normal myocardium with relatively homogeneous conduction and repolarization, several studies (as
well as theoretical models) have shown conformity of activation times
between intracellular microelectrode and extracellular recordings (Fig.
6.2), with the maximal downslope of the unipolar electrogram coinciding with the upstroke of the transmembrane potential.12,13 Therefore at least in normal hearts, there is agreement on using the maximal
downslope of the unipolar electrogram for activation detection; there is
significant controversy about the optimal value of the slope threshold,
however, with recommended thresholds from different studies ranging
from − 0.2 to − 2.5 mV per ms; the large range can be at least partially
attributed to the fact that these studies were performed under a variety
of different baseline conditions in normal, acutely ischemic as well as
chronically infarcted hearts (animal and human).
The bipolar electrogram is recorded as the potential difference
between two closely spaced electrodes in direct contact with the heart;
it can be calculated as the difference between two unipolar electrograms at each of the two electrode sites14 (Fig. 6.3). In the electrophysiology laboratory, this is typically done with analog amplifiers rather
than with digital subtraction between unipolar signals. The amplitude
of the bipolar electrogram is inversely proportional to the third power
of the distance between recording site and dipole.15
The major advantage of bipolar recordings lies in the distinction
between local and distant activity. A limitation of bipolar electrograms
is their directional sensitivity; as a result, if the activation wave front
is parallel in relation to the electrode pair, the bipolar spike will be of
maximal amplitude, whereas if it is perpendicular, both electrodes will
record the same waveform at the same time, and no spike will result.16
In addition, activation at the two poles of the bipolar electrogram is
not simultaneous, making activation detection more difficult in bipolar
electrograms. The following criteria have been suggested for activation
detection in bipolar electrograms: (1) the maximal absolute value of
the bipolar electrogram; (2) the first elevation of the electrogram of
more than 45 degrees from the baseline (obviously subject to display
gain); (3) the baseline crossing with the steepest slope; and (4) morphologic algorithms that search for symmetry in the bipolar waveform.
Of these, the maximal amplitude of the bipolar electrogram is the most
easily measured and has been shown to coincide closely with the maximal downslope of the unipolar electrogram (and the maximal upstroke
of the monophasic action potential).17

Recording Artifacts
The identification of artifactual electrograms is of crucial importance
in any system of cardiac mapping and may have major influence on
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PART 2

Cardiac Mapping and Imaging
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Fig. 6.1 Effects of various filtering frequencies on the morphologic appearance of intracardiac electrograms.
A to D, The tracings from top to bottom are electrocardiographic leads aVF, V1, V6, right atrial (HRAp, HRAd),
three His bundle (His-prox, His-mid, His-distal) electrograms, and right ventricle (RVA). In each panel, both
beats are of sinus origin. The top two His tracings (prox and mid), RA, and right ventricular (RV) tracings are
filtered at 30 to 500 Hz (i.e., the usual filtering frequencies). The bottom His distal tracing shows the effect
of various filtering frequencies on the appearance. The low-frequency signals are mostly eliminated at highband–pass filter frequency settings greater than 10 Hz. Note that the high-band–pass setting reduces the
overall magnitude of the electrogram, necessitating an increase in amplification. At all frequencies depicted,
the His bundle deflection can be clearly identified. His-distal, Distal His bundle; His-mid, middle His bundle;
His-prox, proximal His bundle; HRAd, high right atrium distal; HRAp, high right atrium proximal. (From Akhtar
M. Invasive cardiac electrophysiologic studies: an introduction. In Parmley WW, Chatterjee K (eds): Cardiology. Vol. 1. Physiology, Pharmacology, Diagnosis. Philadelphia: Lippincott; 1991:1. With permission.)

the final interpretation of an activation sequence, such as whether a
fractionated electrogram represents a motion artifact or local activation in an assumed zone of slow conduction18 (Table 6.2). Typical
recording artifacts induced at the myocardium–electrode interface
are (1) polarization of electrodes, which can cause slow shifts of the
baseline of the signals; (2) local myocardial injury resulting from
inappropriate pressure by recording electrodes12; (3) motion artifacts,
which are often rhythmic and linked to cardiac events, therefore simulating fractionated electrograms, or which can be sudden shifts of
potential that may be misinterpreted as activations by computer algorithms; (4) poor contact between electrode and myocardium, leading
to heavier weighing of far-field effects and increased 50- or 60- Hz
noise; (5) potentials produced by two electrodes from different catheters touching each other; and (6) repolarization signals masquerading
as a mid-diastolic potential. Finally, intermittent recording of actual
signals that do no repeat with every cycle (most typically signals that
appear on alternate cycles during tachycardia) are problematic for
computerized mapping algorithms. Ensuring good contact between
the recording electrode and the underlying myocardium (to remove

far-field effects), eliminating all possible sources of noise, including
adequate grounding for 50 to 60 Hz (and if necessary the use of notch
filters), and locating preamplifiers and amplifiers as close as possible to
the mapped heart may all help eliminate most of the artifacts that are
seen in the clinical electrophysiology laboratory. Undue pressure by
the recording catheter on the underlying myocardium can be reflected
by the appearance of ST-segment elevation on the unipolar electrogram; slight catheter repositioning usually results in resolution of the
ST segment to baseline. Motion artifact (from the patient or the surrounding environment) can be minimized by preventing contact of
perfusion pumps and other equipment capable of generating cyclical
noise with the patient table and mapping equipment.

CHARACTERISTICS OF INTRACARDIAC
SIGNALS: NORMAL HEART
Unipolar endocardial electrograms obtained from experiments in
normal canine hearts and from the human atrium and ventricle are
characterized by a QS morphology with a rapid downstroke in the first
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Fig. 6.2 Concordance between extracellular electrogram and intracellular action potential recordings. A, Relationship between unipolar electrogram (top trace) and the transmembrane potential (bottom trace) recorded
simultaneously from bullfrog ventricle. B, Display of the initial part of the simultaneously recorded transmembrane action potential (top trace) and unipolar electrogram from a different frog (bottom trace), showing
concordance between the upstrokes of the two potentials. C, Surface and intracardiac electrograms recorded
during mapping of a right atrial tachycardia. The peak of the bipolar ablation electrogram (AB Bi) coincides with
the maximal negative downslope of the distal ablation unipolar recording (AB Uni). These points reflect local
activation time at the recording electrodes, and both precede P-wave onset by 55 ms. HRA, high right atrium.
(A and B, Modified from Yoshida S. Simple techniques suitable for student use to record action potentials
from the frog heart. Adv Physiol Educ. 2001;25:176-186, 2001. With permission.)

part of the QRS complex (intrinsic deflection).10,19 Bipolar endocardial
electrograms in the normal human left ventricle from catheters with
10-mm interelectrode distance have amplitudes greater than 3 mV and
durations less than 70 ms, and no split, fractionated electrograms are
found.17 Unipolar and bipolar electrograms in diseased myocardium
are typically characterized by slower upstrokes and fragmentation (see
later discussion).
Although slow conduction and fractionated, low amplitude signals are not as widespread in the normal heart compared with the
diseased atrium or ventricle, low-amplitude, high-frequency electrograms have been well described at the thoracic vein–atrium junction,
within both the pulmonary veins and the vena cava,20–22 as well as
at other sites in the normal heart, such as the crista terminalis and
coronary sinus.23

Electrical Abnormalities in the Absence of Structural
Heart Disease

Electrograms need not be entirely normal even in the absence of overt
fibrosis or fatty replacement. For example, low-amplitude, fractionated bipolar electrograms may be seen at the earliest activation sites of
focal tachycardias, even in the presence of a normal looking unipolar
electrogram. Fig. 6.4 shows the bipolar electrogram at the successful
ablation site of two different focal tachycardias in the absence of any
overt structural heart disease: a focal tachycardia originating from
the coronary sinus ostium and a focal ventricular tachycardia (VT)

arising from the inferolateral left ventricle. Late potentials during sinus
rhythm are also noted in hearts that are otherwise morphologically
normal; Fig. 6.5 shows late potentials in the right ventricle of a patient
who had exercise-induced left bundle branch block (LBBB) superior
axis VT, but with no evidence of scar or any other abnormality on ECG
or cardiac magnetic resonance imaging (MRI).
The basis for these potentials is not entirely clear. In the absence of
overt scar on sensitive imaging modalities such as MRI, it is tempting
to speculate that at least some of the delay seen in these electrograms
may be functional in nature. In fact, functional anisotropic conduction
is well described in the normal heart (e.g., at the crista terminalis)23
and may be responsible for the creation of macroreentrant circuits,
such as isthmus-dependent atrial flutter. Anisotropic conduction has
also been demonstrated within the pulmonary veins24 and the superior
vena cava. Fig. 6.6 shows that the conduction times into and out of the
pulmonary vein can be very different, which is an example of anisotropic conduction.25
Conceivably, therefore at least some of the focal tachycardias
described in the normal heart may be microreentrant in origin. Other
factors that have been postulated are poor intercellular coupling, such
as that caused by decreased gap junctions at sites of origin of focal
tachycardias, leading to decreased electrotonic inhibition of the focus
by surrounding tissue.26 In general, electrograms at successful ablation sites for focal tachycardias are less than 50 ms presystolic. However, pulmonary vein tachycardias are usually more than 50 seconds
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Fig. 6.3 Relationship between unipolar and bipolar electrograms. The
bipolar electrogram represents the difference between two closely
spaced unipolar electrodes that have the same reference. The result
is that the far-field effects and noise that are present in both unipolar
electrograms get canceled out. Amp, Amplitude.

Sources of Intracardiac
Recording Artifacts
TABLE 6.2
Cause

Manifestation

Electrode polarization

Electrogram drift

Excessive contact pressure

ST elevation

Catheter motion

Fractionation

Poor contact

Low amplitude

Contact with other catheters

High-frequency signals

Repolarization

Late or mid-diastolic potentials

Electromagnetic interference

High-frequency noise

Poor grounding

High-frequency noise

presystolic, at least partially on account of the slow conduction noted
in this area.
Fractionated, bipolar electrograms (both during tachycardia and
during sinus rhythm) have also been well described in idiopathic VT
arising from the left ventricular septum. In fact, it is the presence of
these Purkinje-like potentials some distance away from the septum
that has led some to postulate a reentrant circuit of considerable size as
the basis for this VT.27 Split electrograms may sometimes be recorded
in the normal heart, such as in the posteroseptal right atrium from conduction block across the Eustachian ridge.

Electrogram Abnormalities in the Presence of Structural
Heart Disease

The signature of scar in the atrium or ventricle is a low-amplitude,
high-frequency electrogram (during sinus rhythm or during tachycardia), with the duration and amplitude of the electrogram showing
some correlation with the degree of slow conduction in and around
the area of fibrosis.28 Low-amplitude, fractionated electrograms may
be recorded during or after the QRS complex and are typically less
than 1 mV in amplitude; these can be recorded during sinus rhythm
and VT. The characteristic unipolar electrogram in the setting of
chronic myocardial scar, such as myocardial infarction, may show a
single, rapid biphasic deflection of RS morphology following a wide
QS potential, a double RS deflection, or fragmentation with multiple
deflections.29 Continuous, low-amplitude electrical activity, such as a
fractionated electrogram spanning the entire tachycardia cycle length
(TCL), can also be seen in the setting of myocardial scar or disease.
Fig. 6.7 shows an example of low-amplitude continuous activity at a
successful ablation site for a reentrant atrial tachycardia and flutter in
a patient who had undergone Mustard repair for D-transposition of
the great arteries.
Animal studies performed in the setting of experimental chronic
myocardial infarction have examined the intracellular basis of the
previously mentioned changes on the extracellularly recorded electrograms and have demonstrated that action potential amplitude and
upstroke are similar to those of normal myocardium.30,31 Despite the
presence of normal action potentials, slow and discontinuous conduction is present, which may provide an electrophysiologic and anatomic
basis for arrhythmias. One explanation of the low-amplitude, prolonged duration, and notched extracellular potentials in the infarcted
areas is that the slow conduction represents activation of normal cells
separated by areas of fibrous tissue producing discontinuities in conduction. Kadish and colleagues used vector mapping, a technique
based on summing orthogonally bipolar electrograms, to determine
the direction of activation in cardiac tissue and showed that although
vector loops recorded from normal myocardial tissue were found to be
smooth and pointing in a single direction, those recorded from areas
of healed myocardial infarction were notched, irregular, and occasionally pointing in more than one direction.32 Using the vector technique,
the authors demonstrated complex activation patterns in areas where
abnormal extracellular electrograms are recorded in which discrete
activation times may be difficult to identify, such as in areas of fractionated electrograms where multiple peaks are present.33
Ischemic heart disease is by far the most common cause of scar
in the ventricle, although less common conditions such as arrhythmogenic right ventricular (RV) dysplasia and cardiomyopathy may
demonstrate similar electrophysiologic characteristics because of
fibrofatty replacement in the right (and occasionally left) ventricle.
Fibrosis has also been described in dilated cardiomyopathy but is seen
far less common than in ischemic heart disease. In the atrium, scar is
commonly the result of surgery for congenital heart disease, and atrial
septal defect repair, tricuspid atresia (Fontan repair), tetralogy of Fallot repair, and transposition of great arteries (Mustard–Senning repair)
are the most common reasons for scar in the right atrium.34 Left atrial
surgery can create substrate for left or right atrial reentry,35 the latter
likely on account of cannulation sites during bypass. Similarly, extensive catheter ablation with multiple linear or multiple areas of focal
lesions may also create substrate for subsequent development of left or
right atrial tachyarrhythmias. Please see Chapter 12 for details.
As mentioned earlier, the low-amplitude electrograms during
sinus rhythm are often noted late in systole; Fig. 6.8 shows an example of late systolic potentials in the right ventricle of a patient with
arrhythmogenic RV dysplasia. Such low-amplitude, high-frequency
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Fig. 6.4 Low-amplitude bipolar electrogram at successful ablation site of two focal tachycardias: a focal
tachycardia originating from the ostium of the coronary sinus (A) and a focal ventricular tachycardia arising
from the inferolateral left ventricle (B). In both instances, notice the lower amplitude and prolonged duration
of the electrogram at the site of earliest activation (i.e., the ablation site) (arrows). ABL, Ablation; CS, coronary
sinus; d, distal; HRA, high right atrium; m, mid; p, proximal; RV, right ventricle.

electrograms are thought to underlie the late potentials that are seen
on a positive signal-average ECG.36 Lately, there has been a renewed
interest in local abnormal ventricular activities (LAVAs), some
occurring before the end of QRS, in patients with structural heart
disease. Jaïs and colleagues showed that a procedural end point of
LAVA elimination was associated with mortality benefit and freedom from VT, compared with standard methods of VT mapping and
ablation.37 However, even though late potentials are typically seen
in and around an area of scar or infarction and are frequently noted
at or close to sites of successful ablation (of reentrant tachycardias),
late potentials have not always been shown to be a clear predictor of

ablation success.38 They may lack specificity in that they may also be
found at sites that are remote from a successful ablation site (indicating diseased myocardium in other areas). The presence of late
potentials can also be dependent on the activation timing of the anatomic substrate with LAVA seen more commonly in the epicardium
rather than the endocardium and beyond the septal area. The ability
to distinguish late potentials (sometimes needing to decouple LAVA
from the basic ventricular electrogram) is also dependent on conduction velocity in the diseased myocardium.39 A list of abnormal
electrogram morphologies and the possible interpretations is given
in Table 6.3.
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Fig. 6.5 Late systolic potentials in a heart with no known myocardial disease. The figure demonstrates late potentials that extend
beyond the end of the QRS (arrows) at the septal right ventricle
(base of the right ventricular outflow tract) of a patient who had
exercise-induced left bundle superior axis ventricular tachycardia
but no evidence of scar or any other abnormality on echocardiography or cardiac magnetic resonance imaging. ABL, Ablation; d, distal;
HRA, high right atrium; m, mid; p, proximal; RV, right ventricle; Stim,
stimulus.

ENDOCARDIAL MAPPING TECHNIQUES
Contact endocardial mapping can be performed during sinus rhythm
as well as during tachycardia. Mapping techniques can be broadly categorized as follows: (1) activation sequence mapping; (2) fractionated
local electrogram and voltage mapping; (3) pace mapping; (4) entrainment mapping; and (5) miscellaneous pacing maneuvers (performed
during sinus rhythm or tachycardia). Although these techniques are
usually used in combination, the relative utility of each depends on
arrhythmia inducibility, hemodynamic and cycle length stability of the
induced arrhythmia, underlying substrate (i.e., normal vs. diseased
heart), and arrhythmia mechanisms, among other factors. For example,
entrainment can be used only in the setting of a sustained, rather regular reentrant arrhythmia. The previous two sections have described the
electrogram and voltage characteristics in normal and diseased hearts.
The following paragraphs describe the underlying basis for the remainder of the techniques and highlight their use (singly or in combination)
in the diagnosis and ablation of atrial and ventricular arrhythmias.

Activation Sequence Mapping
The most commonly used method of identifying the optimal ablation
site for a tachyarrhythmia is activation mapping to locate the site of
earliest endocardial activation or to determine the activation sequence
during the tachycardia. Focal arrhythmias are typically characterized
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Fig. 6.6 Anisotropic conduction in the superior vena cava (SVC) and pulmonary vein. In both A and B, open
arrows indicate atrial electrograms, and solid arrows indicate pulmonary vein potentials. A, Sinus rhythm with
conduction into the posterosuperior right atrium (close to its junction with the SVC). B, The right superior
pulmonary vein. In both A and B, the bipolar ablation electrogram shows an atrial signal followed by an SVC
or a pulmonary vein myocardial signal. Atrial premature contractions (APCs) coming from the SVC or from
pulmonary veins show the venous myocardial potential first, followed by the atrial myocardial signal. Note
that conduction out of the SVC or pulmonary vein (APCs) is longer than conduction into the SVC or pulmonary vein during sinus rhythm. ABL, Ablation; dist, distal; HRA, high right atrium; prox, proximal. (From Miller
JM, Olgin JE, Das MK. Atrial fibrillation: what are the targets for intervention? J Interv Card Electrophysiol.
2003;9:249-257. With permission.)
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Fig. 6.7 Continuous, low-amplitude activity at the site of ablation in atrial flutter in the setting of D-transposition of the great artery repair. In this patient, the atrial flutter was mapped to the subeustachian isthmus.
The isthmus was first approached and ablated from the systemic or subaortic ventricle. However, the entire
isthmus could not be ablated from the subaortic side (because of baffle and suture lines). Additional mapping
and ablation were therefore performed through the baffle on the subpulmonic or left side. From the subpulmonic side, it was possible to reach a portion of the subeustachian isthmus that had previously not been
reached with a subaortic approach. Mapping along this portion of the subeustachian isthmus (i.e., along the
same line where ablation was performed from the right ventricle) revealed the continuous, low-amplitude
activity shown by the arrows. Ablation here resulted in slowing and termination of the flutter. ABL, Ablation;
CS, coronary sinus; d, distal; p, proximal; Stim, stimulus.
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Fig. 6.8 Late potential mapping in the right ventricle. In a patient with
arrhythmogenic right ventricular (RV) dysplasia, many of the electrograms were abnormal, especially at the RV inflow, the RV apex, and the
RV outflow tract. The figure shows late potentials during sinus rhythm
in the region of the RV apex on the ablation (ABL) catheter (arrows). d,
Distal; HRA, high right atrium; p, proximal.

by presystolic timings pre-P or pre-QRS less than 50 ms. By contrast,
reentrant arrhythmias, both in the normal and in diseased hearts, typically demonstrate diastolic activity that is significantly earlier than 50
ms. In fact, for reentrant arrhythmias, intracardiac activity should be
present at some point in the heart throughout the cardiac cycle. Electrograms are typically recorded through at least 70% of the TCL in
macroreentrant arrhythmias. In the normal heart, such as in the setting
of subeustachian isthmus–dependent typical atrial flutter, the macroreentrant circuit is of considerable size—bound by the two anatomic barriers of the crista terminalis and the tricuspid annulus—and need not
demonstrate the low-amplitude, high-frequency electrograms that are
typical of scar-related reentrant arrhythmias. In a reentrant VT in the
setting of myocardial scar, a zone of slow conduction over a pathway of

possibly quite complex geometry (e.g., nonlinear, nonhomogeneously
anisotropic) provides the diastolic limb of the reentrant circuit. After
emerging from the zone of slow conduction, the wave front propagates
rapidly throughout the ventricles to generate the QRS complex. Thus
early or presystolic activation occurs in close proximity to the exit
region from the zone of slow conduction.
What is considered to be early activation and a suitable ablation site
in a focal arrhythmia (30–50 ms presystolic) may not necessarily be
early activation in a reentrant arrhythmia. Reentrant atrial tachycardias
or VTs are typically characterized by earlier electrogram timing in diastole, with mid-diastolic (or even earlier) potentials (discussed later)
having been correlated with successful ablation sites for these arrhythmias. Fig. 6.9 shows an example of atrial tachycardia that was induced
in a patient with no known atrial disease; mapping with the ablation
catheter revealed electrograms in and around the tricuspid annulus
that were significantly more than 50 ms presystolic, thereby raising suspicion for a macroreentrant tachycardia; a halo duodecapolar catheter
was subsequently inserted into the right atrium and showed an activation sequence consistent with counterclockwise reentry around the
tricuspid annulus (see Fig. 6.9B). Entrainment maneuvers confirmed
the diagnosis and led to successful ablation of the arrhythmia at the
cavotricuspid isthmus (CTI).

Mid-Diastolic Potentials
If an intervening isoelectric segment exists between QRS complexes
during VT, the prepotentials are called mid-diastolic potentials (Fig.
6.10); it has been suggested that they identify the region of slow conduction. These prepotentials may precede the major ventricular deflection by 10s to 100s of milliseconds.
It is important to demonstrate that during initiation and
resetting of an arrhythmia, loss of the mid-diastolic potential is
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TABLE 6.3

Abnormal Electrogram Morphologies

Morphology

Definition

Interpretations

Low amplitude

<0.5 mV in the atrium and <1.5 mV in the ventricle

Myocardial infarction, fibrosis, infiltrative process,
poor contact, far-field

Fractionated

Prolonged (>70 ms), low-amplitude potential with multiple peaks
or multiple baseline crossings

Peri-infarction, slow conduction, catheter motion,
arborized myocardial connection

Split

>70 ms duration with two components separated by isoelectric interval Local conduction block, surgical scar, slow conduction

Late component

Potential occurs after end of surface QRS or P wave

Delayed activation, line of block, slow conduction

Continuous

Absence of isoelectric interval throughout diastole

Slow conduction, electromagnetic interference artifact

Mid-diastolic

Potential occurs in mid-diastole bounded by isoelectric intervals

Low frequency

Low depolarization velocity (dV/dt )

Protected isthmus, bystander connection, repolarization,
or motion artifact
Far-field, artifact

Monophasic action potential

Injury current pattern

Excessive contact pressure, local tissue injury (unipolar)

A

B

I
aVF
V1
V6
HRA
HIS p
HIS m
HIS d
ABL d
ABL p
CS9,10
CS7,8
CS5,6
CS3,4
CS1,2
RVa
Stim 2
I
aVF
V1
HIS p
HIS m
HIS d
HALO 1
HALO 2
HALO 3
HALO 4
HALO 5
HALO 6
HALO 7
HALO 8
HALO 9
HALO 10
CS9,10
CS7,8
CS5,6
CS3,4
CS1,2
RVa
Stim 3

200 ms

72 ms

330
1:38:14 PM

1:38:15 PM

1:38:1
500 ms

330
2:16:35 PM

2:16:36 PM

2:16:37 PM

Fig. 6.9 Apparent atrial tachycardia with sites that had greater than 50 ms presystolic activation times in a patient
with no known atrial disease. The P-wave morphology and cycle length suggested that atrial tachycardia rather
than atrial flutter was present. However, the mid-diastolic activation times suggested reentry rather than focal
tachycardia. A, Mapping with the ablation catheter revealed electrograms in and around the tricuspid annulus
that were more than 50 ms presystolic, thereby raising suspicion for a reentrant tachycardia. B, A halo catheter
inserted subsequently showed an activation sequence consistent with clockwise, isthmus-dependent atrial tachycardia and flutter. Entrainment maneuvers confirmed the diagnosis and led to successful ablation of the arrhythmia. ABL, Ablation; CS, coronary sinus; d, distal; HRA, high right atrium; m, mid; p, proximal; Stim, stimulus.
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conducting accessory pathways.44 Electrograms characteristic of the
insertion sites of accessory pathways have been described in detail in
Chapters 23–27 of this book.

2
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LV-MAP D
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RVP
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Fig. 6.10 Activation mapping in a diseased heart. The figure shows
mid-diastolic potentials in the setting of infarct-related ventricular tachycardia (VT). Leads 2 and V1 are shown with distal (D) and proximal (P)
bipolar signals recorded from a presumed protected isthmus of the
VT circuit. An isolated mid-diastolic potential (long arrow) is recorded
230 ms before the QRS during VT (short arrow), with a cycle length of
440 ms. LV, Left ventricular; MAP, monophasic action potential. (From
Josephson ME. Clinical Cardiac Electrophysiology: Techniques and
Interpretation, 3rd ed. Philadelphia: Lippincott Williams & Wilkins; 2002.
With permission.)

associated with termination of the arrhythmia.27 Although there
are some recent data to support the specificity of diastolic potentials during sinus rhythm as the potentially successful ablation sites
(i.e., critical isthmus sites during VT),40 most studies have looked
at diastolic potentials during sustained tachycardia as markers of a
protected isthmus.
Mid-diastolic potentials that do not dynamically precede the QRS
complex of the VT may represent blind-end alleys of late activation or
motion artifact.27,28 In one study, almost continuous electrical activity
spanning the diastolic segment was frequently seen in patients with
VT because of ischemic heart disease or arrhythmogenic RV dysplasia. However, in 85% of patients, the episodes of continuous electrical
activity could be dissociated from the VT.23 Such behavior is presumably caused by slow and stuttering conduction into areas of diseased
myocardium not essential for ongoing tachycardia.

Unipolar Potential Mapping
Unipolar electrograms provide useful adjunctive mapping information to bipolar electrograms during mapping for focal atrial and VTs.
Amerandral and associates noted that the presence of a QS complex
was highly sensitive in identifying successful ablation sites.41 However, nearly 70% of unsuccessful sites also manifested a QS unipolar
complex, with QS complexes being recorded more than 1 cm away in
65% of patients.42 The unipolar electrogram morphology with standard ablation electrodes is therefore a highly sensitive but nonspecific
marker for target sites in patients with idiopathic RV and other VTs as
well as atrial tachycardias. Unipolar electrograms are of limited utility,
however, in the setting of myocardial scar or fibrosis, because the criteria established for unipolar activation (i.e., peak depolarization velocity
(dV/dt)) cannot be relied on in the presence of slow, disordered conduction, with the onset of unipolar recordings in this setting frequently
showing a delayed initial deflection.
Much has been written about the utility of the unipolar electrogram in localizing insertion and successful ablation sites for accessory
pathways.43 Note that most of these data are for anterograde mapping in the setting of overt preexcitation, although some investigators
have demonstrated the utility of unipolar mapping for retrogradely

Pace Mapping
Pace mapping involves manipulation of the mapping catheter to the
region of origin of the tachycardia. Pacing at this site, using the same
cycle length as the tachycardia, should generate P waves or QRS complexes resembling those during tachycardia. The greater the degree of
concordance between the P wave or QRS morphology during pacing
and tachycardia, the closer the catheter is to the exit site of the tachycardia. In addition, the stimulus to QRS interval of more than 40 to 70
ms is an indication of slow conduction.
Pace mapping has advantages over activation mapping in that
induction of arrhythmia is not required; as a result, it allows identification of the site of origin when the induced arrhythmia is poorly
tolerated or when sustained tachycardia is not inducible by electrophysiologic techniques but when P wave or QRS morphology from a
12-lead ECG is available. However, others have argued that pace mapping is not as sensitive or precise as activation mapping and may be
more time consuming. Pace mapping has generally been more useful as
a means of corroborating candidate ablation sites, with a combination
of activation and pace mapping used to best identify the optimal target
site of ablation. For generalized localization of an arrhythmia exit site,
such as with substrate mapping of unstable ventricular arrhythmias,
matching 10/12 leads may be sufficient. For precise arrhythmia localization, 12/12 leads should match the clinical tachycardia.
Most investigators report successful ablation at sites with identical
or nearly identical matches in all 12 surface leads.45,46 Differences in
QRS configuration between pacing and spontaneous tachycardia in a
single lead may be critical. An example is shown in Fig. 6.11, in which
ablation success was achieved (in the left coronary cusp) only at the
site of a 12/12 or perfect pace map. Fig. 6.12 shows an example of premature ventricular complexes (PVCs) arising from the right coronary
cusp. Unlike in Fig. 6.11A, in which there is a small R wave in the unipolar electrogram, the distal unipolar electrogram in Fig. 6.12A has a
QS complex; pace mapping at this site also resulted in a nearly perfect
pace map (see Fig. 6.12B). Ablation at this site resulted in elimination
of all PVCs.
The use of single ECG leads or body-surface mapping may improve
the precision of pace mapping.47 Kadish and colleagues examined the
spatial resolution of unipolar pacing with respect to the degree of pacemap matching and found that under optimal conditions—that is, when
minor differences in configuration (notching, new small component,
change in amplitude of individual component, or overall change in
QRS shape) in at least one lead were accounted for—the spatial resolution of an exact pace-map match may be less than 5 mm.48 Bipolar
pacing may introduce additional variability in the ventricular paced
ECG, but these changes may be minimized by low-pacing outputs and
small interelectrode distances (≤5 mm) or by unipolar pacing. Pace
mapping should be performed as close as possible to the cycle length
of the spontaneous tachycardia to minimize rate-dependent aberration
in paced P-wave or QRS configuration (owing to increasing degrees
of incomplete repolarization and fusion with the preceding T wave
during shorter cycle lengths).49
Pace mapping during sinus rhythm has been shown to be less
sensitive in the setting of scarred myocardium, even when pacing is
performed close to the tachycardia circuit. The activation wave front
may take the path of least resistance and, instead of mimicking the
tachycardia wave front (through the protected tachycardia isthmus),
may activate normal myocardium first, thereby creating a very different pace map. In addition, the boundaries of a protected isthmus may
be functional in nature and therefore difficult to replicate with pacing
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Fig. 6.11 Excellent pace map in a patient with right bundle inferior axis premature ventricular contractions
(PVCs). A, Right bundle PVCs mapped to the left coronary cusp. The ablation catheter shows an activation
time that was 30 ms presystolic. The distal unipolar electrogram coincides with the earliest bipolar electrogram. Note that the unipolar electrogram (ABL) has a small r wave before the inscription of the QS. B, Pace
mapping performed at the site shown in A revealed a 12/12 match with the PVC in A. It was decided to ablate
at this site because activation sites with a QS pattern on the unipolar electrogram (i.e., no r wave) were less
than 0.5 cm from the left main artery. Ablation resulted in termination of PVCs. d, Distal; p, proximal; RV, right
ventricle.
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Fig. 6.12 Excellent pace map in a patient with right coronary cusp premature ventricular contractions (PVCs). A,
Right bundle PVCs mapped to the right coronary cusp. The ablation catheter shows an activation time that was
30 ms presystolic. The distal unipolar electrogram coincides with the earliest bipolar electrogram and has a QS
complex. B, Pace mapping performed at the site shown in A revealed a 12/12 match with the PVC in A. Ablation
at this site resulted in termination of PVC. d, Distal; HRA, high right atrium; m, mid; p, proximal; Stim, stimulus.

CHAPTER 6

I
II
III
aVR
aVL
aVF
V1
V2
V3
V4
V5
V6
HIS p
HIS m
HIS d
RV p
ABL d
ABL p
Stim 1

Fundamentals of Intracardiac Mapping
I
II
III
aVR
aVL
aVF
V1
V2
V3
V4
V5
V6
HIS p
HIS m
HIS d
RV p
ABL d
ABL p
Stim 1

87

70 ms

3:50:25 PM

A

B

Fig. 6.13 Pace mapping in the setting of myocardial scar. A, Ventricular tachycardia (cycle length, 260 ms). B,
Pace mapping in a region of scar (low-amplitude potentials) in the right ventricle of a patient with arrhythmogenic right ventricular dysplasia. Note the 12/12 leads pace map and the long, mid-diastolic stimulus-to-QRS
interval (70 ms); the stimulus-to-QRS interval was suggestive of a location in the middle of a protected isthmus. Ablation in this region rendered the ventricular tachycardia noninducible. d, Distal; m, mid; p, proximal;
Stim, stimulus.

during sinus rhythm. Recently, several investigators have shown that
pace mapping may be performed at the infarct border50 with good sensitivity and specificity and can provide successful target sites for ablation based on the closeness of the pace map to the tachycardia and
the stimulus-to-QRS interval (helping outline the critical isthmus from
entrance to exit; Fig. 6.13).

Entrainment Mapping
Entrainment is one of the most powerful tools in the electrophysiologist’s arsenal that serves the following purposes: (1) allows confirmation of reentry as the underlying mechanism of a sustained arrhythmia;
(2) allows localization of an underlying reentrant circuit (e.g., to the
right or left atrium in the setting of a reentrant atrial tachycardia); and
(3) allows identification of myocardium that is critical to the reentrant circuit (i.e., critical isthmus). The critical isthmus may be narrow
enough to be amenable to ablation, with resulting interruption of the
tachycardia.51 A full discussion of resetting curves, entrainment criteria, and the pitfalls of entrainment is beyond the scope of this chapter;
the reader is referred to other authoritative texts for a more in-depth
study of the principles of entrainment.51–55
Entrainment is continuous resetting of a reentrant circuit that has an
excitable gap by a series of stimuli. The presence of entrainment is established when pacing at a rate slightly faster than the TCL accelerates all
QRS complexes or P waves (or intracardiac electrograms) to the pacing
rate and termination of pacing is followed by resumption of the same
tachycardia with the presence of constant surface or intracardiac fusion
during pacing (or progressive fusion during pacing at progressively faster
cycle lengths). The four criteria for manifest entrainment are (1) constant
fusion during overdrive pacing, except for the last captured beat, which
is entrained but not fused; (2) progressive fusion during overdrive pacing at different cycle lengths; (3) localized conduction block to a site for
one paced beat associated with interruption of the tachycardia, followed

by activation of that site by the next paced beat from a different direction and with a shorter conduction time; and (4) a change in conduction
time to and electrogram morphology at an electrode recording site when
pacing at two different rates during a tachycardia (i.e., the intracardiac
equivalent of criterion 2, because it may be difficult to visualize surface
criteria in some cases, such as for atrial tachycardia).
Fig. 6.14 shows an example of manifest entrainment (based on
intracardiac electrograms); activation around the tricuspid annulus is
shown during overdrive pacing of what appeared to be typical, counterclockwise atrial flutter in a patient with a normal heart. Pacing at
progressively faster rates demonstrates progressive fusion—one of the
diagnostic criteria for entrainment and therefore reentry—which is
best demonstrated by a change in activation (as well as timing) of the
bipolar electrograms in the distal halo electrodes. In fact, even when
changes in timing are subtle, electrogram morphology may provide
important clues to a diagnosis.
After entrainment has been demonstrated (i.e., manifest entrainment), it can be used for mapping. Entrainment mapping is centered on
obtaining a match between the entrained surface P wave or QRS complex
or intracardiac electrograms and tachycardia morphology (concealed
entrainment; discussed in a later section) and on obtaining a postpacing interval (PPI; described later) that is equal to the TCL. Although
the demonstration of resetting with fusion (or manifest entrainment)
confirms reentry, the presence of concealed entrainment allows the ablationist to home in on a protected isthmus—a common site of ablation
success. Concealed entrainment is characterized by a failure to demonstrate fusion (i.e., criteria 1, 2, and 4) during pacing from a protected
isthmus within a tachycardia circuit (Fig. 6.15) and is associated with a
PPI that is equal to the TCL. The PPI is the time between the last pacing stimulus that entrained the tachycardia and the next recorded electrogram at the pacing site. The PPI should be equal to the TCL (within
20 to 30 m) if the pacing site is within a critical part of the reentrant
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Fig. 6.14 Progressive fusion with demonstration of (manifest) entrainment. The figure shows activation
around the tricuspid annulus during attempted entrainment of what appeared to be typical, counterclockwise
atrial flutter in a patient with a normal heart. A, Pacing from halo (H) 3 that is slightly faster than the tachycardia (entrainment) reveals fusion along the halo catheter; halo 5 is captured antidromically, but the rest of the
halo is captured orthodromically (no change in activation sequence or polarity along the halo except in halo
7). B, Pacing at 240 ms demonstrates progressive fusion: now halo 5 and halo 6 are captured antidromically
(red arrows) show clear change in timing and morphology of halo 6 in B compared with A, thereby confirming
entrainment (based on intracardiac fusion, the fourth entrainment criterion). C, Pacing at 220 ms results in
antidromic activation of halo 6 and halo 7. CS, Coronary sinus; d, distal; m, mid; p, proximal.
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Fig. 6.15, cont’d D, Alternative methods for estimating postpacing interval when the pacing electrogram is
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from the mapping catheter (MAP 1-2) and from the reference catheter (RV 1-2) are shown. Top panel: Overdrive
pacing from a bystander dead-end pathway entrains VT with concealed fusion. PPI is 395 ms, and TCL is 336 ms.
PPI - TCL is 395 - 336 = 59 ms. Measurements for ER (N + 1 DIFF) using QRS complex as the reference point are as
follows: S - QRSN + 1 interval is 509 ms and LN + 2 - QRSN + 3 interval is 450 ms. ER (N + 1 DIFFQRS) = (S - QRSN + 1) (LN + 2 - QRSN + 3) = 509 - 450 = 59 ms, and matches exactly measured PPI - TCL. Measurements using remote
electrogram (RV 1-2) as the reference point are also presented: S - EgN +1 interval is 549 ms and LN + 2 - EgN + 3 interval is 490 ms and calculated ER (N + 1 DIFFEg) = (S - EgN + 1) - (LN + 2 - EgN + 3) = 549 - 490 = 59 ms. Computations
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matches TCL, which is 336 ms. Thus, ER PPIR = (PD - TD) + (PPIR - TCL) = (208 - 156) + (338 - 336) = 52 + 2 = 54
ms. Bottom panel, VT entrained with concealed fusion during pacing from the isthmus of the VT circuit. PPI is 561
ms and TCL is 560 ms. PPI - TCL difference is 561 - 560 = 1 ms. Measurements for ER (N + 1 DIFF) using QRS
complex as the reference point are as follows: S - QRSN + 1 interval is 748 ms and LN + 2 - QRS interval is 736 ms.
Thus, ER (N + 1 DIFFQRS) = (S - QRSN + 1) - (LN + 2 - QRSN + 3) = 748 - 736 = 12 ms. Measurements using remote
electrogram (RV 1-2) as the reference point are also presented. Eg - QRSN + 1 interval is 841 ms and LN + 2 - QRS
interval is 837 ms and calculated. AFL, Atrial flutter; anti, antidromic; CL, cycle length; ER, entrainment response;
ERPPIR, entrainment response (estimated PPI − TCL) by the PPI remote electrogram method; MAP, monophasic
action potential; n, pacing cycle lengths with n > n + a > n + b; ortho, orthodromic; PD, pacing delay; PLA, posteroinferior left atrium; PPI, postpacing interval; PPIR, postpacing interval recorded at the remote electrode; TCL,
tachycardia cycle length; TD, tachycardia delay; x, pacing stimulus in a sequence of stimuli. (A–C, Modified from
Waldo AL. Atrial flutter: entrainment characteristics. J Cardiovasc Electrophysiol. 1997;8:337-352, 1997. D from
Derejko P, Szumowski LJ, Sanders P, et al. Clinical validation and comparison of alternative methods for evaluation
of entrainment mapping. J Cardiovasc Electrophysiol. 2009;20:741-748. With permission.)
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circuit. If the pacing site is outside of the circuit, the PPI should be equal
to the TCL plus the time required for the stimulus to propagate from the
pacing site to the tachycardia circuit and back. Problems arise when the
electrogram at the pacing site is distorted immediately after pacing. To
overcome this shortcoming, alternative methods of estimating the PPI
have been developed.55 The first method is used when the electrogram
on the pacing or mapping electrode is obscured in the first cycle after the
termination of pacing and is given by the following equation:

[
] [
]
ER (N + 1 DIFFEg ) = S − Eg(N + 1) − L(N + 2) − Eg(N + 3)

where:
•	ER(N + 1DIFFEg) = entrainment response (estimated PPI − TCL)
by the N + 1 method;
•	S − Eg(N+1) = interval from the last stimulus (S) that entrains the
tachycardia to the reference electrogram (Eg) during the first beat
of tachycardia after S[Eg(N+1)]; and
•	L(N+2) − Eg(N+3) = interval from the local activation (L) at the pacing site during the second beat of tachycardia after S[L(N+2)] to Eg
during the third beat of tachycardia after S[Eg(N +3)].
•	The second method is given by the following equation:

ERPPIR = (PD − TD) + (PPIR − TCL)
where:
•	ERPPIR = entrainment response (estimated PPI − TCL) by the PPI
remote electrogram method;
•	PD (pacing delay) = interval from the last stimulus that entrains the
tachycardia (S) to the Eg during the last entrained beat of tachycardia [PD = S − Eg(N)] interval;

•	TD (tachycardia delay) = interval from the local activation at the
pacing site during the second beat of tachycardia after S to the Eg
during the second beat after S[TD = L(N+2) − Eg(N+2)] interval;
•	PPIR = postpacing interval recorded at the remote electrode [PPIR
= Eg(N) − Eg(N +1)] interval; and
•	TCL = tachycardia cycle length.
Both of these methods have been shown to be equivalent and comparable with the standard PPI (see Fig. 6.15D).55

Downstream Overdrive Pacing
More recently, the concepts involved with entrainment have been further expanded upon by using downstream overdrive pacing (DOP) to
rapidly detect fusion and diagnose macroreentrant atrial arrhythmias.
DOP is an entrainment maneuver where atrial activation sequence can
be used to differentiate macroreentrant from focal atrial tachycardias.
The atrial tachycardia is overdrive paced with a multielectrode catheter
at a site of activation downstream from the neighboring electrodes. This
technique establishes the presence of fusion at a constant paced cycle
minimally shorter than the TCL. Constant fusion is confirmed by measuring the time between the pacing stimulus (S) and the last upstream
atrial electrogram (Au) accelerated to the paced cycle length (S-Au). A
short conduction time (S-Au) would support a focal atrial tachycardia. A
long conduction time (S-Au) should only be present in macroreentrant
atrial tachycardia unless a line of block or slow conduction is present (Fig.
6.16). Specifically, Barbhaiya and colleagues demonstrated that a macroreentrant circuit was confirmed with DOP when pacing near the circuit
(PPI-TCL < 40 ms) and resulting in an S-Au interval > 75% of the TCL.
In contrast, an S-Au interval < 25% of the TCL supported a focal atrial
tachycardia or pacing at a site remote from a macroreentrant circuit.56,57

Fig. 6.16 Downstream overdrive pacing (DOP) from the proximal coronary sinus in perimitral flutter. Pacing is
performed from CS 7,8 (Brown Star) at a PCL of 230 ms. The PPI –TCL = 247 ms − 245 ms = 2 ms (< 40 ms),
which supports proximity to the circuit. The upstream electrodes are accelerated to the paced cycle length (Blue
box arrows). The S-Au time is 236 ms, which is 96% of the TCL (S-Au > 75%), suggesting fusion and supporting
macroreentry as the mechanism of the tachycardia. CS, Coronary sinus; PCL, paced cycle length; PPI, postpacing interval; S-Au, Stimulus minus last upstream atrial electrogram; Stim, stimulus; TCL, tachycardia cycle length.

CHAPTER 6

Miscellaneous Pacing Maneuvers
Atrial or ventricular pacing during sinus rhythm or during tachycardia
is a useful maneuver for determining the mechanism of a tachycardia
and may also help in mapping a tachycardia (Table 6.4).

Response to Atrial or Ventricular Pacing
In the laboratory, overdrive ventricular pacing is performed to demonstrate
entrainment in resetting a narrow-complex supraventricular tachycardia
(SVT) with a concentric retrograde activation sequence, where ventricular pacing (entrainment) is performed as a diagnostic maneuver to differentiate between atrioventricular nodal reentrant tachycardia (AVNRT),
atrioventricular reentrant tachycardia (AVRT), and atrial tachycardia.
Pacing is set at 10 to 30 ms faster than the TCL for at least 8 to 10 beats to
allow continuous resetting of the atrial rate to occur; the atrial activation
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sequence of the tachycardia must remain unchanged during orthodromic
capture of an AVRT or reentrant atrial tachycardia circuit as well as during
AVNRT. If the tachycardia resumes after pacing, a V-A-V versus a V-AA-V response is looked up on the return cycle,58 with the latter indicating
an atrial tachycardia. If a V-A-V response is noted, the stimulus-to-A (and
His–atrial [HA], if a retrograde His is visible) interval is compared during
pacing with the ventriculoatrial (VA; and HA) interval during tachycardia.58–60 The PPI is also measured and compared with the TCL to differentiate between AVRT and AVNRT.58 Fig. 6.17 shows examples of AVNRT
and AVRT in response to ventricular entrainment.
Ventricular pacing can also be performed at the TCL during sinus
rhythm, and the diagnostic criteria mentioned earlier (i.e., comparison
of VA [> or < than 115 ms], stimulus to A [> or < than 85 ms], and HA
[> or < than −10 ms] times during tachycardia and pacing) are used

Miscellaneous Pacing Maneuvers

Diagnostic Purpose Method
Atrial Maneuver
AOP
AVNRT vs. AVRT vs. AT

Requirements

Response to Pacing

Entrainment of tachycardia:
Atrial pacing at the TCL

1) Continuous resetting of atrial rate
2) Unchanged atrial activation sequence
for orthodromic capture of AVRT,
AVNRT, or reentrant atrial circuit

Compare AH intervals during A pacing
compared with during tachycardia
without pacing:
1) AT: Delta AH <20 ms
2) AVRT: Delta AH 20–40 ms
3) AVNRT: Delta AH >40 ms

AOP

JET vs. AVNRT

Entrainment of tachycardia: Pace
10–30 ms faster than TCL for
8–10 beats in the ventricle

1) Continuous resetting of atrial rate
2) Unchanged atrial activation sequence
for orthodromic capture of AVRT,
AVNRT, or reentrant atrial circuit

1) JET; A-H-H-A response
2) AVNRT A-H-A response

AOP

Rule out AT

Entrainment of tachycardia:
Atrial pacing at the TCL

1) Continuous resetting of atrial rate
2) Unchanged atrial activation sequence

VA linking: Consistent VA times
postpacing

PACs

JET vs. AVNRT

Input early-coupled PACs

Local electrogram from the PAC occurs
before the immediate His activation

1) JET: Early-coupled PAC advances
subsequent His
2) AVNRT: Early coupled PAC terminates tachycardia or delays next His

PACs

JET vs. AVNRT

Input late-coupled PACS during
His refractoriness

Local electrogram from the PAC
occurs at or after the immediate
His activation

1) JET: Late-coupled PAC fails to
advance or delay subsequent His
2) AVNRT: Late-coupled PAC advances
subsequent His, delays subsequent
His, or terminates tachycardia

Entrainment of tachycardia: Pace
10–30 ms faster than TCL for
8–10 beats in the ventricle

1) Continuous resetting of atrial rate
2) Unchanged atrial activation sequence
for orthodromic capture of AVRT,
AVNRT, or reentrant atrial circuit
3) Tachycardia should resume after pacing

Assess response postpacing:
1) AT: V-A-A-V
2) AVNRT or AVRT: V-A-V
3) AVNRT: Stim A - VA > 85 ms or PPITCL > 115 ms

Ventricular Maneuver
VOP
AVNRT vs. AVRT vs. AT

VOP

AVNRT vs. AVRT

Entrainment of tachycardia: Pace
10–30 ms faster than TCL for
8–10 beats in the ventricle

1) Initially, ventricular capture with fusion
2) Then, full ventricular capture with
resetting of atria

AVNRT > AVRT if more than 1 fully
captured RV beat needed to entrain
the atrium

PVCs

1) Diagnose presence
or absence of an
accessory pathway
2) Diagnose possible
participation of
pathway in tachycardia

Input single PVCs during His
refractoriness

Surface ECG fusion during PVC confirms
His refractoriness

Presence of pathway:
1) Advance timing: of next atrial
activation
2) Delay timing of next atrial activation*
3) Terminate tachycardia without atrial
activation post fused PVC*

Table 6.4 illustrates atrial and ventricular pacing maneuvers to differentiate AVNRT, AVRT, AT, and JET.
A, Atrium; AH, atrial-His; AOP, atrial overdrive pacing; AT, atrial tachycardia; AVRT, atrioventricular reentrant tachycardia; AVNRT, atrioventricular nodal
reentrant tachycardia; ECG, electrocardiogram; H, His; JET, junctional ectopic tachycardia; PAC, premature atrial contraction; PPI, postpacing interval;
PVC, premature ventricular contraction; TCL, tachycardia cycle length; V, ventricle; VA, ventriculoatrial; VOP, ventricular overdrive pacing.
*Confirms the participation of the pathway as the retrograde limb of the tachycardia.
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Fig. 6.17 Entrainment of supraventricular tachycardia. The figure demonstrates the response of atrioventricular
nodal reentrant tachycardia (AVNRT) and atrioventricular reentrant tachycardia (AVRT; with concentric activation
sequences) to entrainment from the ventricle. A, Entrainment is consistent with AVNRT: the stimulus-to-A interval during ventricular pacing exceeds the VA interval during tachycardia by more than 85 ms. The postpacing
interval (PPI) exceeds the tachycardia cycle length by more than 115 ms, also consistent with AVNRT. B, Entrainment here is consistent with AVRT, with the difference between the stimulus-to-A interval (during pacing) and
the VA interval (during tachycardia) being less than 85 ms and the PPI being about equal to the tachycardia cycle
length. CS, Coronary sinus; d, distal; HRA, high right atrium; m, mid; p, proximal; Stim, stimulus.

to differentiate between AVNRT and (septal) AVRT, respectively.58–60
However, one should be aware of limitations to these maneuvers in a
very slowly conducting septal accessory pathway (VA/TCL ≥ 40%).61
One can also use these maneuvers (PPI-TCL and stimulus to A) when
RV pacing results in induction of the SVT of interest.62
Several maneuvers also help tachycardia diagnosis during attempted
ventricular pacing. A typical scenario is termination of tachycardia during attempted ventricular entrainment as described earlier.
However, important information can be gleaned despite the lack of
an entrainment response. For example, a diagnosis of orthodromic

reentrant tachycardia is likely if the atrial signal is reset during
attempted RV pacing that results in fusion (similar to a His-refractory
PVC response). AVNRT is more likely if atrial resetting, resulting in
advanced fixed stimulus to A, required more than one fully paced RV
beat.63,64
Another maneuver that may be helpful in deciphering the mechanism of long RP SVTs is atrial pacing at the TCL; a comparison of
AH times may allow differentiation among atrial tachycardia, AVNRT,
and AVRT: AH intervals that occur during pacing are expected to be
similar to those that occur during tachycardia (ΔAH ≤ 20 m) for atrial
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Fig. 6.18 Premature ventricular stimuli (PVCs) delivered during His refractoriness (during supraventricular
tachycardia). Although no His depolarization is seen, the presence of electrocardiographic fusion during the
first PVC, compared with the second PVC, which closely resembles a fully paced beat during sinus rhythm
(not shown here), confirms anterograde His depolarization, thereby indicating His refractoriness during the
first PVC. ABL, Ablation; CS, coronary sinus; d, distal; m, mid; p, proximal; Stim, stimulus.

tachycardia but are longer during AVRT (ΔAH between 20 and 40 ms)
and AVNRT (ΔAH ≥ 40 ms).65 Similarly, atrial overdrive pacing can be
helpful in excluding atrial tachycardia in the absence of VA linking.58
Atrial overdrive pacing can also help differentiate junctional ectopic
tachycardia from AVNRT by documentation of A-H-H-A response
rather than A-H-A response.66

Premature Ventricular Contractions During Narrow-Complex
Tachycardia

It is almost a standard practice in most laboratories to deliver premature ventricular stimuli at the onset of a sustained, hemodynamically
stable, and regular (i.e., no variability in cycle length) SVT. Exceptions
to this rule are a regular tachycardia with changing VA times (indicating probable atrial tachycardia) and tachycardias lacking a 1:1 AV
association (excluding AV reentry and making AVNRT unlikely). Single PVCs delivered during His refractoriness are of diagnostic utility
if they advance or retard the timing of subsequent atrial activation or
terminate the tachycardia without atrial activation. Each of these phenomena indicates the presence of a retrogradely conducting accessory
pathway, with the latter two, if reproducible, confirming the participation of the pathway as the retrograde limb of the tachycardia. Although
a PVC on His advancing the timing of atrial activation with the same
activation sequence as the tachycardia is highly suggestive of a participating accessory pathway, it is by no means diagnostic, with an atrial
tachycardia arising from close to the insertion of an accessory pathway
being a remote possibility. Fig. 6.18 shows a PVC delivered during His
refractoriness; although no His depolarization is seen, the presence
of ECG fusion during the PVC confirms anterograde His depolarization, thereby indicating His refractoriness. More premature PVCs
(more than 30 ms before the next expected His bundle depolarization)
delivered close to the site of earliest atrial activation can be considered
diagnostic of the absence of an accessory pathway, if the atrium is not
affected.67 PVCs that reset the atrium can also help indicate the presence of an accessory pathway if they significantly change the VA time,
such as during SVT with an eccentric retrograde atrial activation. An
LBBB-type PVC (from the RV apex) that advances the atrium, along

with an increase in the surface ECG VA interval, is diagnostic of a leftsided accessory pathway.

Premature Atrial Contractions During Narrow- and
Wide-Complex Tachycardia

Delivery of premature atrial contractions (PACs) can also be useful
during a narrow complex tachycardia. The most common application of this is during differentiation of AVNRT and junctional ectopic
tachycardia. A late-coupled PAC would fail to perturb the His and
TCL in junctional ectopic tachycardia, while perturbing (advancing
or delaying) the subsequent His (or V with stable HV interval) deflection in AVNRT. An early-coupled PAC would be expected to advance
the subsequent (n) His and V deflection in ectopic tachycardia while
termination or delay (n + 1) would be seen in AVNRT.68
Late-coupled PACs can also be helpful in assessing participation of
an antegradely conduction accessory pathway in the clinical tachycardia. A typical response can be advancement (85%), and less often delay
of subsequent ventricular activation and resetting of TCL.69 The utility
of the PACs in the setting of wide-complex tachycardias is discussed in
greater length in subsequent chapters of this book relating to specific
AV connections.

Termination of Tachycardia During Pacing Maneuvers
If a narrow-complex tachycardia terminates during ventricular pacing
without any change in the atrial cycle length (indicating no depolarization of the atrium by the ventricular stimuli), atrial tachycardia is
excluded as a possible diagnosis (see the “Premature Ventricular Contractions During Narrow-Complex Tachycardia” section).
In certain cases, the mode of termination may provide valuable
information about the location of a protected isthmus in the setting of
a scar-related tachycardia. Fig. 6.19 shows left ventricle mapping during
VT, with mid-diastolic recordings from a site on the anterior wall; pacing at this site showed that it was integral to the VT circuit. A single
extrastimulus delivered at this site reproducibly terminated VT without
local propagation or depolarization.70 Moreover, a single extrastimulus
delivered at this site during sinus rhythm-initiated VT. Radiofrequency
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Fig. 6.19 Termination of ventricular tachycardia (VT) by a nonpropagated extrastimulus. A, A single extrastimulus (arrow) terminated VT without local propagation. B, A single extrastimulus delivered at this site during
sinus rhythm initiated VT. See text for discussion. ABL, Ablation; dist, distal; prox, proximal. (From Altemose
GT, Miller JM. Termination of ventricular tachycardia by a nonpropagated extrastimulus. J Cardiovasc Electrophysiol. 2000;11:125, 2000. With permission.)

energy delivered at this site terminated VT after one beat. This suggests
that the ablation catheter tip was positioned in a critical portion of the
circuit before tissues in the circuit immediately distal to this site had
recovered excitability. The inference is that because the stimulus did not
elicit a QRS complex, it affected cells that were in a protected area, such
that (1) a single extrastimulus delivered at that site during sinus rhythm
might have only one possible direction of propagation and could initiate
VT and (2) this site would be an excellent ablation target site.

Electrogram Morphology in Response to Pacing
Close observation of electrogram morphology and polarity can also
help differentiate between disparate activation pathways during electrophysiologic maneuvers performed in the absence of tachycardia.
Bipolar electrogram morphology and polarity during atrial pacing, for
example, can be helpful in targeting successful ablation sites in an otherwise normal, healthy heart in the setting of a reentrant tachycardia
(e.g., during typical, CTI-dependent atrial flutter). Fig. 6.20 shows the
local bipolar electrogram at a site where radiofrequency was applied
with success; ablation had previously been performed along the CTI
but without conduction block.
The ablation line was further explored for areas where conduction
through the isthmus remained. At one site along the line of block, the
electrogram shown in Fig. 6.20 was noted; although split, the electrograms were not as far apart as others along the ablation line. A single radiofrequency application at this site (applied during coronary
sinus pacing) resulted in further separation of the electrograms (with
a change in electrogram polarity for the second component of the split
electrogram, indicating activation from the opposite direction) and
evidence of conduction block on the halo catheter.
Bipolar electrograms have also been found to have utility in mapping the pulmonary veins for ablation of atrial fibrillation. Sites where

the bipolar electrogram changes direction or polarity—thought to
indicate breakthroughs from the left atrium into the pulmonary vein—
have been found to be predictive for ablation success of a myocardial
sleeve (with resulting pulmonary vein isolation from the rest of the
atrial myocardium; Fig. 6.21).71

Activation Sequence During Pacing Maneuvers
Close attention to atrial activation sequence and electrogram polarity during ventricular pacing (in sinus rhythm) can also provide
important diagnostic clues to underlying accessory pathway and AV
nodal physiology—clues that may be helpful to individualizing ablation strategies. Fig. 6.22 shows an example in which subtle changes
in electrogram morphology are noted during ventricular pacing in
the presence of a right lateral accessory pathway. Although a cursory
look at the activation sequence suggests that fusion may be present
in the first three beats (i.e., retrograde activation may progress up
the accessory pathway and the AV node), because there is no significant change in timing of the high right atrial electrogram (i.e., the
VA time between the first three complexes, which have a concentric retrograde activation sequence and the subsequent complexes,
which have an eccentric retrograde sequence), the near reversal of
polarity of the distal high right atrial electrogram in the fourth and
fifth complexes (compared with the first three complexes) suggests
that retrograde activation for the first three complexes is solely up
the AV node and solely up the accessory pathway for the fourth
and fifth complexes. In fact, detailed assessment of atrial and AV
accessory pathway activation direction using bipolar mapping has
been performed by Damle and coworkers, who showed that vector mapping (performed by summing three orthogonally oriented
bipolar electrograms) can help accurately localize accessory pathways insertion sites.72
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Fig. 6.20 Reversal of bipolar electrogram polarity with ablation. The figure shows right atrial electrograms
from a patient undergoing ablation for typical, isthmus-dependent atrial flutter. Ablation had been performed
along the isthmus but without resulting in conduction block. When the isthmus ablation line was further
explored for nonablated areas, the electrograms shown here were recorded. The first arrow highlights the
local bipolar electrogram at a 6-oclock position along the subeustachian isthmus, close to where radiofrequency had been applied previously. Although split, the electrograms were not as far apart here as at other
sites along the ablation line. A single radiofrequency application at this site resulted in further separation of
the electrograms (double arrows), with a change in electrogram polarity for the second component of the split
electrogram, indicating activation from the opposite direction, and evidence of conduction block on the halo
catheter. CS, Coronary sinus; dist, distal; m, mid; prox, proximal.
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Fig. 6.21 Bipolar electrogram polarity reversal as an additional indicator of breakthroughs from the left
atrium to the pulmonary veins. A, Schematic representation of the circular mapping catheter with 10 electrodes. Pulmonary vein (PV) muscle potentials were recorded at the proximal PV in bipolar mode from
10 bipoles. Polarity reversal was defined as a sudden change of the main deflection of pulmonary vein
potential (PVP) from positive to negative when analyzing adjacent bipoles in ascending order. B, Schematic
diagram of radial propagation of activation fronts from two different breakthroughs in the left superior PV.
The numbers positioned at the ostium of the vein represent the 10 electrodes of the circular mapping catheter. There are two distinct breakthroughs, at both the anterior and posterior aspects of the vein. Radial
propagation of the activation front through one breakthrough (posterior wall) is reflected by an electrogram
polarity reversal across the adjacent two bipoles (6 to 7 and 7 to 8). In the case of wider breakthrough (anterior wall), an electrogram polarity reversal is observed across three consecutive bipoles (2 to 3, 3 to 4, and
4 to 5), with the intervening bipole (3 to 4) showing relatively isoelectric initial deflection. (From Yamane T,
Shah DC, Jais P, et al. Electrogram polarity reversal as an additional indicator of breakthroughs from the left
atrium to the pulmonary veins. J Am Coll Cardiol. 2002;39:1337-1344. With permission.)
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Fig. 6.22 Reversal of polarity in high right atrial (HRA) bipolar electrogram with a change in retrograde activation
sequence during ventricular pacing. Subtle changes in electrogram morphology are noted during ventricular pacing (at 550 ms) in the presence of a right lateral accessory pathway. The first three beats suggest that activation
is up the atrioventricular (AV) node, whereas the fourth and later beats show a change in activation sequence,
with the HRA now being earliest, suggesting retrograde activation up a right-sided accessory pathway. Although
the stimulus-to-atrium time in the HRA is about the same for both activation sequences, suggesting that fusion
up the AV node and accessory pathway may be occurring during the first three beats, the polarity of the HRA
electrogram changes with the second activation sequence. This suggests that retrograde activation for the first
three beats is entirely up the AV node, whereas activation for the fourth and subsequent beats is entirely up the
accessory pathway. CS, Coronary sinus; dist, distal; m, mid; prox, proximal; Stim, stimulus.
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Fig. 6.23 Antegrade versus retrograde His bundle activation. An example of retrograde His bundle activation,
as shown by the distal (d)–to–proximal (p) activation of the His bundle potential (first set of arrows) with a
ventricular extrastimulus (seen clearly because of retrograde right bundle branch block with a prolonged VH
time), as opposed to proximal-to-distal or antegrade activation during sinus rhythm (second set of arrows). CS,
Coronary sinus; HRA, high right atrial; m, mid; RV, right ventricle; Stim, stimulus.

Even if direct information is not present on a single bipolar electrogram (e.g., a high-frequency recording such as the His bundle
electrogram), analysis of the electrogram when performed in the
presence of its neighboring electrograms may indicate direction
of activation. Fig. 6.23 shows an example of retrograde His bundle

activation, as shown by the distal-to-proximal activation of the His
bundle potential with a ventricular extrastimulus (seen clearly owing
to retrograde right bundle branch block with a prolonged VH time),
as opposed to proximal-to-distal or antegrade activation during sinus
rhythm (Fig. 6.24).
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Fig. 6.24 Changes in retrograde activation sequence with ventricular pacing in a patient with a left lateral
accessory pathway. Retrograde activation from the ventricular drive train appears to be fusion up the atrioventricular (AV) node and the accessory pathway. The VA time in the His bundle is shorter because the His is
probably within the early portion of the QRS. Multiple activation sequences are detected by ventricular extrastimulus testing. In the same patient as in Fig. 6.14, disparate pathways of activation with single ventricular
extrastimulus testing are shown. A, Change in atrial activation in the His channel and in coronary sinus (CS)
9,10 (with a change in polarity in the latter) with the ventricular extrastimulus, with retrograde atrial activation
appearing to go entirely up a left-sided accessory pathway. Note that a His deflection can be seen after the
ventricular depolarization, suggesting retrograde right bundle branch block (caused by the premature extrastimulus) with activation up the left bundle branch. B, With a more premature extrastimulus, the VH prolongs
further; this is accompanied by a further increase in the VA time in the His recording channels, although
the HA time remains unchanged. The atrial activation in the CS has now changed and is more concentric,
suggesting activation up the AV node (i.e., block in the accessory pathway). C, With a still more premature
extrastimulus, there is conduction up the accessory pathway again (with a change in polarity in the CS electrograms); the timing and polarity of the His and HRA electrograms remains unchanged again, with the HA being
constant. The retrograde activation represents fusion up the accessory pathway and the AV node. D, A further
increase in prematurity of the extrastimulus results in block in the accessory pathway once again. There is a
further increase in the VH time, with the VA time increasing accordingly (i.e., constant HA), indicating activation up the AV node. d, Distal; HRA, high right atrium; m, mid; p, proximal; RV, right ventricle; Stim, stimulus.
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Parahisian Pacing
Parahissian pacing is of utility in differentiating between a retrogradely conducting septal accessory pathway and the AV node.
When direct His bundle capture is obtained, retrograde conduction can occur rapidly over the AV node if retrograde septal conduction is present.73 By contrast, if conduction is proceeding only
up an accessory pathway, His bundle capture will not alter the VA
interval. Thus the presence of a retrogradely conducting septal pathway can be identified by a fixed VA interval regardless of whether or
not His capture occurs. Retrograde fusion complicates this finding.
Shortening of the VA interval may occur if retrograde conduction is
proceeding up both the AV node and an accessory pathway. In such
a case, examination for closely spaced atrial recording sites can help
identify a change in activation sequence that occurs when His bundle
capture shortens the VA interval. An example of this is shown in Fig.
6.25; the activation sequence is different between parahissian capture
(narrow beat indicated by a single, heavy arrow in lead II) and ventricular capture (wider beat indicated by two heavy arrows in lead

II). Closer inspection reveals that VA time is unchanged in CS1,2 to
CS7,8, indicating that atrial activation in these electrodes is through
an accessory pathway. However, VA time during ventricular capture
is longer in Abl (close to high right atrium), His, and CS9,10 compared
with during parahissian capture, indicating that activation in these
electrodes is over the AV node. Fig. 6.26 shows a schematic outlining
the use of parahissian pacing.
Fig. 6.27 shows another instance of a slowly conducting accessory
pathway in which parahissian pacing may be fraught with error, with
retrograde activation being different with ventricular compared with
combined (ventricular and His bundle) capture; ventricular pacing
alone causes a longer VA interval because conduction is over a posteroseptal pathway (although some AV nodal conduction, i.e., fusion,
cannot be ruled out in the His bundle recording) that conducts more
slowly than the AV node. Combined His bundle and ventricular capture causes conduction to proceed up the AV node, but with a shorter
VA time (and a different activation sequence than when retrograde
conduction is over the accessory pathway).74
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Fig. 6.25 Fusion up the AV node and an accessory pathway during parahissian pacing. Activation sequence
is different between combined His and ventricular capture (narrow beat indicated by a single, heavy arrow in
lead II) and ventricular capture (wider beat indicated by two heavy arrows in lead II). Closer inspection reveals
that VA time is unchanged in CS1,2 to CS7,8 (110 ms in CS5,6), indicating that atrial activation in these electrodes is through an accessory pathway. However, VA time during ventricular capture is longer in Abl (close
to high right atrium), His-p (VA increases from 80 to 110 ms), and CS9,10 compared with during parahissian
capture, indicating that activation in these electrodes is up the AV node. CS, Coronary sinus; d, distal; p, proximal; RVA, right ventricular apex; Stim, stimulus.
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Fig. 6.26 A, Abbreviated schematic for use in parahissian pacing to differentiate retrograde conduction over
an accessory pathway from retrograde conduction over the atrioventricular (AV) node. B, Complete schematic
for parahissian pacing responses. The enclosed area corresponds to the three responses shown in panel A.
AP, accessory pathway; AVN, atrioventricular node; H-A, interval from His bundle to atrial signal; HB, His bundle; RB, right bundle; S-A, interval from stimulus to atrial signal; V-A, interval from ventricular to atrial signal;
RAAS, retrograde atrial activation sequence. (A, From Hirao K, Otomo K, Wang X, et al. Para-hisian pacing: a
new method for differentiating retrograde conduction over an accessory AV pathway from conduction over
the AV node. Circulation. 1996;94:1027-1035. B, Nakagawa H, Jackman WM. Parahisian pacing. A useful
clinical technique to differentiate retrograde conduction between accessory atrioventricular pathways and
atrioventricular nodal pathways. Heart Rhythm. 2005; 2:667-672. With permission.)
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Fig. 6.27 Parahisian pacing is performed in a patient with a known posteroseptal pathway, with retrograde
activation being different with ventricular compared with combined (i.e., ventricular and His bundle capture)
pacing. The first arrow shows ventricular pacing (wider QRS) with a longer VA time, whereas the second
arrow shows His bundle as well as ventricular capture (narrower QRS) with a shorter VA time. Note, however,
that the retrograde activation sequence with the first beat is earliest in the proximal coronary sinus (CS), and
with the second beat it is earliest at the AV junction. Conduction in the former instance is up a slowly conducting posteroseptal pathway, although some AV nodal conduction (i.e., fusion) cannot be ruled out in the
His bundle recording; in the latter instance, conduction is up the AV node alone. See text for discussion. CS,
Coronary sinus; d, distal; HRA, high right atrium; p, proximal; Stim, stimulus.
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Catheter 3-Dimensional
Mapping Systems
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Atsushi Ikeda, Warren M. Jackman

KEY POINTS
•	Several 3-dimensional mapping systems are currently available,
including three systems in widespread clinical use.
•	Location of mapping electrodes is identified by the mapping
system using magnetic-based or impedance-based technology or a
combination of these.
•	These systems allow 3-dimensional reconstruction of cardiac
chamber anatomy, with recording and display of electrogram data
at each point on the chamber surface.
•	Activation maps can display propagation of wave fronts to
identify focal (earliest site with centrifugal activation) versus
macroreentrant (continuous activation with early meets late and

INTRODUCTION
Three-dimensional mapping has been in use for more than 20 years.
There are several 3-dimensional mapping systems available. Three of
these mapping systems are in widespread clinical use: (1) CARTO
mapping system (Biosense Webster, Inc, Diamond Bar, CA); (2) EnSite
NavX system (Abbott/St. Jude Medical, Inc, St. Paul, Minn); and (3)
Rhythmia system (Boston Scientific, Inc, Table 7.1). These mapping
systems can be used to aid catheter mapping and ablation of both simple and complex tachyarrhythmias but are most useful for mapping
and ablation of complex atrial and ventricular arrhythmias that cannot
easily be treated with traditional electrophysiological approaches.
Prior to the availability of 3-dimensional mapping systems, X-ray
images (single or biplane fluoroscopy) were used to note the position of
various electrograms or responses to pacing within a cardiac silhouette,
which the operator had to remember. The information retained using this
approach was limited, restricting the usefulness of this approach to relatively simple arrhythmia mechanisms, such as atrioventricular (AV) reentrant tachycardia (accessory pathways), AV nodal reentrant tachycardia,
sustained focal atrial and ventricular tachycardia (VT), premature ventricular complexes (PVCs), and typical right atrial flutter.1–6 It is challenging
to remember the entire circuit using conventional mapping techniques,
with the result that macroreentrant tachycardias, other than typical right
atrial flutter, could only be ablated by experienced operators.7–9
Entrainment pacing techniques have been used to identify the general macroreentrant circuit location, but these techniques do not easily
identify the arrhythmogenic channels within the circuit, representing
the best target for ablation of the tachycardia.7–9 Furthermore, there
are problems inherent in using entrainment pacing techniques, most
importantly the risk of pacing terminating the tachycardia or changing
it to a different tachycardia. Occasionally the results of entrainment

total activation time equal to tachycardia cycle length) activation
patterns.
•	Voltage maps can show regions of healthy (high voltage) and
diseased/scarred myocardium (low voltage) and anatomic
boundaries and may help to identify arrhythmogenic channels
through which activation may propagate, providing optimal
targets for ablation.
•	Recent development of sophisticated algorithms for automatic
selection of activation times in complex electrograms has made
successful ablation of complex arrhythmias more widely available.

pacing are also misleading, with relatively long postpacing intervals
caused by decremental conduction properties within the circuit even
at pacing cycle lengths only slightly shorter than tachycardia cycle
length. This makes the entrainment pacing site mistakenly appear to
be away from the circuit.10,11 To overcome these limitations, 3-dimensional mapping systems have been developed and are now widely used
to map more complex arrhythmias in their entirety.

3-DIMENSIONAL ELECTROANATOMIC MAPPING
Three-dimensional electroanatomic mapping systems can record and
display the activation sequence of an entire chamber (and even multiple chambers) using color-coded algorithms. The systems record multiple data types from intracardiac electrocardiograms at each mapped
site with their precise 3-dimensional location, including activation
timing, unipolar and bipolar voltage, and tags to represent complex
electrograms such as double or fractionated potentials. The data is then
represented on a 3-dimensional reconstructed image with color coding. The operator is then able to review the entire arrhythmia circuit to
identify a critical arrhythmogenic channel or precise focus of origin of
the arrhythmia to target for ablation. The site of ablation can be stored
and displayed on the map, so that one can return to the same site for
additional ablation or can use ablation tags to ensure continuity of linear ablation lesions.

3-DIMENSIONAL CATHETER LOCALIZATION
The location of the mapping/ablation catheter electrode in 3-dimensional
space is identified by the mapping system using magnetic-based or
impedance-based technology, or a combination of the two (see Table 7.1).
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Comparison of 3-Dimensional Electroanatomic Mapping Systems

TABLE 7.1

CARTO

Ensite NavX

Rhythmia

EnSite Array

Contact vs. noncontact

Contact mapping

Contact mapping

Contact mapping

Noncontact mapping

3-dimensional catheter localization

Magnetic

Impedance-based

Magnetic/Impedance-based

Impedance-based

CT/MRI image integration

Yes

Yes

Yes

No

Real-time ultrasound integration

Yes

No

No

No

Mapping accuracy

+++

++

++++

+

Need for sustained stable arrhythmia

Yes

Yes

Yes

No

Contact force sensing catheter available

Yes

Yes

No

No

CT, Computed tomography; MRI, magnetic resonance imaging.
64 Small Electrodes (0.4 mm2)
(2.5 mm Center-to-Center)

8 Fr Bidirectional
Deflectable Catheter

8 Splines
(Each with 8
Electrodes)

18 mm

Fig. 7.1 High-resolution mini-basket mapping catheter used in the Rhythmia mapping system. This figure
shows the 8 French bidirectional deflectable mini-basket mapping catheter. It has eight splines, and each
spline has eight small electrodes (0.4 mm2, 2.5 mm center-to-center interelectrode distance), total 64 electrodes (IntellaMap Orion, Boston Scientific, Inc.). The mini-basket is shown nominally deployed (18-mm diameter, left panel) and undeployed (3-mm diameter, right panel). The magnetic location sensor is located at the
distal tip of the shaft (just proximal to the mini-basket). (Modified from Nakagawa H, Ikeda A, Sharma T, et al.
Rapid high resolution electroanatomic mapping: evaluation of a new system in a canine atrial linear lesion
model. Circ Arrhythm Electrophysiol. 2012;5:417-424. With permission)

The CARTO system primarily uses an ultralow-intensity magnetic
field to localize the position of the mapping catheter in 3-dimensional
space.12–14 Magnetic fields are emitted from nine separate coils in a
location pad positioned underneath the table. Three magnetic sensors, arranged orthogonally on the catheter tip (NaviStar, Biosense
Webster), measure the magnetic field strength to calculate the distance
between each coil and the catheter tip. The position of the catheter in
3-dimensional space is then calculated by integrating the field strength
detected by the sensors and comparing with reference patches on the
patient’s chest and back. The catheter position is recorded as X, Y, Z
coordinates within the cardiac chamber with excellent accuracy (0.54 ±
0.05 mm).12 This location mechanism requires use of proprietary catheters (Navistar, LassoNav, PentaRay, DecaNav, Biosense Webster) with
the appropriate sensors. However, the most recent platform (CARTO
3) additionally uses current-based 3-dimensional impedance catheter
localization algorithms, allowing localization of any diagnostic catheter (without magnetic location sensors) to be displayed on the map,
provided impedance data from that location has already been collected
by a proprietary catheter.
The EnSite NavX system (Abbott/St. Jude Medical) uses impedancebased technology for catheter localization. An alternating current (8.136
kHz) is applied sequentially between three pairs of orthogonal (X, Y, Z)
surface electrode patches.15,16 The magnitude of this current recorded
by electrodes on any catheter within the field will be proportional to
the distance of the electrode from the surface electrode patches. The
location of the catheter tip is therefore located in 3-dimensional space

by triangulation. This is less accurate than magnetic location because
of the nonhomogeneous impedance characteristics across the chest,
and introduction of additional fluid (e.g., saline irrigation) can cause
dynamic changes in impedance during the procedure. However, accuracy can be improved using magnetic field scaling (EnSite Precision) to
correct for the heterogeneous and changing distribution of impedance.
Any commercially available catheter can be localized with this system
and used for mapping. In the most recent platform of the EnSite NavX
system (EnSite Velocity), up to 128 electrodes and an unlimited number of catheters can be displayed simultaneously.17
The Rhythmia mapping system (Boston Scientific) uses a proprietary
64 electrode mini-basket catheter (18-mm diameter), with all 64 electrodes located in a 3-dimensional image using a combination of magnetic and impedance-based technology to improve accuracy (Fig. 7.1).18

CREATION OF 3-DIMENSIONAL GEOMETRY
Surface geometry of the chamber being mapped can be created based on
the outer boundary of the mapping electrode locations. Internal points
can be eliminated (manually or automatically) with points accepted
within a range of distances (defined by the user) from the outer surface of the map. Points should be taken during one phase of respiration
(usually expiration) to avoid significant distortion of geometry caused
by shifts in the location of the heart produced by respiration. This
can be achieved manually (by taking points only during expiration)
or with automatic respiratory gating (programmed into the mapping
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Fig. 7.2 Image integration of preacquired computed tomography (CT) scan into 3-dimensional mapping system. After segmentation to remove noncardiac structures, a computed tomography (CT) image is loaded
into the 3-dimensional mapping system (CARTO). Left (anterior-posterior, AP projection) and middle panels
(posterior-anterior, PA projection) show a 3-dimensional activation map obtained during an atrial tachycardia of cycle length (ATCL) 250 ms. The activation map shows propagation around the mitral annulus in the
counter-clockwise direction. Total activation time is equal to the atrial tachycardia cycle length (ATCL 250 ms)
with continuous activation pattern (red, orange, yellow, green, light blue, dark blue, purple), confirming a macroreentrant circuit around the mitral annulus. Gray tags indicate sites with no atrial potentials (dense scar), pink
tags indicate sites with double atrial potentials, and olive tags indicate sites with fractionated atrial potentials.
Brown tags indicate sites of radiofrequency ablation. Right panel shows an imported preacquired CT image
obtained during sinus rhythm (after registration). Note that the left atrial geometry of the CT image (green mesh
LA) is smaller than the left atrial geometry of the 3-dimensional activation map (gray LA geometry) obtained
during the left atrial tachycardia (as shown in left and center panels) and merged onto the CT image. This change
in geometry results from different volume loading conditions (sinus rhythm vs. atrial tachycardia). AO, Aorta;
SVC, superior vena cava; LPA, left pulmonic artery; RPA, right pulmonic artery; LA, left atrium; LSPV, left superior pulmonary vein; LIPV, left inferior pulmonary vein; RSPV, right superior pulmonary vein; RIPV, right inferior
pulmonary vein; LA, left atrium; RA, right atrium; LV, left ventricle; RV, right ventricle.

system). The system will interpolate data between acquired points over
a distance up to a maximum allowed by the user (fill-threshold/interpolation threshold). This can lead to merging of structures, such that
it is often preferred to create separate maps of these structures (e.g.,
pulmonary veins, coronary sinus). A smaller interpolation distance
(fill-threshold) requires a greater number of points to be mapped to
complete chamber geometry, but provides more accurate chamber
geometry.
The recent introduction of contact force sensors into mapping/
ablation catheters has improved the accuracy of geometry by (1) recognizing internal points by lack of contact force and (2) reducing the
deformation (tenting) of thin myocardium by excessive force.19,20

IMAGE INTEGRATION WITH COMPUTED
TOMOGRAPHY SCAN, MAGNETIC RESONANCE,
AND INTRACARDIAC ECHOCARDIOGRAPHY
Preacquired computed tomography (CT) or magnetic resonance
(MR) images of cardiac chambers can be loaded into most 3-dimensional mapping systems with their images superimposed on the map
being created by the system.21,22 The images are usually aligned in
space after a number of anatomically distant and recognizable locations (e.g., each pulmonary vein ostium, coronary sinus, or aorta)
have been acquired. This can be achieved manually or with use of
automatic best-fit algorithms. The CT/MR image positions can be
adjusted if needed as more anatomic mapping points are collected.
CT and MR images are also useful for showing the presence and location of extracardiac structures such as the esophagus and phrenic
nerves as well as small structures such as coronary arteries, coronary
sinus branches, pulmonary vein branches, and accessory pulmonary

veins. It is important to note that the preacquired anatomic images
may have been taken during different volume loading status or in different rhythms (sinus rhythm vs. atrial fibrillation), which may result
in different chamber geometry (Fig. 7.2). For this reason, real-time
intracardiac echocardiography (ICE) may provide a more accurate
background geometry even though images may be less anatomically
detailed.23–27 One mapping system (CARTO, Biosense Webster)
is able to take multiple cross-sectional 2-dimensional ultrasound
images and reconstruct 3-dimensional geometry. Using an intracardiac ultrasound catheter with location sensor (CARTOSOUND, Biosense Webster), the ultrasound image created can be superimposed
on the electroanatomic map without need for alignment algorithms
(Figs. 7.3–7.5).26,27 Intracardiac echocardiography can show not only
the chamber outline but also the details of endocardial structures
such as the papillary muscles (see Figs. 7.3,7.4) , the moderator band
(see Fig. 7.5), and ventricular trabeculation with real-time display of
a mapping/ablation catheter (see Fig. 7.4).26 Intracardiac echo is also
useful to demonstrate the presence of a pouch in the sub-Eustachian
isthmus, which can affect ablation of typical right atrial (tricuspid
annular) flutter.24 This system also provides an advantage when mapping left and right ventricular outflow tract ectopic beats or VT by
the ability to demonstrate the anatomy and relative position of the
pulmonic valve and aortic coronary cusps, including the locations of
the coronary artery ostia (see Fig. 7.5), where the relationship of the
outflow tracts to each other is quite complex. Once earliest activation
of outflow tract ectopy has been defined in the right ventricular outflow tract, knowledge of the juxtaposition of left ventricular outflow
tract (and aortic cusp) structures can indicate a need to map the left
ventricular outflow tract before selecting an ablation site, particularly
if there is a far-field component to the right ventricular electrogram
at the earliest site.28
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Fig. 7.3 Left ventricular 3-dimensional geometry reconstructed from cross-sectional 2-dimensional intracardiac echocardiography (ICE) slices. Left: A cross-sectional ultrasound slice gated to the reference electrograms (QRS complex of the surface electrocardiogram of V2), demonstrating left ventricular (LV) anatomy.
The LV endocardial surface and the anterolateral papillary muscles are traced in green and orange, respectively. Right: Multiple cross-sectional ICE slices are then aligned in 3-dimensional space to reconstruct the LV
endocardial cavity, including the anterolateral papillary muscles and the aorta. This technique allows construction of cardiac geometry in real time during the mapping/ablation procedure.
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Fig. 7.4 Real-time display of an ablation catheter within the cardiac chamber using intracardiac echocardiography (ICE). Left: In a cross-sectional ICE slice, an ablation catheter is identified and located at the tip of the
anterolateral papillary muscle in the left ventricle (LV). The metallic distal electrode projects a line of artifact
(acoustic shadow) away from the catheter tip, which is more easily seen than the electrode itself. Right:
Corresponding real-time display in the left anterior oblique (LAO) projection, showing the ablation catheter in
the reconstructed 3-dimensional geometry of the LV, located at the tip of the anterolateral papillary muscle
(orange line).

ACTIVATION MAPPING
Activation maps require collection of timing data at precise locations
with reference to a fixed, stable reference electrogram. Annotation
timing from the reference electrogram chosen must not vary from
beat to beat or for the duration of creating a single entire map. For an
atrial tachycardia, a stable reference electrogram is often selected from
available coronary sinus electrograms, choosing one with stable electrogram morphology and atrial electrogram substantially larger than

ventricular electrogram. If no suitable coronary sinus electrograms are
available (because of instability of the catheter or congenital absence of
the coronary sinus), another catheter with stable location and timing
such as one in the right atrial appendage or the superior vena cava can
be used. If no stable reference electrogram can be found using conventional catheters, a screw-in temporary pacing lead may be used. Ideally
the reference electrogram is in the same chamber as the anticipated
tachycardia but not in an area where extensive catheter manipulation
is required (to avoid dislodgement of the reference electrode during
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Fig. 7.5 Reconstruction of 3-dimensional geometry from 2-dimensional cross-sectional intracardiac echocardiography (ICE). Left: Cross-sectional ICE image of aortic cusps, demonstrating three aortic cusps, right
coronary cusp (RCC) outlined in orange, left coronary cusp (LCC) outlined in red, and noncoronary cusp (NCC)
outlined in yellow. Right: Reconstruction of the geometry of the aortic cusps, aorta, right ventricle (RV), right
ventricular outflow tract (RVOT), pulmonary artery (PA), tricuspid annulus, and moderator band in the right
ventricle, using real-time cross-sectional ICE.

catheter manipulation). Appropriate cardiac beats for inclusion in the
map are selected based on a number of criteria, either manually or
automatically: (1) cycle length stability; (2) consistent timing of local
electrograms on consecutive beats relative to the reference electrogram
timing; (3) electrode location stability; and (4) appropriate timing
within the respiratory cycle (respiratory gating). Despite using these
criteria, occasionally premature atrial beats are mistakenly included in
the map. To more reliably exclude premature atrial beats and also to
automatically recognize a change in tachycardia to another of similar
cycle length, the Rhythmia mapping system also uses the relative timing of two distant reference electrograms, with data points collected
only when their relative timing matches that of the target arrhythmia.18
For PVCs, or VT, a surface electrocardiogram is often used as a
timing reference, with selection of a surface lead where QRS morphology is sufficiently different from that in sinus rhythm to allow
data collection only during the ventricular arrhythmia. Alternatively,
an intracardiac ventricular electrogram can be used, optimally from
the ventricle not being mapped or from a catheter within a ventricular branch of the coronary sinus such as the anterior interventricular
vein or the middle cardiac vein. More recently, some 3-dimensional
mapping systems have developed the ability to use a template derived
from the surface 12-lead electrocardiograms to automatically select
only beats from the target PVC or VT for data collection (template
matching function).
The operator needs to predefine an appropriate window of timing
interest for data collection, based on the tachycardia cycle length, and
suspected arrhythmia. If a macroreentrant circuit is suspected, the
window must be equal to (100% of) tachycardia cycle length to identify
the entire reentrant circuit. The timing of early activation relative to the
reference electrogram will depend on the operator selected onset of the
window of interest relative to the timing of the reference electrogram
and has no inherent meaning (i.e., activation is continuous, and there
is no true early or late site).10,11,14 If focal atrial tachycardia with 1:1
AV conduction is suspected, the offset of the window is best chosen

to be just before the onset of the QRS complexes, with the onset of the
window at 50 to 70 ms before the onset of the P wave. This will usually
result in red coloration of the site of earliest activation (see later). If
AV conduction is not 1:1, then the window should again be the entire
tachycardia cycle length and points chosen from beats with no ventricular electrogram. Where the atrial tachycardia mechanism is unknown
(macroreentry vs. focal), the best practice is to set the window duration
equal to tachycardia cycle length (100% of cycle length).
Local activation time can be determined using a number of different properties of either the unipolar or bipolar electrograms at each
mapped site. Most widely used 3-dimensional mapping systems require
preselection of a single criterion for determining local activation timing. However, each single criterion has its limitations. The unipolar
electrograms are recorded between a mapping electrode and a reference electrode (either a surface electrode, Wilsons central terminal, or
an independent electrode located in the inferior vena cava) resulting
in a large far-field component to the recorded electrogram, which may
obscure a small local potential. The bipolar electrogram provides more
localized information, but the accuracy of timing from these electrograms depends on the space between the bipolar electrodes and the
direction of propagation of the wave front in relation to the orientation
of the two electrodes. Local activation time is usually selected by using
either the steepest negative slope (maximum negative depolarization
velocity (dV/dt) or downslope) or electrogram peak (maximum positive or negative amplitude).29,30 These criteria may be accurate in normal myocardium with a narrow, high-amplitude electrogram, but are
less accurate in diseased/scarred myocardium. The electrocardiograms
recorded in scarred myocardium often exhibit complex potentials
such as low-amplitude potentials, multiple potentials, or fractionated
electrograms. At sites with these electrogram properties, any single
predefined timing selection criterion often results in inaccurate local
activation timing. These complex electrograms are particularly prevalent where the arrhythmogenic channels are found within macroreentrant circuits, limiting the accuracy of automatic timing annotation for
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this arrhythmogenic substrate. When the mapping electrode is located
at the site of surviving muscle bundles within scar tissue, surrounded
by high-voltage normal myocardium, the local electrogram will usually exhibit a low-amplitude, but sharp (near-field), isolated potential
from the muscle bundle as well as a high-amplitude, far-field potential
originating from surrounding healthy myocardium. This can result in
incorrect selection of timing (from the large far-field potential) when
maximum voltage is the preselected criterion for timing annotation.
The maximum negative dV/dt of the bipolar electrograms is usually
able to better determine which potential represents local activation.
However, selection of timing using maximum negative dV/dt may
be inconsistent when bipolar electrograms have multiple component
potentials.
We (the authors of this chapter) usually use the maximum negative dV/dt of the bipolar electrograms to annotate activation timing
for the bulk of the map and then manually correct the annotation at
sites exhibiting complex electrograms (such as double potentials and
low-amplitude fractionated electrograms) using additional information on the unipolar electrograms, and taking into consideration the
timing of electrograms in the surrounding area (to identify the direction of activation), and the distribution of low-and high-voltage areas
(as explained above). If one is unsure of the local activation time in a
complex electrogram, a tag can be used to mark the site for later analysis when activation timing and voltage of the surrounding myocardium
is known (see Fig 7.2).
Each acquired point on the map is assigned a local electrogram time
relative to the reference electrogram with color coding from early to late
progressing from red (earliest) through orange, yellow, green, light blue,
dark blue, and purple (latest), used for display on a 3-dimensional reconstructed image (Figs. 7.2, 7.6, and 7.7).11,13,14 Alternatively, 3-dimensional
mapping systems can display a moving image of the wave front progressing over the map from early to late (propagation map).
A fundamental limitation of most currently available 3-dimensional mapping systems is that when electrograms are complex (i.e.,
low-amplitude potentials, multiple potentials, or fractionated electrograms) even when using maximum negative dV/dt, automatic annotation often selects higher voltage far-field electrograms from surrounding
healthy myocardium for annotation rather than the small near-field potentials that represent local activation within scarred myocardium. Automatic
annotation often misses the arrhythmogenic channel within the reentrant
circuit, and manual correction of annotation is often required. To overcome this limitation, two new systems have been developed.

ULTRA, HIGH-RESOLUTION MAPPING SYSTEM
(RHYTHMIA)
A new mapping system (Rhythmia Mapping System, Boston Scientific)
has been developed to markedly increase mapping resolution and to
allow reliable automatic timing annotation, even in regions with complex, low-amplitude electrograms.18,31–34
This mapping system uses a mini-basket catheter with an 8 F bidirectional deflectable shaft and a mini-basket electrode array (nominal
mapping diameter 18 mm) with 8 splines. Each spline contains 8 small
(0.4 mm2), relatively low impedance electrodes, providing a total of 64
electrodes (IntellaMap Orion High Resolution Mapping Catheter, Boston Scientific, Inc.; see Fig 7.1).18 The interelectrode spacing along the
spline is only 2.5 mm (center to center), providing high-resolution mapping data. Catheter mapping can be performed with the mini-basket
in variable degrees of deployment (diameter ranging 3–22 mm). The
location of each of the 64 electrodes is identified by the combination
of a magnetic location sensor in the distal region of the catheter shaft
and impedance sensing on each of the 64 basket electrodes. Appropriate

cardiac beats are selected for inclusion in the map based on four criteria:
(1) cycle length stability; (2) relative timing of reference electrograms;
(3) electrode location stability; and (4) respiratory gating. The criteria
are selected by the operator before beginning the map.
For activation time, the system combines unipolar and bipolar electrograms to reduce far-field components. Electrogram timing is based
on the maximum negative dV/dt of the unipolar electrogram or the
maximum amplitude on the bipolar electrogram. Most importantly, for
complex electrograms with multiple potentials, the system considers
the timing of electrograms in the surrounding area to select the potential to use for timing annotation (Figs. 7.8 and 7.9). Because of the
low noise level (usually < 0.01 mV, as a result of the use of a low noise
amplifier and 60 Hz noise rejection), scar (no potential) can be defined
as peak-to-peak bipolar and unipolar amplitude less than 0.01 mV.18
The chamber surface geometry is generated using the location of
the outer most electrodes, gated to the respiratory and cardiac cycles,
and is updated continuously. The mapping system is able to select, as
surface electrograms, all electrograms recorded within a prespecified
distance from the surface geometry (usually 2–3 mm are selected).
The activation time can be reviewed rapidly by sliding a roving probe
over the map display. As the probe is moved, the electrogram previously recorded closest to the location of the probe is displayed, allowing rapid manual review and reannotation of activation time if needed
(Fig. 7.9B).18,31–34

RIPPLE MAPPING (CARTO)
A recent additional feature of the CARTO system (Biosense Webster)
designed to overcome problems with incorrect timing annotation in
complex electrograms is the Ripple Map. This feature eliminates the
requirement for manual annotation at any mapped sites, including
complex electrograms in scarred myocardium (i.e., low-amplitude
potentials, multiple potentials, or fractionated electrograms).35–37 In
the Ripple Map: (1) each electrogram component is displayed in time
as a dynamic bar on the chamber geometry; (2) the voltage amplitude
of each potential is represented by the height and color of the bar at
that time; and (3) activation wave fronts appear as propagating waves
of bars (Figs. 7.10 and 7.11; Video 7.1). Ripple mapping (RM) has been
applied to guide mapping and ablation in patients with atrial and ventricular tachycardia.35–37 In scar related VT (Fig 7.11; Videos 7.2 and
7.3), the large far-field ventricular potentials from healthy myocardium
are displayed as large bars on the map. However, these don’t usually
obscure the small isolated potentials, which are seen as small bars progressing across the scar during diastole when the healthy myocardium
is electrically quiet.
The advantages of RM include (1) all times with any activation
are represented at each mapped point, and the operator interprets the
activation pattern based on the Ripple effect produced by the moving
bars; (2) manual assignment of the local activation time is not needed;
and (3) there is no misleading interpolation of activation time between
mapped points. However, the limitations of RM are (1) the requirements for high-density of mapped points to accurately identify the
activation sequence; (2) contamination of atrial activation timing by
ventricular potentials at sites close the annulus (Fig. 7.10B); (3) contamination by noise and mechanical artefact may not be identified
automatically; and (4) manual electrogram analysis may be required
for more complex arrhythmias (such as small macroreentrant circuits
and focal tachycardia with multiple lines of block) to verify the complex activation pattern. This latter is especially needed in areas of low
voltage, because the height of each dynamic bar is based on the voltage of the electrogram and visualization of very small potentials (small
bars) is often difficult (Video 7.3).
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Fig. 7.6 Comparison of activation maps with timing annotation selected as onset of activation (panel A)
versus steepest negative slope/maximum dV/dt (panel B) in a patient with focal atrial tachycardia. This figure
shows right atrial activation maps and intracardiac electrograms during tachycardia in a 32-year-old man with
prior failed ablation. A, Timing annotation is selected at the onset of the bipolar electrogram. This results in
identical earliest activation timing (–76 ms from the reference electrogram within the coronary sinus–red coloration) over a wide area (2.3 cm by 1.2 cm). This obscures the true earliest site of activation and extensive
ablation to cover this area carries a significant risk of causing phrenic nerve injury. Sites 1, 2, and 3 have the
same timing annotation (see intracardiac electrograms in part C). B, Same map with timing annotation criteria
changed to maximum negative dV/dt in bipolar and unipolar electrograms. The true site of earliest activation
(still at –76ms) is now more clearly seen (small localized red area at site 4), with local activation time at sites
1, 2, and 3 now seen to be later (–56 ms, –62 ms, and –65 ms, respectively–see intracardiac electrograms
in part C). C, Intracardiac electrograms corresponding to sites 1 to 4 in parts A and B. Electrograms for sites
1–3 show onset of electrogram at –76 ms (white arrows) compared with the reference electrogram (R1–R2 in
the coronary sinus). However, these electrograms show an initial positive deflection representing activation
approaching the mapping electrode (far-field component). By using maximum dV/dt at these sites, the timing
annotation was at –56 ms, –62 ms, and –65 ms at sites 1, 2, and 3, respectively, representing true local activation time at these sites. At site 4, maximum negative dV/dt occurs at –76 ms with an initial steep negative
slope (QS pattern) in both bipolar (M1-M2) and distal unipolar (M1) electrograms, indicating true local activation at –76 ms (earliest) at this site. A single radiofrequency application at site 4 terminated the tachycardia
without producing phrenic nerve injury. M3–M4: Proximal bipolar electrograms from the mapping catheter.
M2: Unipolar electrogram from the second mapping catheter electrode.
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Fig. 7.7 High-density activation and bipolar voltage maps (CARTO RMT Biosense/Stereotaxis) with entrainment pacing response in a patient with macroreentrant left atrial tachycardia after prior atrial fibrillation ablation
including pulmonary vein isolation and ablation of complex fractionated atrial electrograms (CFAE). A, Posterior-anterior (PA) projection of a bipolar voltage map taken during atrial tachycardia, showing a large area of very
low voltage (<0.1mV shown in red) with dense scars (no atrial potentials–shown as grey tags), double atrial
potentials (pink tags), and fractionated atrial potentials (yellow tags). Low-amplitude pulmonary vein potentials
were recorded in all 4 pulmonary veins, indicating incomplete pulmonary vein isolation. The high-density activation map (581 mapped points) of the same tachycardia is shown in parts B (anterior-posterior, AP projection) and
C (posterior-anterior, PA projection). The activation map shows propagation around the right pulmonary veins
(right superior pulmonary vein, RSPV and right inferior pulmonary vein, RIPV). Total activation time is equal to the
atrial tachycardia cycle length (ATCL 245 ms) with continuous activation pattern (red, orange, yellow, green, light
blue, dark blue, purple) confirming a macroreentrant mechanism. A narrow arrhythmogenic channel (0.8 cm) is
located at the left atrial roof between a line of conduction block (pink tags) and an area of dense scar (no atrial
potentials– grey tags). Light blue, dark blue, purple and red timing annotation colors are all condensed within this
channel with fractionated potentials (yellow tags), consistent with slow conduction through the arrhythmogenic
channel. A single radiofrequency application (RF#1) at the site of fractionated electrograms within this channel
terminated the tachycardia. LAA, Left atrial appendage; LSPV, left superior pulmonary vein; LIPV, left inferior
pulmonary vein. D and E, Before ablation, entrainment pacing was performed at the inferior/posterior left atrium
just outside the right inferior pulmonary vein ostium (entrainment #1 in part C). D, The electrogram at the site
of Entrainment site #1 from the mapping catheter (LAd) is 110 ms before the onset of the P wave (mid-diastolic
potential). E, Entrainment pacing at entrainment #1, performed at 225 ms pacing cycle length, shows concealed
fusion with postpacing interval 245 ms, equal to tachycardia cycle length, confirming this site is located within
the tachycardia circuit. However, the 3-dimensional activation map shows that although this site is part of the
tachycardia circuit, it is located outside of the narrow channel (not a suitable ablation site). F, The electrogram
at entrainment site #2 (shown in part C), within the narrow arrhythmogenic channel, is 20 ms after the onset
of the P wave (systolic potential) and is a low-voltage (0.06 mV), fractionated potential. Entrainment pacing
at this site failed to capture the atrium. However, tachycardia terminated within 5 seconds after the onset of
radiofrequency application at this site, consistent with this narrow channel being critical to the circuit. RAA, right
atrial appendage; HB, His bundle; RA, right atrium; LA d, left atrial electrograms recorded from the distal bipolar
mapping electrodes; LA p, proximal bipolar electrograms; CS, coronary sinus.

VOLTAGE MAPPING
Each map point can also be displayed as a peak-to-peak maximum
voltage (bipolar or unipolar) recorded within the selected window
of interest (Figs. 7.7A and 7.11). The electrogram represented will be
the largest amplitude electrogram within the window of interest and
does not specifically reflect the amplitude of the potential selected
for timing annotation, which might more accurately represent local
myocardial voltage (Fig. 7.11B). Despite this limitation, voltage maps
displayed using a color scale (lowest voltage red, progressing through

orange, yellow, green, light blue, dark blue to highest voltage purple)
seem to usefully display areas of diseased myocardium. Some systems
can display an area with minimal/no voltage as grey representing an
area of nonelectrically active tissue, such as dense scar tissue. When
using a 4mm-tip mapping catheter to create a bipolar voltage map of
an abnormal low-voltage area (e.g., infarct region), Marchlinski et al.
showed that bipolar voltage is greater than 1.55mV in more than 95%
of healthy left ventricular myocardium.38 For this reason, areas with
bipolar voltage greater than 1.5mV are usually color coded at the upper
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Fig. 7.8 Ultrahigh resolution (Rhythmia system) right atrial activation map during a macroreentrant right atrial
tachycardia in a patient who had undergone mitral and tricuspid valvuloplasty 9 years previously. This activation
map of the right atrium (RA) shows a continuous pattern of activation in the RA-free-wall in the clockwise direction (as viewed in the right lateral, RL projection–yellow arrows in left panel), with a total activation time (257
ms) essentially equal to the atrial tachycardia cycle length (ATCL 260 ms), confirming macroreentry. The mapping system automatically accepted 1166 beats and 8143 bipolar electrograms over a mapping time of only 11
minutes. The linear region of sharply demarcated activation time in the RA free-wall (presumably resulting from
the surgical atriotomy), identifies a line of conduction block (white line), providing a narrow arrhythmogenic
channel (yellow wiggly line) located just above the inferior vena cava (IVC). A single radiofrequency application
(brown tags) delivered within the narrow channel terminated the tachycardia. The right panel (left anterior
oblique projection) clearly shows two wave fronts passing laterally and septally around the tricuspid annulus
and colliding within the sub-Eustachian isthmus–not consistent with tricuspid annular flutter.

end of the color scale (purple). Others have shown that the majority of
an infarcted region of ventricular myocardium is located where bipolar voltage is recorded lower than 0.5 mV. Surviving muscle bundles
often exist within this tissue, so that areas of scar with voltage lower
than 0.5 mV should not be considered inert. Baseline electrical noise in
many EP laboratories may limit the ability to identify the small isolated
potentials (often with bipolar voltage lower than 0.1 mV) from surviving muscle bundles within the scar that may provide the arrhythmogenic conducting channel critical to a macroreentrant circuit. Bipolar
voltages between 0.5 and 1.5 mV generally represent damaged or diseased ventricular myocardium, but not totally dead tissue.
Bipolar voltage maps are also useful in the assessment of scarred myocardium within atria resulting from prior surgery or ablation, congenital
heart disease, or cardiomyopathy. Bipolar voltage of healthy atrial myocardium was found to be generally greater than 0.5 mV in one study,39
such that this is often used as the upper limit for color coding–purple.
However, note that this will fail to display areas with truly high voltage
(such as thick pectinate muscle) where it can be difficult to create transmural atrial lesions and achieve conduction block with linear ablation
lesions. Bipolar voltage in areas with damaged atrial myocardium is often
lower than 0.1 mV. This area may again contain the arrhythmogenic substrate (small channels of conducting myocardium) and should not be
considered purely scar (dead) tissue. In our experience electrograms
with bipolar potentials as low as 0.03 mV have represented surviving
myocardial tissue within an arrhythmogenic scar and the site of successful ablation of macroreentrant atrial tachycardia.10.11
In patients with nonischemic cardiomyopathy, myocardial scar
is often epicardial or located in the midmyocardium. The map of

endocardial bipolar voltage in these patients is often within the normal range. However, the endocardial unipolar voltage map often shows
large areas of low unipolar voltage (<8.3 mV in the left ventricle and
<5.5 mV in the right ventricle),40 indicating extensive epicardial or
mid myocardial scar (Fig. 7.12). In this situation, epicardial mapping
demonstrates low bipolar voltage (scar), and epicardial ablation is often
required to eliminate the tachycardia.
The recent introduction of contact force sensors into mapping/
ablation catheters has allowed more precise definition of scarred/
low-voltage areas, as an area may appear to be low voltage because of
inadequate or no electrode contact with the myocardium, without contact force information.19,20

NONCONTACT MAPPING
The ability to acquire activation and voltage map information
from multiple electrodes, simultaneously from many catheters, has
improved our ability to map nonsustained arrhythmias and hemodynamically unstable arrhythmias. However, multiple sequential acquisition is still required. A noncontact mapping system (EnSite Array, St.
Jude Medical, St. Paul, Minnesota) was developed to allow instantaneous single-beat mapping of an entire cardiac chamber from an array
of electrodes in the center of the cardiac chamber and has been used
to map nonsustained, unstable arrhythmias, and infrequent premature
atrial and ventricular complexes (PACs/PVCs). In this noncontact
mapping system, after creating 3-dimensional chamber geometry with
a conventional catheter, a multielectrode array (9 F 64-polar electrode
wire braided around a 7.5 mL balloon) is positioned in the center of
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Fig. 7.9 Ultrahigh resolution (Rhythmia system) left atrial activation map during a small macroreentrant left
atrial tachycardia in a patient with ischemic cardiomyopathy following catheter ablation of persistent atrial
fibrillation (AF; pulmonary vein isolation and complex fractionated atrial electrogram ablation). A, Activation
map of the left atrium (LA) and all 4 pulmonary veins during an atrial tachycardia of cycle length (ATCL) 204
ms, shown in the left posterior oblique projection (left panel) and anterior-posterior projection (right panel).
Activation propagates around a small reentrant circuit passing through a channel between the left superior
pulmonary vein (LSPV) and left inferior pulmonary vein (LIPV) and around the LSPV (bold red arrows). The total
tachycardia cycle length is represented within this circuit. Activation also propagates around the left inferior
pulmonary vein (yellow arrow in left panel). However, this propagation front ceases at a line of conduction
block (white line) located in the region of the left pulmonary vein antrum (presumably resulting from the previous AF ablation). Therefore this does not provide a second tachycardia loop in this patient. The right panel
shows colliding wave fronts passing on each side of the mitral annulus, which is not part of this tachycardia
circuit. This map contained 26,331 bipolar electrograms collected over a mapping time of 25.2 minutes. B,
The left panel shows activation propagating around the LSPV, with a concentration of colors (activation times)
at the left atrial appendage (LAA) ridge between the LSPV and LIPV. Because of the high density of mapping
points, this concentration of colors is not caused by automatic interpolation by the system. In the right panel,
use of the roving probe feature of the Rhythmia system to show the intracardiac electrograms in this region of
interest demonstrates long fractionated atrial potentials (local conduction time 102 ms), suggesting a slowly
conducting arrhythmogenic channel at this site. See Video 7.4. A single radiofrequency application within the
channel terminated tachycardia. Bip, Bipolar electrogram; Uni, unipolar electrogram.

CHAPTER 7

Catheter 3-Dimensional Mapping Systems

111

Activation Map After Manual Annotation
LAA

Snapshot of Left Atrial Ripple Map
130ms

LAA

ATCL 230ms

ATCL 230ms

0.20 mV
0.03 mV
0 mV

-100ms

Mitral
Annulus

1.58mV

Mitral
Annulus

Contamination by
Ventricular Potentials

LAO Projection

A

B
Fig. 7.10 Activation map of the left atrium during peri-mitral reentrant tachycardia. A, Left anterior oblique
(LAO) projection of an activation map (after manual annotation) showing continuous activation around the
mitral annulus with total activation time equal to the atrial tachycardia cycle length (ATCL) of 230 ms, confirming macroreentry around the mitral annulus in the clockwise direction. B, Video 7.1 shows the corresponding
Ripple map shown in LAO projection, with no manual annotation. Each electrogram is shown as a dynamic
Ripple bar displayed on the anatomic shell. B, A still frame of the Ripple map shows one moment in time, with
the length and color of the bars representing the amplitude of each potential present at that time. In this figure, the atrial wave front is passing the septal side of the mitral annulus (red arrow) with purple bars denoting
bipolar voltage greater than 0.2 mV. The three ripple bars on the lateral side of the annulus (blue, yellow, and
orange bars) result from contamination by ventricular potentials close to the annulus.

the cardiac chamber, and a mathematical algorithm (inverse solution - using a solution of Laplace’s equation with a boundary element
method) is used to reconstruct 3360 virtual endocardial electrograms
from the far-field global unipolar electrograms at the chamber surface.41–43 A ring electrode on the proximal shaft of the multielectrode
array serves as a reference for unipolar recordings. These virtual unipolar electrograms are calculated for every beat in real time.
The accuracy of the virtual electrograms is dependent on the distance from the array to the endocardial surface and the electrogram
amplitude at the target site. Up to 40 mm from the center of the multielectrode array may be reasonably displayed in healthy high-voltage
myocardium. However, in areas of low voltage (especially in scarred
atria), accuracy of the virtual electrograms is limited. Based on our
data, small Purkinje potentials can be reconstructed only if the array is
located within 21 mm of the center of the multielectrode array balloon,
usually 10 mm of the MEA balloon surface, Fig. 7.13.43 Therefore this
system may not be suitable for use in large chambers or chambers with
scarred myocardium (exhibiting low-amplitude potentials at a large
distance from the balloon). Because of the need to accurately map the
entire chamber in macroreentrant arrhythmias, this system is not ideal
for use in these arrhythmias. However, rapid localization of earliest
activation in focal arrhythmias can be helpful, especially if the balloon
catheter can be positioned close to the target (e.g., PVCs from the right
ventricular outflow tract).

MAPPING OF SPECIFIC ARRHYTHMIAS
Mapping of Focal Atrial and Ventricular Tachycardias
Using 3-Dimensional Mapping Systems
The mechanisms of focal tachycardia can be: (1) automaticity; (2) triggered activity or (3) microreentry. However, from a catheter mapping

and ablation viewpoint, these mechanisms can be identified essentially
in the same way, while identifying the region with earliest activation.
If the mechanism of tachycardia is expected to be focal, the activation map will show centrifugal activation from an earliest activation
site (Fig. 7.14). The window chosen for 3-dimensional mapping will
usually be selected with window onset 50 to 70 ms before the onset of
the P wave (for atrial tachycardia) and 70 to 100 ms before the onset of
the QRS complex (for VT and PVC mapping), and earliest activation
will appear in red. However, depending on window selection, earliest
activation may be in any part of the timing window and may be displayed in any color, but will show propagation of activation (progression through the map colors) from a central site (earliest activation
site) radiating away from that site in a centrifugal pattern.
Electrogram annotation will be most important at the central
early site and may need to be manually corrected. Some investigators have proposed annotating activation timing at the onset of
the electrogram. However, this annotation criteria includes the
timing of far field potentials and may lead to a relatively large area
of myocardium with identical activation timing around the site of
earliest activation (See Fig. 7.6A). This cannot accurately identify
the actual focus of the tachycardia (representing the ideal ablation
site). Additionally, the bipolar electrogram providing earliest activation may originate from the proximal second ring electrogram
(which can be as far as 4–5mm away from the catheter tip). Using
maximum negative dV/dt to annotate the timing of local activation
(i.e., timing at the tip electrode excluding far field potentials) results
in a much smaller area with the timing of earliest activation (See
Fig. 7.6B). Further refinement of the true site of earliest activation
can be achieved by identifying a site where maximum negative
bipolar dV/dt coincides with the onset of a steep negative slope in
the distal unipolar electrogram. If the tachycardia originates from
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Fig. 7.11 Epicardial bipolar voltage, activation, and ripple maps in a patient with dilated cardiomyopathy and
ventricular tachycardia created during sinus rhythm. All panels are displayed in the caudal projection. A, The left
panel shows an epicardial bipolar voltage map revealing a large area of low voltage (<0.5 mV shown in red).
The pink and light blue tags indicate sites with isolated late potentials. The middle panel shows a corresponding activation map using automatic criteria annotating the timing of the electrogram using maximum negative
bipolar and unipolar dV/dt (Wave front software–Biosense Webster). The right panel shows the electrograms
recorded by the mapping catheter at the site indicated by the bold yellow arrow. Automatic annotation criteria
in this case is selecting the largest potential (a large but far-field ventricular potential with timing around 68 ms
after the onset of QRS–reference timing). This misses the smaller isolated late potential (ILP–thin yellow arrow)
with timing of 259 ms from the onset of QRS reference time and does not detect conduction within the scar.
B, Left panel is the same bipolar voltage map as in part A. Middle panel shows activation map after extensive
manual correction of annotation to select the timing of the small ILP within the scarred area. The bold yellow
arrows show the location of the ILP seen on the mapping catheter electrogram in the right panel. The voltage
map (left panel ) suggests that there is relatively normal voltage (healthy) myocardium at this site. However, the
true voltage at this site is 0.12 mV as measured from the local ILP potential. See Videos 7.2 and 7.3.

an endocardial focus, the endocardial electrogram at the site of earliest activation will show a QS pattern (no far-field component) in
both distal unipolar and bipolar electrograms with identical activation time in each (Figs. 7.6B and C). This approach identifies
a more accurate/localized ablation target, which is important for
the success of the ablation procedure and can limit radiofrequency
applications, thereby decreasing the risk of collateral damage to
neighboring structures (such as damage to phrenic nerve, esophagus or AV node). Sometimes, the unipolar and bipolar electrograms
at the earliest endocardial site do not show a QS pattern and there
is an initial positive component to the potentials. This implies that

initial activation is approaching the site and suggests that the tachycardia originates from deep within the myocardium or epicardially or may be arising from an adjacent chamber. This electrogram
appearance suggests that additional mapping may be required at the
epicardial surface or in the adjacent chamber.
Occasionally the electrogram at the true site of earliest activation
exhibits a low-amplitude fractionated potential with a long activation
time instead of the typical QS pattern. This is most often seen in an
area of scarred myocardium and is most consistent with local microreentry. Ablation at sites with such electrograms consistently eliminates
the tachycardia.
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Fig. 7.12 Voltage maps in a patient with arrhythmogenic right ventricular cardiomyopathy shown in anterior-posterior (AP) projection. Left panel: Bipolar voltage map of the right ventricular (RV) endocardium exhibits
small areas of low voltage (defined as <1.5 mV), and only a few sites with isolated late potentials (ILPs, pink
and light blue tags). Middle panel: Large areas of low unipolar voltage (defined as <5.5 mV) at the RV endocardium suggest the presence of a large epicardial scar. Right panel: The epicardial bipolar voltage map demonstrates large areas with low bipolar voltage (<1.5 mV) over the RV epicardium, with multiple sites exhibiting
ILPs, suggesting extensive epicardial scarring with multiple potential arrhythmogenic channels. Note that the
low-voltage areas in the unipolar RV endocardial voltage map correspond to the areas of low bipolar voltage
of the RV epicardial map.
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Fig. 7.13 Left ventricular map showing Purkinje potentials recorded by
the noncontact mapping system (EnSite Array) in a canine beating heart
model. The virtual bipolar electrograms mathematically reconstructed
from signals detected by the multi-electrode array (MEA) balloon catheter, demonstrating discrete Purkinje potentials (P) at sites represented
by red dots on the left ventricle (LV) geometry. These sites are located
at 11 to 21 mm from the center of the MEA balloon catheter. RAO,
Right anterior oblique.

MAPPING OF MACROREENTRANT
TACHYCARDIA USING 3-DIMENSIONAL
MAPPING SYSTEMS
The substrates required to support macroreentrant tachycardias include
(1) an area of electrically inert tissue (dense scar, line of conduction
block or an anatomic boundary); (2) a large area of low voltage (damaged

Macroreentrant
Pattern
Ablation Target:
Arrhythmogenic
Channel
Extensive
Scarring

Fig. 7.14 Schematic representation of the mechanism of atrial and
ventricular tachycardias based on their activation patterns. Focal tachycardia activation is seen as a centrifugal pattern radiating from a central earliest site, with this earliest site representing the best target for
ablation. Macroreentrant tachycardias exhibit a continuous activation
pattern (early meets late) with the total tachycardia cycle length represented by timing within the circuit. Such circuits are usually associated
with extensive scarring with narrow arrhythmogenic channels (between
densely scarred tissues). Ablation should be targeted at these narrow
channels to interrupt the circuit with the fewest radiofrequency applications.

myocardium) around the electrically inert area; and (3) a narrow-isolated
channel within the circuit (usually provided by surviving myocardium
between two or more dense scars, Fig. 7.14). These conditions often occur
in the setting of (1) surgical incisions in diseased myocardium; (2) ischemic and nonischemic cardiomyopathy; (3) prior catheter or surgical
ablation of atrial fibrillation. The latter cause of a macroreentrant substrate
is becoming increasingly common and often results from the creation of
an incomplete line of conduction block during ablation.11,44–46 A map of
a macroreentrant arrhythmia will show a continuous activation pattern
covering the entire tachycardia cycle length represented within the circuit
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Fig. 7.15 An incomplete activation map of a small macroreentrant tachycardia mimicking a focal atrial tachycardia
in a patient with macroreentrant left atrial tachycardia 6 months after atrial fibrillation ablation including pulmonary
vein isolation and ablation of complex fractionated atrial electrograms. A, Posterior-anterior (PA) projection of an
activation map of atrial tachycardia with 366 mapped points. Activation appears to be a centrifugal pattern with earliest activation at the posterior left inferior pulmonary vein (LIPV) antrum, occurring 75 ms before reference timing
in the coronary sinus. The total activation time annotated of only 248 ms with tachycardia cycle length of 275 ms is
consistent with a focal tachycardia. B, Shows the same map with 15 additional mapped points obtained in the LIPV
antrum region, revealing a small macroreentrant circuit around the LIPV, manifest by the continuous activation with
total activation time equal to the tachycardia cycle length of 275 ms. The activation map suggests two potential
narrow channels (channel #1 and channel #2) located at the carina between the left superior pulmonary vein (LSPV)
and the LIPV and at the infero-posterior aspect of the LIPV, respectively. A single radiofrequency application (RF#1)
delivered at the site of channel #1 eliminated the tachycardia. Note that this ablation site is colored yellow on the
timing activation map, that is, it was not at the early meets late (purple meets red) site.

(early meets late, see Figs. 7.2, 7.7, 7.8, and 7.9). If there is very slow conduction through the narrow arrhythmogenic channel, activation will propagate through this channel for a large proportion of the tachycardia cycle
length, resulting in closely packed colors in a condensed area (Figs. 7.7C,
7.8 and 7.9B). In contrast, more rapid conduction around the healthy myocardium outside this protected isthmus leads to broad areas with similar
color representation. The concentration of colors in the narrow arrhythmogenic channel means that in such cases the colors representing the earliest and latest part of the operator selected window (purple meets red)
may be found (by chance) in or near the narrow channel. However, it must
be remembered that there are no true early or late potentials in this continuous circuit and the red and purple colors may meet anywhere around the
circuit. Propagation through isolated channels is not always slow, so use of
the bipolar voltage map to identify conducting channels between densely
scarred areas may also be helpful to identify a narrow channel within the
circuit (see Fig. 7.7A).
The success of ablation of macroreentrant tachycardia has improved
tremendously with the ability of 3-dimensional mapping systems to
create a map of the entire reentrant circuit with identification of a

narrow arrhythmogenic channel. Confusion can arise if only part of
the activation map is created. For example, a small macroreentrant circuit may appear to have a centrifugal activation pattern mimicking a
focal tachycardia (Fig. 7.15), a focal tachycardia within a chamber with
lines of conduction block may mimic a macroreentrant tachycardia,
double loop reentry will be missed, and blind alleys with late activation
times may appear to be part of the circuit.
Entrainment pacing can be useful to demonstrate if a pacing site is
located within the tachycardia circuit (excluding blind alleys), but the
post pacing interval will be equally close to tachycardia cycle length
everywhere around the circuit (both within and outside the narrow
channel) and will therefore not identify the narrow channel (the best
ablation target, see Fig. 7.7). In our experience of ablation of macroreentrant atrial tachycardias using 3-dimensional mapping systems, ablation
across the identified narrow arrhythmogenic channel consistently eliminates the tachycardia.10,11 The site of these narrow channels cannot be
readily identified by looking for a particular electrogram morphology.
Analysis of the electrograms within the narrow channel at the site of successful ablation showed a fractionated potential in only 27%, whereas a
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Fig. 7.16 Relationship between locations of fractionated atrial potentials (FAP) and locations of the autonomic ganglionated plexi detected by high-frequency stimulation (HFS) in a patient with persistent atrial fibrillation (AF). FAP
maps during atrial fibrillation (AF) of the left atrium and all four pulmonary veins are shown in the posterior-anterior
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single atrial potential was seen in 35% and a double atrial potential was
seen in 38%.10,11 Additionally, the channel cannot be identified by timing
of the electrogram with respect to the P wave, as the timing of the electrogram at the successful ablation site within the channel was distributed
throughout the tachycardia cycle length (see Fig. 7.7).10,11
Recent data in patients with VT related to infarct scars has shown
that the conduction velocity within the narrow-protected channel within
the circuit may not be slow. The slowest conduction velocity (associated
with fractionated electrograms) is more often found at the entrance to the
channel where the activation wave front changes direction (pivot point)
to enter the channel.38 Rather than looking for areas of slow conduction
for ablation (i.e., fractionated potentials), one should identify the narrowest part of the channel, where only a short linear ablation lesion across
the channel will completely prevent conduction around this circuit and
eliminate the tachycardia.10,11,38
The Rhythmia mapping system has been used successfully in patients
with scar related atrial and ventricular tachycardia with no or minimal
manual correction of annotation (automatic activation map).31–34 Fig.
7.9 shows a Rhythmia map of a small macroreentrant left atrial tachycardia in a patient with prior catheter ablation of persistent AF (including
pulmonary vein isolation and complex fractionated atrial electrogram
[CFAE] ablation). During the tachycardia, a high-resolution map identifies a small reentrant circuit propagating around the left superior pulmonary vein through the carina with the left inferior pulmonary vein.
The propagation activation feature of the Rhythmia system is useful for
visualizing this type of small circuit (Video 7.4). Previous ablation has
resulted in a narrow channel of slow conduction behind the LSPV near
the carina. The roving probe feature allows rapid review of the bipolar
and unipolar intracardiac electrograms at the site of interest. In this case,

reviewing the electrograms within the narrow arrhythmogenic channel
near the carina identified a very prolonged fractionated potential (covering 50% of the tachycardia cycle length), representing slow conduction
within the channel. A single radiofrequency (RF) application at this site
immediately terminated the tachycardia.

USE OF 3-DIMENSIONAL MAPPING IN
ABLATION OF ATRIAL FIBRILLATION
Three-dimensional mapping systems have been extensively used for
catheter ablation of atrial fibrillation (AF). The relatively accurate
3-dimensional geometry available from these systems with tagging of
ablation sites guides anatomic ablation (pulmonary vein isolation with
or without additional linear lesion sets). In addition, recently developed algorithms allow automatic detection and color-coded display
of CFAEs (CAFÉ Software, Biosense Webster), which may reflect AF
drivers and provide additional targets for ablation, particularly for persistent AF.47–49 In this algorithm, the computer detects all positive and
negative peaks of atrial potentials during AF within a threshold range.
Our selected criteria for the detection of CFAEs (or fractionated atrial
potentials, FAP) using this system include minimum threshold (set to
exclude most of the baseline electrical noise) usually set at ± 0.02 to
0.03 mV; maximum threshold (set to exclude large organized potentials) set at ± 0.2 mV; and the interval between peaks 15 to 80 ms. If the
system detects electrograms with more than 40 qualifying potentials
within a 2.5 second recording, then this site is displayed as CFAE or
FAP (red in Fig. 7.16). The Ensite NavX system also has a CFAE algorithm to measure the time between discrete atrial deflections during
AF (over 5 seconds), averaging these interdeflection time intervals
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to calculate a mean cycle length at each mapped site during AF (Fig.
7.17).50 The Rhythmia system has a similar automated function with
the ability to display sites with fractionated atrial potentials (FrAP).
This system may identify more discrete regions with FAP attributed to
use of the closely-spaced bipolar high-resolution mapping electrodes.
There is a close relationship between locations of fractionated atrial
potentials and autonomic ganglionated plexi (see Fig. 7.16).48,49

CS

70ms
Fig. 7.17 Complex fractionated atrial electrogram (CFAE) map of the
left atrium (LA), all four pulmonary veins (PV), and coronary sinus (CS)
using NavX mapping system. The mean atrial fibrillation (AF) cycle
length over a 5-second period at each mapping site is projected onto
the left atrial anatomic shell and color coded. Areas with short AF cycle
length (rapid and fractionated atrial potentials) are colored white and
red, whereas areas with mean AF cycle length greater than 120 ms
are colored purple. LAA, Left atrial appendage; LSPV, left superior pulmonary vein; RSPV, right superior pulmonary vein; RIPV, right inferior
pulmonary vein. (Modified from Tanaka Y, Huang SK, Gerstenfeld E.
Advanced catheter three-dimensional mapping systems. In: Huang SK
and Miller JM, eds. Catheter Ablation of Cardiac Arrhythmias. 3rd ed.
Philadelphia, Pennsylvania: Elsevier; 2014:135 -152. With permission).

Modern 3-dimensional electroanatomic mapping systems provide a
powerful tool for accurately identifying the mechanism of complex
arrhythmias (both focal and macroreentrant) and localizing arrhythmogenic foci and entire reentrant circuits with arrhythmogenic channels. The ability to acquire activation and voltage map information
from multiple electrodes simultaneously with accurate localization of
each mapped point in 3-dimensional space allows rapid data acquisition. Recent improvements in automatic selection of activation time
in complex electrograms facilitates catheter mapping and ablation in
patients with complex arrhythmias.
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Videos
Video 7.1 Left panel shows the dynamic bars of the ripple wave
front progressing around the mitral annulus in a clockwise direction
(as shown in the left anterior oblique projection) starting between the
annulus and the left atrial appendage (LAA). Right panel shows the corresponding timing of electrograms compared with the reference electrogram (R1–R2) in the coronary sinus within the window of interest.
Video 7.2 Left panel is the same as in panel A in Fig. 7.11. The middle
panel shows a video of the propagation map after extensive manual
annotation to select the timing of the isolated late potentials (ILPs).
After electrical systole, the propagation map shows penetration of the
wave front into the scarred myocardium through slowly conducting
channels, p
 resumably resulting from surviving muscle bundles within
the scar. The right panel shows the electrogram at the site of the bold
yellow arrow shown in Fig. 7.11, where a very late ILP is seen. The
moving vertical white line shows the timing corresponding to the propagation map in the middle panel. As the white line reaches the ILP during
diastole a small red area (representing local activation) is displayed at
the site of this electrogram on the propagation map.

Video 7.3 The left panel shows the ripple map of sinus activation displayed on the anatomic shell in the same case shown in Fig. 7.11. The
middle panel shows the same ripple map displayed on the bipolar voltage map. During ventricular systole ripple bars are seen everywhere
across the ventricular myocardium because of far-field electrograms
being detected within the scar at this time. However, during diastole,
when most of the myocardium is silent, small bars are seen progressing
across the scarred region representing the ILPs at these sites. The right
panel shows the electrograms at ripple marker sites 1 to 8 with ILPs. It
is clear that these are progressing from early to late from site 1 to site 8,
respectively, consistent with activation through a channel crossing the
scarred myocardium. No manual annotation correction was required to
visualize conduction through the narrow conducting channels within the
scar using this technology.
Video 7.4 This shows a video of the corresponding propagation map of
atrial tachycardia shown in Fig. 7.9. It is clear that activation approaches
the area of slow conduction at the left atrial appendage ridge between
the left superior pulmonary vein (LSPV) and left inferior pulmonary vein
(LIPV) and after a delay (representing slow conduction through this area)
continues around the LSPV.
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Remote Catheter Navigation Systems
Carola Gianni, Andrea Natale, Rodney P. Horton
KEY POINTS
•	Remote catheter navigation systems currently comprise
electromagnetic and electromechanical technologies. Four remote
systems are currently available.
•	Each navigation system has both advantages and disadvantages
with substantial variation in the cost, learning curve, and
procedure applications.
•	Potential advantages of remote navigation system are reduced
operator radiation exposure and physical stress, improved catheter

stability, enhanced patient safety, and automated mapping (in
some instances) and catheter navigation.
•	Remote catheter navigation systems have not yet been
demonstrated superior to manual navigation in procedural success
or total procedure times, although fluoroscopic times are generally
shortened.

INTRODUCTION

an open-platform system that is designed to accommodate bidirectional
catheters with the Blazer (Boston Scientific, Marlborough, MA) or EZ
Steer (Biosense Webster, Diamond Bar, CA) handle platform. The catheter to be robotically controlled is placed on the docking station and is
driven by the wired controller, which may be up to 30 m (100 ft) from
the patient. Manual catheter movements are mimicked robotically at
the bedside catheter using the controller, which emulates a bidirectional
EP catheter handle. Unlike other technologies, only the catheter and a
standard sheath are inside the patient. Catheter movements are distilled
into three basic actions, namely, catheter-tip deflection, rotation, and
advancement/withdrawal. Catheter-tip deflection is achieved by placing
the catheter handle into the Amigo docking station, which controls the
bidirectional steering element. Any deflection command performed on
the controller is duplicated with the catheter through the docking station.
Use of the catheter tension knob is not required as the system can hold a
precise position indefinitely. Rotation of the catheter is accomplished by
twisting the tip of the controller. This command causes the turret and the
catheter to rotate. Because the nose cone and track of the Amigo do not
actually rotate, rotation is not impeded by sheath rotation. Finally, catheter advancement and withdrawal are performed by pressing buttons on
the side of the controller. This command causes the docking station to
advance or withdraw on command along the track of the Amigo system
at a rate of 13 mm per second (0.5 inches per second). Because Amigo
manipulates only the mounted catheter, sheath placement is identical to
that of a manual procedure. To avoid unintended catheter movement,
an infrared (IR) beam and a receiver are incorporated into the controller. Only commands that are performed by the controller while being
held by the operator (thereby interrupting the IR beam) are actuated.
The Amigo does not further integrate into a mapping system. Therefore
all 3-dimensional mapping products are used in an identical fashion to
that of a manual procedure.

The field of electrophysiology (EP) has evolved significantly over the
last 3 decades. Before the advent of ablation procedures, EP procedures were diagnostic studies. These were usually tedious and time
consuming, but with catheters remaining stationary in specific cardiac
locations for the majority of the procedure. With the development of
various ablation techniques, therapeutic endeavors involved precise,
deliberate, and frequent catheter movements. Throughout this progression and increased complexity, procedure duration has increased
and manual dexterity requirements have become ever more important.
All of this was occurring in an environment that involves standing for
hours in a lead apron, in a room with significant radiation exposure.
The length of time required to master the skills and the physical toll
from the day-to-day wear are onerous. The concept of remote catheter
navigation has the advantage of allowing the operator to perform the
procedures while sitting, away from the radiation source. Furthermore,
robotic or other nonmanual manipulation techniques may theoretically offer improved and stable catheter movement as well as either
shortening the learning curve or reaching locations that might be more
difficult to reach manually. This chapter provides a description and
comparison of four currently developed remote systems, namely, the
Amigo Remote Catheter System (Catheter Robotics, Mount Olive, NJ),
the Sensei Robotic System (Hansen Medical, Mountain View, CA), the
Niobe Magnetic Navigation System (MNS; Stereotaxis, St. Louis, MO),
and the Catheter Guidance Control and Imaging (CGCI; Magnetecs,
Inglewood, CA).

AMIGO REMOTE CATHETER SYSTEM,
CATHETER ROBOTICS
Amigo (Fig. 8.1) is a remote catheter manipulation system composed
of a robotic arm mounted directly on the railing of the EP fluoroscopy
table connected to a wired controller (Fig. 8.2).1–5 Unlike other systems, Amigo incorporates minimal additional hardware beyond the
equipment required for a standard manual procedure. Because it is
self-contained, compact, and does not require calibration, Amigo can
be moved from one room to another with relative ease. This system is

SENSEI ROBOTIC SYSTEM, HANSEN MEDICAL
The system consists of two primary components, namely, the Sensei
Robotic System and the Artisan Extend Control Catheter, a remotely
controlled steerable sheath (Fig. 8.3).6–14 The physician remotely directs
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which is in the center of the monitor console. The Artisan sheath is a
pull wire–actuated open-lumen steerable guide sheath system. It is comprised of a flexible inner guide sheath with an inner diameter of 8 F and
steerable outer guide sheath that fits through a standard 14 F hemostatic
introducer. The Artisan attaches to the RCM through a sterile drape barrier and the RCM in turn actuates the catheter pull wires in response to
commands from the physician. The Artisan is a guide sheath and is not
capable of therapy or diagnostics on its own. Rather, any commercially
available ablation catheter can be placed into the Artisan, with just the
distal two electrodes extending beyond the inner guide tip. The Artisan
can articulate in any direction up to 275 degrees, with a minimal working
curve diameter of 30 mm (Fig. 8.5). Of note, in 2016 Hansen Medical
was acquired by Auris Surgical Robotics (San Carlos, CA), and, as of June
2017, the future of this technology is uncertain.

Fig. 8.1 Demonstration of the Amigo Remote Catheter System. The
Amigo robotic arm connected to the side of a draped fluoroscopy table.
The wired controller is shown in the operator’s hand.

Fig. 8.2 Close-up view of the Amigo wired controller.

the movement of the steerable sheath through the Sensei Robotic System—an electronically controlled mechanical system for remotely
controlling the Artisan. The Sensei consists of a physician workstation,
an electronics rack, and a patient-side remote catheter manipulator
(RCM; Fig. 8.4). The system allows the clinician to direct the catheter
tip to a desired intracardiac location based on visual feedback from
3-dimensional maps, fluoroscopic images, and intracardiac echocardiography images while being seated at the workstation. The RCM electromechanically manipulates the steerable guide catheter in response to
commands received from the physician through a special 3-dimensional
joystick (intuitive motion controller, or IMC) at the physician workstation (see Fig. 8.4C). The basic principle of the system is that operator
input is intuitive relative to an image in the navigation window monitor,

NIOBE MAGNETIC NAVIGATION SYSTEM,
STEREOTAXIS
Unlike the two previously discussed technologies, the Niobe is a remote
magnetic navigation system (MNS) that provides robotic catheter guidance capability.15–18 Controlling the direction of the catheter is accomplished by changing the direction of a magnetic field within the patient’s
heart. The system does this by moving large permanent magnets located on
either side of the patient during a cardiac procedure (Fig. 8.6 and Video 8.1
on Expert Consult). The magnetic field generated with this system
approaches 0.1 T and controls proprietary irrigated and nonirrigated ablation catheters that integrates fixed magnets on the shaft near the tip, currently produced by Biosense Webster and Biotronik (Berlin, Germany).
The Niobe system provides a discrete control whereby the operator sets
a desired direction for the catheter and the system responds by calculating the motion requirements and then executing the request by changing
the magnetic field orientation. Because the magnetic fields are changed by
mechanical movements, there is a delay between the operator command and
the catheter movement within the heart. The amount of catheter advanced
into the patient is controlled by a motor that advances and withdraws the
catheter as desired. These two means of manipulation allow for precise
control using magnetic pull with minimal axial catheter force (Video 8.2
on Expert Consult). In addition to the Niobe MNS, Stereotaxis has developed Vdrive, a robotic navigation system that provides the physician the
ability to control diagnostic catheters remotely from the control room.19
Control of the diagnostic catheters is conducted entirely at the proximal
end by actuating the catheter standard handle controls through a series of
electromechanical actuators. There are four axes of motion and, depending
on the disposable set installed, can control actions such as advancement/
retraction, rotation, loop sizing, and deflection of different catheters. The
disposable portion of the system includes a set of handle clamps designed
to interface with the device’s handle, a sterile drape that covers the hardware portion of the system, and (in most instances) a tube, which provides
support to the proximal section of the device.

CATHETER GUIDANCE CONTROL AND
IMAGING, MAGNETECS
Like Niobe, the Catheter Guidance Control and Imaging (CGCI) system is a magnetically based navigation product that uses eight coil-core
electromagnets arranged in a semispherical array around a patient’s
torso (Fig. 8.7).20 The magnet design includes a specially shaped ferrous ring at each magnetic pole face intended to focus the magnetic
flux toward the center of the chest (Fig. 8.8). Magnetic shielding
encases the structure to minimize magnetic interference of surrounding objects. This avoids the need for any significant magnetic shielding
in the room during configuration and installation. Furthermore, unlike
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Fig. 8.3 A, Close-up view of the Artisan guide sheath mounted on the remote catheter manipulator. B and C,
Wider views of the remote catheter manipulator mounted at the side of the fluoroscopy table.

permanent magnets, this device is magnetically inert when powered
off. When in use, the system design results in a shaped (lobed) magnetic field in a 15 × 15 × 15 cm (6 × 6 × 6 inch) cube in the heart with a
magnetic field strength of 0.14 T. This system is designed to control a 7
F, irrigated flexible ablation catheter with an integrated magnet located
at the tip (Bernoulli Cool-Flow; Figs. 8.9 A and B). The unique magnetic field design is intended to better facilitate catheter contact with
tissue during the procedure; moreover, operator commands are actuated nearly instantaneously. The system is designed with full integration with the EnSite NavX electroanatomic mapping system (St. Jude
Medical, St. Paul, MN), and it includes a proprietary transseptal sheath
(Lorentz-Active sheath; see Fig. 8.9C). This addition adds five platinum electrodes at the sheath tip as reference points to reduce motion
inaccuracies from coronary sinus reference electrodes alone. Control
of the system involves either operator-controlled guidance of a joystick,
which directs catheter movements through the magnetic field direction
or can be controlled in an automated mode based on target lesion sets
applied directly to the 3-dimensional map (Fig. 8.10). So far, this system has been validated only in animal studies.

ADVANTAGES AND DISADVANTAGES OF
USING REMOTE CATHETER NAVIGATION
Remote catheter navigation is an enticing concept with the promise of
reliably performing complex EP procedures away from the constant
exposure to ionizing radiation. It also provides the ability to sit without

heavy radiation protection, thereby easing the physical strain on the
operator’s back and legs. Because catheter movement is mediated by a
robotic or magnetic field, holding catheter position becomes a passive
maneuver to the operator with the potential to reach some positions
more easily than what can be achieved with traditional techniques.
Note that the procedure experience is significantly different with
remote navigation. Direct tactile feedback and combination of catheter
and sheath movements are not possible. In each of these technologies,
catheter manipulation is different enough from manual movement that
new strategies must be learned and developed.
A manual procedure has historically involved precise advancement, rotation, and deflection of a catheter using fluoroscopic visualization. Whether conscious or not, tactile feedback is also perceived.
If the catheter tip reaches an obstruction, the sensation of suddenly
increased force reaches the hand before fluoroscopic signs of buckling
are observed. We experience this natural feedback in everyday life such
that the catheter becomes an extension of our hand. With remote navigation, however, direct tactile feedback is lost. In the case of the Amigo
system, this aspect is not addressed. Therefore visual cues must be used
to compensate for the loss of feeling. While the operator is out of the
radiation field, the patient may experience higher than normal exposure as fluoroscopy would be used instead. With the Sensei system, the
IntelliSense pressure-sensing technology may mitigate the lack of tactile feedback. This feature assesses the catheter tip-tissue contact force
by means of automated dithering of the ablation catheter. The amount
of friction in the Artisan sheath is proportional to the contact force,
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Fig. 8.4 Sensei Robotic System. A, Mobile workstation remote from bedside comprising monitors, electrocardiographic and catheter navigation information, and interface device for manipulation of the catheter. B,
Bedside unit for steerable sheaths and mechanism to translate remote operator input into catheter motion.
C, Remote catheter manipulator to direct motion of the steerable sheaths (from the inset in A). D, Monitor
display for fluoroscopic views and rendering of real-time data for catheter orientation, catheter-tip pressure
(IntelliSense), and intracardiac echocardiography. (Courtesy of Hansen Medical, Mountain View, CA.)

Fig. 8.5 Demonstration of the bending radius of the Artisan guide
sheath.

feedback. In addition of IntelliSense, the Sensei has the ability to offer
full remote navigation of any commercially available ablation catheter,
including those with contact-force technology. The Niobe system does
not offer a direct force sensor. Because this system moves the catheter
tip by magnetic attraction, rather than axial force and catheter stiffness,
force tends to be more constant, albeit relatively low. In wet laboratory
tests, this system provides contact force of 10 to 15 g. Although force is
assumed, not measured, this system can detect and display the amount
of stored energy (mostly torque) in the catheter. Similar to Niobe, the
CGCI system uses magnetic attraction and control rather than axial
stiffness and torque. Although no clinical experience has been published on this product, existing animal data suggest higher magnetic
field strength, resulting in higher contact force (25 g).20

USER INTERFACE
which is displayed graphically in real time for the operator (Fig. 8.11).
Optic feedback is available, wherein the IMC may be programmed to
vibrate when the measured contact force exceeds a programmed limit.
IntelliSense has been shown to be accurate when the catheter is perpendicular to tissue but has less accuracy when the ablation tip orientation nears parallel.21 Although this requires attention to a visually
displayed graph of force, this provides an alternative to the loss of tactile

Each of these remote navigation systems involves a user interface (UI)
that reflects a different experience compared with manual navigation systems. A physician who has spent time honing their skills with
manual catheter movement would need to reinvent the wheel to some
degree with each of these technologies.
With the Amigo system, the UI is specifically designed to mimic the
appearance of a Boston Scientific Blazer bidirectional catheter. Because
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Fig. 8.6 Demonstration of the laboratory and table set up for the Niobe
Magnetic Navigation System. (Courtesy of Stereotaxis, St. Louis, Missouri.)

Fig. 8.7 Illustration of the laboratory setup for the Catheter Guidance
Control and Imaging System.

Remote Catheter Navigation Systems

121

by the operator’s hand holding the remote for any commands to be actuated. This prevents unintended commands from being performed in
the event of inadvertent touching of the remote. With the Sensei system, the physician remotely directs the movement of the Artisan guide
sheath through the Sensei robotic system—an electronically controlled
mechanical system for remotely controlling the Artisan. The Sensei is
composed of a physician workstation, an electronics rack, and a patientside RCM (see Fig. 8.4). The RCM represents a joystick, which interprets
operator movements and translates them to the catheter. These joystick
movements are fairly intuitive but do require some training for proper
implementation. A useful feature of the Sensei UI that is unique is an
intuitive navigation system when using the CoHesion module with the
EnSite NavX mapping system (see Fig. 8.11). A basic principle of the system is that operator input is intuitive relative to an image in the navigation window monitor, which is in the center of the monitor console. For
example, operators control the map orientation at their UI workstation.
As the map orientation changes, all catheter movements are harmonized
with the map orientation making right and left movements accurately
reflecting the right and left directions visualized on the map screen.
Niobe provides a UI experience involving a computer mouse to direct
magnetic vector orientation and either a joystick or the mouse wheel for
advancement and withdrawal of the catheter. Similarly, the CGCI system
offers joystick to control catheter position through a magnetic field vector as well as advancement and withdrawal. Both these control systems
are materially different from manual catheter movements, thus requiring
some practice for mastery similar to the Sensei system.
These systems focus on ablation catheter movement. Because many
operators develop a combination of direct catheter and sheath movements
for manual cases, the lack of sheath control can be frustrating for left atrial
(LA) cases with these technologies. Unique to Stereotaxis is the existence
of a robotic system (Vdrive) that allows for additional control of another
nonmagnetic intracardiac object (ablation sheath, intracardiac echocardiogram probe, or circular mapping catheter). Although this may offer a
solution to the lack of sheath control, the UI developed for this device is
a modified, commercially available 3-dimensional mouse (3Dconnexion,
Waltham, MA) designed for computer-assisted design (Fig. 8.12). The programming modifications to this UI are arbitrary, not intuitive, and require
extensive practice for mastery.

INTEGRATION WITH THE 3-DIMENSIONAL
MAPPING SYSTEM

Fig. 8.8 Illustration of the magnet designed to focus magnetic flux in
the center of the chest.

of a similar feel and weight, the deflection command is identical to the
manual catheter. Catheter rotation requires twisting of the tip of the
remote console, making this materially different. Catheter advancement
and withdrawal are accomplished by pressing the forward and backward
arrows on the remote-control handle, respectively. Although the system
does not perfectly replicate manual catheter movements, the technique is
intuitive. An IR beam on the remote-control device must be interrupted

Complex ablations have flourished with the development of
3-dimensional mapping systems. Initially, these were used to archive
previous catheter and ablation sites. However, as locational frequency
response has improved, these have been successfully used to reduce
fluoroscopy exposure to the patient effectively. This technique is
most effective when the map itself is controlled by the operator. The
Amigo system is an open platform without specific integration into
any mapping system. This offers maximal flexibility but less facilitation of the operator controlling the map. For example, because the
operator may be positioned away from the patient and at the mapping station, they can control the map orientation and movements.
However, controlling the Amigo remote requires two hands. As such,
this system requires setting down the Amigo remote controller when
the operator moves the map each time. Although seemingly minor,
this step when performed multiple times during a single case is generally irritating. Both Sensei and Niobe can be used with the most
common mapping systems, but full integration is only available with
Ensite Navx for Sensei (Cohesion software) and with Carto 3 for
Niobe (RMT software). For Sensei, movement of the mapping orientation is performed with a roller ball positioned in the UI workstation
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Fig. 8.9 A and B, Bernoulli Cool-Flow irrigated catheter; C, Lorentz-Active sheath.

COST ISSUE

Fig. 8.10 Workstation layout for the control of the Catheter Guidance
Control and Imaging System.

next to the UI joystick. This allows for easy map-orientation adjustments without disrupting catheter control. The intuitive software
design allows for all catheter movements executed relative to the
displayed map orientation. With Niobe, the computer mouse used
for magnetic vector movements (resulting in catheter movements) is
also used to control the electroanatomic map on the same mapping
window. Because the remote magnetic technology (RMT) involves
novel catheter-tip movement based on magnetic pull rather than
axial force, the displayed Carto map includes magnetic vector orientation, making vector movements intuitive relative to the displayed
map in a fashion similar to the Hansen system when integrated with
Ensite NavX CoHesion software (Fig. 8.13). As the acronym implies,
the CGCI system provides a fully integrated mapping and imaging
system incorporating the EnSite NavX system and a digital fluoroscopic unit (Ziehm Imaging, Inc., Nuremberg, Germany). Although
there is a lack of clinical reports, the system is reported to offer a
robust response to manual joystick control and effective automated
control in animal reports.

Cost continues to be a major concern with all healthcare issues, and complex ablations are not immune to this reality. These systems involve initial acquisition costs as well as case-specific, disposable material costs. As
remote navigation does not typically replace catheters, these are usually
additions to the overall cost of the procedure. The Amigo system is by
far the cheapest option with low acquisition costs. Because it does not
integrate with fluoroscopy or mapping systems, installation is possible
in minutes. The disposable portions of the system are additional costs
per case as with the other systems but are limited to the housing for the
ablation catheter alone. The Artisan system to be used with Sensei has
a greater initial acquisition cost (approximately threefold greater) and
requires professional installation. The system can be moved from one
laboratory to another, but this requires professional movement and calibration and is therefore is impractical on a regular basis. The additional
disposable cost is confined to the Artisan robotic sheath that houses the
ablation catheter. The Niobe system involves a substantial initial acquisition cost (approximately eightfold greater than Amigo) and requires
detailed and specific laboratory design alterations to accommodate the
size and weight of the magnets. Only certain fluoroscopy systems can
function in the powerful magnetic environment and that must be considered before installation. In addition, structural support and magnetic
shielding in the walls must be evaluated to accommodate for the weight
of the system and impact of external magnetism, respectively. Because of
this, Niobe is in no way portable. Once installed, additional disposable
costs would include the costs for the proprietary RMT catheter and the
interface for motorized catheter advancement system; this entails a 50%
greater per case cost compared with Hansen. The VDrive robotic systems
also represents an additional acquisition cost, as well as all the disposable
components related to the housing for the robotically controlled catheter or sheath. Because CGCI has not been fully commercialized, pricing
data on this system is currently unavailable. However, similar structural
support and fluoroscopy issues must be included in the cost of laboratory
configuration and build out. Once installed, additive procedural costs
would include costs for the proprietary ablation catheter and sheath (for
transseptal procedures).
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Fig. 8.11 Integrated display capabilities of the Sensei system allowing for simultaneous projection of imaging
(fluoroscopy and intracardiac echocardiography), mapping, contact force (IntelliSense), and robotic navigation.
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CLINICAL APPLICATIONS
Whether performing the procedure with manually or remotely controlled catheters, ablation of cardiac tissue remains the primary purpose. The four systems outlined have fundamental differences in the
way they replicate or replace manual movements. As such, they pose
more challenges for some applications and less for others.
As described earlier, the Amigo system offers precise control of a
catheter without the need for or ability to control a sheath. This would
be similar to right atrial or right ventricular (RV) procedures where a
long or deflectable sheath is less often used. In this application, the primary deficiency is loss of tactile feedback, whereas catheter movement
would otherwise closely approximate manual movements. LA procedures require a transseptal sheath for access. In some cases, physicians
use sheath position and deflections in the maneuvering of catheters in
the LA manually. This approach is not possible with the Amigo system
and can lead to frustration in some catheter movements. Even in cases
where the sheath remains stable or withdrawn into the right atrium

Fig. 8.12 SpaceMouse Pro 3D (3Dconnexion, Waltham, MA) modified
for use with the Vdrive system.

(RA), the pivot point for catheter movement remains the transseptal puncture site. The loss of tactile feedback becomes a greater issue
in this case. As a result, the Amigo system works best in RA and RV
chambers, for noncomplex ablation procedures.2–5
By contrast, the Sensei system is designed for LA ablation and, in a
randomized trial, it has been shown to be noninferior to manual ablation for circumferential pulmonary vein isolation.6–12,22 Because the
Artisan sheath must pass through the RA before crossing the transseptal puncture site, system orientation is toward the septum making ablation in the RA more challenging than in the LA, although studies have
shown superior outcomes for cavotricuspid isthmus ablation, likely for
enhanced tissue-catheter contact.23 Some operators have performed
left ventricular (LV) ablations (transseptal and transmitral); the inner
catheter component of the Artisan sheath lacks the length to reach this
position without placing the larger outer catheter component through
the septum. This approach, although shown to be feasible, lacks safety
data.13,14 Of note, because the system provides better catheter stability
resulting in more effective ablation, lesion-related complications might
increase. Stem pops, cardiac perforation, and esophageal injury have all
been shown to be high compared with manual ablation, when power
settings and duration are not titrated accordingly.21,24,25
The Niobe system uses fundamentally different means of catheter
manipulation than the other systems. RA and RV chamber movements, although different than manual, are relatively easy using this
system. However, because of limitations in contact force, the cavotricuspid isthmus is easy to reach but challenging to ablate with Niobe.
During ablation in the LA, it is sometimes more difficult to reach a
target position than with manual catheter movement. This is less of an
issue with discrete atrial arrhythmias or accessory pathways because
catheter stability is good once the target position is reached. The issue
is magnified with ablation of atrial fibrillation as even small delays in
achieving target position are magnified by the number of required
positions. Ablation in the LV is perhaps the best application of this

Fig. 8.13 Integrated display capabilities of the Odyssey system allowing for simultaneous projection of fluoroscopy, mapping, electrogram recording, and magnetic navigation.
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Compare and Contrast: Key Issues and Features of the Various Remote Navigation
COMPARISON OF AVAILABLE SYSTEMS
Amigo (Catheter Robotics)

Sensei (Hansen Medical) Niobe (Stereotaxis) CGCI (Magnetecs)

Removes physician from radiation
field

Yes

Yes

Yes

Yes

Allows a choice of catheters

Somea

Wideb

No

No

The catheter being manipulated
retains its functional characteristics

Yes

No

Partially

Partially

Need for additional space or
laboratory renovation

None

Some

Extensive

Extensive

User interface

Familiar

Unfamiliar

Unfamiliar

Unfamiliar

Learning curve

Minimal

Steep

Steep

Steep

Components of the system inside the
body
None

Large, long sheath

Magnetic steering tip

Magnetic steering tip

Cost effectiveness

Expensive

Very expensive

Very expensivec

Less Expensive

aOnly

catheters with a Boston Scientific Blazer or Biosense Webster EZ Steer handle fit into the system.
catheters with 105-cm working length can be used with the Artisan sheath.
cAny laboratory with a CGCI system installed can be used for CGCI-assisted ablation procedures only. The room cannot be used for any other procedure, including device implants.
CGCI, Catheter guidance control and imaging.
bOnly

technology.17,18 Manual catheter control is impacted by either an arterial or venous approach. However, because the LV chamber has few
intracavitary obstructions and Niobe catheter-tip movement is magnetic driven, discrete catheter control remains good and is perhaps
better than a manual case. When using the Vdrive for circular mapping
catheter control in the LA, the same issue is encountered as with the
Amigo system by controlling a catheter without sheath control. This
issue is compounded by the lack of intuitive design of the UI.
No clinical data are yet available regarding the CGCI system.20
Based on bench laboratory and animal studies, the CGCI system offers
similar advantages of the Niobe system but with higher magnetic field
strength and contact force. The closed-loop UI interface provides
quicker response to user commands. In theory, this system should be
functional in all four cardiac chambers, although this premise requires
clinical validation. Although these systems are exclusively created for

remote navigation in an ablation procedure, the operating suite can be
used for other, nonablation procedures (i.e., device implants). This is
not the case with the CGCI system. This integrated fluoroscopy suite
can be used only for the designed ablation procedures. This fact makes
this system uniquely expensive for an opportunity cost standpoint.

   S U M M A R Y
Significant advances in systems for remote catheter navigation have
been developed in the last 15 years making this a viable alternative to
manual procedures. The four described systems offer a wide variation
in cost, learning curve, and procedure application (Table 8.1). However, further development is needed to address current limitations with
the existing technologies.
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Videos

Video 8.1 Video illustrating the magnetic field effect of the Niobe II system on a catheter in the heart.
Video 8.2 Demonstration of precision capabilities of the Niobe II system on fixed targets.

125.e2

9
Intracardiac Echocardiography, Computed
Cardiac Tomography, and Magnetic Resonance
Imaging for Guiding Mapping and Ablation
Tomos E. Walters, Andris Ellims, Jonathan M. Kalman

KEY POINTS
•	Cardiac imaging plays an essential role in contemporary
invasive electrophysiologic mapping and ablation procedures,
from guiding appropriate patient selection; to preprocedure
definition of the substrate; to intraprocedural demonstration
of catheter movement, tissue contact, and lesion formation;
to postprocedure evaluation for both procedural success and
development of complications
•	Imaging is often integrated into the workflow of mapping and
ablation procedures
•	Intracardiac echocardiography (ICE) is perfectly suited to
intraprocedural use with its provision of real-time information
and its ability to be incorporated into 3-dimensional mapping
software

•	Cardiac magnetic resonance (CMR) provides anatomic and
functional information without exposure to ionizing radiation and
is highly accurate for the definition of myocardial fibrosis
•	Cardiac computed tomography (CCT) is ideally suited for
provision of anatomic information including regarding the
epicardial coronary arteries, but is also able to provide data on
myocardial fibrosis and cardiac physiology
•	Future developments in these technologies promise improved
integration into 3-dimensional mapping systems, improved realtime catheter guidance in the absence of fluoroscopy, and the
provision of more detailed real-time information regarding the
arrhythmia substrate, the interaction of the ablation catheter with
its 3-dimensional environment, and ablation lesion formation.

INTRODUCTION

from moving red blood cells. In tissue Doppler imaging (TDI), lower
velocity frequency shifts are analyzed to calculate the velocity of myocardial movement.
The reproducibility of volumetric measurements by echocardiography is inherently limited because estimates of volumes derived from
2-dimensional images are subject to variability and error imposed
by reduced image quality, selection of the imaging plane, difficulties
in identifying the endocardium-blood interface, geometric assumptions underlying the volumetric calculations, and beat-to-beat variations in volume and function. With the advent of 3-dimensional
echocardiography, a more accurate and reproducible technique than
2-dimensional imaging, echocardiographic assessments of chamber
size and cardiac function now correlate more closely with the gold
standard, CMR.3–5
The development of intracardiac echocardiography (ICE) was
facilitated by technical advances in the construction of compact ultrasound transducers. The initial such ICE catheter was a mechanical ICE
catheter, with a single ultrasound crystal mounted at the distal end of
a catheter varying in diameter from 6 to 10 F. These catheters were
typically nonsteerable, with the transducer connected to a motor in
the handle of the device through a braided drive shaft. Engagement
of the mechanism results in rapid 360-degrees rotation of the transducer, providing circumferential imaging in a place perpendicular to
the long axis of the catheter. The 9 to 12 Hz ultrasound frequencies
used by mechanical ICE catheters provides near-field clarity but poor
tissue penetration and thus poor far-field resolution. These catheters

Noninvasive cardiac imaging with echocardiography, cardiac computed tomography (CCT), and/or cardiac magnetic resonance (CMR)
imaging are increasingly available and used imaging modalities with
which to define cardiac anatomy and function when planning and
performing invasive cardiac electrophysiologic procedures (Table 9.1).
The technology underpinning these modalities is quite different, with
these differences conferring particular advantages and limitations.
Typically, echocardiography is performed in the first instance, with
further testing guided according to a patient’s specific clinical situation
and with consideration of potential adverse effects, contraindications,
and availability.

ECHOCARDIOGRAPHY
Echocardiography is the most widely available and established means
of assessing cardiac structure and function. Piezoelectric crystals
within echocardiographic transducers propagate and receive highfrequency sound waves. These ultrasound beams travel straight within
homogeneous tissue but are reflected within heterogeneous tissue and
at tissue interfaces.1,2 Motion (M-mode) and 2-dimensional echocardiographic images are generated in real time by interpreting these
reflected ultrasound waves. Doppler echocardiography, which can be
color-encoded, evaluates cardiac blood flow by using the ultrasound
beam to detect changes in the frequency of the backscatter signal
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A Comparison of Cardiac Computed Tomography, Cardiac Magnetic Resonance, and
Echo-Based Cardiac Imaging
TABLE 9.1

Cardiac Computed Tomography

Cardiac Magnetic Resonance

Echocardiography

Abilities

•	Define anatomy.
•	1st choice for anatomic assessment of
coronary arteries

•	Define cardiac anatomy and function

•	Define cardiac anatomy and function
•	Multiple available modalities (TTE, TEE, ICE)

Advantages

•	Good availability
•	Integration into 3-dimensional
electroanatomic mapping systems

•	High temporal and spatial resolution
•	Good availability
•	Excellent tissue characterization (including myo- •	Exclude LA/LAA thrombus, image IAS, and
cardial fibrosis)
guide transseptal puncture
•	Integration into 3-dimensional electroanatomic •	Ventricular and atrial phasic function (volumapping systems
metric analysis, myocardial deformation by
•	No exposure to ionizing radiation
tissue Doppler imaging or speckle tracking)

Disadvantages •	Image quality impaired by irregular or
fast rhythms
•	Exposure to iodinated contrast media
•	Exposure to ionizing radiation (dose is
technique dependent)

•	Limited availability, higher expense
•	Operator dependent
•	Limited utility in presence of implantable cardiac •	Limited reproducibility of volumetric meadevices
surements (improved by 3-dimensional echo
•	Risk of nephrogenic systemic fibrosis (in presence imaging)
of severe renal impairment)

LA, Left atrium; LAA, left atrial appendage; IAS, intraatrial septum; ICE, intracardiac echocardiogram; TEE, transesophageal echocardiogram; TTE,
transthoracic echocardiogram.

have demonstrated utility in identification of endocardial anatomy, in
the guidance of mapping and ablation of structures thus identified, in
guidance of transseptal puncture, and in monitoring for procedural
complications.6–13
Phased-array ICE catheters were subsequently developed, incorporating a miniaturized 64-element, phased-array, electronicallycontrolled transducer mounted at the distal end of a steerable 8 or
10 F catheter. Imaging frequency can be varied from 5 to 10 MHz,
the catheter tip can be deflected up to 160 degrees in two planes
(anteroposterior and lateral), and the system permits the full range
of 2-dimensional, M-mode, and Doppler imaging (including color,
pulsed wave, continuous wave, and TDI). This catheter produces a
wedge-shaped image (sector), which is displayed and manipulated on
a conventional echocardiographic workstation identical to that used
during transthoracic echocardiography (TTE) or transesophageal
(TEE) echocardiography. Phased-array ICE has shown to provide
image quality similar to that obtained with TEE, both when imaging the interatrial septum during device closure of an atrial septal
defect14 and when imaging of the left atrial appendage (LAA) to allow
Doppler interrogation of mechanical function in patients with atrial
arrhythmias15 (Figs. 9.1 and 9.2).
The use of ICE imaging has been shown to improve identification
of endocardial structures and the accurate positioning of diagnostic
and ablation electrophysiology catheters in relation to this defined
anatomy,16,17 and this has markedly improved understanding of the
relationship between anatomy and electrophysiology. In a series of
seminal studies,16,18 ICE was used to define the tricuspid annulus,
the crista terminalis, and the Eustachian ridge as important anatomic
barriers to conduction and fundamental to the substrate supporting
typical atrial flutter in humans. Subsequently Kalman et al.,9 by using
ICE imaging to accurately position a multipolar linear catheter along
the crista terminalis, defined this structure as a major anatomic location and source focal atrial tachycardias that are readily amenable to
catheter ablation. Accurate identification of the crista terminalis is
also important in defining the location of the sinus node complex,
and hence is important for guidance of sinus node modification procedures.19 Marchlinsky et al.20 have clearly demonstrated that, whilst

the anatomic location of the crista terminalis is broadly understood,
fluoroscopic identification of this structure is frequently inaccurate,
and accuracy is greatly improved by the use of ICE imaging. The
accurate demonstration of cardiac anatomy with ICE is particularly
important in the setting of complex cardiac anatomy, such as patients
with surgically-repaired congenital heart disease. ICE has been
demonstrated to allow precise definition of anatomic structures, to
monitor adequate catheter-tissue contact, and to facilitate safe atrial
baffle puncture.21
ICE has been demonstrated to establish and hence improve the stability of contact between an ablation catheter tip and a target tissue
surface, leading to more efficient ablation.6,22,23 Ablation catheters can
be readily visualized by ICE imaging and have a typical appearance
with a bright tip and a fan-shaped acoustic shadow. Kalman et al.22
have compared the traditional criteria for determining tissue contact (stable electrograms and fluoroscopic images) with ICE-guided
ablation in a canine model. Without ICE guidance, lateral sliding of
the ablation catheter (>5 mm) was frequent (18%), as was poor perpendicular electrode-tissue contact (27%), leading to smaller lesion
formation and a lower efficiency of heating index (i.e., the ratio of
steady-state temperature to power). For linear ablation arrays, ICE
improves the accuracy of positioning and the extent of tissue contact
in animal models compared with fluoroscopy alone.23–25 The additional value of ICE when using of contact force sensing catheters has
not been formally studied.
ICE imaging allows the real-time assessment of lesion formation
and size. In an excised canine heart model of ablation, Kalman et al.
used high-frequency ICE imaging (15 MHz) to measure lesion size
after application of radiofrequency (RF) ablation and demonstrated a
high correlation between ultrasonic and pathologic depth.26 Although
other investigators have used ICE to observe lesion formation in vivo,
it is less clear that a correlation exists between the ablation-induced
changes observed in a beating heart, such as swelling and increased
echogenicity, and lesion size.19,27
In a series of human and swine studies, Marchlinsky et al.28–30
used ICE to describe the nature of lesion formation as a result of the
application of RF energy. They observed the development of mural
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Fig. 9.1 A, Baseline intracardiac echocardiography view of the right atrium (RA), right ventricle (RV), right ventricle outflow tract (RVOT), tricuspid valve (TV), and tricuspid annulus (TA). The Eustachian ridge (ER) and aortic
root (Ao) can also be seen. B, Higher imaging frequency view (8.5 MHz) of the central cavotricuspid isthmus
(CTI) identifying the RA, RV, TV, TA, right coronary artery (RCA), ER, inferior vena cava (IVC), and anterior (A),
middle (M), and posterior (P) isthmus sectors. C, Deep recess within the CTI and a chronically occluded RCA. D,
Radiofrequency (RF) ablation of the anterior isthmus, with RF ablation catheter tip marked by a prominent flare.

B

A

C

Fig. 9.2 A, A 2-dimensional intracardiac echocardiography (ICE) view of the left heart with the ICE catheter
positioned in the right atrium (RA). The imaging frequency is 7.5 MHz. Visible are the interatrial septum (IAS),
the left atrium (LA), the proximal coronary sinus (CS) in cross section, the mitral valve (MV), the left ventricle
(LV), and left atrial appendage (LAA). The catheter transducer, mounted parallel to the long axis of the catheter
shaft, has been directed posterolaterally toward the mitral valve. There is spontaneous echo contrast within
the LA and LAA. B, Pulsed-wave Doppler trace of the mitral valve (Mi. valve) inflow pattern during sinus
rhythm (SR), illustrating the E and A wave components to flow. The mean E wave is 0.7 m per second, and
the mean A wave is 0.4 m per second. C, Pulsed-wave Doppler trace of the LAA emptying velocity recorded
during atrial flutter (AFL). (From Morton JB, Sanders P, Sparks PB et al. Usefulness of phased-array intracardiac echocardiography for the assessment of left atrial mechanical “stunning” in atrial flutter and comparison
with multiplane transesophageal echocardiography. Am J Cardiol. 2002;90:741-746.)
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swelling and increased tissue echodensity after the application of
RF in the right atrium (RA). Furthermore, after transmural linearlesion formation in the posterior RA of pigs, the demonstration of
mural swelling by ICE correlated with the finding of mural edema
on histopathologic analysis.30 In a study of cavotricuspid isthmus
(CTI) ablation by Morton et al.31 using phased-array ICE and an
imaging frequency up to 10 MHz, it was possible to observe discrete lesion formation after RF application, which manifested predominantly as regions of tissue swelling. Interestingly, without the
application of further RF energy, ICE demonstrated a progression
over ensuing minutes to a more diffuse swelling and lesion coalescence, likely representing development of tissue edema after RF
application.
This swelling at the location of RF application has had important
clinical implications in some anatomic locations. In humans, ICE
has been used to demonstrate narrowing of the junction between
the RA and the superior vena cava (SVC) during RF application at
the superior aspect of the crista terminalis during sinus node modification procedures.29 Indeed, SVC syndrome has been described as
a complication of circumferential RF ablation at this junction, an
observation that predated by several years the observation of pulmonary vein (PV) narrowing as a result of circumferential ostial PV
ablation.

CARDIAC COMPUTED TOMOGRAPHY
CCT is an imaging technique that, as with traditional X-ray imaging, used ionizing radiation to rapidly generate multiple crosssectional grey-scale images of the body. Traditionally, the most common
clinical indication for CCT is the assessment of coronary arteries for
the presence of luminal plaque, and accurate localization of the epicardial coronary arteries remains of vital importance in many invasive
electrophysiologic procedures, but CCT can also accurately measure
cardiac chamber dimensions32 and define both cardiac anatomy and
function.33 Multidetector row scanners acquire between 64 and 320
slices (0.6-mm slice thickness) of cardiac tissue within a single rotation of the gantry on which the instrument is mounted. The timing
of image acquisition following intravenous administration of iodinated contrast is determined to enable optimal opacification of the cardiac structure of interest. Image quality can be impaired with heart
rates greater than 60 beats per minute and by irregular heart rhythms
such as atrial fibrillation (AF). As mentioned, CCT is associated with
a small dose of radiation exposure34,35 and may be contraindicated
in patients with allergies to iodinated contrast or significant renal
impairment.
CCT is ideally suited to providing anatomic information regarding cardiac chamber geometry, and such anatomic images may readily
be integrated into 3-dimensional mapping platforms during atrial or
ventricular mapping and ablation procedures. Other anatomic information of relevance to mapping and ablation that has been made
available by contemporary contrast-enhanced CCT techniques with
submillimeter spatial resolution and acquisition times below 0.4 seconds36–38 includes static and dynamic measures of wall thickness,
with such measures able to predict the locations of abnormal endocardial bipolar voltage in the left ventricle (LV) during electroanatomic mapping, for example.39 In addition, the presence of scar and
physiologic variables such as myocardial perfusion may be assessed
and quantified,37,39 again with areas of CCT-demonstrated LV myocardial hypoperfusion correlating well with areas of reduced bipolar
electrogram voltage on invasive mapping.39 Tian et al. have demonstrated that, in addition to a simple endocardial surface reconstruction, CCT images demonstrating abnormal anatomic and physiologic
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characteristics of ventricular myocardium can be extracted and integrated into clinical 3-dimensional mapping systems.39

CARDIAC MAGNETIC RESONANCE IMAGING
Over recent years, CMR has evolved in both clinical and research
settings to provide gold standard volumetric assessments of chamber
structure and function, and to provide detailed characterization of
cardiac tissue. The high spatial and temporal resolution capabilities of
CMR provide several advantages over other imaging modalities. Furthermore, contrast-enhanced CMR with gadolinium-based agents has
revolutionized the noninvasive assessment of cardiac fibrosis. However,
CMR remains relatively expensive, is limited in its availability in many
healthcare systems, and patient-specific factors such as claustrophobia
can limit its utility. The presence of implanted cardiac devices or metallic foreign bodies has also previously been regarded as a contraindication, although this has changed markedly with the development of
magnetic resonance imaging (MRI)-conditional devices40,41 and with
greater clinical experience. In patients with significant renal dysfunction, administration of gadolinium contrast may lead to nephrogenic
systemic fibrosis.42
CMR images are generated using the magnetization attributes of
cardiac tissue. During CMR scanning, hydrogen protons are tilted off
the longitudinal (z) axis of the scanner into the transverse plane (x and
y axes) by applied pulse sequences. Following restoration of longitudinal magnetization of the protons, tissue-specific T1 and T2 relaxation
properties can be determined.43,44 The T1 relaxation time reflects the
time decay constant for 63% recovery of the longitudinal magnetization equilibrium value of a proton, whereas T2 relaxation time represents the decay of the transverse magnetization signal to 37% of
its original value. Different cardiac tissues exhibit varying relaxation
times depending on the molecular environment of water molecules,
and these qualities are used to construct pixel-based images. T1 and T2
properties are also influenced by pathologic processes such as fibrosis
and inflammation.
Gadolinium-based contrast agents are inert and cannot move across
intact cell membranes. Following intravenous gadolinium administration, contrast enters the extracellular space, shortening the tissue’s T1
relaxation time. Passage of contrast into and out of the extracellular
space is influenced by tissue perfusion, the extracellular volume of distribution, and the specific kinetic profile of the contrast agent.45 Cardiac fibrosis prolongs the “wash-out” period of gadolinium because of
a reduction in the tissue’s capillary network.46 Regions of cardiac tissue
in which there is increased accumulation of gadolinium contrast appear
as bright signal intensity on T1-weighted sequences, referred to as late
gadolinium enhancement (LGE). Such imaging relies upon identifying
a difference in signal intensity between fibrotic and “normal” myocardium. This means its utility in evaluating more diffuse patterns of interstitial cardiac fibrosis as compared with confluent replacement fibrosis
is limited.
Diffusely fibrotic cardiac tissue, with diffuse expansion of the
extracellular matrix between cardiomyocytes, accumulates contrast
in a similar manner to regional scar, but calculation of the global T1
time is necessary for its quantification. Such quantification requires
the acquisition of multiple images to derive the T1 recovery curve. T1
time is inversely proportional to the concentration of contrast within
the extracellular space, therefore more cardiac fibrosis leads to lower
T1 times. Several “T1 mapping” techniques have been correlated with
myocardial collagen content in humans,47,48 but potential confounding
factors have been described, including the dose of contrast, glomerular
function, body composition, hematocrit, and acquisition time after the
contrast bolus.49
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ROLE OF CARDIAC IMAGING IN MAPPING AND
ABLATION OF ATRIAL FIBRILLATION
Preprocedure Imaging
Left atrial (LA) size has proven to be a powerful predictor of many
outcomes in management of AF. In particular, LA size as a marker of
the degree of underlying remodeling predicts the likelihood of maintaining sinus rhythm after electrical cardioversion or catheter ablation
for AF. Nedios et al.,50 using CCT imaging, demonstrated a gradient
from paroxysmal to longstanding persistent AF in LA volume and in
asymmetry of chamber geometry, and demonstrated the magnitude
of change in both parameters to predict AF recurrence after ostial PV
isolation. Similarly von Bary et al.,51 using CCT or CMR to measure
LA volume and TTE to measure LA diameter and area, demonstrated
all three parameters to be significant predictors of recurrent AF, and
LA volume to predict recurrence with a persistent rather than a paroxysmal phenotype. In a systematic review of 22 studies relating LA
diameter measured through M-mode imaging of the LA to the risk of
AF recurrence after a first PV isolation, Zhuang et al.52 reported LA
diameter to be a key predictor of procedural success, with betweenstudy heterogeneity in results chiefly governed by the duration of
follow-up and the intensity of surveillance for asymptomatic AF
recurrences.
The extent of atrial remodeling may, of course, be ascertained
by a myriad of imaging modalities and geometric variables beyond
simple determination of LA size. Kurotobi et al.53 have used CCT to
demonstrate that, as the LA enlarges, the shape of the LA roof initially
becomes flat and then becomes coved, and this progression correlates
with less physiologic reliance on PV triggers and a higher incidence
of inducible atrial tachyarrhythmias even after complete PV isolation.
Pursuing a similar concept, Bisbal et al.54 used contrast-enhanced
CMR to demonstrate that a more spherical rather than a more discoid
LA is associated with greater LA volume, a persistent AF phenotype
and more structural heart disease, and is an independent risk factor for
AF recurrence after a single catheter ablation procedure.
Risk stratification through any of these techniques relies on
accurate cardiac imaging. The most commonly available modality
remains TTE, which has the advantages of imposing no radiation
exposure and of providing a wide array of clinically useful data, but
the disadvantages of being relatively time consuming and reliant on
highly skilled operators. Measurement of LA size by TTE has long
been standardized.55,56 Volumetric analyses are preferred to linear
measurements of LA diameter, and 3-dimensional TTE imaging,
which provides direct identification of the LA endocardial border in
the collected dataset, is preferred to 2-dimensional imaging, which
relies on area measurements to derive LA volumes. Volumetric data
generated by CMR and CCT imaging appear comparable to data
from 3-dimensional TTE.5
Increasingly multislice CCT and CMR, which can provide both
static LA volumes and dynamic volumes that allow assessment of
phasic atrial function, are used for evaluation of LA size. CCT does,
of course, expose patients to ionizing radiation, and use of CMR has
been limited in the setting of implanted cardiac devices but, because
of relatively poor image quality in TTE, the interobserver variability
in both CMR (3 ± 10%) and CCT (1 ± 11%) estimation is lower than
with 2-dimensional TTE (9 ± 24%).57,58 Furthermore both LA volumes and functional measures have been shown to correlate closely
between CCT and CMR,57–59 despite the somewhat lower spatial resolution of CMR. LA volumes appear to be overestimated by approximately 10% by CCT when the examination is performed in AF, but
the correlation between the values thereby derived remains between
0.83 and 0.85.58

The structural remodeling manifest by LA enlargement is believed
to be fundamentally driven by myocardial fibrosis. A number of
imaging techniques have been developed to quantify LA fibrosis, as
a guide to the potential success of catheter ablation. One such technique is LGE CMR, which relies on gadolinium becoming trapped
within the expanded extracellular matrix of myocardial regions containing replacement fibrosis and which therefore would be expected
to be washed out more slowly than it would be from nonfibrotic myocardial regions. On T1-weighted imaging the result is increased signal
intensity. As mentioned, it is a qualitative technique that requires the
presence of regions of normal myocardium as a frame of reference to
generate image contrast.
In their initial report, Oakes et al.60 reported the extent of LA
delayed enhancement by LGE CMR to correlate strongly with the
extent of low endocardial bipolar voltage during invasive electroanatomic mapping (R2 = .61; P <.05), and the rate of recurrent
AF over 10 months was strongly associated with the extent of LA
enhancement (14% for minimal enhancement; 75% for extensive
enhancement). A systematic scoring system for the extent of delayed
enhancement (Utah I-IV;61 Fig. 9.3) has subsequently been tested
as a predictor of the outcome of AF ablation in a prospective multicenter study.62 In 329 enrolled patients, it was possible to quantify tissue fibrosis in 83% at a single core laboratory. Two hundred
and sixty participants with paroxysmal (65%) or persistent AF were
then followed for 475 days after a first catheter ablation procedure.
The risk of recurrent AF increased from 15.3% for stage I fibrosis
(< 10% of the atrial wall) to 69.4% for stage IV fibrosis (≥ 30% of
the atrial wall), and the addition of fibrosis to a multivariate model
that included variables recognized to predict recurrence markedly
improved the predictive accuracy of the model. Various authorities63,64 have, however, highlighted the need to further improve
methods of segmenting the LA image, to improve hyperenhancement thresholds to accurately identify replacement fibrosis, and to
improve reproducibility of data analysis before LGE CMR can be
considered a routine clinical tool.
Another CMR-based technique that has been explored is postcontrast T1 mapping of the LA, which allows direct signal quantification. After a direct relationship between T1 relaxation time and
the extent of ventricular interstitial fibrosis was demonstrated by Iles
et al.,47 Beinart et al.65 applied postcontrast T1 mapping to the posterior wall of the LA and demonstrated significantly shorter times
in patients with AF compared with control patients without AF.
Adjusting for age, AF phenotype, hypertension, and diabetes, longer relaxation times were reported to be significantly associated with
higher LA endocardial bipolar voltage. Finally, Ling et al.66 used a
T1 mapping sequence to determine the postcontrast T1 relaxation
time at the interatrial septum as an index of diffuse LA fibrosis in 20
control patients, 71 patients with paroxysmal AF, and 41 with persistent AF. Again, a positive relationship was reported between T1
relaxation time and bipolar voltage (R2 =.48; P <.001), and a long
T1 relaxation time was found to be the only independent predictor
of AF recurrence 12 months after first catheter ablation of AF. There
does, however, continue to be debate regarding the reproducibility
of this technique.
Simple volumetric analysis of LA function can give an insight
into the potential efficacy of catheter ablation. The LA regulates LV
filling, acting as a reservoir during ventricular systole and then as
a passive conduit from the PVs to the LV during early diastole. In
late diastole, specifically during sinus rhythm, it acts as a booster
pump for LV filling. Phasic function of the LA can be assessed by
volumetric analysis during the cardiac cycle, which can be based
on echocardiographic, CCT, or CMR imaging. Maximum (before
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Fig. 9.3 Left atrial cardiac magnetic resonance (CMR) images, with right anterior oblique (RAO) and posteroanterior (PA) projections displayed in each panel, and with areas of atrial fibrosis as identified by late gadolinium
enhancement CMR highlighted in green. Using this technique developed at the University of Utah, the extent of
fibrosis and structural remodeling is graded Utah stage 1 (< 5% fibrosis), Utah stage 2 (5%–20% fibrosis), Utah
stage 3 (20%–25% fibrosis) and Utah stage 4 (> 35% fibrosis). A higher Utah stage, reflecting more advanced
structural remodeling, is associated with a higher rate of recurrent AF after AF ablation and with a lower likelihood
of significant reverse remodeling. (From Mahnkopf C, Badger TJ, Burgon NS et al. Evaluation of the left atrial
substrate in patients with lone atrial fibrillation using delayed-enhanced MRI: Implications for disease progression
and response to catheter ablation. Heart Rhythm. 2010;7:1475-1481.)

mitral valve opening), minimum (during mitral valve closure), and
precontraction volumes allow total, passive, and active emptying
fractions to be determined, respectively reflecting reservoir, conduit, and booster pump functions. Dodson et al.,67 for example, used
volumetric CMR analysis to relate the LA passive emptying fraction,
as an index of conduit function, to the risk of AF recurrence after
PV isolation. Over more than 2 years, 124 of 346 patients experienced recurrent AF, and a strong independent association was found
between the passive emptying fraction and the risk of recurrence
(hazard ratio for lowest vs. highest quintile = 3.92; 95% confidence
interval [CI], 2.01–7.65).
Another method of studying phasic atrial function involves measurement of myocardial deformation. Initially, this was performed
through TDI techniques applied sequentially to multiple LA myocardial segments to determine strain and strain rate, delineated as strain
per unit time. Again, measures of conduit, reservoir, and contractile
LA function can be determined. A more contemporary adaptation of
strain imaging, which avoids the angle-dependence of Doppler techniques and is more reproducible, is 2-dimensional speckle-tracking
echocardiography.68,69 This involves tracking of characteristic acoustic
speckles throughout the cardiac cycle, with deformation of all atrial
segments seen in the apical views quantified simultaneously. Global
longitudinal strain and strain rate values can be determined in 94%
of study subjects,70 with good reproducibility. Using this technology,
strain and strain rate values indicative of LA reservoir and conduit
functions have been found to be reduced in the setting of diabetes and
hypertension, even before the development of more advanced atrial
remodeling manifest by LA enlargement.71 In at-risk adults, an LA
strain measure reflecting reservoir function has been demonstrated to
be an independent predictor of incident cardiovascular events, superior
to traditional risk factors including LA area and indexed LA volume.72

In patients with nonvalvular AF, an LA strain measure reflecting poor
reservoir function has been shown to be a more powerful predictor
of thromboembolic risk than a traditional algorithm based on clinical
risk factors,73 and in chronic AF, there is a demonstrated inverse relationship between stroke risk and LA reservoir function, independent
of age and LA volume.74
Multiple investigators have directly tested variables of LA function
derived using 2-dimensional speckle-tracking echocardiography as
noninvasive markers of LA myocardial fibrosis. In both patients undergoing surgical repair for severe mitral regurgitation because of mitral
valve prolapse in the absence of AF and in a cohort with either mitral
stenosis or regurgitation of whom 64% were in AF at the time of imaging, a close correlation has been observed between low LA strain and
more advanced fibrosis.75,76 This relationship appears stronger than
that between fibrosis and indexed LA volume, LA ejection fraction, or
the E/E’ ratio.
Several groups have compared the results of echo-based strain
imaging with the extent of fibrosis as assessed by the Utah staging system. In 55 patients with paroxysmal or persistent AF, including 29% in
AF at the time of the relevant studies, significantly lower strain values
were reported in patients with persistent compared with paroxysmal
AF, and lower strain in the lateral LA wall was an independent predictor of a greater extend of LA fibrosis on LGE CMR imaging (r = -.5;
P =.006).77 More recently, Watanabe et al.78 compared LA strain imaging with the extent of myocardial fibrosis on invasive electroanatomic
maps. Using the heterogeneity in time to peak strain between 16 LA
segments as the primary outcome variable in 52 patients with paroxysmal AF, heterogeneity was significantly higher in patients with regions
of low bipolar voltage (14.1 ± 5.7 vs. 8.0 ± 5.1; P =.0002). A significant
association was also reported between increased heterogeneity and a
longer LA activation time (r = .57; P = .0001), further suggesting that
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strain imaging can provide a meaningful noninvasive index of the
extent of LA electrical and structural remodeling.

Peri-Procedural Imaging
Left Atrial Appendage Thrombus

Before accessing the LA during catheter ablation of AF, it is essential
that LA and specifically LAA thrombus be excluded. TEE has long been
considered the gold standard for such exclusion, in trained hands carrying a sensitivity for identification of atrial thrombus of 100% and a
specificity of 99%, translating to a positive predictive value of 86% and
a negative predictive value of 100%.79 Intraprocedural TEE offers the
simultaneous advantage of guiding transseptal puncture but requires
general anesthesia for comfortable performance. It has also been suggested that TEE use might be an important driver of esophageal injury
and hematoma during AF ablation procedures.80–82
Alternatives to TEE for exclusion of LA/LAA thrombus include CCT
and CMR. The diagnostic accuracy of CCT has been studied by multiple groups, with a systematic review of 19 studies and 2955 patients by
Romero et al.83 reporting a sensitivity and specificity of 96% and 92%,
respectively, translating to a positive predictive value of 41% and a negative predictive value of 99%. Diagnostic accuracy was found to increase
to 99%, with 100% specificity, when delayed imaging was performed. A
clear advantage of using CCT to exclude thrombus is that such imaging is frequently performed before AF ablation for integration into the
electroanatomic mapping systems routinely used during AF ablation
procedures. Disadvantages include the requirement for 60 to 120 mL of
iodinated contrast83 with its attendant risk of contrast nephropathy, and
the exposure to ionizing radiation of up to 2.5 mSv when using 64-slice
imaging and electrocardiogram (ECG)-gating protocols.84
CMR imaging has demonstrated an extremely high concordance
for identification of LA/LAA thrombus with TEE imaging. Rathi et al.,
for example, reported 100% concordance between TEE and either
early gadolinium-enhanced CMR or PV magnetic resonance (MR)
angiography.85

A

PULMONARY VEIN ANATOMY
Since the seminal work by Haissaguerre et al.86 identifying the
importance of the myocardial muscle sleeves extending from the LA
into the PVs as vital sources of AF triggers, catheter ablation of AF
has been built around circumferential PV isolation. The use of electroanatomic mapping to guide such procedures has become routine,
and the integration of CCT or CMR imaging to delineate variant
LA and PV anatomy87 is standard in many centers. The importance
of accurately identifying PV anatomy has been highlighted by the
demonstration that PV anatomy is a powerful predictor of recurrent AF over 12 months following catheter ablation for paroxysmal
AF.88 The presence of four discrete PVs was seen in only 47% of
patients, a left common PV was seen in 37%, and an accessory right
PV in 20%. The presence of abnormal anatomy, in the form of a left
common or accessory PV, was protective against AF recurrence in
univariate analysis (relative risk [RR] for AF recurrence 0.33; 95%
CI, 0.14–0.81; P = .02) and remained an independent predictor of
freedom from AF in multivariate analysis (RR for freedom from AF
2.8; P = .04).
Both CCT and CMR imaging (Fig. 9.4) appear to be highly congruent. Hamdan et al.89 compared contrast-enhanced CMR with a 1.5-T
system to multislice computed tomography (CT) imaging with a dual
source system in 44 patients undergoing catheter ablation for paroxysmal (70%) or persistent AF. Variant PV anatomy was identified in 48%.
Agreement between the two modalities for identification of variant PV
anatomy (κ = 0.87; 95% CI, 0.77–0.97) and for the ostial branching pattern (κ = 0.84; 95% CI, 0.75–0.93) was high, and there was a very strong
correlation between the PV ostial cross-sectional area as estimated by
each modality (r2 ≥ 0.94). Similarly in 32 patients being evaluated for
suspected coronary disease with an ECG-gated high-density CCT system and contrast-enhanced CMR with a 1.5-T system, visual definition
of the PVs was significantly higher with CCT compared with CMR
(excellent or good rating in 100% vs. 86%; P < .0001), at the expense

B

Fig. 9.4 Cardiac magnetic resonance (CMR) imaging of the left atrium and pulmonary veins. A, 4-chamber
view from a CMR image demonstrating normal cardiac anatomy. The normal-sized LA empties through the
mitral valve (MV) into the left ventricular (LV) cavity. The thin interatrial septum, important for transseptal puncture and left atrial (LA) procedures including catheter ablation of atrial fibrillation, can be appreciated. B, An
axial view of the LA in more detail and with the timing of image acquisition so as to enable optimal enhancement of the LA and pulmonary veins (PVs), as is performed before AF ablation procedures. The relationship of
the LA and PVs to other intracardiac and mediastinal structures can be appreciated. AA, ascending aorta; DA,
descending aorta; IAS, interatrial septum; LPV, left pulmonary vein; RA, right atrium.
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Fig. 9.5 Left atrial images used in catheter ablation procedures, with integration of left atrial images segmented from a cardiac computed tomographic image with 3-dimensional electroanatomic maps. A, An integrated 3-dimensional image performed using the Ensite Nav-X system (St. Jude Medical, Minneapolis, MN,
USA). This posteroanterior image, focusing on the posterior wall of the left atrium (LA) and the posterior
aspect of the pulmonary veins (PVs), demonstrates normal 4-vein anatomy. The image may be orientated in
any plane so as to visualize any aspect of atrial anatomy, and the positioning of mapping and ablation catheters within the cavity. B, An equivalent integrated image demonstrating a left common PV, the most common
anatomic variant encountered in the electrophysiology laboratory. C, Within an integrated 3-dimensional map,
the locations of clinically relevant electrograms, such complex fractionated electrograms, may be marked. In
this example, the posterior aspect of ablation lines constructed circumferentially around the antrum of both
the left and the right PVs is demonstrated, with each individual ablation lesion demonstrated. D, Integrated
3-dimensional images may be viewed in any plane, with this example demonstrating an internal view of the
ablation line constructed around the antrum of the right PVs. E, Within integrated 3-dimensional atrial images,
various electro electrical properties may be demonstrated by superimposition on the anatomic shell defined
by the segmented cardiac computed tomography. In this example, the bipolar peak-to-peak voltage of each
recorded electrogram is mapped in a patient with persistent atrial fibrillation, with large areas of red-orange
color revealing the presence of low-voltage regions consistent with more advanced structural remodeling.
LAA, Left atrial appendage; LCPV, left common pulmonary vein; LIPV, left inferior pulmonary vein; LSPV, left
superior pulmonary vein; RIPV, right inferior pulmonary vein; RSPV, right superior pulmonary vein.

of mean radiation exposure of 5.1 ± 2.2 mSv.90 Despite this discrepancy, there was a high level of agreement for ostial PV diameters and
for evaluation of LA anatomic variants (agreement rate 95%; 95% CI,
92%–99%).

Intraprocedural Mapping
Electroanatomic mapping systems are routinely used during catheter
ablation of AF to reconstruct 3-dimensional atrial and PV anatomy.
This allows detailed study of the atrial substrate, can demonstrate the
location of multiple catheters simultaneously, and accurately guides

the application of RF ablation lesions (Fig. 9.5). A key advantage of
such systems is a large reduction in fluoroscopy times91 and thence
exposure to ionizing radiation. To optimize the use of such systems,
the anatomic shell thereby constructed is often integrated with the
3-dimensional anatomic dataset generated by CCT or CMR imaging.
Initially Bertaglia et al.,92 in 573 patients undergoing a first catheter
ablation for paroxysmal AF, demonstrated that integration of either
CCT or CMR images into an electroanatomic mapping system resulted
in significantly shorter procedural times and lower rates of recurrent
arrhythmia over approximately 12 months than were achieved with

134

A

PART 2

Cardiac Mapping and Imaging

B

C

D

Fig. 9.6 The Lasso catheter has been inadvertently positioned deep within right (A) and left (C) inferior pulmonary veins (RIPV/LIPV). Intracardiac echocardiography has allowed the Lasso catheter to be correctly positioned at the ostium of each vein (B, D).
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Fig. 9.7 Left anterior oblique radiographs (A, B) and corresponding intracardiac echocardiographic images (C,
D) of Lasso catheter positioning in the left inferior pulmonary vein (LIPV). Panels A and C demonstrate appropriate positioning at the venous ostium. During the course of the ablation, the Lasso migrated more than 1.5
cm into the vein (D) with little apparent change in fluoroscopic position (B). LSPV, Left superior pulmonary
vein.

either segmental PV ostial ablation without PV mapping or with circumferential PV isolation guided by PV mapping but without image
integration. Subsequently, Caponi et al.,93 in a cohort with either paroxysmal or persistent AF undergoing pulmonary vein isolation (PVI) plus
linear LA ablation, have reported markedly shorter fluoroscopy times
with integration of CMR images but no difference in clinical outcomes.

INTRACARDIAC ECHOCARDIOGRAPHY
ICE is another commonly used tool in periprocedural imaging (Figs. 9.6
and 9.7). It is able to provide detailed anatomic information in real time,
with no exposure to ionizing radiation. Images may be acquired in either
2-dimensional or 3-dimensional, and images may now be integrated with
electroanatomic maps (e.g., using CARTOSound software [Biosense
Webster, Inc., Diamond Bar, CA, USA]).
The detailed demonstration of intracardiac anatomy is particularly
useful during transseptal puncture. Direct visualization of the fossa
ovalis and of “tenting” of the intraatrial septum94 allows the relative
location of the transseptal needle to critical structures such as the aortic root to be determined in detail, without need for arterial puncture
and placement of an aortic root catheter. This accelerates the process of
skill acquisition for new operators, reduces radiation exposure to operator and patient, and potentially improves safety of the procedure.95,96
The ability of ICE to facilitate visualization of LA and PV anatomy,
and of mapping and ablation catheters within these chambers, offers

potential procedural advantages. The positioning of ablation lesions in
an excessively ostial position may be avoided, thus reducing the risk
of PV stenosis,97 and the likelihood of adequate tissue contact can be
optimized before delivery of RF energy (Figs. 9.8 and 9.9). Although
this may be relatively less important in the era of contact force sensing catheters, direct visualization of the catheter-tissue interface has
been demonstrated to improve procedural success22 and to be useful in
titrating power to achieve efficacious ablation lesions while delivering
only the minimum required energy in high-risk locations such as the
LA posterior wall, thereby improving safety in addition to procedural
efficacy.98 Real-time visualization of the esophagus is also possible,12
which may further enhance safety during LA posterior wall ablation.
As previously discussed, LAA thrombus must be excluded before
AF ablation is undertaken, with TEE considered the gold standard. In
a swine model, imaging using an ICE catheter placed in the pulmonary
artery has been demonstrated to be equivalent to use of TEE for evaluation of the LAA,99 and the use of ICE in humans has been reported
to be feasible,100 but a catheter positioned within the RA is quite some
distance from the LAA and image quality may not be optimal. Indeed
Saksena et al.101 have reported that ICE imaging is less sensitive than
TEE imaging for exclusion of LAA thrombus, and Baran et al.102 have
reported that it was not possible to visualize the entirety of the LAA
cavity in any of 76 consecutive patients using an ICE catheter placed
in the RA, with imaging across the interatrial septum. With the probe
advanced into the pulmonary artery, however, the LAA was properly
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Fig. 9.8 Complex right inferior pulmonary vein (RIPV) anatomy (A, B) with two separate branches (arrows)
opening into a single pulmonary vein (PV) ostium. A Lasso catheter is positioned at the true ostium of the
PV (B), allowing radiofrequency ablation to be delivered to the atrial tissue adjacent to the venoatrial junction
from the radiofrequency ablation (RFA) catheter tip. In (C), a Lasso catheter and RFA catheter are positioned
at the true ostium of a left inferior PV (LIPV) ostium. There is marked flaring from the ablation catheter. LA,
Left atrium; RA, right atrium.
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Fig. 9.9 The upper panel shows transseptal intracardial echocardiography images of a common left pulmonary vein (CLPV) with superior and inferior divisions. To the right, a Lasso and radiofrequency ablation catheter
(RFA cath) are positioned at the venous ostium. With the Lasso in this position, pulmonary vein (PV) potentials
were recorded from each bipole during a spontaneous atrial tachycardia arising from the CLPV (A) with the
earliest PV potential recorded in Lasso 1-2. Following several RF applications, tachycardia was terminated, but
sharp PV potentials were still present on the Lasso during coronary sinus (CS) pacing (B). Further RF applications targeting the remaining PV potentials were given, and venous isolation was achieved (C).

visualized in 87.5% of patients, and in those in which ICE did allow
complete LAA visualization, there was perfect agreement between ICE
and TEE imaging for thrombus detection.
Intracardiac echo has been used in combination with 3-dimensional
mapping techniques using preprocedural CCT or CMR imaging
to significantly improve the accuracy of image integration,103 to
improve the spatial error associated with 3-dimensional mapping,104

and to reduce fluoroscopy exposure.105,106 The Soundstar ICE catheter,
in addition to sonographically evaluating the endocardial surface, is
capable of obtaining data that can be directly integrated by the CARTO
Sound (Biosense Webster) mapping module with endocardial data in
an electroanatomic map. This is a safe and effective alternative to mapping based on integration of CCT or CMR images even during complex ablation procedures.107,108
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Postprocedural Imaging
Reverse Remodeling

Following AF ablation, the maintenance of sinus rhythm is associated
with reverse-remodeling and reduction of LA size109–112 within 3 to
6 months, as structural changes regress. Recurrent atrial tachyarrhythmia, conversely, impedes such reductions in LA size.110–112 Not only
volumes but functional parameters also show reverse remodeling. In a
cohort of 33 patients with paroxysmal AF but a moderate degree of LA
remodeling at baseline (mean LA volume 42 ± 12 mL/m2) undergoing
minimally-invasive arrhythmia surgery,113 there was a 15% or greater
reduction in LA volume in 61% of patients at 3 months and in 73%
of patients at 12 months. LA strain and strain rate variables reflecting reservoir, conduit, and contractile function all showed significant
improvement over 12 months. Although the observation of structural
and function reverse remodeling is clearly a good prognostic sign, it is
not at this stage considered a factor in management decision such as
cessation of systemic anticoagulation.
Not only do such strain values improve after successful ablation
but the baseline value provides a clear predictor of the magnitude of
reverse remodeling. Tops et al.114 studied 148 patients with paroxysmal
or persistent AF undergoing catheter ablation. Baseline TTE assessment, with TDI analysis to determine global strain, was performed in
either sinus rhythm or AF. Over 13 ± 7 months, 63% showed a reduction in maximum LA volume of 15% or more, of whom only 12%
experienced recurrent AF. Overall 37% did not demonstrate significant reverse remodeling, with a recurrence rate of 69% in this group.
Reverse remodeling was associated with a significant increase in LA
reservoir function (19 ± 8% to 22 ± 9%; P < .05), and the baseline value
was a significant independent predictor of structural reverse remodeling (odds ratio [OR], 1.81; 95% CI, 1.10–2.98; P = .019). Similarly,
Kuppahally et al.115 reported that the extent of LA fibrosis at baseline,
as revealed by LGE CMR, was a strong predictor of the rate of AF
recurrence after catheter ablation, of reduction in LA volumes and of
increased LA phasic function.

SCAR FORMATION
Although CCT has been used to accurately demonstrate ventricular
myocardial fibrosis,116,117 CMR remains the accepted standard.118
Improvements in CMR techniques in recent years have allowed them
to be applied to thin-walled structures such as the LA.
As discussed, Marrouche et al.60 have developed an LGE CMR technique to demonstrate replacement fibrosis in atrial myocardium, and
have related its extent to the outcome after catheter ablation.115 Dewire
et al.,119 using LGE CMR to quantify LA myocardial fibrosis before initial AF ablation, have suggested the primary determinant of the extent
of fibrosis is the chronicity of AF. In this study, they reported no association between extent of fibrosis and comorbid conditions recognized
as drivers of LA remodeling in multiple other studies, including older
age, hypertension, diabetes, obesity, and heart failure.
Multiple groups have used LGE CMR to evaluate the presence of
scar induced by catheter ablation for AF. Peters et al.120 were the first to
report the use of LGE CMR to demonstrate PV antral scar on imaging,
30 days after PVI. Subsequently Taclas et al.121 reported that 20% of
ablation lesions registered on an electroanatomic map, before the routine use of contact force sensing ablation catheters, do not result in scar
demonstrable by CMR, and Badger et al.,122 performing LGE CMR 3
months after AF catheter ablation, reported that circumferential scarring after PVI is very often incomplete, with scar encircling all four
PVs in only 7%. Furthermore, these authors demonstrated the clinical
significance of this finding, with 66% ± 25% circumferential PV antral
scar in those with no recurrence compared with 50% ± 25% in those

with recurrent AF. Repeat AF ablation and subsequent repeat CMR
was associated with an increase in PV antral scar percentage from
56% ± 21% to 77% ± 20%, with a significant increase in the number
of completely encircled veins. In a small cohort undergoing repeat AF
ablation, Spragg et al.,123 while reporting a positive predictive value of
CMR-identified scar for atrial low-voltage regions on electroanatomic
mapping of 0.80 (95% CI, 0.78–0.83) and a negative predictive value of
0.73 (95% CI, 0.68–0.78), demonstrated that the gaps in circumferential ablation lines suggested by CMR do not necessarily identify sites of
PV reconnection.
Arujuna et al.124 applied different CMR sequences to investigate the
cause of PV reconnection after circumferential PV isolation. Using LGE
CMR to demonstrate acute tissue injury and cellular necrosis and, contrasting this with tissue edema represented on T2-weighted sequences,
they reported that a relatively higher degree of delayed enhancement,
rather than simply tissue edema on imaging immediately postprocedure, predicts a lower rate of recurrent AF over 11 months. The extent
of postablation scar then appears to stabilize by 3 months after ablation,125 with a median 7% reduction in the extent of LA wall injury
from the extent demonstrated immediately postablation. The quantity
of this scar then appears to have utility in assessing prognosis, with
a positive linear relationship demonstrated between the extent of LA
myocardial fibrosis on LGE CMR and both the degree of LA reverse
remodeling manifest by reduction in maximum LA volume126 and the
likelihood of maintaining sinus rhythm over 12 months.127 Although
the impact of contact force sensing technology on clinical ablation
outcomes remains under investigation, it is noteworthy that the use of
contact force sensing technology has been shown to increase the overall extent of PV and LA scar on CMR.128

PULMONARY VEIN STENOSIS
PV stenosis was a complication more feared in the era of ostial129–135
rather than antral PVI, but vigilance continues to be required. Echocardiographic imaging modalities, CCT, CMR, or direct invasive
angiography can be used to define the PV anatomy and detect such stenosis.136–139 Of the noninvasive modalities, only echocardiography and
CMR can provide functional information of flow dynamics, although
TTE appears to underestimate the severity of stenosis in comparison to
CMR.140 Recanalization with balloon dilatation and stenting is possible
when imaging demonstrates that a remnant of the PV remains.138
Several reports have shown a small but statistically significant
decrease in PV dimensions and an increase in PV flow velocity after
ablation, as measured by ICE imaging of each of the PVs.11,141,142 There
appears to be, however, a lack of a strong relationship between immediate postablation PV measurements and the eventual development of
frank PV stenosis.141 In a study of 95 patients undergoing PV isolation,
although PV flow velocities were observed to increase after ablation,
the correlation between increased flow velocity and subsequent PV
stenosis was poor. All patients underwent CT imaging of the PVs at
3 months after ablation. Of 380 PVs ablated, these images revealed
2 (1%) with severe (> 70%) stenosis, 13 (3%) with moderate (51%–70%)
stenosis, and 62 (16%) with mild (≤50%) stenosis. The authors concluded that acute changes in PV flow immediately after ostial PV isolation do not appear to be a strong predictor of chronic PV stenosis. This
observation supports the suggestion that the mechanism of PV stenosis
is progressive after ablation,135,143 potentially involving thrombus formation or intimal proliferation. It remains unclear what criteria should
be used to determine the need for follow-up imaging, but one set of
criteria used in clinical practice has been an increase in PV flow velocity of > 1.0 m per second after ablation or a significant acute reduction
in luminal diameter.
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ATRIO-ESOPHAGEAL FISTULA
The esophagus lies in close relation to the posterior LA, and particularly to the left inferior PV in many patients.144 Atrio-esophageal
fistulae have been reported as a rare complication of AF catheter ablation,145–152 with an incidence of at least 0.03%153 and a mortality rate
in excess of 80% caused by air embolism, sepsis, endocarditis, and gastrointestinal exsanguination.145–149,154–164 Typically presenting with a
combination of fever and abnormal neurologic signs and symptoms 10
to 14 days postprocedure, either CCT or CMR have been demonstrated
to confirm the diagnosis and to determine the severity and extent of the
injury.165 Understanding the relationship between the esophagus and
the LA posterior wall of the LA is of paramount importance in avoiding
this complication.
The thickness of the myocardium at the LA-PV junction can be
as little as 2 mm, thinner than the rest of the atrial myocardium and
enhancing the possibility of heat transfer to the esophageal wall.164,166
Suggested strategies to reduce the risk of esophageal injury during RF
ablation are based on titrating the RF energy when ablating on the LA
posterior wall and avoiding RF ablation on sites directly in contact with
the esophagus.146,152,156,167–169 Knowledge of the location of the esophagus in relation to the LA posterior wall and the PV ostia before RF application may therefore reduce the risk of esophageal injury. The esophagus
may be visualized by imaging techniques ranging from CT165,170 to
MRI165, to intraprocedural barium swallow,165,171,172 to nasogastric or
temperature probe placement,171–175 to tagging of the esophagus during
electroanatomic mapping.165,175–177 Use of the CARTO Sound (Biosense Webster) technology with 3-dimensional ICE-generated images
integrated into such electroanatomic maps has been demonstrated to be
superior to traditional esophageal tagging, with the potential to reduce
risk of esophageal injury during RF ablation.178
Imaging with ICE specifically offers the advantage of real-time
visualization of the esophagus during ablation, hence eliminating
uncertainty regarding its position because of anatomic shifts before
and during the ablation procedure.160,163,177,179–181 ICE not only allows
precise localization of the esophagus but demonstrates the longitudinal
extent of contiguous contact, along with the thickness of the esophageal
wall, the thickness of the atrial wall, and the thickness of any intervening tissue layer.12,169,175,182–184 The accuracy of ICE in demonstrating
the longitudinal course of the esophagus and its relationship to the
atrium has been found to be comparable to that of MRI.180 ICE clearly
demonstrates the morphologic changes related to delivery of RF energy
to the atrial myocardium and the eventual involvement of the esophagus.169 Ren et al. have shown that the use of ICE to monitor lesion
formation and lesion extension toward the esophageal wall, together
with titration of RF energy, allowed complete prevention of esophageal injury.169 Older data, using ICE to observe microbubble formation because of ablation with an 8-mm nonirrigated catheter on the
LA posterior wall, showed conflicting results regarding the predictive
power of microbubbles for esophageal injury and of strategies involving avoidance of microbubble formation for prevention of esophageal
injury.175,185,186 This might be caused by microbubble formation having
too long a latency to allow appropriately timed cessation of ablation
and prevention of esophageal damage.

ROLE OF CARDIAC IMAGING IN LEFT VENTRICULAR
MAPPING AND ABLATION
Intracardiac Echocardiography
Experimental studies by Callans et al.187,188 showed the efficacy of ICE
imaging for definition of scar in a swine model of established anterior wall infarction, with the phased-array ICE catheter introduced
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directly into the LV. As with other ultrasound-based imaging modalities, chronically infarcted and scarred myocardium was identified as
thinned muscle wall with increased echogenicity. There was a high
correlation between the region of infarction defined by ICE imaging,
electroanatomic mapping, and pathologic analysis.
In clinical management of ventricular tachycardia (VT), phasedarray ICE can image the LV, left ventricular outflow tract (LVOT), and
aortic cusps, including demonstrating scar in all regions of the LV
chamber, with the catheter positioned via the femoral venous approach
in the right ventricle (RV). With ICE guidance, mapping and ablation
catheters can be positioned precisely in contact with specific structures
including the mitral annulus, papillary muscles, false tendons within
the LV chamber, or the coronary cusps (Fig. 9.10).189,190 ICE imaging
can demonstrate the formation of RF ablation lesions in real time,
but during ventricular ablation it does tend to overestimate ablation
lesion size because of the similar appearance of adjacent areas of tissue
edema.191 During ablation, microbubble formation can be detected as
a marker of tissue overheating, and pericardial effusion can be detected
immediately.
Phased array ICE is particularly useful during RF ablation within
the coronary cusps. Whilst coronary angiography remains the gold
standard for identifying the relationship between the location of RF
ablation and the origin of the coronary arteries, especially when incorporated into electroanatomic maps as can be done within the CARTO
imaging system, ICE imaging provides real-time visualization of the
distance between the RF catheter tip and the coronary artery ostia and
allows monitoring for microbubble formation during RF ablation in
the cusps.
Jongbloed et al. evaluated the feasibility of ICE in catheter ablation of VT of different etiologies in a small cohort of 11 patients.190
The underlying cause of VT was idiopathic RV outflow tract VT in
three, ischemic heart disease in five, arrhythmogenic RV cardiomyopathy (ARVC) in two, and hypertrophic cardiomyopathy in one. ICE
successfully identified areas of dyskinesia or akinesia in patients with
previous myocardial infarction, and areas of focal aneurysm in patients
with ARVC. VT could be induced from these areas, which were then
targeted during ablation. ICE confirmed adequate catheter-tissue contact during ablation, which was successfully performed in all patients,
in the absence of any complications. Lamberti et al.192 investigated the
contribution of ICE to ablation in the LVOT. In LVOT VT, the site of
origin may be closely related to structures such as the aortic valve leaflets or coronary artery ostia, with RF application in these regions associated with significant risk. Such structures cannot be identified with
fluoroscopy, but are readily identified with ICE imaging. Application
of RF energy guided by ICE was conducted successfully and without
complications in five patients with VT arising from the aorto-mitral
continuity. ICE was uniformly effective in delineating the anatomy of
the aortic root region and the relationship of ablation sites to the ostia
of the coronary arteries. Finally, ICE was useful in establishing catheter
stability and tissue contact during the procedure.192
The papillary muscles may be the origin of VT in patients with
or without a history of myocardial infarction.193–195 The mitral valve
apparatus and the papillary muscles have a complex anatomic structure, which makes catheter stability difficult. Imaging with ICE clearly
visualizes the papillary muscles, aiding in endocardial mapping and
ablation in relation to these structures. Bogun et al. and Good et al.
have demonstrated the utility of ICE for localizing the ablation catheter in relation to the papillary muscles in patients with ischemic heart
disease and in those without structural heart disease respectively.195,196
Crawford et al. successfully used ICE to better identify the site of origin
of VT from the RV papillary muscles and to ensure adequate contact
between the ablation catheter and cardiac tissue.197 ICE distinguished
the exit point of the VT from either the septal papillary muscle at the
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Fig. 9.10 In the upper panel, an inferior axis ventricular tachycardia (VT) was mapped to the left coronary
cusp, with rapid termination during application of radiofrequency ablation (RFA) using an irrigated 4-mm-tip
ablation catheter. RF energy application was monitored in real time by an intracardiac echocardiography catheter positioned in the right, which was able to clearly discern the aortic root and valve, distal and proximal
ablation catheter electrodes, catheter tip flare, and both the proximal (bottom left) and more distal (bottom
right) left main (LM) coronary artery. Note the close relationship of both proximal and distal LM coronary artery
to the distal ablation catheter tip (10–13 mm). No arterial injury occurred during RFA.

insertion with the interventricular septum, or the anterior or posterior
papillary muscles inserting at the RV free wall and apex.

Percutaneous Intrapericardial Echocardiography
Percutaneous intrapericardial echocardiography (PICE) is another
application of ICE imaging in VT ablation. Horowitz et al. reported
their experience in using PICE in the ablation of VT requiring epicardial mapping and ablation.198 A phased array ICE catheter was introduced into the pericardial space through a pericardial sheath. Detailed
imaging of all cardiac chambers could be obtained, facilitating the location and movement of catheters on both endocardial and epicardial cardiac surfaces. Such PICE allowed superior resolution than did luminal
ICE imaging because of better near-field visualization, and compared
with TEE such PICE demonstrated better resolution of structures frequently not easily defined with TEE such as the lateral wall of the LV,
the left pulmonary artery, the right coronary artery, and the posterior
LA wall. PICE improved on imaging with luminal ICE by demonstrating regions at the limits of luminal ICE resolution. In addition, PICE
avoided the potential instability of endoluminal ICE imaging and the
possible interference from other endocardial catheters. PICE precisely
defined the extent of myocardial scar, and the images thus obtained
were well correlated with electroanatomic voltage maps.198
CARTO Sound (Biosense Webster) mapping, with the incorporation
of ICE imaging into electroanatomic maps, has been evaluated in patients
with structural heart disease and VT referred for catheter ablation by
Khayakin et al.199 and Bunch et al.200 ICE allowed clear visualization of

cardiac structures including the papillary muscles and intracavity trabeculations. Scar borders identified by ICE corresponded exactly with the
results of bipolar voltage mapping (Fig. 9.11), and ICE imaging aided in
the achievement of optimal catheter-tissue contact in particularly difficult areas such as myocardial crypts, aneurysms, and trabeculations.
During complex mapping procedures, the precise delineation of scar
borders with ICE may result in faster analysis of the arrhythmogenic substrate in both ischemic and dilated cardiomyopathy when compared with
point-by-point electroanatomic mapping and may facilitate improved
definition of potentially critical structures of the VT circuit.199

Cardiac Magnetic Resonance
CMR is well established as a tool for evaluating the ventricular substrate, and plays a particularly prominent role in procedural planning
for complex mapping and ablation procedures. Through a combination
of CMR protocols that include T2-weighted imaging adept at identifying edema caused by recent myocardial injury, T1-weighted imaging
adept at identifying fatty replacement, and imaging of delayedenhancement following administration of gadolinium, the etiology of
ventricular dysfunction may be accurately defined,201 with LGE capable of reproducibly identifying the presence and location of replacement myocardial fibrosis. Identification of myocardial fibrosis in the
territory of a coronary artery and discrimination of an ischemic from
a nonischemic etiology is near perfect202,203 (Fig. 9.12). In nonischemic
cardiomyopathies, CMR techniques are highly accurate in locating and
quantifying myocardial fibrosis in the subendocardial, midmyocardial,
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Fig. 9.11 A, A 3-dimensional reconstruction of the left ventricle (LV) with delineation of an anteroapical area
of scar using the Soundstar ICE catheter and the CARTOSound mapping system. B, A 2-dimensional long-axis
view of the LV showing anteroapical thinning of the myocardium because of a previous myocardial infarction.
C, A CARTO electroanatomic bipolar voltage map of the LV showing an area of anteroapical scar (electrogram
amplitude < 0.5 mV). CARTOSound precisely defined the extent of myocardial scar, and the images obtained
were well correlated with the electroanatomic voltage map. MV, mitral valve.

A

B
Fig. 9.12 Ischemic cardiomyopathy demonstrated by the presence of subendocardial or transmural scar
revealed by late gadolinium enhancement cardiac magnetic resonance. In (A) there is replacement fibrosis
of the anterior wall and apex of the LV following and left anterior descending coronary artery (LAD)-territory
infarct. In (B) there is 2-vessel infarction in the territory of the LAD and the right coronary artery (RCA). Thinning
is demonstrated in the region of the anterior wall where scarring appears transmural. (From McCrohon JA,
Moon JCC, Prasad SK et al. Differentiation of heart failure related to dilated cardiomyopathy and coronary
artery disease using gadolinium-enhanced cardiovascular magnetic resonance. Circulation. 2003;108:54-59.)

or subepicardial layers of the ventricular wall,204,205 and thus in planning the requisite forms of access for successful mapping and ablation (Fig. 9.13). The CMR signature of certain nonischemic substrates
indeed is so characteristic as to form part of the diagnostic criteria.206
In the setting of myocardial fibrosis, the electrophysiologic characteristics of the substrate recorded during invasive electroanatomic mapping has been correlated with the extent and depth of the underlying

scar,207 highlighting the potential additive benefit of incorporating
images acquired preprocedurally into 3-dimensional electroanatomic
mapping software at the time of such an invasive study. This then
enables the visualization of electrogram information in the context
of 3-dimensional anatomy, which may be derived from either CMR
or CCT imaging, so as to better appreciate the arrhythmia substrate.
High resolution CMR can demonstrate the 3-dimensional architecture
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of apparently confluent scar, with resolution sufficient to demonstrate
conducting channels within the scar.208 Although such channels may
readily be appreciated on electroanatomic mapping as local abnormal ventricular potentials within a region of myocardial fibrosis that
are distinct from the far-field ventricular electrogram during sinus or
paced rhythms,209 CMR may even better demonstrate this substrate in
the setting of substrates such as deep intramural fibrosis.210
Over recent years, MR techniques have been developed that offer
an alternative to fluoroscopic guidance during electrophysiology

Fig. 9.13 Stack of short-axis delayed gadolinium enhanced cardiac
magnetic resonance images demonstrating delayed enhancement
consistent with subepicardial fibrosis in the lateral left ventricular wall
extending apically from the basal segment in a dilated nonischemic cardiomyopathy. The epicardial contours of the scar are traced in dotted
lines. (From Bogun F, Desjardins B, Good E et al. Delayed-enhanced
magnetic resonance imaging in non-ischaemic cardiomyopathy. J Am
Coll Cardiol. 2009;53(13):1138-1145.)

procedures, and which overcome limitations of conventional mapping
technologies including any inaccuracies in integration of imaging with
electroanatomic mapping and a lack of real-time feedback regarding
tissue changes during ablation. These techniques have overcome traditional concerns regarding use of CMR in the electrophysiology environment that have included catheter heating, current induction, image
distortion, and electromagnetic interference.211
Initially in animal studies, the feasibility of performing clinical procedures with multiple mapping and ablating catheters in the MRI suite,
under MRI guidance and with the assistance of an integrated MRIcompatible pacing and recording system was demonstrated.212–214 More
recently, several groups have performed clinical ablation procedures
specifically involving mapping and ablation of the CTI, performed in
the MRI suite using a standard 1.5-T clinical MRI scanner.215,216 The
system uses an electrophysiology recording system that is specifically
designed to reject the electromagnetic interference inherent in the
MRI suite; a standard RF generator coupled to an ablation catheter
that is specifically designed to mitigate electromagnetic interference,
unwanted heating, catheter movement, and current induction caused
by the RF, static, and gradient magnetic fields of the MR scanner; plus
an MRI-compatible guidance platform that integrates recorded electroanatomic information into the MRI-generated 3-dimensional anatomy. Importantly, the system incorporates active MRI tracking of the
catheter tip, with miniature MR receive coils built into the tip component of the catheter and the signal received by these coils allowing the
position and orientation of the catheter tip to be determined in the
co-ordinate system of the MRI scanner (Fig. 9.14). A 3-dimensional
dataset containing the heart and thoracic vessels is initially acquired,

A

B

C

D

Fig. 9.14 Real-time active cardiac magnetic resonance (CMR) tracking of a mapping and ablation catheter as
it ascends the aorta (A, B), traverses the aortic arch (C), and is entered into the left ventricle (D). Projection of
the catheter is based on the position of the tracking coils, shown as colored points. The displayed CMR image
is automatically selected based on the position of the distal tracking coil (green square). (From Dukkipatti SR,
Mallozzi R, Schmidt EJ et al. Electroanatomic mapping of the left ventricle in a porcine model of chronic myocardial infarction with magnetic resonance-based catheter tracking. Circulation. 2008;118:853-862.)
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and autoregistered 3-dimensional models of the cardiac chambers can
be generated. The receive coils in the catheter are thence shown as a
virtual catheter icon within this model, with the accuracy of real-time
catheter tracking confirmed by comparison to repeat real-time standard CMR sequences.215,216
Further developments of this technology will be expected to allow
mapping and ablation of more complex arrhythmias in different
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substrates. It will be expected to provide for the first time the ability to collect real-time information regarding the interaction of the
catheter tip with its environment, the three-dimensionality of ablation
lesions as they develop, and the proximity of lesions to surrounding
structures.

   C O N C L U S I O N
Cardiac imaging studies play an essential role in contemporary invasive electrophysiologic mapping and ablation procedures. From guiding appropriate patient selection, to preprocedure definition of the
substrate, to intraprocedural demonstration of catheter movement,
tissue contact, and lesion formation, to postprocedure evaluation for
both procedural success and development of complications, imaging
is integrated into the workflow of mapping and ablation procedures.
ICE, perfectly suited to intraprocedural use with its provision of realtime information and its ability to be incorporated into 3-dimensional
mapping software; CMR, providing anatomic and functional information without exposure to ionizing radiation and highly accurate for the

definition of myocardial fibrosis; and CCT, ideally suited for provision
of anatomic information including regarding the epicardial coronary
arteries but also able to provide data on myocardial fibrosis and cardiac physiology, are all readily available in many clinical environments
and must be appropriately selected on an individual case basis. Future
developments in these technologies promise improved integration into
3-dimensional mapping systems, improved real-time catheter guidance in the absence of fluoroscopy, and the provision of more detailed
real-time information regarding the arrhythmia substrate, the interaction of the ablation catheter with its 3-dimensional environment, and
ablation lesion formation.
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Ablation of Focal Atrial Tachycardias
Jonathan M. Kalman, Bhupesh Pathik, Peter M. Kistler
KEY POINTS
Anatomy
•	Atrial tachycardia (AT) foci exhibit a characteristic anatomic
distribution in both atria.
•	The right atrium is the most common location with two-thirds of
right sided focal AT arising from the crista terminalis.
Pathophysiology
•	Focal AT may be caused by microreentry, abnormal automaticity,
or triggered activity.
•	This mechanistic distinction is less relevant in the current era of
radiofrequency ablation.
Arrhythmia Diagnosis
•	Focal AT must be distinguished from other arrhythmias using
both electrocardiographic clues and diagnostic approaches in the
electrophysiology laboratory.

•	Differential diagnoses include macroreentrant AT, atrioventricular
nodal reentrant tachycardia, atrioventricular reentrant tachycardia,
and inappropriate sinus tachycardia.
Mapping
•	Initial evaluation of the P wave morphology of the 12-lead
electrocardiogram can indicate the likely region of origin of the
focal AT.
•	Detailed evaluation usually includes a 3-dimensional mapping
system looking for the earliest activity relative to P wave onset.
•	Anatomic sites in close proximity should be independently
mapped.
Ablation
•	Ablation end points include loss of all spontaneous AT activity and
noninducibility
•	Ablation success rates in excess of 80% to 90% may be expected.

  

INTRODUCTION

ANATOMY

Focal atrial tachycardia (AT) is the least common form of supraventricular tachycardia (SVT). It accounts for approximately 5% to 15%
of SVT cases undergoing catheter ablation.1,2 Focal AT is characterized by the presence of a discrete atrial focus with centrifugal spread of
atrial activation away from that site.3 Focal ATs are usually paroxysmal
and self-limited, although in some patients, focal AT may be incessant,
which can lead to the development of tachycardia-mediated cardiomyopathy (TMC).4 Focal AT may result in the initiation of other atrial
arrhythmias such as atrial macroreentry or atrial fibrillation (AF) if the
rate of focal firing is particularly rapid along with the development of
secondary atrial remodeling.
Focal AT is frequently unresponsive to pharmacologic therapy. With
the advent of catheter ablation, this type of tachycardia can be treated
with high long-term success rates.5–11 Importantly, mapping and ablation of focal AT are greatly facilitated by the characteristic anatomic
distribution.12 In addition, the use of sophisticated 3-dimensional
mapping technologies greatly facilitates accurate localization, but it is
important to remember that P wave analysis and conventional multipolar mapping techniques remain important adjunctive tools.12
Many different classical mechanisms of focal AT have been
described including abnormal automaticity, triggered activity, and
microreentry.13–18 However, the underlying mechanism seems less
important in the ablation era because these diverse mechanisms manifest similarly on activation mapping.3,19 This chapter will discuss the
anatomic distribution, pathophysiology, mapping and ablation techniques of this uncommon arrhythmia.

AT foci do not originate in random locations throughout the atria but
instead cluster in characteristic anatomic sites (Fig. 10.1 A and B).20–28
The right atrium (RA) is the most common location with approximately 55% to 63% of foci originating in this chamber.12,29 Within the
RA, two-thirds of foci arise from along the crista terminalis (CT) with
the superior and mid CT more common than the inferior CT.23 Other
common sites include the tricuspid annulus (TA),27 the coronary
sinus (CS) ostium,26 the perinodal (parahissian) region, RA appendage (RAA),28 and RA septum. In the left atrium (LA), the majority of
foci originate from the pulmonary vein (PV) ostia24 followed by the
mitral annulus (MA),25 left septum, LA appendage (LAA), and musculature within the CS body.20 It is important to be aware that despite this
characteristic anatomic distribution, tachycardia foci may occur from
unusual or previously undescribed sites.30,31
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Crista Terminalis
In seminal work by Kalman et al. using intracardiac echocardiography,
the CT was noted to be the location of two-thirds of focal AT arising
from the RA.22 The superior CT was the most common site followed
by the mid CT. Foci originating from the inferior CT were uncommonly observed. Focal AT from this site is more common in women
particularly above the age of 40 years, frequently has features to suggest
microreentry (onset and termination with programmed stimulation),
and may have multiple foci.32 Although the reason for this characteristic distribution is unclear, there are certain electrophysiologic (EP)
properties of the CT that may be important. The CT is a region of
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Fig. 10.1 A, Schematic showing anatomic distribution of focal atrial tachycardias. B, Distribution of tachycardia originating from the annular region and aortic cusp. AT, Atrial tachycardia; AV, atrioventricular; CS, coronary sinus, CT, crista terminalis, HBE, His bundle electrogram; LAA, left atrial appendage; MV, mitral valve;
Os, ostium; PN, perinodal; PV, pulmonary vein; RAA, right atrial appendage; RS, right septum; TV, tricuspid valve.

conduction anisotropy with poor transverse and rapid linear conduction,33 potentially creating a substrate for microreentry in the context
of atrial remodeling. Furthermore, the CT is the anatomic site along
which the sinus pacemaker complex is distributed, and therefore richly
innervated with automatic tissue.34
In a discussion of tachycardias arising from the CT, it is worthwhile
considering whether sinus node reentry represents a distinct clinical
entity. This tachycardia has been defined as an arrhythmia that can be
induced and terminated with programmed stimulation with P wave
morphology (PWM) identical or similar to that of the sinus P wave.
However, it is difficult to apply this definition strictly because of the
variability in sinus PWM (e.g., sinus arrhythmia), and it can be argued
that this arrhythmia is synonymous with an AT arising from the CT. As
such, the use of this term should probably be discontinued.19

Tricuspid Annulus
In a series of consecutive patients with focal right atrial AT, 13% were
reported to originate from the TA.27 In this study, foci arose from either
the superior TA or the inferoanterior TA with the latter the most common site. An alternative series of patients with focal AT only observed
foci arising from the superior TA.35 Isolated case reports have reported
focal AT originating from the inferolateral TA36 and the anterolateral
TA.37 In two animal studies, McGuire et al. described the presence of
cells with atrioventricular (AV) nodal–type characteristics around the
entire TA.38,39 These cells were histologically similar to the atrial cells
but resembled nodal cells in their cellular electrophysiology, response
to adenosine, and lack of connexin 43. One may speculate that these
cells serve as the substrate for AT originating from around the TA.

Coronary Sinus Ostium
Kistler et al. reported in approximately 7% of patients undergoing radiofrequency ablation (RFA) for focal AT, the AT focus originated from the
CS ostium.26 The CS ostium is characterized by the abrupt change in
myocardial fiber orientation in the region of the Thebesian valve.40 Most

focal ATs originating from the CS ostium demonstrate properties suggestive of reentry. It is speculative whether this change in fiber orientation
may provide the anisotropic conduction necessary to initiate reentry.

Midline Atrial Structures: Parahissian (Perinodal),
Atrial Septal (Left or Right), and Noncoronary Cusp

There is considerable confusion about the origin and nomenclature of focal AT originating from the abovementioned anatomic
regions.21,22,41–48 The terms parahissian and perinodal have been used
interchangeably. In addition, tachycardias described as arising from
either the left or right side of the septum have also included tachycardias originating in the perinodal region. Furthermore, others have
suggested that parahissian tachycardias are a subset of TA tachycardias
because of their similar EP properties.22 In addition, ATs originating
from the noncoronary cusp have been viewed either as a distinct entity
or, alternately, as an early exit region for a tachycardia that originates
from the perinodal region or anterior septum.22,47–49 In the latter of
these hypotheses, the noncoronary cusp is thought to simply provide
a safe approach to ablation of an AT that actually originates from the
perinodal area. It is the authors’ opinion that tachycardias arising from
each of the abovementioned regions should be viewed as a distinct
clinical entity with careful mapping in each region. Rarely, AT has been
described as arising from the left or right coronary cusps.50,51

Right Atrial Appendage
The hallmark of these uncommon tachycardias is that they are frequently incessant and therefore may be associated with TMC.4 In
a series of patients with RAA focal AT, Roberts-Thompson et al.
observed that these arrhythmias either arose from the inferolateral
base or the tip of the RAA.28 The inferolateral base of the RAA was the
most common location in this study. On the other hand, in a series by
Freixa et al., the tip of the RAA was the most common site with 60%
of foci arising from this location.52 Both these studies noted that this
tachycardia was more common in men.
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PART 3

Catheter Ablation of Atrial Tachycardias and Flutter

Pulmonary Veins
The role of PV foci in the initiation of paroxysmal AF has been extensively documented.53 These patients frequently demonstrate a spectrum
of arrhythmias ranging from focal atrial ectopy and nonsustained AT
to paroxysms of atrial macroreentry or AF. In this patient population,
there are multiple PV foci within each PV and from multiple PVs. As
such, focal ablation is universally unsuccessful, and an approach that
encompasses isolation is required. However, there is a group of patients
with PV foci who demonstrate only focal AT as the clinical arrhythmia24,54,55 and in these patients the fundamental mechanism appears
to be truly focal in the majority. Foci responsible for isolated AT tend
to have longer cycle lengths and be ostially located rather than deep
within the PV compared with foci associated with AF initiation. In
addition, the foci arise more commonly from the superior PVs than the
inferior PVs. AT originating from the PVs are virtually always spontaneous and rarely inducible with programmed stimulation, suggesting
abnormal automaticity or triggered activity. In rare cases, PV AT has
been induced by speech and deglutition.56–58 In some patients with PV
AT, the arrhythmia may be incessant and result in TMC.4 Although
this appears to be fully reversible following catheter ablation, recent
studies have suggested that subtle ventricular abnormalities may persist.59 Given the focal nature of PV AT, these arrhythmias are curable in
the long term with focal ablation. In a study by Teh et al. evaluating the
long-term outcomes of patients with PV AT following catheter ablation, 96% were free from recurrence of AT off antiarrhythmic drugs at
a mean follow-up 7.2 ± 2.1 years.55 None of the patients developed AF.
In those patients with recurrences, in almost all instances this was from
the original focus.55

Mitral Annulus
The MA is the second most common location of LA focal AT.60 In a
series of patients with LA focal AT by Hachiya et al., approximately
one-third of foci originated from the MA. The superior region of
the MA in close proximity to the aorto-mitral continuity (AMC)
and the left fibrous trigone has been reported as the most common
site of mitral annular focal AT.25 Gonzalez et al. hypothesized using
a murine model that embryologic remnants of specialized conducting tissue located in this region may provide the substrate for
focal AT.61 Furthermore, Wit et al. observed that muscle fibers of
the anterior mitral valve leaflet were continuous with the LA myocardium.62,63 These fibers exhibited AV nodal–type characteristics
with both spontaneous automaticity and anisotropic conduction
properties potentially providing the substrate for abnormal automaticity or microreentry.62,63

Left Atrial Appendage
LAA focal AT has been reported to most commonly arise from the base
of the LAA. In a series by Yamada et al., all LAA foci arose from the
base of the LAA, most commonly the medial side.64 Rarely, LAA focal
AT has been described as originating from the tip of the LAA65 or the
epicardium.66

Coronary Sinus Musculature
Badhwar et al. described an uncommon type of focal AT originating
from within the CS musculature in approximately 3% of patients
undergoing catheter ablation.20 The mean distance from the CS
ostium to the site of earliest endocardial activation recorded within
the CS was 3.6 ± 0.5 cm. This site always preceded the earliest LA
endocardial site during tachycardia. All patients were noted to have
a sharp potential in the CS that preceded the CS atrial signal during
tachycardia. In all patients, the tachycardia was successfully ablated
within the CS.

PATHOPHYSIOLOGY
The pathophysiology leading to the development of focal AT remains
unknown. When histologic examination has been possible in cases of
focal AT, both normal and abnormal myocardium at the focal origin
have been reported.67–71 McGuire et al. reported four patients with
abnormalities, two with extensive myocardial fibrosis and two with
myocyte hypertrophy and endocardial fibrosis.69 All had structural
heart disease. Other reports have found mononuclear cell infiltration,
mesenchymal cell proliferation, islets of fatty tissue, thinning, and
blebs.67,68,70 These may produce the substrate required for microreentry or abnormal automaticity.
Higa et al. demonstrated the existence of low-voltage zones suggesting the existence of localized atrial pathology in patients with focal
AT.72 The majority of focal ATs in this series originated within or on
the border of a low-voltage zone. Many of these arose from the CT,
which showed conduction anisotropy with rapid linear conduction
and slowed transverse conduction.33 It is possible that localized atrial
myocardial abnormalities represent the substrate for focal AT. Consistent with these observations, several studies have found low-amplitude,
fractionated electrograms at the site of successful ablation in patients
with focal AT, representing slowed conduction and possibly atrial
pathology.23,73 Nevertheless, this has not been a universal finding and
may be dependent on anatomic location such as the CT.
Whereas local structural abnormalities appear to most likely create
the substrate for focal discharge or microreentry, focal AT may also
exhibit EP characteristics suggestive of abnormal automaticity or triggered activity. Chen et al. performed a comprehensive evaluation of the
mechanisms of AT in 36 patients using both pacing and pharmacologic
maneuvers.5 Automatic ATs were identified in seven patients by the following characteristics: (1) AT could be initiated only with isoproterenol; (2) programmed stimulation could not initiate or terminate AT; (3)
AT could be transiently suppressed with overdrive pacing; (4) propranolol terminated all of the AT; (5) adenosine, dipyridamole, verapamil,
Valsalva maneuver, carotid sinus massage, and edrophonium could not
terminate the AT; and (6) monophasic action potential recordings did
not find afterdepolarizations. AT related to triggered activity occurred
in nine patients with the following features: (1) the initiation of AT was
reproducible with atrial pacing and was dependent on achieving a critical range of atrial pacing cycle lengths; (2) just before the onset of AT,
delayed afterdepolarizations were observed in the monophasic action
potential recordings; (3) termination of AT was reproducible with programmed stimulation; (4) entrainment was not found, but overdrive
suppression could be demonstrated; (5) adenosine, dipyridamole, propranolol, verapamil, Valsalva maneuvers, carotid sinus massage, and
edrophonium terminated the AT. AT arising from microreentry was
identified in 20 patients. Their characteristics included the following: (1) AT could be reproducibly initiated and terminated with programmed stimulation; (2) fulfillment of the criteria for manifestation
and concealed entrainment; (3) the interval between the initiating
premature beat and the first beat of AT was inversely related to the
premature coupling interval of atrial extrastimuli; (4) adenosine, dipyridamole, and verapamil terminated the AT in most cases.
The limiting factor in the analysis of mechanisms is the significant
overlap in EP characteristics. For example, programmed stimulation
may initiate and terminate both triggered activity and microreentry. However, although triggered activity may be dependent on cycle
length, abbreviation of pacing cycle lengths may also predispose to
reentry.
The use of adenosine to differentiate between AT mechanisms has
provided inconsistent results, which may in part reflect different definitions used in a range of studies. However, more recent studies using
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a strict differentiation between focal and macroreentrant AT have
reported more consistent results.16–18 Markowitz et al.18 observed that
focal automatic ATs could be transiently suppressed but not terminated
with adenosine, and ATs with characteristics consistent with microreentry or triggered activity terminated with adenosine use. By contrast,
macroreentrant ATs were insensitive to adenosine. Iwai et al. observed
similar responses to adenosine and used 3-dimensional electroanatomic mapping to delineate the tachycardia circuit, ensuring a clear
distinction between focal and macroreentry.16
In the era of catheter ablation, the relevance of tachycardia mechanism has been questioned. Chen et al. performed a literature search to
determine whether mechanistic information altered ablation outcomes
in patients with AT.13 The ATs were categorized as either automatic or
nonautomatic. This study found that the mechanism of AT did not predict successful ablation or recurrence of AT after the initial success.

Multiple Focal Atrial Tachycardia
This term must first be differentiated from the term multifocal AT,
which refers to a continuously changing site of focal triggering most
commonly observed in patients with advanced lung disease. Multiple focal ATs refer to the situation of having more than one sustained focal tachycardia. The second may be observed after ablation
of the first, or rarely there may be competition between the two foci,
with one triggering the other and vice versa. Hillock et al. described
10 patients in a series of 258 patients with AT who had more than
one focus identified (4%).32 The mean age of these patients was 54
years, and all were women. There were seven patients with two ATs
each and three patients with three ATs each. The locations of AT
were the CT, CS ostium, TA, MA, and PV ostium. Successful ablation was performed for 22/23 (96%) tachycardias, and there were no
recurrences of AT in those patients with successful ablation during
2 years of follow-up.

Tachycardia-Mediated Cardiomyopathy and Focal Atrial
Tachycardia

In a recent series of patients with focal AT, incessant AT occurred
in 25% of patients and TCM was present in 10%.4 TCM occurred
in 37% of patients with incessant tachycardia. A comparison of the
characteristics of patients with incessant AT who had TCM with
those of patients who also had incessant AT but did not have TCM
revealed no clear causative clinical differences, and it had been suggested that there may be an underlying genetic predisposition. Origin from atrial appendage sites was associated with a high incidence
of incessant tachycardia (84%) and left ventricular (LV) dysfunction
(42%). Origin from PV sites also carried a higher likelihood that
the tachycardia would be incessant (59%). After successful ablation,
LV function was restored in 97% of patients at a mean duration of
3 months. In long-term follow-up, LV function remained normal,
but magnetic resonance imaging (MRI) revealed subtle abnormalities including minor LV dilatation, lower ejection fraction than the
control group (while nevertheless in the normal range), and possible diffuse mild fibrosis on T1 mapping.59 There were no definite
regions of delayed enhancement. The clinical relevance of these late
findings remains unknown.

ARRHYTHMIA DIAGNOSIS AND DIFFERENTIAL
DIAGNOSIS
Patients with focal AT may present with recurrent nonsustained bursts
of narrow complex tachycardia or with sustained tachycardia, which at
times can be difficult to differentiate from other SVT mechanisms or
from atrial macroreentry.
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Inappropriate Sinus Tachycardia Versus Focal Atrial
Tachycardia

Differentiating AT from sinus tachycardia on the 12-lead electrocardiogram (ECG) can be difficult, particularly for tachycardias originating at the superior CT.74 Although the P wave in AT usually has a
different morphology to the sinus P wave, in AT from the superior CT,
the P wave may be clinically indistinguishable. An abrupt onset and
termination of the tachycardia, or warm up and cool down over three
to four beats favors AT, whereas sinus tachycardia gradually increases
and decreases in rate over approximately 30 seconds to several minutes.
Inappropriate sinus tachycardia (IAST) invariably presents as a long RP
tachycardia (RP > PR), whereas focal AT may be either long or short
RP depending on the AT rate and AV nodal conduction properties.
Patients with IAST have an abnormally fast resting heart rate with
acceleration beyond that expected with minimal exercise. In one definition, the resting daytime heart rate exceeds 100 beats per minute and
the average heart rate on 24-hour Holter monitor exceeds 90 beats per
minute.74 It is important to exclude secondary causes of sinus tachycardia before making this diagnosis. In general, EP testing is not indicated
in these patients unless a focal AT is being considered. Some incessant
ATs can have a persistently elevated 24-hour rate with blunted variability. In these cases, the P wave is often abnormal in morphology and
the nocturnal rate remains elevated. However, even here there can be
considerable variability. IAST should be distinguished from postural
orthostatic tachycardia (POT) syndrome, which is characterized by a
marked increase in rate (generally >30 beats per minute) during adoption of upright posture. This may represent an overlap syndrome.
In the EP laboratory, the hallmark of AT is that it should be inducible with programmed stimulation. In the presence of isoproterenol,
a focal tachycardia will show sudden onset often with the initiating
tachycardia P wave located within the preceding T wave, and there is
usually a sudden shift in the site of focal activation. In the case of IAST,
there is a gradual increase in sinus rate with earliest activation at the
superior CT.
To summarize, in comparison with IAST, focal AT (1) has sudden
onset and termination; (2) frequently demonstrates tightly coupled
activity with the P wave in the T wave at the time of onset (by contrast,
IAST has gradual increase in rate); (3) has a fixed site of origin. Acceleration may occur in response to isoproterenol, but the site of origin does
not change (by contrast, in IAST, the site of activation shifts superiorly
along the CT with isoproterenol); (4) demonstrates normal heart rate
in between paroxysms of AT; and (5) frequently demonstrates a nonsinus PWM.

Atrial Tachycardia Versus Atrioventricular Nodal
Reentrant Tachycardia/Atrioventricular Reentrant
Tachycardia
Differentiation of AT from atrioventricular nodal reentrant tachycardia
(AVNRT) or atrioventricular reentrant tachycardia (AVRT) on the 12-lead
ECG can be difficult. Although most commonly associated with a long
RP interval, AT can occur with either a short RP interval or a long RP
interval depending on the tachycardia rate and the AV conduction interval
at a given rate. It can therefore mimic either typical or atypical AVNRT
and AVRT. If the ECG trace shows persistent tachycardia with AV block
or inconsistency (unhooking) of the ventriculoatrial (VA) relationship
during ongoing tachycardia, then this suggests an AT. The observation of
termination in which the last event is a nonpremature P wave generally
excludes AT. Another clue to the diagnosis is the presence of an inferior
P wave axis. With some rare exceptions, this excludes AVRT or AVNRT
as it suggests an origin high in the atrium. A superiorly directed P wave
vector may indicate AVRT or AVNRT or an AT focus originating from the
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Fig. 10.2 Surface electrocardiography and intracardiac recordings at the initiation of an atrial tachycardia. Last
two beats of a ventricular drive train followed by a ventricular extrastimulus (left). The atrial activation follows
the ventricular pacing. There is initiation of tachycardia with a V-A-A-V response indicating an atrial tachycardia. Note that this response applies equally on initiation as during entrainment. CS, Coronary sinus; d, distal;
HBE, His bundle electrogram; p, proximal.

CS ostium or annular structures. Automatic AT may also manifest with
recurrent self-limiting bursts of tachycardia that can exhibit warm up and
cool down phases, and this appearance is almost diagnostic of focal AT.
Several classical studies have proposed a variety of tachycardia
features and pacing maneuvers to differentiate AT from AVNRT and
AVRT in the EP laboratory.75–80 Knight et al. investigated the diagnostic value of these features and pacing maneuvers in 196 patients
with SVT, of whom 25 had AT.79 Multiple baseline observations and
tachycardia features were evaluated. Pacing maneuvers assessed were
atrial pacing during SVT just below the tachycardia cycle length (TCL);
atrial pacing during SVT at the longest cycle length that resulted in AV
block; ventricular pacing during SVT just below the TCL; burst ventricular pacing for three to six beats at a cycle length of 200 to 250 ms;
and scanning diastole with a premature ventricular extrastimulus. AT
could not be consistently identified by any single feature or maneuver;
however, certain features were useful: AT required isoproterenol for
induction more often than AVNRT or AVRT, although the predictive
value was poor. Surprisingly, the presence of AV block with persistent
tachycardia did not discriminate between AVNRT and AT. However,
spontaneous termination of tachycardia with AV block excluded AT.
This was seen in 28% of patients. Following ventricular pacing with
atrial entrainment and an atrial activation sequence different from
tachycardia, the presence of a V-A-A-V response was diagnostic of AT
(Fig. 10.2). Inability to entrain the atrium during ongoing tachycardia
caused by VA block had an 80% positive predictive value (PPV) for AT.
Conversely, tachycardia termination during burst ventricular pacing
that did not depolarize the atrium excluded the diagnosis of AT. AT
was also excluded when a premature ventricular beat was introduced
during the refractory period of the His bundle, and there was either
advancement of atrial activation or tachycardia termination without
atrial depolarization. The presence of a fixed VA interval on the first
beat after atrial pacing (within 10 ms of the VA interval during tachycardia) had a high negative predictive value (NPV) for AT. However,
this observation did not completely exclude AT, as apparent VA linking may occur because of coincidental events. Conversely, if the VA

interval could be unhooked after the cessation of pacing, then AT is
likely to be present. However, variable VA conduction can occur after
pacing in AVNRT, and therefore this observation is not specific for AT.

Focal Atrial Tachycardia Versus Macroreentrant Atrial
Tachycardia

In most cases of focal AT, it is possible to observe a discrete P wave
with an intervening isoelectric interval (Table 10.1). However, when the
atrial rate is very rapid and if atrial conduction slowing is present, there
may be no isoelectric baseline and the appearance may mimic that of
macroreentrant AT. Conversely, whereas macroreentrant AT frequently
demonstrates a continuous undulation without an isoelectric period
on the 12-lead ECG, patterns resembling focal AT (with an isoelectric
period) have also been described particularly in the context of extensive
atrial scarring and LA foci.81,82 LA macroreentry in such patients can
classically exhibit low-amplitude P waves and long isoelectric intervals.
Ultimately, an EP study is required for a definitive diagnosis of focal AT.
In focal AT, the origin of atrial activation can be localized with
endocardial mapping to a small area from which there is radial spread.
Occasionally, the presence of anatomic or functional barriers conduction may result in regions of preferential conduction.72 Nevertheless,
in focal AT, intracardiac recordings demonstrate large portions of the
cycle length without activity, correlating with the isoelectric interval
on the surface 12-lead ECG. Conversely, in macroreentrant AT, it is
generally possible to record activity throughout the TCL. Furthermore, whereas focal AT caused by microreentry may be successfully
entrained, the ability to entrain an AT with characteristics of being in
the circuit (postpacing interval [PPI] minus the TCL of < 20 ms) from
two sites greater than 2 cm apart is diagnostic of macroreentry.2 It will
be possible to entrain a reentrant focal AT, but the PPI-TCL will only
indicate a site in the circuit in the immediate vicinity of the focus.83
The rate of the tachycardia does not help in discriminating
between focal and macroreentrant AT, as the rate ranges of both
focal AT and macroreentrant AT are too wide to be reliably used for
determination of arrhythmia mechanism. The rate range of focal
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Focal Atrial Tachycardia Versus Macroreentry or Small Circuit (Microreentry)
Focal

Macroreentry

Microreentry

Most common SHD

None

SHD/CHD/AF RFA

AF RFA

ECG isoelectric interval

Yes

No

Yes

Record from >80% of CL

No

Yes

Yes

Entrain with PPI-TCL <20 ms

Yes

Yes

Yes

Entrain PPI-TCL < 20 ms, two sites > 2 cm apart

No

Yes

No

Activation pattern

Radial

Large loop

Radial

Ablation approach

Focal

Linear or focal

Focal

AF, Atrial fibrillation; AT, atrial tachycardia; CHD, coronary heart disease; CL, cycle length; PPI, postpacing interval; RFA, radiofrequency ablation;
SHD, structural heart disease; TCL, tachycardia cycle length.

BOX 10.1 Arrhythmia Diagnostic Criteria
Focal AT may be a long or short RP tachycardia. No single diagnostic maneuver
for focal AT. Therefore multiple approaches are used.
• Focal AT suggested in the following cases:
•	Inferior P wave axis.
•	Multiple spontaneous bursts of tachycardia with warm up and cool
down.
•	V-A-A-V response to ventricular overdrive pacing.
•	Unhooking of the VA relationship (can occur in AVNRT).
• AT ruled out in the following cases:
•	V-A-V response to ventricular overdrive pacing.
•	Spontaneous termination with a nonpremature A as the last event.
•	Advancement/delay or termination of the tachycardia with a ventricular
extrastimulus when His bundle is refractory.
•	Tachycardia termination with burst ventricular pacing that does not
depolarize the atrium.
•	Inability to entrain the atrium during ongoing tachycardia caused by VA
block (can occur in AVNRT).
•	VA interval hooked on first return beat after atrial pacing (rarely can
occur fortuitously).
• In comparison with IAST, focal AT
•	Has sudden onset and termination or warms up and cools down within
several beats.
•	Frequently demonstrates tightly coupled activity with the P wave in the
T wave at the time of onset. By contrast, IAST has gradual increase in
rate.
•	Has a fixed site of origin. Acceleration may occur in response to isoproterenol administration, but site of origin does not change. By contrast, in IAST the sites of activation shift superiorly along the crista with
isoproterenol.
•	Demonstrates normal heart rate in between paroxysms of atrial tachycardia.
•	Frequently has a nonsinus P wave morphology.
AT, Atrial tachycardia; AVNRT, atrioventricular nodal reentrant tachycardia; IAST, inappropriate sinus tachycardia; VA, ventriculoatrial.

AT is usually between 130 and 250 beats per minute, but may be
as low as 100 beats per minute or as high as 300 beats per minute.
Similarly, although macroreentrant AT usually has a rate between
240 and 310 beats per minute, conduction delays within the circuit either caused by atrial pathology or use of conduction slowing
antiarrhythmic medications may slow the rate to less than 150 beats
per minute.
With the advent of 3-dimensional mapping systems, small circuits
with properties between those of microreentry and macroreentry have

been described.84,85 These reentrant circuits occur in a localized region
with a diameter of 1 to 2 cm and have been described around a PV, in
the anterior LA and in the septum. Evidence of markedly slowed conduction is usually present, and many of these patients have had prior
ablation procedures. These tachycardias often have a PMW consistent
with a focal AT84,85 (Box 10.1).

MAPPING
One of the critical difficulties in mapping focal ATs is that in some
patients, they may be quiescent while performing the EP procedure.
Although some foci can be reliably initiated with programmed
stimulation, those that cannot may be quiescent at the commencement of the procedure or become quiescent during the procedure,
thereby preventing detailed mapping. The absence of frequent focal
activity not only prevents mapping, but also means that the procedural end point is uncertain. Although several pharmacologic
approaches have been used to elicit focal firing (most commonly
isoproterenol), the response is not consistent. Occasionally, patients
are brought back for a further attempt at mapping and ablation at a
time when the focus is active.

Mapping I: P Wave Morphology
Although successful ablation will depend ultimately on detailed
mapping, the PWM on the surface 12-lead ECG can provide important clues regarding the likely site of tachycardia origin, particularly
given the classical anatomic localization of these foci. The PWM is
determined by the site of origin and the pattern of atrial activation
during AT. Several algorithms for localizing focal AT based on the
PWM have been developed.12,60,86,87 P waves are generally described
as isoelectric, positive, negative, or biphasic (positive–negative or
negative–positive), and a full description will include the presence of
notching. Fig. 10.3 A demonstrates an algorithm described by Kistler
et al.,12 and Fig. 10.3 B and C shows examples of PWM for left and
right focal ATs.
There are several important caveats when interpreting the PWM.
The first is that accurate localization depends on the absence of significant atrial structural abnormality or prior atrial surgery or ablation.
Even PV isolation alone can markedly alter PWM caused by change in
direction of activation.88 Second, it is of critical importance to obtain
a clear view of the P wave, particularly the initial vector direction,
unencumbered by the preceding T wave or QRS complex. This may
be facilitated by vagal maneuvers, administration of adenosine or ventricular pacing. Third, the spatial resolution of the P wave for localizing
foci in the atria may be as poor as 17 mm depending on the anatomic
location.86 The P wave alone cannot distinguish between closely spaced
sites of origin.
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Right or Left Atrial Site of Origin

specificity, 100% PPV, 69% sensitivity, and 66% NPV. Conversely, a positive or negative–positive biphasic P wave in V1 had 100% sensitivity,
81% specificity, 76% PPV, and 100% NPV for a LA origin. In this series,
the PWM could not reliably distinguish between tachycardias located
in close proximity to the septum (left versus right septal or perinodal).

Differentiating the atrium of origin before an ablation procedure has
implications for planning whether LA access via transseptal puncture is necessary as well as in discussing the risks and success rates
of RFA with the patient. In an important study by Kistler et al., these
investigators developed an algorithm to localize focal AT based on the
PWM.12 The critical initial step in this algorithm was to focus on the
PWM in V1. This algorithm correctly identified the anatomic location
of the focal AT in 93% of patients. In this algorithm, V1 was most useful in differentiating between right and left ATs. A negative or biphasic (positive–negative) P wave in V1 predicted a RA origin with 100%

V1

The majority of these foci arise from the superior and mid CT and
therefore may have similar PWM to sinus rhythm. Tada et al. found
that a negative P wave in aVR predicted a CT origin compared with
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Fig. 10.3 A, P wave algorithm for identification of tachycardia origin. B, Examples of P wave morphology from
typical left atrial origins. C, Examples of P wave morphology from right atrial locations. CS, Coronary sinus, CT,
crista terminalis, HBE, His bundle electrogram; Iso, isoelectric; LAA, left atrial appendage; LIPV, left inferior pulmonary vein; LPV, left pulmonary vein; LS, lower septum; LSPV, left superior pulmonary vein; MA, mitral annulus;
MV, mitral valve; NCC, Neg, negative; Os, ostium; Pos, positive; PN, perinodal; PV, pulmonary vein; RAA, right
atrial appendage; RIPV, right inferior pulmonary vein; RPV, right pulmonary vein; RSPV, right superior pulmonary
vein; SMA, superior mitral annulus; TA, tricuspid annulus. (A, Modified from Kistler PM, Roberts-Thomson KC,
Haqqani HM, et al. P-wave morphology in focal atrial tachycardia: development of an algorithm to predict the
anatomic site of origin. J Am Coll Cardiol. 2006;48(5):1010-1017.)
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anterior RA foci with a sensitivity of 100% and specificity of 93%.87
Kistler et al. found that a positive–negative P wave (or positive during
tachycardia and sinus rhythm) in V1, positive in lead I and II and negative in aVR predicted a CT origin with 93% sensitivity, 95% specificity,
84% PPV, and 98% NPV.12 Although there may be overlap between
the PWM of foci arising from the superior crista and right superior
PV (RSPV) caused by the anatomic proximity of the two sites, these
may be distinguishable on the basis of changes to the PWM in lead
V1 during tachycardia compared with sinus rhythm. In a RSPV focal
AT, the P wave in V1 will invariably be upright in V1 in tachycardia
and biphasic (positive-negative) in sinus rhythm. When a CT focal AT
has an upright P wave in V1 (approximately 10%), it is invariably also
upright during sinus rhythm.

Tricuspid Annulus and Right Atrial Appendage
Focal AT may arise from anywhere around the circumference of the
TA. The PWM will vary markedly according to region on the TA in
which the focus is located. Nevertheless, a common feature of TA focal
AT is the presence of an inverted P wave in V1 and V2 with late precordial transition to an upright appearance.27 In general, the polarity of
the P wave in leads II and III is deeply negative for an inferior location,
and low amplitude positive or biphasic for a superior location. Other P
wave characteristics were positive in aVL and positive or isoelectric in
lead I. Because of their close anatomic proximity, ATs arising from the
RAA (especially from the lateral base of the appendage) are generally
indistinguishable from superior TA foci (Fig. 10.4). In general, the P
waves in V1 and V2 are negative (V1 notching is frequently present)
with variable precordial transition to positive in V6.28,52 In the inferior
leads, the P wave is characteristically low amplitude and positive.

Coronary Sinus Ostium
The PWM of CS ostium focal AT is highly characteristic with deeply
inverted (negative) P waves in leads II, III, and aVF.26 The P wave in
V1 is usually isoelectric-positive or negative–positive with variable precordial transition. The P waves are invariably positive in aVL and aVR.

Perinodal Region, Interatrial Septum
The PWM of perinodal and septal tachycardias is variable, and there is
overlap between the left and right sides (Fig. 10.5). For right perinodal
and right septal foci, an isoelectric P wave in V1 is helpful if present (specificity and PPV of 100%) but is only present in 50% of cases.12 Alternately
the P wave in V1 has been reported to be low-amplitude negative, positive–negative biphasic, or in some instances negative–positive biphasic.
Left septal and left perinodal foci may demonstrate either a biphasic
negative–positive appearance or positive P wave in V1.45,89 In the inferior leads, the PWM is negative or negative-positive.89 However, variable
findings in the limb leads have been reported.45 Some of the reported
differences in PWM in this area may relate to how the septal region is
defined. In some reports, this has included the fossa ovalis region and
the septum primum and in others has referred to the region of Koch’s
triangle.44

Aorto-mitral Continuity and Noncoronary Cusp Focal Atrial
Tachycardia

Although AT foci have been described from a range of MA sites, the
majority cluster at the AMC adjacent to the left fibrous trigone (Fig.
10.6). ATs arising from this region characteristically have a biphasic
negative–positive PWM in V1 and an isoelectric or negative P wave
in aVL (sensitivity of 88%, specificity 99%, PPV 88%, and NPV
99%).25 The P wave in the inferior leads are usually low amplitude
or isoelectric. Because of the close anatomic proximity, the P waves
of focal AT originating from the noncoronary cusp of the aortic
valve are very similar to those arising from the AMC. The P waves
in leads V1 and V2 are also characteristically negative–aorto-mitral
continuity positive as well as those in the inferior leads.47 In this
study, all nine patients had an upright P wave in leads I and aVL
and this may serve as a distinguishing feature from aorto-mitral
focal AT. Nevertheless, there is considerable overlap of the PWM
of noncoronary cusp AT with surrounding sites in close proximity
(perinodal and septal regions).
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Fig. 10.4 A, Left anterior oblique projection of the right atrial map of a superior tricuspid annular tachycardia.
The geometry was created by the CARTO system, and the superimposed color map shows earliest activation
at the superior tricuspid annulus (TA) at the site of successful ablation. B, CARTO merge map from a patient
with an incessant right atrial appendage tachycardia. Earliest colors in both maps are in red with radial spread
away from this site. This focus was ablated at the lateral base of the right atrial appendage (RAA). The proximity of the superior TA to the RAA is highlighted by these examples.
Lt septal AT P wave
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Fig. 10.5 Electrocardiography (ECG) from a left septal origin (left) and an ECG from a right perinodal location
(right). Note that both show the characteristic negative–positive V1 morphology with similar morphology in
inferior leads. This is a nonspecific pattern and can be observed from a variety of anatomic sites in this region
(see text). AT, Atrial tachycardia.

Pulmonary Veins and Left Atrial Appendage
The posterior location of the PV ostia within the LA is reflected by the
universal finding of a positive P wave in V1 and across the precordial
leads.24 In almost all foci, the P wave is negative in aVR, and negative or
isoelectric in aVL. Compared with the right-sided PVs, the left-sided
PVs have a broader notched P wave in V1 and in the inferior leads
(Fig. 10.7). Right-sided PV foci usually have a positive P wave in lead
I. The superior PVs invariably have a positive P wave in the inferior
leads. The inferior PVs may have inverted, low-amplitude positive or

isoelectric inferior P waves. Because of the close proximity of the superior and inferior PVs and marked anatomic variation, distinguishing
superior from inferior foci may be difficult.
The LAA is closely approximated with the left superior PV
(LSPV) and as such has a similar PWM. A PWM that suggests a
LSPV focus (broad upright and notched in V1 and inferior leads)
together with a deeply inverted P wave in lead I will most usually
indicate a LAA focus (Fig. 10.8).61 In recent studies, virtually all
patients had negative P waves in leads I and aVL along with positive
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Fig. 10.6 Mitral annular tachycardia. A, Sinus rhythm P wave. B, Atrial tachycardia P wave showing neg-pos
in V1 and neg in aVL. C, The CARTO merge to computed tomography scan with earliest activation in red at the
aorto-mitral continuity at the site of successful ablation (red dot). D, Transesophageal echocardiography image
with the ablation catheter tip (asterisk) at the aorto-mitral continuity. E, Left anterior oblique fluoroscopy projection at the same location. Ao, Aorta; Cs, coronary sinus; LA, left atrium; LAA, left atrial appendage; LSPV,
left superior pulmonary vein; LV, left ventricle; MA; mitral annulus; MV, mitral valve; RSPV, right superior
pulmonary vein; RV, right ventricle.

P waves in the inferior leads.64,90 A negative P wave in leads I and
aVL predicted a LAA focus with a sensitivity and specificity of 92%
and 97%, respectively.

Coronary Sinus Midbody
Focal AT originating from several centimeters into the CS body characteristically demonstrate a PWM in V1 that is broad and upright as the
site of origin is leftward and posterior compared with the CS ostium.20
The PWM in the inferior leads are deeply inverted and aVR is positive
(see Fig. 10.3).

Mapping II: Endocardial Activation Mapping
Endocardial activation mapping is the most commonly used technique to identify the location of the AT focus. Mapping of focal AT
will demonstrate atrial activation starting at a small area (focus)
from which it spreads out centrifugally. It is very helpful to deploy
standard mapping catheters that may provide a rapid guide to the
anatomic region of interest (Fig. 10.9). Multipolar catheters will also
give a rapid visual guide to when there is a change in tachycardia
or in some cases when termination to sinus tachycardia occurs (see
Fig. 10.9). Most catheters will be placed at the bundle of His area and
the CS. Other catheters may be deployed to provide higher density
mapping in the anatomic region of interest. These include multipolar catheters such as a CT catheter or a catheter deployed around
the TA in the RA. In the LA, when a PV tachycardia is suspected, a
circular catheter may help to locate the focus or facilitate PV isolation. Most often, precise localization will be achieved with detailed

mapping using the ablation catheter in the anatomic region of interest. In general, activation times more than 20 to 30 ms before the P
wave are observed at successful sites, but this is highly variable and
dependent on a clear observation of P wave onset. When the P wave
onset cannot be consistently observed, mapping can be performed
with reference to a stable intracardiac fiducial point with a known
relationship to P wave onset.

Anatomic Relationships and Mapping Focal Atrial
Tachycardia

The anatomic relationships described earlier under P wave morphology are also important during catheter mapping. Some of the important relationships in this regard are as follows:
•	Focal AT apparently originating from the superior CT or superior
posterior RA should raise suspicion of a possible RSPV AT.
•	Early activation at the CS ostium may suggest a CS ostium tachycardia but is also consistent with an origin from regions deep inside the
CS, from the inferior TA, or from the perinodal region.
•	Focal AT originating from the superior TA will have a very similar
activation pattern to those from the base of the RAA.
•	Focal AT arising apparently from the LSPV will need to be distinguished from those originating within the LAA.
•	Finally, early activation in the perinodal region may indicate a
focal AT originating from the TA in that region or alternately the
LA septum or aortic root. Knowledge about these critical anatomic
relationships and the likely sites of AT origin will greatly facilitate
mapping.
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Fig. 10.7 A, Electrocardiography from a 31-year-old male patient with an incessant atrial tachycardia arising
from the left superior pulmonary vein. Note that the V1 P wave is broad upright and notched as are the inferior P waves. The lead I P wave is isoelectric. B, Demonstration of CARTO merge to the left atrial computed
tomography scan with superimposed color map. Earliest activation and successful ablation was at the posterior inferior ostium of the left superior pulmonary vein. The left panel shows the endoluminal view and the
right panel a posterior view.

Right Atrium Versus Left Atrium: Endocardial Mapping

Three-Dimensional Electroanatomic Mapping

In addition to information from the PWM, the endocardial activation
pattern can provide early clues to the need to perform transseptal puncture to map the LA. When CS activation is distal to proximal in sequence,
this immediately denotes a LA site of origin. However, a proximal to distal
sequence is also compatible with a LA origin, particularly for sites at the
septum, AMC, or right-sided PVs. In general, focal AT originating at these
sites, there will be a large region with similar activation time on the right
side of the septum and in the perinodal region. Furthermore, this is usually
less than 15 ms pre-P wave. When earliest right-sided activation suggests
a perinodal site of origin, it is important to map adjacent structures. In the
RA, this will include the perinodal TA and adjacent RA septum. However,
when earliest RA activity is perinodal, it is important to map the left side of
the septum and the aortic root for a noncoronary cusp origin. All these sites
should be carefully mapped before commencing ablation.

In recent years, the use of 3-dimensional mapping systems during
mapping and ablation of focal AT has become virtually universal.
This technology registers the mapping information and provides a far
greater anatomic resolution than that can be achieved with biplane fluoroscopy alone. A number of studies have demonstrated the ability of
3-dimensional electroanatomic mapping to provide a high-resolution
map in the region of earliest activation and precisely locate the focus in
relation to endocardial geometry.91–94 The ability to import a MRI or
cardiac computed tomography of the chamber of interest has further
enhanced the appreciation of anatomic relationships and individual
anatomic variations and as a result has further facilitated mapping.92,93
In recent years, it has become a general approach to routinely supplement multipolar mapping with the use of a 3-dimensional mapping
system (Box 10.2).
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Fig. 10.8 A, A 24-year-old female with incessant atrial tachycardia. P wave morphology is broad, upright, and
notched in V1 and inferior leads suggesting a left superior pulmonary vein origin. Deeply inverted P wave in
lead I, however, suggests the adjacent left atrial appendage. B, CARTO merge to computed tomography scan
of segmented let atrium with superimposed color-coded activation map. The left panel shows an anterior
view of the appendage and the right panel an endoluminal view. Earliest activation in red is at the anterior
base of the appendage with radial spread away from this position.

Ablation
Characteristics of the Ablation Signal
BOX 10.2 Target Sites
• F ocus on anatomic sites (see Fig. 10.1).
• Detailed comparative mapping of sites in close anatomic proximity with
early timing (electrograms):
•	Right atrial appendage and superior tricuspid annulus.
•	Superior crista terminalis and right superior pulmonary vein.
•	Left superior pulmonary vein and left atrial appendage.
•	Perinodal (left and right), septal (left and right), near/on tricuspid, and
mitral annuli, noncoronary cusp.
•	Coronary sinus ostium and tricuspid annulus.
• Earliest activation time with regard to P wave onset. Usually > 15 ms but
highly variable.
• Unipolar QS.
• Electrogram fractionation at successful site is neither sensitive nor specific.

Several criteria have been proposed to identify the signal at the AT focus.
Fractionated electrograms are frequently found at the successful ablation
site;23,72,73 however, not all studies have reported this finding.95 Unipolar
recordings have also been used to successfully identify the site of tachycardia origin.95,96 The presence of a negative deflection (QS pattern) with
a rapid initial slope theoretically localizes the site of origin of the AT. Tang
et al. analyzed the unipolar electrogram at both successful and unsuccessful ablation sites of focal AT. All the successful sites were characterized
by the presence of the QS morphology.97 An RS pattern was observed at
unsuccessful sites. Furthermore, Poty et al. reported an acute success rate
of 86% using unipolar recordings to identify the target site for ablation. 96

Ablation Results
RFA has become the treatment of choice in symptomatic patients with
focal AT. The focal AT ablation series have reported success rates from
69% to 100%.5,6,13,20,23–27,37,47,73,96,98 Recurrence rates are generally low.
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Fig. 10.9 Electrocardiography and intracardiac electrograms at spontaneous initiation of a tricuspid annular
tachycardia. Note that a Halo catheter around the tricuspid annulus shows a shift in the site of earliest activation clearly indicating tachycardia onset. Note also that the general region of interest on the annulus is
indicated by the catheter. Finally, the ablation electrogram shows an annular amplitude ratio (V > A) and is 25
ms pre-P at the site of successful ablation.

In an analysis of 16 studies by Chen et al., the recurrence rate was 7%.13
In that study, the authors analyzed predictors of success of RFA. An
RA location was the only independent predictor of successful RFA. In
other studies, it has been noted that patients who were male, had multiple foci, were older, and had coexisting cardiac disease had lower acute
success rates.13,99 In most series, ablation with RF has been used. However, others have reported successful use of cryoablation, particularly
when the focus was in close proximity to the AV node.100,101
Although the approach in the majority of patients with focal AT is
to map and ablate focally, there are some exceptions. For PV foci, some
have reported excellent results with circumferential isolation.54 Although
the preferred approach even in these cases is to ablate focally, in some
instances if the focus is distally located or when focal activity becomes
quiescent after the PV origin has been identified, then PV isolation may
be needed. In cases of difficult to ablate appendage foci, there have been
some reports of isolation of the appendage using a cryoballoon.99 Others
have reported successful epicardial ablation in refractory cases of LAA
focal AT.66,103 For refractory cases of LAA or RAA focal AT, others have
described minimally invasive surgical approaches to ligate or excise the
appendage with successful elimination of the tachycardia.104–107

TROUBLESHOOTING THE DIFFICULT CASE
A 25-year-old female was referred to our institution with recurrent
palpitations. Symptoms had been present over many years, and episodes were triggered by coffee and exercise. A 12-lead ECG showed
almost incessant AT with a ventricular rate of 110 to 120 beats per
minute, alternating with several beats of sinus rhythm before reinitiation of tachycardia. A 24-hour ambulatory ECG monitor showed
multiple episodes of AT with ventricular rates at times in excess of
200 beats per minute. A transthoracic echocardiogram revealed a
structurally normal heart with normal LV systolic function. The

patient had trialed flecainide, which was only partly effective and
produced intolerable side effects. Finally, invasive cardiac EP study
and RFA were initiated.

Procedure 1
On arrival in the EP laboratory, the patient was in sinus rhythm with
runs of spontaneous AT, which became more persistent with isoproterenol infusion (Fig. 10.10). PWM was isoelectric-positive in V1
and negative–positive in leads II, III, and aVF that was viewed as nonspecific but likely related to a midline structure. There were recurrent
spontaneous bursts of AT with earliest activation in the distal CS bipole
(see Fig. 10.10 B). Initial mapping within the RA, around the CS ostium,
and the midseptal region showed earliest activation after the P wave
onset. CS diverticulum was not revealed by CS angiography. Transseptal access to the LA was achieved, and LA geometry was collected using
an irrigated 3.5-mm ablation catheter and the CARTO electroanatomic
mapping system (Biosense Webster, Diamond Bar, CA).
During tachycardia, the activation map demonstrated earliest atrial
activity in the low posterior LA, immediately superior to the MA. When
mapping with the ablation catheter, a relatively large area in the low
posterior LA was activated within 10 ms, rendering the precise identification of the site of origin challenging. RFA was performed at putative
sites of early activation in the low posterior LA (25 W irrigated caused
by concern regarding esophageal proximity) and resulted in acceleration
of the tachycardia but no termination. However, the tachycardia became
progressively quiescent rendering mapping increasingly difficult. After
the last RF application, no further tachycardia was observed even after
provocation with isoproterenol. During a period of monitoring overnight, the patient had several short episodes of AT although the atrial
rate was relatively slow. A 24-hour ambulatory ECG monitoring after
discharge revealed AT recurrence, and therefore a further attempt at RFA
was scheduled.
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Fig. 10.10 A, 12-lead electrocardiography (ECG) of atrial tachycardia. Note P wave morphology: isoelectricpositive in V1 and negative–positive in II, III, and aVF. According to the algorithm, this pattern is suggestive of
a midline location (noncoronary cusp, left or right septum, perinodal). B, ECG and intracardiac electrograms
at the spontaneous onset of tachycardia with earliest atrial activation noted in the distal coronary sinus (CSd)
electrodes during atrial tachycardia in keeping with a left atrial focus. LA, Left atrium; LPV, left pulmonary
vein; RA, right atrium.

Procedure 2

DISCUSSION

On this occasion, a PentaRay NAV (Biosense Webster) multipolar mapping catheter with 1 mm electrode rings and 1 mm bipole
spacing was used to facilitate greater mapping precision (Fig. 10.11).
This identified early sharp signals at the low posterior LA approximately 20
ms pre-P wave onset. The earliest signals were located approximately 1.5
cm above the mitral valve annulus. The ablation catheter was then positioned at this site using CARTO anatomic definition. The ablation catheter
recorded a far less distinct early potential than that observed on the PentaRay (see Fig. 10.11 B and C). The unipolar signal showed a QS pattern
but was late with respect to the early potential. Ablation at this location
(25 W irrigated) resulted in acceleration and termination of the tachycardia within 5 seconds. There was no recurrence of tachycardia over a 45minute waiting period, which included isoproterenol provocation, or over
the ensuing 6 months.

This case highlights the advantage of using a closely spaced 1-mm
bipole with 1-mm electrodes for precise activation mapping compared with the recordings from the larger effective bipole of a 3.5-mm
ablation tip electrode. The wider bipole summates regional activation,
and details on critical activation time are lost. In a classical paper published almost 30 years ago, Ideker et al. described this as one of the
key assumptions in activation mapping that may provide a misleading
picture.108 Ndrepepa et al. also demonstrated degradation in accuracy
of activation timing with increasing bipolar spacing.109 With the widespread use of the ablation catheter bipolar pair as the primary mapping
approach for a range of arrhythmias, this important observation may
be forgotten. This effect was amplified by the very rapid atrial conduction present in this young patient presumably caused by excellent
cellular coupling. In this case, ablation electrode mapping resulted in
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Fig. 10.11 A, CARTO electroanatomic map of left atrial activation during atrial tachycardia. Earliest local activation
time (LAT) indicated by red, with isochrones through the color spectrum to the latest activation delineated in blue.
The PentaRay catheter can be seen positioned in the left atrium, and electrodes on the splines are labeled from
distal to proximal in an anticlockwise direction. Electrodes 1 and 2 are labeled for orientation. Spline 4 is folded back
such that it lies adjacent to spline 2, and earliest activity is on the distal bipole of this spline (asterisk). Note the very
sharp early signal. Earliest activation is evident in the low posterior left atrium (LA), and the red sphere denotes the
position of successful ablation. B, Intracardiac electrograms recorded by the PentaRay catheter during atrial tachycardia. Note earliest activation, 20 ms pre-P wave, at electrodes 5 and 6 and 13 and 14 (distal poles of spline 2 and 4,
respectively). There is a low-amplitude high-frequency early potential at both sites. Note also that the remaining
bipoles of the PentaRay catheter are rapidly activated within 10 to 15 ms. C, Intracardiac electrograms recorded
by the ablation catheter position at the site of earliest activation. The atrial electrogram on the ablation catheter
is 18 ms pre P wave and ablation at this site resulted in successful termination of the tachycardia. Abl, Ablation;
CS, Coronary sinus; d, distal; LPV, left pulmonary vein; p, proximal; RA, right atrium; STIM, stimulus; uni, unipolar.

BOX 10.3 Troubleshooting the Difficult Case
• C
 areful electrophysiologic confirmation of the diagnosis of focal AT.
• Reconfirm the diagnosis. Is this the same tachycardia or has it
changed?
•	A second focal atrial tachycardia.
•	Atrioventricular nodal reentry or atrioventricular reentry.
•	Sinus tachycardia while still on isoproterenol.
•	Other approach:
Repeat electrophysiologic diagnostic maneuvers.
Reevaluate the P wave morphology.
Deploy multipolar catheters (rapid visual clue that tachycardia has
changed).

Remap.
• C
 areful mapping of sites in close anatomic proximity.
• Improve mapping resolution with a closely spaced (1 mm) bipole.
• Avoid temptation to increase the RF power.
•	More mapping rather than more power.
•	The majority of atrial tachycardias can be successfully ablated with
50 W (solid tip) or 30 W (irrigated tip).
•	Foci that require an epicardial approach are rare.
• If tachycardia is truly perinodal, (after conformational mapping of left
side and coronary cusp) consider use of cryoablation.
•	In addition, consider stopping the procedure to further discuss the risks.

AT, Atrial tachycardia; RF, radiofrequency.

a region in the posterior LA of almost 2 cm in diameter in which activation occurred within 10 to 15 ms. However, the 1-mm bipole of the
PentaRay demonstrated a sharp early and localized potential at the site
of tachycardia origin, which was much less obvious with the ablation
catheter positioned at the same site (see Fig. 10.11, C). In addition, the

unipolar electrogram although recording a QS pattern did not reflect
this earlier activity. This case provides a reminder of the importance
of interelectrode distance in generating a precise activation map and
highlights a potential pitfall when mapping is performed exclusively
with the relatively wide bipole of an ablation catheter (Box 10.3).
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   C O N C L U S I O N
The majority of focal ATs originate from defined anatomic structures or sites within the atria. In patients without structural heart
disease (or prior surgery or extensive ablation) wave fronts emanating from these sites produce a characteristic P wave appearance that
can facilitate targeted mapping. However, sites in close anatomic
proximity will have overlap in P wave appearance, and detailed
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mapping will be required. Endocardial activation mapping targeted
to anatomic structures and facilitated by multipolar catheters can
rapidly and simply identify critical regions of anatomic interest.
The 3-dimensional mapping systems with imported cavotricuspid
isthmus (CTI) or MRI enhance mapping resolution and provide a
precise appreciation of individualized anatomy.
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Ablation of Cavotricuspid
Isthmus–Dependent Atrial Flutters
Gregory Feld, David Krummen, Jonathan Hsu, Kurt Hoffmayer,
Farah Z. Dawood, Gordon Ho

KEY POINTS
•	The mechanism of most cavotricuspid isthmus (CTI)-dependent
atrial flutter (AFL) is macroreentry around the tricuspid valve
annulus (TVA).
•	The diagnosis of CTI-dependent atrial flutter is made by
demonstration of macroreentry around the TVA during
entrainment at two or more sites around the tricuspid valve, and
demonstration of concealed entrainment from the CTI during
AFL.
•	The target for ablation of CTI-dependent AFL is the CTI, between
the TVA and the inferior vena cava (IVC).
•	Special equipment that may improve outcome or may be required
to ablate the CTI includes a large-tip catheter (8- or 10-mm

ablation electrode) with a high-power radiofrequency generator
(up to 100 watts) or an externally irrigated ablation catheter, a
large-curve catheter, and a preformed or steerable sheath. An
intracardiac echocardiographic (ICE) catheter, electroanatomic or
noncontact 3-dimensional mapping systems, or a multielectrode
Halo catheter may be useful but are not required.
•	Sources of difficulty in assuring successful long-term success may
include complex anatomy (e.g., pouches, prominent Eustachian
ridge) of the CTI, leading to failure to achieve bidirectional
isthmus conduction block.
•	Long-term success rates range from 90% to 95%, after achieving
acute bidirectional CTI conduction block.

Cavotricuspid isthmus (CTI)-dependent atrial flutter (AFL) is a common atrial arrhythmia, often occurring in association with atrial fibrillation. It can cause significant symptoms because of a typically rapid
ventricular rate, and may cause embolic stroke, and rarely a tachycardia-induced cardiomyopathy. The electrophysiologic substrate underlying CTI-dependent AFL has been shown to be macroreentry around
the tricuspid valve annulus (TVA), with an area of concealed conduction in the CTI, anatomically bounded by the TVA anteriorly and the
inferior vena cava (IVC) and Eustachian ridge posteriorly, with a line
of conduction block along the crista terminalis. This electrophysiologic milieu produces a long enough reentrant path length, relative to
the average tissue wavelength around the TVA, to allow for sustained
reentry. The triggers of AFL, commonly premature atrial contractions
or nonsustained atrial fibrillation originating from the left atrium and
pulmonary veins, most likely account for the fact that counterclockwise AFL (typical AFL) occurs most frequently clinically. AFL is also
relatively resistant to pharmacologic suppression.
Because of the consistent and well-defined anatomic substrate and
the typical pharmacologic resistance of CTI-dependent AFL, radiofrequency (RF) catheter ablation is established as a safe and effective
first-line treatment. Although several approaches have been described
for ablating CTI dependent AFL, the most widely accepted technique
is an anatomically-guided approach targeting the entire CTI, resulting
in a high efficacy rate for cure of AFL, with minimal risk. This chapter
reviews the electrophysiology of human CTI-dependent AFL and techniques currently used for its diagnosis, mapping, and ablation.

counterclockwise (CCW) and clockwise (CW) AFL, and isthmusdependent and non–isthmus-dependent AFL, the Working Group of
Arrhythmias of the European Society of Cardiology and the North
American Society of Pacing and Electrophysiology published a consensus document in 2001 in an attempt to develop a generally accepted
standardized terminology for AFL.1 The consensus was that the terminology “typical” and “type 1” AFL were most commonly used to
describe CTI-dependent, defined as a macroreentrant right atrial
tachycardia, and included both the CCW and CW variants rotating around the TVA. Therefore the working group determined that
CTI-dependent, right atrial macroreentrant tachycardia, rotating in the
CCW direction around the TVA (when viewed from the right ventricle) would be termed typical AFL, and the similar tachycardia rotating
in the CW direction around the TVA would be termed reverse typical
AFL.1 For the purposes of this book, we will use the terms typical and
reverse typical AFL, or CTI-dependent AFL when being referred to
jointly. Other rare isthmus-dependent AFL variants, including lower
loop reentry and partial isthmus-dependent AFL, are also discussed
in this chapter.

ATRIAL FLUTTER TERMINOLOGY
Because of the variety of terms used to describe AFL in humans in
the past, including type 1 and type 2 AFL, typical and atypical AFL,
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ANATOMY AND PATHOPHYSIOLOGY
The development of successful RF catheter ablation (RFCA) techniques
for CTI-dependent AFL depended in part on the delineation of its electrophysiologic mechanism. Using advanced electrophysiologic techniques, including intraoperative and trans catheter activation mapping,2–7
CTI-dependent AFL was shown to be caused by a macroreentrant circuit
rotating in either a CCW (typical) or a CW (reverse typical) direction in
the right atrium around the TVA, with an area of relatively slow conduction velocity in the low posterior right atrium (Figs. 11.1 and 11.2). The
predominant area of slow conduction in the AFL reentry circuit has been
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Fig. 11.1 A and B, Schematic diagrams showing the activation patterns of CTI-dependent AFL, as viewed
from below the tricuspid valve (TV) annulus, looking up into the right atrium. In typical AFL (A), the reentrant
wave front rotates counterclockwise in the right atrium (RA), but in reverse typical AFL (B), reentry is clockwise. Note that the Eustachian ridge (ER) and crista terminalis (CT) form lines of block and that an area of slow
conduction (wavy line) is present in the CTI (between the ER and TV annulus). CS, Coronary sinus ostium;
His, His bundle; SVC, superior vena cava. C–E, Anatomy of the CTI. The schematic diagram of the right atrium
(C) shows the CTI (expanded insert), which is posterior and inferior to the triangle of Koch. D, Pathologic
specimen showing the heart in right anterior oblique (RAO) view. The hinge of the TV is shown by the dotted
line. Note the complex anatomy along the inferior isthmus line, with a fenestrated Thebesian valve present.
SI, Septal isthmus; II, inferior isthmus; EV, Eustachian valve; OF, foramen ovale; N, AV nodal area; SVC,
superior vena cava. E, RAO angiogram of the CTI. A pouch-like sub-Eustachian sinus (SE) is seen adjacent
to the vestibule region of the isthmus (V). H, His catheter. (From Cabrera JA, Sanchez-Quintana D, Ho SY,
et al. The architecture of the atrial musculature between the orifice of the inferior caval vein and the tricuspid
valve: the anatomy of the isthmus. J Cardiovasc Electrophysiol. 1998;9:1186-1195. With permission.)

shown to be in the CTI, through which conduction times may reach 80 to
100 ms, accounting for one-third to one-half of the AFL cycle length.8–10
The CTI is the target for ablation and warrants special attention.
The CTI refers to right atrial myocardium between the TVA and IVC,
which courses from the inferolateral to the posteromedial low right

atrium and is anatomically bounded by the IVC and Eustachian ridge
posteriorly and by the TVA anteriorly (see Figs. 11.1 and 11.2). These
boundaries form lines of conduction block delineating a protected
zone in the reentry circuit.11–14 The presence of conduction block along
the Eustachian ridge11–14 has been confirmed by the demonstration of
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valve (TV) and is related to the right coronary artery (RCA). The posterior sector is closest to the orifice of the
inferior caval vein and contains the Eustachian valve or ridge (ER) (Masson trichrome stain). (From Cabrera JA.
The inferior right atrial isthmus: further architectural insights for current and coming ablation technologies. J
Cardiovasc Electrophysiol. 2005;16:402-408. With permission.)
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ridge (ER) by the ablation catheter (RFd and RFp). Note that the x and y potentials straddle the onset of the
initial downstroke of the F wave in lead aVF (vertical line), indicating that the x potential is recorded immediately after the activation wave front exits the sub-Eustachian isthmus and circulates around the coronary
sinus above the ER. The y potential is recorded after the activation wave front has rotated entirely around
the atrium and is proceeding through the sub-Eustachian isthmus below the ER. Double potentials may
similarly be recorded along the crista terminalis (CT). B, A schematic diagram of the right atrium indicates
where double potentials (x,y) may be recorded along the ER and CT during typical AFL. CSp, CSm, and CSd
are electrograms recorded, respectively, from the proximal, middle, and distal electrode pairs on a quadripolar
catheter in the coronary sinus (CS) with the proximal pair at the ostium. His, Electrogram from the His bundle
catheter; IVC, inferior vena cava; RFp and RFd, electrograms from the proximal and distal electrode pairs of
the mapping and ablation catheter with the distal pair positioned on the ER; RV, right ventricle electrogram;
SVC, superior vena cava; TV, tricuspid valve.

double potentials along its length during AFL (Fig. 11.3). The superomedial boundary of the CTI is the line between the septal insertion
of the Eustachian ridge and the most inferior para-septal insertion of
the tricuspid valve (TV) (i.e., the base of the triangle of Koch).15,16 The
inferolateral border of the CTI comprises the final ramifications of the

pectinate muscles of the crista terminalis, but a precise lateral boundary is not well defined. In attitudinal orientation, the portion of the CTI
adjacent to the tricuspid annulus is anterior and sometimes referred
to as the vestibular portion of the CTI. The portion of the CTI that
is adjacent to the IVC is attitudinally posterior and referred to as the
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membranous CTI. The middle portion of the CTI is referred to as the
trabeculated CTI.15
The anatomy of the CTI can be assessed by computed tomography
(CT) or magnetic resonance imaging (MRI) before ablation or by angiography, electroanatomic mapping, or echocardiography intraoperatively.17–19 The CTI is typically 34 ± 5 mm in length when measured
angiographically from the IVC to the TV. The CTI is usually subdivided into three sections: septal isthmus, central isthmus, and lateral
isthmus (see Figs. 11.1 and 11.2).15,19 In the electrophysiology laboratory, the septal isthmus is defined as that portion between 4 and 5
o’clock when visualized in the left anterior oblique (LAO) projection
fluoroscopically. The central isthmus is that portion located at 6 o’clock,
and the lateral isthmus is that starting at 7 o’clock.15 The central isthmus
(6 o’clock) marks the shortest distance between the IVC and tricuspid
annulus (19 ± 4 mm, range 13–26 mm).15 In addition, the central isthmus is the thinnest portion, ranging from an average of 3.5 mm near
the TV to 0.8 mm in the middle portion.15 The anterior (vestibular)
portion of the CTI adjacent to the TV is entirely muscular, whereas
the posterior (membranous) portion closest to the IVC is primarily
fibro-fatty tissue.15 The muscle thickness is least in the central isthmus,
greatest at the septal isthmus, and intermediate in the lateral isthmus.15
The anatomy of the CTI is highly variable but usually classified
into three categories. A flat CTI shows 2 mm or less inferior concavity
between the IVC and TV and is found in about 28% of patients.18,19
A concave CTI with inferior concavity more than 2 mm in depth is
found in about 20% of patients. In these, the average depth is 3.7 ± 0.8
mm.19 In up to 83% of patients, the CTI shows a distinct inferior pouch
(sub-Eustachian pouch or sinus of Keith) averaging 6.5 ± 2.2 mm in
depth but up to 12.4 mm deep (see Figs. 11.1 and 11.2).15–19 The pouch
is separated from the TV by a smooth vestibular area (see Figs. 11.1 and
11.2).19 The pouch itself may be symmetrical or asymmetrical, with
extension toward the atrial septum. In anatomic studies, pouches are
confined to the medial or septal CTI but are not seen in the lateral third
of the CTI.20 Other notable anatomic features influencing the success
of CTI ablation are the presence of a prominent muscular Eustachian
ridge in about 26% of patients, extension of pectinate muscles into the
CTI in 70% of patients, and even into the coronary sinus in 7%.20 The
thickness of the pectinate muscles is greatest laterally and diminishes
toward the atrial septum. The presence of pectinate muscles in the CTI
may be suggested by recording high voltage electrograms (EGMs) from
this area.20 In autopsy specimens, CTI pectinate muscle extensions and
CTI pouches tend to occur together.20
The crista terminalis forms another important boundary for
CTI-dependent AFL. The crista terminalis leaves the superior right
atrial septum and courses superiorly and anteriorly to the superior
vena cava, and inferiorly along the posterolateral right atrial free
wall to the IVC, where it then continues anteriorly and medially to
form the Eustachian ridge. Double potentials have also been recorded
along the crista terminalis,11–14 suggesting that it too forms a line of
block during AFL, separating the smooth septal right atrium from the
trabeculated right atrial free wall (see Fig. 11.3). Such lines of block,
which may be either functional or anatomic, are necessary for an
adequate path length for reentry to be sustained, to prevent “short-
circuiting” of the reentrant wave front.12–14,21 Thus during typical AFL,
the activation wave front traverses the CTI and exits medially, ascends
the atrial septum, courses over the anterior right atrium, descends the
right atrial lateral wall between the crista terminalis posteriorly and
the TV anteriorly, and then enters the CTI laterally to complete the
circuit.12–14,21
The medial and lateral CTI, which are contiguous, respectively,
with the interatrial septum near the coronary sinus (CS) ostium and
with the low lateral right atrium near the IVC (see Figs. 11.1 and 11.2),
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correspond to the exit and entrance to the CTI, depending on whether
the direction of reentry is CCW or CW in the right atrium.2–15 The presence of slow conduction in the CTI, relative to the interatrial septum
and right atrial free wall, may be caused in part by the anisotropic fiber
orientation in the CTI.7–10,22,23 This may also predispose to the development of unidirectional block during rapid atrial pacing, accounting for
the observation that typical (CCW) AFL is more likely to be induced
when pacing is performed from the CS ostium, and reverse typical
(CW) AFL when pacing is from the low lateral right atrium.24
Lower-loop reentry is an isthmus-dependent flutter in which the
caudal-to-cranial limb of the wave front crosses over gaps in the crista
terminalis in the inferior to middle right atrium (Fig. 11.4).25,26 The
circuit is essentially around the ostium of the IVC in the right atrium.
The direction of rotation may be CW or CCW. This variant activation
sequence may be sustained, or it may interconvert with other forms of
AFL.
Partial isthmus flutter is another variant in which the CCW reentrant wave front “short circuits” through the Eustachian ridge barrier
to pass between the IVC and the CS ostium (see Fig. 11.4).25 The wave
front then propagates in a CW direction through the medial end of the
CTI to collide with the wave front that is also conducting through the
isthmus from its lateral aspect.
Intra-isthmus reentry (IIR) is a microreentrant atrial flutter localized
within the septal region of the CTI (Fig. 11.5). In a prospective series of
patients with IIR reported by the Yang, et al.,27,28 around half of patients
(57%) with intraisthmus had prior CTI ablation. IIR was often diagnosed
in patients (21%) with recurrent atrial flutter after previous CTI ablation.

DIAGNOSIS
Surface Electrocardiography
The surface 12-lead electrocardiogram (ECG) is helpful in establishing
a diagnosis of CTI-dependent AFL, particularly the typical form (Table
11.1). In typical AFL, an inverted saw tooth F wave pattern is observed
in the inferior ECG leads II, III, and aVF, with low-amplitude biphasic
F waves in leads I and aVL, an upright F wave in precordial lead V1,
and an inverted F wave in lead V6 (Fig. 11.6 A). In contrast, in reverse
typical AFL, the F wave pattern on the 12-lead ECG is less specific and
variable, often with a sine wave pattern in the inferior ECG leads (see
Fig. 11.6 B). The determinants of F-wave pattern on ECG are largely
dependent on the activation sequence of the left atrium, resulting from
reentry in the right atrium. Inverted F waves are inscribed in the inferior ECG leads in typical AFL, because of activation of the left atrium
initially posteriorly near the CS, and upright F waves are inscribed in
the inferior ECG leads in reverse typical AFL because of activation of
the left atrium initially anteriorly, near Bachmann’s bundle.29,30 However, because the typical and reverse typical forms of CTI-dependent
AFL use the same reentry circuit, but in opposite directions, their rates
are often similar. It has also been shown that the ECG presentation of
typical AFL can be dramatically altered by ablation in the left atrium
for atrial fibrillation.31
The ECG presentation of lower-loop reentry is highly variable,
depending on the caudal-to-cranial level of wave front breakthrough
across the crista terminalis.26 CCW lower-loop reentry may resemble
typical AFL because of similar patterns of activation of the atrial septum and left atrium. A decrease in the late inferior forces may be evident in lower-loop reentry, because of wave front collision in the lateral
right atrium. With multiple or variable wave front breaks in the lateral
atrium, unusual and changing ECG patterns may be observed. Alternation of P wave polarity from positive to negative in V1 may occur.26
CW lower-loop reentry typically demonstrates positive flutter waves in
the inferior leads and negative flutter waves in V1.
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Fig. 11.4 Electrograms and schematic representation of atrial activation in lower-loop reentry and partial
isthmus-dependent flutter. A, During lower-loop reentry, the posterior right atrium is part of the reentry circuit
around the inferior vena cava, and wave fronts collide in the lateral right atrium. The electrograms show multiple collisions at recording sites on the lateral right atrial wall TA1 and TA8 (stars). B, During partial isthmus-
dependent flutter, the wave front bypasses the anterior CTI near the TVA by passing through the Eustachian
ridge posterior to the coronary sinus ostium (CSos). The coronary sinus ostium is activated prematurely, and
the tachycardia is not entrained from the medial CTI itself. IVC, Inferior vena cava; SVC, superior vena cava;
TA10, proximal recording electrodes on halo catheter near upper septum; TA1, distal recording electrodes on
Halo catheter near lateral aspect of the CTI. (From Yang Y, Cheng J, Bochoeyer A, et al. Atypical right atrial
flutter patterns. Circulation. 2001;103:3092-3098. With permission.)
The ECG description of partial isthmus-dependent flutter is incomplete, but it may be expected to resemble typical AFL, given their similar patterns of atrial activation.25
The surface ECG pattern of IIR is variable, with 86% of cases resembling typical CCW AFL and 21% of cases exhibiting atypical AFL (positive F waves in inferior leads and V1). In the majority of patients with
IIR (79%), a distinct isoelectric period was observed between surface F
waves, which were often low amplitude or flat.27–29

Electrophysiologic Diagnosis
Despite the utility of the 12-lead ECG in making a presumptive diagnosis of typical AFL, an electrophysiologic study with mapping and
entrainment should be performed to confirm the underlying mechanism if RFCA is to be successfully performed (see Table 11.1). This is
particularly true in the cases of reverse typical AFL or CTI-dependent
flutter following left atrial ablation, which are much more difficult to
diagnose on 12-lead ECG.
For the electrophysiologic study of AFL, activation mapping may
be performed using multielectrode catheters or 3-dimensional electroanatomic computerized activation mapping systems. For standard
multielectrode catheter mapping, catheters are positioned in the right
atrium, His bundle region, and CS. To most precisely elucidate the
endocardial activation sequence, a duo-decapolar catheter (e.g., Halo
20-electrode mapping catheter) may be positioned in the right atrium
around the TVA (Fig. 11.7). These catheters may extend to the lateral

CTI or cross the entire CTI into the CS, depending on design. The latter obviates the need for a separate CS catheter. Recordings obtained
during AFL from all electrodes are then analyzed to determine the
right atrial activation sequence.
For patients who present to the laboratory in sinus rhythm, it is
necessary to induce AFL to confirm its mechanism. Induction of AFL
is accomplished by atrial programmed stimulation or burst pacing,
usually from the CS ostium or low lateral right atrium. The direction
of AFL induced (e.g., CCW vs. CW) may depend in part on the pacing site. For burst pacing, cycle lengths between 180 and 240 ms are
typically effective in producing unidirectional CTI block and inducing
AFL. Induction of AFL typically occurs immediately after the onset
of unidirectional CTI isthmus block, or after a brief period of rapid
atrial tachycardia or atrial fibrillation.24 During electrophysiologic
study, a diagnosis of either typical or reverse typical AFL is suggested
by observing a CCW or CW activation pattern in the right atrium
around the TVA, respectively. For example, as seen in Fig. 11.8, A in
a patient with typical AFL, the initial atrial activation is recorded at
the CS ostium (i.e., CS os EGM), which is timed with the initial down
stroke of the F wave in the inferior surface ECG leads, followed by
caudal-to-cranial activation in the interatrial septum (i.e., His bundle
atrial EGM), then cranial-to-caudal activation in the right atrial free
wall (i.e., proximal to distal EGMs on the duo-decapolar catheter), and
finally to the CTI (i.e., ablation catheter atrial EGM), demonstrating
that the underlying mechanism is a CCW macroreentry circuit around
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Fig. 11.5 A, A CARTO map in a patient with typical atrial flutter (AFL) with a counterclockwise activation
sequence around the tricuspid valve annulus (TVA). In the left anterior oblique (LAO) view, the earliest activation was at the septal cavotricuspid isthmus (CTI) and latest activation at the lateral CTI, resulting in an “early
meets late” activation pattern at the CTI. The mapped cycle length spanned 99% of the tachycardia cycle
length (TCL). However, the postpacing interval (PPI)-TCL interval, measured at different sites around the TVA,
showed that only the septal CTI was in the circuit. B, Simultaneous surface electrocardiogram recordings
(leads I, II, and V1), a His bundle (HBE), coronary sinus (CS), and duo-decapolar catheter positioned around
the TVA, with its distal electrode (TA1) across the CTI at CS ostium and proximal electrode (TA10) close to the
high lateral TVA in a patient with typical AFL (cycle length 250 ms). The electrodes TA1–3 were located within
the septal CTI (from the CS ostium to 6:00 o’clock on the TVA). Note the low amplitude fractionated potentials
(FPs) with a duration of 159 ms, recorded at TA2, which spanned 64% of the TCL, and the double potentials
(DPs) with E1 to E2 interval of 127 ms recorded at TA3. A combination of the recordings from TA1 to TA3
(i.e., both FPs and DPs) spanned more than 2/3 of the TCL. In this patient, entrainment pacing from the septal
CTI during the tachycardia showed a PPI–TCL ≤ 25 ms, whereas pacing from the lateral CTI showed a PPI–
TCL greater than 25 ms. Radiofrequency catheter ablation at the septal CTI, where the FPs were recorded,
terminated the AFL, and it was no longer inducible after ablation. The schematic diagram to the right of the
figure shows the proposed reentrant circuit. (From Yang Y, Varma N, Badhwar N, et al. Prospective observations in the clinical and electrophysiologic characteristics of intra-isthmus reentry. J Cardiovasc Electrophysiol.
2010;21:1099-106. With permission.)

TABLE 11.1

Diagnostic Criteria for Isthmus-Dependent Flutters

Type of Flutter

Criteria

Surface ECG
Typical flutter

Saw tooth upright F wave pattern in the inferior ECG leads and in V1

Reverse typical flutter

Sine wave or upright F wave pattern in the inferior ECG leads

Lower loop reentry

Variable; often resembles typical flutter if counterclockwise; clockwise rotation usually yields upright F waves inferiorly and inverted in V1

Partial-isthmus reentry

Poorly described; probably similar to typical flutter

Electrophysiologic Testing
Isthmus-dependent
Demonstration of entrainment criteria during pacing from the CTI,
flutters
Including the following:
First postpacing interval <30 ms longer than tachycardia cycle length
Stimulus-to-F-wave interval equal to electrogram-to-F-wave interval on pacing catheter
Identical paced F wave morphology and atrial activation sequence
Macroreentrant RA activation by standard activation or electroanatomic mapping with entire tachycardia cycle length represented in
right atrium
Typical flutter

Concealed entrainment from CTI and counterclockwise macroreentrant RA activation

Reverse typical flutter

Concealed entrainment from CTI and clockwise macroreentrant RA activation

Lower loop reentry

Concealed entrainment from both CTI and low posterior right atrium with clockwise or counterclockwise macroreentrant RA activation

Partial isthmus-
dependent

Concealed entrainment from lateral but not medial margin of CTI; early coronary sinus ostium activation during flutter; wave front collision
in CTI; counterclockwise macroreentrant RA activation

CTI, Cavotricuspid isthmus; ECG, electrocardiogram; RA, right atrial.
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Fig. 11.6 A, A 12-lead electrocardiogram recorded during typical atrial flutter (AFL). Note the sawtooth F
wave pattern in the inferior leads II, III, and aVF. Typical AFL is also characterized by flat to biphasic F waves in
I and aVL, respectively; an upright F wave in V1; and an inverted F wave in V6. B, A 12-lead electrocardiogram
from a patient with the reverse typical AFL. The F wave in reverse typical AFL has a less distinct, sine-wave
pattern, in the inferior leads. In this case, the F waves are upright in the inferior leads II, III, and aVF; biphasic
in leads I, aVL, and V1; and upright in V6.

the TVA encompassing the entire tachycardia cycle length. In a patient
with reverse typical AFL, the mirror image of this activation pattern is
seen (see Fig. 11.8 B).
In addition, confirmation that the AFL reentry circuit uses the
CTI, requires demonstration of classical criteria for entrainment,
including concealed entrainment, during pacing from the CTI, and
constant fusion from a site or sites outside the CTI (often the lateral
right atrium).5 Criteria for demonstrating concealed entrainment of
AFL include acceleration of the tachycardia to the pacing cycle length
without a change in the F wave pattern on surface ECG or endocardial
atrial activation pattern and EGM morphology, as well as immediate
resumption of the tachycardia at the original cycle length on termination of pacing, including the first postpacing interval (i.e., the postpacing interval minus tachycardia cycle length, or PPI-TCL, should
be less than 30 ms, Fig. 11.9). Concealed entrainment is further confirmed, during pacing from the CTI, if the stimulus-to–F-wave or
stimulus-to-reference EGM interval during pacing, and the pacing
electrode EGM-to–F-wave or pacing EGM-to-reference EGM interval
during AFL are the same (see Fig. 11.9). Furthermore, during typical

AFL, the stimulus-to–F-wave or stimulus-to-proximal CS EGM is
shorter when the pacing site is medial, near the exit from the CTI
(e.g., 30 to 50 ms), and longer when the pacing site is lateral, near
the entrance to the CTI (e.g., 80–100 ms). The converse is true during
reverse typical AFL. In contrast, pacing at sites outside the CTI results
in manifest entrainment of AFL, with progressive fusion of the F postpacing interval wave pattern and endocardial atrial EGMs at progressively shorter cycle lengths faster than the AFL cycle length.
The diagnosis of lower loop reentrant AFL is confirmed by demonstration of concealed entrainment of the tachycardia from not only
the CTI but also the inferior-posterior right atrium.25 Partial isthmusdependent flutter is confirmed by the demonstration of concealed
entrainment from the lateral margin of the CTI but not from the medial
portion near the TVA. In addition, there is early activation of the CS
ostium and evidence of wave front collision within the medial CTI. Concealed entrainment should be demonstrable from the area of short circuit between the Eustachian ridge and CS ostium.
The diagnosis of IIR is confirmed by demonstration of concealed
entrainment only within the septal CTI near the CS ostium, while all

CHAPTER 11

Ablation of Cavotricuspid Isthmus–Dependent Atrial Flutters
RAO

167

LAO

Halo
His

His
CS

CS

Halo
AB

AB

RAO

LAO
Halo

Halo
His

His

AB
AB
Fig. 11.7 Right anterior oblique (left panel) and left anterior oblique fluoroscopic (right panel) projections
showing the intracardiac positions of the His bundle (His), coronary sinus (CS), halo (Halo), and ablation catheters (AB). Two types of multielectrode mapping catheters are shown. Top, This design does not span the
cavotricuspid isthmus (CTI). In this patient, the ablation catheter is septal and withdrawn to the posterior CTI
near the inferior vena cava. Bottom, This design spans the CTI with closely spaced electrodes and continues
into the coronary sinus. In this patient, the ablation catheter is over the central part of the CTI near the tricuspid valve annulus.

other areas of the right atrium, left atrium, and CS are out of the circuit (PPI-TCL >25)27,28. In addition, fractionated potentials and double potentials are often observed within the septal area of the CTI. In
rare instances, concealed entrainment and fractionated potentials have
also been observed at the mid or antero-inferior CTI, indicating extension of the circuit more laterally. Electroanatomic mapping may not
have adequate resolution to identify this microreentrant circuit. It may
demonstrate either a focal pattern with total mapped cycle length less
than 60% of the tachycardia cycle length with earliest activation arising
from the septal CTI near the CS ostium, or it may demonstrate a CCW
reentrant pattern around the TVA, with the total mapped cycle length
greater than 90% of the TCL, deceptively suggesting the presence of
typical CTI-dependent AFL.
The differential diagnosis of AFL from other supraventricular
arrhythmias is usually apparent given typical ECG manifestations and
variable ventriculoatrial relationships. The most important distinction
to be made is the exclusion of a focal atrial tachycardia. Rarely, focal
atrial tachycardia in the low posteroseptal right atrium may be confused with AFL if unidirectional CTI conduction block (i.e., medial to
lateral block) is present. Otherwise, the atrial tachycardia can be recognized by failure to entrain it from the CTI and by a radial activation
pattern.

ABLATION
For ablation of CTI-dependent AFL, the most common approach is to
create a line of bidirectional conduction block across the CTI, from the
TVA to the IVC. For this purpose, a variety of mapping and ablation

catheters, with different shapes and curve lengths, as well as RF generators, are available from several commercial manufacturers.2–4,6,32–34
We prefer to use a standard-curve ablation catheter (Blazer™ 8-mm tip,
mid-distal standard curve, Boston Scientific, Inc., Natick, MA, USA)
or an externally irrigated ablation catheter (Thermocool ST™, Biosense
Webster, Diamond Bar, CA, USA; Tacticath, Abbott Laboratories,
Chicago, IL, USA) because it has been shown that the use of large-tip
(8–10 mm) ablation catheters or irrigated ablation catheters reduces
procedure durations and improves success rates compared with standard 4-mm RF electrodes.35–37 The smaller electrode (3.5 mm) on irrigated catheter designs may provide better near-field EGM resolution
than large-tip electrodes as well. Long, fixed-curve guide sheaths (e.g.,
SR0 or SL1, St. Jude, Inc., St. Paul, MN, USA) or steerable deflectable
sheaths (e.g., Agilis, St. Jude, Inc., St. Paul, MN, USA) are also useful
to improve catheter reach, stability, and tissue contact. There is also
published evidence that large-tip ablation catheters are most useful for
flat CTI anatomy, whereas irrigated designs may be more advantageous
in the presence of CTI pouches.38 When using fixed curve or steerable
sheaths, it is important that the curvatures of the sheath and catheter
remain coaxial. Paradoxically, rotating the sheath to point into the septum may limit the septal motion of the catheter.
The target for CTI-dependent AFL ablation is the CTI (Table 11.2),
which when standard multipolar electrode catheters are used for mapping and ablation, is localized with a combined fluoroscopically and
electrophysiologically guided approach.2–4,6,32–42 The usual target for
the ablation line is the central isthmus because the CTI is narrowest
at this point (i.e., distance from TVA to IVC) and has the thinnest
musculature.15 This site is located at 6 o’clock in the LAO view (see
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Fig. 11.8 Endocardial electrograms from the mapping and ablation, multielectrode Halo, coronary sinus (CS),
and His bundle catheters and surface electrocardiogram leads I, aVF, and V1, demonstrating a counterclockwise rotation of activation in the right atrium in a patient with typical atrial flutter (AFL) (A) and a clockwise
rotation of activation in the right atrium in a patient with reverse typical AFL (B). The cycle length was 256
ms for both the typical and reverse-typical forms of AFL. Arrows demonstrate the activation sequence. The
HALOD through HALOP tracings are 10 bipolar electrograms recorded from the distal (low lateral right atrium)
to the proximal (high right atrium) poles of the 20-pole Halo catheter positioned around the tricuspid valve
annulus, with the proximal electrode pair at 1 o’clock and the distal electrode pair at 7 o’clock. CSP electrograms were recorded from the CS catheter proximal electrode pair positioned at the CS ostium, HISP electrograms from the proximal electrode pair of the His bundle catheter, and RFAD electrograms from the mapping
and ablation catheter positioned with the distal electrode pair in the cavotricuspid isthmus.

Fig. 11.7). One drawback to ablation of the central isthmus is the frequent occurrence of pouches in this region. Pouches may be avoided
by ablating the lateral isthmus (7 o’clock in LAO projection). However,
there are thicker right atrial musculature and terminal pectinate muscles found here. The medial isthmus is devoid of pectinate musculature but contains the thickest atrial muscular layer and is nearest to the
right coronary artery and AV nodal extensions. Typically, the ablation
catheter is positioned using fluoroscopic guidance (see Fig. 11.7) or

electroanatomic mapping, in the central CTI, with the distal ablation
electrode on or near the TVA in the right anterior oblique (RAO) view,
and midway between the septum and low right atrial free wall (6- or-7
o’clock position) in the LAO view. The distal ablation electrode position is then adjusted toward or away from the TVA, based on the ratio
of atrial and ventricular EGM amplitudes (A/V ratio) recorded by the
bipolar ablation electrode. An optimal ratio is 1:2 or 1:4 at the TVA, as
seen in Fig. 11.8, A on the ablation electrode. After the ablation catheter
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Fig. 11.9 Surface electrocardiogram (ECG) and endocardial electrogram (EGM) recordings during pacing
entrainment from the cavotricuspid isthmus in patients with both typical atrial flutter (AFL) (A) and reverse-
typical AFL (B). Note in both examples that the tachycardia is accelerated to the pacing cycle length and that
the F wave morphology on surface ECG and endocardial waveforms and the endocardial activation pattern are
unchanged during pacing compared with AFL, indicating concealed entrainment. Furthermore, the stimulusto–F-wave or local EGM intervals are comparable to the EGM-to–F-wave or local EGM intervals recorded on
the mapping and ablation catheter (RFAD) during entrainment and AFL in both examples, indicating concealed
entrainment. Halo catheter tracings are as described in Fig. 11.7. CS, Coronary sinus; S1, pacing stimulus
artifact.

TABLE 11.2

Targets for Ablation of Isthmus-Dependent Flutters

Type of Flutter

Targets

CTI-dependent

CTI from TVA to IVC
TVA to Eustachian ridge isthmus
TVA to CS ostium to Eustachian ridge isthmus
Maximal electrogram voltage recorded on-line

Partial isthmus-dependent

CS ostium to IVC

CS, Coronary sinus; CTI, cavotricuspid isthmus; IVC, inferior vena cava; TVA, tricuspid valve annulus.
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is positioned on or near the TVA, it is very slowly withdrawn during
ablation toward the IVC while RF energy is applied continuously.
Alternatively, the ablation catheter can be withdrawn in a stepwise
manner, a few millimeters at a time (usually less than or equal to the
length of the distal ablation electrode), with 30- to 60-second pauses at
each location, during a continuous or interrupted energy application.
For irrigated electrodes, a maximal power of 35 to 50 W and a temperature of 40°C to 45°C should be used.35–38 In contrast, the large-tip
(i.e., 8–10 mm) ablation catheters require a higher power, up to 100
W, to achieve target temperatures of 50°C to 60°C, because of the
greater energy-dispersive effects of the larger ablation electrode. Use
of large-tip ablation catheters also requires the use of two grounding
pads applied to the patient’s skin to avoid skin burns.38,40–42 Excessive
impedance drops (i.e., >10–20 Ω from baseline) should be avoided, to
prevent tissue overheating and steam pops. CTI ablation can be performed with standard 4-mm-tipped RF catheters (50 W, 50–65°C);
however, use of these catheters is associated with longer procedure
and ablation times, lower acute success rates, and much higher recurrence rates. EGM recordings may be used in addition to fluoroscopy to
ensure that the ablation electrode is in contact with viable tissue in the
CTI throughout each energy application. However, recent studies have
suggested that real-time contact force measuring catheters may help
reduce total ablation time required to produce acute CTI conduction
block, and that standard surrogates of tissue contact (e.g., impedance,
EGM amplitude) may not ensure adequate tissue contact during ablation as measured by contact force sensing catheters.43–44
Ablation across the entire CTI (Fig. 11.10) may require several
sequential 30- to 60-second energy applications during a stepwise
catheter pullback, or a prolonged energy application of up to 120 seconds or longer during a continuous catheter pullback. The catheter
should be gradually withdrawn until the distal ablation electrode no
longer records an atrial EGM, indicating that it has reached the IVC, or
until the ablation electrode is noted to abruptly slip off the Eustachian
ridge. RF energy application should be immediately interrupted when
the catheter has reached the IVC, because ablation in extracardiac
venous structures is known to cause significant pain. Computerized
3-dimensional mapping systems are useful to document the anatomic
placement of ablation lesions and decrease fluoroscopy use.45 As the
ablation catheter approaches the IVC, it is often useful to release the
catheter curve slightly and withdraw the sheath and catheter as a unit
to allow greater contact between the electrode and the CTI, before the
catheter is withdrawn into the IVC.
Ablation of the TV-CS and CS-IVC isthmuses (see Fig. 11.10) may
also be performed, using an approach similar to that used for CTI ablation.46 However, for this approach to be successful, it may be necessary
to ablate within the CS ostium, which may be associated with a higher
risk of complications such as atrioventricular (AV) node block. It has
also been reported that CTI-dependent AFL may be cured by ablating
between the TVA and Eustachian ridge only, which is a narrower isthmus than the CTI.47
During repeat ablation, it may be necessary to rotate the ablation
catheter away from the initial line of energy application, either medially or laterally in the CTI, to create new or additional lines of block, or
to use a higher power or higher ablation temperature, or both. In addition, if ablation is initially attempted using a standard 4- to 5-mm-tip
electrode and fails, repeat ablation with a large-tip electrode catheter or
a cooled-tip ablation catheter may be successful.35–42 Ablation of partial isthmus-dependent flutter requires creation of a line of block from
the CS ostium to the IVC, eliminating conduction across the Eustachian ridge. Completion of this line may convert the tachycardia to
typical isthmus-dependent flutter, which then requires ablation of the
entire CTI.25
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Fig. 11.10 Schematic diagram of the right atrium in the right anterior
oblique view, showing the typical locations for linear ablation of the
cavotricuspid isthmus (line 1), the tricuspid valve (TV)–coronary sinus
(CS) isthmus (line 2), and the CS–inferior vena cava (IVC) isthmus (line
3). CT, crista terminalis; ER, Eustachian ridge; His, His bundle; SVC,
superior vena cava.

In many cases, the CTI is composed of discrete muscle bundles
embedded within connective tissue. Therefore a continuous ablation
line may be unnecessary to achieve conduction block. To reduce procedure times and unnecessary ablation, the maximal voltage-guided
CTI technique has been introduced.48,49 Bipolar EGMs are recorded
from the ablation catheter in the central CTI during AFL or during
CS pacing. As the catheter is withdrawn from the TVA to the IVC, the
locations with the largest peak-to-peak bipolar voltage are marked. The
ablation catheter is then returned to those sites of maximal voltage, and
RF energy is delivered for 60 seconds or until there is more than 50%
reduction in the EGM voltage. The line is then remapped for the largest
remaining EGM voltage and the procedure repeated until CTI block
is confirmed. In randomized trials, the voltage-guided technique has
been reported to reduce ablation time, number of lesions, and procedure and fluoroscopy times compared with the conventional anatomic
approach.48,49 However, whether such a limited approach will yield
high long-term outcome results has not been studied.
After the termination of flutter, less than half of patients demonstrate bidirectional CTI block, and further ablation is often needed.50
Persistent CTI conduction can be detected by pacing medial (i.e., proximal coronary sinus) or lateral (i.e., low lateral right atrium) to the
ablation line and mapping the line for conduction gaps. The presence
of split EGMs with less than 90 ms between EGM components is suggestive of a conductive gap in the line.50 As the line is systematically
mapped, the split EGM components draw closer together as the gap
is approached. The gap itself is identified as a single or fractionated
potential along the line bounded by split EGMs (Fig. 11.11).
Ablation of the CTI for AFL has also been performed using a linear microwave ablation catheter system (Medwaves, Inc., Rancho Bernardo, CA, USA) with antenna lengths up to 4 cm.51 These studies have
shown the feasibility of linear microwave ablation of the CTI, which has
the potential advantage of rapid ablation of the CTI with a single energy
application over the entire length of the ablation electrode (Fig. 11.12).
Computerized 3-dimensional-mapping systems provide several
advantages for CTI ablation but are not require for the procedure.45
Electroanatomic mapping before ablation can demonstrate the reentry
circuit, thus supporting the diagnosis (Fig. 11.13). In addition, 3-dimensional anatomic reconstruction may identify the presence of a CTI pouch,
and high-voltage EGMs may indicate the presence of pectinate muscle
extension into the CTI. During ablation, 3-dimensional mapping systems
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Fig. 11.11 Mapping for a gap in the ablation line in the cavotricuspid isthmus. In this patient, a previous
attempt to terminate typical atrial flutter (AFL) had failed. Left panel, The ablation catheter (AB) records
low-amplitude split electrograms (EGMs) (arrowheads) along the prior ablation line. The interval between
EGM components was 70 ms during AFL. Right panel, With further interrogation of the ablation line, a site
with a single-component, fractionated EGM (arrowheads) was identified. Ablation at this site terminated AFL
in less than 2 seconds and created bidirectional block. Surface electrocardiogram leads I, aVF, and V1 are
shown. His, His channels; H1 through H10, halo catheter channels from distal to proximal.
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Fig. 11.12 Fluoroscopic right anterior oblique view of the Medwaves, Inc., microwave ablation (Abl) antenna
positioned across the cavotricuspid isthmus (CTI). Left panel shows ablation antenna positioned near the
tricuspid valve annulus (TVA). Middle panel shows ablation antenna at the middle CTI between the TVA and
Eustachian ridge. Right panel shows ablation antenna withdrawn near the inferior vena cava. Halo, Halo catheter; His, His bundle; ICE, intracardiac echocardiography.
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Fig. 11.13 A 3-dimensional electroanatomic (Carto system, Biosense Webster, Diamond Bar, CA) map of the
right atrium in a patient with typical atrial flutter (AFL), before (A) and after (B) Cavotricuspid isthmus (CTI)
ablation. Note the counterclockwise activation pattern around the TVA during AFL (A, anteroposterior view),
which is based on a color scheme indicating activation time from orange (early) to purple (late). After ablation
of the CTI (B, left anterior oblique caudal view), during pacing from the coronary sinus (CS) ostium, there is
evidence of medial-to-lateral CTI conduction block, as indicated by juxtaposition of orange and purple color in
the CTI. IVC, Inferior vena cava; TVA, tricuspid valve annulus.
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allow for documentation of each ablation lesion delivered, which may be
helpful to complete an anatomically based ablation line and identify areas
of anatomic gaps. Computerized mapping systems may therefore reduce
fluoroscopy times by 50%, compared with conventional approaches.45
After ablation, detailed electroanatomic mapping may be used to confirm
the presence of CTI block or slow conduction as well.
Unlike typical AFL, reverse-typical AFL, lower-loop reentry, and
partial isthmus flutter whose circuits all involve the lateral and central CTI, the ablation approach for IIR is slightly modified to interrupt
the circuit located in the septal or medial CTI.27,28 Successful ablation
should be achieved by identifying and ablating the site with the longest fractionated potential associated with concealed entrainment and
completing a septal CTI line from the tricuspid annulus to the IVC that
includes this site.

Overcoming Difficult Cavotricuspid Isthmus Anatomy
The complex anatomy of the CTI may in some cases present difficulties
for ablation. The most common problems encountered are the presence
of a large CTI pouch, large pectinate muscles, and/or a prominent Eustachian ridge.52 A pouch is a deep recess in the CTI, that may be skipped
over by the ablation electrode during pullback (Fig. 11.14). The junction
of the IVC and Eustachian ridge may form a “fulcrum” for the ablation
catheter (see Fig. 11.14), preventing the distal ablation electrode from
achieving adequate contact with the CTI, especially if there is a pouch in
the CTI. The presence of a pouch may be identified by preprocedure CT
or MRI, or more commonly by intracardiac echocardiography (ICE) or
electroanatomic mapping, during the procedure. Right atrial angiography

to identify CTI anatomy may also be performed by injecting 50 mL of
contrast over 3 to 5 seconds through a 5 F pigtail catheter in the upper
IVC or IVC–right atrial junction,18 while imaging in the RAO view.
A CTI pouch may be avoided by a more lateral ablation line. Ablation
within a CTI pouch may be accomplished by forming a 180-degree curvature on the ablation catheter (i.e., so-called “knuckle maneuver”) in the
mid-tricuspid annulus and withdrawing the catheter to enter the pouch
perpendicularly (Fig. 11.15). The curvature can be relaxed or tightened
to reach the TVA and IVC ends of the pouch, respectively. Because of the
restricted blood flow that may occur in a pouch, care should be taken to
avoid excessive tissue heating and steam pops.
Large pectinate muscles should be suspected when recording
high-voltage EGMs within the CTI during 3-dimensional electroanatomic mapping. These may potentially be avoided by ablation in
the medial isthmus. Ablation of the high-voltage areas may require
protracted (60–120 seconds) RF delivery. On the trabecular prominences, catheter contact may be unstable, whereas in the trabecular
valleys, excessive electrode temperatures may result in steam pops (Fig.
11.16).52 Preformed or deflectable sheaths may enhance tissue contact,
and for irrigated ablation, lesion sizes are maximized with the electrode
perpendicular to the tissue. And as noted earlier, a voltage-guided
approach may limit unnecessary ablation.
A prominent Eustachian ridge can be detected by angiography
or ICE (Fig. 11.17). The Eustachian ridge and adjacent tissue can be
conductive and require ablation. Not only may the Eustachian ridge
cause a fulcrum effect limiting distal ablation electrode contact with
parts of the CTI as noted earlier, it may actually shield parts of the
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Fig. 11.14 A cavotricuspid isthmus (CTI) pouch is shown in this figure. Top panel, Right anterior oblique (RAO)
fluoroscopic view of ablation catheters during CTI ablation. The yellow dashed line estimates the position of a
large pouch visualized in this patient with intracardiac echocardiography (ICE) (bottom panels). As the ablation
(AB) catheter is drawn toward the inferior vena cava (IVC) from point A to B, the tip of the catheter does not
contact the floor of the pouch, and it is therefore not ablated. Bottom left panel, This ICE view demonstrates
the pouch and ablation catheter skipping over the pouch in position A. The echo view is rotated to correspond
to the fluoroscopic view. Bottom right panel, This echo image corresponds to the ablation catheter at position B. The fulcrum created by the Eustachian ridge (ER) prevents the catheter from entering the pouch. CS,
Coronary sinus catheter; TV, tricuspid valve.

CHAPTER 11

Ablation of Cavotricuspid Isthmus–Dependent Atrial Flutters
RAO

C

B

173

LAO

A

A

B

Apical

Basilar

Superior

Inferior

C

Fig. 11.15 Ablation within a cavotricuspid isthmus (CTI) pouch is shown in this figure. Top panels show
right anterior oblique (RAO) and left anterior oblique (LAO) fluoroscopic views of the catheter positions. The
dashed yellow line represents the estimated location of the pouch visualized on intracardiac echocardiography. With a 180-degree angle on the ablation catheter, the ablation electrode contacts the middle floor of the
pouch (site B). By opening or closing the curve on the ablation catheter, the tricuspid valve annulus end (site
A) and inferior vena cava end (site C) of the pouch can be reached, respectively. Bottoms panels visualize the
position of the ablation electrode at sites A, B, and C in the pouch. The arrows indicate the tip of the ablation
catheter. The echo views are rotated to correspond to the RAO fluoroscopic image.

CTI entirely from ablation electrode contact (e.g., areas just anterior and below the Eustachian ridge). Again, by using the “knuckle
maneuver,” the electrode may be brought into contact with both the
IVC and CTI sides of the Eustachian ridge for successful ablation (see
Fig. 11.17).52 This limitation may also be overcome by use of a preformed sheath that directs the catheter anteriorly so that by placing a
posterior curvature on the catheter body these areas can be reached
(Fig. 11.18).
Occasionally, multielectrode catheters crossing the CTI map prevent contact between the ablation electrode and cardiac tissue (Fig.
11.19). When presented with this problem, the mapping catheter can
be removed or the ablation catheter positioned beneath the halo (see
Fig. 11.19).

End Points for Ablation
Ablation may be performed during sustained AFL or during sinus
rhythm. If it is performed during AFL, the first end point is its termination during energy application (Fig. 11.20). However, even if AFL
terminates, CTI conduction persists in more than half of patients.50
Therefore the entire CTI ablation should be completed before electrophysiologic testing to confirm bidirectional CTI conduction block.
After completion of CTI ablation, as determined by fluoroscopic and
electrophysiologic criteria described previously, testing can be performed immediately and repeated after at least 30 minutes to ensure
that bidirectional CTI block has been achieved and is persistent (Table
11.3).2–4,6,32–42,52–54 Some 50% of patients demonstrate recurrent CTI
conduction during the ablation procedure after CTI bidirectional

block is initially documented.53 Most reconnections occur within 10
minutes of initially “successful” CTI block, and multiple recurrences
after repeat ablation within the same procedure are not uncommon.
Isoproterenol infusion may also unmask transient CTI block.55 If AFL
is not terminated during the first attempt at CTI ablation, the activation
sequence and isthmus dependence of the AFL should be reconfirmed
and ablation repeated.
If AFL is terminated during ablation, pacing should be done at a
cycle length faster than the intrinsic sinus cycle length (e.g., 700 or
600 ms) to confirm bidirectional conduction block in the CTI (Figs.
11.21–11.24). If ablation is done during sinus rhythm, pacing can also
be done during energy application to monitor for the development
of conduction block in the CTI (Fig. 11.25). The use of bidirectional
conduction block as an end point for CTI ablation is associated with a
significantly lower recurrence rate of CTI-dependent AFL during longterm follow-up.56–58
Conduction in the CTI is typically evaluated after ablation by determining the right atrial activation sequence during pacing from the low
lateral right atrium and CS ostium. It is important to pace at relatively
slow rates, just above the sinus cycle length, during assessment for CTI
block, because conduction block across the CTI may be functional or
rate dependent in some cases. Conduction block across the crista terminalis may be functional in some patients as well, and at slow pacing
rates conduction across the mid-crista region can result in uncertainty
regarding the presence or absence of bidirectional conduction block
after CTI ablation.59–60 Therefore it may be necessary to pace not only
from the proximal CS but also adjacent to the ablation line in the CTI,
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Fig. 11.16 This illustration demonstrated the potential difficulties
in ablating the lateral cavotricuspid isthmus (CTI) in the presence of
prominent pectinate muscles. On the tops of the muscle bundles, the
catheter contact may be unstable. In the recesses between bundles,
electrode overheating and low power delivery may result because of
the absence of convective cooling. CS, Coronary sinus; CT, crista terminalis; CVTI, cavotricuspid isthmus; ER, Eustachian ridge; EV, Eustachian
valve; FO, foramen ovale; IVC, inferior vena cava; TCV, tricuspid valve.
(From Asirvatham S. Correlative anatomy and electrophysiology for the
interventional electrophysiologist: right atrial flutter. J Cardiovasc Electrophysiol. 2009;20:113-122. With permission.)

or in the posterior-inferior right atrial septum, to confirm the presence
of CTI conduction block.61 Bidirectional conduction block after CTI
ablation can be confirmed by demonstrating a cranial-to-caudal activation sequence over the lateral right atrium during pacing from the CS
ostium or medial to the ablation line, and a cranial to caudal sequence
over the right atrial septum during pacing from the lateral edge of the
ablation line or the low lateral right atrium55–57 (see Figs. 11.21 to 11.24).
This sequence can be documented by multielectrode recordings or by
electroanatomic 3-dimensional mapping. When using a multipolar
electrode catheter to assess CTI block, it is important that the catheter be properly positioned near the TVA. Recordings are needed from
immediately adjacent to the ablation line to assess for incomplete block
or slow conduction through the ablation line. This can be performed
using the multielectrode catheter crossing the ablation line or from the
ablation catheter. A misleading activation sequence may be recorded if
portions of the mapping catheter extend posterior to the crista terminalis or if the distal ablation electrode is posterior to the Eustachian ridge.52
In addition, during pacing medial to the ablation line, conduction posterior to the IVC can lead to the appearance of both pseudo-conduction
and pseudo-block through the CTI (Fig. 11.26).52,62 In the case of
pseudo-block, conduction from the medial pacing site (usually proximal coronary sinus) may conduct rapidly posterior to the IVC to activate the lateral CTI from lateral to medial, suggesting medial to lateral

ER

Fig. 11.17 Ablation of the Eustachian ridge is shown in this figure.
The top panel shows a prominent Eustachian ridge (ER) on intracardiac echocardiography. The echo views are rotated to correspond to the
right anterior oblique (RAO) fluoroscopic image. Bottom panels show
the estimated location of the ER and acute flexion of the ablation (AB)
catheter to ablate both aspects of the ER facing the inferior vena cava
(IVC; lower left) and tricuspid valve (lower right). TV, Tricuspid valve.

isthmus block despite persisting slow conduction through the isthmus.
In this case, detailed mapping along the ablation line should identify
gaps in the line. In the case of pseudo-conduction, the posteriorly conducted wave front activates the distal multielectrode mapping catheter
in a CW pattern even when there is CTI block. This is more likely to be
seen if the distal electrodes on the multielectrode mapping catheter are
displaced laterally and do not record from the immediate edge of the
ablation line.52 Pseudo-conduction can be recognized by detailed mapping of sites spanning the ablation line. Theoretically, differential pacing
maneuvers (see later) may also unmask these conduction patterns.
The creation of CTI conduction block is accompanied by prolongation of the activation time required for a pacing stimulus on one
side of the ablation line to propagate to the opposite side of the line
(trans-isthmus interval).63 In this study, before ablation the trans-
isthmus intervals averaged 100.3 ± 21 ms and 98.2 ± 25 ms in the CW
and CCW directions, respectively (pacing at 500-ms cycle length). In
the presence of bidirectional isthmus block, these times increased to
195.8 ± 30 ms and 185.7 ± 34 ms, respectively. Bidirectional CTI block
never occurred with less than a 50% prolongation in the trans-isthmus
interval. An increase in the trans-isthmus interval of 50% or greater
provided 100% sensitivity, 80% specificity, 89% positive predictive
value, and 100% negative predictive value in confirming CTI block.
The presence of bidirectional conduction block in the CTI is
strongly supported by recording widely spaced double potentials along
the entire ablation line, during pacing from the low lateral right atrium
or CS ostium (see Fig. 11.25).50,64 When pacing from the proximal CS,
intervals of less than 90 ms between EGM components anywhere on
the ablation line indicates persistent conduction through a gap (Fig.
11.27, A).50 When the interval between EGM components is more than
100 ms at all points along the ablation line, and maximal variation in
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Fig. 11.18 In this autopsy heart specimen, the catheter excursion toward the septal cavotricuspid isthmus
is restricted by the Eustachian ridge (ER; left panel). In the right panel, a guiding sheath is used to direct the
catheter anteriorly while curving the catheter posteriorly to reach around the Eustachian ridge. (From Asirvatham S. Correlative anatomy and electrophysiology for the interventional electrophysiologist: right atrial
flutter. J Cardiovasc Electrophysiol. 2009; 20:113-122. With permission.)

Ablation above halo

Ablation below halo

Fig. 11.19 Shielding of the cavotricuspid (CTI) by the Halo catheter is shown in this figure. In this patient, CTI
conduction block could not be achieved after repeated ablation. The ablation catheter repeatedly coursed over
the Halo catheter that crosses the isthmus (arrow, left panel). By delivering lesions beneath the Halo catheter
(arrow, right panel), complete CTI block was achieved.
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Fig. 11.20 Termination of typical atrial flutter (AFL) during radiofrequency catheter ablation using a slow drag
technique across the cavotricuspid isthmus (CTI). AFL usually terminates just as the distal ablation electrode
on the mapping and ablation catheter (RFAP) approaches the inferior vena cava. Conduction fails across the
CTI, as indicated by block developing between the low lateral right atrium and coronary sinus typical AFL, or
between the coronary sinus and the low lateral right atrium in the reverse typical AFL (not shown). The power
readout from the radiofrequency energy generator is shown in the bottom tracing. CS, Coronary sinus.
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Method
(Reference)
Atrial activation
sequence
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Methods for Confirming Cavotricuspid Isthmus Block
Criteria for CTI Block

SENS/SPEC

PPV/NPV

Cranial-to-caudal activation of right atrial inferolateral
free wall with PCS pacing
Cranial-to-caudal activation of right atrial septum with
inferior lateral right atrial pacing

Comment
Requires careful mapping adjacent to ablation line
on side contralateral to pacing to exclude slow
conduction through the line.

Widely split electro- Interval between split atrial EGM components recorded 100%/80%
grams (EGM) along
along ablation line > 90 ms at all sites AND < 15 ms
entire ablation line68 maximal variation among all sites during pacing from
PCS

86%/100%

Interval between electrogram recordings < 90ms
indicates gap in line. Recordings are from ablation catheter

Trans-isthmus
interval64

CCW block: ≥50% increase in time interval between
pacing stimulus from inferolateral TVA to the atrial
EGM in the proximal CS
CW block: >50% increase in time interval between
pacing stimulus from PCS to the atrial EGM just
lateral to ablation line

100%/80%

89%/100%

Minimal trans-isthmus interval associated with
bidirectional CTI block approximately 140 ms

Differential pacing66

Shortening or no change in interval between pacing 100%/75%
stimulus and latest component of split atrial EGM
recorded over ablation line when pacing site moved
from adjacent to line to 15 mm lateral to line
When pacing close to the edge of ablation line, time to
activation of contralateral side of ablation line shortens as pacing site moves away from ablation line

94%/100%

First pacing site should be immediately adjacent to
ablation line
Recording site should be immediately adjacent to
ablation line

100% (PPV)

Recording must be immediately adjacent to
ablation line

Electrogram Polarity69 Loss of negative component of unipolar atrial EGM
recorded just lateral to ablation line during PCS
pacing or:
Reversal of EGM polarity on 2 closely spaced bipoles
just lateral to the ablation line during proximal CS
pacing

89%/100%

CCW, Counterclockwise; CS, coronary sinus; CTI, cavotricuspid isthmus; CW, clockwise; NPV, negative predictive value; PCS, proximal coronary
sinus; PPV, positive predictive value; SENS, sensitivity; SPEC, specificity, TVA, tricuspid valve annulus.
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Fig. 11.21 Schematic diagrams of the expected right atrial activation sequence during pacing in sinus rhythm
from the CSos before (left panel) and after (right panel) ablation of the cavotricuspid isthmus (CTI). Before
ablation, the activation pattern during CS pacing is caudal to cranial in the interatrial septum and low right
atrium, with collision of the septal and right atrial wave fronts in the mid-lateral right atrium. After ablation, the
activation pattern during CS pacing is still caudal to cranial in the interatrial septum, but the lateral right atrium
is now activated in a strictly cranial-to-caudal pattern (i.e., counterclockwise), indicating complete medial to
lateral conduction block in the CTI. CT, Crista terminalis; ER, Eustachian ridge; His, His bundle; IVC, inferior
vena cava; SVC, superior vena cava.
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Fig. 11.22 Surface electrocardiogram (ECG) leads and right atrial endocardial electrograms recorded during
pacing in sinus rhythm from the coronary sinus (CS) ostium before (left panel) and after (right panel) ablation
of the cavotricuspid isthmus (CTI). Tracings include surface ECG leads I, aVF, and V1 and endocardial electrograms from the proximal coronary sinus (CSP), His bundle (HIS), tricuspid valve annulus at 1 o’clock (HALOP)
to 7 o’clock (HALOD), and high right atrium (RFA). Before ablation during CS pacing, there is collision of the
cranial and caudal right atrial wave fronts in the mid-lateral right atrium (HALO5). After ablation, the lateral
right atrium is activated in a strictly cranial-to-caudal pattern (i.e., counterclockwise), indicating complete
medial-to-lateral conduction block in the CTI.
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Fig. 11.23 Schematic diagrams of the expected right atrial activation sequence during pacing in sinus rhythm
from the low lateral right atrium before (left panel) and after (right panel) ablation of the cavotricuspid isthmus
(CTI). Before ablation, the activation pattern during coronary sinus (CS) pacing is caudal to cranial in the right
atrial free wall, with collision of the cranial and caudal wave fronts (i.e., through the CTI) in the mid-septum;
there is simultaneous activation at the His bundle (HISP) and proximal coronary sinus (CSP). After ablation, the
activation pattern during low lateral right atrial sinus pacing is still caudal to cranial in the right atrial free wall,
but the septum is now activated in a strictly cranial-to-caudal pattern (i.e., clockwise), indicating complete
counterclockwise conduction block in the CTI. CT, Crista terminalis; ER, Eustachian ridge; His, His bundle;
SVC, superior vena cava.

the interval is less than 15 ms among all points, it is highly likely that
bidirectional CTI is present. When mapping an incomplete ablation
line, additional lesions should be given to sites with intervals less than
100 ms between EGM components and at sites in which this interval
is between 90 and 110 ms if the local EGM characteristics suggest
persistent conduction, including prolonged low-amplitude fractionated electrical activity in the interval between EGM components or if
the second EGM component is positive in polarity. Points along the

ablation line with intervals between EGM components of more than
110 ms rarely require further ablation at that site.
Differential pacing maneuvers can be used to further demonstrate
functional linking of local EGMs to a single wave front passing through
the CTI in the presence of CTI conduction, or dissociation of the local
EGMs in the case of conduction block.65 In this technique, double
potentials with an isoelectric interval (>30 ms) are recorded over the
ablation line during pacing from just lateral to the line (see Fig. 11.27, B).
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Fig. 11.24 Surface electrocardiogram (ECG) and right atrial endocardial electrograms during pacing in sinus
rhythm from the low lateral right atrium before (left panel) and after (right panel) ablation of cavotricuspid
isthmus. Tracings include surface ECG leads I, aVF, and V1 and endocardial electrograms from the proximal
coronary sinus (CSP), His bundle (HIS), tricuspid valve annulus at 1 o’clock (HALOP) to 7 o’clock (HALOD),
and high right atrium (HRA or RFA). Before ablation, during low lateral right atrial pacing, there is collision of
the cranial and caudal right atrial wave fronts in the mid-septum (HIS and CSP). After ablation, the septum is
activated in a strictly cranial-to-caudal pattern (i.e., clockwise), indicating complete lateral-to-medial conduction block in the CTI.
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Fig. 11.25 Surface electrocardiogram leads I, aVF, and V1, and endocardial electrograms from the coronary
sinus (CS), His bundle, halo, mapping and ablation (RF), and right ventricular catheters during radiofrequency
catheter ablation of the cavotricuspid isthmus (CTI), while pacing from the CS ostium. Note the change in
activation of the lateral right atrium on the Halo catheter from a bidirectional to a unidirectional pattern, indicating the development of clockwise block in the CTI. This was associated with the development of widely
spaced (170 ms) double potentials (x,y) on the ablation catheter in the CTI, further confirming medial-to-lateral
conduction block. Halo catheter and other tracings are as described in Fig. 11.7.

The times from the stimulus to the initial and terminal components
of the split EGMs are measured. The stimulus to first EGM component represents the time to activation of the ipsilateral side of the ablation line and should be 50 ms or less to demonstrate proximity. The
pacing site is then moved 10 to 15 mm further lateral (away from the

ablation line) and pacing repeated. In the case of persistent CTI conduction, both components of the split EGM will be delayed or linked
to the lateral to medial wave front (see Fig. 11.27 B). In the case of CTI
block, however, the time to the first EGM component is delayed by
20 ± 9 ms, whereas the terminal component is advanced by 13 ± 8 ms,
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the ablation line will demonstrate widely spaced double potentials
(Fig. 11.30 D).

OUTCOMES AND COMPLICATIONS
Pacing CS
site
IVC

Pacing CS
site
IVC

Pseudo-conduction
Pseudo-block
Fig. 11.26 Patterns of conduction in the low posterior right atrium to
create pseudo-conduction and pseudo-block after cavotricuspid isthmus ablation. See text for details. CS, Coronary sinus; IVC, inferior vena
cava. (From Asirvatham S. Correlative anatomy and electrophysiology
for the interventional electrophysiologist: right atrial flutter. J Cardiovasc
Electrophysiol. 2009;20:113-122. With permission.)

or unchanged in timing (see Fig. 11.27 B). The delay in the terminal
component indicates linking of this EGM, not to the lateral to medial
wave front, but rather to that approaching the ablation line from the
medial to lateral direction down the atrial septum. Using this method
for detection of CTI block, the sensitivity has been shown to be 100%,
specificity 75%, negative predictive value 94%, and positive predictive
value 100%. For this technique to be reliable, it is important that the
initial pacing site be as close as possible to the edge of the ablation
line, and that the more remote pacing sites be of limited distance from
the first to maintain similar propagation wave fronts. For fractionated
EGMs (more than three components) on the ablation line, the first and
last component should be measured. This technique may clarify the
origin of fractionated potentials as caused by a conduction gap or local
activation inhomogeneities. Variations on this algorithm have been
introduced (Fig. 11.28 A and B).66
To expedite the assessment of bidirectional conduction block after
CTI ablation and to obviate the need for multipolar electrode catheter recordings, algorithms based on reversal of EGM polarity near the
ablation line and use of unipolar EGMs have also been used, with varying degrees of accuracy (Fig. 11.29).67,68

Simplified Approach to Ablation of Cavotricuspid
Isthmus–Dependent Atrial Flutter

We have developed a simplified approach for CTI ablation in
patients with isthmus-dependent AFL, using only two catheters.
CTI ablation can be rapidly achieved with minimal fluoroscopy
time using this approach. After percutaneous insertion via the
right femoral vein, a steerable decapolar catheter is positioned
in the CS with the proximal electrode pair at the ostium near the
medial CTI, and an ablation catheter is flexed in the low lateral
right atrium with the distal pair near the lateral CTI (Fig. 11.30
A). Pacing from the proximal CS and the ablation catheter demonstrates bidirectional CTI conduction before, and block after, CTI
ablation (see Fig. 11.30, B and C). Using this simplified catheter
approach, medial to lateral CTI conduction block is defined by
both the presence of a high to low or descending (i.e., proximal
to distal) activation sequence on the ablation catheter during pacing from the proximal CS, and bidirectional conduction block
by demonstrating equal conduction times (i.e., >130 ms) from
medial to lateral and from lateral to medial, during pacing from
the proximal CS and low lateral RA, respectively. In addition, pacing from the proximal CS with the ablation catheter positioned on

Although early reports1–6 on RFCA for CTI-dependent AFL revealed
high recurrence rates (i.e., 20%–45%), increasing experience and
advances in methodology and technology over time has resulted in
acute and long-term success rates (defined as no recurrence of CTI-
dependent AFL) as high as 85% to 95%.32–44,58 For example, in a large
metaanalysis comprising 10,719 patients, the long-term success rate for
ablation with irrigated or large-tip RF catheters was 94% (95% confidence interval, 90%–95%) (Table 11.4).58 Contributing in large degree
to these improved results has been the use of large-tip or irrigated ablation catheters, and the use of bidirectional CTI conduction block as
a procedural end point.32–44,58 Randomized comparisons of internally
cooled, externally cooled, and large-tip ablation catheters also suggest a
slightly better acute and chronic success rate with the externally cooled
ablation catheters.35–38,44
Despite the excellent acute and long-term results for AFL ablation,
the development of atrial fibrillation after CTI ablation alone occurs
at a high rate in this population (up to 67% over 5 years), especially if
there is a history of atrial fibrillation or underlying heart disease before
CTI ablation.58,69,70 By metaanalysis, the occurrence rate of atrial fibrillation at 1 to 2 years follow-up was 23% in those without a history of
atrial fibrillation before ablation, and 53% in those with a prior history
of atrial fibrillation.58 At 5 years’ follow-up, the occurrence rate of atrial
fibrillation was similar (i.e., 60%) regardless of atrial fibrillation history
before ablation.58
Ablation of CTI-dependent AFL is relatively safe, with complication
rates of 2.5% to 3.5%.56 Most complications are caused by peripheral
vascular injury (0.4% of patients), but serious complications can rarely
occur, including heart block (0.2% of patients), pericardial effusion and
tamponade (0.1% of patients), myocardial infarction from right coronary artery injury, and thromboembolic events, including pulmonary
embolism and stroke.58
Although conversion of AFL to sinus rhythm is less likely than
atrial fibrillation to cause thromboembolic complications (e.g.,
stroke), there is still a significant risk, and oral anticoagulation
before ablation must be considered in patients who have persistent
CTI-dependent AFL.71 This may be particularly important in those
patients with depressed left ventricular function, mitral valve disease, or left atrial enlargement with spontaneous contrast (i.e.,
smoke) on echocardiography. As an alternative to oral anticoagulation, transesophageal echocardiography may be used to rule out
left atrial clot immediately before CTI ablation, but subsequent to
conversion of AFL to sinus rhythm during CTI ablation, oral anticoagulation must be continued for at least 30 days because of potential
atrial stunning, similar to that seen following conversion of atrial
fibrillation.71

TROUBLESHOOTING THE DIFFICULT CASE
Despite the high ablation success rates reported in recent studies,
difficult AFL ablation cases may still be occasionally encountered.
In these cases, several measures can be used to increase the likelihood of successful ablation (Fig. 11.31; Table 11.5). First, it is critically important to ensure that the mechanism of the spontaneous or
induced AFL is CTI dependent. If multi-electrode catheter mapping
with pacing entrainment is not sufficient to confirm CTI dependence
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Fig. 11.27 Methods of determining bidirectional cavotricuspid isthmus (CTI) conduction block after ablation.
A, Recordings during coronary sinus (CS) pacing before (left and middle) and after (right) complete CTI block
are shown. Displayed are leads II, III and V1, electrograms recorded by the ablation catheter (Abl). The arrows
in the electrograms recorded by the Abl point to the components of the double potentials (DPs). The Abl
was positioned at exactly the same site in all three panels. Left, After several applications of radiofrequency
energy along the ablation line, the interval separating the two components of DPs (DP1-2) is 61 ms, and
there is incomplete block. Middle, After an additional application of radiofrequency energy, the DP1-2 interval
increases to 96 ms, but isthmus block is still incomplete. Right, After a final application of radiofrequency
energy, the DP1-2 interval lengthens to 124 ms, and now there is complete block. Note that when the DP1-2
interval was 96 ms, the segment separating the two components of the DP was not isoelectric, providing
further evidence that there was a persistent gap in the ablation line. On the transition to complete block, the
segment with the DP became isoelectric. St, Stimulus artifact. (From Tada H, Oral H, Sticherling C, et al. Double potentials along the ablation line as a guide to radiofrequency ablation of typical atrial flutter. J Am Cardiol
Coll. 20001;38:750-755. With permission.). B. Schematic representation of activation principles on which
assessment is based. Right atrium and selected key structures [IVC, His bundle, coronary sinus ostium (Cs)]
are shown in a cartoon format. A quadripolar catheter is shown and activation is pictured during distal bipole
stimulation (top row) and proximal bipole stimulation (bottom row). Shown are activation patterns during
complete isthmus block (left) and during persistent but slow isthmus conduction through a gap in the ablation
line (right). During complete isthmus block, double potentials separated by an isoelectric interval are recorded
on the ablation line as a result of two opposing fronts: a descending front (shown in blue) and another that
detours around isthmus (in brown) give rise to double potentials Ai (initial potential) and At (terminal potential)
(blue and brown, respectively). On changing to a proximal stimulation site, descending wave front (in blue)
has to travel a longer distance to reach line of block, whereas detouring wave front (in brown) has a shorter
distance to travel; as a result, Ai (blue potential) is delayed, and At (brown potential) is advanced. During
persistent isthmus conduction through a gap in the ablation line, double potentials are recorded as a result
of delayed activation of downstream isthmus by the same blue front, and therefore both resulting potentials
(Ai and At) are shown in blue (inset, far right). When stimulation is performed from a proximal site, activation
pattern does not change, but descending wave front (in blue) has a longer distance to travel to reach isthmus
line; as a result, both blue potentials (Ai and At) are delayed. St, stimulus artifact. (From Shah D, Haissaguerre
M, Takahashi A, et al. Differential pacing for distinguishing block from persistent conduction through an ablation line. Circulation. 2000;102:1517-1522. With permission.)
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Fig. 11.28 Differential pacing to assess for cavotricuspid isthmus (CTI) conduction block. A, Representative
examples of assessment in different patients. Top left, double potentials with a stimulus to second potential
timing of 75 ms are recorded from isthmus during pacing from distal bipole. The stimulus to first potential
timing is 20 ms. As shown in the bottom left panel, during pacing from the proximal bipole, both potentials
are delayed by 20 ms so that second potential is now activated at 95 ms. This response indicates persistent
conduction. Further ablation was performed in the CTI to produce complete conduction block. Surface electrocardiogram (ECG) leads shown are I, II, and III. Right, Double potentials with a large first potential and a
small second potential are recorded. During distal bipole pacing, as shown in the top row, first potential is
activated at 15 ms, and second potential is activated at 165 ms after stimulus. During pacing from proximal
bipole, below, first potential is delayed by 20 ms and second potential is advanced by 20 ms (145 ms). Note
that morphology of both potentials remains unchanged, in bipolar as well as in unipolar electrograms (lowest
trace). This response indicates complete isthmus block. Surface ECGs include leads I, II, III, and V1. Bi, bipolar
electrogram; Uni, unipolar electrogram. B, Bystander slow conduction and complete block in the presence
of a triple potential. A complex triple potential was recorded along the ablation line after documentation of
complete CTI conduction block. Compared with the top tracing, which was recorded during stimulation from
distal bipole, as shown on bottom right, which was recorded during proximal bipole stimulation, the first and
second components are delayed identically without a change in their morphology by 25 ms, whereas the
third and terminal component, which is also morphologically unchanged, is advanced by 20 ms (155–135 ms).
This response indicates that complete conduction block exists between second and third components and
that first two components are directly linked to each other by a single front of slow or circuitous conduction.
(From Shah D, Haissaguerre M, Takahashi A, et al. Differential pacing for distinguishing block from persistent
conduction through an ablation line. Circulation. 2000;102:1517-1522. With permission.)
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Methods: Pacing at sites (A, B, C and D) on
both sides of ablation line and record bipolar
EGM activation times at points A, B, C and D
pre- and post ablation.
Measure: Conduction times among sites A,
B, C, and D
Definition of complete isthmus block:
Conduction times A D > B D and
D A > C A after ablation
Reference: Chen. Circulation 1999;
100:2507–2513
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Methods: Unipolar EGM recording during
PCS pacing pre- and post ablation
Measure: Unipolar EGM polarity immediately
lateral to ablation line
Definition of isthmus complete block:
Loss of negative components and development of R or Rs pattern in unipolar EGM
Reference: Villacastin. Circulation 2000; 102:
3080–3085
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Fig. 11.29 Additional methods of defining cavotricuspid isthmus (CTI) conduction block. Top, Use of conduction times measured at line of block. In the presence of CTI block, moving the pacing site away from the
ablation line shortens the distance to the contralateral side of the line and shortens the conduction time. In
the presence of conduction through the line, the distance is prolonged, and the conduction times lengthen.
Middle, Bipolar electrograms (EGMs) close to the edge of the ablation line reveal the direction of activation
of each bipole. In the presence of CTI conduction block, both bipolar EGM pairs are activated by a wave
front propagating toward the ablation line. In the presence of CTI conduction block, one or both bipoles are
activated by a wave front propagating away from the ablation line. Bottom, In the presence of CTI conduction
block, a unipolar EGM recorded immediately adjacent to the ablation line records only an activation wave front
approaching the electrode and no activation past the edge of the line. In this case, the EGM is entirely positive.
CS, coronary sinus; CSos, coronary sinus ostium; CT, computed tomography; IVC, inferior vena cava; PCS,
proximal coronary sinus; SVC, superior vena cava. (Top, from Chen J, de Chilou C, Basiouny T, et al. Cavotricuspid isthmus mapping to assess bidirectional block during common atrial flutter radiofrequency ablation.
Circulation. 1999;100:2507-2513; middle, from Tada H, Oral H, Sticherling C, et al. EGM polarity and cavotricuspid isthmus block during ablation of typical atrial flutter. J Cardiovasc Electrophysiol. 2001;12:393-399,
bottom, from Villacastin J, Almendral J, Arenal A, et al. Usefulness of unipolar electrograms to detect isthmus
block after radiofrequency ablation of typical atrial flutter. Circulation, 2000;102:3080-3085. With permission.)
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Fig. 11.30 A, Left anterior oblique fluoroscopic projection showing the positions of the coronary sinus (CS)
and ablation catheter after cavotricuspid isthmus (CTI) ablation to demonstrate conduction block. The proximal CS catheter electrode is positioned near the CS ostium, and the ablation catheter is positioned at the
lateral CTI. B, Surface electrocardiogram (ECG) and endocardial electrogram recordings during pacing from
the proximal CS demonstrating a proximal to distal (high to low) activation sequence on the ablation catheter
with a conduction time of 136 ms confirming medial to lateral CTI conduction block. I, aVF, V1, surface ECG
leads; RFd&p, distal and proximal ablation catheter electrograms; CSd-p, distal to proximal CS electrograms.
C, Surface ECG and endocardial electrogram recordings during pacing from the ablation catheter at the low
lateral right atrium demonstrating a conduction time to the proximal CS of 138 ms, similar to the medial to
lateral conduction time, confirming lateral to medial CTI conduction block. Abbreviations same as in 16B.
D, Surface ECG and endocardial electrogram recordings during pacing from the proximal CS demonstrating
widely spaced (130 ms) double potentials (X and Y) at the ablation line, confirming medial to lateral conduction
block. Abbreviations same as in previous figures. (From Sawhney NS, Wayne Whitwam W, Feld GK. Mapping
of human atrial flutter and its variants. In: Shenasa M, Hindricks G, Borggrefe M, Briethardt G, eds. Cardiac
Mapping, 4th ed. Hoboken NJ: Wiley-Blackwell; 2012:191-212, with permission.)
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Fig. 11.30, cont’d.

TABLE 11.4

Metaanalysis of Ablation Outcomes Based on Catheter Technology

Catheter Type

Acute Success Number of
Studies/Patients

Acute Success %
(95% CI)

AFL Recurrence Number of
Studies/Patients

AFL Recurrence %
(95% CI)

4–6 mm RF

16/512

86 (78, 92)

17/529

18 (15, 21)

8–10 mm or Irrigated RF

49/3098

94 (91, 95)

49/3052

7 (5, 8)

AFL, Atrial flutter; RF, radiofrequency.
Data from Perez FJ, Schubert CM, Parvez B, et al. Long-term outcomes after catheter ablation of cav o-tricuspid isthmus dependent atrial flutter: a
meta-analysis. Circ Arrhythm Electrophysiol. 2009;2:393–401.

of the AFL, then 3-dimensional computerized activation mapping
may be helpful for confirmation and to rule out other mechanisms.
Once the CTI dependence of the AFL has been confirmed, if
initial ablation attempts are unsuccessful, it is essential to ensure
that the ablation catheter has reached the extreme borders of the
CTI isthmus, including the TVA and Eustachian ridge or IVC. This
may require the use of large-curve catheters or the use of preformed
guiding sheaths, such as the Schwartz Left 1, Schwartz Right 0 (SL1,
SR0), or ramp sheaths, to ensure catheter contact across the entire
CTI. Careful mapping of the CTI with the mapping or ablation catheter may also help identify a gap in the ablation line (using criteria
noted earlier), which when ablated may terminate AFL and produce
bidirectional CTI conduction block (see Fig. 11.11). Persistent CTI
conduction after initial failed ablation may sometimes be identified by 3-dimensional computerized activation mapping, if use of

standard multi-electrode catheters has been unsuccessful. Isthmus
pouches are present in many patients and may not be ablated without specific catheter maneuvers. The presence of a pouch may be
visualized by angiography, ICE, or electroanatomic mapping. The
visualization of complex isthmus anatomy early in the case may
facilitate a more rapid and successful conclusion.72
We recommend that ablation be performed in the 6 o’clock position
on the TVA initially. If this is unsuccessful and CTI block cannot be
achieved even after elimination of apparent gaps in the line, a new ablation line should be created more laterally, at the 7 or 8 o’clock position
on the tricuspid annulus. Large right atrial trabeculae may enter the lateral CTI tangentially and require extensive ablation to achieve bidirectional conduction block. If this is also ineffective, an ablation line may
then be created more medially, at the 5 o’clock position, but care must
be taken in this position to monitor AV conduction because the risk
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for AV block is increased. It is important to give sufficient RF energy
at each site. Marked tissue edema may occur after the initial energy
delivery, thereby insulating the tissue from further ablation. If new lines
fail, voltage-guided ablation of the CTI can be undertaken. Typically,
an ablation temperature of 60°C is recommended for CTI ablation
with solid nonirrigated ablation catheter, or a power of 40 to 45 W for
irrigated catheters, but occasionally successful CTI ablation requires a
temperature as high as 70°C for nonirrigated or power as high as 50 W
for irrigated catheters, respectively. If standard ablation electrodes of 4
or 5 mm are used initially and ablation fails, the use of either a largetip (8–10 mm) ablation catheter with a high-power generator or an
irrigated-tip catheter is recommended. We prefer large-tip (8–10 mm)
or cooled-tip catheters as the first-line approach for CTI ablation
because they have been shown to have greater efficacy than standard
catheters in most studies, or at least to produce CTI conduction block
with fewer energy applications and shorter procedure times. The use
of temperatures exceeding 70°C, with standard or large-tip ablation
catheters, or energy exceeding 50 W with irrigated-tip catheters, in an
attempt to improve success rates is not recommended because of the
increased risk for steam pops, which can cause cardiac rupture.
If CTI block cannot be achieved, the presence of pseudo-
conduction should be excluded. After extended ablation, tissue edema
may make further energy delivery futile, and a second procedure may
be necessary.

CTI-dependent flutter
Initial ablation line
No

Confirm CTI
dependence
No

Bidirectional
CTI block?
Yes Gap in ablation No
Exclude pseudoline?
block

Yes

New
map

Yes

Termination?

Confirm
target
power
delivery

Yes
No

No

Termination/CTI
block with
ablation?

Yes
Yes
Done

Define CTI Anatomy
• Pouch
• Eustachian ridge
• Pectinate muscles
• Near IVC or TV
Termination/CTI block
with ablation?

185

Yes

No
Create new line
• Medial to avoid pectinates Yes
• Lateral to avoid pouch
• Eustachian ridge to CS os
Termination/CTI block?
No
• Exclude pseudo-conduction
• Tissue edema
Consider repeat procedure
Fig. 11.31 Schematic diagram for sequence of events during cavotricuspid isthmus (CTI) ablation. CS, Coronary sinus; IVC, inferior vena
cava; TV, tricuspid valve.

TABLE 11.5

Troubleshooting Difficult Cases

Problem

Cause

Solution

Lack of AFL
termination

Non–CTI dependent AFL as original rhythm or change Repeat activation, entrainment mapping, map ablation line for gaps, use steerable or
circuit with ablation
preformed sheath, use large tip or irrigated ablation catheter, angiography, ICE or EA
Incomplete ablation line because of poor tissue
mapping for pouch, large Eustachian ridge, pectinate muscles, confirm target energy
contact, low energy delivery, difficult anatomy
delivery, deliver new line more lateral or medial, ablate under Halo™ if crosses
Partial-isthmus reentry
isthmus
Ablate between IVC and CS os

Unable to achieve
Incomplete ablation line because of poor tissue
lasting bidirectional contact, low energy delivery, difficult anatomy
CTI
Pseudoconduction posterior to IVC
Partial-isthmus reentry
Tissue edema after extensive ablation

Map ablation line for gaps, use steerable or preformed sheath, use large tip or irrigated
ablation, angiography, ICE, EA mapping for pouch, large Eustachian ridge, pectinate
muscles, deliver new line more lateral or medial, ablate under Halo if crosses isthmus,
confirm target energy delivery, detailed mapping with electrodes spanning ablation
line, possibly differential pacing maneuvers
Ablate between Eustachian ridge and CS os
Create new ablation line, increase power delivery, schedule second procedure after
tissue recovery

Low RF energy
delivery

Use irrigated catheter or cryoablation, create new line avoiding unfavorable anatomy

Low blood flow caused by ablation in pouch, Eustachian ridge, or between pectinate muscles

Poor catheter reach, Enlarged right atrium/IVC, large Eustachian ridge
stability, or unable (limits septal excursion), large pectinate muscles
to navigate to
target sites

Use preformed or steerable sheath to stabilize catheter, use longer reach and/or stiffer
catheter, angle sheath anteriorly and catheter curvature posteriorly to reach around
Eustachian ridge, ablation from superior vena cava approach
Continued
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Troubleshooting Difficult Cases—cont’d
Cause

Solution

Failure to attenuate/ Low energy delivery
eliminate local
Poor tissue contact
electrograms
Large pectinate muscles in CTI

See earlier
See earlier
Increase energy delivery, use sheaths, create new line medially

Painful ablation

Use deep sedation

Electrical/thermal stimulation
Deep sedation of cardiac nerves

Changing atrial
Figure-of-eight reentry in right atrium, intermittent
activation pattern
crista terminalis
during AFL
Breakthrough, intermittent lower loop
reentry

Remapping for sustained new activation patterns, use noncontact mapping, reassess
after creating CTI block

AFL, Atrial flutter; AV, atrioventricular; CS, coronary sinus; CTI, cavotricuspid isthmus; EA, electroanatomical; ICE, intracardiac echocardiography;
IVC, inferior vena cava; os, ostium; RF, radiofrequency energy.
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Ablation of Nonisthmus-Dependent
Flutters and Atrial Macroreentry
Steven M. Markowitz, Bruce B. Lerman
KEY POINTS
•	Atypical or nonisthmus-dependent atrial flutter and atrial
macroreentry requires fixed or functional barriers and regions of
slow conduction.
•	Atypical flutters are often recognized after catheter ablation or
surgical treatment of atrial fibrillation (AF) or after surgery that
involves right or left atriotomies.
•	Activation mapping is used to demonstrate reentrant circuits,
middiastolic potentials, fractionated potentials, and double
potentials.

•	A multipolar electrode catheter is useful to map atypical flutter in
either atrium.
•	An electroanatomic mapping system is useful in most cases.
•	An irrigated-tip or large-tip (8 mm) ablation catheter is usually
employed.
•	Sources of difficulty include defining complex reentrant circuits,
particularly those with irregular oscillations in atrial cycle length;
achieving durable lines of conduction block; and spontaneous
conversion of atypical flutter to atrial fibrillation or other
arrhythmias.

INTRODUCTION

mitral annulus and pulmonary venous ostia serve as critical conduction barriers, along with electrically silent areas that may be found in
myopathic atria or result from prior ablation or surgery.

Atypical atrial flutters refer to a spectrum of arrhythmias that vary in
location and circuit dimensions. In many cases these arrhythmias may
also coexist with atrial fibrillation (AF) or play transitional roles in
the initiation or termination of AF, or in the transformation to typical
atrial flutter. Atypical flutters are increasingly recognized after catheter
ablation or surgical treatment of AF or after surgery that involves right
or left atriotomies.
Historically there has been confusion over the use of the terms atrial
flutter and atrial tachycardia (AT). It has been proposed that these terms
be applied based on rate or the presence of isoelectric intervals on the
electrocardiogram. The term atrial flutter is often used to refer to regular tachycardias with rates of 240 beats per minute or higher and lacking
an isoelectric interval between deflections, whereas atrial tachycardia
refers to arrhythmias with isoelectric intervals between P waves and/
or slower cycle lengths. However, these characteristics are not specific
for the mechanism of tachycardia.1,2 In this chapter, the term atypical
atrial flutter will be used preferentially to refer to reentrant circuits that
are not dependent on the cavotricuspid isthmus (CTI). Atypical flutters
may be classified based on their chamber of origin, site within a given
atrium, and size of the reentrant circuit (Table 12.1).

ANATOMY
The specific configuration of a reentrant circuit is dependent on the
local or global anatomy of the atrium, as well as conduction and refractory properties of the atrial myocardium. As a general rule, reentry
requires the presence of two limbs, which are anatomically and/or
functionally contiguous but dissociated. These limbs are dependent
on the presence of an inexcitable central barrier (i.e., atrioventricular
annulus, venous ostium, or scar) or a functional line of block. In the
right atrium (RA), natural barriers to conduction are the tricuspid
annulus, inferior vena cava (IVC), superior vena cava (SVC), crista terminalis, Eustachian ridge, and fossa ovalis. In the left atrium (LA), the

PATHOPHYSIOLOGY
Although atypical atrial flutters can arise in structurally normal hearts,
these arrhythmias predominantly occur in patients with organic heart
disease, after cardiac surgery, or AF ablation. In patients with organic
heart disease, the pathogenesis is thought to involve elevated atrial
pressure, which causes interstitial fibrosis resulting in conduction slowing and block. LA reentry that arises de novo in the atria frequently
involves regions of patchy scar, which presumably occurs as the result
of atrial myopathy.3 These areas of patchy scar can be identified as electrically silent areas during electroanatomic mapping. Other important
determinants are slowing of atrial conduction velocity, heterogeneity of
atrial refractoriness, and initiating or triggering foci.
In response to premature stimuli, arcs of functional block develop
and—if of sufficient length—initiate and support reentry. Functional
lines of block develop in structures such as the crista terminalis and the
Eustachian ridge, both of which play a critical role in the formation of
CTI-dependent atrial flutter.4 Gaps in these functional lines of block, as
in the crista terminalis, permit formation of atypical circuits. Functional
lines of block may develop in many other locations, including variable
sites in the LA. A combination of fixed and functional block has been
demonstrated in animal models of lesional tachycardia, in which a line
of functional block develops as an extension to a fixed anatomic lesion.5
In this case, the anatomic lesion might not be large enough to support
reentry, but the combined fixed and functional barrier provides the
critical path length needed to maintain reentry. Formation and breakdown of these arcs of block are responsible for interconversion of flutter
circuits with each other and the transition to AF.
With the growth of ablation procedures for AF, atypical flutters have become increasingly frequent after both catheter and
surgical ablation. Discontinuities in ablation lines can result in
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Types of NonisthmusDependent Atrial Flutters
TABLE 12.1

RIGHT ATRIUM
Circuit

Boundaries

Clinical Scenarios

Upper-loop reentry SVC and crista terminalis

De novo or with CTIdependent flutter

Right atrial freewall reentry

Prior right atriotomy, atrial
myopathy

Right atrial scar, lateral
tricuspid annulus

Dual-loop reentry Combinations of right atrial
(combined lower scar, SVC, tricuspid annuloop, upper loop, lus, with or without CTI
free wall, and/or
tricuspid valve)
Circuit

LEFT ATRIUM
Boundaries

Perimitral annular Mitral annulus, left atrial
reentry
isthmus

De novo or with CTIdependent flutter, prior
right atriotomy, atrial
myopathy

Clinical Scenarios
Following left atrial
ablation for AF, after
maze surgery, de novo

Roof-dependent
reentry

Linear ablation lines around Following left atrial
left and/or right pulmonary
ablation for atrial fibrilveins, possibly electrically
lation with encircling
active pulmonary vein
lesions, after maze
tissue
surgery, de novo

Periseptal tachycardia

Right pulmonary veins and
Following atriotomy, left
mitral annulus or fossa
atrial ablation for atrial
ovalis with right pulmonary fibrillation, de novo
veins or mitral annulus

Circuit
Lesional
tachycardias

MISCELLANEOUS
Boundaries
Clinical Scenarios
Surgical scars

Following left atriotomy,
post maze surgery

Microreentry or
Variable
localized reentry

Following left atrial ablation for AF, after maze
surgery, atrial myopathy

Coronary sinus
Coronary sinus with left or
mediated reentry right atrial myocardium

De novo

AF, Atrial fibrillation; CTI, cavotricuspid isthmus; SVC, superior vena
cava.

unidirectional rate-dependent block or conduction slowing.6 Furthermore, areas of excluded myocardium, such as those occurring
with wide encircling pulmonary vein isolation, give rise to large
central barriers that permit circus movement reentry. Many reentrant ATs are complex circuits that involve dual loops (figure-ofeight reentry) or less commonly triple loops. In multiple loop
tachycardias, conduction times are nearly equal around the individual loops, but sometimes a dominant circuit exists as a driver,
which entrains other loops.
Small reentrant circuits, known as localized reentry or microreentry,
can occur in a variety of clinical circumstances, such as catheter ablation of AF, surgical maze procedures, and surgical repair of congenital
heart disease. These small circuits can also occur de novo in diseased
atria.7 A unifying condition in cases of localized reentry is the presence
of an atrial scar, and these circuits usually localize near prior ablation
lines or surgical incisions. Disruption of the myocardial architecture
may give rise to markedly slow conduction, anisotropic differences in

conduction velocity, and unidirectional block, which allow small circuits to develop and perpetuate.
Cardiac surgery that involves atrial incisions is an important cause
of atypical flutter. The location and extent of an incision, in addition
to intrinsic disease of the atria, influence the likelihood of developing
atypical flutter. Patients who have right atrial surgery are also at risk of
developing atypical flutter involving the surgical scar in the lateral RA,
whereas those who have a left atriotomy may develop atypical flutter in
the LA.8 In addition, patients who have right or left atriotomies are also
prone to develop CTI-dependent flutter.

DIAGNOSIS
Macroreentrant Versus Focal Atrial Tachycardia
A fundamental consideration in evaluating atypical flutter is to establish if the arrhythmia is macroreentrant or focal in origin (Box 12.1). In
general, P wave durations are shorter and surface isoelectric intervals
are longer with focal tachycardias than with macroreentry.9 A study of
75 patients with atypical flutters after AF ablation found that a P wave
duration of less than 185 ms had a sensitivity of 85% and specificity of
97% in identifying a small reentrant circuit.10 However, it is possible
for a macroreentrant tachycardia to have an isoelectric interval if part
of circuit consists of a slowly conducting isthmus generating little electric force.2 When the tachycardia cycle length varies by 15% or more, a
focal mechanism is suggested, but a regular cycle length can occur with
both focal and macroreentrant atrial tachycardias (ATs).11
The electrocardiographic (ECG) morphology of atypical flutters is highly variable, and substantial overlaps exists between flutter
morphologies arising from different anatomic circuits, so that localization of atrial flutters from the surface ECG has limited utility.
However, some broad generalizations can be made that distinguish CTIdependent from non-CTI-dependent flutters, as well as right from
left atrial tachycardias.12 CTI-dependent flutters often show characteristic morphologies, and recognizing deviation from these patterns
allows one to conclude that a tachycardia might be atypical flutter.
Typical counterclockwise CTI-dependent flutter often has a superiorly
directed flutter wave axis with a small terminal positive deflection in
the inferior leads (so called sawtooth pattern). Lead V1 has an overall
positive deflection with an initial isoelectric or inverted component,
and the flutter wave transitions from positive to negative across the
precordium. Clockwise CTI-dependent flutter is more variable, but it
characteristically shows positive, notched flutter waves in the inferior
leads, and lead V1 usually shows negative flutter waves. It should be
emphasized that even CTI-dependent flutters can show variability in
ECG morphology, and the typical patterns described above might also
arise from non-CTI-dependent mechanisms. Typical CTI-dependent
flutter that occurs after ablation for AF may also present with atypical
ECG morphologies.13
Generally flutters that are predominately negative in V1 arise from
the RA, whereas those that show broad positive waves in V1 (without
isoelectric or negative initial components) usually arise from the LA
(Fig. 12.1). Left atrial flutters usually demonstrate either positive flutter waves in the inferior leads or low-amplitude/isoelectric signals in
the limb and other precordial leads.12,14 Intermediate patterns that do
not fit these various descriptions are common and can be difficult to
localize. Regardless of the morphology, confirmation of the tachycardia
origin with endocardial mapping is required.
Evidence for a macroreentrant mechanism can be obtained through
manifest entrainment, entrainment with concealed fusion (concealed entrainment), or electroanatomic mapping (see Mapping section). Manifest entrainment is recognized as fixed fusion at any given
paced cycle length and by progressive fusion with progressively rapid
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A

Macroreentrant Tachycardias
• Entrainment with fusion (with last beat entrained but not fused)
• Electroanatomic mapping of >90% of tachycardia cycle length with adjacent early and late areas of activation
• Insensitivity to adenosine (in dose sufficient to cause AV block)
Microreentrant Tachycardias or Localized Reentry
• Fragmented electrograms that encompass a large proportion of the tachycardia cycle length on single electrode or multiple closely spaced electrodes
• Entrainment with progressively longer postpacing intervals at increasing
distances from the apparent source
• Insensitivity to adenosine (in dose sufficient to cause AV block)

B

Left Atrial Tachycardias
• Passive conduction in the right atrium, with early septal activation and
fusion of wave fronts in the RA lateral wall
• Absence of RA activation during long segments of the cycle length (mapping <50% of tachycardia cycle length)
• Large variations in the RA cycle length with a relatively fixed cycle length in
the LA
• Entrainment pacing at multiple sites in the RA yielding postpacing intervals
>30 ms
AV, Atrioventricular; LA, left atrium; RA, right atrium.

overdrive pacing.15 Because the surface flutter wave may not be visible
or may be obscured by ventricular depolarization or repolarization,
intracardiac electrograms provide a surrogate marker for orthodromic
and antidromic capture and the degree of fusion. Manifest entrainment
with progressive fusion implies a dimensionality to the tachycardia circuit that includes a separate entrance and exit site, a condition that does
not exist for focal tachycardia and is unlikely to be demonstrated for
microreentry. The pacing site is considered to be within the tachycardia circuit when the postpacing interval after entrainment is 30 ms (or
less) greater than the tachycardia cycle length (Fig. 12.2). Entrainment
from two opposite quadrants (such as septal and lateral LA, or anterior and posterior LA), each with return cycle lengths within 30 ms
of the tachycardia cycle length, indicates the presence of a macroreentrant circuit.11 Thus in-circuit entrainment from the septal and lateral
LA often indicates perimitral reentry; in-circuit entrainment from the
anterior and posterior LA is consistent with a roof-dependent LA flutter. Entrainment may also give indirect information about the distance
of a pacing site from the reentrant circuit, with shorter postpacing
intervals indicating closer proximity to the circuit.
The response to adenosine is useful in distinguishing reentrant
from focal ATs, in that it exerts mechanistic-specific effects on atrial
arrhythmias.16 With rare exceptions, adenosine does not terminate the
vast majority of reentrant atrial arrhythmias, whereas it either terminates focal ATs attributed to triggered activity or transiently suppresses
focal AT as a result of enhanced automaticity (Fig. 12.3). Adenosineinsensitive ATs with apparently focal activation patterns show characteristics of localized reentrant circuits, including low-amplitude,
long-duration fractionated electrograms, and can be entrained.7 This
simple tool provides a reliable means for establishing a tachycardia
mechanism before mapping (Fig. 12.4).

Localization of Reentry to the Right Atrium or Left Atrium
The activation pattern of the coronary sinus (CS) is useful in localizing
ATs.17 RA tachycardias typically exhibit proximal-to-distal activation

C

D

Fig. 12.1 Representative examples of atypical flutters. A, Lateral right
atrial (RA) reentry in a patient with prior mitral valve repair with a right
atriotomy. In this case, flutter waves are negative in V1 with an inferior
axis. B, Localized reentry from the anterior wall of the left atrium (LA)
shows positive flutter waves in V1 with low-amplitude signals in the
limb and lateral precordial leads. C and D, Two examples of perimitral
annular reentry in a patient with prior mitral valve repair and a patient
with ischemic cardiomyopathy. These show positive flutter waves in
V1 with different axes in the inferior leads. Note the isoelectric interval,
illustrating that isoelectric intervals are not specific for focal tachycardia.

in the CS, unless activation proceeds predominantly over Bachmann
bundle (or the catheter is positioned very distally in the CS), in which
case the distal CS may be activated earlier. LA tachycardias show a
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Fig. 12.2 Entrainment from multipolar catheters localizes a left atrial tachycardia. Activation of the coronary
sinus (CS) is proximal to distal. Entrainment from the proximal and distal poles of the CS catheter (A and B)
results in postpacing intervals nearly identical to the tachycardia cycle length. Panel B shows the phenomenon of downstream overdrive pacing.83 Entrainment from the distal electrode of the CS catheters (downstream from the proximal electrodes) results in orthodromic capture of the proximal poles after conduction
delay. Panels C and D show entrainment from the high and low right atrium (RA), respectively, both of which
show long postpacing intervals (as well as fusion of intracardiac electrograms during pacing), indicating that
they remote from the tachycardia circuit. These responses are consistent with a left atrial tachycardia, which
was perimitral reentry.

variety of activation patterns depending on the particular reentrant
circuit (Fig. 12.5). Some LA tachycardias, such as clockwise perimitral
annular reentry and tachycardias originating near the lateral LA (by
the left pulmonary veins or appendage), exhibit distal-to-proximal CS
activation. However, a proximal-to-distal sequence does not necessarily localize the arrhythmia to the RA and may be seen with counterclockwise perimitral reentry or tachycardias involving the septum or
right pulmonary veins. Chevron and reverse chevron activation patterns
occur with roof-dependent LA macroreentry. The chevron pattern
occurs when a wave front descends the posterior wall and activates the
midposterior mitral annulus, and then propagates in both septal and
lateral directions along the inferior LA. The reverse chevron pattern
occurs when a wave front descends the anterior LA wall and then fuses
in the posterior mitral annulus. Focal arrhythmias in the posterior or
anterior LA may also produce chevron or reverse chevron patterns. It
should be recognized that activation of the CS may be dissociated from
the LA endocardium because of a muscular sleeve, which envelops the
CS and is attached to the LA through discrete connections. Electrograms recorded in the CS may show disparate activation patterns, and

careful analysis may show that the endocardial LA is activated in a pattern different from the CS.18 Macroreentry involving the CS musculature or the ligament of Marshall as a critical part of the circuit has also
been described.19,20
It is possible to establish a diagnosis of LA tachycardia during mapping in the RA and thus identify the need for transseptal catheterization and LA mapping.21,22 Criteria for identifying an LA origin through
intracardiac mapping include the following:
1.	Passive conduction into the RA, which may be demonstrated as
fused wave fronts in the lateral wall of the RA.
2.	Earliest RA activation in the septum, typically in the region of
Bachmann bundle or the CS ostium, especially if areas of early activation encompass a large area.
3.	Large variations in the RA cycle length with a relatively fixed cycle
length in the LA, implying LA/RA dissociation or conduction block.
4.	Entrainment pacing at multiple sites in the RA (including the CTI and
the RA free wall) yielding postpacing intervals greater than 30 ms.
Although fusion of wave fronts in the lateral wall of the RA is common during LA tachycardias, it is possible to record a single wave front
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Fig. 12.3 Reentrant atrial tachycardia in a patient with a prior lateral right atriotomy. A, The tachycardia is
insensitive to adenosine, which is consistent with a reentrant mechanism. B, A duo-decapolar catheter in the
lateral right atrium (RA) demonstrates fusion of wave fronts in the lateral wall, in this case consistent with
lower-loop reentry, with a circuit around the inferior vena cava (IVC). During ablation in the cavotricuspid isthmus, the tachycardia cycle length prolongs and activation in the lateral right atrium changes (arrow), which is
explained by interruption of lower-loop reentry and the existence of a second circuit involving the lateral right
atriotomy. C, The change in the tachycardia circuit is illustrated graphically. CS, Coronary sinus; CTI, cavotricuspid isthmus; RF, radiofrequency; SVC, superior vena cava; TA, tricuspid annulus.

mimicking counterclockwise or clockwise atrial flutter. This situation
depends on (1) the location of the multipolar catheter in the lateral
wall, (2) the location of conduction breakthrough from the LA (i.e.,
preferential conduction over Bachmann bundle or the CS), and (3) the
presence of conduction block in the CTI. Typically, activation time in
the RA is substantially less than the tachycardia cycle length. Exceptions occur when the tachycardia cycle length is short or if conduction
is substantially slowed in the RA, incorrectly implying the presence of
a RA tachycardia.

MAPPING
Activation Mapping
Conventional activation mapping with multielectrode catheters is
usually employed to define the mechanisms of atypical flutters. In the

RA, a multielectrode catheter positioned around the tricuspid annulus
can provide information suggestive about the tachycardia mechanism.
For example, counterclockwise lower-loop reentry reveals lateral-toseptal activation in the CTI and areas of breakthrough in the lateral
RA, which can cause fusion of wave fronts or an ascending wave front
in the lateral wall (see Fig. 12.3).23
Double potentials, which usually signify lines of block, may be
identified through conventional activation mapping. If reentry proceeds around a line of block, double potentials are widely split in the
middle of the line, and they progressively narrow toward the end of the
line where the wave front pivots.24 An example of this may be found in
RA free-wall macroreentry (Fig. 12.6). Middiastolic and fragmented
potentials can be recorded within critical zones of slow conduction,
but verification of participation in the tachycardia circuit is desirable
through other means, such as entrainment maneuvers.
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Fig. 12.4 Differentiating mechanisms of atrial tachycardia using adenosine and electrophysiological characteristics. Adenosine-sensitive atrial tachycardia is typically focal in origin caused by triggered activity or, far
less commonly, automaticity. Adenosine-insensitive atrial tachycardia is either macroreentrant or microreentrant, depending on circuit size and the resolution of the mapping system. Entrainment with the postpacing
interval nearly equal to the atrial tachycardia cycle length is typical for macroreentrant or microreentrant
tachycardias. Prolonged electrogram durations may be recorded at early sites in microreentrant tachycardias
but are not typical at the origin of triggered and automatic rhythms. Electrogram durations at sites around a
macroreentrant circuit might vary depending on local conduction characteristics. PES, Programmed electrical
stimulation. (Modified from Markowitz SM, Nemirovksy D, Stein KM, et al. Adenosine-insensitive focal atrial
tachycardia: evidence for de novo micro-re-entry in the human atrium. J Am Coll Cardiol. 2007;49:1324-1333.
With permission.)

Activation mapping in the LA relative to a fixed reference can identify or exclude mitral reentry or roof-dependent flutter.11 Opposite
activation sequences in the superior and inferior mitral annulus (e.g.,
lateral-to-septal activation along the superior annulus, and septal-tolateral activation along the inferior annulus) identify perimitral reentry. By contrast, similar directions of activation (e.g., lateral-to-septal)
in both the superior and inferior annulus exclude perimitral reentry.
Opposite activation along the anterior and posterior walls is seen with
roof-dependent reentry.

Entrainment Mapping
Concealed entrainment is an essential tool for identifying sites that
participate in a reentrant arrhythmia.25 Entrainment criteria for identifying appropriate sites for ablation are intended to localize protected
zones within a circuit. These include (1) concealed entrainment (with P
wave and intracardiac activation sequences resembling those in tachycardia), (2) a postpacing interval within 30 ms of the tachycardia cycle
recorded at the pacing site, and (3) a stimulus to P wave interval during
pacing equal to the electrogram to P wave interval during tachycardia.
Because the P wave may not be visible in many cases of macroreentrant
AT, identifying the initial inscription of the P wave may be arbitrary,
and an intracardiac reference is often used as a surrogate.
Limitations or pitfalls in using concealed entrainment must be recognized: (1) rate-related conduction slowing may occur, and therefore
the postpacing interval might exceed the tachycardia cycle length; (2)
failure to capture might occur in some critical regions of a reentrant
circuit; (3) acceleration or termination of AT with pacing may occur.26

Inadvertent termination or slowing can be minimized by pacing 20 ms
or less shorter than the tachycardia cycle length.

Electroanatomic Mapping
Electroanatomic mapping provides direct visualization of a reentrant
circuit, which is defined as the shortest distance of continuous activation comprising the tachycardia cycle length. A hallmark of macroreentrant arrhythmias is the presence of areas of early activation adjacent
to late regions, with intermediate values connecting these two regions
(see Figs. 12.5 and 12.6). In practice, it is necessary to account for 90%
or more of the tachycardia cycle length to visualize a reentrant circuit.
Displaying activation information as an isochronal map may clearly
demonstrate the direction of wave-front propagation, which is perpendicular to the isochronal steps (Fig. 12.7). Ultrahigh-resolution mapping uses proprietary multipolar mapping catheters to collect a large
number of activation points and can identify critical isthmuses of reentrant circuits that are suitable for ablation.27
A substantial percent of the tachycardia cycle length may be occupied by conduction through a diseased segment with low-amplitude
and fractionated electrograms. If a large part of the cycle length is
not accounted for in the map, a careful search for such electrograms
should be undertaken to identify a gap in the reentrant circuit; such
sites are often characterized by fragmented, low-amplitude electrograms and are appropriate targets for ablation (Fig.12.8). The specific
choice of assigning activation times to long duration or split electrograms can greatly affect the appearance of an electroanatomic map
and may potentially obscure the delineation of a reentrant circuit. New
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Fig. 12.5 Activation sequences of the coronary sinus (CS) in various forms of left atrial tachycardia. A, Counterclockwise perimitral reentry gives rise to proximal-to-distal CS activation. B, Clockwise perimitral reentry
produces distal-to-proximal CS activation. C, Roof-dependent atrial tachycardia with a descending wave front
in the posterior wall causes early activation in the mid CS, after which the impulse propagates both proximally
and distally along the mitral annulus (chevron pattern). D, Roof-dependent atrial tachycardia with a descending
wave front in the anterior wall causes fusion of wave fronts in the posterior mitral annulus (by the coronary
sinus) because the impulse first activates the anterior mitral annulus and then bifurcates to activate the lateral
and septal walls before fusing in the posterior annulus (reverse chevron pattern).

automated mapping technology uses algorithms that integrate bipolar and unipolar electrograms with neighboring activation times to
annotate complex electrograms.28 By displaying an atrial voltage map,
areas of scar can be identified that facilitate the localization of channels
that form potential reentrant circuits. Areas with no detectable voltage
(defined as the noise limit of recording systems) represent a dense scar
and thus a region of fixed conduction block.
Entrainment mapping may be combined with electroanatomic
mapping to define critical components of a reentrant circuit. This
combined technique is especially useful in situations where the electroanatomic map is ambiguous and it is difficult to distinguish critical
components from bystander regions.
Misinterpretation of electroanatomic maps may occur unless care is
taken to avoid the following pitfalls (Table 12.2):
1.	Incomplete mapping and low resolution: It is important to acquire
activation points during tachycardia with sufficient density and to
sample different regions in the atrium of interest. Interpolation of
activation times in the map may lead to misinterpretation of the
rhythm and failure to identify critical components of the circuit.
Advanced mapping technology that constructs high-density maps
with shorter acquisition times is useful in addressing this pitfall.
2.	Fractionated electrograms: If highly fractionated and wide potentials are present, it might be difficult to assign an activation time.
In this case, the critical isthmus might not be identified, and the
reentrant arrhythmia might be confused with a focal rhythm.

3.	Central obstacles or conduction block: Failure to identify areas of
scar or central obstacles to conduction may confuse interpretation
of an electroanatomic map because interpolation of activation
times through areas of conduction block may give the appearance
of wave front propagation and obscure the reentrant circuit. If
this occurs, it is impossible to identify a critical isthmus to target
for ablation. Adjusting the voltage threshold for identifying areas
of scar may ameliorate this. It should be recognized that very
low-voltage areas (<0.05 mV) can serve as critical components of
tachycardia circuit. Mapping with a relatively large-tip ablation
catheter with widely spaced bipolar electrograms may not identify low-amplitude signals, which are more easily recorded with
smaller, closely spaced electrodes and mapping systems that generate low noise levels. A line of block can be inferred if there are
adjacent regions with wave front propagation in opposite directions, separated either by a line of double potentials or dense isochrones.29,30
4.	Conduction delay in either atrium: Slow conduction or local block
may prolong activation in either the RA or LA, and conduction
time in the passively activated chamber may approach the tachycardia cycle length. For example, if conduction block is present in the
CTI, an LA tachycardia can give rise to a craniocaudal activation
pattern of the lateral RA (Fig. 12.9). Even if conduction is present
in the CTI, RA activation in the lateral wall may be craniocaudal
if conduction occurs over Bachmann bundle. In these situations,
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a chamber and compute activation through noncontact dipole density
mapping.34
Body surface mapping has been employed using a 252-electrode
vest combined with biatrial anatomy obtained from computed tomography. The feasibility of this technology has been demonstrated in identifying macroreentrant rhythms in both atria and distinguishing these
from focal sources.35
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Fig. 12.6 Right atrial (RA) free-wall reentry. Double potentials in the lateral wall reflect descending and ascending wave fronts, with narrowing
of the intervals between double potentials down the lateral wall and a
fragmented electrogram reflecting a pivot point in pole RA-6 (RA-1, low
lateral RA; RA-10, high lateral RA). CS, Coronary sinus.

entrainment is an important adjunctive tool, which would define
the RA as a bystander and clarify the electroanatomic map.
5.	Changing activation: The operator should be cognizant of changes
in activation that occur during mapping, as the tachycardia may
spontaneously transition to another rhythm or could be affected by
ectopic beats induced by catheter manipulation. Also, a stable circuit can conduct variably to bystander regions, and these changes in
activation can produce an uninterpretable map.
6.	Misinterpretation of reentry: Ultrahigh-resolution mapping systems can identify small reentrant circuits, which are characterized
by continuous rotation within a small area and activation encompassing the tachycardia cycle length. In some cases, the color-coded
activation map appears to show localized reentry, but in fact this
area of rotation is passively activated.31 This phenomenon can be
detected by tracing the wave front activation, which might show
distant wave fronts that invade the area of slow conduction and produce incomplete rotation. Even larger circuits can appear to complete a single rotation but might actually be passively activated.32
This situation can be demonstrated with entrainment to confirm if
sites are constituents of a reentrant circuit.
Noncontact electroanatomic mapping uses a multielectrode array
that records intracavitary potentials and software to construct virtual
unipolar electrograms on a 3-dimensional representation of a given
chamber. This technique is useful in delineating transitory arrhythmias
and has been used to visualize upper loop and RA free-wall reentry.33
Care must be taken to analyze atrial beats without ventricular depolarization or repolarization, which can obscure the atrial unipolar
electrograms. The presence of lines of block can be inferred based on
activation sequence rather than direct imaging of scar. Novel mapping
systems use an ultrasound-electrode array to construct the anatomy of

ABLATION
The guiding principle in ablating atypical flutters is to target a critical
isthmus or component that participates in the tachycardia circuit (Box
12.2). For successful ablation it is not always necessary to delineate the
complete reentrant circuit, because interruption of the circuit at any
one critical site will terminate the tachycardia and prevent its initiation. The critical isthmus may be a narrow channel or a relatively broad
region. In the case of dual-loop tachycardias, it is helpful to identify the
common isthmus or corridor. Ablation can be performed by targeting
the common isthmus or each loop separately. The technique of ablation involves the creation of a linear lesion between two boundaries to
transect the isthmus. Occasionally, a single radiofrequency (RF) application is enough to interrupt a narrow isthmus or localized reentry.
Standard RF with a 4-mm tip may be sufficient, but creation of
long linear transmural lesions is usually performed with irrigated RF
or larger tip (8 mm) catheters. Contact force sensing technology has
proved useful, although it has been studied primarily in the context
of AF ablation.36 Effective RF lesions are characterized by at least a
10 Ω impedance drop during ablation and reduction of local electrogram amplitude. In cases of linear lesions, bidirectional conduction
block should be verified after ablation by pacing from either side of the
ablation line and recording from the contralateral side. The detour of
wave fronts around completed ablation lines can be displayed graphically with a reconstructed electroanatomic map during pacing or
sinus rhythm. Widely spaced double potentials along an ablation line,
while pacing from one side, provide supporting evidence for conduction block after ablation. Noninducibility of AT is another end point;
however, atypical flutters are frequently associated with other inducible atrial arrhythmias, and judgment is required to decide whether to
target other inducible arrhythmias that may not have clinical significance. Strategies that involve ablation of all inducible atrial arrhythmias and channels for potential reentrant circuits have been successful
in preventing recurrences, particularly in patients with prior surgery
for congenital heart disease.37 This strategy can be used for multiple
interconverting ATs that are challenging to define with contact mapping (see Table 12.2).
Acute and long-term clinical outcomes depend on the specific
arrhythmia targeted for ablation and the atrial substrate. For example,
a series of patients with macroreentrant AT without a history of surgery or prior catheter ablation reported a freedom from atrial arrhythmias without antiarrhythmic drugs in 82% of patients with RA, and in
55% with LA tachycardias (average follow-up 37 months).38 In another
cohort of 91 patients with atypical flutters (comprising 171 ATs), the
acute success rates for ablation were 97% for patients with nonseptal
ATs and 77% for patients with septal ATs.39 Long-term success rates
were 82% for patients without septal ATs and 67% for those with at
least one septal AT. Long-term success rates were higher for ablation
of ATs that occurred after catheter ablation and cardiac surgery (75%
and 88%, respectively) and lower for patients with idiopathic atrial scar
(57%).40–43 In a mixed cohort of 52 patients, many of whom had prior
surgical or ablative procedures, macroreentrant ATs were ablated with
an acute success rate of 90%, of whom 6% had early recurrences.44 Successful outcome may require up to three staged procedures.45,46
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Fig. 12.7 Electroanatomic map of a left atrial tachycardia with isochronal steps of 20 ms. The map demonstrates a dual-loop tachycardia, with one clockwise loop around the mitral annulus (A) and a second roofdependent circuit around the right pulmonary veins with descending activation of the posterior wall (B). LAA,
Left atrial appendage; LIPV, left inferior pulmonary vein; LSPV, left superior pulmonary vein; RIPV, right inferior
pulmonary vein; RSPV, right superior pulmonary vein.
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Fig. 12.8 Gap in electroanatomic map as a result of slowly conducting tissue. The patient had undergone
mitral valve and maze surgery. A, An electroanatomic map of the left atrium shows counterclockwise activation of the mitral annulus (MA), but the activation times encompass only 197 ms (65% of the tachycardia
cycle length: 305 ms). B, A careful search identifies a highly fractionated, low-amplitude electrogram (0.05
mV) along the anteroseptal mitral annulus, which accounts for 120 ms of the tachycardia cycle length (pink
tag). This site is a gap along a cryomaze ablation (Abl) line, and focal radiofrequency ablation at this site terminated the atrial tachycardia. CS, Coronary sinus; RA, right atrium.

SPECIFIC FORMS OF ATYPICAL FLUTTER
Upper-Loop Reentry
This macroreentrant circuit involves reentry around the SVC and
an area of fixed or functional conduction block adjacent to the
SVC.23,45 This arrhythmia may occur in patients who also have

isthmus-dependent flutter, but it also occurs in isolation or in those
with a prior right atriotomy (Fig. 12.10; Video 12.1). The ECG in
upper-loop reentry mimics the morphology of clockwise CTI-dependent flutter, with an inferior flutter wave axis.14 Electrograms may
show a descending wave front in the lateral RA, but if scar or conduction block extends inferior to the SVC, the pattern of activation
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TABLE 12.2
Problem

Catheter Ablation of Atrial Tachycardias and Flutter

Troubleshooting Difficult Cases

Cause

Solution

Unstable rhythm
Instability of lines of Limit atrial pacing and entraininterconverting
block
ment mapping
with AF or other
Consider noncontact
forms of atypical
electroanatomic mapping
flutter
Consider long linear lesions and/
or ablation of atrial fibrillation
Identify and treat channels of
slowly conducting tissue
Low dose IC or III drug to stabilize
reentry
Uninterpretable
electroanatomic
map

Incomplete map
Failure to identify
lines of block and
areas of scar

Use high or ultrahigh density
mapping
Review voltage map to
identify areas of scar and
low voltage, fragmented
electrograms
Use entrainment to identify critical components of tachycardia
Review previous surgery and
ablation attempts

Failure to achieve Persistent epicardial Use irrigated
conduction block
conduction
radiofrequency catheter
in mitral isthmus
Ablate within coronary sinus
Alternative linear lesion
Failure to termiDual-loop reentry
nate tachycardia Inaccurate mapping
despite complete of critical isthmus
ablation line

Reevaluate cycle length, surface
ECG, and
activation sequence
Reevaluate map or remap

Unstable catheter
during linear
ablation

Use adjustable or
telescoping sheath system,
change catheters, linear ablation array, robotic navigation

Large left atrium,
limited catheter
mobility

AF, Atrial fibrillation; ECG, electrocardiography.

may be more complex. Concealed entrainment may be demonstrated
in the septum between the fossa ovalis and the SVC and in the high
lateral right atrium.
Noncontact and contact electroanatomic mapping have been used
to define the upper-loop reentry circuit.33,46 In cases defined with noncontact mapping, gaps in the crista terminalis could be identified and
targeted for ablation. Although the published literature on upper-loop
reentry is limited and follow-up is relatively short (between 3 and 17
months), small clinical series reveal that ablation can be accomplished
with a low recurrence rate of AF or other atrial flutters (23% in one
clinical series).33 When guided by noncontact electroanatomic mapping, an effective strategy is to make a line of RF applications through a
gap in the crista terminalis. Another strategy is to connect the SVC to
a scar elsewhere in the RA.

Right Atrial Free-Wall Macroreentry
Macroreentry may occur in the free wall of the RA in patients with
an atriotomy, but also has been reported in patients without prior
cardiac surgery.24,29,30,33,47 The pathophysiology of this arrhythmia
is reentry around a line of block in the lateral RA, defined by an
electrically silent area or a line of double potentials. Lateral right
atriotomies are used for repair of congenital heart disease (such as

atrial septal defects and more complex congenital disease), mitral
and tricuspid valve surgery, and removal of atrial myxomas. In
patients without an atriotomy, free-wall reentry arises because of
fixed scar in the lateral RA or rate-related functional block in the
crista terminalis.
Mapping with conventional multipolar catheters reveals a line of
double potentials in the lateral wall with single fractionated potentials at the inferior end of the line, reflecting the lower pivot point
(see Fig. 12.6). Entrainment from both sides of the central line of
block results in postpacing intervals within 30 ms of the tachycardia
cycle length. The location of the upper pivot point may be in the
upper free wall of the RA or involve the SVC.24,33 Catheter ablation
may be performed by making a line of RF lesions between the lateral RA (the area of double potentials) and the IVC. Alternatively,
ablation may be performed in the corridor between the line of block
in the lateral wall and the tricuspid annulus or the crista terminalis. It is important to confirm line of block after interrupting lateral
wall reentry. When ablation is performed from the lateral wall to
the IVC, line of block can be demonstrated by pacing and recording both anterior and posterior to the line (Fig. 12.11). Activation
should proceed in a craniocaudal direction on the side opposite the
pacing site.30,48
The acute success rate of ablating lateral wall reentry generally
exceeds 85%, but late recurrences of atrial arrhythmias are common.
In a report of 40 patients who had macroreentrant ATs as a late complication after lateral right atriotomies, ablation was acutely successful
in 88%, but during follow-up (average 28 months) only 55% remained
free of recurrent atrial arrhythmias.49 Many of the recurrences were
new arrhythmias, including AF. In another cohort of 20 patients who
had catheter ablation of ATs resulting from surgical repair of atrial septal defects, 30% developed AF during long-term follow-up.50 The issue
of late AF is of particular importance because patients may require
anticoagulation and additional medical or ablative therapy during
follow-up.

Dual-Loop Right Atrial Macroreentry
Dual-loop reentry may occur in the RA in which two atypical circuits
described earlier coexist or when one of the atypical circuits combine
with rotation around the tricuspid annulus.38,51 Entrainment and contact electroanatomic mapping have been used to identify various combinations of reentry around the IVC (lower-loop reentry), the tricuspid
annulus, the SVC, and a conduction barrier in the lateral RA (see
Fig. 12.3). Ablation of one component usually transforms the tachycardia to another circuit. Dual-loop reentry is common in patients who
have prior right atriotomies. One example is reentry around the atriotomy scar that coexists with peri-tricuspid reentry. The flutter wave
morphology may resemble typical flutter, and activation mapping may
indicate reentry around the tricuspid annulus, which is confirmed with
entrainment mapping in the CTI. If mapping in the lateral RA is not
performed, the second component of this circuit might not be identified. A multipolar catheter is useful for demonstrating ascending and
descending wave fronts on either side of a lateral atriotomy. Ablation in
the CTI modifies but does not terminate the tachycardia, as evidenced
by a change in activation pattern and/or cycle length (see Fig. 12.3).
This form of dual-loop reentry can be treated by ablating the common
isthmus (e.g., between the lateral tricuspid annulus and the lateral atriotomy) or by creating two linear lesions to interrupt each reentrant
loop (one in the CTI and another from the lateral atriotomy to the IVC
or SVC). As with single loop lateral wall reentry, it is important to verify
line of block with pacing maneuvers, which is a more robust end point
than noninducibility (see Fig. 12.11). Some dual-loop tachycardias
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Fig. 12.9 Left atrial microreentrant tachycardia after catheter ablation of atrial fibrillation. A, The right atrial
(RA) activation sequence demonstrates a descending wave front in the lateral wall because of prior ablation
in the cavotricuspid isthmus. B, A PentaRay catheter positioned anterior to the left inferior pulmonary vein
shows a highly fractionated, low-amplitude electrogram (0.12–0.24 mV) on spline electrode A 3–4, which
spans most of the tachycardia cycle length. CS, Coronary sinus.

BOX 12.2 Target Sites for Ablation
General Principles
• Critical isthmus identified by electroanatomic mapping bounded by two conduction barriers
• Entrainment demonstrates orthodromic capture of most of atrium (concealed
entrainment is present) and postpacing interval minus tachycardia cycle
length ≤30 ms
Ablation Strategies for Specific Arrhythmias
Upper-Loop Reentry
• Gap in crista terminalis
• Linear ablation from SVC to scar or tricuspid annulus or intercaval line
RA Free-Wall Reentry
• Linear ablation from conduction barrier to IVC
• Linear ablation from conduction barrier to tricuspid annulus
• Linear ablation from conduction barrier to SVC

• L inear ablation from anterior mitral annulus to roof line or pulmonary vein
• Linear ablation from septal mitral annulus to right pulmonary veins
LA Roof-Dependent Reentry
• Linear ablation between left and right superior pulmonary veins (roof line)
• Linear ablation between left and right pulmonary veins on posterior wall
Left Septal Reentry
• Linear ablation from septum to mitral annulus
• Linear ablation from septum to right pulmonary
Lesional Tachycardia
• Linear ablation from scar boundary to anatomic barrier
• Gap within incomplete incisional lines
Localized Reentry
• Site with highly fragmented electrograms encompassing ≥35% of tachycardia cycle length

Perimitral Reentry
• Linear ablation from lateral mitral annulus to left inferior pulmonary vein
IVC, Inferior vena cava; LA, left atrium; RA, right atrium; SVC, superior vena cava.

share a narrow common isthmus in the lateral wall that can be targeted
for focal ablation (Video 12.2).

Left Atrial Macroreentry
A variety of reentrant circuits have been described in the LA of
patients with structural heart disease and after surgery for acquired
heart disease.21,22,29,38 Examples of LA macroreentrant circuits
include circus movement around the mitral annulus, roof-dependent
reentry, and reentry around electrically silent areas. Often times,
transformation of a tachycardia during ablation, that is, subtle alterations in intracardiac activation sequence, cycle length, or P wave

morphology, suggests the presence of a dual-loop tachycardia. Extensive ablation in one connecting line that eliminates voltage but fails
to terminate a tachycardia should raise the possibility of a second
limb (see Table 12.2).
Perimitral reentry is treated by making a line of RF lesions between
the mitral annulus and another electrical barrier. This barrier can be
an electrically isolated pulmonary vein or a line of block in the LA
roof (Fig. 12.12). A common approach is to create a linear lesion from
the lateral mitral annulus to the left inferior pulmonary vein (lateral
mitral isthmus). Completion of the ablation line in the lateral mitral
isthmus may be difficult to achieve, and incomplete ablation can result
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Fig. 12.10 Upper-loop reentry in patient with prior mitral valve and maze surgery. A, Superior projection of the
electroanatomic map shows reentry around the superior vena cava (SVC). Green tags indicate sites where
entrainment was consistent with participation in the tachycardia circuit. Pink tags indicate fractionated electrograms. B, An ablation line between the SVC and anterior tricuspid annulus (TA) terminated the tachycardia.
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Fig. 12.11 Demonstration of bidirectional line of block in lateral wall of the right atrium (RA). The patient had
incisional reentry around scar in the lateral RA. Ablation was performed between the scars in the lateral RA to
the inferior vena cava. A, Fluoroscopic images in right and left anterior oblique show a multipolar catheter in
the RA anterior to a line of block; an ablation catheter (Abl) in the lateral RA positioned posterior to the line of
block, and a coronary sinus catheter (CS). B, During pacing from the ablation catheter, there is delay to the low
right atrium (170 ms) with a descending wave front on the multipolar catheter, consistent with propagation
around the superior end of the line and down the anterolateral wall. C, During pacing from the low lateral RA
(RA 1-2) anterior to the line, there is a similar delay to the ablation catheter on the other side of the line (160
ms). D, Pacing higher on the anterolateral wall at RA 7–8 results in a shorter interval to the ablation catheter
positioned posterior to the line (120 ms) because it is closer to the superior margin of the ablation line. (d)
distal; (p) proximal; lat, lateral; LAO, left anterior oblique; RAO, right anterior oblique;
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Fig. 12.12 Ablation lines for perimitral flutter. A, Lateral mitral isthmus: Ablation is performed from the lateral
mitral annulus to an electrically isolated left inferior pulmonary vein. This lesion set is created lateral to the
appendage. Ablation in the coronary sinus is often required to achieve line of block. In this case, blue tags
represent endocardial ablation lesions, and the orange tags represent an ablation in the coronary sinus, which
was required to achieve block in the lateral isthmus. B, Anterior mitral line: Ablation is performed from the
anterior mitral annulus to a roof line or an isolated left superior pulmonary vein. This lesions set is created
medial to the appendage (shaded in blue). C, Septal mitral line: Ablation is performed from the anterior or
septal mitral annulus to an isolated right superior pulmonary vein.

in slow conduction and thus promote recurrent perimitral flutter.
Achieving a line of block may require ablation within the CS with an
irrigated-tip catheter.52 Ablation within the CS is performed at power
settings of 20 to 30 W with irrigation rates of 17 to 60 mL/minute.
When an 8-mm-tip ablation catheter is used to create a line of block,
initial power and temperature settings are 35 W and 50° C, respectively,
and power and temperature can be gradually increased to a maximum
of 70 W and 55° C, respectively. Verification of a line of block along
the mitral isthmus can be demonstrated by pacing on either side of the
ablation line; the CS catheter is useful for assessing activation lateral

to the line (Fig. 12.13). In addition, the presence of double potentials
along the line supports the existence of conduction block. A risk of
ablation in the mitral isthmus, as with ablation in other locations in the
LA, is cardiac tamponade, which can generally be avoided by limiting
power to 42 W or less during endocardial ablation.52
Perimitral reentry can be also interrupted by creating a line of block
in the anterior LA between the mitral annulus and the LA roof or the
right pulmonary veins.53 Some have reported that this line is more easily completed than ablation in the lateral mitral isthmus.54 Conduction
block can be verified by the demonstration of double potentials along
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Fig. 12.13 Conduction block in the lateral mitral isthmus. A, Pacing (asterisk) is performed from the left atrial
appendage (LAA) before the ablation line was made between coronary sinus (CS) 1–2 and CS 3–4. Pacing
from the appendage activates the CS from distal to proximal. B, After the line is completed, conduction block
is demonstrated by proximal to distal CS activation from CS 9–10 to 3–4. CS 1–2 is on the opposite (or anterior) side of the line (arrow). C, To assess conduction in the opposite direction, pacing is performed from the
distal CS, in this case poles 3–4. After the line is completed, there is late activation of the adjacent distal pole
(CS 1–2, arrow) and the appendage.
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Fig. 12.14 Differential pacing to demonstrate line of block. An anterior mitral line was created to treat perimitral flutter. Fluoroscopic image (A) shows a Pentaray catheter in the left atrial appendage and an ablation
catheter just medial to the ablation lesions, denoted by a white line. Pacing from the ablation catheter results
in a delay of 235 ms to the appendage (C), and pacing from the appendage results in a similar delay of 230
ms of the ablation catheter on the medial side (D). When the ablation catheter is moved more medially and
away from the line (B), there are shorter conduction times between the ablator and the appendage in both
directions (E and F).
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the line during pacing adjacent to the line. To distinguish slow conduction from complete block, the technique of differential pacing may be
used, which involves measuring conduction times between two catheters positioned just across the ablation line and then moving a catheter
further away from the line (Fig. 12.14).
Roof-dependent macroreentry is usually treated with linear ablation along the LA roof between the left and right superior pulmonary
veins. Completeness of the line can be demonstrated by recording
widely spaced double potentials along the ablation line during pacing
from one side of the line.55 The LA appendage may also be selected as
a stable pacing site in the anterior segment of the LA. Activation of the
posterior wall during appendage pacing should proceed from an inferior to superior direction as the impulse diverts around the pulmonary
veins to engage the posterior wall (Fig. 12.15). Analogously, pacing
from the posterior wall should result in late activation of the anterior
segment, including the appendage.

A

Patchy areas of scar in the LA occur in a variety of disease conditions,
including rheumatic valve disease, hypertrophic cardiomyopathy, and
other atrial myopathies. Areas of low voltage consistent with scar have
been identified in various locations, such as the anterior LA and posterior
wall.3,29,56 These areas of patchy scar create the substrate for single and
dual-loop macroreentry. Approaches that involve ablating a slow conducting critical isthmus have been successful in interrupting these arrhythmias. Yet in patients with extensive scarring, such as those with rheumatic
valve disease, AF commonly occurs during long-term follow-up.56

Left Septal Flutter
Reentry around the septum primum has been recognized as an
uncommon mechanism of LA flutter in the absence of previous cardiac surgery and mostly occurs in patients with AF treated with antiarrhythmic drugs.14,57 Left septal flutter also occurs in patients with
prior open-heart surgery, typically mitral valve surgery that involves a
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Fig. 12.15 Demonstrating line of block in the left atrial roof. A, Pacing is performed from the ablation catheter,
which is positioned in the left atrial appendage (LAA). A PentaRay catheter positioned in the low posterior left
atrium demonstrates earliest activation in the most inferior electrodes (inf) and propagation to the superior
electrodes (sup). B, When the PentaRay is positioned in the anterior roof along the ablation line, straddling
the roof ablation line, double potentials are demonstrated, with the second component activated later than
any recording lower on the posterior wall as well as those recorded on the coronary sinus (CS) catheter. dist,
Distal; prox, proximal.
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tachycardia cycle length, whereas entrainment at increasing distance
from the circuit results in a gradient of increasing postpacing intervals.
Another characteristic of these arrhythmias is insensitivity to adenosine, which supports a reentrant mechanism rather than triggered activity or automaticity.7 Focal ablation at sites with complex electrograms is
often effective in terminating these arrhythmias (Video 12.3).

Atypical Flutter After Catheter Ablation for Atrial
Fibrillation

A
U1: A2
U2: A3
B: A2-3

B -79 ms

Fig. 12.16 Localized reentry in the left atrium: A, Ultrahigh-density map
of the left atrium shows a dual-loop tachycardia confined to the anterior
wall. B, An electrogram from the narrow isthmus is low amplitude, fragmented, and long duration (B: A2-3). Successful ablation was performed
at the site of this abnormal electrogram. See associated Video 12.3.

left atriotomy.58 The reentrant circuit is bounded by the right pulmonary veins posteriorly and the mitral annulus anteriorly, with double
potentials defining a line of conduction block. The electrocardiogram
shows positive or negative flutter waves in V1 and low-amplitude flutter waves in the other leads. The ablation strategy involves creating a
line between the septum primum and the right pulmonary veins, or
between the septum primum and the mitral annulus. Thick septal tissue may prevent the creation of transmural lesions and account for a
higher likelihood of recurrent flutter ablation.

Microreentrant Atrial Tachycardias
Small reentrant circuits can occur in myopathic right or left atria or
after catheter or surgical ablation of AF. A characteristic feature of
localized reentry or microreentry is the presence of low-amplitude,
long-duration, fractionated electrograms that occupy a small region
of the atrium (see Fig. 12.9).10 Multielectrode catheters with closely
spaced electrodes are useful for localizing the arrhythmia and identifying abnormal electrograms. (see Fig. 12.9). The catheter may record
adjacent sites with complex electrograms that span most or all of the
tachycardia cycle length.59 Activation of the atria proceeds passively
from this highly fractionated location. Electroanatomic maps will usually demonstrate a centrifugal activation pattern, but it may be difficult to assign activation times for highly fractionated points, which can
make electroanatomic map difficult to interpret. Ultrahigh-resolution
mapping with automated annotation has proved useful in delineating
complex circuits with long-duration electrograms (Fig. 12.16).27,28
Activation mapping can be supplemented with entrainment to localize
these small circuits. Entrainment at or near the location of the small
circuit will yield a postpacing interval within 30 ms compared with the

LA macroreentrant AT may present as a late complication in less than
5% to 30% of patients who undergo catheter ablation for AF.42,43,60–65
This complication is less common after segmental pulmonary vein
isolation, cryoballoon ablation, and multielectrode phased-RF ablation compared with wide encircling antral ablation using unipolar
RF catheters. Even higher rates of AT occur after procedures that add
additional substrate modification techniques, such as linear ablation in
the LA, ablation of complex fractionated electrograms, and targeting of
rotational activity.40,66–68
A deductive stepwise approach using activation and entrainment
mapping can be used to determine the mechanism of the AT and its location.11 This strategy is based on the recognition that LA macroreentry
after AF ablation is often as a result of either perimitral reentry or roofdependent reentry, and basic activation and entrainment mapping can
identify or exclude these circuits. First, cycle length variation is assessed,
and variations of 15% or more should prompt a search for a focal tachycardia. Before transseptal catheterization, CTI-dependent flutter should
be excluded. Pulmonary vein isolation is confirmed, and reisolation is
performed if necessary. Activation mapping around the mitral annulus,
supplemented by entrainment mapping from opposite segments (e.g.,
septal and lateral) is performed to assess for perimitral reentry. Similarly,
activation and entrainment mapping of the posterior and anterior LA
walls are performed to assess for a roof-dependent flutter. Gaps in prior
ablation lines often demonstrate low-amplitude fragmented electrograms.
Between 20% and 40% of ATs that occur after catheter ablation of
AF arise from focal sources.10,42,43,62 The vast majority of these focal
tachycardias are thought to be as a result of small reentrant circuits.
These arrhythmias typically occur near previous ablation lines or may
be related to gaps or inhomogeneities in the ablation lines. On occasion
a reconnected pulmonary vein may be the source of an organized AT.
If a macroreentrant mechanism is excluded through a combination of
activation and entrainment mapping, a search should be conducted for
a focal origin of the tachycardia. The CS activation can direct mapping to the region of interest. For example, if CS activation is distal to
proximal, the focus may arise from the left pulmonary veins or lateral
LA, whereas proximal to distal activation implicates a focus near the
right pulmonary veins or the RA. Sites of successful ablation typically
demonstrate long-duration, low-amplitude, fractionated electrograms.
For ATs that occur after catheter ablation of AF, freedom from
recurrent AT or AF during follow-up is between 73% and 88% after
one procedure,40–43 and higher long-term success rates are attainable if
patients have repeat procedures for recurrent arrhythmias.

Atypical Flutter After Maze Surgery
Macroreentrant AT may occur late after maze surgery for AF because
of gaps in the operative lesions, similar to the situation described for
arrhythmias after catheter ablation.69–76 If surgical lesions are limited to
the LA, typical RA flutter occurs in up to 10% of patients late after surgery. RA reentrant circuits can also occur related to cannula locations
or gaps in the RA ablation lines. An example of a dual-loop tachycardia
in the RA after maze surgery is shown in Fig. 12.17. In the LA, gaps in
the posterior wall lesions and in connecting lesions to the mitral annulus have been described, resulting in roof-dependent and perimitral
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Fig. 12.17 Reentrant atrial tachycardia following maze surgery. This patient had surgical cryoablation in the
cavotricuspid isthmus, an intercaval line, and a line between the right atrial (RA) appendage and lateral RA,
in addition to left atrial (LA) lesions. A, RA electroanatomic activation map in right lateral caudal view, which
demonstrates a line of block in the lateral wall with double potentials (pink tags). A gap in this line served as
a critical isthmus for the reentrant tachycardia. B, The electrogram at this site (green tag) was low amplitude
and fractionated. Concealed entrainment from this site indicated participation in the tachycardia circuit (postpacing interval 310 ms, identical to the tachycardia cycle length). Note the block in the cavotricuspid isthmus
because of prior surgical ablation, thus preventing dual-loop tachycardia. CS, Coronary sinus; HB, His bundle;
IVC, inferior vena cava; Map, mapping catheter; TA, tricuspid annulus

reentry.69,72,75,76 Reconnection of the pulmonary veins also accounts for
recurrences after surgical ablation of AF, particularly if surgery involved
the use of unipolar RF energy.73,76 It is not clear whether these gap-related
flutters occur more commonly with a particular surgical modality (e.g.,
conventional incisions, bipolar RF, cryoablation, or microwave energy).
Although some evidence suggests that gaps are less likely to occur across
cut-and-sew lesions, reentrant arrhythmias caused by incomplete lines
of block have been documented after this approach. Catheter ablation
of gap-related atrial flutter after maze surgery is feasible, using the same
mapping techniques for other complex atrial reentrant circuits.

Atypical Flutter After Mitral Valve Surgery
Atypical flutters occur in both the RA and LA after mitral valve surgery.8,29,30,77 The substrate for these arrhythmias involves atriotomy

incisions, as well as intrinsically diseased myocardium, giving rise to
anatomic and functional regions of block as well as slowed conduction.
Macroreentry is the predominant mechanism, and circuits often localize to the RA, including typical CTI-dependent flutter.77 Reentry in the
RA may be attributed to several factors, including surgical approaches
to the mitral valve that involve RA incisions (such as the transseptal or
superior septal approaches), cannula insertion in the RA, and underlying myocardial disease. Tachycardias in the RA are single- and dualloop circuits that involve the RA free wall. The superior septal approach
to the mitral valve, which involves an incision along the lateral RA
extended to the interatrial septum and dome of the LA, is a particular
situation that predisposes to reentry in the lateral RA. Both descending and ascending wave fronts can be identified in the lateral RA,
representing reentry around the lateral atrial incision (see Fig. 12.6).
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Participation of both limbs can be confirmed with entrainment. As
with ablation of other forms of lateral RA reentry, an ablation line
can be made between the lateral tricuspid annulus and the atriotomy.
Alternatively, ablation can be performed between the atriotomy and the
IVC or SVC. Often, a second loop exists around the tricuspid annulus,
which may require ablation in the CTI. Reentry involving scar in the
RA side of the septum has also been reported after transseptal access
of the mitral valve.78 In these cases, ablation can be accomplished by
creating lesions between the septal scar and the tricuspid annulus.
In the LA, areas of low voltage are often identified anterior to
the right pulmonary veins, which correspond to LA incisions. Roofdependent AT may be present with reentry around the right pulmonary
veins (involving this zone of low voltage), but other circuits may involve
a posterior scar or the mitral annulus. Left atrial flutters are more common if mitral valve surgery is combined with a maze procedure.77

Atypical Flutters After Orthotopic Cardiac
Transplantation

The late development of AT after cardiac transplantation may be a sign
of acute rejection, but such arrhythmias also occur in less than 5% of
stable patients.79 The most common atrial arrhythmias presenting late
after transplant are macroreentrant AT, but focal arrhythmias are also

documented.79–82 CTI-dependent flutter accounts for 30% to 60% of
these arrhythmias. The flutter morphology of CTI-dependent tachycardias posttransplantation is usually atypical. A variety of other atypical focal and macroreentrant circuits can occur in these patients, and
many involve scar or suture lines for the atrial anastomoses. A unique
form of arrhythmia in transplant patients is related to conduction from
recipient to donor atria across the atrial anastomoses. In cases of biatrial
anastomoses, recipient to donor conduction can potentially occur in
either the RA or LA. In cases of bicaval anastomoses, no recipient atrial
myocardium exists in the RA, but the recipient LA can develop a connection to the donor LA. In some cases, tachycardia originating from
a recipient atrium conducts to the donor atria. These tachycardias can
be targeted by identifying the breakthrough site of recipient to donor
conduction as the site of earliest activation in the donor atrium. Ablation at this site can dissociate the recipient and donor atria and prevent
tachycardia in the donor heart. Macroreentrant circuits can also occur
that involve isthmuses created by the anastomotic suture lines and
other conduction barriers, such as the mitral annulus. Overall, organized ATs appear to arise more commonly from the RA than the LA of
transplanted hearts. Catheter ablation of atrial tachyarrhythmias in this
population is acutely successful in more than 90% of cases, although
repeat ablation may be required in up to 20%.82
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Videos
Video 12.1 Upper-loop reentry. Ultrahigh-density maps of upper-

loop reentry in the right atrium obtained with the Rhythmia system
in a patient with atypical flutter after repair of an atrial septal defect.
Left panel shows a right posterior oblique projection, and a wave front
is seen to propagate slowly across the posterolateral wall and around
the superior vena cava. Right panel (left anterior oblique projection).
As the wave front emerges from the posteroseptal wall it descends
the right atrial free wall lateral to the tricuspid annulus. The circuit
therefore uses the superior vena cava and scar in the posterolateral
wall as a central barrier.

204.e3

Video 12.2 Dual loop right atrial reentry. Left panel is a right posterior

oblique projection of an ultrahigh-density map showing dual loop reentry
with a narrow isthmus in the posterolateral right atrium. One loop propagates around the superior vena cava, and a second loop propagates around
the lower patch of scar. Right panel is a left anterior oblique projection that
shows passive activation around the tricuspid annulus.
Video 12.3 Ablation of localized reentry in the left atrium. The movie
shows ablation of tachycardia depicted in Fig. 12.16, a small dual loop
tachycardia confined to the anterior wall of the left atrium. During
focal ablation in the narrow isthmus, the tachycardia terminates.
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Ablation of Postoperative Atrial Tachycardia
in Congenital Heart Disease
John K. Triedman

KEY POINTS
•	Intraatrial reentrant tachycardia (IART) is a prevalent long-term
consequence of congenital heart disease.
•	IART may manifest as typical atrial flutter, atypical macroreentrant
atrial tachycardia, or atrial fibrillation.
•	In addition to causing symptoms, IART appears to be associated
with heart failure, thrombosis and thromboembolism, and
reduced survival.

•	Although prophylactic antiarrhythmic drugs and pacing
strategies may be useful in selected patients, modification of the
atrial substrate using advanced ablation techniques and surgical
intervention in some cases are more likely to succeed as definitive
therapy.

  

INTRODUCTION
Modern surgical techniques for the treatment of congenital heart disease
(CHD) have created a novel and evolving population of young adults
with heart disease. In the United States, it is estimated that there are more
than 1 million CHD patients, 15% to 20% of whom have disease severity levels that warrant surgical intervention. Surgical mortality rate has
fallen, and the availability of surgery for even the most complex congenital lesions has become widespread, resulting in a steady increase in the
number of adults living with major congenital heart defects.1 Within 10
to 20 years of initial surgery, half or more of these patients will have sinus
node dysfunction and/or atrial tachyarrhythmias.2–5 These arrhythmias,
only rarely seen in patients with anatomically normal hearts in this age
group, are associated with myocardial hypertrophy and fibrosis caused
by cyanosis and chronic hemodynamic overload, and superimposed surgical scarring. They result in symptoms of heart disease and need for
acute medical care and are associated with higher risk of mortality and
morbid events such as thrombosis and congestive heart failure.6–9
Atrial tachycardias (ATs) in patients with CHD are often refractory
to medical management and significantly alter the clinical interpretation of arrhythmia symptoms, assessment of the potential severity
of the arrhythmia, and the safety and feasibility of various therapies.
The mechanism of these atrial arrhythmias is most often reentrant,
and in many cases, they share a common reliance with atrial flutter
on the cavotricuspid isthmus. However, there are many other potential arrhythmia circuits that can be postulated and have in fact been
identified in these patients. It is for this reason that arrhythmias of this
type are often referred to as intraatrial reentrant tachycardia (IART),
a terminology that will be used in this chapter. Because IART circuits
are often highly organized by anatomy and scarring, they are well
suited to targeted, catheter-based approaches to mapping and ablation.
Thus interventional approaches for treatment and prophylaxis of these
arrhythmias have been developed and studied, either using catheter
ablation techniques or by adaptation of surgical maze procedures to
the unique anatomic problems posed by these patients.

Because the arrhythmogenic substrate in adults with CHD is complex,
mapping and ablation are technically challenging. Acute success rates of
ablation are lower than those observed in patients with normal cardiac
anatomy, and recurrence rates observed after ablation of IARTs in adult
CHD patients are high. Application of advanced techniques in vascular
access, mapping, real-time imaging, and lesion generation and assessment
in combination with increasingly complete understanding of arrhythmia
mechanisms and the relationships between arrhythmia circuits and congenital and postoperative cardiac anatomy appears to be improving acute
and long-term outcomes. The pathophysiology, natural history, evaluation,
and management of IARTs in patients with CHD will be covered in detail
in this chapter. The key aspects for management of the spectrum of IART
subtypes are summarized in Table 13.1.

PATHOPHYSIOLOGY AND ANATOMY
Epidemiology and Natural History
IART is common in patients with CHD, with a spectrum of arrhythmia presentations ranging from occult, asymptomatic arrhythmia to
sudden death. Incessant or recurrent arrhythmia may cause gradual
hemodynamic deterioration, and vice versa, often resulting in a vicious
cycle of clinical decompensation. Thrombosis and thromboembolic
events and likely increased risk of mortality are also associated with
IART (Fig. 13.1).10 Symptoms, frequent need for hospitalization, and
the management of cardiac devices and antiarrhythmic drugs constitute a significant burden on quality of life.
An early, retrospective multicenter study of young patients with
atrial flutter showed that over 80% had associated repaired or unrepaired CHD, and also reported a mortality rate caused by sudden
death of 10% over 6.5 years.11 ATs in an adult CHD population are
associated with a twofold increased risk of mortality6,12; independent
predictors for mortality are poor functional class, single ventricle
physiology, pulmonary hypertension, and valvular heart disease.8
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Key Aspects for Management of the Spectrum of Intraatrial Reentrant
Tachycardia Subtypes
TABLE 13.1

INTRAATRIAL REENTRANT TACHYCARDIA SUBTYPE
Isthmus-Dependent Atrial
Flutter

Macroreentrant Atrial Tachycardia
in CHD

Right atrium

Predominantly right atrium

Predominantly left atrium and cardiac
veins

Anatomic and pathologic substrates Cavotricuspid isthmus

Atrial enlargement; anatomic and/or surgical
obstacles; fibrosis

Atrial enlargement; fibrosis

Electrophysiologic mechanisms

Single, predictable macroreentrant
circuit

Macroreentrant circuits; focal microreentrant
circuits (rare)

Microreentry and/or automaticity with
fibrillatory conduction

Therapeutic approach

Targeted ablation of cavotricuspid
isthmus

Mapping and targeted ablation of multiple
circuits; surgical right atrial or biatrial maze

Field-based procedures: catheter or surgical maze/pulmonary vein isolation

Likelihood of control

Catheter: approximately 90%–95%, Catheter: 50%–80%; surgical: approximately
elevated risk of subsequent atrial
80%; 500–1000 reported procedures
fibrillation

Catheter: approximately 75% (substrate
dependent); surgical: approximately
90%; >20,000 reported procedures
(adults without CHD)

Chamber usually affected by IART

Atrial Fibrillation

CHD, Congenital heart disease; IART, intraatrial reentrant tachycardia.

and 50% of patients who have undergone the Fontan procedure will
have clinical documentation of IART by 10 years of follow-up.16–18
Sinus node
dysfunction

Mechanisms of Intraatrial Reentrant Tachycardia

Atrial
tachycardia

Symptoms, adverse
events, CHF

Thromboembolic
risk, death

Fig. 13.1 Electrophysiologic and clinical correlates of intraatrial reentrant tachycardia in patients with congenital heart disease. CHF, Congestive heart failure.

Other studies have come to differing conclusions regarding the direct
association of IART with mortality, but have noted that it co-occurs
with congestive heart failure and thrombosis.9 Regardless, it seems
clear that IART is a fellow traveler with a variety of adverse late
sequelae of CHD.
The natural history of IART is characterized by gradual loss of normal sinus node function over years to a decade or more, followed by
increasingly frequent recurrences of tachycardia. Risk factors for IART
are older age at operation, preoperative and perioperative occurrence
of arrhythmia, and longer follow-up. A study of nearly 500 early survivors of the Mustard procedure identified an IART prevalence of 27%
at 20-years follow-up, and 60% had sinus node dysfunction, frequently
in association with IART. Sudden death occurred in 6.5% of patients
over a mean follow-up of 11.6 years.3,13,14 A retrospective study on the
occurrence of atrial flutter in 53 patients with tetralogy of Fallot was
performed by Roos-Hesselink and coworkers. They found that sinus
node dysfunction and IART each were present in about a third of the
population after mean follow-up of 18 years, more prevalent than ventricular tachycardia (VT), and more likely to be associated with symptoms.15 Among patients who have undergone the Fontan procedure for
single ventricle physiology, the natural history of atrial arrhythmia is
described by retrospective studies from several large cardiac surgical
centers totaling around 1400 patients. These indicate that between 25%

In addition to the anatomic differences observed in CHD patients, the
atrial myocardium itself is often markedly thickened and fibrotic arising from lifelong exposure to abnormal hemodynamic stresses, cyanosis in many cases, and intermittent inflammatory effects of surgical
intervention (Fig. 13.2). Electrophysiologic testing in patients after
Fontan repair of single ventricles and Mustard repair for transposition
of the great arteries demonstrates prolongation of atrial refractoriness
and areas of intraatrial conduction delay.2,3,19 Progression of the aforementioned arrhythmia findings may be associated with gradual prolongation of the P wave,20 and measurements of the atrial histology of
patients with a variety of complex CHD lesions suggest that increasing
hypertrophy and fibrosis are also present.21 Finally, all patients with
CHD are also predictably vulnerable to the automatic and triggered
atrial arrhythmias in the perioperative setting, in the context of local
inflammation, metabolic stress, inotropic support, and alterations in
hemodynamic loading. Each of these factors may complicate diagnosis
and management of atrial arrhythmias.
The most common mechanism underlying IART in CHD is
macroreentry within the atrial musculature. Anatomic structures,
areas of scar tissue, long suture lines, cannulation sites, or surgically
inserted prosthetic materials are often the boundaries of these reentrant circuits.22–25 Separation of atrial muscle bundles by fibrous tissue
enhances the complexity of reentrant circuits as they form multiple
corridors within areas of scar tissue.26,27 Ectopic ATs are less frequently
observed.22,23,28–30 Their underlying mechanism is unclear, although
focal activity originates from low-voltage areas and mapping studies
are suggestive of microreentry.29,31,32

Animal Models of Intraatrial Reentrant Tachycardia
Animal models have been used to mimic the atrial anatomic
changes associated with the surgical palliation of CHD. These models are highly arrhythmogenic and appear relevant to the understanding of postoperative atrial reentrant tachycardias. Acute and
chronic models of the classic and lateral tunnel varieties of the
Fontan procedure have shown that extended atrial suture lines and
surgical incisions serve as common pathway for many observed
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Fig. 13.2 Varying degrees and patterns of atrial myocardial fibrosis observed in patients with congenital heart
disease. Masson trichrome stain highlights fibrous tissue in blue green.

tachycardias.33,34 In carefully mapped preparations, the suture line
associated with the baffle appeared to serve as the primary determinant of the arrhythmia circuit. Inclusion of the crista terminalis in
the suture line further increased vulnerability to arrhythmia. These
arrhythmogenic substrates could be rendered noninducible by surgically anchoring the suture line to the nonconductive boundary of
the tricuspid annulus.35

CLINICAL PRESENTATION OF INTRAATRIAL
REENTRANT TACHYCARDIA
Electrocardiographic Manifestations of Intraatrial
Reentrant Tachycardia
IART typically has a stable cycle length and P wave morphology,
suggesting that it is organized by a fixed myocardial substrate. Diagnostic criteria for IART in patients with CHD are listed in Box 13.1.
A typical, ambulatory electrocardiographic example is shown in
Fig. 13.3, demonstrating the frequent association of sinus node dysfunction and variable atrioventricular (AV) conduction. Although
IART may sometimes share the electrocardiographic characteristics
of common atrial flutter, atypical electrocardiographic morphologies are common. P waves are frequently discernible, separated by
relatively long segments of isoelectric electrocardiographic baseline. Cycle length is typically significantly longer than that seen in
atrial flutter, especially in Fontan patients, and may permit 1:1 AV
conduction.

BOX 13.1 Diagnostic Criteria for Intraatrial

Reentrant Tachycardia
•
•
•
•
•
•
•

P resence of congenital heart defect
Primary atrial tachycardia
A: V relation ≥ 1
Usually unresponsive to adenosine
Terminates with overdrive pacing or cardioversion
May be electrocardiographically atypical
Inclusive of atrial fibrillation

Although any specific occurrence of IART is generally stable, multiple, different IART morphologies may be recorded from a single patient
over time.22 This may represent reversal of activation of a given IART
circuit, use of an alternate circuit, or changes in passive activation of
the atrium outside the arrhythmia circuit itself. Schoels and coworkers
performed high-density epicardial mapping on animal preparations of
a variety of atypical atrial flutters induced using a sterile pericarditis
model. After classifying these as either flutter or P wave tachycardias,
they demonstrated that periods of isoelectric atrial diastole were correlated with activation of narrow corridors of slowly conducting atrial
tissue, whereas maps of flutter wave tachycardias were less likely to display such features.36 This electrocardiographic discrimination between
flutter wave and P wave morphologies may be practically useful with
respect to designing ablation strategies in these patients (Fig. 13.4).
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Fig. 13.3 Continuous Holter strip from adult patient with congenital heart disease status post-Mustard procedure, demonstrating concomitant sinus node dysfunction and atrial tachycardia with variable atrioventricular
nodal conduction.

Fig. 13.4 Top trace demonstrates a sawtooth pattern commonly encountered in isthmus-based atrial reentry.
Bottom trace demonstrates a P wave tachycardia commonly associated with atypical atrial reentry dependent
on scarred myocardium.

Anatomic Complexity of Arrhythmia Phenotypes in
Congenital Heart Disease

The presence of CHD complicates understanding of the mechanisms
of atrial macroreentrant circuits. Unfamiliar anatomic relations,
arising from both the congenital malformations themselves and the
variety of palliative surgical procedures used to redirect blood flow
and septate the heart, may have significant impact on management
and ablative strategies. In addition to analysis of the targeted arrhythmia, the physician must have complete and specific knowledge of
the patient’s cardiovascular anatomy and the consequences of that
anatomy and subsequent surgical modifications on cardiovascular
function.
There are also specific subtypes of CHD that are associated with
other forms of supraventricular tachycardias (SVTs) that may complicate diagnosis and management or even co-occur with atrial macroreentrant tachycardias. Ebstein’s anomaly has a high prevalence of
accessory pathway–mediated tachycardias with and without associated
preexcitation.37 Patients with anatomically complex forms of heterotaxy syndrome may sometimes have AV reciprocating tachycardias
based on twin AV nodes.38 Finally, a variety of complex lesions may
rarely demonstrate atypical AV nodal reentrant tachycardias, in a setting that often makes it impossible to ascertain the position or anatomic relationships of the AV node and its inputs.39

Surgical Anatomy of Repairs
Certain combinations of CHD diagnoses and surgeries are associated
with increased prevalence of IART and/or special considerations with
respect to ablative treatment.40 From the point of view of arrhythmia
diagnosis and management, one can classify most lesions into one of
the four broad groups (Table 13.2).
The first group consists of those patients whose surgical repair left
them with a normally septated heart and normal venoarterial connections (e.g., atrial septal defect [ASD] or ventricular septal defect, tetralogy of Fallot, many endocardial cushion defects).
The second group includes patients who have undergone an atrial
switch procedure, such as the Mustard or Senning procedure and
patients who have undergone many of the baffle variants of the Fontan procedure for palliation of single ventricle physiology. In these
procedures, the surgeon creates a tissue or prosthetic baffle to redirect
venous blood into the pulmonary circulation and arterial blood into
the systemic circulation. This results in extended atrial suture lines and
typically leaves a significant portion of the right atrium (often including the cavotricuspid isthmus) located on the pulmonary venous side
of the baffle.
The third group consists of a dwindling but still an important group
of patients who underwent one of the older variants of the Fontan
procedure, most commonly the atriopulmonary anastomosis. These
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Congenital Heart Disease Subtypes Relevant to Intraatrial Reentrant Tachycardia

Biventricular hearts

Postoperative patients with normal septation and venoarterial connections

VSD, ASD, tetralogy of Fallot

Atrial switch procedure

Extensive intraatrial baffling to redirect blood flow

Mustard and Senning procedures, some Fontan variants

Fontan procedure

Atriopulmonary or atrioventricular conduit or anastomosis with enlarged,
fibrotic right atrium

Older Fontan variants, especially atriopulmonary-modified
Fontan

Unrepaired hearts

Native cardiac anatomy, often with hemodynamic and/or cyanotic stress

Ebstein’s anomaly, unoperated or partially palliated single
ventricle

ASD, Atrial septal defect; VSD, ventricular septal defect.

patients have very enlarged, fibrotic, and surgically scarred right atria
that are highly arrhythmogenic and which present unusual and specific
challenges to ablation.
The final group consists of those patients who are complicated by
virtue of their anatomy but are unpalliated, including many patients
with Ebstein’s anomaly or patients with unrepaired single ventricle. In
this heterogeneous group, the anatomy that determines the arrhythmia
is by definition native. Because these patients may also be cyanotic,
their atrial myocardium is exposed to long-term stress, which may
enhance its arrhythmogenic potential.

Pulmonary
venous

Normal heart

Mustard/Senning

Tricuspid

Studies of Clinical Mechanism
Because IART is usually well tolerated hemodynamically, it has been
possible to study clinical tachycardia mechanisms in detail. This has
allowed evaluation of hypotheses derived from animal models and
electrocardiographic observations and made it possible to correlate
anatomic and electrophysiologic mechanisms. In turn, empirical anatomic approaches to the treatment and prophylaxis of IART based on
these observations are being developed and tested. These techniques
may use either linear ablative techniques in the catheterization laboratory or application of linear cryoablative lesions in the operating room,
with varying degrees of direct electrophysiologic guidance.
Interruption of a tachycardia during ablation provides evidence
that the ablation site is within the tachycardia circuit, and initial
evaluation of successful IART ablation sites in patients with CHD
demonstrated that critical sites for circuit interruption are dependent to some degree on the primary congenital heart lesion.41 In
patients with CHD, the great majority of IART circuits are located
in the right atrium, and most of those are based on a limited set of
common arrhythmia substrates. An important rule is that, among the
great majority of patients who have an isthmus defined by the inferior vena cava and a right-sided AV valve (e.g., biventricular repairs,
Mustard and Senning patients), the most common IART is AV valve–
caval isthmus dependent, similar to patients with the common form
of atrial flutter.42–46 Although the AV valve may be either mitral or
tricuspid and located in either the systemic or pulmonary venous
atria, successful ablation for these IART circuits typically targets the
area anterior to the Eustachian ridge (Fig. 13.5). Reentrant circuits
using the isthmus but anchored to the ostium of the inferior vena
cava (pericaval reentry) have also been described.25
Analysis of successful ablation sites along the lateral right atrial wall
has also highlighted the importance of conduction block caused by
right atriotomy scars in the genesis of incisional ATs.45,47,48 Such scars
are virtually ubiquitous among patients with CHD and may result in
tachycardias arising from the free wall or as dual-loop tachycardias in
conjunction with an isthmus-dependent circuit.49 The exact location
of atrial scar may be difficult to determine, and a useful approach to
defining their location is to identify lines of double or split potentials.
Clusters of double potentials represent continuous atrial scar acting as
a central obstacle that defines the IART circuit, and which can be functionally eliminated using ablation to extend the scar to a nonconductive

Systemic
venous

Mitral

{SLL} corrected
transposition

{SLL} Fontan
single ventricle
Fig. 13.5 Schematic illustration of the different anatomic expressions
of the cavotricuspid isthmus, which in the case of ventricular inversion
is actually the cavomitral isthmus, and in patients who have undergone
surgical intraatrial baffle procedures is located on the pulmonary venous
side of the baffle. SLL, Situs solitus, L-looped ventricles and levo position of great arteries.

boundary. Love and coworkers characterized a variety of anatomic and
electrophysiologic central obstacles, which served to anchor IART circuits, including the right AV valve (when present), ASDs, and surgical
scars located on the free wall of the right atrium,24 a finding which
has been further defined recently in patients with tetralogy of Fallot.45 Examples of such IART circuits have been characterized in their
entirety in a number of cases by anatomic mapping of the response to
entrainment pacing.50
Certain patients, notably those with the older variants of the Fontan procedure, have patchy areas of atrial scar in the atrial free wall
separated by channels of viable myocardium, which appear to be the
critical substrate for the associated IARTs (Fig. 13.6). The overall electrical amplitude of endocardial signals measured from the right atrium
is markedly decreased in patients with CHD,27,51 particularly in the
area surrounding the crista and at nearby sites of surgical intervention. Critical channels of active myocardium, coursing amidst complex
islands of atrial scar defined by arbitrary voltage criteria, have also been
successfully targeted for ablation.26,52
Focal ATs have also been observed to occur with some frequency
among these patients.29,53 These tachycardias most commonly arise
from the right atrium and are triggered by pacing. Careful mapping
studies by De Groot and colleagues suggest that these IARTs represent
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imposed on the right atrium by CHD, in combination with surgical
scarring, more commonly results in right atrial arrhythmias in this
patient group.54,63

NONABLATIVE MANAGEMENT OF INTRAATRIAL
REENTRANT TACHYCARDIA
General Considerations

Split
potentials

Scar

Fig. 13.6 Scar-based lateral wall channel (yellow arrow) defined by electroanatomic mapping in an adult patient with a Fontan created by atriopulmonary anastomosis.

areas of atrial microreentry occurring in circumscribed areas of diseased tissue.31 Clinical demonstration of microreentrant circuits consistent with these findings, delineated by high-density catheter-based
mapping arrays and associated with long, fractionated electrograms
and termination by nonpropagated extrastimulus, has recently been
demonstrated in case report.32

Prevalence/Significance of Atrial Fibrillation
Atrial fibrillation (AF) is less prevalent in CHD than IART, but may
occur in as many as 25% to 30% of patients with AT, more commonly
among those with residual left-sided obstructive lesions and incompletely palliated complex heart disease, and to a less degree in those
patients who have undergone the Fontan procedure. A study of cardioversions performed on patients with CHD over a 10-year period
identified 31% of patients as having AF, 20% as their sole presentation (i.e., without other presentations of AT).54 AF is a well-recognized
sequel of large, unrepaired ASDs in adults, and closure of the ASD with
or without adjunctive surgical maze procedure reduces its prevalence
postoperatively.55–57
It is unknown whether the mechanisms of AF in adult patients
with congenital heart defects are similar to those seen in patients with
normal cardiac anatomy. It is reasonable to assume that principles of
cellular activation, wave front propagation, and effects of myocellular hypertrophy and interstitial fibrosis are the same in both groups,
but the effects of surgical intervention, aberrant anatomy, and chronic
cyanosis on AF are largely unknown. It also appears that limited atrial
maze procedures may have proarrhythmic effects, particularly with
respect to atypical atrial reentry circuits,58,59 whereas more extensive
maze procedures are antiarrhythmic.60–62 The apparent predilection for
AF in CHD patients with left-sided lesions suggests that dilation of the
left ventricle and left atrium promotes AF in patients with acquired
ventricular dysfunction. By contrast, the chronic hemodynamic loads

The presence of CHD in an arrhythmia patient significantly alters the
potential severity of the arrhythmia complaint as well as the safety and
feasibility of various treatments. In particular, the physician must be
able to tolerate the hemodynamic stresses of atrial arrhythmia, both
acutely and chronically, and the potential for associated thrombotic
and thromboembolic complications.
A variety of clinical factors will affect the clinical decision as to
whether to intervene acutely to treat an episode of IART in a CHD
patient or to provide chronic prophylaxis, or both. Tachycardias may
be transient, symptoms may vary widely from one episode to another,
and specific decisions regarding how to intervene are often a matter
of clinical judgment. It is difficult to measure and compare the outcomes of various treatment options, because much of the available
outcome data have been collected in small, retrospective series of
patients with varying degrees of illness. Prospective studies will need
to involve more structured monitoring for transient atrial events,
such as those applied to the study of interventions for AF. Scales
incorporating arrhythmia frequency, severity of associated symptoms, and the risk of associated morbidity are in development,24 but
must still be validated.

Cardioversion
The mainstay of acute therapy of IART is cardioversion. This is typically performed by synchronous direct current shock. Gandhi and
coworkers showed that minimum successful biphasic shock energies
for these atrial reentrant arrhythmias ranged from 0.25 to 0.5 J per
kg.32 Alternative modes of cardioversion are available, including pacing by a pacemaker or transesophageal route, and the use of ibutilide.
In the case of the latter, similar efficacy rates and risk profile for ventricular proarrhythmia as with adult patients are described.33 Because
echocardiographic observation of atrial thrombi is not infrequent,16
echocardiographic screening is generally performed for patients who
have been in tachycardia without anticoagulation for more than 48
to 72 hours. In contrast to patients without CHD in whom left atrial
thrombus is the major concern, right atrial thrombus is common especially in patients with early version Fontan repairs.

Importance of Anticoagulation
Reports of stroke after cardioversion of IART in CHD patients are rare.
However, intravascular and intracardiac thromboses are often reported
in patients with CHD (Fig. 13.7). Recent studies have estimated the
rate of stroke in patients who have undergone the Fontan procedure
to be 2 to 3:1000 patient-years, and the rate of all thromboses to be
approximately 4 times that.64,65 Co-occurrence of IART may further
promote thrombosis, and a prevalence of intracardiac thrombi in 42%
of patients undergoing echocardiography before cardioversion has
been reported.10
It is not clear whether ATs promote such events or are simply a common comorbidity in these sick patients, as well as whether the use of
anticoagulant regimens alters this risk.66–68 Nonetheless, the frequent
occurrence of thrombosis in adult patients with CHD and AT suggests
that warfarin or other potent anticoagulant therapy is indicated in most
of these patients.
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be derived from atrial pacing may be offset by the difficulties encountered in positioning an effective pacing lead. Accessible endocardial or
epicardial sites that are suitable for such an approach (i.e., capable of
generating sensed electrograms of sufficient magnitude and quality to
ensure reliable atrial sensing) may be few in number, and endovascular
placement of atrial leads may increase risk of thrombosis and paradoxical embolism,66 as well as exacerbate inadequate baffle orifices (baffle
stenosis) in Mustard/Senning patients. In addition, limited choices of
atrial sites for pacing may require placement of leads close enough to
ventricular muscle that far-field R wave sensing becomes problematic.

ABLATIVE THERAPY OF INTRAATRIAL
REENTRANT TACHYCARDIA

Fig. 13.7 Mural thrombus removed from the right atrium of an adult
patient status post-Fontan with chronic intraatrial reentrant tachycardia
refractory to medical management.

Use of Antiarrhythmic Drugs in Intraatrial Reentrant
Tachycardia

Antiarrhythmic drugs of all classes have been used as the first line of
prophylaxis for IART. Symptomatic arrhythmias can be suppressed in
some individual IART and/or AF patients with CHD using Class Ic or
Class III antiarrhythmic agents. Small case series have indicated that certain agents such as sotalol and amiodarone may decrease the frequency
of tachycardia recurrence.69,70 However, there are no studies that convincingly demonstrate their efficacy or safety, and antiarrhythmic drug
therapy is generally considered to be unlikely to prevent IART recurrences during long-term treatment in most patients. Proarrhythmia and
adverse effects on ventricular and nodal function may further limit the
value of these agents in CHD patients. AV nodal blocking drugs may
also be used but are often difficult to titrate because of the relatively slow
cycle length and fixed conduction ratios often seen in IART.

Pacing Therapy for Intraatrial Reentrant Tachycardia
Early perioperative sinus node dysfunction is common in patients
undergoing congenital heart surgeries, as is gradual, progressive loss
of sinus rhythm on late clinical follow-up, especially those undergoing extensive dissection and modification of the right atrium.2,3,19,71
Patients with sinus venosus defects or heterotaxy syndromes, particularly left atrial isomerism, may also have congenital abnormalities
of the sinus node. Although chronic bradycardia is often tolerated,
pacing may sometimes alleviate signs of congestive heart failure and
symptoms such as fatigue, exercise intolerance, dizziness, or syncope
in patients with junctional escape rhythms, severe resting bradycardia,
chronotropic incompetence, and/or prolonged pauses. Pacing may also
be necessary to permit therapy with antiarrhythmic medications.
Conversion of IART can often be achieved with rapid atrial pacing leading to temporary block of the tachycardia circuit, and devices
capable of performing this type of automatic tachycardia recognition
and burst pacing have been developed and shown to be efficacious in
some patients.72–74 However, although pacing may sometimes result
in symptomatic improvement and decreased tachycardia frequency,
neither antibradycardia nor antitachycardia pacing is reliably useful
for prophylaxis of IART. Practical limitations often require that the
choice of system be adapted to patient-specific problems faced with
lead placement and maintenance, and many of the benefits that might

The dependence of IART on anatomic and surgical features of the atrium
has important implications for therapies targeted at the atrial myocardium itself—ablation of critical areas vulnerable to catheter-based or
surgical techniques. This potentially curative approach to IART involves
the creation and/or extension of lines of conduction block, using
catheter-based and/or surgical techniques to create such lesions based on
an understanding of the relation of macroreentrant circuits to the underlying cardiac anatomy. It has clinical precedents in catheter and surgical
ablation procedures for VT and the maze procedure for AF.
Although empirical lesion sets for IART therapy have been proposed, in most reports, catheter ablation procedures for IART are
targeted at identification and ablation of individual macroreentrant circuits. Using this approach, operators assess the anatomy and activation
sequence to find a suitable vulnerable site for application of a radiofrequency (RF) lesion, often repeating this process iteratively as additional
IART circuits are encountered. These ablations are challenging and
sometimes uniquely complicated. Endocardial access, visualization of
relevant anatomic or surgical features, and safe creation of large and
confluent lesions often require procedural innovation. To address these
issues, novel technologies and approaches to access, imaging, mapping,
and ablation techniques have been applied and are associated with
improved success rates.75,76
Based on accumulating clinical evidence, consensus guidelines on
indications for ablation of atrial tachycardias in postoperative patients
with CHD were recently published, as a part of a larger set of guidelines
encompassing ablation therapy in pediatric and congenital heart patients
more generally.77 A class I indication was proposed for ablation as effective therapy for recurrent symptomatic atrial tachycardia in patients
with CHD occurring outside the early postoperative phase (less than
3–6 months) when medical therapy is either not effective or associated
with intolerable adverse effects (the medical therapy used depends on
patient weight). Ablation is also recommended as an alternative to medical therapy for larger patients (level of evidence: B). A class IIa indication
was assigned for recurrent asymptomatic atrial tachycardia occurring
outside the early postoperative phase (less than 3–6 months) in larger
patients with CHD who are at increased risk of thromboembolic events
or worsening heart failure, or in smaller patients when medical therapy
is either not effective or associated with intolerable adverse effects (level
of evidence: C). Ablation was not recommended (class III) for atrial
arrhythmias which may be medically managed in the first 3 to 6 months
postoperatively (level of evidence: C).

General Considerations for Catheter Ablation in
Congenital Heart Disease Patients

Thorough preprocedural evaluation should be performed. The operator
must be familiar with the clinical documentation of IARTs with respect
to P wave morphology and cycle length, other arrhythmia diagnoses, the
underlying cardiovascular anatomy and its implications for arrhythmia
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substrate, any vascular or intracardiac anomalies that may affect catheter
access, and the general hemodynamic status of the patient. All arrhythmias documented by surface electrocardiogram, Holter recordings, and/or
implantable loop device should be reviewed, as well as reports of previous
surgical procedures or catheter ablation procedures, and 3-dimensional
cardiac anatomy obtained by echocardiography, magnetic resonance
imaging (MRI), and/or computed tomographic (CT) scan.78,79 If there
are significant noncardiac comorbidities or ventricular dysfunction that
predicts possible postprocedure cardiorespiratory instability, with need
for invasive monitoring or advanced nursing care, arrangement should be
made in advance for an intensive care unit bed.80 Members of the multidisciplinary team involved with complex ablations should be familiar with the
special issues around performing ablation in patients with complex CHD,
and any special technologies or expertise likely to be necessary to accomplish the planned procedure should be available. These may include use
of advance mapping systems with the ability to incorporate multimodal
imaging, application of irrigated ablation, and the capability to perform
advanced vascular access and transseptal techniques.

Mapping and Ablation of Intraatrial Reentrant
Tachycardia in Congenital Heart Disease

Mapping of IART has been enhanced by the advent of technologies that
allow precise correlations to be drawn between the arrhythmia circuit
and underlying anatomy. These have shown that IARTs are often either
isthmus dependent or are related to known anatomic malformations
and/or surgical interventions.30,45,46,81,82 Knowledge of these prevalent
circuits makes the task of identifying the mechanism in a given patient
much simpler, opens the door to the possibility of standardized, empirical, and effective ablation interventions, and makes it easier to recognize atypical situations when they do arise. For example, because the
cavotricuspid or cavomitral isthmus is so likely to be a substrate for
IART, barring specific contraindications, ablation at this site may be
considered a routine component of IART ablation, regardless of where
other targeted clinical IART circuits are identified.43,82,83
Although it is possible to ablate atrial flutter with fluoroscopic guidance alone, use of 3-dimensional electroanatomic mapping systems for
guiding ablative therapy is generally recognized to be necessary to optimize the outcomes of complex procedures.30,75,81,84,85 In fact, similar to
interest expressed for mapping and ablation of arrhythmias in normal
cardiac anatomy, the feasibility of less fluoroscopic ablation of IART
has recently been demonstrated.86 Atrial anatomy is typically severely
distorted by underlying disease and prior cardiac surgery, and mapping
allows for visualization of anatomic structures and relationships, areas
of scar tissue, and prosthetic material. Target sites areas for ablation are
selected by combining mapping of electrical activation and endocardial voltage with entrainment pacing maneuvers,26,27,87–89 and this is
discussed in the following sections.

Activation Mapping
Activation mapping is the process of iteratively measuring the timing of
endocardial electrograms measured at the catheter-tip electrodes, in relation to a fixed reference time in the tachycardia cycle. Having a stable and
easily identified atrial signal for timing reference is very important for
effective mapping, as it allows mapped points to be classified as earlier or
later in the tachycardia cycle. For IART mapping, this is usually defined by
an intracardiac electrogram recorded from a stable location by a second
catheter, as it is often impossible to ascertain features of the surface P wave,
which are of adequate quality to make such measurements. The QRS complex may sometimes be used in the presence of a stable AV relationship.
Measuring the electrogram timing and catheter location point-bypoint across the endocardial surface allows the gradual creation of a
comprehensive map of the anatomy of the arrhythmia. It also permits
the operator to classify the mechanism as focal (activation originates

SVC

IVC
Fig. 13.8 Focal pattern of activation demonstrated using electroanatomic mapping in a patient who has undergone a Mustard procedure
and has a focal form of atrial tachycardia located at the anteroseptal
aspect of the mitral valve, which in this patient is a systemic venous
structure. Red color indicates earliest activation, and purple latest activation in relation to a fixed temporal reference time. Note that activation
radiates centrifugally from the red area; deep red markers indicate site
of successful ablation. IVC, Inferior vena cava; SVC, superior vena cava.

SVC
Pulmonary
venous atrium

Systemic
venous atrium

Tricuspid
valve

IVC
Fig. 13.9 Macroreentrant pattern of activation demonstrated using electroanatomic mapping in the same patient. Note that both left (pulmonary venous) and right (systemic venous) atria are shown. Here, deep
red markers again indicated the site of a cavotricuspid isthmus ablation,
which in this patient is one of the pulmonary venous side of the atrial baffle. The blue line indicates the margin of the systemic tricuspid annulus.
Again, red color indicates earliest activation, and purple latest activation in
relation to a fixed temporal reference time; in this tachycardia, activation
propagates counterclockwise about the tricuspid annulus in the manner
of common atrial flutter. IVC, Inferior vena cava; SVC, superior vena cava.

from a single point and spreads centrifugally; Fig. 13.8) or reentrant
(activation appears to create a spatial and temporal loop with no single earliest site; Fig. 13.9). Although the IART mechanism sometimes
becomes clear quite quickly in the mapping process, deceptive patterns
sometimes emerge.90 To avoid missing large portions of the IART
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Fig. 13.10 Alternative approach to electroanatomic model using a virtual model of the endocardial surface
recorded by electrical localization of a moving catheter, in conjunction with a high-density balloon-based endocavitary electrode array. In this figure, activation is mapped in the right ventricle of a patient with repaired
tetralogy of Fallot and reentrant ventricular tachycardia. The cutaway view shows the position of the balloon
electrode array within the virtual chamber, and the surface view shows the calculation of instantaneous
endocardial potentials for an arrhythmia propagating near the right ventricular outflow tract. ANN, tricuspid
annulus; POSTS, posterior septum; RVA, right ventricular apex.

circuit in an electroanatomic map, it is good practice before coming to
a conclusion about the substrate of a given IART to make sure that all
of the accessible endocardial anatomy has been sampled, and that the
electrogram timings of the points that have been measured span most
(i.e., ≥ 90%) of the tachycardia cycle length. This approach has recently
been advanced to allow for more rapid and high-density mapping
using a variety of multielectrode arrays and algorithmic approaches to
automatic annotation of activation events.32,91
An alternative method of mapping, demonstrated previously but
currently less frequently used in IART,92,93 involves the use of electrical
catheter navigation to create a virtual model of the endocardial surface
of the chamber of interest (Fig. 13.10). Once this model is completed,
a balloon-mounted endocavitary electrode array of known geometry
is used to record far-field electrical potentials and to compute instantaneous isopotential maps, which can then be studied in sequence
to determine activation patterns. This approach has the advantage of
being able to collect useful data in a single beat, but is somewhat difficult to use in CHD patients with IART caused by geometric constraints
and the low amplitude of endocardial potentials that are frequently
encountered.94

Voltage Mapping
Measurement and mapping of endocardial voltages and split potentials and performance of entrainment maneuvers are also often of great
value in defining the IART substrate before ablation. Voltage mapping
involves measuring the absolute magnitude of the bipolar endocardial
potential recorded at the catheter electrode. It can be performed during
mapping of IART and/or in sinus or paced rhythm, and confluent areas
of low endocardial voltage can be used to localize areas of scar tissue.
Locations of double or split atrial endocardial potentials are defined
by two or more discrete electrical activation events per beat separated

by a clearly discernible isoelectric period (Fig. 13.11). These presumably result from recording of electrical potentials at a small distance
from the electrode pair at the catheter tip and can similarly be used to
help to localize discrete areas of scarring on the electroanatomic map.
As mentioned, the association of both diffuse and focal atrial scarring
with IART and other atrial arrhythmias is well demonstrated in CHD
patients (Fig. 13.12).26,27,95 Although there is no specific voltage threshold that predicts perfectly the presence of nonconductive scar tissue,
arbitrary thresholds of 0.1 to 0.5 mV have been shown to discriminate
well between normal patients and those with CHD, and typically result
in maps of scarring that are well correlated with observed atrial activation patterns in IART.

Entrainment Mapping
Although electrical activation and endocardial voltage can be measured
across the entire atrial surface, only a small portion of the endocardium
is actually within the IART circuit, with the rest of the atrium activated
passively as a bystander to the arrhythmia.50 Ablation should be directed
at the functioning circuit itself, and measurement of the response of an
IART circuit to entrainment pacing can be used to further characterize
the functional properties of a given mapped atrial site. There are several techniques that have been developed to determine the entrainment
response. The simplest involves pacing the atrium at a known site at a
rate slightly faster than the tachycardia and measuring the local interval
between the last pacing stimulus and the next atrial electrogram (referred
to as the postpacing interval) in relation to the tachycardia cycle length.
When the postpacing interval is equal to the tachycardia cycle length,
the paced site is located within the functional tachycardia circuit and is
therefore an appropriate site for ablation (Fig. 13.13). This has been thoroughly demonstrated in atrial flutter and VT, and these results have been
confirmed for IART in CHD patients.47,48,82,96
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Fig. 13.12 Demonstration of endocardial voltage mapping in the
enlarged and distorted right atrium of a patient who has undergone a
Fontan procedure. By measuring the voltage amplitude of the sampled
points (small white dots) and setting them to a color scale as indicated
in the figure, one can detect large, irregular regions of extremely low
voltage (red) consistent with myocardial scarring distributed over the
lateral wall of the atrium.

Fig. 13.11 The principle of double potentials is described in cartoon
here. When the dipole of recording electrode pair is deployed in close
proximity to both sides of a nonconductive scar, it is possible to record
two discrete bipolar potentials representing passage of the activation
wave front at different times. Registration of these points within the
activation map created for intraatrial reentrant tachycardia often yields
valuable insight into the anatomic substrate of the arrhythmia circuit.

Use of Multimodal Imaging: Three-Dimensional Mapping and
Intracardiac Echocardiography

Catheter ablation consists of several tasks that are enabled by imaging.
These include acquisition of vascular access and navigation of catheters to and within the heart, identification of significant cardiac landmarks, acquisition of transseptal access, and monitoring of catheter
position during ablation. It is not surprising that different tasks may
be optimally performed using different imaging modalities, ranging
from broad surveys of the thorax, identification of vascular structures,
navigation of normal and abnormal anatomy, and close examination
of intracardiac structures in real time. The original technique used to
guide catheter ablation was fluorography, which is universally available
and can provide real-time anatomic and navigational information in
remarkable detail.
Fluoroscopic guidance for ablation in patients with normal hearts
has been very successful, in part because of the ease with which
important procedural landmarks (e.g., His bundle, mitral groove) may

be located. The interpretation of the complex and atypical anatomic
features encountered in CHD can be challenging and are often impossible, as the IART circuits are frequently not well-defined by fluoroscopically identifiable features. In addition, there is no simple way to
organize multiple measurements taken from a roving catheter into an
easily visualized and clinically useful activation map. Optimal ablation imaging would provide flexible 2-dimensional and 3-dimensional
imaging of the catheter and heart, with demonstration of catheter location, support of transseptal procedures, visualization of catheter–tissue
contact, and demonstration of ablation effect on the myocardium, all
without the use of significant amounts of radiation.
Electromagnetic field–based technologies, more commonly referred
to as electroanatomic mapping (e.g., NavX and EnSite [Abbott-St. Jude
Medical, St. Paul, MN], CARTO [Biosense Webster, Diamond Bar,
CA] and other systems in less widespread use), can visualize, map, and
navigate the heart for the purpose of catheter ablation. These devices
continuously record catheter location and use that data to construct
3-dimensional images of the heart that closely match chamber anatomy. These images can further be registered with images derived from
CT or MRI studies performed and segmented before the procedure
using fixed landmarks and iterative spatial alignment algorithms, a
technique that has been used with great success to navigate the complex anatomy of the pulmonary veins during AF ablation procedures.
Proper registration between the volume image and electroanatomic
map can reliably result in millimeter accuracy, which for most ablation
applications appears to be sufficient (Fig. 13.14).18–20
A limitation of integration of preoperative volume images is that
the images are static, often of relatively low resolution, and they may
represent different loading conditions than those present during catheterization. More recently, fluoroscopic images, rotational angiography,
and intracardiac echocardiography images obtained during the actual
procedure may also be calibrated to the same spatial reference as the
map itself. These real-time multimodal image fusion techniques have
allowed a highly flexible approach to procedural imaging in which
the strengths of each modality can be used as they are required by the
progress of the procedure. They have also allowed for an increasingly
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Fig. 13.13 Electrogram tracing demonstrating application of entrainment pacing in clinical practice. In this
case, the atrial site tested is paced slightly faster than the clinical tachycardia. The first postpacing interval
(PPI) is measured at the site of pacing from the final paced stimulus to the first subsequent tachycardia electrogram. If the PPI is approximately equal to the tachycardia cycle length, as is the case in this figure, then
it indicates that the paced site is located within the tachycardia circuit and is a potential target for ablation.

Fig. 13.14 Demonstration of the use of image fusion during an ablation
of a complex, left atrial intraatrial reentrant tachycardia. In this patient,
the left atrium is being viewed from below. A line of dark red ablation
lesions indicates the location of a successful termination of a tachycardia by elimination of a corridor of conduction between the mitral
annulus (blue line) and the right lower pulmonary vein. LA, Left atrium;
LAA, left atrial appendage; LAT, local activation time; RIPV, right inferior
pulmonary vein.

complete characterization of typical and variant anatomic patterns of
atrial macroreentrant tachycardias seen in congenital heart patients
with common problems such as variants of the Fontan procedure for
single ventricle, with Mustard or Senning procedures for transposition of the great arteries, with repaired tetralogy of Fallot and ASD,
and in less common diagnoses in mixed series. The positive effect of
the use of such technologies on acute procedure outcomes has been
demonstrated.10
Echocardiography is a cornerstone of diagnostic evaluation in CHD
and is an ideal means for imaging many of the anatomic structures
relevant to ablation procedures, as well as diagnostic and ablation
catheters (Fig. 13.15, and Video 13.1 on Expert Consult). Transesophageal and intracardiac echocardiography were initially adopted as an
adjunct imaging modality to support transseptal puncture but have
also been demonstrated to be effective in supporting many aspects of
complex ablation procedures.12,97 At present, they are the only widely
available imaging technology demonstrating endocardial anatomy in
real time, addressing an important limitation of both fluoroscopic and
electroanatomic mapping. Tools to integrate the echocardiographic
view directly with electroanatomic mapping allow real-time imaging
of complex chamber anatomies in real time and relevant perspective.
In addition to detailed examination of anatomic structures such as the
cavotricuspid isthmus, intraatrial baffles, and relationships and connections of the great veins, direct contact of ablation catheters with the
endocardial surface can be assessed (Fig. 13.16 and Videos 13.2 A and
B on Expert Consult), and it may also be possible to use ultrasound to
monitor the effect of ablation on myocardial tissue.13
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Atrial baffle

Catheterization in Patients With Congenital
Heart Disease

Cavotricuspid
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Ablation
catheter

Tricuspid
valve

Fig. 13.15 Relevant anatomy seen by intracardiac echocardiography in
a patient undergoing ablation across an atrial baffle in the cavotricuspid
isthmus. See also Video 13.1.
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•

L eft superior vena cava draining to coronary sinus
Interrupted inferior vena cava
Repaired atrial septal defect (alone or in combination with other defects)
Suture closure
Patch closure
Transcatheter device closure (Amplatzer, CardioSEAL, STARFlex)
Atrial baffles for transposition of the great arteries (Mustard and Senning
procedures)
Fontan operation for single ventricle
Atrial–pulmonary connection (various forms)
Lateral tunnel
Extracardiac conduit
Other defects causing severe atrial enlargement (e.g., Ebstein anomaly)

navigation to provide hands off catheter manipulation are in more
advanced stages of development, and their ability to deliver flexible and
nontraumatic catheters using precise navigational command has been
demonstrated in IART ablation procedures.98,99 A drawback to this
technology at present is its significant size and expense, and although it
has proponents, it has not been widely used to date.

Irrigated Ablation

Fig. 13.16 Demonstration of endocardial noncontact and endocardial
contact in ablation performed in patient with Fontan procedure, enlarged
atrium, and intraatrial reentrant tachycardia. White circles show tip of
catheter in relation to endocardial surface in endocardial noncontact (top
panel) and contact (bottom panel). In both positions, electrograms were
recorded and ablation was attempted, but only successful in condition
of contact. See also Videos 13.2 A and B.

Other technologies have also been studied for ablation and might
reasonably be expected to be of practical value in IART ablation. The
feasibility of addressing all of these capabilities using MRI has recently
been demonstrated. Practical limitations at present are the need for
further development of magnetic resonance (MR)-friendly catheter
ablation hardware and spatiotemporal MR processing algorithms that
are sufficiently precise. Remote navigation systems that use magnetic

In addition to the importance of accurate mapping and catheter navigation for effective catheter ablation of IART, an additional significant
technical factor is ensuring the ability to create an adequate ablation
lesion. To create effective electrical barriers to arrhythmia propagation,
it is necessary to form confluent, transmural ablation lesions. This may
be difficult in patients with CHD, because they may have thickened
and fibrotic atrial myocardium and low intracavitary blood flow velocities,21 which impair convective cooling of the catheter tip, thus limiting
power delivery and impairing lesion formation.
The introduction of irrigated catheter ablation has made it possible
to achieve more efficient energy transfer during ablation and results in
larger, deeper lesions, especially under conditions of low flow.100 Irrigated
ablation has been demonstrated in multiple studies to result in greater
efficacy of ablations in CHD patients with IART, and has been widely
adopted as a first line for ablation strategy.76,101,102 Recent improvements
in irrigated technology are control of flow rates and design of catheter
tips requiring lower volumes of irrigation to achieve effective cooling.
The utilities of other novel ablation technologies, including one-shot
balloon-based devices as used for AF, phased multipolar linear arrays,
and cryoablation have not been reported in the literature to date. However, another new ablation technology, catheter-tip force transduction,
may be useful in a wide range of ablation procedures. A predictable
relationship exists between catheter-tip force on the endocardium and
ablation lesion dimensions. Continuous monitoring of tip force during
navigation and ablation may result in more consistent lesion creation,
although this has yet to be established in ablation of IART.103

Vascular Access and Transseptal Puncture
Patients with CHD often have anatomic obstructions that prevent free
access to the endocardial surfaces of interest during mapping and ablation of IART (Box 13.2). These obstructions may be vascular or intracardiac and may be congenital or acquired in origin. It is important
to have a technical plan in place for managing catheter access in these
patients, recognizing that some access issues may be unforeseen and
only encountered at the time of the catheter ablation procedure.
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Fig. 13.17 Anteroposterior angiographic views of modified intraatrial anatomy in common forms of congenital heart disease with intraatrial reentrant tachycardia. Left, Mustard procedure. Right, Fontan procedure. See
also Videos 13.3, A and B.

Frequently encountered extracardiac vascular access issues are occlusion of the femoral, subclavian, and occasionally jugular veins because of
prior surgical or catheterization procedures, placement of indwelling central venous lines, pacemaker leads, and other iatrogenic and disease-related
causes of thrombosis and interruption. A congenital cause of vascular
interruption is interruption of the inferior vena cava with drainage through
the azygos and/or hemiazygos veins to the superior caval system. This is
commonly encountered in children with heterotaxy syndromes. Vascular
obstruction or interruption is not always identified before catheterization. It is suspected in patients who have had frequent catheterizations,
who have femoral scarring from prior surgery requiring use of peripheral
bypass support, or who have heterotaxy syndromes. It may be diagnosed
intraprocedurally by failure to pass a catheter by the expected route to the
heart and confirmed by observation of catheter course and/or angiography. Access issues may limit the number of catheters that can be used and
require use of vessels or approaches, which are nonstandard and/or result
in difficult catheter manipulation and/or approach to the endocardium. It
can be especially problematic if a transseptal puncture must be performed,
as the technique and equipment used for this is optimized for placement
and use from the right femoral vein. In some cases, in which the heart is
rendered inaccessible because of vascular obstruction, operators have used
transhepatic puncture to obtain endocardial access, as the short segment
of inferior vena cava connecting the liver and the heart is never observed
to be occluded in these patients.104
Transseptal catheterization often poses unique challenges in
patients with CHD. Prosthetic materials have been commonly used
over the years to repair septal defects, create intracardiac baffles, and
exclude flow from the AV valves. This results in highly unusual atrial
anatomy, enlarged and sometimes deformed atrial geometries that may
fail to match the design of transseptal equipment, and septal barriers
that may be very difficult to cross because of their material properties (Fig. 13.17, see also Videos 13.3 A and B on Expert Consult). It is
often the case that large portions of the anatomic right atrium, including the most commonly targeted IART substrate, the cavotricuspid or
cavomitral isthmus, are assigned by surgical baffling to the pulmonary
venous side of such atrial baffles. It may be feasible in some cases to
perform retrograde catheterization into pulmonary venous atria,
but this is technically demanding and significantly restricts catheter

Fig. 13.18 Still frame from angiogram performed in a patient with
double-inlet single ventricle and a Fontan procedure demonstrating
supra-annular chamber effectively excluded from right atrium, but capable of supporting periannular intraatrial reentrant tachycardia. A transseptal sheath has been placed through the occluding baffle to allow
catheter access. A small tail of contrast to the upper right indicates
that this chamber is in communication with the left, pulmonary venous
atrium. See also Video 13.4.

manipulation. In rare cases, segments of the atrium may be effectively
jailed unless the prosthetic material can be crossed (Fig. 13.18, see also
Video 13.4 on Expert Consult).
For these reasons, methods have been developed to cross these
unusual septal barriers directly. Small series of patients with mixed
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CHD diagnoses and both hemodynamic and arrhythmic indication
for transseptal puncture have documented the feasibility and apparent
safety of this approach with success rates of approximately 95%.105,106
Similar experience has been reported with the transseptal technique
in CHD cases undergoing ablation including patients with Mustard and Senning baffles, various forms of the Fontan operation, and
ASD repairs with a similarly high success rate and good safety profile.107,108,109 Successful puncture through extracardiac conduit into the
pulmonary venous atrium has also been reported.110,111
Careful understanding of patient-specific anatomy, as outlined
earlier, is a necessary first step in planning a transseptal puncture in
these patients. A preprocedure echocardiogram should be reviewed,
and cardiac MRI or CT may also contribute to the understanding of
anatomic relations. Intracardiac echocardiography may be useful, but

the principal navigation technique for puncture itself is fluoroscopy,
and performance of biplane chamber angiography with levophase is
valuable to assist the procedure.
Patch leaks may be identified, which obviate the need for puncture;
if not, a safe and direct needle course to the chamber of interest must
be planned. A standard transseptal needle may be used, but it is common that some reshaping of the needle curve is needed to achieve the
desired trajectory. For example, in Mustard and Senning patients, the
geometry of the baffle permits the needle to be straightened somewhat,
which also provides a favorable vector of force helping the needle to
penetrate the woven and sometimes thickened material of the baffle
(Fig. 13.19, see Video 13.5 on Expert Consult).
Advancing the needle and sheath across a patch or baffle typically
requires greater than normal force. However, sampling the puncture
site with small motions of the needle tip may reveal a spot where the
material may be traversed easily. RF-assisted septal perforation may
also be used,112 with transseptal needles now available using a dedicated RF generator designed for this purpose (Fig. 13.20, see Videos
13.6 A and B on Expert Consult).
The risk of creating a persistent, clinically significant atrial level
shunt by transseptal puncture appears to be small, whether it involves
natural septal tissue or prosthetic material.108,113 However, in the largest retrospective series of patients, there is a slightly higher prevalence
of increased cyanosis in Fontan patients undergoing transseptal ablation, who are likely to be physiologically prone to right-to-left shunting, an observation that identifies the need for additional research.108

Reported Outcomes of Ablation of Intraatrial Reentrant
Tachycardia in Congenital Heart Disease

Fig. 13.19 Transbaffle course of sheath through the inferior limb of
Mustard baffle, with angiography performed in pulmonary venous
atrium. A septal occlusion device has previously been placed in the inferior limb. See also Video 13.5.

Many case series of IART ablation have been published during the
previous decade, with over 700 individual cases reported in the
literature. By aggregating the results of those series that are sufficiently large, it can be estimated that the reported rates of acute procedural success observed over that period has been approximately
81%23,28,45,46,47,75,76,114–119 (Table 13.3). A smaller number of studies
provide some follow-up data and suggest that recurrence of IART is
high, and that over a period of up to 5 years after ablation recurrence
is observed in 34% to 54% of treated patients.75,117–120 The majority of
these recurrences were observed in the first year after ablation.119 In
the subset of patients with intraatrial baffle palliation of transposition
of the great arteries, it is possible that the likelihood of recurrence may

Fig. 13.20 Perforation from an extracardiac Fontan into pulmonary venous atrium using radiofrequency needle. Left, angiography of baffle before puncture. Right, pulmonary venous angiogram performed through
visible transseptal sheath. See also Videos 13.6, A and B.
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be greater in patients with Senning as opposed to the Mustard procedure, but the numbers compared are small.121 The advent of technical
innovations described earlier, in combination with increasing experience, appears to have been associated with improvement in clinical
outcomes.17,31,39
It is difficult to determine whether recurrences represent the emergence of new IART circuits or the recurrence of circuits previously
thought to have been successfully ablated. At least one study suggests
that recurrence occurs in novel locations and with demonstrably different patterns, and are thus more likely the result of a progressive
atrial myopathy instead of failure of prior ablation lesions.22 Despite
recurrent AT during long-term follow-up after ablative therapy, a large
number of patients remain in sinus rhythm and have improved clinical
status as assessed by clinical scoring.75 Approaches to troubleshooting
common potential pitfalls encountered in IART ablations are presented
in Table 13.4.

Ablation of Atrial Fibrillation in Congenital Heart
Disease

Principles of management of AF in CHD patients are drawn from
the general adult practice, and little data are available on this group.
Anticoagulation and rate control are indicated. Patients with CHD
may have limited tolerance for loss of AV synchrony, and cardioversion, prophylactic antiarrhythmic drugs, and atrial pacing may
be used to prevent or delay the establishment of permanent AF.
Based on reported results of surgical maze procedures performed
on CHD patients (see the following text) and on the extensive data
available on the interventional management and outcomes of AF in
adults with structurally normal hearts, it is reasonable to infer that
strategies such as catheter-based maze procedures and AV nodal
ablation with pacing are plausible treatment options for patients
with CHD.
At present, there are anecdotal reports of catheter ablation of AF in
CHD patients, but no published case series. These procedures are modeled on the typical strategies used for the creation of a catheter-based
maze, which are adapted for the patient-specific congenital anatomy.
Obviously, these complex procedures require careful anatomic planning and ideally use techniques for real-time and/or registered volume
imaging of the heart, to facilitate visualization of the relevant anatomy.
Given that ablation is largely unexplored as an effective therapy for
these patients at present, it seems reasonable that it could be considered as an alternative to surgical maze procedures in patients who were
deemed anatomically favorable, and after failure of trials of cardioversion with medical management. This approach might also be taken in

TABLE 13.3
Author
Hebe et

al.114

patients with incessant atrial reentrant tachycardias of multiple morphologies, which have been refractory to targeted ablation attempts.
AV nodal ablations in combination with ventricular pacing have
also been reported as individual cases122 and in a small series.123
Although this approach has an appealing simplicity, it would appear
to be less favored for several reasons: (1) the location of the AV node
and course of the His bundle may be unpredictable;124–126 (2) given
vascular access issues, surgery will often be necessary for provision of
epicardial ventricular pacing (with slightly less long-term lead reliability); and (3) the presence of ongoing atrial arrhythmias still poses a
thromboembolic risk. For those rare patients in whom this approach is
elected, it would seem prudent after AV nodal ablation to follow adult
practice and gradually lower the ventricular pacing rate slowly, achieving the desired resting heart rate only after several months of gradual
decrement in rate.127,128

Surgical Therapy of Atrial Tachycardias in Congenital
Heart Disease

Patients with older variants of the Fontan procedure (e.g., those
with a right atrial to right ventricular conduit or an atriopulmonary anastomosis) are now frequently revised to cavopulmonary
connections or intercaval, extracardiac conduits for hemodynamic
reasons. These patients may have an indication for surgical revision to cavopulmonary–type connections for several hemodynamic
reasons. However, even though primary performance of a modern
Fontan palliation using either lateral tunnel or extracardiac repair
appears be associated with a lower incidence of atrial arrhythmias
later in life,129–131 such surgeries in and of themselves do not appear
to prevent arrhythmia recurrence in patients with established IART.
Several centers have adapted the maze procedure applied to the
treatment of AF in adults with normal cardiac anatomy for use in
patients undergoing CHD surgeries. In some patients with CHD
complicated by AF or complex IART, arrhythmia control has constituted the primary indication for surgery. Right atrial and biatrial
maze procedures based on modifications of the Cox maze performed with surgical and/or cryoablative techniques can provide
symptomatic relief and measurable functional benefit, but at the
cost of associated morbidity. Combined perioperative and early
follow-up mortality of larger series of Fontan revisions is approximately 9%, and recurrence rates of AT (including both simple
revisions and those with associated Maze procedures) are reported
between 8% and 40%.132 Follow-up studies are needed to ascertain
which patients will realize sufficient long-term benefit as to offset
the morbidities associated with the procedure.

Outcomes of Intraatrial Reentrant Tachycardia Ablation
Citation

N=

Acute Success

Pediatr Cardiol 2000

69

90%

Triedman et al.75

J Am Coll Cardiol 2002

177

79%

Blaufox et al.115

J Cardiovasc Electrophysiol 2002

31

96%

Kannankeril et al.116

Am J Cardiol 2003

47

87%

Tanner et

al.76

Heart Rhythm 2004

36

94%

Lukac et al.45

Heart Rhythm 2005

83

88%

Seiler et al.46

Heart 2007

40

88%

Yap et al.117

J Am Coll Cardiol 2010

118

69%

de Groot et al.118

Circ Arrhythm Electrophysiol 2010

53

65%

Europace 2011

31

87%

Drago et

al.23

Summary: 558/685 cases, 81% (confidence interval, 79%–84%).
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TABLE 13.4

Catheter Ablation of Atrial Tachycardias and Flutter

Troubleshooting the Difficult Intraatrial Reentrant Tachycardia Ablation

Vascular Access
Problem

Congenital and/or acquired femoral venous occlusion/inferior vena caval interruption

Possible solutions

Internal jugular access
Reduced catheter sets
Consider transhepatic access

Hemodynamic Problems—Unable to Tolerate Tachycardia
Problem
Hemodynamic fragility with deterioration in slow IART with 1:1 AV conduction
Possible solutions

Use of diltiazem to block ventricular response
Inotropic support

Mapping Problems—Poor Temporal Reference
Problem
Limited access to endocardial surface/low endocardial voltages/variable AV conduction make identification of reference signal difficult
Possible solutions

Esophageal electrode catheter

Mapping Problems—Difficult to Establish Chamber Anatomy
Problem
Intracardiac anatomy uncertain from old surgical records/chambers jailed to simple endovascular
access
Possible solutions

Preprocedure volume imaging with or without image fusion, liberal use of angiography as needed,
intracardiac echocardiography
Advanced transseptal techniques, including use of ICE and radiofrequency-facilitated perforation

Mapping Problems—Difficult to Identify Circuit
Problem
Anatomy of mapped IART circuit inconclusive and/or anatomically confusing
Possible solutions

Ascertain that single tachycardia is being mapped
Use entrainment pacing to demonstrate in-circuit sites

Mapping Problems—Unstable Tachycardia
Problem

Multiple P wave morphologies and/or cycle lengths encountered

Possible solutions

Careful accounting of all new IARTs observed
Separate maps for each new IART identified

Ablation Problems—Unable to Terminate IART
Problem
Lack of response to ablation
Possible solutions

Use of irrigated ablation
Use of guiding sheaths and direct visualization using ICE to verify endocardial contact
If cycle length prolongs with no termination, consider possible dual-loop mechanism

AV, Atrioventricular; IART, intraatrial reentrant tachycardia; ICE, intracardiac echocardiography.

Prophylactic modification of standard surgical therapy has also been
proposed to reduce the likelihood of the spontaneous occurrence of IART.
A right-sided Maze procedure has been used in patients with a variety of
congenital lesions, demonstrating a low prevalence of IART at relatively
short-term follow-up.133 Other surgical modifications are based on observations in animal models (see earlier discussion) that atriotomy placement
affects arrhythmogenicity. Anchoring the atriotomy to nonconducting
anatomic features such as the AV annulus is feasible and results in early
changes in atrial activation and arrhythmia inducibility, but the long-time
course of natural evolution of clinical arrhythmia in these patients has
made the efficacy of these modifications difficult to study.134–136

   C O N C L U S I O N
Atrial arrhythmias have emerged as major long-term sequelae for
patients with CHD, and the occurrence of IART and AF in these patients
is associated with poor clinical outcomes. These arrhythmias can best be
understood in terms of the complex and diverse anatomies encountered

in these patients, in combination with their lifelong exposure to unusual
hemodynamic stresses. The knowledge of the mechanisms and anatomic
and cellular substrates that underlie these arrhythmias has increased
through the use of animal models of CHD, careful long-term observation of adult congenital patient populations, and the innovative application of mapping and visualization technologies for catheter-based
diagnosis and therapy. Evolving interventional techniques, both catheter
based and surgical, have progressed to the point that these arrhythmias,
once they emerge, can often be brought under control, and possibly even
be prevented altogether. This is of clear benefit with respect to control of
symptoms and need for recurrent acute medical care. However, the small
numbers of patients in this group and their anatomic diversity make it
difficult to determine whether arrhythmia control alone will lead to measurable gains in longevity and health.
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Videos
Video 13.1 Relevant anatomy seen by intracardiac echocardiography (ICE) in a patient undergoing ablation across an atrial baffle in the
cavotricuspid isthmus.
Video 13.2 A and B, Demonstration of endocardial noncontact and
endocardial contact in ablation performed in a patient with Fontan procedure, enlarged atrium, and IART. White circles show tip of catheter
in relation to endocardial surface in endocardial noncontact (top) and
contact (bottom). In both positions, electrograms were recorded and
ablation was attempted, but only successful in condition of contact.
IART, Intraatrial reentrant tachycardia.
Video 13.3 A and B, Anteroposterior angiographic views of modified
intraatrial anatomy in common forms of CHD with IART. Left, Mustard
procedure. Right, Fontan procedure. CHD, Congenital heart disease;
IART, intraatrial reentrant tachycardia.

Video 13.4 Still frame from angiogram performed in a patient with
double-inlet single ventricle and a Fontan procedure demonstrating
supra-annular chamber effectively excluded from the right atrium, but
capable of supporting periannular IART. A transseptal sheath has been
placed through the occluding baffle to allow catheter access. A small tail
of contrast to the upper right indicates that this chamber is in communication with the left, pulmonary venous atrium. IART, Intraatrial reentrant
tachycardia.
Video 13.5 Transbaffle course of sheath through the inferior limb of
Mustard baffle, with angiography performed in the pulmonary venous
atrium. A septal occlusion device has previously been placed in the inferior limb.
Video 13.6 A and B, Perforation from an extracardiac Fontan into pulmonary venous atrium using RF needle. Left, angiography of baffle before
puncture. Right, pulmonary venous angiogram performed through visible transseptal sheath. RF, Radiofrequency.
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KEY POINTS
• P
 ulmonary vein isolation (PVI) is the cornerstone of current
ablation techniques for the treatment of atrial fibrillation (AF).
• Confirmation of electrical isolation with a circular mapping
catheter is crucial to improve the short- and long-term outcomes
of this procedure.
• Wide antral PVI improves the long-term arrhythmia-free survival
compared with ostial PVI.

• P
 V reconnection is a major contributor to AF recurrences after
PVI, especially in patients with paroxysmal AF.
• Despite proven PVI, a subset of patients still experiences recurrent
arrhythmia, mostly as a result of a higher prevalence of non-PV
triggers.
• PVI is associated with worse arrhythmia-free survival in patients
with nonparoxysmal AF than those with paroxysmal AF

Pulmonary vein isolation (PVI) represents the cornerstone of current
catheter ablation techniques for the treatment of atrial fibrillation (AF),
with significantly improved efficacy compared with antiarrhythmic drug
therapy as demonstrated in multiple randomized clinical trials.1–3 After
the pivotal demonstration by Haïssaguerre and coworkers that focal discharges from the pulmonary veins (PVs) are implicated in the initiation
of AF, empirical PVI has been performed with the highest procedural
success in patients with paroxysmal AF, in whom spontaneous PV firing
is frequently the only trigger for AF paroxysms.4 Over the years, PVI
techniques have undergone a profound evolution, from initial attempts
consisting of focal PV ablation of documented AF triggers within the PV,
to the current standard of care, that is empirical ablation targeting the
junction between the PVs and the left atrium (LA), and the PV antrum.
To achieve PV antrum isolation, multiple approaches with different ablation strategies have been described; the technique currently endorsed by
the HRS/EHRA/ECAS expert consensus statement on catheter and surgical ablation of AF consists of antral PVI confirmed by a circular mapping catheter.5 In this chapter, the techniques and outcomes for different
PVI techniques will be reviewed.

Antiarrhythmic Drugs

PATIENT SELECTION AND PREPROCEDURAL
CONSIDERATIONS
Indications for pulmonary vein isolation
Current guidelines for the management of AF give a class I indication
with the highest level of evidence to PVI in patients with symptomatic
paroxysmal AF, who have failed treatment with at least one class I or III
antiarrhythmic drug (second-line treatment).5–7 Based on the results
of randomized trials,3,8,9 PVI as first-line treatment in patients with no
or minimal structural heart disease can be considered when performed
in expert centers, where outcomes are comparable with antiarrhythmic
drug (AAD) treatment, without an increase in complication rates.1,10,11
To date, there is no indication for PVI to reduce cardiovascular morbidity/mortality or hospitalization.
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Patients undergoing PVI should have their antiarrhythmic drugs
discontinued for at least five half-lives before the ablation procedure to facilitate the identification of AF triggers, especially those
outside the PVs that are not empirically targeted. In this regard,
although adequate drug washout can be achieved in reasonable time
before the procedure for most AADs, patients receiving chronic
treatment with amiodarone represent a unique challenge because
of the long half-life of the drug, and thus require longer elimination
time. There might be an incremental benefit of adequate preprocedural amiodarone wash-out, suggesting that discontinuation of the
drug 4 to 6 months before the procedure increases the chance of
disclosing latent non-PV trigger sites, resulting in better long-term
arrhythmia-free survival.12

Anticoagulation Status
A proper anticoagulation status is crucial to minimize the risk of
periprocedural thromboembolism and bleeding. In recent times,
a substantial body of evidence has been built on the benefit of
performing PVI under uninterrupted anticoagulation with both
warfarin and the novel oral anticoagulants; this reduces the risk
of stroke without increasing the risk of bleeding.13–16 Of note,
among the novel oral anticoagulants, our experience with uninterrupted dabigatran has been disappointing, with an increase in the
risk of bleeding or thromboembolic complications compared with
uninterrupted warfarin; therefore we usually prefer to use warfarin or factor Xa inhibitors in the periablation setting.17 Another
important strategy to minimize the risk of periprocedural stroke
is to administer an intravenous heparin bolus (usually 100 U per
kg up to 10.000 U with warfarin, or 12.000 to 15.000 U with factor
Xa inhibitors) right after vascular access is obtained. The goal is
to achieve full anticoagulation (goal activated clotting time [ACT]
350–500 seconds) before transseptal access, thus reducing the
chance of thrombus formation when sheaths and catheters are in
the LA.
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Anesthesia Protocol
The anesthesia protocol adopted during PVI can also affect the procedural results. Although moderate to deep sedation/anesthesia can
be employed, general anesthesia, with or without high-frequency jet
ventilation, has the important advantage of controlling respiration by
eliminating deep breathing. This improves catheter stability, leading to
more effective RF energy delivery, thus reducing procedural times and
improving long-term outcomes compared with conscious sedation.8,9

Vascular and left atrial access
To reduce vascular complications, central venous access should be
obtained with real-time ultrasound guidance; this reduces the number
of attempts, time to access, and risk of arterial puncture.18 Moreover,
an arterial line for hemodynamic monitoring should not be placed routinely, given the higher risk of hematomas in anticoagulated patients.
Noninvasive intermittent blood pressure monitoring every 2 to 5 minutes is generally sufficient. For LA access, two separate transseptal
punctures are performed (one for the ablation catheter, the other for
the circular mapping catheter [CMC]), preferably under intracardiac
echocardiography (ICE) guidance. The goal is to cross into the LA
along the posterior interatrial septum, such that the left-sided PVs are
in clear view (Fig. 14.1;   Video 14.1). Although a second transseptal
sheath can be introduced via wire exchange, a separate transseptal
puncture minimizes sheath-to-sheath interaction. LA access can be
obtained using a variety of transseptal sheaths. In our center we prefer
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Fig. 14.1 Intracardiac echocardiographic image of the left pulmonary veins.
LSPV, Left superior pulmonary vein; LIPV, left inferior pulmonary vein.
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sheaths with a moderate primary curve and no secondary curve (such
as the SL-0 for the ablation catheter and a LAMP-90 for the circular
mapping catheter), which allow easier catheter maneuverability in the
posterior aspect of the LA.

TECHNIQUES AND RESULTS OF PULMONARY
VEIN ISOLATION
Triggers from the PVs represent the dominant mechanism of initiation of
AF. The initial description of PV trigger ablation consisted of focal ablation
within the PVs. This approach had minimal long-term benefit and was
associated with a significant risk of PV stenosis.4,19,20 Subsequent evolution
of the procedure involved segmental ablation at the anatomic ostium of the
PVs, as defined by angiography or ICE, to isolate muscle sleeve connections between the PV and LA electrically, an approach commonly referred
to as segmental ostial PVI.21 In addition to ostial PVI, initial attempts targeted only the PVs with evidence of arrhythmogenic activity. However, it
was rapidly realized that empirical isolation of all PVs was necessary to
increase the procedural success, as the majority of patients presented multiple arrhythmogenic PVs. In addition, symptomatic PV stenosis remained
an important risk with ostial PVI, and AF triggers localized in the more
proximal antral region were not addressed with such strategy. The technique further evolved targeting the LA tissue more proximal to the PV
ostium, in a region defined as the PV antrum.22–24
To achieve antral PVI, multiple approaches have been described. The
approach currently adopted in our institution is a wide PV antrum isolation (encompassing the LA posterior wall between the PVs) guided by a
CMC and ICE (Fig. 14.2).25 The importance of a wider antral isolation is
the empirical elimination of triggers arising from the LA posterior wall,
which should be considered as an extension of the PVs from an embryologic, anatomic, and electrophysiologic standpoint.26 Compared with
ostial PVI, wide antral PVI is associated with a significantly lower rate
of arrhythmia recurrence, driven by a reduced rate of AF at follow-up
without increasing the rate of periprocedural complications.27,28 This
approach has been demonstrated to be superior to other ablation techniques in studies of direct comparison, and is one of the most reproducible and standardized techniques to achieve PVI.23,29–31 Circumferential
PV ablation without confirmation of electrical isolation with a CMC has
been demonstrated to be ineffective in achieving long-term arrhythmia
control.22,29,32 Moreover, adopting a CMC-guided approach also offers
the potential advantages of shortening the procedural time, limiting the
delivery of RF energy to discrete areas showing the earliest potentials
(segmental approach).23,33 By contrast, in a circumferential PV ablation
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Fig. 14.2 Antral pulmonary vein isolation (PVI) with posterior wall isolation; left, intracardiac echocardiographic
image of the circular mapping catheter and ablation catheter at the level of the left superior pulmonary vein
antrum; right, posterior view of the left atrium showing voltage before and after antral PVI.
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Fig. 14.3 Ablation lesions delivered to obtain antral pulmonary vein isolation. LIPV, Left inferior pulmonary vein; LSPV, Left superior pulmonary vein;
RIPV, right inferior pulmonary vein; RSPV, right superior pulmonary vein.

approach, contiguous lesions are created without necessarily achieving
complete conduction block, and postincisional reentrant atrial tachycardias are not uncommon.
Although not necessary, the use of a 3-dimensional electroanatomic
mapping system, such as EnSite NavX Velocity/Precision (St. Jude
Medical, St. Paul, Minn) and CARTO 3 (Biosense Webster, Diamond
Bar, CA) can facilitate PVI significantly, allowing efficient registration
of ablation sites and documentation of the extent of antral ablation
(Fig. 14.3). They allow real-time display of any cardiac catheter during
ablation; most importantly, their ability to display the CMC allows for
very rapid creation of a LA volume map and facilitates the direction of
the ablation catheter toward the desired poles. While maneuvering the
CMC, care should be taken not to displace it anteriorly, as this can result
in its entrapment in the mitral valve apparatus, a rare complication that
might result in valve damage requiring open heart surgery. The use of
ICE during mapping facilitates locating the four PVs (Video 14.2). The
left-sided PVs can be seen with clockwise rotation of the ICE catheter
a few degrees past the left atrial appendage (LAA) and the mitral valve
annulus, whereas to image the right PVs, the ICE catheter is advanced
slightly and further rotated clockwise. Moreover, ICE has been shown
to reduce PV stenosis, compared with PV angiography.34 The LAA
can be recognized by a high amplitude signal on the superior-anterior
aspect of the LA.
The CMC is used as a roving catheter for mapping and directing the
ablation catheter throughout the procedure (Fig. 14.4). It should be small
enough to move within the chamber easily, but of a large enough diameter
that it does not readily fall deep inside the PVs. In most adults, a 20-mm,
10-pole CMC provides a balance between maneuverability and size. RF
energy delivery with open-irrigation catheters is the standard of care in
performing PVI. Open-irrigation catheters allow the use of greater power
without a significant increase in temperature and clot formation, enabling
more efficient and predictable energy delivery, resulting in larger ablation
lesion sets. The main disadvantage of using open irrigation catheters is a
higher risk of steam pops. There is a high discrepancy between the recorded
tip temperature and the actual tissue temperature, thus steam pops might
occur even with normal tip temperature. These can be minimized with
appropriate titration of energy delivery, as guided by monitoring tip temperature, impedance drop, and if available, contact force. Our catheter of
choice is a unidirectional open-irrigated 3.5-mm tip with an F curve. A
smaller curve may be considered in the minority of patients with a very
small LA, whereas a J curve is necessary for patients with a larger LA.

Using an irrigation-tip catheter, a power of 40 W is typically used.
Occasionally, on the anterior aspect of the PVs (for example, a thick
ridge), a higher power is needed to achieve potential abatement, but
we generally do not exceed 45 W. With contact force sensing ablation
catheters, this can be obtained by optimizing contact during radiofrequency (RF) energy delivery (at 40 W, our target contact force lies
between 7 and 15 g). RF energy is delivered for approximately 20 seconds
per lesion site or until the electrical signals have diminished. In
areas near the esophagus, energy delivery should be limited to up to
10 seconds per lesion site, and keep moving the catheter to different areas
during ablation to prevent esophageal heating. It is very important to
monitor the esophageal temperature closely, frequently readjusting the
esophageal probe so that it is close to the ablation area. A rapid rise in
temperature is often noted, and when this happens, the ablation catheter should be moved away or RF delivery stopped, independently of
the absolute value of esophageal temperature recorded. Despite movement of the catheter, a delayed rise in esophageal temperatures is often
observed. As a general rule, esophageal temperatures greater than 38°C
to 39°C should be avoided to minimize the risk of deep tissue injury. It
is also important to note that the esophagus is wider than the temperature probe (Fig.14.5); therefore sometimes no or minimal temperature
change is recorded, despite ablating over the esophagus, as assessed by
ICE (Fig. 14.6). If ICE is not available, it is important to move quickly
whenever ablating in the posterior wall regardless of the location of the
esophageal probe.
We usually begin with ablation of the electrical potentials surrounding each PV. The end point of PVI is complete PV electrical isolation,
as confirmed by entrance and exit block (Table 14.1). Entrance block
is confirmed by the absence of electrical signals where these signals
had been previously observed. Occasionally, dissociated PV potentials
can be recorded (Fig. 14.7) to confirm exit block. In addition, pacing
from within the PV can be performed to confirm exit block, although
this is not necessary. Once PVI is achieved, we focus on the remaining
antral areas. The CMC is particularly useful for identifying additional
electrical potentials along the posterior wall and roof of the LA (see
Fig. 14.4). The procedural end point is to eliminate all electrical activity
in the antrum and roof of the LA (see Figs. 14.2 & 14.8). After PV antral
isolation, with patients in sinus rhythm, 20 to 30 mcg per kg per minute
of isoproterenol are infused to assess for PV reconnection and elicit
non-PV triggers. If consistent (repetitive premature atrial contractions
[PACs], PACs triggering atrial flutter/AF, and focal atrial tachycardia),
their sites of origin are further targeted with ablation. We do not routinely use adenosine to test for acute PVI.35
As mentioned, the majority of the studies investigating the role of
PVI for the long-term maintenance of sinus rhythm have predominantly enrolled patients with paroxysmal AF; thus far the role of PV
triggers in patients with nonparoxysmal AF has not been investigated
in a systematic fashion. In addition, few data support the benefit of PVI
in paroxysmal patients, also at the very long-term follow-up. However, the authors’ experience suggests that some of the patients will
develop non-PV triggers over times that are responsible for arrhythmia recurrence at long term. The clinical experience with PVI in
patients with nonparoxysmal AF has consistently shown worse results
compared with paroxysmal patients, and PVI alone is largely insufficient to achieve satisfactory long-term arrhythmia-free survival in
this cohort.36,37 Thus far the approach of most institutions is to provide extensive ablation targeting the LA substrate and areas demonstrating non-PV triggers, either spontaneously or after induction with
drug challenges (e.g., isoproterenol) or pacing. However, the amount
of additional ablation necessary in these patients to increase the procedural success is still a matter of controversy and goes beyond the scope
of this chapter.

CHAPTER 14

Pulmonary Vein Isolation for Atrial Fibrillation

225

Fig. 14.4 Circular mapping catheter (CMC)-guided antral pulmonary vein isolation; the roving CMC is sequentially placed along the pulmonary vein antra and posterior wall.

COMPLICATIONS OF PULMONARY VEIN ISOLATION
Because patients are anticoagulated, the most common complications
are vascular (hematomas, pseudoaneurysm, and arteriovenous fistulas). These can be easily prevented using real-time ultrasound when
obtaining central venous access.
Hemodynamic and temperature monitoring during the ablation
procedure allows early detection and avoidance of the most serious
complications of PVI: cardiac tamponade and atrial-esophageal fistula. A blood pressure drop, both sudden and gradual, should be
evaluated carefully. A vagal response to ablation near the ganglionic
plexi may result in transient sudden hypotension, usually associated

with bradycardia (sinus arrest or atrioventricular block). If there is
no immediate recovery, cardiac tamponade should be assumed until
proven otherwise. Suspicion should be higher after a difficult transseptal puncture, a steam pop, or inadvertent application of excess pressure in the LAA or the roof of the LA. To determine early diagnosis
of cardiac tamponade, it is important not to delay pericardiocentesis.
A quick assessment to check for the presence of pericardial effusion
can be easily and accurately performed with ICE (Video 14.3). If this
is not available, fluoroscopy usually demonstrates a reduction in the
excursion of the cardiac silhouette, better appreciated in the LAO
view. Of note, especially after extensive ablation, it is not uncommon
to detect mild pericardial effusion without hemodynamic compromise
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TABLE 14.1

Isolation

End Points of Pulmonary Vein

Definition

Elimination of all the Tested in multiple
potentials within
clinical studies
the PV antrum,
as assessed by a
circular mapping
catheter

Exit block

Failure to conduct
from within the
PV antrum to
the atrium

Esophagus

Circular mapping
catheter

2D

6.0MHz / 9 dB
TEQ: 2 / Offset: 9 dB
DR: 60 dB

Cons
Rare cases of unidi
rectional entrance
block have been
described

Identifies bidirec Not validated in
tional conduction large studies
block across the
PV antrum

Voltage
Reduction of local
reduction
voltages after
circumferential
PV ablation

—

Termination Restoration of
of AF
sinus rhythm (or
conversion to
intermediate AT)
during ablation

When achieved in Contradictory clinical
the process of PVI data do not sup
(when the isolated port the use of this
PV remains in AF), end point during
proves the critical AF ablation
participation of
the PV as a trigger
for AF

Fig. 14.5 Relationship between the esophageal probe and esophagus.

81 fps / 100 mm
General

Pros

Entrance
block

Not equivalent to
PVI, which has to
be confirmed with
a circular mapping
catheter. Multiple
randomized trials
have demonstrated
the ineffectiveness
of this end point

AF, Atrial fibrillation; AT, atrial tachycardia; PV, Pulmonary vein; PVI,
pulmonary vein isolation.
Fig. 14.6 Intracardiac echocardiographic image of the esophagus
behind the left atrial posterior wall.

following the procedure. Most of these asymptomatic effusions can be
managed conservatively.
PVI involves extensive burning near the esophagus, and atrial-
esophageal fistulas can present in the weeks following ablation.
Although exceedingly rare, they are frequently fatal; therefore prevention and early diagnosis/treatment (surgical repair) are important
to reduce mortality. During ablation, temperature monitoring as well
as limitation of the duration of energy delivery when ablating in the
posterior aspect of the LA (down to the CS) is vital to avoid excessive
heating of the esophagus. A short course of prophylactic proton pump
inhibitors and sucralfate can be prescribed. During follow-up, patient
and physician awareness is the key. Patients should be instructed to
immediately contact the electrophysiology service if fever, chest pain,
neurologic symptoms, dysphagia, hematemesis, or melena occur.
Thermal injury can also result in phrenic nerve (PN) injury. This
can be right sided when ablating in the right superior PV or performing
isolation of the superior vena cava (SVC), or left sided when ablating
inside the LAA. To prevent PN injury, it is important to avoid ablation
inside the PVs or LAA, and to perform PN mapping when isolating the
SVC. Patients with PN paralysis are usually asymptomatic, but they can
present with dyspnea on exertion. There is no treatment, but the condition is usually transient, so observation is all that is needed. Dyspnea,
with or without cough or hemoptysis, is also a presenting symptom of
severe PV stenosis, which is a rare occurrence after true PVI, because

RF energy is not delivered ostial or inside the PVs. PV stenosis is diagnosed with CT imaging, and if severe or symptomatic might require
intervention (venoplasty and stenting).
To reduce periprocedural thromboembolic events, the procedure
should be performed under uninterrupted oral anticoagulation and
heparin administered transseptal access with goal ACT 350 seconds or
more. To prevent air embolism, transseptal sheaths should be continuously flushed with 2 to 4 mL per minute of heparinized-saline using
pressure bags set at 300 to 400 mm Hg.

DIFFICULT CASES
Sometimes it is challenging to confirm entrance block for the presence
of far-field electrograms caused by adjacent structures, such as the right
atrium (RA) and LA for the right pulmonary veins, the SVC for the right
superior pulmonary vein, the LA for the left pulmonary veins, or the LAA
for the left superior pulmonary vein.38 In these instances, pacing from the
structure believed to be the origin of the far-field potential is useful to distinguish a local pulmonary vein potential and avoid unnecessary ablation.
For example, when LAA far-field is suspected (Fig.14.9A), it is important
to compare the electrograms recorded by the CMC in sinus rhythm with
those during pacing from the LAA. In sinus rhythm, there is simultaneous
activation of the LAA and pulmonary veins, with signal overlap. With pacing within the LAA, the local electrograms are advanced and merge with
the pacing artifact (Fig. 14.9B), whereas if pulmonary vein potentials are
present, they are relatively delayed because of decremental conduction at
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Fig. 14.7 Dissociated firing in the left superior pulmonary vein.
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Fig. 14.8 Electrical silence in the left atrial posterior wall.
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the left atrial-pulmonary vein junction (Fig. 14.9C). Other common problems encountered during PVI and their solutions are listed in Table 14.2.

MECHANISMS OF ARRHYTHMIA RECURRENCE
AFTER PVI
Reconnection of the PVs represents the dominant mechanism of arrhythmia recurrence after PVI. Observational studies reporting the findings
at repeat procedures in patients who already had PVI showed a prevalence of PV reconnection ranging from 80% to 100%.39 The mechanisms
underlying PV reconnection have not been fully elucidated; however,
the delivery of nonpermanent lesions at the time of the index procedure
with subsequent recovery of conduction after a transient phase of reversible tissue injury, along with inflammation and edema, has been claimed
as the dominant mechanism underlying PV reconnection.40
Despite persistent PVI, a subset of patients still continues to experience recurrent arrhythmia.41 The reasons underlying such a lack of
sustained response to PVI are still unclear, although the occurrence of
triggers outside the PV region has been shown to play an important role
in numerous observational studies.42 Of note, non-PV triggers are more
prevalent in patients with nonparoxysmal AF, female gender, obesity,
sleep apnea, older age, low left ventricular ejection fraction, severe left
atrial scarring, hypertrophic cardiomyopathy, and mechanical mitral
valve (Table 14.3). In these patients, we target non-PV triggers at the
time of the first procedure.41,43–51 Typically, non-PV triggers cluster in
specific regions such as other thoracic veins (SVC, coronary sinus [CS],
vein of Marshall), the LA posterior wall, crista terminalis, interatrial
septum, and the LAA. In our center, we use high-dose isoproterenol
infusion (20–30 μg per minute for 10–15 minutes) to induce latent
non-PV triggers. Mapping non-PV triggers is guided by multiple catheters positioned along both the RA and LA (Fig. 14.10): a 10-pole CMC
in the left superior PV recording the far-field LAA activity, the ablation
catheter in the right superior PV that records the far-field interatrial
septum, and a 20-pole catheter with electrodes spanning from the SVC,
RA/crista terminalis to the CS. With this simple catheter setup, when
focal ectopic atrial activity is observed (a single ectopic beat is enough),
their activation sequence is compared with that of sinus rhythm, allowing quick identification of their area of origin:
• beats originating from the RA: earliest activation in the proximal
duo-decapolar catheter; the specific activation sequence varies
depending on the site of origin, resembling that of sinus rhythm for
ectopies originating from the SVC (Fig. 14.11)
• beats originating from the interatrial septum area: both the CS and
proximal duo-decapolar catheter are early, usually preceded by the
far-field atrial activity recorded with the ablation catheter (Fig. 14.12)
• beats originating from the CS: earliest activation in the distal
duo-decapolar catheter (Fig. 14.13)
• beats originating from the LAA: far-field activity in the CMC is
early, preceding that recorded in the distal CS (Fig. 14.14)
For significant non-PV triggers (repetitive isolated beats, focal
atrial tachycardias, or beats triggering AF/atrial flutter–AFL), a more
detailed activation mapping is performed in the area of origin. A
detailed description of the ablation strategy for non-PV triggers goes
beyond the scope of this chapter, but briefly significant non-PV trigger
are targeted with focal ablation, exceptions being the triggers originating from the SVC, LAA, or CS, in which case complete isolation of
these structures is the ablation strategy of choice.

POSTPROCEDURAL CARE AND FOLLOW-UP
A proper postprocedural management and follow-up is crucial for all
patients undergoing PVI. In our institution all patients undergo strict

monitoring for outcome and complications during overnight hospital
stay. Ideally, patients should be given an event recorder for 3 months
up to 1 year and asked to transmit their rhythm regularly, both at the
time of symptoms and at least once a week if asymptomatic.52 Moreover, all patients present for follow-up 3 to 4 months after the ablation,
and 7-day Holter are obtained every 3 months for 1 year. We typically
do not change the patient’s antiarrhythmic regimen during the first
2 to 3 months, with the decision to discontinue, continue, or change
antiarrhythmic drugs depending on the arrhythmia burden thereafter. Anticoagulation is continued in all patients for at least 3 months,
whereas the decision to discontinue oral anticoagulation thereafter is
taken on an individual basis, and it depends the patient’s thromboembolic and bleeding risk as well as the success of the procedure (assessed
with intense ECG monitoring). Patients with low thromboembolic risk
(CHA2DS2-VASc/CHADS2 score = 0) can be comfortably taken off oral
anticoagulation after 3 months. The long-term stroke risk of patients
with a higher thromboembolic risk following PVI ablation is not well
studied, but those with lower risk and without recurrence of AF may
be considered for discontinuation. In our center, we follow a standard,
uniform, and validated protocol.53 In brief, oral anticoagulation is discontinued, regardless of the thromboembolic risk, if patients do not
experience any recurrence of atrial tachyarrhythmias, severe PV stenosis (PV narrowing >70%), or severe LA mechanical dysfunction, as
assessed by transthoracic echocardiography. Patients with a CHADS2
score 1 or higher experiencing early recurrence of AF are maintained
on oral anticoagulation for at least 6 months. In these patients, warfarin
is discontinued if there is no AF recurrence without antiarrhythmic
drugs. In case of new AF recurrence in patients with a CHADS2 score 1
or higher, oral anticoagulation is restarted.

BALLOON-BASED TECHNOLOGIES FOR PVI
Balloon-based ablation technologies have been developed with the aim
of achieving PVI in shorter time (single-shot ostial PV isolation) and
minimizing the operator dependency on manual procedures. Owing
to the overall dismal results with PVI only in nonparoxysmal patients,
balloon-based technologies should be recommended mostly in patients
with paroxysmal AF.

Cryoballoon Ablation
The cryoablation balloon catheter (cryoballoon [CB]) has been evaluated quite extensively in clinical studies, equivalent to RF ablation in
terms of efficacy and safety in patients with drug-refractory paroxysmal AF.54–56
The CB is a noncompliant balloon available in two diameter sizes
(23 and 28 mm), using nitrous oxide (N2O) as refrigerant. The currently
available second-generation CB (Arctic Front Advance, Medtronic,
Minneapolis, MN) was designed to achieve more homogeneous cooling of the distal balloon hemisphere, as compared with just the equatorial surface of the first-generation CB (Arctic Front). Compared with
standard PVI, one transseptal puncture is sufficient, and it should be
performed low and relatively anterior to facilitate positioning and
complete occlusion of the low PVs. The CB is advanced at the ostium
of each PV with the aid of stiff wire or a dedicated mapping catheter
(Achieve) to prevent trauma from the CB tip. Once inflated, occlusion
is confirmed with angiography or ICE, and cryoablation is initiated;
with the new generation CB, it is possible to achieve PVI within a few
cryoablations (usually 240–300 seconds per vein, one to three times).
The most common complication is PN palsy, for which continuous PN pacing is recommended during cryoablation in the right
PVs. Of note, although persistent PN palsy is relatively common
(around 8% of cases), it usually resolves after a few months, with a
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Fig. 14.9 How to distinguish far-field from the left atrial appendage (LAA); pacing from the LAA.

TABLE 14.2
Central venous
access

CS cannulation

Troubleshooting the Difficult Cases of Pulmonary Vein Isolation

Problem

Cause

Solution

Difficult access; vascular
complications

Inability to obtain venous access; inadvertent
arterial or lung puncture
Arterial line for continuous systemic pressure
monitoring

Real-time US guided access
ICE/US to monitor for intracardiac and vascular
complications

Difficult CS cannulation from the
femoral vein; failure to achieve
catheter stability/sufficient depth

Prominent eustachian valve; tortuous/steep
CS course

Superior access (right internal jugular vein > left
axillary/antecubital vein); real-time imaging of
the CS os with ICE deflectable catheter

Transseptal
access

Cardiac tamponade; aortic root
puncture; inability to obtain
transseptal access

Inadvertent puncture posterior/anterior to the fossa
ovalis
Inadvertent puncture of the LA posterior/lateral
wall because of an aneurysmal interatrial septum;
inability to obtain transseptal access because of
a thick septum (for example, s/p cardiac surgery,
ASD repair, lipomatous hypertrophy)

Real-time ICE guided transseptal access
Radiofrequency transseptal needle

Catheter
manipulation

Difficult catheter manipulation,
inadequate contact in the posterior
aspect of the PVs/PW

Anterior transseptal puncture; single transseptal
puncture

Double posterior transseptal puncture (i.e.,
obtain access while visualizing the PVs on ICE)

PVI

Inability to obtain PVI

Low power; inadequate contact
Esophageal heating
Electrical break through difficult to identify
Misclassification of far-field activity

High power (40–45W); contact force sensing
ablation catheter; real-time visualization of the
ablation catheter–tissue contact with ICE; gen
eral anesthesia steerable transseptal sheath;
Short-lived (5–10s), high-power (40W), medium
contact (5–10g) lesions
Cardioversion (if patient in AF); pacing from the
CS (for the left-sided PVs)
Differential pacing

ASD, atrial septal defect; CS, coronary sinus; ICE, intracardiac echocardiography; LA, left atrium; PV, pulmonary veins; PVI, pulmonary vein isolation;
PW, left atrial posterior wall; US, ultrasound.

CHAPTER 14

Pulmonary Vein Isolation for Atrial Fibrillation

Subset of Patients with Higher
Prevalence of Nonpulmonary Vein Triggers
TABLE 14.3

Nonparoxysmal AF
Female gender
Older age
Obesity
Sleep apnea

NON-PV TRIGGERS
Low LVEF
Severe LA scarring
Hypertrophic
Cardiomyopathy
Mechanical mitral valve

AF, atrial fibrillation; LA, left atrium; LVEF, left ventricular ejection
fraction; PV, pulmonary vein.
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with drug-refractory paroxysmal AF.62,63 As with cryoballoon ablation, PN and esophageal injury along with PV stenosis are possible
complications.63–65

Radiofrequency-Balloon Ablation
The RF-balloon catheter (Hot Balloon Catheter, Hayama Arrhythmia
Institute, Kanagawa, Japan) employs a compliant balloon (25–35 mm
inflation diameter) filled with a saline/contrast solution. After positioning the balloon at the level the PV ostium with the aid of a stiff wire, the
balloon is inflated to occlude the PV and a central coil electrode delivers RF energy to the solution. The solution is heated uniformly 70°C to
75°C via a mixing system that creates turbulent flow, and the balloon
surface heats the PV wall circumferentially through direct conductive
heating. This technology has been used to successfully treat patients
with paroxysmal AF, with the main reported complications being PV
stenosis, PN, and esophageal injury.66–68

MULTIELECTRODE ABLATION CATHETERS

Fig. 14.10 Catheter setup to assess the origin of atrial ectopic activity
during isoproterenol challenge: green, proximal duo-decapolar catheter
(crista terminalis); blue, distal duo-decapolar catheter; pink, ablation
catheter (right superior pulmonary vein > far-field interatrial septum);
yellow, circular mapping catheter (left superior pulmonary vein > farfield left atrial appendage).

low rate of permanent injury (≤0.5%).57 Although rare, esophageal
inflammation and fistulas have been reported with this technology;
therefore routine esophageal temperature monitoring should be performed.58,59 Other less frequent complications include PV stenosis,
and bronchial inflammation/fistula.57,60,61 (See Chapter 15 for more
details.)

Multielectrode ablation catheters deliver unipolar or bipolar RF
energy from multiple electrodes. These systems aim to reduce
procedural times by allowing faster mapping and easier/less
operator-dependent RF delivery. Early studies with nonirrigated
and irrigated multielectrode circular catheter (PV ablation catheter
[PVAC], Medtronic Ablation Frontiers, Carlsbad, CA; nMARQ,
Biosense Webster) have reported good success rates at short-term
follow-up.69–71 The first one developed is PVAC, a 10-pole PV ablation catheter capable to deliver unipolar and bipolar RF energy. The
major limitation of PVAC is the lack of an available irrigation platform and electrode–tissue contact feedback. Of note, some studies
have reported an increased risk of cerebral thromboembolism (incidence of up to 35%–40%).72–74 This can be reduced with the systematic implementation of three procedural protocols: (1) ablation
under oral anticoagulation (with an intraprocedural target activated
clotting time >350 seconds), (2) submerged loading of the catheter
into the introducer before sheath insertion to minimize air ingress,
and (3) deactivation of either the distal or proximal electrode of the
circular ablation catheter to prevent bipolar radiofrequency interaction.75 The circular ablation catheter nMARQ has 10 open-irrigated
electrodes and an impedance-based feedback on electrode–tissue
contact for optimal RF delivery; moreover, it is compatible with the
CARTO 3 system, allowing more precise antral ablation. Despite irrigation, there is a high incidence of silent cerebral embolism when
using high-energy bipolar RF or with overlapping of electrodes.76
Moreover, a high incidence of esophageal lesions and occurrence of
atrioesophageal fistulas have been reported with the nMARQ catheter, which can be prevented by reducing RF time and power when
ablating in the posterior wall.77,78

Laser-balloon Ablation

FORCE-SENSING TECHNOLOGIES

The balloon-based laser ablation system (HeartLight, CardioFocus,
Marlborough, MA) uses a deuterium oxide (D2O)-filled compliant
balloon (25–32 mm inflation diameter) to deliver light energy to
perform PVI. Unique to this technology is the presence of a 2 F fiber
optic endoscope at the proximal end of the balloon, allowing PVI
under direct visualization. Once the balloon is inflated, the 980-nm
laser emits energy at 5.5 to 12 W per cm with a 30 degree arc, which
can be rotated allowing for overlapping lesions around the PV ostium.
Higher energy levels are used along the anterior wall, whereas lower
levels are used in the posterior aspect of the PVs. Laser-based balloon
ablation appears to be noninferior to RF and cryoablation in patients

Open-irrigation catheters with contact force feedback contain sensors
that provide real-time information on the catheter–tissue contact, an
important determinant of RF lesion size. To date, there are two commercially available contact force ablation catheters: TactiCath Quartz
(Abbott-St. Jude Medical) and ThermoCool SmartTouch (Biosense
Webster), using fiber-optic and spring microdeformation technology,
respectively (Fig. 14.15). Achieving optimal contact force results in
effective RF energy delivery and lesion formation; thus it is not surprising that contact force sensing ablation catheters have been shown to
increase the efficacy of PVI in multiple randomized and nonrandomized studies.79–83
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Fig. 14.11 Premature atrial beat from the superior vena cava triggering atrial fibrillation. ABL, ablation catheter;
CR, Crista; CS, coronary sinus; Ls, circular mapping catheter.

I
II
aVF
V1
CR 9,10
CR 7,8
CR 5,6
CR 3,4
CR 1,2
CS 9,10
CS 7,8
CS 5,6
CS 3,4
CS 1,2
ABL
ABL d
Ls 1,2
Ls 2,3
Ls 3,4
Ls 4,5
Ls 5,6
Ls 6,7
Ls 7,8
Ls 8,9
Ls 9,10

Fig. 14.12 Premature atrial beat from the interatrial septum. ABL, ablation catheter; CR, Crista; CS, coronary
sinus; Ls, circular mapping catheter.
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Fig. 14.13 Premature atrial beat from the mid-coronary sinus. ABL, ablation catheter; CR, Crista; CS, coronary
sinus; Ls, circular mapping catheter.
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Fig. 14.14 Premature atrial beat from the superior vena cava. ABL, ablation catheter; CR, Crista; CS, coronary
sinus; Ls, circular mapping catheter.
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Fig. 14.15 Schematics of the two types of commercially available contact force catheters: left, electromagnetic (SmartTouch); right, fiber-optic (TactiCath Quartz). (From Bourier F, Gianni C, Dare M, et al. Fiberoptic
contact-force sensing electrophysiological catheters: How precise is the technology? J Cardiovasc Electrophysiol. 2017;28:109–114. With permission.)

   C O N C L U S I O N
PVI remains the cornerstone of catheter-based therapies for AF.
Over the years the PVI technique has undergone profound evolution; multiple clinical studies have been designed and conducted
to evaluate the best ablation approach. Current guidelines recommend a wide antral PVI with confirmation of electrical isolation with a circular mapping catheter. This approach has been
demonstrated to optimize clinical success and minimize the risk of

procedure-related complications. Available ablation tools for PVI
are imperfect, and PV reconnection following a single PVI procedure still represents a major mechanism of recurrent arrhythmia after ablation. Ongoing research is evaluating novel ablation
tools with the aim of reducing the operator dependency of PVI
procedures, minimizing complications, and increasing the rate of
permanent PVI.
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Videos
Video 14.1 Intracardiac echocardiographic view showing a transseptal
puncture.
Video 14.2 Intracardiac echocardiographic view of the left atrium, panning from the mitral valve to the right pulmonary veins.
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Video 14.3 Small pericardial effusion as shown on intracardiac echocardiographic (left ventricle and right ventricle)

15
Pulmonary Vein Isolation by
Cryoballoon Catheter
Wilber W. Su

KEY POINTS
Mapping
• Pulmonary vein antral positioning of the cryoballoon with
proximal-seal method
• Pulmonary vein potential recording for time-to-isolation with
Achieve Mapping Catheter
• Postablation voltage map (optional)
Ablation Targets
• Pulmonary vein antral modification and pulmonary vein isolation
Special Equipment
• Cryoballoon ablation system: Flexcath Advance Cryoballoon

INTRODUCTION
Electrical isolation of the pulmonary veins (PVs) via antral modification has been established as the foundation of treatment for both
paroxysmal and persistent atrial fibrillation (AF). Traditional focal
ablation used to isolate the PVs is highly technically dependent as it
requires maintenance of stable, point-by-point catheter–tissue contact,
is associated with a prolonged learning curve, and has a known complication profile that may be difficult to control.1–3 Unlike traditional focal
ablation, cryoballoon ablation achieves wide antral PV modification
with predictable, homogeneous, and large-area contact. Cryoballoon
ablation has been demonstrated to be both effective for AF therapy and
reproducible among a vast group of operators.4,5 The unique, histologic pattern of the cryolesion created by the cryoballoon has also been
demonstrated to be advantageous; evidence suggests it preserves tissue
architecture and therefore may reduce the incidence of complications
such as thromboembolic phenomena.6
Low rates of complications such as pulmonary vein stenosis,
phrenic nerve injury, atrial-esophageal (AE) fistula, stroke, and even
death have been reported among operators of varying experience with
a total of over 310,000 cases worldwide to date.7 The complications
associated with cryoballoon ablation are dependent on dosing and
technical acumen. Availability of progressive generations of the cryoballoon and mapping tools along with refined technique and dosing
norms have improved both success and complication rates of cryoballoon ablation.7–9

PREPROCEDURAL CONSIDERATIONS
Patients undergoing cryoballoon ablation have several considerations
to make in their peri-procedural medical management of AF. Antiarrhythmic medications should be stopped at five half-lives before the
procedure to avoid masking potential AF triggers. Anticoagulation

• Circular Achieve mapping catheter
• Optional intracardiac echocardiogram for transseptal
Sources of Difficulty
• Common ostium will need segmental ablation for durable
isolation
• Narrow and ovoid antrum with poor occlusion will need
segmental ablation
• Phrenic nerve and esophageal proximity
• Cryoballoon dosing with time-to-effect monitoring

management is determined on a patient-by-patient basis to balance the
risks and benefits to each individual. In general, anticoagulation should
be continued for patients with a CHADSVASC score of 2 or above, and
patients at a high risk of thromboembolic events should have preprocedural anticoagulation longer than 30 days. A preprocedural evaluation
with either transesophageal echocardiogram or intracardiac ultrasound to rule out left atrial thrombus is a prudent precaution in AF
patients undergoing catheter ablation.
Either cardiac magnetic resonance imaging or computed tomography scan imaging of the left atria has been routine in many centers;
however, cryoballoon can be amenable to variable PV anatomies and
can be successfully used without preprocedural imaging if the operator is comfortable with the anatomy. The requirement for additional
focal touch-ups following cryoballoon ablation has been minimal since
the introduction of the second generation cryoballoon, Arctic Front
Advance.10–12

CRYOBALLOON ABLATION PROCEDURE
Cryoballoon ablation tools and familiarity of its operations should
be reviewed by all supportive staff before the cases. Itemization of
required and commonly used tools is summarized in Table 15.1.
(Video 15.1)

Sedation and Anesthesia Considerations
The minimally invasive nature of cryoablation allows for minimal procedural related patient discomfort. Whereas most centers in United
States perform the procedure under general anesthesia, most Asian
and European centers perform the full procedure with minimal or
no sedation. Patients without deep or general anesthesia have been
noted to more frequently express a vaso-vagal response after the left
superior PV thawing phase.13,14 Because 3-dimensional mapping is
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TABLE 15.1

Catheter Ablation of Atrial Fibrillation

Cryoballoon Ablation Tools

Arctic Front Advance 28-mm cryoballoon (23-mm cryoballoon if
all PV <15 mm)
Flexcath Advance deflectable sheath
Achieve mapping catheter 20 mm (15 mm Achieve if PV <
15 mm)
Contrast agent and injection manifold
Pacing catheter for right phrenic nerve and right ventricle
Optional: 14 F dilator for femoral access, intracardiac echocardiogram

RA

LA

PV, Pulmonary vein.

also optional during cryoballoon procedures, potential patient motion
throughout the procedure that would otherwise compromise positional references is less of a concern and is not a motivating factor to
use general anesthesia. Further, Foley catheterization is not necessary
because of the relatively short procedure time and lack of saline irrigation compared with that of radiofrequency ablation. If general anesthesia is used, it is critical to note that paralytics should be avoided
during the procedure to allow for phrenic nerve pacing during rightsided PV ablation.

MV

Fig. 15.1 Intracardiac echocardiogram view of the transseptal puncture
at a more anterior and inferior site of the atrial septum. Here the Flexcath
Advance is introduced through the inferior limbus (arrow) to reduce the
possibility of iatrogenic atrial septal defect. LA, Left atrium; MV, Mitral
Valve; RA, right atrium.

Access
Cryoballoon access through the right femoral vein is typically preferred because of its proximity to the operator. Cryoballoon access is
obtained via the Flexcath Advance, which has a 12 F inner diameter
and a 14.5 F outer diameter. There is a noticeable step up between
the dilator and the sheath caused by the reinforced sheath tip, which
allows balloon retraction without deformation. This may be a point of
hang-up in introducing the balloon through the femoral access and
transseptal passage. Therefore sheath-exchange posttransseptal access
dilatation with a 14 F short dilator or sheath is required. At least one
additional femoral vein access is necessary for phrenic nerve monitoring with pacing, as well as backup pacing in the right ventricle in the
event of a vagal response. Access for intracardiac ultrasound may be
placed first for preoperative assessment. Therapeutic anticoagulation
is recommended after femoral vein access and pretransseptal access
via a heparin bolus with a target activated clotting time of 350 to 400
seconds or according to the operator’s convention similar to that of the
radiofrequency ablation.

Transseptal Access
Careful placement of the transseptal access point maximizes the
mechanical advantage of the catheter. A low and anterior transseptal
puncture at the lower limbus of the septum is optimal (Fig. 15.1). In
addition to the mechanical advantage, the tissue of the intraatrial septum is more fibrous at the thinner portion versus the limbus region,
which is more muscular. This difference in tissue architecture eases
the ability to puncture through the septum even though it is a slightly
thicker portion of interatrial septum. Tissue characteristics at this location likely contribute to healing and may diminish the development of
iatrogenic atrial septal defect.14,15 Initial transseptal accesses can typically be obtained with SL1 as it is used to direct toward the left superior
PV. A Mullins sheath along with needle reshaping with a larger curve
are advantageous to direct toward the more anterior and inferior portions of the septum.15
Exchange of the Flexcath Advance is accomplished with an extrastiff guidewire, preferably stationed at the left superior PV. However, if
a significant amount of resistance is encountered during the passage
of the Flexcath Advance, repositioning the guidewire with a deflection of the sheath toward the right superior PV may be allow for a

straighter passage; this maneuver is useful for more difficult septal
punctures caused by a thick, fibrotic, or previously accessed septum.
Predilatation of the septum using just the dilator from the Flexcath
Advance may reduce resistance during the initial passage of the sheath.
In addition, twisting or rotational motion will aid in the passage of the
step-up portion between the dilator and the sheath. Postinsertion of
the Flexcath Advance sheath, the dilator should be removed slowly. To
fully flush the sheath, the side-arm is opened while the valve is covered
with the left thumb. Vigorous tapping of the handle will help release
small, trapped air at the level of the side-arm and the valve while it is
open. The side-arm flow rate should be kept low (less than 5 mL per
minute) to avoid the Venturi-effect at the valve during the insertion of
the cryoballoon.
The cryoballoon is prepared per the manufacturer’s recommendation, immersing the balloon folds underwater and sliding the
introducer over the balloon folds to remove luminal fold air. The
Achieve mapping wire should be used to monitor time-to-isolation
(TTI), which enables appropriate dosing of cryoballoon ablation
time and will be discussed in detail in the dosing section. As the
cryoballoon is advanced into the sheath, care should be taken to
avoid the introduction of air and bending of the cryoballoon. The
Achieve should lead the advancement of the cryoballoon. To aid in
localization, the end of the sheath is indicated by an initial white
marker-band on the cryoballoon catheter. Exposure of the second
white marker-band denotes when the full cryoballoon is extended
beyond the sheath.

CRYOBALLOON MANEUVERS
Cryoballoon procedural techniques are primarily governed by safety
and secondarily to maximize success. This section discusses maneuvers generally and is followed by cryoballoon dosing details and
means to minimize procedural complications. It should be noted
from the onset that in its present form, the cryoballoon is noncompliant and comes in both a 23-mm and 28-mm round cross-section.
Most operators will find that the second generation cryoballoon, Arctic Front Advance, 28-mm size works well for nearly all patients. Most
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Fig. 15.2 Segmental isolation of a more ovoid pulmonary vein (PV) to achieve circumferential PV isolation with
wide-area antral modification. (A) Cryoballoon with upper tilt and engagement in Left Anterior Oblique (LAO)
view and venogram. (B) resultant voltage map of upper tilt engagement. (C) Cryoballoon with lower tilt and
engagement in LAO view. (D) Voltage map after the addition of the lower cryoballoon engagement to create a
wide area circumferential lesion.

PVs may be engaged with the cryoballoon for full-occlusion, and a
wide area of PV antrum can be modified at once. However, because
of the noncompliant nature of the cryoballoon and the more ovoid
shape of the PV antrum, a mismatch of contact area is possible. Some
of the PVs are simply unable to be engaged in a single-ablation manner. Indeed, the more ovoid a PV cross-section, the more likely it is
necessary to perform segmental isolation by positioning one ablation
toward the superior arc of the PV, and an additional ablation directed
toward the inferior antrum, as shown in Fig. 15.2. The resultant antral
modification has a closer resemblance to the typically intended wide
area circumferential ablation around each of the PV antrum than a
single ablation approach.
In general, cryoballoon ablation differs from that of typical catheter
ablation in that most of the maneuvers depend on the sheath to define
the angle of engagement rather than the cryoballoon itself. The maneuvers required to access each individual pulmonary vein are divided into
ten steps. (1) Access the PV using Achieve (ideally the lower branch of
the PV for the inferior PV); (2) inflate the cryoballoon within the left
atria to avoid PV injury; (3) engage the PV antrum and attempt to maximize cryoballoon-antrum contact. Sheath angulation and direction
should be optimized to allow coaxial mechanical support. Orthogonal
fluoroscopy view can aid in the assessment of sheath coaxial alignment;
(4) reposition the Achieve catheter to ensure PV signal monitoring to
optimize dosing and to predict ablation success. The retro-deflection
of the Achieve is likely required for optimal PV signal recording; (5)

contrast injection or intracardiac echocardiogram (ICE) evaluation to
minimize leak/optimize cryoballoon-PV engagement. It is important to
note that not all PVs can be occluded because of an ovoid cross-sectional
shape of the PV; (6) if the PV is completely occluded, as determined by
contrast injection, relax forward motion and if possible pull-back the
cryoballoon until contrast leak is seen around the true antrum. This
step is critical and will ensure the cryoballoon is not deeply seated inside
the PV (Fig. 15.3); (7) initiate ablation for approximately 3 seconds to
allow the cryoballoon to enlarge and increase in pressure before advancing the balloon toward the antrum for optimal ostial engagement; (8)
some operators may find it useful to check for leaks again during this
final engagement with ICE or additional contrast injection within the
first 10 seconds of ablation before the lumen is frozen; (9) pacing of the
phrenic nerve should be performed during both right superior PV and
right inferior PV ablation. The right phrenic nerve is reliably located at
the junction of the superior vena cava and the right subclavian vein. The
general techniques for the cryoballoon maneuver are summarized in
Table 15.2.
Although inflation of the cryoballoon within the PV is not recommended, the inflation pressure without ablation is low and is unlikely
to cause injury. However, ablation within the PV should never be performed; cryoballoon ablation within the PV is the likely cause of PV
stenosis with mechanical trauma and increases risk of collateral tissue
damage such as lung and phrenic injury. Avoidance of deep seating the
cryoballoon is particularly important in the right superior PV because
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Fig. 15.3 Pull back method to assess the location of pulmonary vein antrum. (A) Contrast venogram revealing
good cryoballoon occlusion of the pulmonary vein. However, ablation at this point will yield a deeper lesion
than intended. (B) Cryoballoon is pulled back to observe contrast leak on intracardiac ultrasound to identify
the pulmonary vein antrum. Ablation should then be initiated for 2 to 3 seconds to increase the cryoballoon
pressure before reengaging the balloon at the antrum at the ostium.

TABLE 15.2

Cryoballoon Technique Key Points

Steps in Pulmonary Vein Isolation Using Cryoballoon
1.	Transseptal access at an anterior and inferior location
2.	Select and access pulmonary vein with Achieve mapping catheter
3.	Cryoballoon inflation in the left atria
4.	Engagement of cryoballoon with the pulmonary vein antrum
5.	Contrast injection to assess occlusion using “proximal-seal method”
6.	Adjust Achieve mapping catheter to record pulmonary vein electrogram
7.	Begin ablation with cryoballoon, record time-to-isolation
8.	Dose cryoballoon appropriately, monitor for collateral injury with phrenic nerve in right-sided pulmonary vein. Esophageal temperature monitoring
9.	Segmental isolation of the pulmonary vein antrum may be necessary for anatomically challenged antrum
10.	Assessment of pulmonary vein isolation and antral modification postablation

of proximity to the phrenic nerve. Risk of phrenic nerve injury can be
reduced by diligent placement of the cryoballoon at the antrum of the
PVs with the maneuver described earlier.14
Maneuvering the cryoballoon after ablation initiation should be
avoided to prevent tissue injury. It is important to understand the limitations of maneuvers such as the “pull-down” method. In this method,
the superior part of the cryoballoon is allowed to freeze for the first 60
seconds, which is followed by pulling down the cryoballoon to engage
or seal off the inferior part of the PV. Although this maneuver often
seems successful, one must understand the inherent risk of mechanical trauma that damages the PV. Further, in this method a layer of ice
forms on the surface of the cryoballoon and acts as an insulator when
the cryoballoon is pulled down preventing an effective ablation along
the inferior PV. The inferior portion of the PV ablated during the pulldown will often be acutely isolated or injured, but it is often noted to
recover upon follow-up. The appropriate way to ablate a PV antrum
without a complete seal is to perform segmental ablation with the cryoballoon at two different angles: a superior ostium engaged ablation followed by an inferior ostium engaged ablation. The segmental approach
is described in more detail in a later section. After initial cryoablation,
the thawing process can be slow. The operator should not move the
balloon catheter until the catheter temperature reading reaches 35ºC to
avoid tissue trauma with residually frozen tissue.

PHRENIC NERVE PRESERVATION
Right phrenic nerve injury has been one of the most commonly reported
complications in cryoballoon ablation, and it is caused by either ablation near the phrenic nerve deeper inside the PV or not monitoring the
status of the phrenic nerve diligently.5,14,16 Most experienced operators

have reported significantly lower incidences of phrenic nerve injury
when using the proximal-seal method described earlier, and simply by
increasing the distance between the cryoballoon to the phrenic nerve,
injury is much less likely to occur. However, because of the proximity
of the phrenic nerve, monitoring diligently is required regardless of
the balloon position.14,16 Immediate termination of the cryoablation
will ensure a more rapid return of the phrenic nerve function when a
reduction in output is detected.
Various methods of phrenic monitoring have been studied. It is
most important to actively pace the right phrenic nerve during the
right superior PV and right inferior PV ablation. If paralytic was
administered during the anesthesia induction, sufficient time is needed
to allow the recovery of the phrenic nerve before the ablation of rightsided PV for adequate monitoring. Consistent and stable phrenic capture for pacing is often found at the junction of the superior vena cava
to the right subclavian. Pacing cycle length of 1000 to 2000 ms is recommended depending on the signal stability and respiratory variation
during the capture. Direct palpation by placing the left hand on the
patient’s abdomen can detect cyclical changes in the strength of the
phrenic capture. Typically, phrenic nerve paralysis progresses rapidly
during cryoballoon ablation, and rapid detection of the decrement
in diaphragm contraction is critical for immediate return of phrenic
nerve function.14
Other methods of phrenic nerve monitoring have been described,
from intracardiac echocardiogram to monitor hepatic/diaphragmatic
contraction, to fetal ultrasound for an audible warning.17 One of the
methods used to increase the sensitivity of early phrenic nerve injury
detection is the use of compound motor action potential, and use of
this technique has been reported to decrease the incidence of phrenic
nerve injury to less than 1.5%.18,19,21
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Troubleshooting Difficult Cases

Problem

Causes

Solution

Inability to record TTI

Achieve mapping catheter deep inside the PV

Manipulation and pull-back of the Achieve Mapping toward front of the balloon
or repositioning of the cryoballoon to allow the Achieve recording catheter

Inability to occlude PV

Mismatch of ovoid antrum to the round cryoballoon

Segmental isolation of the PV antrum instead of single freeze isolation

Long TTI

Poor or partial cryoballoon-PV contact

Assess area of poorer contact and perform segmental approach ablation to cover
circumferentially

Recurrent AF

Extra PV triggers

Need for repeat mapping and ablation of extra-PV AF causes

AF, Atrial fibrillation; PV, pulmonary vein; TTI, time-to-isolation.

When phrenic nerve injury is suspected, immediate termination
of the ablation should be performed. Some operators have suggested
rapid termination of the freeze by using a “double stop” technique for
immediate cryoballoon deflation. This technique has been considered
safe without adverse events.20 Reevaluation of the cryoballoon position
should be done to ensure that a proximal-seal technique is performed
to increase the distance between the balloon and the phrenic nerve at
repeat ablation. If phrenic nerve recovery is not seen, repeat ablation
should not be performed. Postprocedure inspiratory and expiratory
chest X-ray should be performed to establish the baseline of the phrenic
nerve injury.14 A summary of difficulties that may be encountered
during the procedure and its possible solution is listed in Table 15.3.

CRYOBALLOON DOSING
Dosing: Background of First Versus Second-Generation
Cryoballoon
Cryoballoon dosing is perhaps the most evolved operator technique
since the introduction of the cryoballoon; it is directly related to procedural success and importantly, collateral injury and complications.
Therefore this is perhaps the most important section of the cryoballoon
chapter and will be discussed in detail.
Cryothermal ablation to drive cellular death depends on a rapid
rate of tissue temperature reduction, a critical nadir tissue temperature
for an adequate duration, and enhanced injury has been demonstrated
with repeated freeze-refreeze cycling.22 The cryoballoon is designed to
provide a continuous, circumferential PV lesion/isolation via refrigerant delivery at the anterior portion of the cryoballoon. The firstgeneration cryoballoon (Arctic Front, Medtronic Inc., Minneapolis, MN) was introduced in 2006 with a recommended dosing of 240
seconds, which was derived from original evidence with the 4-mm
focal ablation catheter to create a permanent lesion. Using this dosing scheme, the STOP AF trial (NCT00523978) was designed to allow
the use of 23- and/or 28-mm cryoballoon along with 8-mm focal ablation for possible touch-up for the treatment of paroxysmal AF, and the
study reported a 12-month clinical success of 69.9% versus 7.3% with
antiarrhythmic drug use.5
Although the first-generation cryoballoon created adequate lesions
at the four coldest points equidistant along the cryoballoon equator,
where there was uncontacted area with PV antrum gaps may have
been observed. This limitation made PV anatomic variations challenging. In response, some operators increased ablation time to try to
compensate for the areas that were not adequately frozen. There were
reports of ablation durations up to 300 seconds or more, and repeated
ablations were performed. Two reports of AE fistulas were potentially associated with this increased dosing time beyond the original
recommendation. Improvements to the first-generation cryoballoon
that led to the release of the second-generation cryoballoon (Arctic

Front Advance, Medtronic Inc., Minneapolis, MN) included increased
refrigerant spray from four to eight ports that covered the entire front
half of the cryoballoon hemisphere. The change in design facilitated
PV antrum engagement with the cryoballoon’s coldest surface and
resulted in a more reliable circumferential lesion.11 With the transition from the first to the second-generation cryoballoon (Arctic Front
Advance, Medtronic), initial dosing recommendations remained at 240
seconds with repeated ablation similar to that of the first-generation
cryoballoon. The second-generation cryoballoon has improved refrigerant delivery and therefore an improved ability to circumferentially
isolate PVs with anatomic variations compared with that of the firstgeneration cryoballoon.23 A comparative analysis between the first- and
second-generation cryoballoons has corroborated enhanced circumferential lesion with the second generation cryoballoon following a
single 240 second ablation in a canine model.11 An improved rate of
temperature drop, nadir temperature, prolonged thaw, and the ability
to isolate PVs even with off-center engagement using the second generation cryoballoon were immediately observed. However, an increase
in collateral damage accompanied these improvements including lung
injury, which manifested as coughing and hemoptysis and, importantly,
an increased incidence of AE fistula.24–27 Because of the increase in collateral injuries, an early consensus of experienced users recommended
a reduction of ablation time from 240 to 180 seconds while maintaining consistent circumferential pulmonary vein isolation (PVI).14
Controllable factors that influence dosing of the cryoballoon include
(1) cryoballoon-PV contact and location; (2) ablation time; (3) repeat
ablation time and location. Feedback during the ablation is also used to
determine dosing, which includes (1) time-to-isolation; (2) nadir temperature of the return gas; (3) collateral temperature and effects such
as the phrenic nerve and esophageal temperature. All of the aforementioned are important considerations of cryoballoon dosing to achieve
the optimal balance between procedural success and minimizing complications.14,28 The following sections will detail each of the individual
feedback parameters observed during cryoballoon ablation to improve
the user’s understanding on its impact on safety and outcome.

Dosing: Cryoballoon-Pulmonary Vein Contact
Cryoballoon thermal transfer is largely dependent on the contact of
the cryoballoon with the intended PV antrum. Traditionally, the cryoballoon central lumen accommodates a guidewire or the Achieve
circular mapping catheter and facilitates contrast injection to assess
cryoballoon-PV engagement.14 The “proximal-seal method” should
always be used to engage the PV-antrum (previously described in the
technique section [see Fig. 15.3]) to ensure an antral location of the
cryoballoon, which minimizes collateral injury to the lung as well as
the phrenic nerve during right-sided PV ablation.
Cryoballoon-PV contact is certainly an important component of
energy transfer to create a permanent lesion. When incomplete contact is observed with contrast leak, an incomplete lesion is expected. It
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A

B
Fig. 15.4 (A) Canine pathology study demonstrating circumferential lesion with circumferential contact. (B)
Canine pathology study demonstrating less circumferential lesion with a portion of the pulmonary vein with
poorer contact (6–9 o’clock portion).

is critical to note that although complete occlusion can make a single
cryoballoon ablation possible, anatomic variability often makes it difficult to achieve perfect contact with every PV. The cross-section of
the noncompliant cryoballoon is circular, whereas the PV antrum is
frequently ovoid; therefore a single-freeze only approach to achieve
complete, circumferential lesion at every PV is not currently feasible. When the cryoballoon-PV antrum engagement is axial, a nearly
perfect wide area circumferential lesion can be created (Fig. 15.4A).
However, when the PV antrum is ovoid, the cryoballoon-PV antrum
engagement is off-axis and a more “tear-drop” like lesion is created (see
Fig. 15.4B). Although both lesions may create acute PVI, antral modification (which may be an important part of substrate modification
and a more permanent PVI) may be improved with segmental ablation
with a second cryoballoon lesion placed in the opposite direction of PV
engagement (see Fig. 15.2).14

Dosing: Ablation Duration
Studies initially examined the reduction of dosing from 240 seconds
with a 240 seconds refreeze (“bonus freeze” or “freeze-thaw-freeze”)
to a single freeze with the 28-mm second-generation cryoballoon, and
reported that a single freeze acutely isolated over 99% (176 of 177 PV)
of the PVs investigated with 82% (36/44) of patients free from AF.29
At the time of repeat ablation, five of 11 PVs (45%) that were initially
ablated using single freeze strategy were reconnected compared with
no reconnected PVs in the bonus-freeze treated group. Another study
investigated a single 240-second ablation in 59 patients compared with
139 patients who received a bonus freeze, and reported that four out of
188 PVs (2%) in the single freeze cohort had dormant conduction.30
No clinically significant differences in terms of procedural differences
or freedom from AF were identified between the two groups.30 Notably, TTI was not tracked in these studies to better evaluate PVI physiology, nor was a single-freeze technique expected to result in 100% PVI
in anatomically challenged PV antrum that prevents perfect contact
with the cryoballoon; it is expected that a segmental approach using
the cryoballoon for complete PVI would have been resulted in better
efficacy in ovoid PV antrums. A bonus freeze as a standard of cryoballoon ablation may not necessarily produce a significant additive benefit
if the cryoballoon positioning is identical in the two freezes; however,
there may be benefits to a bonus freeze if the cryoballoon is repositioned to alter cryoballoon-PV antrum contact on the second freeze.
The absolute duration of ablation required to produce a transmural
lesion has been reported in limited clinical trials. The use of 180 seconds
instead of the initially recommended 240 seconds with the second
generation cryoballoon did not reveal any significant clinical outcome
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37°C

Ablation Start

20°C

Incomplete
Lesion
Electrical
Effect/
Reversible
Injury
TTE observed

-30°C

Transmural
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As soon as
TTE+60 or
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Collateral
Injury!

>120180s

Fig. 15.5 Cryoballoon dosing, correlating observation of time-toisolation/time-to-effect (TTE) to tissue temperature and permanence of
lesion creation.

differences.31,32 Studies investigating a single, 180-second ablation have
reported acute PVI in 94% of patients with 80% of patients free from
AF at 1 year.33 These findings were corroborated by Miyazaki et al. who
delivered a 180-second, single ablation in 54 patients and assessed 217
PVs. They reported 1.3 ablations were needed per PV except for common PVs and ultimately 82% of patients were free from AF.34
As clinical evidence accumulated, dosing duration evolved from
over 240 seconds with a bonus freeze to 180 seconds with the possibility
of foregoing a bonus freeze without poorer long-term outcomes.29–32,34
Adequate lesion formation at the cryoballoon-PV interface is typically
reliable, and additional assessment of other feedback parameters discussed will together ensure a reliable PVI.

Dosing: Time-to-Isolation
Use of the Achieve (Medtronic Inc., Minneapolis, MN) to assess realtime, acute physiology of PVI (TTI or TTE for time-to-effect) is likely
the strongest predictor of permanent isolation of the PVs.14 TTI is
the only direct physiologic indication of the extent of circumferential
lesion; knowledge of TTI during a 180-second ablation will help to
differentiate whether an additional ablation is unnecessary or whether
that PV is at risk for reconnection. TTI gives the operator insight into
when the tissue temperature likely has reached the target of less than
-30°C for about 30 seconds, to achieve permanent irreversible tissue
ablation (Fig. 15.5). Live monitoring of TTI is also useful to differentiate near versus far-field signals; far-field signals appear as a sharper
and higher frequency on the larger-spaced electrode Achieve, which is
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Fig. 15.6 Optimal Achieve position is demonstrated in Fig. 15.3. Note
that the Achieve mapping catheter is reflected back toward the cryoballoon to record pulmonary vein isolation time-to-isolation.

often mistaken by operators as a lack of PVI and can lead to an unnecessary, additional ablation and increased risk of collateral injury.
From a canine dosing study to human procedural experiences,
evidence supports that the shorter the TTI, the better the outcome
and permanence of PVI.20,23,32,33,35 Techniques to measure TTI are
important, and TTI has been recorded in as high as more than 90%
of ablations in experienced centers. Achieve has also been used as an
anchoring wire by operators who feel it is important for stability; however, many physicians suggest that the stability of the cryoballoon is
more dependent on the position, angle, and stability of the Flexcath
Advance Sheath. The ideal position of the Achieve to record TTI is with
it retroflexed toward the surface of the cryoballoon (Fig. 15.6).
The significance of TTI was exemplified in a canine dosing study.
This study reported that with a TTI smaller than 30 seconds and a total
ablation time as short as 75 seconds, the Arctic Front Advance was able
to create permanent PVI evidenced by histopathology at 30 days.36
This canine study also confirmed that the initial reduction of cryoballoon dosing from 240 to 180 seconds was adequate, and suggested that
even shorter ablation times were adequate when the TTI was less than
30 seconds. Conversely, a TTI greater than 90 seconds with an additional 180 second ablation is generally unable to permanently isolate
the vein even though initial acute isolation was observed.36 Therefore it
is not recommended to increase ablation time in an ablation with long
TTI, but rather the cryoballoon–tissue contact should be modified in
the subsequent ablation.
Human clinical data also supports the use of TTI to assess permanence of PVI; a TTI greater than 60 seconds has been correlated to
poorer PVI.32,33,35 Cinconte et al. examined the permanence of PVI in
212 patients, of which 41 patients experienced AF recurrence. Of the
patients who experienced AF recurrence, 29/41 underwent a repeat
ablation, which revealed 1.25 PV reconnections per patient. A TTI
greater than 60 seconds was an independent predictor of PV reconnection in this cohort. Further, TTI was longer in reconnected PVs
versus PVs that remained isolated (71.4 ± 18.8 vs. 42.3 ± 27.2 seconds,
respectively; P <.001).33 A TTI ≤60 seconds predicted long-term PVI
with 86.7% sensitivity and 86.2% specificity.33 Aryana et al. examined
71 patients with 111 PVs reconnected (1.56 PV per patient) and
reported that reconnected PVs had a longer TTI compared with isolated PVs (67.6 ± 19.7 vs. 39.1 ± 11.7 seconds, respectively; P <.001).
Multivariate analysis demonstrated that a TTI ≤60 seconds predicted
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durable PVI (83.3% sensitivity and 83.2% specificity; P <.001).35
Ciconte et al. also examined 143 consecutive patients treated with
cryoballoon ablation with a mean follow-up of 12.1 ± 4.4 months and
reported that 80.4% of patients were AF free. In this study, TTI was
also found to be a predictor of arrhythmia recurrences (P = .02), and
that a TTI ≤40 seconds trended toward no recurrence (90% sensitivity
and 81% specificity).32 Consistent with what is reported in other studies, longer TTI predicted AF recurrence; every additional 10 seconds
required for PVI increased the risk of recurrence by 1.3 times (95%
confidence interval [CI], 1.21–1.34; P <.01).32
Titration of ablation time based on TTI versus standard 240 seconds
freeze-thaw-freeze was tested in the ICE-T trial, where 100 patients were
randomized 1:1 using a TTI dosing protocol. TTI was observed in 79% of
the total PVIs, and a TTI cut off of ≤75 seconds was used to define where
a repeated freeze was not administered. A single freeze was administered
in 88% of the treated PVs. Therefore fewer ablation applications were
reported in the TTI-guided group compared with the control group
(5 ± 1 vs. 8 ± 1; P <.001). Despite the reduction of cryo applications, there
was no statistical difference in recurrence at 12 months (82% in control
group vs. 88% in TTI-guided group, Log-rank P = .804).37 Multivariate
statistical analysis determined that TTI predicted AF recurrence (P =
.011) and that a mean TTI ≥43 seconds predicted recurrent arrhythmias
with 77% sensitivity and 74% specificity.22 There were no differences in
complication rates between the two groups (P = .06).37
A prospective study using TTI as a guide to shorten ablation times and
guide bonus freeze applications enrolled 355 patients in the TTI group
compared with 400 control patients who underwent cryoablation using
a conventional, nonstandardized approach. This study reported that the
TTI dosing protocol was associated with shorter (149 ± 34 vs. 226 ± 46
seconds; P <.001) and fewer (1.7 ± 0.8 vs. 2.9 ± 0.8 applications; P <.001)
ablations, as well as reduced total ablation time (16 ± 5 vs. 40 ±14 minutes;
P<0.001), fluoroscopy time (13 ± 6 vs. 29 ± 13 minutes; P <.001), left
atrial dwell time (51 ± 14 vs. 118 ± 25 minutes; P <.001), and total procedure time (84 ± 23 vs. 145 ± 49 minutes; P <.001). Not surprisingly,
the nadir balloon temperature (-47 ± 8 vs. -48 ± 6°C; P =.41) and thaw
times (43 ± 27 vs. 45 ± 19 seconds; P = .09) were not significantly different between the TTI-guided versus standard approach.38 Complications
such as persistent phrenic nerve injury (0.6% vs. 1.2%; P = .33) and overall adverse events remained similar as did the 12-month freedom from
all atrial arrhythmia recurrence between the TTI-guided versus control
group, respectively (82.5% vs. 78.3%; P =.14). At the time of re-do procedure for recurrent arrhythmias, there were significantly fewer PV reconnections in the TTI-guided group (5.0% vs. 18.5%; P <.001).38
It is also important to again emphasize that the cryoballoon is noncompliant and circular. Anatomic variations of the PVs will not allow
100% PV occlusion with the cryoballoon, and a segmental ablation
approach may be necessary. If the initial ablation did not achieve 100%
occlusion and a short TTI was not observed, the initial ablation should
still be continued to ablate the PV antrum in contact with the balloon
and a second ablation should be performed to segmentally isolate the
PV. In these circumstances, the initial ablation will likely create a PV
delay, and the second ablation with different cryoballoon-PV engagement will complete the PVI and short TTI will still likely predict the
permanence of PVI.

Dosing: Ablation Temperature
The cryoablation-console displays temperature during ablation that can
be used to predict a successful ablation by depicting significant freezing/energy transfer. It is essential to understand that the temperature
displayed on the console is neither the tissue temperature nor the interphase. Rather, the displayed temperature is the temperature of the return
gas via a thermocouple located toward the back of the cryoballoon. As
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the refrigerant exits the nozzle it sprays directly to the front hemisphere
of the cryoballoon and should have a temperature of about -80°C as it
evaporates. After the gas is warmed by contact with the target tissue, the
temperature of the return gas is displayed by the console and typically has
a nadir reading between -35°C to -60°C during ablation. Multiple variables influence the temperature displayed, including collateral warming
from the ipsilateral vein, area in contact with the antrum, angulation of
the sensor inside the cryoballoon, and tissue heat sink. Therefore a temperature reading that is low is likely truly low. However, a temperature
reading that is higher does not necessarily indicate a poor ablation; a
short TTI can be observed with a warmer temperature.
The creation of irreversible cryothermal injury requires a temperature
below -30°C to be reached at a rapid rate.22 Investigation of nadir temperatures during ablation using the second-generation cryoballoon have
reported that nadir temperature was not an independent predictor of PV
reconnection by multivariate analysis, and that a temperature colder than
-51°C predicted durable PVI with only 67% sensitivity and 60% specificity.39 Studies have demonstrated that a colder nadir temperature typically
trends to predicting a durable PVI, the temperature difference between a
successful and unsuccessful PVI was not significant.35,40 Although some
studies have reported that the rate of temperature drop can be predictive
of a successful PVI, rapid drops in temperature have clearly been observed
when the cryoballoon is more deeply seated within the PV, which does
not result in an ideal PV antral modification. Instead, an ideal PVI temperature profile may have a slower rate of drop in temperature, which may
denote a wider-area PV antral ablation and ultimate in a rapid TTI and a
lower nadir temperature. When TTI is unavailable, the nadir temperature
during ablation may be of some value.33,35,39,41,42 In general, a very cold
ablation corresponds with high rates of PVI and possible overablation, but
collateral warming (e.g., from ipsilateral PV flow) may warm the return
refrigerant and falsely lead the operator to believe that ablation is not adequate. Compared with that of TTI aforementioned, temperature should
not be used in isolation to inform dosing except to inform the decision to
terminate the ablation if the nadir temperature reaches below -55°C and to
stop the ablation when the temperature drops below -60°C.14

Dosing: Postablation Rewarming
A prolonged postablation rewarming time is also predictive of a durable
PVI.22,35,39 However, it is also important to understand that the converse, a
shorter rewarming time, may not always indicate a poor PVI. Several factors, including collateral warming, play a role in the rewarming time. Some
studies have reported that absence of a prolonged thaw time from -30°C
to 15°C is predictive of AF recurrence, and further that when the thaw
time was ≤25 seconds, it predicted AF recurrence with 70% sensitivity and
69% specificity.39 By contrast, a thaw time ≥67 seconds was associated with
a durable PVI.39 Similarly, a separate study recorded thaw time from the
nadir to 0°C in 71/112 patients in whom 111/435 PVs were reconnected.
In this study, they report that the thaw time was significantly longer in
PVs that remained isolated (14.8 ± 10.9 vs. 7.1 ± 2.0 seconds; P <.001).35
Further it was observed that TTI ≤60 seconds and a thaw time to 0°C ≥
10 seconds were the sole predictors of durable PVI. When both short TTI
and longer thaw time were seen, there was a <0.9% risk of long-term PV
reconnection versus both a long TTI and a short thaw time that was associated with a 75% likelihood for PV reconnection.35 Therefore consideration
of a prolonged thaw time can be substituted for TTI when it cannot be
observed, and it may inform the operator to avoid an immediate, consecutive ablation when thaw time is prolonged.

Dosing: Safety Considerations
The most important considerations of a dosing strategy are to minimize
collateral injury and maximize patient safety. Unlike radiofrequency
that produces both conductive and resistive heating, cryothermal

ablation uses only conductive cooling. Safety considerations and best
practices involve cryoballoon positioning, patient anatomy, temperature, dosing, and proximity to collateral structures. AE fistula is a
rare complication of AF ablation,24–26 and cryoablation can produce
deep enough lesions to injure the esophagus if it is not properly monitored.43,44 AE fistula has been the most devastating complication of
ablation and with proper technique should be avoidable.
Luminal esophageal temperature (LET) monitoring is the primary
method to prevent AE fistula, but it is not without flaw. As the distance from thermocouple increases from the coldest tissue, the actual
temperature drops significantly and may not clearly reflect the coldest
point in the esophagus. Despite the shortcomings, when the LET is
observed to be low, a true-positive reading is important. Several studies have reported acceptable LETs by luminal esophageal probe and
together have recommended a cut off temperature range of no lower
than 10°C to 15°C to minimize esophageal injury.43–46
Esophageal erosion and the relationship to LET during cryoballoon ablation was examined by Fürnkranz et al. in 32 patients who
were treated with a 28-mm second-generation cryoballoon using
two consecutive 240 seconds ablations. In this cohort, ablation was
only terminated because of phrenic nerve injury or an LET less than
5°C. The investigators found no significant correlation between
balloon nadir temperature and esophageal nadir temperature.43 A
subsequent esophageal scope was performed after the procedure
(mean= 2 ± 1 days), and esophageal lesions were observed in 19%
(6/32) of patients.43 Esophageal lesions were found in patients with
LETs during ablation that were significantly lower than patients
without lesions (0.3°C ± 8.9°C versus 22.3°C ± 8.3°C, respectively).43
Therefore it was reported that LET below 12°C predicted an esophageal lesion with 100% sensitivity and 92% specificity (negative predictive value=100% and positive predictive value=71%).43 Metzner
et al. also evaluated 50 patients during use of a 28-mm secondgeneration balloon with bonus freeze protocol, and LETs lower than
0°C were observed in six separate cryoapplications in five patients
(range -1.5°C to -14.0°C) during ablation of the left inferior PV.44
Esophageal examination performed after the procedure (mean= 2
± 1 days) identified a thermal lesion (N=1) or ulcerations (N=5) in
12% (6/50) of patients.44 All patients that presented with an esophageal thermal injury had a luminal LET below 2.9°C in at least one
cryoapplication (range= -2.9°C to -14.0°C).44 No esophageal thermal injury was detected if all LETs were ≥ 3.0°C.44 It is important to
note that the LET often did not reduce significantly until after 180
seconds of ablation, or earlier with repeat freezing as esophageal
and surrounding soft-tissue rewarming is slower than that of the
atrial tissue. This supports the recommendation to not perform
consecutive lesions when the PV is in close proximity to the esophagus or when a reduction of LET is observed.

Dosing: Conclusion
Dosing techniques to reduce complications while maximizing outcome include 1) optimizing cryoballoon-PV antral contact while
using the proximal-seal method; 2) observing TTI to deliver the
lowest possible duration and number of ablations; 3) avoiding
consecutive ablation in the same location to allow collateral tissue
rewarming; 4) performing segmental PVI when necessary. Ablation should be terminated when the return gas temperature reading is at or below -55°C, and a reduction of the ablation time can
be considered when the TTI is less than 30 seconds. In addition,
careful monitoring of collateral tissue injury such as phrenic nerve
and esophageal temperature along with the above dosing practices
should be implemented to take full advantage of the physics of
cryoablation while maximizing safety.
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POSTPROCEDURE CARE

TABLE 15.4

Recovery

Potential Complications

Incidence

Postprocedural care varies depending on the sedation used and postprocedure team standard of care. In general, most physicians administer protamine to reverse heparinization before venous sheaths are
removed, and manual compression is applied. Several centers have
used closure of the access with a “Figure 8 stitch” with good success.
Overall complications from femoral access are no greater than that of
the prior radiofrequency experiences, despite the larger sheath used
in cryoballoon.8 If femoral arterial access has been obtained, the femoral arterial puncture may be closed with an Angioseal closure device
(St. Jude Medical, St. Paul, MN) when possible. Patients are advised to
lie flat for at least 3 to 4 hours after sheath removal. Should hemostasis
be maintained after 4 hours, oral anticoagulation with warfarin bridged
by low-molecular-weight heparin is recommenced until the international normalized ratio is above 2.0 or with a direct activating oral anticoagulant. All patients are typically observed for 6 hours or overnight
for observation and discharged. Some investigators reinitiate antiarrhythmic agents that were discontinued before the procedure, with a
plan to stop all antiarrhythmic agents after 1 to 3 months if the patient
remains free from AF. It is still recommended that a proton-pump
inhibitor be used for 30 days to reduce the risk of AE fistula. Avoiding large meals immediately after ablation may also reduce risk in rare
cases of gastroparesis.

Groin access complication: hematoma/arterialvenous fistula

1%–3%

Postprocedural Complications
Vascular access, procedural, and collateral injury such as to the phrenic
nerve or esophagus comprise the majority of possible complications
to monitor. The complication rates described are otherwise similar
to conventional AF ablation, including complications at sites of vascular access such as groin hematoma and arterial pseudoaneurysm.8
Atrial-esophageal fistulas have been described in patients undergoing
cryoablation, but since the reduction of dosing below 180 seconds, incidence has been below approximately 1 in 100,000. Avoidance of consecutive lesions and early termination of ablation using TTI or nadir
temperature has prevented AE fistula to date. However, early recognition of such complications is critical to saving a patient’s life, as early
intervention appears to be the only remedy. Low incidence of cerebrovascular events was reported in large studies such as the Fire and Ice
Trial, where two patients had stroke or transient ischemic events in
both the cryoablation arm and the radiofrequency ablation arm out
of 374 and 376 patients, respectively. In this trial, whereas ten patients
had phrenic nerve injury at discharge, only two and one patients had
phrenic nerve injury at 3 and 12 months, respectively.8 Injury to the
right phrenic nerve can be minimized by our protocol: exclusive use of
the 28-mm cryoballoon and most importantly, use of the proximal-seal
method. Phrenic nerve palsy often does not require supportive care, as
patients are rarely highly symptomatic at rest. All cases of right phrenic
nerve palsy in several trials are known to resolve, and it has been rare
for phrenic nerve palsy to be persistent when cryoablation is terminated early. The list of potential complications is summarized in Table
15.4, and are considerations throughout the procedure and can be minimized with proper cryoballoon techniques and dosing considerations.

Follow-Up
Routine follow-up is carried out per center’s preferences and
adherence to the Heart Rhythm Society recommendations. Clinic
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List of Potential Complications

Phrenic nerve paralysis (transient vs. persistent) 1%–8% vs. <1%
Pulmonary vein stenosis

<1%

Hemoptysis or bronchial complication

<1%

Gastroparesis

<1%

Stroke/transient ischemic attack

<1%

Cardiac tamponade or pericardial effusion

<1%

Atrial-esophageal fistula

<0.003%

visits with repeated 24-hour Holter or 7-day monitoring as well as
event recorders are important to document procedural outcomes.
Recurrence is defined as any documented episode of AF or atrial
tachycardia (either symptomatic or asymptomatic) lasting for more
than 30 seconds. Current guidelines indicate that patients with
CHADSVASC2 scores of greater than 2 should be maintained on
anticoagulation.

REPEAT ABLATION
Cryoballoon ablation has improved clinical outcomes and the quality
of the life for patients suffering from AF.8 Different challenges and considerations for a repeat ablation after the index cryoballoon ablation
need to be weighed carefully, as most of the PV antrum is likely isolated during an index procedure that followed appropriate dosing and
cryoballoon technique. Therefore the repeat ablation toolset should not
include cryoballoon, but rather preferentially use irrigated radiofrequency ablation for extra-PV sites and lines for the treatment of mappable arrhythmias. However, studies that target complex fractionated
electrogram have not been able to definitively demonstrate positive
outcomes. A 3-month waiting period is still observed postcryoballoon
ablation.47–50

   C O N C L U S I O N
Cryoballoon ablation is a safe and more predictable toolset to generate a reliable large-area PV antral modification for the treatment AF.
Its reproducibility amongst a wide range of operators have made it
an easier technology to adopt with a shorter learning curve and consistent outcome. Understanding of the science of cryoballoon technology has been an ongoing discovery process since its launch, and
its best-practice continues to be improved. To improve outcome and
to minimize potential complications, technical and dosing recommendations were discussed in detail—access technique, transseptal
cryoballoon maneuvers, dosing, and avoidance of complications. The
use of cryoballoon beyond paroxysmal and early-persistent AF have
also been recognized, and some limited data for use in long-standing
persistent AF and its use to modify extra-PV targets have had initial
success. Future design improvements in cryoballoon, including modifications of size, compliance, cryothermal transfer, and improve balloon PV antrum contact, are already underway to improve the safety
and reliability of the procedure.
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Video
Video 15.1 Complete cryoballoon ablation case from groin access to all
pulmonary vein isolation with commentary using intracardiac echocardiogram and 3-dimensional mapping system.
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Ablation of Nonpulmonary Vein Triggers
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Hee-Soon Park, Jaemin Shim, Jong-Il Choi

KEY POINTS
• N
 onpulmonary vein (non-PV) “triggers” can be identified in 10%
to 33% of unselected patients with atrial fibrillation (AF).
• Compared with paroxysmal AF, the incidence of non-PV foci is
higher in patients with persistent AF.
• Ablation of non-PV triggers is also important for patients with
persistent AF and for those patients who undergo repeat ablation
procedures in whom all PVs are found to be isolated.
• Accurate mapping/localization of non-PV triggers is a prime step
and can be achieved with a systematic approach based on the

analysis of the P wave morphology, intraatrial activation patterns
at multipolar catheters in the standardized position of both atria,
and the earliest activation site with direct recording.
• Ablation should be targeted at a specific site of origin or isolation
of certain non-PV structures including superior vena cava,
coronary sinus, posterior wall of the left atrium, and left atrial
appendage.

  

INCIDENCE OF NONPULMONARY VEIN TRIGGERS
Most ectopic beats that trigger paroxysmal atrial fibrillation (AF) originate from pulmonary veins (PVs); therefore PV isolation (PVI) is an
established procedure.1,2 However, recurrences without reconnection
of PV have also been noted; thus many studies have demonstrated the
importance of non-PV foci.3,4 Non-PV “triggers” can be identified in
10% to 33% of unselected patients referred for catheter ablation of
AF.5–12 The prevalence of non-PV triggers in different studies varies
with the specific definition adopted, which ranges from repetitive atrial
premature depolarizations without definitive AF initiation to reproducibly triggering sustained AF.10–12 The incidence of non-PV foci is
higher in patients with persistent AF and coexisting medical conditions, including chronic lung disease, than in those with paroxysmal
AF.13 During redo ablation, non-PV triggers can be identified in nearly
half of the patients.14 Non-PV triggers can be provoked in patients
with both paroxysmal and more persistent forms of AF.7,12 In selected
patients with reproducible non-PV triggers and without provocative
PV triggers receiving high-dose isoproterenol (5–20 μg per minute),
elimination of only the non-PV triggers has resulted in elimination of
AF.3,8,15 Supraventricular tachycardias, such as atrioventricular (AV)
nodal reentry or accessory pathway–mediated AV reciprocating tachycardia, can also be identified in up to 4% of unselected patients referred
for AF ablation and can serve as a triggering mechanism for AF.15

known to be an extension of the PVs and becomes one of the important
non-PV trigger foci.20 Diseased human atria show low diastolic potential and altered cellular responses compared with normal atria.21 This
may account for abnormal automaticity or triggered activity arising
from the posterior free wall of the LA. The ligament of Marshall (LOM)
is a remnant of the left SVC that contains nerves, fibrous tissues, and
muscle bundles (Marshall bundles) that directly connect to the atrial
myocardium and coronary sinus (CS) muscle sleeves. Hwang et al.
reported that this could be a potential source of triggers and drivers
for AF, and catheter ablation of LOM is feasible and clinically useful.22
Myocardial fibers within the CS have also been reported to have triggered activity, which may serve either as a trigger for AF or as a part of
a reentrant circuit.23,24 The crista terminalis (CT) is an area of marked
anisotropy because of poor transverse cell-to-cell coupling, and such
anisotropy, by creating a region of slow conduction, favors the development of macro- or microreentry.25 In addition, the normal sinus
pacemaker complex is distributed along the long axis of the CT, which
contributes to the automaticity.26 The interatrial septum, particularly at
its muscular portion at the level of the fossa ovalis, has been reported
to be another potential trigger site for AF. More recently, frequent and
repetitive premature atrial depolarizations have been identified in the
LA appendage (LAA) in patients with more persistent AF, which have
been targeted by LAA isolation techniques.10,11

ORIGINS OF NONPULMONARY VEIN TRIGGERS

PROVOCATION AND MAPPING OF
NONPULMONARY VEIN TRIGGERS

Mapping studies of non-PV foci have demonstrated that triggers are
typically clustered in discrete anatomic regions that have been shown
to contain cardiomyocytes that can exhibit arrhythmogenic activity.16,17 The superior vena cava (SVC) contains an atrial muscle extension from the embryonic sinus venous tissue capable of spontaneous
ectopic activity and has been shown to be one of the most important
sites of non-PV triggers.18,19 The posterior wall of the left atrium (LA) is

Withholding of antiarrhythmic agents for five half-lives and withholding beta-blockers for at least 24 hours is important when a strategy of
searching for non-PV triggers is used. A typical protocol for initiating
non-PV triggers includes:
1. If the patient presents with AF, cardioversion is performed to restore
sinus rhythm (SR) and check for spontaneous AF reinitiation with
the specific aim of identifying postcardioversion AF triggers.
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12-lead ECG Trigger Localization
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RA II<III

LOM

LA III<II

Lat-Inf MA
III>II

Fig. 16.1 Suggested stepwise algorithm for localization of the origin of nonpulmonary vein (non-PV) triggers
of atrial fibrillation based on the P wave (PW) morphology of the 12-lead ECG. CS, Coronary sinus; CT, crista
terminalis; ECG, electrocardiogram; ER, Eustachian ridge; In, inferior; LA, left atrial; LAA, left atrial appendage;
Lat, lateral; LOM, ligament of Marshall; MA, mitral annulus; Med, medial; PW, P wave; RA, right atrial; RAA,
right atrial appendage; Sept, septal; SR, sinus rhythm; Sup, superior; TA, tricuspid annulus. (Modified from
Santangeli P, Marchlinski FE. Techniques for the provocation, localization, and ablation of non-pulmonary vein
triggers for atrial fibrillation. Heart Rhythm 2017;14(7):1087-1096.)

2. I f the presenting rhythm is SR or if AF is not spontaneously reinduced after cardioversion, the following protocol is performed: (1)
graded infusion of isoproterenol at up to 20 to 30 μg per minute
for at least 10 minutes is recommended; (2) if no effect is observed
with isoproterenol infusion, burst pacing for AF and then cardioversion during isoproterenol infusion (2–10 μg per minute) may
be considered. Pacing for AF induction is performed using 15-beat
drive train at an amplitude of 10 mA and a pulse width of 2 ms,
decrementing by 10 ms from 250 to 180 ms or failure to capture
with a 5-second pause between drives. Multiple cardioversions are
typically necessary to see reproducibility of immediate reinitiation
of AF postcardioversion.
3. Adenosine bolus (12–18 mg) or burst atrial pacing is used during
lower-dose isoproterenol infusion to attempt to identify repetitive
triggers after the drive train.
4. The end point of protocol to assess the effect of ablation for evaluating non-PV triggers is the inability to “trigger” AF with repeat
isoproterenol or adenosine infusion.
The approach used to map non-PV triggers includes analysis of the initiating P wave morphology on the 12-lead electrocardiogram (ECG),
analysis of the earliest endocardial site of activation at the multipolar
CS and CT/SVC catheters referenced to the P wave onset, and detailed
mapping of the origin outside the PVs by manipulating the circular
mapping catheter and the ablation catheter (Figs. 16.1–16.3)17,27 in the
LA and right atrium (RA).
Potentials from both SVC and right superior PV (RSPV) can be
recorded as far-field potentials rather than a local potential because the
two structures are close in proximity. Thus the positioning of a catheter in SVC is obligatory when the trigger from a right-sided PV is
evaluated.

After circumferential ablation of left-sided PVs, the potential
recorded on multielectrode catheter inside each of the correspondent
PVs should be evaluated to check whether PVs remain connected or
LOM potential is exposed. The pacing maneuver in different sites (LAA
and distal CS) is required to identify the presence of LOM potential. If
the potentials are caused by connection through LOM between LA and
CS epicardially, conduction delay can be observed in LAA pacing but
not in distal CS pacing (Figs. 16.4 and 16.5).
Catheters need to be moved to differentiate the site of interest. In
case of non-PV triggers near the CS ostium, the catheters have to move
into the septum of the RA and CS ostium to localize the trigger site.
Every effort should be made to prevent mechanical ectopy by confirming stable catheter position and to avoid manipulating the catheters
during induction of arrhythmias.

ABLATION OF NONPULMONARY VEIN TRIGGERS
Superior Vena Cava
The proximal SVC contains myocardium that connects to the RA, and
thus atrial excitation or sinus node impulses can propagate into the
SVC, and vice versa.28 SVC cardiomyocytes were found to have pacemaker activity, and the enhanced automaticity and after-depolarization
play a role in the arrhythmogenic activity of SVC.18,29
Typically, the P wave from the SVC will have a larger negative component in lead V1 than a right PV, which originates more posteriorly
(see Fig. 16.1).17 The SVC can be divided into three parts. The first part
extends from the junction of the right and left brachiocephalic veins to
the upper end of the right pulmonary artery. The second part involves
the SVC that is crossed posteriorly by the right pulmonary artery (i.e.,
from the upper border of the right pulmonary artery to the lower border

Ectopy initiating AF

∆ (HRA - HIS) interval > 0 ms

No

Yes

∆ (CSp-CSd) interval > 0 ms

SVC/CT
mapping

Yes

No

Earliest site shows
SVC potential inside
or at SVC ostium
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PV potential inside
or at R-PV ostium
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PV potential inside
or at L-PV ostium

No

Yes

No

No

Yes

Earliest site shows
PV potential followed
by LA potential
Non-SVC

SVC

Non-PV near
R-PV

Earliest site shows
LA potential followed
by PV potential

Earliest site
shows
LOM potential

Non-PV near
L-PV

LOM

R,L-PVs

Fig. 16.2 An algorithm for differential diagnosis of the nonpulmonary vein ectopy initiating atrial fibrillation
(AF) and reentrant-type AF. CSd, Distal portion of coronary sinus; CSp, proximal portion of coronary sinus; CT,
crista terminalis; HIS, His bundle area; HRA, high right atrium; LA, left atrium; LOM, ligament of Marshall;
L-PV, left pulmonary vein; R-PV, right pulmonary vein; SVC, superior vena cava. Δ (HRA–HIS) represents the
time interval from the high right atrial electrogram onset to the onset of the His atrial electrogram during sinus
beats minus the same interval measured during ectopic atrial activity. CSp–CSd represents the difference in
time of activation between the proximal and distal CS atrial electrograms during an ectopic atrial beat. (Modified from Higa S, Tai CT, Chen SA. Catheter ablation of atrial fibrillation originating from extrapulmonary vein
areas: Taipei approach. Heart Rhythm 2006;3(11):1386-1390.)
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Fig. 16.3 Fluoroscopic views illustrating the standard multielectrode catheter position for mapping triggers
(A, left anterior oblique 30-degree view and B, right anterior oblique 30-degree view). Anatomic relation
between the left atrium and the esophagus by barium swallowing is also illustrated. A quadripolar catheter is
positioned at the NCC for the reference of 3-dimensional mapping system (EnSite NavX/Velocity, Abbott-St.
Jude Inc). CS, Coronary sinus; Eso, esophagus; NCC, noncoronary cusp; RA, right atrium; RSPV, right superior pulmonary vein; SVC, superior vena cava.
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Balloon
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B
Fig. 16.4 Occlusive venography of coronary sinus (CS) to reveal vein of Marshall (VOM) between CS and
great cardiac vein (GCV) on right anterior oblique (A) and left anterior oblique (B) views. The ostium of VOM is
located at CS immediately distal to a balloon catheter and VOM noted between anterior aspect of left inferior
pulmonary vein (LIPV) ostium and mitral annulus.
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Fig. 16.5 Direct recording of ligament of Marshall (LOM) potential by a multielectrode catheter positioned
epicardially (A). After circumferential ablation of left-sided pulmonary veins, a discrete potential from LOM
is noted at epicardial catheter during sinus rhythm (B), from proximal to distal sequence. Pacing at different
sites (coronary sinus [CS], panel C and left atrial appendage [LAA], panel D) confirms the presence of LOM
potential. The conduction delay is observed in LAA pacing (D) but not in CS pacing (C). LOM potential is eliminated during delivery of radiofrequency at the ostium of vein of Marshall (E). EPIp, proximal electrodes of the
epicardial ablation catheter; GCV, great cardiac vein.

of the right pulmonary artery). The third part begins from the lower
end of the second part and extends to the site of the RA–SVC junction,
which is defined as the point below which the cylindrical SVC flares into
the RA (Fig. 16.6).8,30 The SVC-RA junction can be confirmed using an

SVC venogram, intracardiac echocardiography (ICE), and electrical signals. An SVC trigger displays the earliest activation from the muscular
sleeve of the SVC, followed by distal to proximal SVC electrograms and
atrial electrograms (Fig. 16.7). A differential diagnosis between SVC
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Second part

phrenic nerve injury. It is also advisable to monitor the right hemidiaphragm fluoroscopically during ablation. In contrast to wide-area PVI,
a segmental approach targeting the earliest breakthrough on the circular
mapping catheter in the SVC is most commonly used.

First part

Ao

Ao
S

S
PA

Third part

PA
SVC

Ao

Ao

PA

S
LA

Fig. 16.6 Coronal scout view of the superior caval vein. The measurements of the superior caval vein were performed after cross-sectioning
at the different levels of the superior caval vein. The cross-section of
the superior caval vein revealed an eccentric and nonround shape.
Ao, Aorta; LA, left atrium; PA, pulmonary artery; R-PA, right pulmonary
artery; S, superior caval vein. (Modified from Huang BH, Wu MH, Tsao
HM, et al. Morphology of the thoracic veins and left atrium in paroxysmal atrial fibrillation initiated by superior caval vein ectopy. J Cardiovasc
Electrophysiol. 2005;16(4):411-417.)

Crista Terminalis
Atrial triggers originating from the superior portion of the CT result
in similar P wave morphology and the intracardiac atrial activation
sequence, as in SVC or a RSPV trigger (see Figs. 16.1 and 16.2).17,27
The activation sequence of a trigger from the superior CT does not
display earliest activation at the distal poles of the SVC catheter, and
the activation sequence of the double potentials in the SVC region is
not reversed. Triggers from the inferior portion of the CT have early
activation at the more proximal poles of the CT catheter. The intracardiac activation for inferior CT triggers spreads centrifugally from the
more proximal poles of the CT catheter to the rest of the RA and CS
poles in a proximal to distal sequence. For AF patients with triggered
activity from the CT, a focal ablation targeting the earliest activation
of the ectopy is performed until the trigger is completely eliminated.
The CT trigger is usually located around the transverse gap in the
CT, which shows double potentials during SR. For patients who have
accompanying RA atypical flutter involving the transverse gap in the
CT, linear ablation is performed around the gap to eliminate the trigger
and to block transverse conduction through this gap.38 ICE is helpful to
clarify the anatomic relation between the CT and the catheter position
during ablation. Pacing at high output to delineate the course of the
right phrenic nerve is mandatory before applying RF energy in the CT
region, particularly along its mid-superior portion.17,38

Eustachian Ridge
The Eustachian ridge is the inferior continuation of the CT and is known
to have pacemaker cells, which can be a source of abnormal automaticity leading to atrial tachyarrhythmias including AF.17 Triggers from
the Eustachian ridge region have a P wave morphology and intracardiac
activation patterns that are similar to cavotricuspid isthmus–dependent
RA flutters, particularly when a prior cavotricuspid isthmus ablation line
has been performed (see Fig. 16.1). Catheter ablation at the Eustachian
ridge region can also be facilitated by direct imaging with ICE.

Coronary Sinus
triggers and triggers from nearby structures is challenging because of the
close anatomic proximity between the SVC and other structures, such
as the RSPV and the superior CT. In rare instances, a direct muscular
connection between the RSPV and the SVC can be demonstrated with
pacing maneuvers (i.e., intercaval bundle).31 In these cases, the distinction between a trigger from SVC and RSPV can be established only after
RSPV isolation (with entrance and exit block) is accomplished.
For AF patients with an SVC trigger, electrical isolation of the SVC
from the RA at the level of the RA–SVC junction is a preferable approach
to avoid recurrence and SVC stenosis. The end point is the electrical conduction block from the RA to the SVC (entrance block). The exit block of
the focal repetitive activity inside the SVC may be observed before and
after ablation.19,32 A 3-dimensional mapping system can facilitate the
electrical isolation of the SVC.3,8,30,33–37 The junction between the SVC
and the RA can be easily imaged with ICE to guide positioning of the
circular mapping catheter. When the circular mapping catheter is placed,
radiofrequency (RF) energy should be applied just proximally to the circular mapping catheter. When delivering RF energy to the anterolateral
SVC ostium, special caution is required. Increase in sinus node automaticity may be a warning sign of impending injury to the sinus node. It
is crucial to pace the distal electrode of the ablation catheter at a high
current level (minimum of 20 mA) to check the phrenic nerve stimulation before energy is delivered to the SVC or lateral RA wall to prevent

The muscular portion of the CS, which ends with insertion of the valve
of Vieussens, serves either as a trigger for AF or as a part of a reentrant
circuit.12,17 The vein of Marshall (VOM) terminates in the LOM and
inserts into the CS at the level of the valve of Vieussens. A CS trigger
can be identified from a multielectrode catheter inserted into the CS,
which needs to be differentiated from the LOM trigger, LAA, or mitral
annulus. A CS trigger is characterized by negative P waves in the inferior leads (II, III, and aVF) and biphasic/positive P wave in lead V1, flat
to negative P wave in lead V6 from CS ostial trigger or positive P wave
in lead V1, and negative P wave in leads V4-V5 from the body of the CS
(see Fig. 16.1).17 In patients with AF triggered from the CS, electrical
disconnection of the CS to the atrium by endocardial (from the LA) or
epicardial (within the CS) ablation, or both, is a preferable approach.
A circular catheter or 3D mapping system is useful for the ablation
procedure.25 The disappearance or isolation of the CS that triggers AF
is the end point.26 Irrigated RF energy is recommended for ablation
within the CS to allow for effective RF delivery and to minimize the
risk of impedance increases. In general, ablation within the CS is performed at 25 to 30 W, with temperature not exceeding 40ºC. When
ablating within the CS, close monitoring of the esophageal temperature
is needed, and the tip of the ablation catheter should be kept facing the
LA (posterior) aspect of the CS in the right anterior oblique projection,
to minimize the damage to the left circumflex artery.
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Fig. 16.7 Spontaneous initiation of atrial fibrillation originating from the superior vena cava (SVC). (A) Position
of multielectrode catheters at SVC and right superior pulmonary vein (RSPV), indicated by arrows. (B) Discrete
potential from SVC preceded the far-field atrial activities from RSPV. II, aVF and V1, Surface electrocardiographic leads; D, distal; CSd, distal coronary sinus; CSp, proximal coronary sinus.
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Fig. 16.8 Direct recording of vein of Marshall (VOM) using a multielectrode catheter during sustained atrial
fibrillation. Fractionated electrograms, indicated by a red box in panel B, were identified during atrial fibrillation.

Ligament of Marshall
The most reliable method to detect a trigger from the LOM is via direct
cannulation from the CS with a small multipolar catheter (Fig. 16.8).39
In the absence of direct recordings from the LOM, a LOM trigger is
suspected in the presence of (1) early activation in the mid-CS near the
ostium of the VOM; (2) relatively broad early endocardial activation in
the posterolateral LA between the mid-CS and the left inferior PV; and
(3) an early endocardial activation in the ridge between the LAA and
the left superior PV. P wave morphology analysis is unable to predict
a LOM trigger with adequate reliability, although some ECG criteria

have been suggested (see Fig. 16.1). In the presence of a LOM trigger,
complete electrical isolation of the LOM is the optimal ablation end
point. This could be achieved endocardially by targeting the perimitral area between the mitral annulus near the mid-CS and the anterior
antrum of the left PV.40 If the endocardial approach fails to eliminate
the LOM trigger, direct RF delivery near the VOM either within the CS
or using the epicardial approach is required to complete LOM isolation
(see Fig. 16.5 and Table 16.1). Recently, a technique for LOM ablation
using a direct ethanol injection in the VOM through an angioplasty
wire and balloon has been reported to be effective.39
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Katritsis et al.70
Polymeropoulos et

al.71

Results of Radiofrequency Catheter Ablation of Atrial Fibrillation Originating From the Ligament of Marshall
No. of
Patients

Mean
Age (y) by
Gender

Mapping
Tool

Mapping
Site

Ablation Sites
(No. of Patients)

10*

54.2 ± 9.4 (NA)

C

LA, CS

Ablation
Method

Multiple
Foci
Success

Complications

Recurrence

Follow-Up
(MO)

LA (4), CS (1), LA/CS (5) Focal

Yes

7 (70.0%)†

1 (10%)‡

NA

11 ± 5

1

66(F)

CARTO

LA, CS

LA

Focal

Yes

Yes

No

No

3

Lin et al.37

6

66 ± 13 (NA)

—

LA, CS

LSPV (6); ostium (5),
inside (1)

Focal

5 (83%)

3 (50.0%)

No

3 (50.0%)

NA

Hwang et al.72

21

43.2 ± 8.7
5(F) / 16(M)

Microelectrode

VOM

VOM insertion sites

Focal

Yes

18 (85.7%)

No

2 (11.1%)

19 ± 10

Kurotobi et al.73

11

NA

C

LA

Distal end of VOM
(LA posterior 5,
lateral 4, roof 2)

Focal

NA

11 (100%)

NA

NA

NA

Chang et al.2

20

51 ± 12 (M)

NavX

RA, LA

(15)

Focal

Yes

Yes

NA

70%

46 ± 23

20

53 ± 11 (M)

NavX

LA

LPV os, Posterolateral

Focal

Yes

Yes

No

NA

48 ± 23

Lo et

al.72

C, catheter electrode; CS, Coronary sinus; LA, left atrium; LPV os, left pulmonary vein ostium; LSPV, left superior pulmonary vein; PV, pulmonary vein; RA, right atrium; VOM, vein of Marshall.
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Interatrial Septum
The interatrial septum, particularly at its muscular portion at the level
of the fossa ovalis, is one of trigger sites for AF.41,42 ECGs of the septal
ectopy are characterized by (1) a P wave duration shorter than that
during the SR; (2) a biphasic P wave in lead V1 (predominantly positive
for left posteroseptal and predominantly negative for right anteroseptal); and (3) a negative P wave in the inferior leads for posteroseptal
triggers versus a biphasic or positive P wave for anteroseptal triggers
(see Fig. 16.1). Multielectrode catheters need to be positioned at the
interatrial septum when a septal trigger is suspected, and direct recording from the region of interest is crucial to identify the site of origin
(Fig. 16.9).
Focal ablation targeting the earliest activation is commonly used to
eliminate the trigger (Table 16.2). However, a septal trigger often recurs
after unipolar based RF ablation. Recently, bipolar ablation has been
reported to be effective for ectopy from interatrial septum that was not
previously eliminated using unipolar RF ablation in a case report (Fig.
16.10).43 Development of a better mapping technique and an effective
ablation strategy for interatrial septal triggers is warranted. Injury to
the AV node and His bundle should be avoided especially when RF
energy is delivered at the low septum.

Left and Right Atrial Appendage
The LAA triggers, which were previously underrecognized, has
recently been reported as a common origin of an AF trigger.44 The ECG
of LAA ectopy is characterized by a positive P wave in the inferior leads
(III greater than II and aVF), a negative wave in leads I and aVL, and

NCC
RA

LA septal
mapping
using a ring
catheter

CS

A

LAO30 degrees

II
aVF
V1
A ringshaped
catheter
at LA
septum

SR
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a biphasic or positive wave in lead V1 (see Fig. 16.1). The LAA triggers frequently originate from different regions inside the LAA, and a
direct recording using a circular mapping catheter at the antrum of the
LAA is needed to accurately identify a trigger site (Fig. 16.11). Triggers
from the LOM or the left PV should be differentiated when the earliest activation is identified at the posterior aspect of the LAA ostium,
whereas the earliest activation from the anterior aspect of the ostium
or from the LAA body may represent true LAA triggers.45 The majority of the LAA foci are observed with isoproterenol rather than with
adenosine.46,47 To avoid mechanical artifacts caused by direct catheter
placement within the LAA, especially while receiving high doses of isoproterenol, the circular mapping catheter should be positioned in the
left superior PV (LSPV) to record far-field potentials from the LAA
and then moved into the LAA only when a LAA trigger is reproducibly
initiated. When a LAA trigger has been localized, focal or circumferential isolation of the LAA is required (see Fig. 16.11). LAA isolation is
considered in patients with triggers from multiple sites in the LAA or
those with triggers that are difficult to localize, and when there are no
contraindications to long-term anticoagulation and/or LA occlusion
device is being considered.
RA appendage (RAA) triggers can initiate AF as well. An earlier
activation in the multipolar catheter positioned in the RA, as compared
with the activations in the CS or LA catheter, plus the ECG showing
a prominent negative P wave in lead V1 suggests a trigger from the
lateral RAA. Detailed mapping in the RAA is required for precise localization and effective ablation. Circumferential RAA ablation is considered when the focus is difficult to localize inside RAA (Fig. 16.12).

SR

SVC
Septal trigger initiated AF
HIS

SVC

CSp
NCC

RA

LA septal
trigger
Ablation
CS

B

LAO30 degrees

CSd

C

Fig. 16.9 Detailed mapping of the trigger from left atrial septum using a multielectrode catheter. A discrete potential indicated by an arrow followed
by fractionated atrial electrogram, which resulted in atrial fibrillation. AF; Atrial fibrillation; CS, coronary sinus; CSd, distal coronary sinus; CSp, proximal coronary sinus; LA, left atrium; LAO 30-degree, left anterior oblique 30-degree; NCC, noncoronary cusp; RA, right atrium; SR, sinus rhythm; SVC,
superior vena cava.
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Study

No. of
Patients

Mean Age (Y)
By Gender

Mapping
Tool

Mapping
Site

Ablation Sites
(No. of Patients)

Ablation
Method

Multiple
Foci

Success

Complications

Recurrence

Follow-Up
(MO)

Lin et al.37

1

66 ± 13 (NA)

—

LA, CS

IAS (1) Interatrial
septum

Focal

Yes

No

No

NA

NA

Chang et al.3

13

51±12(M)

NavX

RA, LA

IAS

Focal

Yes

Yes

NA

46.2%

46±23

Lo et al.74

13

53 ± 11 (M)

NavX

RA, LA

LA /CS

Focal

Yes

Yes

No

NA

48 ± 23

Mohanty
et al.75

15

60 ± 11 (M)

CARTO

RA, LA

Interatrial septum (15)

Focal

Yes

Yes

NA

NA

27 ± 5

CS, Coronary sinus; IAS, interatrial septum; LA, left atrium; RA, right atrium.
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D
Fig. 16.10 Atrial septal bipolar ablation. Upper panel (A and B): Anatomic shell of left atrium and right atrium
displaying catheter positions (solid white arrows) on either side of the septum. Lower panel (C and D): Fluoroscopic views of the catheter at the site of successful termination of atrial flutter. (Modified from Koruth
JS, Dukkipati S, Miller MA, et al. Bipolar irrigated radiofrequency ablation: a therapeutic option for refractory
intramural atrial and ventricular tachycardia circuits. Heart Rhythm 2012;9(12):1932-1941.)

Left Atrial Posterior Wall
Triggers from the LA posterior wall are best detected after PVI is accomplished. Using linear ablation for posterior wall isolation is important to
prevent the presence of gaps in the ablation line that may lead to reconnection of the whole posterior wall. To minimize this, it is important to
create multiple lines, especially in thicker myocardial areas.46 Following
posterior wall isolation, all patients are administered isoproterenol at
20 to 30 μg per minute for 10 to 15 minutes to induce latent non-PV

triggers. For AF patients with triggered activity from the LA posterior
wall, focal ablation of the earliest activation site is performed during
ectopy. If ectopy still remains, a posterior box ablation can be considered
to eliminate triggered activity from the LA posterior wall.48 The end
point is total elimination of the ectopy triggering AF or isolation of the
posterior wall. RF energy is restricted to less than 25 W at the posterior
LA, and the catheter should be moved approximately every 20 seconds
to avoid esophageal injury and consequent atrial-esophageal fistula.
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Fig. 16.11 Representative example illustrating left atrial appendage (LAA) electrical isolation resulted in termination of atrial fibrillation (AF). (A) Position of a lasso catheter inside left atrial appendage (LAA). (B) Snap shot
of 3-dimensional map showing circumferential ablation of LAA indicated by arrows. (C) AF termination with
LAA isolation during circumferential ablation. CS, Coronary sinus; RV, right ventricle.
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Fig. 16.12 Right atrial appendage (RAA) trigger initiated atrial fibrillation as shown in (A). A lasso catheter was
positioned inside RAA to identify the earliest activation (B). Ablation was performed in circumferential manner
as shown in (C). II, aVF and V1, Surface electrocardiographic leads; RVP, right ventricular pacing.
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NONPULMONARY VEIN TRIGGERS IN
REDO ABLATION

ablation include the mitral annulus, CT, and the Eustachian ridge. Some
investigators also advocate empiric LAA and CS isolation.57,58

During the redo AF ablation procedure, evaluation of a non-PV trigger
is important, because a significant portion of the recurrence is caused
by non-PV triggers. Takigawa et al. evaluated 207 patients who had
second catheter ablation procedure.49 They identified non-PV foci
in 95 patients (45.9%) and found that the recurrence rate was higher
(33.3%) in patients with non-PV foci than in those without non-PV
foci (16.1%). The most common non-PV foci in this study was the SVC
(37.3%) followed by the interatrial septum (18.1%), LA posterior wall
(13.3%), and LA roof (8.4%).
Sadek et al. examined 1045 patients (900 with AF and 145 with atrial
flutter [AFL]/atrial tachycardia [AT]) who underwent redo ablation
procedures. A total of 52 patients (27 AF and 25 AFL/AT) did not have
PV reconnection. In 27 recurrent AF patients, the non-PV trigger was
identified in 11 patients (41%).50 Biase et al. investigated 987 patients
who underwent the redo ablation procedure. Among these patients,
266 patients (27%) had triggers from the LAA.50 Another study showed
that non-PV triggers were identified in 10.1% to 46% of patients who
underwent AF redo ablation procedure (Table 16.3).51–54
According to the writing group of 2017 Heart Rhythm Society/
European Heart Rhythm Association (EHRA)/European Cardiac
Arrhythmia Society/Asian Pacific Heart Rhythm Society/Latin American Society of Electrophysiology and Cardiac Stimulation Expert
Consensus Statement on Catheter and Surgical Ablation of AF, in the
redo ablation procedure of paroxysmal AF patients, 57% of the writing
group members searched for non-PV triggers.55 In the same group, the
rate of using a non-PV trigger protocol was 35% on first-time ablation
and 46% on redo ablation of persistent and long-standing persistent AF
ablation. However, its importance is still underestimated. According
to the EHRA survey, only 10% of centers tried to systematically detect
non-PV triggers with isoproterenol, and then target them for persistent
AF patients.56

Superior Vena Cava/Left Atrial Appendage

ABLATION OF NONPULMONARY VEIN TRIGGERS IN
REDO SESSION
Empiric Ablation
In patients who are undergoing redo ablation, empiric ablation of
non-PV trigger sites could be attempted if non-PV triggers could not be
reproducibly provoked. The most common empiric non-PV trigger ablation is SVC isolation. Other common sites for empiric non-PV trigger

In redo ablation cases, regardless of the PV reconnection, SVC triggers should be evaluated because SVC triggers are commonly found
on redo ablation. Chang et al. performed SVC isolation along with PVI
in 68 patients with paroxysmal AF who had SVC trigger (SVC trigger
only in 37 patients, and both SVC and PV trigger in 31 patients).59 AF
recurred in 16 patients (24%), and the recurrence rate was higher in the
SVC and PV trigger groups (10 patients, 32%) than the group in SVC
trigger only (six patients, 16%).60
A total of 223 patients who underwent the AF redo ablation procedure targeting LAA were divided into two groups.11 One group was the
LAA focal lesion ablation (n = 56), and the other was the LAA isolation
(n = 167) by using the circular catheter guided by ICE. During 12 ± 3
months of follow-up, the group with LAA focal lesion ablation had a
recurrence rate of 68% (n = 38), whereas the LAA isolation group had
only 15% recurrence rate (n = 15) (P <.001).

Clinical Outcome After Ablation of Nonpulmonary
Vein Triggers

In patients with paroxysmal AF, recent studies showed that detection
and successful ablation of non-PV triggers in addition to antral PVI
had similar outcomes after PVI only to those patients in the absence of
a non-PV trigger. Hayashi et al. demonstrated that there was no difference in AF recurrence rates between patients with and without non-PV
triggers.61 Even in individuals with left ventricular systolic dysfunction,
additional ablation of non-PV triggers resulted in similar long-term
ablation success rates compared with those who had normal left ventricular systolic function.62 In contrast, unmappable or not fully eliminated non-PV triggers are associated with a high recurrence rate.14,61
Takigawa et al. found that 22% of patients who had recurrent AF after
previous PVI for paroxysmal AF had PV still isolated on repeat ablation.14 They further found that nearly half of the patients had non-PV
triggers. In these patients, those with unmappable non-PV foci developed more AF recurrence than patients who had non-PV triggers successfully ablated.14
Santangeli et al. reported that the prevalence of PV triggers (91%)
and non-PV triggers (11%) was similar across the different types of
AF.12 The PVs represent the main trigger sites in patients with persistent and long-standing persistent AF (PeAF and LSPeAF), with an
overall prevalence similar to that found in patients with paroxysmal
atrial fibrillation ( PAF) (>90%). The distribution of non–PV triggers

Incidence of Nonpulmonary Vein Trigger in Repeat Ablation Procedure of Atrial
Fibrillation, From 10.1% to 46%.
TABLE 16.3

Study

Year

Total
Number

Nonpulmonary
Vein Trigger

Remark

Gerstenfel et al.76

2003

34

4 (11.8%)

2 LA post, wall, 1 mid CT, 1 mitral annulus lat.

Callans et

al.77

2004

74

13 (18%)

-

Hsieh et al.78

2006

50

23 (46%)

Very late (>1 year) recur group (8/12, 67%); late (<1 year) recur group (15/38, 40%)

Bhargava et al.79

2009

287

29 (10.1%)

PAF (2.9%), PeAF (8.2%), LsPeAF (19.1%)

Biase et al.11

2010

987

266 (27%)

Only evaluation for trigger from LAA

Takigawa et al.14

2015

207

95 (45.9%)

SVC (37.3%), Septum (18.1%), LA post, wall (13.3%), LA roof (8.4%)

2016

27

11 (40.7%)

1 LAA-PV ridge, 1 left septum, 1 parahissian, 1 posterior wall, 1 SVC, 2 CS, 4 multiple trigger

Sadek et

al.80

CS; Coronary sinus; CT, crista terminalis; LA, left atrium; LAA, left atrial appendage; lat., lateral; LsPeAF, long-standing persistent atrial fibrillation;
PAF, paroxysmal atrial fibrillation; PeAF, persistent atrial fibrillation; post, posterior; SVC, superior vena cava.
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appeared different in patients with non-paroxysmal AF, with a higher
prevalence of LA triggers than that found in patients with paroxysmal
AF. In an observational study, PVI plus non-PV trigger ablation for
LSPeAF showed good long-term AF control in 72%.63 Dixit et al. randomized three strategies: (1) standard approach using PVI + ablation
of non-PV triggers detected by a stimulation protocol; (2) standard
approach + empiric ablation at common non-PV AF trigger sites (mitral
annulus, fossa ovalis, Eustachian ridge), CT, and SVC; or (3) standard
approach + substrate ablation of LA complex fractionated electrogram sites (Randomized Ablation Strategies for the Treatment of Persistent Atrial Fibrillation [RASTA] study).64 The result of RASTA study
demonstrated that additional substrate modification beyond PVI does
not improve single-procedure efficacy in patients with PeAF. In this
study, non-PV trigger is not easily identified in patients with PeAF than
PAF because areas of empiric ablation of non-PV focus and substrate
modification can be overlapped, making it hard to find an advantage of
non-PV trigger ablation versus substrate modification. Another study
(the Left Atrial Appendage Isolation in Patients With Longstanding
Persistent AF Undergoing Catheter Ablation [BELIEF] trial) showed
that, in patients after a single procedure and after redo procedures for
LSPeAF, empiric electrical isolation of the LAA improved long-term
freedom from atrial arrhythmias without increasing complications.65
Ablation of non-PV triggers might be more important for patients with

persistent forms of AF and for those patients who undergo repeat ablation procedures in whom all PVs are found to be isolated.

COMPLICATIONS FOLLOWING ABLATION OF
NONPULMONARY VEIN TRIGGERS
High current (>10 mA) pacing at the SVC to capture the phrenic nerve
before ablation can predict phrenic nerve injury. Acceleration of the
sinus rate during ablation around the RA–SVC junction is a sign of
predicting a sinus node injury. Avoiding the application of high-power
(>35 W) RF energy on the LA posterior wall and CS close to the esophagus is essential to avoid LA esophageal fistula.66 Several protecting
systems and the use of a luminal esophageal temperature monitoring
probe (SensiTherm, Abbot-St.Jude Medical, St. Paul, MN, USA) to
avoid thermal esophageal injury has been reported.67–69 Cardiac perforation or cardiac tamponade can occur during LAA focal ablation
or isolation. A thrombus can be formed inside the LAA as a result of
LAA isolation, especially in patients with identified poor emptying and
forward velocity on Doppler positioning at the LAA. Long-term anticoagulation or LAA occlusion is considered depending upon an individual’s stroke risk. Ablation catheters should be kept away from the
His bundle recording site to avoid AV block or RA–LA dissociation,
when the ablation targets at interatrial septal triggers.

   C O N C L U S I O N
It is important to identify the subgroup of patients who reproducibly
show non-PV foci triggering paroxysmal AF. Ablation of non-PV
triggers is also important for patients with persistent AF and longstanding persistent AF and for those patients who undergo repeat
ablation procedures where all PVs are found to be isolated. Accurate mapping/localization of non-PV triggers is a prime step and can be achieved

with a systematic approach based on (1) the analysis of P wave morphology; (2) intraatrial activation patterns in multipolar catheters in
the standardized position of both atria including PVs; and (3) the earliest activation site with direct recording. Ablation should be targeted
at a specific site of origin or the isolation of certain non-PV structures
including SVC, CS, the posterior wall of the LA, and LAA.
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KEY POINTS
• A
 trial substrate modification is required for a successful outcome
in a minority of patients with paroxysmal atrial fibrillation (AF)
and in most patients with persistent AF.
• Substrate modification is considered when AF persists despite
effective elimination of pulmonary vein (PV) arrhythmogenicity
by extraostial PV isolation (PVI), antral PVI, or wide area
circumferential ablation.

• S ubstrate modification strategies are linear ablation, ablation
guided by complex fractionated atrial electrograms, and ablation
of ganglionic plexi.
• Termination of AF to sinus rhythm or to an atrial tachycardia is
considered the most favorable procedural end point for substrate
modification.
• Complete bidirectional conduction block should be confirmed
when linear ablation is performed.

MECHANISMS OF ATRIAL FIBRILLATION AND
RATIONALE FOR SUBSTRATE ABLATION

Modulation of the autonomic innervation of the atria through
ganglionic plexi (GP) has also been suggested to play a role in AF
because an increase in vagal tone is associated with a decrease in the
ERP and an increase in spontaneous depolarizations from the PVs and
elsewhere in the atria.16,17 A number of ablation strategies have been
proposed, alone or in combination, to target substrate-related mechanisms beyond the PV arrhythmogenicity, particularly in patients with
persistent AF (Table 17.1).

The pathogenesis of atrial fibrillation (AF) is complex and multifactorial. Pulmonary vein (PV) tachycardias have demonstrated that they
play a critical role in both initiation and perpetuation of AF.1–4
Although elimination of PV arrhythmogenicity has been highly
effective for paroxysmal AF, it has modest efficacy for persistent AF,5,6
suggesting that mechanisms beyond the PVs also contribute to perpetuation of AF in these patients.
AF promotes diffuse electroanatomic remodeling. AF results in a nonhomogeneous decrease in atrial refractoriness and slowing of intraatrial
conduction.7 Histologic examinations of atrial tissue in patients with AF
show patchy fibrosis, which may contribute to the nonhomogeneity of
conduction. Atrial biopsies from patients undergoing cardiac surgery
show an increase in cell size, loss of sarcoplasmic reticulum and atrial
myofibrils, changes in mitochondrial shape, accumulation of glycogen
granules, alteration in connexin expression, and increase in extracellular
matrix.7–10 Structural changes in response to AF may be a consequence
of a physiologic adaptation to chronic Ca2+ overload and metabolic
stress. Reduction of atrial compliance and contractility during AF may
enhance atrial dilation, which may add to the persistence of AF.
In the multiple-wavelet hypothesis proposed by Moe and
Abildskov, multiple randomly propagating and self-perpetuating
daughter wavelets act as a mechanism for perpetuation of AF.11
Critical to the multiple-wavelet hypothesis is a minimal left atrial
size that can accommodate the wavelength as determined by the
product of the conduction velocity and the effective refractory
period (ERP). More recently, high-frequency sources (i.e., rotors),
as a result of anisotropic reentry, have demonstrated the ability
to perpetuate AF in experimental and simulation models.12–14 A
novel mapping approach targeting focal sources and rotors has
been developed and in some studies was shown to improve AF
ablation outcomes in patients undergoing PV isolation15 (PVI);
focal impulse and rotor modulation (FIRM) ablation is discussed
in Chapter 18.

ANTRAL PVI
Pathophysiology
The pathophysiologic basis for PVI is covered in detail in Chapter 14.
The PVs may serve as critical sources of rapid repetitive depolarizations, referred to as intermittent PV tachycardias, as a result of triggered
activity, automaticity, or reentry that both initiate and sustain AF. In
addition to a direct role of the PVs, the atrial tissue around the PVs
may harbor complex myofibril arrays, GP, and areas of slow conduction and fractionated electrical activity, which also contribute to AF. In
addition to eliminating PV arrhythmogenicity, PVI may also result in
ablation of anchor points for rotors, which are more prevalent in the
antral regions of the PVs; debulking of the left atrium (LA); ablation of
GP; and ablation of arrhythmogenic foci other than the PVs, such as
the ligament of Marshall (LOM) and posterior LA.

Mapping and Ablation
Antral PV isolation involves electrical isolation of the PVs and their
respective antra, which often includes most of the posterior left atrial
wall, at the anterior aspect of the left-sided PVs, where ablation is
performed along the ostial aspect of the ridge between the left atrial
appendage and the PVs (Figs. 17.1 and 17.2).18–21 By extending the
encircling lesions outside the PV into the antral or atrial tissue, residual
arrhythmogenic foci and GP may simultaneously be eliminated. Thus
PVI is generally considered a cornerstone of current catheter ablative
therapy for AF. The end point of ablation is complete electrical isolation
of the PV, confirmed preferably with a circular mapping catheter.
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TABLE 17.1
Ablation Strategy

Strategies for Substrate Ablation
Targets

Mapping

Substrate Altered

End Point

Complete PV and antral
electrical isolation

PV isolation

PV antrum and encircling tissue

Anatomic with or without 3D
mapping

PV arrhythmogenicity
CFAE
Autonomics
Microreentry
Rotors
Debulking

Linear ablation

LA roof
Mitral isthmus
Posterior wall isolation

Anatomic with or without 3D
mapping

Macroreentry
CFAEs with or without autonomics Conduction block across
Rotors
lines

Electrogram-guided
ablation

CFAEs
Frequency gradient
Activation gradient

Slow conduction
Electrogram features with or with- Rotors, high-frequency sources
out computerized analysis
Autonomics

AF termination
Elimination of CFAE

Autonomics

Parasympathetic ganglionic plexi
LOM

High-frequency pacing (plexi)
Angiography (LOM)

Absence of vagal response

Autonomics with or without CFAE

3D, 3-Dimensional; AF, atrial fibrillation; CFAE, complex fractionated atrial electrograms; LA, left atrium; LOM, ligament of Marshall; PV, pulmonary vein.

Outcomes
The clinical outcomes after PVI are reviewed in Chapters 14 and 15.
PVI is generally considered an appropriate stand-alone procedure for
patients with paroxysmal AF. Patients with nonparoxysmal forms of
AF typically require additional ablation, specifically for substrate modification, to achieve maximal benefit from ablation procedures.22,23

Problems and Limitations
PVI is a complex and technically demanding procedure. However
advances in catheter technology and energy sources have improved
efficacy, efficiency, and safety of the ablation procedure.
An important safety consideration during ablation along the posterior left atrial wall is the risk of inadvertent collateral injury to the
esophagus. Atrioesophageal fistula is a rare but often fatal complication.23,24 Ingestion of barium paste25,26 and esophageal temperature
monitoring27–29 have both been used to prevent injury to the esophagus during ablation. However, esophageal luminal temperature measurement may underestimate the true esophageal tissue temperature.30
There are also attempts to move the esophagus away from the target
sites by using specially designed steerable probes.

LINEAR ABLATION

Roof line

LS PV

RS PV

LI PV

RI PV
Fig. 17.1 A 3-dimensional electroanatomic depiction of the left atrium
and the pulmonary veins (PVs) is shown in a right posterior oblique projection with cranial angulation. Two encircling PV lesions were created.
A roofline was added. LI, Left inferior; LS, left superior; RI, right inferior;
RS, right superior. (From Oral H, Pappone C, Chugh A, et al. Circumferential pulmonary-vein ablation for chronic atrial fibrillation. N Engl J Med.
2006;354:934-941. With permission.)

Pathophysiology
Catheter ablation for AF initially consisted of linear ablation to emulate
the Cox surgical maze procedure.31,32 Linear catheter ablation was first
limited to the right atrium and had low efficacy. Later linear ablation
was performed in the LA. Linear ablation has been performed both as
a stand-alone strategy and as an adjunctive strategy to other ablation
techniques targeting the PV antrum and complex electrograms.33,34
Several studies demonstrated that additional linear ablation improves
the clinical efficacy of catheter ablation in patients with paroxysmal and
persistent AF.33,35,36 The original intent of linear ablation for AF was to
interrupt macroreentrant circuits.37,38 Other possible mechanisms by
which linear ablation may improve outcomes of AF ablation are interruption of microreentrant circuits, elimination of anchor points for
high-frequency sources, and atrial debulking. Complex fractionated
atrial electrograms (CFAEs) may also be prevalent along the course of
linear lesions such as the septum or the roof. Finally, autonomic ganglia
may be eliminated during linear ablation at certain sites.

Linear lesions may be a necessary step in the conversion of AF to
sinus rhythm, often through an intermediate step of atrial tachycardia.
In a study that used a stepwise ablation strategy including isolation of
thoracic veins, ablation of CFAEs, and linear ablation until AF terminated, linear ablation was necessary in more than 80% of the patients
with persistent AF for termination.39

Mapping and Ablation
Linear ablation has been performed along the roof of the LA between
the contralateral superior PVs, along the lateral mitral isthmus between
the ostium of the left inferior PV and the lateral mitral annulus, along
the left atrial septum, from the anterior aspect of the right PV antrum
to the septal mitral annulus, along the posterior mitral annulus parallel to the coronary sinus, anteriorly between a roofline and anterior
mitral annulus, and along the right atrial aspect of the interatrial septum from the superior vena cava (SVC) to the inferior vena cava (IVC;
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CFAE ablation

B
Fig. 17.2 A, Possible atrial substrates responsible for the initiation and maintenance of atrial fibrillation (posteroanterior atrial view shown). Note the concentrated distribution of important substrates near the pulmonary veins (PVs) and posterior left atrial wall. B, Potential effects of PV isolation and linear ablation on left atrial
substrate for atrial fibrillation. Ostial PV isolation may eliminate PV arrhythmogenicity but little else. Antral
(orange highlight) and wide area PV isolation may also eliminate arrhythmia mechanisms near the PV. Linear
ablation (roofline shown) may interrupt macroreentry circuits with variable collateral effects on fractionated
electrograms and autonomics. CFAE, Complex fractionated atrial electrogram; GP, ganglionic plexi.
LA roofline

Mitral isthmus line

Anterior mitral annulus lines

Posterior box set and
single ring line

Intercaval line and
CVT isthmus line

LS
RS
RI

LI

Interior left atrial line

Fig. 17.3 Linear ablation lesions for the left and right atria. The view perspective is anteroposterior. Pulmonary vein (PV) encircling lesions are shown in blue broken lines and linear lesions in solid red lines. The posterior box set is shown in blue, and the single-ring lesion set is shown in red. CVT, Cavotricuspid isthmus; LA,
left atrium; LI, left inferior; LS, left superior; RI, right inferior; RS, right superior.

Fig. 17.3). In addition, a box set of lesions to isolate the posterior LA
has been performed with an improvement in efficacy in some studies.39,40 At present, the left atrial roof and the mitral isthmus are the
most commonly targeted sites. Although completeness of conduction block along a linear lesion has not been uniformly assessed, it is
always desirable to confirm complete bidirectional conduction block.
Incomplete block with slow conduction promotes reentry and may
facilitate proarrhythmia, often in the form of persistent or recurrent
atrial flutters. Previous studies have suggested that macroreentrant

circuits may be present during AF. Elimination of high-frequency
drivers that lead to fibrillatory conduction often results in termination of AF to a macroreentrant tachycardia.37,38 Therefore linear
ablation may interrupt these macroreentrant circuits that coexist
with AF.

Left Atrial Roof Line
The goal of the roof line is to produce a line of block between the left
and right superior PVs (Fig. 17.4; also see Figs. 17.2 and 17.3). The
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Fig. 17.4 A 3-dimensional anteroposterior electroanatomic map of the
left atrium showing nonencircling ablation lesions. Anterior, septal, and
rooflines were created in this patient. LAA, Left atrial appendage; LIPV,
left inferior pulmonary vein; LSPV, left superior pulmonary vein; MA,
mitral annulus; RIPV, right inferior pulmonary vein; RSPV, right superior pulmonary vein. (From Oral H, Chugh A, Good E, et al. Randomized
comparison of encircling and nonencircling left atrial ablation for chronic
atrial fibrillation. Heart Rhythm. 2005;2:1165-1172. With permission.)

RSPV

line should be directed as cranially as possible avoiding the posterior
wall where esophageal injury may result. It is efficient to perform this
ablation after encircling PVI such that the roofline connects the gap
between the PVI lines. A long fixed curve (Daig SL0) or steerable sheath
can greatly improve catheter contact and stability. Two techniques for
creation of this line have been described.41 In the first method, the
catheter is positioned at the margin of the left superior PV and dragged
to the right superior PV. The catheter tip is maintained in a perpendicular orientation to the atrial wall (Fig. 17.5). The sheath extends almost
to the distal electrode to support and steer the catheter. Energy is delivered for 30 to 60 seconds at each site, moving the catheter by approximately 5-mm increments between locations. Catheter temperature and
impedance should be closely monitored because of the perpendicular
electrode orientation that may predispose to tissue overheating, steam
pops, and perforation. Introduction of contact force sensing ablation
catheters have been extremely helpful to create effective lesions safely.
(Please see chapter 3.)
The second approach positions the catheter at the right superior PV
with the catheter retroflexed over the sheath (Fig. 17.6).41 The electrode
is parallel to the tissue with this technique. The sheath and catheter
are then advanced, driving the electrode toward the left superior PV.
Releasing the catheter deflection will also advance the catheter toward
the left vein.
Assessment of Conduction Block. A complete linear lesion should
result in widely separated double potentials along the length of the
line (Table 17.2).41 A delay of more than 100 ms is usually indicative
of complete block, but reliance on conduction time alone can be
misleading.41 During left atrial appendage pacing, posterior left atrial
activation should proceed in a caudal-to-cranial direction. Differential
pacing maneuvers are also useful to detect slow residual conduction
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Fig. 17.5 Anteroposterior views of ablation catheter position during ablation at the left atrial roof. (1) The
right superior (RS) and left superior (LS) pulmonary veins (PVs) are opacified by contrast injection, showing
a concave orientation of the roof. Ablation is started at the ostium of the LSPV (2) and progressively moved
to the ostium of the RSPV (6). Note that the ablation catheter is almost entirely in the long sheath, ensuring
good control and tissue contact. Extra care is needed because any sudden push may result in perforation.
(From Jais P, Hocini M, O’Neill MD, et al. How to perform linear lesions. Heart Rhythm. 2007;4:803-809. With
permission.)
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Fig. 17.6 Alternative approach to creation of the roofline. The ablation catheter placed in the right superior
pulmonary vein (RSPV) is deflected, and the sheath and catheter assembly are progressively pushed toward
the left superior pulmonary vein (LSPV; 2–5). (From Jais P, Hocini M, O’Neill MD, et al. How to perform linear
lesions. Heart Rhythm. 2007;4:803-809. With permission.)

TABLE 17.2

Assessing Conduction Block Across Linear Ablation Lines

Finding/Maneuver

Finding Indicative of Complete Block

Comment

Widely split electrograms

>100 ms generally indicates block

Absolute time between electrogram components depends on local conduction
velocities
Block may be present with shorter times and conduction persistent with longer
times

Differential pacing

Pacing site close to edge line produces longer
conduction times from stimulus to opposite side of
line than pacing at site away from line

Must pace from immediate edge of line

Pacing on either side of line produces two wave
fronts, each propagating toward the ablation line
from opposite directions

Roofline: pace LAA and confirm that posterior wall is activated from caudal to
cranial direction
Mitral isthmus line: pacing CS lateral to line produces proximal to distal CS
activation and pacing CS medial to the line produces distal-to-proximal CS
activation
Anterior mitral isthmus line: pacing lateral to line produces atrial septal activation from the posterior and lateral directions
Posterior wall isolation: entrance and exit block within box

Propagation from pacing
adjacent to line

CS, Coronary sinus; LAA, left atrial appendage.

through the line. As the pacing site moves away from the edge of the line,
the conduction time from the stimulus to the electrogram on the opposite
side of the line will shorten with complete block, but will prolong in the
presence of residual slow conduction through the line (Fig. 17.7).41

Mitral Isthmus Line
The goal is to produce a continuous line of block from the lateral mitral
isthmus to the left inferior PV.35,41 It is recommended that a multipolar
catheter be placed in the coronary sinus spanning the linear lesion to
serve as an anatomic reference and to monitor the effects of ablation.35,41

Up to 70% of patients require ablation within the distal coronary sinus
to achieve conduction block.35 If ablation within the coronary sinus is
not possible or unacceptable to the operator due to high impedance or
concern for left circumflex artery injury,42 the creation of this line should
be carefully considered. As with any linear ablation, the creation of
incomplete linear lesions is often counterproductive by prolonging procedure time, increasing the risk of complications, and possibly creating
a proarrhythmic substrate. Using a long sheath, the ablation electrode is
positioned at the lateral mitral annulus to record an atrial-to-ventricular
ratio of 1:1 or 1:2 (Fig. 17.8).35,41 The electrode can be perpendicular
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Fig. 17.7 Roofline and encircling lesion around the right pulmonary veins (RPVs, dashed line, 1 and 3). The
encircling lesion around the left pulmonary veins is not shown. The roofline is assessed during pacing from
the anterior left atrium from a decapolar catheter across the anterior–superior left atrium. The distal decapolar
bipole is located in the left atrial appendage; the proximal bipole is located at the septum. The ablation catheter is used to map the low posterior left atrium (1), where a 144-ms delay is recorded (2). In the high posterior
left atrium, closer to the roofline (3), a 172-ms delay (4) is recorded, demonstrating an activation front from
the caudal to cranial direction. (From Jais P, Hocini M, O’Neill MD, et al. How to perform linear lesions. Heart
Rhythm. 2007;4:803-809. With permission.)

or parallel to the tissue (see Fig. 17.8). The site on the annulus can be
selected to result in the shortest distance to the left inferior vein and its
previously created encircling lesion. Lesions are delivered at each site for
30 to 60 seconds with a power limit of 30 to 35 W.35,41 Starting at the
mitral annulus, the catheter and sheath are rotated with clockwise torque
to move the electrode toward the PV in 5-mm steps.35,41 Care should be
taken to detect inadvertent catheter displacement abruptly into the left
inferior PV or appendage. Progress during ablation is gauged by splitting of the ablation electrogram and by delay in conduction across the
lesion on the coronary sinus catheter during pacing proximal or distal
to the line. Conduction times longer than 100 ms from the stimulus to
the electrogram on the opposite side of the line are often associated with
conduction block across the line.41A more lateral line from the base of
the appendage to the annulus may produce block when the initial line
fails. Ablation within the coronary sinus can be required to achieve
complete block.35,41 Ablation in the coronary sinus should be limited
to use of irrigated catheters with maximal power of 20 to 25 W.35,41 The
catheter should be deflected toward the endocardium to avoid the left
circumflex artery. An average of 5 ± 4 minutes of radiofrequency (RF)
delivered in the coronary sinus usually completes isthmus block in 84%
of patients.35,41 Ethanol ablation of the vein of Marshall has been considered to achieve complete mitral isthmus block in patients refractory to
RF catheter ablation.43,44
Assessing Conduction Block. Achieving complete conduction
block along the mitral isthmus can be challenging. With complete
isthmus block, widely separated electrograms, usually by more than

100 ms, should be recorded along the length of the ablation line.35,41
Pacing the coronary sinus or appendage distal to the ablation line
results in proximal-to-distal coronary sinus activation on the septal
side of the line (Fig. 17.9). Likewise, coronary sinus pacing proximal
to the line results in distal-to-proximal coronary sinus activation
lateral to the line. As the pacing site is moved away from the edge
of the ablation line, the conduction time from the stimulus to the
electrograms recorded on the opposite side of the line decreases in
the setting of conduction block, but increases in the setting of slow
conduction across the line (Fig. 17.10). To assess conduction block
accurately, it is important to position the catheters as close as possible
to the mitral isthmus line.35,41

Anterior Left Atrial Line
The goal of this procedure is to create a line of block from either
the right superior PV or roofline to the anterior mitral annulus (see
Fig. 17.2).41This line serves as an alternative to the mitral isthmus
line and also interrupts more localized reentry circuits in this area.
It is recommended that the line start at the anterior mitral isthmus
(Fig. 17.11). The ablation catheter is withdrawn with counterclockwise
torque to maintain contact with the anterior or anteroseptal left atrial
wall.41 When the ablation electrode reaches the level of the transseptal
puncture, clockwise torque is begun and the catheter advanced to reach
the right superior PV or roofline. The anterior line may lead to a significant delay in atrial conduction and left atrial appendage activation and
may adversely affect left atrial transport function.35,41,45,46
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Fig. 17.8 Mitral isthmus ablation line. Anteroposterior views are shown. A, (1) Ablation of the mitral isthmus
starts at the lateral mitral isthmus. (1–6) The sheath and catheter are rotated clockwise to extend the lesion
posteriorly to the ostium of the left inferior pulmonary vein. During this movement, the ablation catheter is
progressively pulled back in the sheath. B, (1 and 2) The sheath and catheter are used to increase tissue contact at the mitral isthmus, with an almost 180-degree curve of the ablation catheter. Despite good contact,
the resulting lesion is insufficient in some patients. Moreover, the tip of the catheter may abruptly dislodge
into the left atrial appendage and perforate. Therefore although this approach is useful in some patients, it
should not be used in the first instance because it carries a greater risk than the method described in A. (3)
Ablation catheter tip at the ostium of the left atrial appendage. This is the only position where the orientation
is truly perpendicular to the tissue. In some patients, this is the only method for achieving complete isthmus
block. (From Jais P, Hocini M, O’Neill MD, et al. How to perform linear lesions. Heart Rhythm. 2007;4:803809. With permission.)

Assessing Conduction Block. With complete conduction block,
widely separated electrograms should be recorded along the entire
length of the line. In addition, pacing the anterior LA just lateral to
the line results in left atrial activation proceeding from lateral and
posterior directions to activate the left atrial septum. As the pacing site
is moved away from the edge of the ablation line, the conduction time
from the stimulus to the electrograms recorded on the opposite side of
the line decreases in the setting of conduction block, but increases in
the setting of slow conduction across the line.

Inferior Mitral Annulus Line
Ablation along the inferior mitral isthmus parallel to the coronary sinus may be performed to interrupt muscular connections

between the atrium and coronary sinus and other foci that may
perpetuate AF.47 This line is generally used within the strategy of
ablation of complex atrial electrograms. This line is begun with the
catheter forming a loop in the LA and directed back toward the
atrial septum (Fig. 17.12). The electrode is then withdrawn from
the 7- to 4-o’clock position as viewed in the left anterior oblique
projection.47 Opening the catheter curvature as the tip moves laterally will improve tissue contact. Ablation within the coronary sinus
is needed to eliminate all complex atrial activity and to produce
maximal slowing of the AF rate (see Fig. 17.12). The end point for
this ablation line is the elimination and organization of complex
atrial electrograms within the coronary sinus or significant slowing
of the atrial cycle length.47
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Fig. 17.9 Mitral isthmus line (dashed) connecting the mitral annulus (MA) to the left inferior pulmonary vein
(continuous white lines). (1) Pacing from bipole 3–4 of the coronary sinus (CS) catheter, immediately septal to
the linear lesion, is associated with a 170-ms delay recorded with the ablation catheter at the lateral edge of
the line. (2) When pacing is performed more proximally from bipole 5–6, the activation route in the presence
of complete block is shortened; accordingly, the delay at the ablation catheter is shorter (160 ms). (3) Bidirectional block is demonstrated because pacing lateral to the line of the ablation catheter is associated with
proximal-to-distal CS activation. The double potentials observed at the CS ostium are the result of previous CS
ablation required to convert this patient with persistent atrial fibrillation. (From Jais P, Hocini M, O’Neill MD,
et al. How to perform linear lesions. Heart Rhythm. 2007;4:803-809. With permission.)

Posterior Left Atrial Isolation
The goal of this lesion set is complete electrical isolation of the left atrial
posterior wall.39,40 Two techniques are described (see Fig. 17.3). In the
left atrial box set, the PVs are isolated by antral encircling ablations, and a
roofline is created as described previously. A linear lesion is then created
between the left and right inferior PV to complete the set.39 Alternatively,
the continuous single-ring linear lesion extends up the ridge between
the left PV and the atrial appendage, across the roof, inferiorly along the
interatrial septum between the foramen ovale and right PVs, then inferior to the right PV, and lateral across the atrium to meet the start of the
line by ascending lateral to the left inferior PVs.40 Completion of this line
isolates the PV and posterior left atrial wall en bloc (Fig. 17.13).40
Assessing Conduction Block. The end point for both approaches is
the absence or dissociation of electrograms within the lesion box and
exit block during pacing from the posterior wall. The PV should also be
isolated with the single-ring approach.39,40

Outcomes
Mitral and left atrial rooflines increase AF cycle length to an extent similar to PVI, and AF cycle length prolongation is associated with improved

outcome in some studies.48 Linear lesions may be a necessary step in
conversion of AF to sinus rhythm, often through an intermediate step
of atrial tachycardia. In a study that used a stepwise ablation strategy,
including isolation of thoracic veins, ablation of CFAEs, and linear ablation until AF was terminated, linear ablation was necessary in more than
80% of the patients for termination of persistent AF.37,49 For patients with
persistent AF, the addition of linear lesions to PVI at the initial procedure
reduces the incidence of subsequent macroreentrant arrhythmias.50 In
patients with paroxysmal AF, the addition of confirmed mitral isthmus
ablation reduces the recurrence rate of AF to 13% at 1 year, compared
with 31% for those undergoing PVI alone.42 The addition of mitral isthmus ablation also improves outcomes in patients with persistent AF.50
After the single-ring lesion, macroreentrant atrial arrhythmias may
occur in 34% of patients after the procedure, and recurrent AF may
be noted in 35% of patients.40 Gaps in the ring lesion were found in all
patients undergoing repeat ablation for AF after the single-ring approach.
Gaps in the ring lesion and mitral annular flutter are responsible for most
atrial flutters.40 The most frequent site of ring gaps is along the left atrial
appendage ridge.40 In a randomized trial, the completion of the box set
did not improve outcomes compared with antral PVI and roofline alone.39
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Fig. 17.10 Mitral isthmus block. A, Differential pacing to assess counterclockwise block across an ablation
line in the mitral isthmus. The ablation catheter is positioned medial to the ablation line in the left atrium.
Pacing was performed in the coronary sinus, and as the pacing site was switched from the distal electrodes
(CS 1–2) to a more proximal pair of electrodes (CS 3–4), the interval between the pacing stimulus and the local
electrogram recorded from the ablation catheter shortened from 230 to 210 ms. B, Clockwise conduction
block along the mitral isthmus. Note that atrial activation progresses from the proximal (CS 9–10) to distal (CS
1–2) electrodes during left atrial pacing medial to the ablation line. Abl d, Distal bipole of the ablation catheter;
Abl p, proximal bipole of the ablation catheter; CS, coronary sinus; Stim, stimulus. (Morady F, Oral H, Chugh
A. Diagnosis and ablation of atypical atrial tachycardia and flutter complicating atrial fibrillation ablation. Heart
Rhythm. 2009;6:S29-S32. With permission.)
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Fig. 17.11 Position of the ablation catheter during anterior line ablation. An anteroposterior view is shown.
The lesion is started at the superior–medial mitral annulus (1). The ablation catheter and long sheath are progressively withdrawn (2) with counterclockwise torque to reach the level of the fossa ovalis. At this point (3),
the catheter torque should be clockwise, and the catheter is advanced to connect the line either to the lesion
encircling the right pulmonary veins or to the roofline (4 and 5). Abl, Ablation; CS, coronary sinus. (From Jais P,
Hocini M, O’Neill MD, et al. How to perform linear lesions. Heart Rhythm. 2007;4:803-809. With permission.)
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Fig. 17.12 Anteroposterior fluoroscopic visualization of the catheter positions during ablation of the inferior
left atrium (top) and coronary sinus (bottom). Top, After looping the catheter into the atrium facing the coronary sinus ostium (left), the catheter is gradually withdrawn parallel to the coronary sinus along the posterior
mitral annulus toward the lateral left atrium (middle and right images) to ablate the left atrial endocardium.
Bottom, Corresponding catheter position at the ostial, middle, and distal segments within the coronary sinus
to ablate the epicardial aspects of the left atrial to coronary sinus connections. (From O’Neill MD, Kim KT, Jais
P, et al. Ablation strategies in chronic atrial fibrillation. In: Aliot E, Haïssaguerre M, Jackman WM, eds. Catheter Ablation of Atrial Fibrillation. Malden, MA: Blackwell Futura; 2008:163-189. With permission.)

Recent randomized trial, however, demonstrated that linear
ablation after PV isolation (with or without CFAE ablation) did not
improve clinical efficacy in patients with persistent and long-standing
persistent AF.51,52 In another recent study, linear ablation was not
incremental after circumferential PV isolation.53 A meta analysis also
suggested that linear ablation after PV isolation is not incremental
and may increase the risk of proarrhythmia because of atrial flutter
and tachycardias.54

Problems and Limitations
The optimal indications and sites for placement of linear lesions are
not known. The greatest difficulty with linear ablation is achieving
and confirming complete block across the lesions. This is particularly difficult for the mitral isthmus line, which may require extensive ablation within the coronary sinus to accomplish. Incomplete
linear lesions may be proarrhythmic and may lead to refractory atrial
flutters that are often highly symptomatic. The additional catheter
manipulation and ablation may also increase the risk of procedural
complications.35

ELECTROGRAM-GUIDED ATRIAL ABLATION
Pathophysiology
An intraoperative epicardial mapping study in humans suggested
that areas of CFAEs may indicate sites of slow conduction, conduction block, wave front collision, or anchor points for reentrant circuits

that can perpetuate AF.55,56 CFAEs may also indicate sites of highfrequency sources (rotors), fibrillatory conduction, and sites of autonomic innervation.57–59 CFAEs have been targeted for ablation to
eliminate both paroxysmal and persistent AF.55 CFAEs are quite prevalent and can be found at many sites in both atria. The sites that most
commonly harbor CFAEs are the interatrial septum, left atrial roof, left
atrial appendage, near the PVs, and along the crista terminalis in the
right atrium.55,60 Clustering of CFAE sites near the PVs appears to be
more pronounced in patients with paroxysmal compared with nonparoxysmal forms of AF.60–66 CFAEs may be recorded over 38% to 56% of
the left atrial endocardium.60–66

Mapping and Ablation
CFAEs are identified during AF by visual assessment or by automated
computerized algorithms (Fig. 17.14).55,60 In the original description by
Nademanee and coworkers, CFAEs were defined as (1) atrial electrograms that are fractionated and composed of two or more deflections,
and/or have perturbation of the baseline with continuous deflections of
a prolonged activation complex over a 10-second recording period; or
(2) atrial electrograms with a very short cycle length (≤120 ms) averaged over a 10-second period.55 In addition, these electrograms are
usually considered to be of low voltage (<0.15 mV). Other electrogram
characteristics that have been targeted for ablation are sites with a large
(>70 ms) temporal gradient between activation of the proximal and
distal ablation bipoles, sites with continuous electrical activity without isoelectric intervals, sites with a cycle length less than the mean
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Fig. 17.13 Isolation of left atrial posterior wall and all four pulmonary veins using a single ring of ablation. The
radiofrequency lesions are shown as red dots on the volume-rendered computed tomographic image. A, Left
posterior oblique view. B, Right anterior oblique cranial view. C, Posterior–anterior view. D, Anterior–posterior
caudal view with clipping plane to display posterior left atrium shows the ring of ablation encircling the posterior left atrial wall. LAA, Left atrial appendage; LIPV, left inferior pulmonary vein (light green dots); LSPV,
left superior pulmonary vein (dark green dots); RIPV, right inferior pulmonary vein (light blue dots); and RSPV,
right superior pulmonary vein (dark blue dots). (From Lim TW, Koay CH, McCall R, et al. Atrial arrhythmias
after single-ring isolation of the posterior left atrium and pulmonary veins for atrial fibrillation. Circ Arrhythmia
Electrophysiol. 2008;1:120-126. With permission.)

left atrial cycle length, and sites demonstrating centrifugal activation
(Fig. 17.15; Table 17.3).47,49
For automated algorithms, samples of 2.5 to 10 seconds are
acquired.61,62 For optimal spectral analysis, windows of a 5-second
duration or longer are recommended.63 In addition, automated algorithms incorporate voltage parameters (low voltage < 0.1–0.2 mV, high
voltage > 1.0 mV) and refractory periods of 50 to 60 ms.61,62 Between
70 and 120 points are generally acquired to produce the color-coded
map to display electrogram frequency or degree of fractionation
(Fig. 17.16).61,62 There appears to be good agreement between visual
and automated CFAE classification; however, more sites are characterized as CFAEs with visual than with automated assessment.
Ablation of CFAEs is performed in AF (Fig. 17.17). Local energy
delivery is continued until there is elimination of the local electrogram,
loss of the fractionated high-frequency electrogram components, or
increase in the atrial cycle length. In the original description of the
technique, an average of 64 ± 36 sites were ablated per patient.55 The

average duration of RF delivery was reported as 36 ± 13 minutes.65
Antral ablation for PVI targets many of the sites that frequently harbor
CFAEs. Antral PVI may greatly reduce the CFAE distribution over the
left atrial endocardium from 56% before PVI to 23% after ablation.66
For patients undergoing PVI and CFAE ablation, completion of PVI
first may reduce the total amount of RF energy delivered. Once CFAEs
are eliminated from the LA, the right atrium may then be mapped.
Complex atrial electrograms are also frequently recorded within the
coronary sinus. Ablation along the left atrial endocardium abutting the
coronary sinus prolongs left atrial cycle length in patients with persistent AF. Ablation within the coronary sinus further prolongs atrial
cycle length. The techniques for ablation along and within the coronary
sinus were described previously. The end point for electrogram-guided
ablation is termination of AF into sinus rhythm or into an organized
atrial tachycardia, elimination of all complex atrial electrograms, or
for patients with paroxysmal AF, noninducibility of AF (Table 17.4).
Termination of AF most commonly occurs during ablation at the
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Fig. 17.14 Examples of complex fractionated atrial electrograms. Abl, Distal bipole of the ablation catheter;
CS, distal bipole of the coronary sinus catheter. (From Oral H, Chugh A, Good E, et al. Radiofrequency catheter ablation of chronic atrial fibrillation guided by complex electrograms. Circulation. 2007;115:2606-2612.)

interatrial septum near the PV ostia and at the atrial roof near the left
atrial appendage (Fig. 17.18).67,68

Outcomes
In the original study by Nademanee and associates, ablation of CFAEs
without routine isolation of the PVs was reported to result in freedom
from AF in 91% of the 121 patients with paroxysmal or chronic AF.55
AF terminated during ablation in 63% and 95% of the patients without
and with infusion of ibutilide, respectively. In a follow-up study of 674
patients, 89% of patients with paroxysmal AF, 85% of patients with persistent AF, and 71% of patients with permanent AF were reported to be
in sinus rhythm at 2 years.59 In a study of 100 patients with chronic AF
who underwent CFAE ablation in the LA and the coronary sinus, only
33% and 57% of patients were in sinus rhythm without antiarrhythmic
medications after single and repeat procedures, respectively.65 In a randomized study, ablation of CFAEs after antral PVI was not found to be
associated with a superior efficacy to antral PVI alone in patients with
persistent AF.69 However, ablation of CFAEs was limited to a maximum
of 2 hours because the goal of the study was to determine whether AF
could be terminated within a practical time frame. AF terminated in
only a minority of patients in this study, suggesting that ablation of
CFAE for up to 2 hours may not have been sufficient to eliminate most
of the residual drivers of AF.

Recent randomized studies demonstrated that ablation of CFAEs is
not incremental during catheter ablation of AF.70 It does increase probability of recurrent atrial arrhythmias in the form of atrial tachycardia
and flutter, may prolong the procedure, and may result in extensive
atrial ablation. Furthermore, termination of AF as an end point of ablation has not been predictive of clinical outcome in recent randomized
studies,71 whereas presence of sinus rhythm before or during ablation
was a strong predictor.

Problems and Limitations
A difficulty in targeting CFAEs is that most may be caused by passive
activation and lack specificity to indicate drivers of AF. Thus primary
CFAE-guided ablation may lead to excessive and unnecessary ablation
in the LA. As mentioned, the target sites for antral PVI overlap considerably with CFAE sites in many patients. Currently CFAE ablation
mostly, if at all, is performed as an adjunctive step following PVI in
patients with persistent or long-standing persistent AF.

ABLATION OF GANGLION PLEXI (GP)
Fluctuations in autonomic tone have been associated with the initiation
of AF in humans and animal models.72 Vagal stimulation may facilitate
spontaneous premature depolarizations in the atria, shorten the atrial
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Fig. 17.15 Depiction of electrograms recorded near or at differing hypothetical focal sources. A, Proximal-todistal activation sequence (arrows) consistent with the catheter position relative to a focal source of cycle
length (CL) of 140 ms with 1:1 activation of the surrounding tissue. B, Distal-to-proximal activation sequence.
C, Electrograms recorded with the distal (D) catheter bipole positioned over a high-frequency source (shortest
cycle length, 120 ms) with a frequency gradient to the surrounding tissue, as indicated by the CL of 150 ms
recorded on the proximal (P) bipole. D, When the catheter is moved away from the source, simultaneous
activation at the proximal and distal bipoles is seen, with no discernible difference in CL. E, Temporal gradient
between the proximal and distal bipoles when the catheter is positioned directly over a hypothetical local
circuit of CL 180 ms. F, A fractionated signal is recorded with the distal bipole at a hypothetical zone of slow
conduction within the circuit. (From O’Neill MD, Kim KT, Jais P, et al. Ablation strategies in chronic atrial fibrillation. In: Aliot E, Haïssaguerre M, Jackman WM, eds. Catheter Ablation of Atrial Fibrillation. Malden, MA:
Blackwell Futura; 2008:163-189. With permission.)

TABLE 17.3

Targets for Ablation of Complex Fractionated Atrial Electrograms

Electrogram Feature
(Reference)

Definition

Possible Pathophysiology
Slow conduction
Pivot points

Complex fractionated atrial
electrogram (CFAE)55

Atrial electrograms that are fractionated and composed of two or more deflections,
and/or have perturbation of the baseline with continuous deflections of a
prolonged activation complex over a 10-second recording period, or atrial electrograms with a very short cycle length (≤120 ms) averaged over a 10-second period

Autonomic innervations
Rotor
Fibrillatory conduction
Wave front collision
Local reentry
Anisotropy
Summation overlapping electrograms

Continuous electrical
activity60

Absence of isoelectric intervals for ≥1-second recording period

High-frequency depolarization

Temporal activation
gradient68

>70-ms interval between activation of proximal and distal ablation electrodes

Local reentry

Frequency gradient49

Electrogram cycle length < mean left atrial cycle length

Focal reentry/automaticity or triggered activity

Radial spread of activation from a focus

Focal reentry/automaticity or triggered activity

Centrifugal

activation68

and PV ERP, and increase heterogeneity of refractoriness.73 Changes in
autonomic tone may also contribute to the development of CFAEs.17,58
The intrinsic cardiac autonomic system includes autonomic ganglia
within epicardial fat pads and the LOM.74 These GP contain neuronal
input from atrial myocardium and the extrinsic autonomic nervous
system in addition to cholinergic and adrenergic neurons. In addition,

there is an extensive network of interconnecting neurons among the
ganglia themselves and between the ganglia and atrial and PV myocardium.74 GP are located in six major regions of the atria, mostly within
the antrum of the PVs, in the crux of the heart, and at the junction
of the right atrium and SVC.75,76 GP that are targeted for endocardial
ablation are often located (1) at the anterior aspect of the right superior

100.0 mm/sec
II
U1

R5–R6

60

M1–M2

A
Shortest complex interval
2-Mapsci 81 points

AP

Shortest complex interval
1-Maptest 151 points
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Shortest complex interval
2-Mapsci 81 points
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Shortest complex interval
1-Maptest 151 points
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B
Fig. 17.16 A, Annotation window for automatic detection of complex fractionated atrial electrograms (CFAEs)
by the CFAE software CartoXP (Biosense Webster, Diamond Bar, CA). Recording channels, from top to bottom, are surface electrocardiogram lead II, V1, bipolar electrograms recorded within coronary sinus (R5–R6),
and bipolar electrograms of the mapping/ablation catheter (M1–M2) recorded in endocardial locations of the
left atrium. The duration of the window in which the local endocardial electrograms are recorded by the
mapping catheter will be computed is 2.5 seconds (predefined by the system). First, the voltage amplitude
of the peaks will be computed. The peaks with amplitude over 0.05 mV (horizontal lines in yellow) will be
tagged with white points, and the peaks with amplitude over 0.15 mV (horizontal lines in blue) will be tagged
with pink points. Peaks with amplitude lower than 0.05 mV (noise level) will not be analyzed by the software.
Peak-to-peak intervals between tagged points will be calculated. For the shortest complex interval (SCI) map,
the shortest measured interval (in a preset range of 60–120 ms) will be identified as the local SCI. The local
SCI is demonstrated in the annotation viewer with red lines. In this example, the SCI was 60 ms. If there is
no measured interval found in the preset range of 60 to 120 ms, the site will be identified as a site without
CFAE. B, CFAE distribution in the SCI map. Top, SCI map of a patient with paroxysmal atrial fibrillation (AF)
in anterior–posterior (AP) and posterior–anterior (PA) views. The sites with local SCI from 60 to 120 ms are
represented as areas colored from red to violet. Areas without CFAE are in gray. The highest density of
CFAE was found around the pulmonary vein ostia. Bottom, SCI maps of a patient with persistent AF in AP
and PA views. SCI color-coded as above. CFAE are located in all left atrial regions. Violet points indicate the
mitral annulus. (From Wu J, Estner H, Luik A, et al. Automatic 3D mapping of complex fractionated atrial
electrograms [CFAE] in patients with paroxysmal and persistent atrial fibrillation. J Cardiovasc Electrophysiol.
2008;19:897-903. With permission.)
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Fig. 17.17 Example of radiofrequency ablation guided by complex fractionated atrial electrograms. Shown
are anteroposterior (A) and posteroanterior (B) projections of a 3-dimensional electroanatomic depiction of the
left atrium (LA). Black tags indicate ablation sites. The pink tags indicate the course of the esophagus along
the posterior left atrial wall. LI, Left inferior; LS, left superior; PV, pulmonary vein; RI, right inferior; RS, right
superior. (From Oral H, Chugh A, Good E, et al. Radiofrequency catheter ablation of chronic atrial fibrillation
guided by complex electrograms. Circulation. 2007;115:2606-2612. With permission.)

End Points for Ablation of
Complex Atrial Electrograms
TABLE 17.4

For Individual Ablation
Sites
For Electrogram-Guided Strategy
Electrogram elimination

Termination of AF into sinus rhythm

Loss of fractionated
components

Termination of AF into organized atrial tachycardia or macroreentry

Prolongation of atrial cycle
length

Elimination of all complex electrograms
Noninducibility of AF (paroxysmal AF
patients)

AF, Atrial fibrillation.

PV; (2) posteriorly and inferiorly near the right inferior PV; (3) at the
left upper PV GP between the left atrial appendage and left PVs (Marshall tract plexus); and (4) at the left lower PV GP located in the posterior and inferior aspect of the left inferior PV (Figs. 17.19 and 17.20).
Because of the proximity of the GP to the PVs, ablation approaches
that do not directly target the GP have been observed to also modify
the autonomic substrate.67,77 It is postulated that autonomic activation
initiates AF by facilitating after-depolarizations in atrial and PV tissue.74 In addition, autonomic activation dramatically shortens action
potential duration, especially in the PV myocardium. Stimulation of
GP may have remote effects such as PV depolarizations or electrogram
fractionation at a distance, suggesting active communication among
the ganglia.74
Mapping of GP is performed by high-frequency stimulation. Programmed electrical nerve stimulation has been used to determine the
location of the GP in the heart.74,78 Mapping can be performed from
the cardiac endocardium or epicardially by pericardial access.79 Typically, stimulation is performed at 20 Hz (1200 beats per minute), at 5 to
100 V, and with a pulse width of 10 ms.78,79 This is usually performed
under general anesthesia because of poor patient tolerance. Sites showing a vagal response are usually found in the antral regions of the PVs.

The locations of the targeted plexi are shown in Table 17.5 and in
Figs. 17.19 to 17.21. Patients in sinus rhythm may develop AF during
programmed electrical nerve stimulation. High-frequency stimulation
of GP results in sympathetic and parasympathetic activation; however, the parasympathetic response occurs immediately, whereas the
sympathetic response is delayed.78,79 During AF, a vagal response is
defined as atrioventricular (AV) block with a 50% or greater increase
in mean RR interval within 5 to 10 seconds, associated with hypotension or induced AV block of more than 2 seconds duration (see Fig.
17.20B).74,79 Occasionally, GP stimulation results in firing from the
adjacent PVs, and rarely, a predominantly sympathetic hypertensive
response may occur.74 Stimulation mapping may fail to induce vagal
responses in up to 30% of patients, even when selected for characteristics of vagally induced AF.79 In patients with positive endocardial and
epicardial responses, 5 ± 2.4 sites are targeted per patient.79
Endocardial ablation is delivered at each site demonstrating a positive response to stimulation. Percutaneous epicardial mapping and
ablation for GP have also been performed (see Fig. 17.21).74,79 Typically, three to eight RF applications are needed per site.74,79 The end
point of ablation is the elimination of all vagal responses within the
LA. Occasionally AV block is not seen during ganglia stimulation.
AV block is mediated by the vagal output from the crux GP located
between the IVC and coronary sinus ostium.74 Loss of interconnecting
neurons from other GP to the crux fat pad may result in failure to elicit
vagal responses.74 A specific order of ablation has been recommended
to minimize the loss of vagal response from ablation: first, Marshall
tract GP; then, left superior GP, anterior right GP, inferior left GP; and
finally, inferior right GP.74 The sites for autonomic ablation overlap with
those incorporated in PV antral ablation, and PVI results in changes in
Holter-derived indices of autonomic tone similar to endocardial and
epicardial parasympathetic catheter denervation.79

Ablation of Ligament of Marshal
The LOM is the remnant of the left SVC and contains autonomic innervations and myocardial muscle bundles.80 This structure can demonstrate automatic firing during catecholamine infusion and has been
implicated as a source of AF initiation and perpetuation. The LOM
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Fig. 17.18 Sites of atrial fibrillation termination during electrogram-guided ablation in patients with paroxysmal (red stars) and persistent (green stars) atrial fibrillation. The left atrium is shown in gray and the right
atrium in blue. A, Anteroposterior view. B, Posteroanterior view. Data from 56 patients are shown. (From
Schmitt C, Estner H, Hecher B, et al. Radiofrequency ablation of complex fractionated atrial electrograms
[CFAE]: preferential sites of acute termination and regularization in paroxysmal and persistent atrial fibrillation.
J Cardiovasc Electrophysiol. 2007;18:1039-1046. With permission.)
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Fig. 17.19 Drawing of a posterior view of the human heart and major vessels illustrating the locations of
posterior atrial and ventricular ganglionic plexi (GP). Note the mediastinal nerves coursing adjacent to the
aortic root and joining the two superior atrial GP. Positions of the superior vena cava (SVC), inferior vena cava
(IVC), right ventricle (RV), pulmonary artery (PA), and left ventricle (LV) are shown. (Modified from Armour JA,
Murphy DA, Yuan BX, et al. Gross and microscopic anatomy of the human intrinsic cardiac nervous system.
Anat Rec. 1997;247:289-298. With permission.)

arises from the coronary sinus musculature and passes laterally and
anterior to the left PVs to join with the ridge between the left superior
PV and appendage. The structure then continues for variable length
medial to the left PVs. The ligament shares muscle fibers with the left
atrial and PV epicardium. The ligament contains sympathetic and
parasympathetic nerve fibers and a central vein of Marshall that can be
visualized with angiography.80
The role of the LOM in AF genesis is not clear. It has been suggested
that the LOM be targeted for ablation in young (male) patients with the
pattern of adrenergic paroxysmal AF.80 In the laboratory these patients
often have AF triggered by high-dose isoproterenol (10–20 mcg per
minute) infusion. In addition, it is suggested that if the earliest endocardial activation is located within a left PV but local activity is less
than 45 ms before atrial activity, then mapping of the LOM should

be considered.80 In addition, if no early PV sites can be identified for
apparent left PV triggers of AF, the LOM should be suspected.80
The vein of Marshall can be identified by coronary sinus angiography in approximately 75% of patients (Fig. 17.22).81 The vein ostium
can be subselected with a 6 or 7 F mapping catheter. Pacing from the
left atrial appendage or distal coronary sinus may allow discrimination
between LOM and PV potentials. The catheter serves as an anatomic
reference to target ablation. The recommended approach is ablation to
the midligament from the inferior–anterior aspect of the lateral ridge
under the left inferior PV ostium (Fig. 17.23).80 The end point for ablation is the exit block between the muscular portion of the ligament and
the LA. Typically, there is disappearance of all muscle potentials within
the ligament with successful ablation as well.80 Reportedly, ablation
as described produces successful LOM ablation in 90% of patients.80
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Fig. 17.20 Correlation between locations of fractionated atrial potentials (FAPs) and ganglionic plexi (GP) in patients undergoing catheter ablation
of atrial fibrillation. A, Electroanatomic map of FAP in a patient with paroxysmal atrial fibrillation. Electrograms were recorded for 2.5 seconds at
each site. Sites exhibiting FAP for the entire 2.5 seconds were classified as continuous FAP and are colored red. Sites with FAP for >0.5 seconds
but with organized atrial potentials for the remainder of the 2.5 seconds were classified as transient FAP and are colored orange. Sites exhibiting
periods of irregular amplitude, polarity, and cycle length, but not rapid, were classified as intermediate FAP and are colored green–light blue. Sites
exhibiting high-amplitude, discrete atrial potentials with average cycle length of 180 ms or more were classified as slow organized atrial potentials
and are colored purple. An FAP area was defined as a contiguous area of FAPs (continuous or transient FAP). Four FAP areas were identified: left
atrial appendage (LAA) ridge FAP area, superior left FAP area, inferior–posterior FAP area, and anterior right FAP area. Sites where endocardial highfrequency stimulation (HFS) produced a vagal response (B) are marked by brown tags, corresponding the five major GP areas: (1) Marshall tract GP,
(2) superior left GP, (3) inferior left GP, (4) inferior right GP, and (5) anterior right GP. HFS failed to produce a vagal response at the sites marked by
orange tags. Note that all five GP are located within the four FAP areas (C). B, Tracings shown from top to bottom are electrocardiogram leads I and
aVL, electrogram from the right ventricle (RV), and arterial pressure. During atrial fibrillation, endocardial HFS (cycle length, 50 ms; pulse width, 10 ms)
in the posterior left atrium, 2.5 cm inferior to the ostium of the left inferior pulmonary vein (LIPV), results in transient complete atrioventricular block
(RR interval, 2940 ms) and hypotension (vagal response), identifying the inferior left GP. C, Schematic representation of the relationship between the
FAP areas and GP locations. Red tags indicate sites with a positive HFS response. Red crossed-hatch areas indicate FAP areas. LAA ridge FAP area
and Marshall tract GP are located anterior to the left pulmonary veins. All five GP are located within one of the four FAP areas. LSPV, Left superior
pulmonary vein; PA, posteroanterior; RAO, right anterior oblique; RIPV, right inferior pulmonary vein; RSPV, right superior pulmonary vein. (Modified
from Nakagawa H, Scherlag BJ, Patterson E, et al. Pathophysiologic basis of automatic ganglionated plexus ablation in patients with atrial fibrillation.
Heart Rhythm. 2009;6:S26-S34. With permission.)
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Alternatively, the LOM can be ablated by ethanol infusion.80 The vein
of Marshall arises from the posterior aspect of the coronary sinus and
is cannulated with a left internal mammary artery guide catheter or a
coronary vein subselection catheter (Rapido IC-90; Boston Scientific,
Natick, MA). An angioplasty balloon (8 × 2 mm) is advanced over a
guidewire for selective angiography of the vein of Marshall. For ablation, two separate injections of 1 mL 100% ethanol are given 2 minutes
apart. Ethanol injection creates areas of low atrial electrogram voltage
on the lateral wall of the LA between the lateral coronary sinus and
left PV and anterior to the PV (Fig. 17.24).82 In addition, the ethanol

TABLE 17.5

Ablation

injection alone produces partial or complete electrical isolation of the
left PV in most patients.

Outcomes of Ablation of Ganglionic Plexi /Ligament of
Marshal

The role of ablation of GP in patients with AF is not clear. There are limited data on the effect of autonomic ablation on outcomes after catheter
ablation.79,80 The results of the reports on the effect of ablation of fat pads
during cardiac surgery on recurrent AF are conflicting.83–85 GP ablation
may reduce PV depolarizations and AF inducibility independent of PVI
procedures. It appears that PVI further reduces AF inducibility after GP
ablation in relatively small series.86 Of 10 patients with vagally induced
paroxysmal AF, vagal mapping identified target sites in only seven
patients.79 Of the seven undergoing epicardial and endocardial catheter ablation for denervation without PVI, five had AF recurrences in
follow-up. Of interest, the three patients without vagal reflexes invoked
had PVI alone, but none had AF recurrence. In a recent study, ablation of
GP after PV isolations was found to have a superior efficacy than linear
ablation after PV isolation.87 As described, PVI has significant effects on
cardiac autonomic function. In animal models there is significant return
of cardiac parasympathetic function 4 weeks after initial successful ablation, suggesting that reinnervation occurs.85 There is also evidence of
returning autonomic function after parasympathetic modification by
catheter ablation.88 There are few data on the efficacy of LOM ablation
for the management of AF.82

Target Sites for Autonomic

Target Site

Location

Right superior GP

Anterior to RSPV

Right inferior GP

Inferior and posterior to RIPV

Left superior GP

Anterior and/or posterior to LSPV

Left Inferior GP

Posterior and inferior to LIPV

Ligament of Marshall

Inferior–anterior aspect of left atrial lateral
ridge inferior to LIPV

GP, Ganglionic plexi; I, inferior; L, left; PV, pulmonary vein; R, right; S,
superior.
EPICARDIAL
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RF Sites Eliminate Response
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Fig. 17.21 Atrial epicardial (A) and endocardial (B) sites where high-frequency stimulation evoked a vagal
response in 10 patients. Epicardial (C) and endocardial (D) sites where radiofrequency (RF) ablation abolished the evoked vagal response. (Modified from Scanavacca M, Pisani D, Lara S, et al. Selective atrial vagal
denervation guided by evoked vagal reflex to treat patients with paroxysmal atrial fibrillation. Circulation.
2006;114:876-885. With permission.)
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Fig. 17.22 Vein of Marshall subselective venograms in 10 patients (1–6, 8–10). Right anterior oblique fluoroscopic projections (except for patient number 7, left anterior oblique). (From Hwang C, Chen P-S. Ligament of
Marshall: why it is important for atrial fibrillation ablation. Heart Rhythm. 2009;6:S35-S40. With permission.)
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Fig. 17.23 Ablation of ligament of Marshall (LOM) connections. Left, Right anterior oblique view of catheters
for LOM ablation. The ablation catheter tip is inferior and anterior to the left inferior pulmonary vein. The catheter will be directed along the ridge between the left veins and the left atrial appendage. Right, Electroanatomic mapping merged with 3-dimensional magnetic resonance imaging to document sites of ablation along
the ridge between the left veins and the left atrial appendage. LA, Left atrium. (Courtesy Dr Chun Hwang.)
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Fig. 17.24 Maps showing 3-dimensional bipolar voltage before (left) and after (right) vein of Marshall ethanol
infusion. Minor differences in the left atrial geometry are caused by increased density of the postinfusion
mapping. The maps were obtained with the CARTO (Biosense Webster) system. Posterior view of the left
atrium showing a new large area of low bipolar voltage amplitude (red color, <0.04 mV) in the areas corresponding to the left pulmonary vein antrum after ethanol infusion. (From Valderrabano M, Liu X, Sasaridis
C, et al. Ethanol infusion in the vein of Marshall: adjunctive effects during ablation of atrial fibrillation. Heart
Rhythm. 2009;6:1552-1558. With permission.)

Problems and Limitations of Ablation of Ganglion Plexi /
Ligament of Marshal

Significant complications that are specifically related to autonomic
ablation for AF have not been reported; however, the clinical experience with these ablation targets is limited. In addition, autonomic
targets are usually adjunctive to PVI and other ablation strategies,
making attribution of complications to one set of targets difficult. Gastric hypomotility occurred in one of 10 patients treated with epicardial and endocardial ablation.79 The completeness of parasympathetic
denervation achieved by catheter ablation may be insufficient to prevent arrhythmia recurrences. Complications of LOM ablation appear
uncommon and are limited to the dissection of the vein of Marshall
during cannulation, and is usually inconsequential.79,80

ROLE OF RIGHT ATRIAL ABLATION
Initial attempts of catheter AF ablation targeted the right atrium but
demonstrated limited benefit from right atrial linear ablation alone.89–
92 However, it is recognized that right atrial foci such as the SVC, crista
terminalis, and coronary sinus ostium may play a role in initiation of
AF.92,93 Ablation in the right atrium is necessary to terminate AF in up
to 15% to 30% of patients.68 Among patients undergoing FIRM ablation, 20% to 30% required ablation of right atrial sources94 (FIRM ablation is discussed in detail in Chapter 18).
Linear ablation in the right atrium often involves ablation of the
cavotricuspid isthmus either as a standard part of the procedure or
in response to documented typical atrial flutter. CFAEs can also be
found in the right atrium. In a randomized study, routine ablation of
CFAEs in the right atrium was not associated with an improvement
in clinical efficacy of left atrial catheter ablation of AF.95 Ablation of
right atrial CFAEs is usually deferred until ablation is completed in
the LA without termination of AF. Once left atrial drivers with the
highest frequency are eliminated, residual right atrial drivers may
continue to perpetuate AF, particularly in patients with persistent

AF.14 Monitoring right atrial cycle length in comparison with left
atrial cycle length may be helpful to determine when to proceed
with right atrial ablation during left atrial ablation of AF. Autonomic
innervations are found within the fat pads around the SVC and coronary sinus ostium (crux).

Isolation of the Left Atrial Appendage
LAA can be a source of triggered activity when challenged with high
dose isoproterenol (up to 30 micrograms/minute for up to 10–15
minutes) in up to 27% of patients presenting for redo ablation procedures.96 Additionally, Hocini et al. reported that among patients undergoing stepwise ablation for persistent AF, focal reentry involving the
LAA occurred in 19% of patients who had focal source of atrial tachycardias.97 Support for empiric left appendage atrial isolation (LAAI)
can be found in the BELIEF trial, which randomized 173 patients to
either extensive left atrial ablation alone or extensive atrial ablation
with electrical isolation of the LAA.98 Clinical efficacy in the LAAI arm
was 76% compared with 56% in the standard, albeit extensive left atrial
ablation. Complete LAAI at initial ablation could not be achieved in
13% of patients, and LAA reconnection was noted at repeat ablation in
37% of the patients in the BELIEF trial.
In order to assess progress of LAAI, an operator places a circular
catheter at the ostium of the LAA. Position of the circular catheter may
be confirmed with a 3-dimensional mapping system, intracardiac echo,
and/or fluoroscopy. Ablation may be carried out in sinus rhythm or
during atrial fibrillation. Care should be taken not to ablate inside the
LAA due to the risk of perforation. High output pacing (e.g. 20 mAmp
at 10 ms) should be performed to reduce the risk of phrenic nerve
injury during LAAI. Isolation of the LAA has also been attempted with
cryoablation.
LAAI does come at a cost, however, likely due at least in part to
the diminution of the mechanical function of the appendage. A recent
study found that stroke occurred in 6% of patients after LAAI, and
LAA thrombus was found in 21% of the remaining patients, the vast
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majority of whom were on anticoagulation.99 Given the high risk of LA
thrombus after LAAI, it is prudent to limit its use to patients who are
committed to lifelong anticoagulation or agree to undergo a left atrial
occlusion/exclusion procedure.

END POINTS FOR THE SUBSTRATE-BASED
APPROACH TO ATRIAL FIBRILLATION ABLATION
When antral PVI is used as the primary ablation strategy, elimination
of antral potentials and complete PVI is the procedural end point. The
end point of linear ablation is complete conduction block across the
ablation lines. CFAE ablation aims at elimination of all CFAEs and
termination of AF. For autonomic ablation, elimination of all induced
vagal responses is the goal.
Noninducibility of AF is a conceptually appealing end point for AF
ablation. Inducibility of sustained AF after PVI may indicate the presence of an atrial substrate capable of maintaining AF and may identify
a subgroup of patients in whom additional substrate modification is
required. Termination and noninducibility of AF may indicate effective
elimination of the mechanisms needed for the arrhythmia perpetuation. In patients with paroxysmal AF, termination and noninducibility
of AF in response to rapid atrial pacing predicts better clinical outcome
than when AF persists after ablation.3,33,48
Noninducibility of AF by high-dose isoproterenol infusion (up to
20 μg per minute) may be a more clinically useful end point for catheter
ablation of AF than noninducibility of AF by rapid atrial pacing. Isoproterenol has a higher specificity (97% vs. 72%) and better diagnostic
accuracy (83% vs. 64%) than rapid atrial pacing for predicting recurrent
AF.100 Because AF is easily inducible by pacing after cardioversion of persistent AF, reinduction of AF is usually not attempted in patients with
persistent AF. In patients with persistent AF, termination of AF during
ablation was reported to be associated with a higher probability of longterm maintenance of sinus rhythm, in some studies.34,37,95 However, in
other studies termination was not predictive of clinical efficacy.98,101
Adenosine has been used to confirm noninducibility or unmask
dormant LA–PV conduction. Adenosine may reveal non-PV foci following antral PVI in over 10% of patients.101 The clinical utility of
adenosine-induced reconnection at the time of the initial ablation
remains unclear, as it may lack sensitivity as a predictor of AF recurrence102 or at best remains an independent predictor of recurrent AF
despite the elimination of dormant conduction at the time of the initial
procedure.103 A meta analysis of six studies suggested that routine adenosine testing is associated with an improvement in freedom from AF
post-PVI.104 ADVICE (a large randomized superiority trial in patients
with paroxysmal AF) tested the hypothesis that intravenous adenosine
administration 20 minutes following initial PVI would be associated
with higher success rates. Adenosine was started at 12 mg and titrated
up until at least one P wave was blocked or there was a 3-second pause.
Patients with PV reconnection were randomized to additional ablation
versus no further ablation, and a 27% absolute risk reduction of recurrent atrial tachyarrhythmia was observed among patients who underwent adenosine administration and additional ablation of dormant PV
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conduction.93,105 A more recent and larger study enrolled 2113 patients
with paroxysmal, persistent, and long-standing persistent AF, and utilized 0.4 mg per kg of adenosine. In a randomized fashion, further
ablation was performed to eliminate PV reconnection. No difference
in outcome was observed between patients who underwent additional
adenosine guided ablation and those who did not.106 Based on this
literature the 2017 HRS/EHRA/ECAS/APHRS/SOLAECE expert consensus statement on ablation of atrial fibrillation recommended that
adenosine administered 20 minutes after PVI “may be considered”
(Class IIb).107

TROUBLESHOOTING THE DIFFICULT CASE
Problems with PVI are covered in Chapters 14 and 15. For any ablation strategy, difficulty in catheter navigation may be indicative of the
inaccuracy of the electroanatomic map due to a limited number of
registered points or patient movement during the case. Preprocedure
image acquisition with computed tomography or cardiac magnetic
resonance imaging may aid in identifying variations in the individual atrial and PV anatomy. Phased-array intracardiac echocardiography has been used to provide accurate 2-dimensional imaging and
3-dimensional reconstruction of the LA and the PVs. In addition to
defining the PV anatomy, intracardiac echocardiography can confirm
catheter position at the venous ostium.
Inability to create continuous transmural lesions is a common challenge during linear substrate modification. Potential causes are poor
catheter stability and insufficient power delivery. Switching to a different catheter or a preformed sheath may be helpful. Steerable sheaths
may offer better catheter stability; however, caution should be exercised
to avoid myocardial perforation. When confronted with an incomplete
linear ablation, the first step should be careful remapping of the line for
conduction gaps. For the mitral isthmus, gaps most frequently occur at
the ostium of the left inferior PV and epicardially near the mitral annulus. Epicardial gaps should be suspected when left atrial ablation results
in endocardial conduction delay recorded on the ablation catheter but
not on the adjacent bipoles on the coronary sinus catheter.35 In addition, the finding of early or fractionated potentials from the coronary
sinus catheter may indicate epicardial gaps. For the roofline, the most
frequent sites of gaps are near the superior PV.68 A more anteriorly
positioned line can be considered if all initial attempts fail. For patients
undergoing a second procedure after posterior left atrial isolation, gaps
are found at any point along the ablation lines but most frequently at
the left atrial appendage ridge, at the roofline, and near the PVs.40 With
the introduction of contact force sensing ablation catheters, transmural
lesions and complete conduction block can usually be achieved with
improved safety.
For autonomic ablation, patient discomfort may be an issue during
high-frequency stimulation mapping unless the patient is deeply
sedated. Prior ablation may interrupt neural interconnections from
peripheral sites needed to manifest AV block during stimulation. A
specific sequence of ablation has been described previously to minimize this effect. A summary of problems encountered during substrate
ablation and possible solutions is given in Table 17.6.
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TABLE 17.6

Catheter Ablation of Atrial Fibrillation

Troubleshooting the Difficult Case

Problem

Causes

Solutions

Linear Ablation
Difficult catheter manipulation

Atrial enlargement, difficult anatomy

Change sheath angulation or use steerable sheath

Gaps from noncontiguous lesions
Nontransmural lesions

Careful mapping of ablation line for gaps, especially
near PV ostia and left atrial appendage ridge, create
new line parallel to first attempt, epicardial ablation
(in CS for mitral isthmus line)

Tissue edema from preceding ablation

Create new line parallel to first

Esophagus near ablation lines

Redirect line, monitor esophageal temperature,
displace esophagus with TEE probe, displace heart
with intrapericardial balloon or steerable sheath

Poor tissue contact

Change sheath

Variable electrogram characteristics

Average analysis over 5- to 10-second window, use
automated algorithm

Diffuse, extensive CFAE sites

Linear ablation and antral PV isolation

Prior ablation interrupts neural interconnections

Perform autonomic mapping before other ablation

Ganglia remote from endocardial sites

Map epicardial sites

Patient unresponsive to electrical stimulation

Perform empirical antral PV isolation

Unable to produce block across lines
Electrogram-Guided Ablation

CFAE sites difficult to identify
Ablation of Cardiac Autonomics

Unable to elicit vagal reflex with mapping

CFAE, Complex fractionated atrial electrogram; CS, coronary sinus; PV, pulmonary vein; TEE, transesophageal echocardiography.
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Focal Impulse and Rotor Modulation
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KEY POINTS
Mapping
• Localized atrial fibrillation (AF) drivers commonly exist in
spatially defined regions that may fluctuate over time but in the
similar defined region.
• Similar AF drivers have been mapped in optical maps of human
AF and by other clinical mapping methods.
• Localized AF sources are distinct from disorganized activation in
AF.
• Recent metaanalyses show overall benefits of AF driver ablation.
Ablation Targets
• Rotational AF Drivers
• Focal AF Drivers

Special Equipment
• Multipolar basket catheters
• Computational software system to analyze recordings in AF and
plot maps
Sources of Difficulty
• Ensuring adequate basket coverage of the atria
• Interpreting AF maps
• Translating AF driver coordinates to ablation sites

INTRODUCTION

efficacy. Early mechanistic models suggested that AF was caused by
the asynchronous discharge of numerous ectopic foci, but more recent
studies have supported reentrant mechanisms. Fig. 18.1A shows classical reentry around an anatomic obstacle, with a fully excitable gap
between leading and trailing edges (head and tail). In the leading circle
hypothesis,17 functional reentry is maintained by a wave front encircling an area of tissue that remains refractory from constant centripetal
activation, which in turn stabilizes the circuit (Fig. 18.1B). Disorganized models of AF have invoked either intermittent foci or meandering
leading circle reentry, which suggests the need for extensive ablation to
treat AF and largely reduce the importance of mapping.
Spiral wave reentry was first proposed in computer models, then
revealed using optical mapping in isolated fibrillating ventricular muscle18,19 (Fig. 18.1C). A spiral wave rotates around a core in
2 dimensions, and a scroll wave rotates around a “filament” in 3
dimensions (Fig. 18.1D), each of which has a shorter path length than
the periphery (Fig. 18.1E). At the core, the wave front (solid line in
Fig. 18.1E) encroaches upon the wave tail (dotted line), resulting in
less depolarizing current, and slowed conduction velocity (arrows).
Conduction slowing enables reentry near the core, where meeting of
the wave front/tail meet reduce conduction velocities towards zero
(white asterisk, see Fig. 18.1C). The core is thus unexcited yet potentially excitable. This differs fundamentally from leading circle reentry
in which the center is excited and unexcitable. Fig. 18.1F depicts a
snapshot of a computer-generated spiral wave. The spiral wave core
and surrounding functional reentry form a “rotor.” This concept provides organizing centers for AF, whether one or multiple, which may
in theory be ablation targets.
There is now considerable direct evidence that rotors sustain fibrillation, using optical mapping in isolated hearts from multiple species20 including human AF.11,21–24 Optical mapping (Fig. 18.2) uses

Approaches for the ablation of atrial fibrillation (AF) have changed rapidly in the past two decades and are focused on eliminating triggers near
and from the pulmonary veins (PVs), which may initiate AF.1,2 PV-guided
ablation ameliorates AF in many patients3, yet success remains suboptimal even in recent studies using force sensing catheters4 or cryoballoon5
ablation to minimize PV reconnection. Adding extensive ablation of
complex fractionated electrograms or linear lesions have not improved
the results of PV isolation (PVI) in recent multicenter trials.6–8
Focal and rotational drivers for AF are increasingly studied ablation
targets, whose mechanistic role has long been defined in translational
studies9,10 and for which there is steadily increasing evidence in patients.
Focal impulse and rotor mapping (FIRM), the most widely applied
method to map AF drivers, reveals focal and rotational drivers, which
may spatially overlap drivers in recent optical mapping studies of human
AF11 and are similar to AF drivers described by other methods.12–15 Several important clinical questions currently exist. First, despite promising
overall outcomes of AF driver ablation in a metaanalysis,16 it is unexplained why outcomes vary between centers. Second, there is a lack of
practical guidance on how to optimally map and ablate AF drivers and
avoid pitfalls. Third, it is unclear if different AF mapping methods would
show similar or different features in the same patient. This chapter provides a practical clinical overview that attempts to address these topics.

MECHANISTIC TARGETS FOR THERAPY:
ROTATIONAL DRIVERS, FOCAL DRIVERS, AND
DISORGANIZATION
Despite decades of pharmacologic, surgical, and ablative therapy for
AF, gaps in our mechanistic understanding of AF greatly limit ablation
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Fig. 18.1 Concepts of reentry applied to fibrillation. A, Reentry around a fixed anatomic obstacle. The
wavelength (black) is shorter than the path length around the obstacle so that the activation wave front
encounters excitable tissue (excitable gap, white). B, Leading circle reentry. As an activation wave front
propagates around a functionally refractory core, subthreshold centripetal forces (pointing inwards)
depolarize the core slightly to maintain its refractory state. C, A 2-dimensional spiral wave, which, like a
pinwheel, spins around a singular point in the center. D, A 3-dimensional scroll wave emanating from a
filament. E, Electrophysiology of a spiral wave: Conduction velocity (arrow length), reentry wavelength
(wave front to wave tail), and excitable gap (wave tail to wave front) diminish towards the center of
the spiral wave. At a critical distance from the center, the wave front and tail meet, conduction velocity
approaches zero, and a core is formed. If curvature is sufficient, activation will proceed around (dotted
line) rather than into the core, forming a rotor. F, Computer simulation of reentry (56). Top, Snapshot
of transmembrane voltage in AF. The wave front fuses with the tail creating a core of excitable yet
unexcited tissue (core). Bottom, Snapshot of inactivation variables of sodium current; h.j, during reentry (see text). (From Pandit SV, Jalife J. Rotors and the dynamics of cardiac fibrillation. Circ Res. 2013; 112:
849-862. With permission.)

video imaging of voltage-sensitive dye imaging, coupled with phase,19
activation, or other signal-processing approach, to produce high spatial and temporal resolution maps of AF. Fig. 18.2A illustrates rapid
irregular action potentials at one point mapped optically. Fig. 18.2B
plots such action potentials across the cardiac surface in fibrillation.
Each color represents phase (from activation to repolarization) such
that rotations can be traced through the color spectrum (from red to
blue). Points in the atrium where activation and repolarization meet,
that is, around which an entire cycle can be traced, have undefined
phase and are termed phase singularities (PS), which may represent
rotor cores.19 Rotors are not fixed like reentry around an obstacle but
may precess in limited areas with complex trajectories (Fig. 18.2C).18,25
Fibrillation may thus terminate when the rotor collides with a
boundary,20 does not have enough elbow room to spin, or via other
mechanisms.26
Rotors were not consistently shown during clinical AF ablation until recent advances in mapping.27 Nevertheless, early work by
Schuessler, Cox, and colleagues revealed stable reentrant sources that
Maze surgery was designed in part to interrupt.28,29 Moreover, localized sources for AF have long been supported by observations including termination of persistent AF by localized ablation,27,30,31 detection
of localized high dominant frequency suggesting rapid drivers,32,33 and
spatially consistent activation vectors in AF that contradict disordered
waves.34,35
Historically, it was considered that AF resulted from the
multi-wavelet and related36 models, which posit that disorganized
activity generates new wavelets. This model requires no driver region
per se, and hence that AF can be eliminated only by limiting critical
mass, for example, extensive ablation or surgery. However, extensive
ablation that limits atrial mass did not improve the elimination of
AF in recent clinical trials,6–8 and the disorganized AF model does
not readily explain the now routine termination of persistent AF

by targeting identified regions in multiple studies16 in at least some
patients. Work is needed to better reconcile the source and disorganized models of AF.
The terms spiral wave and rotor are often used interchangeably in
the context of cardiac arrhythmias, yet nomenclature in this field is
highly controversial. The term rotor is typically applied to the singular
spatial point of rapid rotational activity, while spiral waves refers to the
curvilinear emanating wave fronts of activation. Clinically the terms
rotational activity, rotational driver, or even reentry are equally effective
to describe the phenomena now mapped by multiple approaches.

RATIONALE FOR MAPPING HUMAN ATRIAL
FIBRILLATION: APPLYING BASIC SCIENCE TO
PATIENTS
The mechanistic debate in AF has been amplified because it has only
recently been appreciated that different mapping methods yield different mechanisms. This is not true for organized rhythms (e.g., atrial flutter), and which most systems basically agree. One specific difficulty with
fibrillatory waves is that an electrode antenna may capture several local
and far-field waves. There are few means of separation except knowledge,
which falls within the refractory period, yet whose inclusion or exclusion may dramatically alter perceived mechanisms. Another difficulty is
that temporospatial activity changes rapidly within AF, which challenges
mapping.
Our laboratory commenced studies of human AF in the early
2000s using monophasic action potentials (MAPs) to reveal repolarization37–40 and multipolar catheters to measure conduction
velocity41,42 in human atria during pacing and AF, and targeted
ablation. It became clear in early studies that unipolar, bipolar,
and MAP signals in AF differ dramatically,39,40,43 with examples of
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Fig. 18.2 Optical mapping of fibrillatory conduction from an atrial fibrillation source. A, High resolution
optical action potentials obtained from explanted fibrillating tissue.21 B, Snapshot of phase movie of
a fibrillating rabbit ventricle, showing rotors as red to blue phase angles, and phase singularities (PS)
as dark black dots where all phases (colors) converge. C, Rotor meandering and fractionation during
AF in isolated sheep heart. On the left, a left atrial phase snapshot demonstrates reentry in the left
atrium (LA) free wall. The inset shows the time–space trajectory of the tip (PS), while the x and y coordinate signals are shown on the right. (Modified from Gray RA, Pertsov AM, Jalife J. Spatial and temporal
organization during cardiac fibrillation. Nature. 1998; 392:75-78; and Zlochiver S, Yamazaki M, Kalifa J, Berenfeld O. Rotor meandering contributes to irregularity in electrograms during atrial fibrillation. Heart Rhythm.
2008;5:846-854. With permission.)

signals that appeared local in bipolar recordings actually being far
field–that is, they lay within repolarization indicated uniquely by
the MAP.44 This may explain why optical maps of AF, which are
based on local action potentials, generally show rotational drivers
of AF,20 whereas traditional AF activation maps show only disordered activity.36, 45
We set out to physiologically approximate optical maps in the
electrophysiology laboratory, using signal processing to exclude farfield based on repolarization data from MAPs,43 followed by analyses of conduction velocity,41,42 and by validation of mechanisms by
patient-specific targeted ablation. This led to focal impulse and rotor
mapping/modulation (FIRM).27, 46, 47

COMPARING DIFFERENT ATRIAL FIBRILLATION
MAPPING METHODS
Differences in mapping methods must be reconciled, yet few studies have compared methods in the same patient data. We assembled
an international registry to compare mapping methods in patients
in whom ablation terminated persistent AF (NCT02997254),
for which we will make data available online. Fig. 18.3 shows termination of persistent AF to sinus rhythm AF in a 65-year-old
man (panels A, B). In panel C, AF maps using traditional methods showed only partial and transient rotations (shown), which
do not explain the site of termination. In panel D, an independent
phase mapping approach48 shows consistent rotations at this site,

corroborated by FIRM maps (panel E), which show gray-scale
activation maps and phase singularities (in red). Both of the latter
methods explain AF termination. In one report,15 sites of AF termination showed rotational AF drivers by phase and activation, plus
phase (FIRM), yet these sites were missed by traditional maps. In
a preliminary study that directly visualized human atria, AF drivers using FIRM overlapped by drivers from simultaneous optical
maps.11
This approach is limited since termination of persistent AF by
ablation is not equivalent to elimination. On the other hand, it is rare
to terminate persistent AF by ablation of a few cm2 of tissue before
PVI, and other than termination there are few acute end points for
ablation. Conversely, while long-term outcomes are the ultimate
goal, they are not ideal for assessing the acute accuracy of AF maps
since they include the effect of additional lesion sets including PVI,
lesion recovery, disease progression, and other factors. Moreover, this
approach to comparing maps eliminates apples-to-oranges comparisons of patient populations and recording electrodes, focuses on the
mapping method/algorithm, and can introduce comparisons to ablation response.
In summary, different AF mapping methods show different mechanisms. Rudy et al. suggest that activation plus phase is optimal for
mapping AF49 in electrocardiographic imaging (ECGI), which is the
approach used by FIRM endocardially. Further comparative mapping
studies are needed, particularly those that compare methods in the
same patient data sets.
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Fig. 18.3 Comparing atrial fibrillation mapping methods in the same patient, where ablation terminates persistent atrial fibrillation. In a 65-year-old man, localized ablation (A) near the right superior
pulmonary vein carina prior to PVI (B) terminates persistent AF to sinus rhythm. (C, D) Traditional activation maps show only a partial rotation (75% of cycle, orange to light blue), which may not explain
AF termination by ablation in this region. Notably, (E) phase maps by an independent method,48 and
(F) activation plus phase maps (FIRM; activation in gray scale, phase in red) each revealed sustained
rotations at the site where ablation terminates AF. Ablation site was identified prospectively by map
(F). (Modified from Alhusseini M, Vidmar D, Meckler GL, et al. Two independent mapping techniques identify
rotational activity patterns at sites of local termination during persistent atrial fibrillation. J Cardiovasc Electrophys. 2017;28(6):615-622; Zaman JAB, Baykaner T, Swarup V, et al. Recurrent post ablation paroxysmal atrial
fibrillation shares substrates with persistent atrial fibrillation: an 11 center study. JACC: Clinical Electrophysiology. 2017;3:393-402.)

CLINICAL OUTCOMES OF FOCAL IMPULSE AND
ROTOR MAPPING-GUIDED ABLATION
Multiple studies now exist on the outcomes from AF driver ablation.
Table 18.1 lists outcomes from AF-driver guided ablation studies to
April 2017 comprising 1258 patients in 17 distinct populations.16 FIRM
is the most widely applied technique (14/17 studies), and multicenter
randomized trials are pending. As with most new approaches, although
initial reports were promising, some recent reports have been disappointing. Nevertheless, in a systematic review of the entire population,
68% had persistent AF, with single procedure freedom from AF and
from AF/all atrial arrhythmias of 73% and 61%, respectively.16 Small
studies suggest that patients with comorbidities associated with lower
PVI success, such as obstructive sleep apnea and obesity, may have more
sources often away from PVs that may be targeted by FIRM mapping.50
Overall there are many similarities in results between the AF mapping methods in Table 18.1. Studies of FIRM typically show two to
four biatrial AF drivers. ECGI12 showed three to five, and other techniques by Lin et al.13 showed two to three. When biatrial mapping is
performed, about two-thirds of AF drivers lie in the left atrium and
one-third in the right atrium. This distribution may explain ablation
outcomes, in which various lesion sets may coincidentally hit AF

drivers and contribute to the 70% ceiling of success for extensive left
atrium (LA) ablation (i.e., because 30% of AF drivers lie in the right
atrium [RA]).
In FIRM studies from multiple groups, AF sources arise in diverse
locations, overall with 25% to 40% near pulmonary veins, 25% to
40% elsewhere in the left atrium, and 25% to 40% in the right atrium
(Fig. 18.4 and Table 18.2). Body surface mapping and ECG imaging
show similar AF driver distributions but in larger regions,12 which
may represent greater meander in projecting from the heart to the
torso.51 In multiple studies right atrial drivers occur mostly in the free
wall, posterolateral to the right atrial appendage, and rarely near the
superior vena cava (SVC) or cavotricuspid isthmus (see Fig. 18.4). AF
drivers are present in higher numbers and more widely distributed in
patients with persistent rather than paroxysmal AF.27 The wavelet similarity mapping approach of Lin et al.13 showed fewer AF drivers, which
may reflect mapping after PVI or their point-by-point strategy, and
may uncover sites with less spatial precession/meander.
AF rotational/focal driver sites have been compared to complex
fractionated atrial electrocardiograms (CFAEs), and it appears that
AF driver site areas are smaller than areas covered by CFAE. However, the concordance between AF drivers and CFAE differs between
studies, which may reflect differences in identifying CFAE or true
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Summary of Atrial Fibrillation Driver Ablation Outcome Studies

1st Author

Year

Type

Journal

Method

Cohort

Follow-Up
Duration
Freedom from AF

Freedom from
AF/AT

Narayan

2012

Manuscript

JACC

FIRM+PVI

107

9 months

82%

71%

Haïssaguerre

2014

Manuscript

Circulation

ECGI+PVI

111

n/a

80%

64%

Knecht

2017

Manuscript

Europace

ECGI+PVI

118

12 months

77%

74%

Prystowsky

2015

Abstract

n/a

FIRM+PVI

125

n/a

n/a

65%

Tomassoni

2015

Manuscript

JICRM

FIRM+PVI

80

16 months

95%

75%

Rashid

2015

Manuscript

JICRM

FIRM+PVI

56

8 months

82%

79%

Sommer

2015

Manuscript

JCE

FIRM+PVI

20

n/a

85%

80%

Spitzer

2016

Manuscript

JCE

FIRM+PVI

58

12 months

72%

69%

Lin

2016

Manuscript

JACC EP

Other+PVI

34

n/a

82%

71%

Natale

2016

Abstract

Heart Rhythm

FIRM+PVI

84

12 months

n/a

52%

Buch

2016

Manuscript

Heart Rhythm

FIRM+PVI

43

18 months

37%

21%

Steinberg

2017

Manuscript

Heart Rhythm

FIRM+PVI

47

19 months

23%

16%

Tilz

2017

Manuscript

JCE

FIRM+PVI

25

13 months

72%

52%

Miller

2017

Manuscript

JACC

FIRM+PVI

170

15 months

87%

70%

Balouch

2017

Manuscript

Clin Card

FIRM+PVI

27

12 months

54%

39%

Hummel

2017

Abstract

n/a

FIRM+PVI

22

26 months

73%

n/a

Wilber

2017

Abstract

n/a

FIRM+PVI

131

n/a

n/a

77%

73% (CI 63%-83%;
n=820)

61% (CI 53%-70%;
n=1096)

Summary

1258 Patients

AF, Atrial fibrillation; AT, atrial tachycardia; CI, confidence interval; ECGI, electrocardiographic imaging; FIRM, focal impulse and rotor mapping; PVI,
pulmonary vein isolation.

differences between methods. FIRM identified sites do not show a
specific CFAE grade or voltage fingerprint,27 that is, CFAEs arise at
some AF driver sites but are also prevalent elsewhere. Conversely,
sites identified by ECGI are related to CFAE52; Lin et al. identified
sites of similar electrogram morphology over time surrounded by
nonrepeating patterns,13 while the driver-mapping studies of Seitz
et al.14 introduced a novel approach to identify AF-drivers via indices of spatiotemporal dispersion rather than CFAE. At the current
time, electrogram markers for AF drivers are the subject of intense
research.

PRACTICAL APPROACH: CREATING A FOCAL
IMPULSE AND ROTOR MAPPING MAP
The general considerations for FIRM mapping and ablation are summarized in Table 18.2. The procedure requires skills that may not be
acquired during traditional ablation, including assessing adequate
basket coverage of the atrium, careful reading of complex AF maps,
and appropriate ablation guidance. We estimate that 20 or so cases per
operator are adequate to achieve proficiency.
Multipolar 3-dimensional catheters in the shape of baskets are used
to record contact electrograms in both atria during spontaneous AF,
or AF induced by burst pacing. A recent study confirmed that baskets
are sufficient to bracket an AF driver,53 although accuracy is decreased
when spatial resolution is reduced. Tissue wavelength studies of
Rensma and Allessie54 computational studies suggesting an electrode
separation of around 1 cm55 and driver sizes of around 1 cm in human
optical maps21 also support the notion that current baskets provide
useful information for AF mapping.
The basket is deployed sequentially in right then left atria via standard sheaths to cover more than 80% to 90% of the atria (Figure 18.5).
Suboptimal basket deployment (noncontact) may cause AF sources to

be missed, and the basket catheter must be sized to left atrial dimensions. Right atrial contact is more forgiving of basket size. In the left
atrium, an undersized basket may float with noncontact producing
poor signal quality, while an oversized basket is difficult to maintain
in position. Ideally a more anterior transseptal puncture orients the
basket posteriorly, whereas a posterior puncture encourages partial
prolapse across the mitral annulus, which is suboptimal. Basket size
is selected by measuring distance from the interatrial septum to the
LA appendage and left PV ridge via catheter spacing on fluoroscopy,
intracardiac echocardiography, or preprocedural imaging to avoid the
need to upsize or downsize the basket catheter.
Fig. 18.5 outlines deployment techniques for the basket catheter.
In the right atrium the basket catheter is unsheathed in the SVC and
slowly retracted into the right atrial body. Slight clockwise or counterclockwise torque is applied for optimal deployment. Particular care
is required if a right atrial pacing lead is present, rotating the basket
so that splines span the lead rather than displace it,46 and typically
advancing from the inferior vena cava rather than pulling down from
the SVC.
In the left atrium, the basket is unsheathed in the left superior pulmonary vein and slowly retracted into the atrial body. Slight clockwise
or counterclockwise torque may help achieve optimal basket deployment, maximizing endocardial contact with the fewest splines over the
mitral valve orifice. Alternatively, the basket catheter can be carefully
reflected off the carina of the left pulmonary veins.
Importantly, comprehensive atrial coverage may not be possible
with a single basket position. Repeat maps taken after repositioning, to
sample previously poorly covered regions, may help to reveal residual
AF sources. Other examples of basket catheter positioning, sizing, and
targeted regional sampling are shown in Figure 18.5.
Once the recording catheter is in place, AF electrograms are recorded in
several 1-minute epochs for 5 to 10 minutes and exported for near real-time
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Fig. 18.4 Location of focal sources and rotors in patients enrolled in the CONFIRM trial.

analysis. Localization signals from electroanatomic mapping systems are
best switched off while recording. Signals are typically recorded in unfiltered (0.05–250 Hz or 0.05–500 Hz) unipolar configuration, referenced to
the Wilson Central Terminal, a grounding patch on the patient’s thigh, or a
catheter in the SVC. Signals are exported for near real-time analysis.
Computational analysis uses described algorithms46 based on tissue physiology (repolarization and conduction dynamics in patients

with persistent and paroxysmal AF)38,40,41,43,56 to create a propagation
movie of the arrhythmia (AF). Some 3-dimensional activation on the
basket catheter is translated to 2 dimensions to display a FIRM movie
with no rotation of an anatomic shell. This translation is accomplished
by selecting a basket spline where the atrial shell is arbitrarily cut and
opened for display. Fig. 18.6A, B depict three successive frames of a
FIRM movie of AF spanning 100 to 160 ms showing a spiral wave and
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Considerations for Successful Focal Impulse and Rotor Mapping–Guided Ablation

Basket coverage (using multiple positions if needed) and careful map interpretation are the cornerstones of AF driver
ablation.
Rotor and focal source regions are spatially stable but may fluctuate during mapping.
Sources lie in 2 to 3 cm2 areas (1.5 × 1.5 cm).
FIRM sites lie between, i.e. are typically bounded by physical electrodes.
Given the size of each ablation lesion (>7 mm), it is more important to bracket the driver core between electrodes rather
than define a precise coordinate.
Optimal contact and ablation parameters are key.

Right atrial
sources

Observed in one-third of patients, paroxysmal as well as persistent AF (see Fig. 18.4).
Right atrial sources, if present, are typically fewer than in left atrium.
No stereotypical locations, including the free wall (where phrenic capture should be tested), septum, and elsewhere.
Rarely at the superior vena cava or cavotricuspid isthmus.

Left atrial
sources

Observed in nearly all patients but may be absent particularly in repeat ablation cases.
Typically multiple (average of 2–3), with higher numbers in patients with more advanced disease (paroxysmalpersistent-long-standing persistent AF).
No stereotypical location, with 40% to 50% at sites covered by a typical wide area PV antral ablation

AF, Atrial fibrillation; FIRM, focal impulse and rotor mapping; PV, pulmonary vein.

focal impulse, respectively. During a procedure, about 25 consecutive cycles (4 seconds) are typically viewed and analyzed per epoch.
Fig. 18.7A, B show isochronal snapshots that summarize these movies.
Rotational drivers (spiral waves) or focal sources are diagnosed using
criteria in Table 18.3 and targeted in Table 18.4 only if they remain in
stable regions over 1 minute or more, with minor precession that has
been quantified in less than 2 cm2 regions.57 This criterion eliminates
transient, partial, or migratory rotations.

PRACTICAL APPROACH 2: ABLATING FOCAL
IMPULSE AND ROTOR MAPPING-IDENTIFIED
ATRIAL FIBRILLATION DRIVERS
The basic approach to ablating AF drivers is to eliminate viable tissue
in the region of precession. If right and left atria are mapped in that
sequence, then ablation typically follows that sequence, but this order
can be varied.
The rotational core or focal impulse origin of each driver is tagged
relative to its closest electrode on the movie and on the multipolar
catheter. Figs 18.3 and 18.8F show how drivers identified on AF maps
are translated to physical electrode projections on electroanatomic
shells. This is straightforward in principle but should avoid errors
of projecting basket electrodes to the wrong regions of the shell. We
ensure that the shell is viewed with the basket spline en face, to avoid
parallax errors, which would lead to the wrong regions being marked
on the shell. In detailed analyses of AF patients,57 rotors precess in
about 2 to 3 cm2 areas. Consequently, the ablation target area is typically an area of 1 to 2 cm diameter bounded by the electrodes that
bracket it.
The ablation end point is elimination of the driver on a postablation map. Irrigated and nonirrigated radiofrequency and cryoablation
energy have all demonstrated success in FIRM-guided ablation.27,58
The typical approach using radiofrequency (RF) applies successive
30-second lesions, moving the catheter within the precession area.
Approximately 5 to 10 minutes of ablation is required per driver. Local
electrogram abatement and failure to capture with high-output pacing
within the ablation target region can help ensure complete ablation of
the target area. If AF terminates during ablation, attempts are made to

reinitiate AF for remapping. If AF does not terminate during ablation,
repeat FIRM mapping sometimes identifies a slight shift of the driver
location. Additional AF drivers are sometimes clearer on a remap after
competing sources are eliminated. Repositioning of the basket to sample areas that were poorly covered on the original map may also be
warranted.
If AF driver ablation results in an atrial tachycardia, that arrhythmia is typically ablated as part of the procedure. Preliminary studies
show that ablation of an AF driver may anchor activation to a localized
microreentrant atrial tachycardia,59 which may arise near the original
driver, as well as other tachycardias.26 Whether extending initial AF
driver ablation to neighboring structures reduces or facilitates such
arrhythmias, such as by leaving a gap if lesions recover, is a current area
of investigation.
The safety profile of basket mapping and FIRM-guided ablation
appears excellent60 with no documented cases of thromboembolism or
perforation using basket catheters. Ablation safety appears similar to
traditional AF ablation, and sensitive sites, such as near the esophagus
or phrenic nerves, should be screened in routine fashion.

EXPLAINING HETEROGENEITY IN OUTCOMES
OF ATRIAL FIBRILLATION DRIVER STUDIES
Variations in FIRM-guided ablation outcomes may reflect small sample size, patients with advanced AF, or procedural technique.
In a systematic review16 single procedure freedom from all arrhythmias increased to 71% (confidence interval [CI] 68%–74%), when
including only studies with more than 50 patients (i.e., >10 cases on
average per operator) in a population of 827 patients. However, patient
selection and advanced AF may not explain heterogeneity in outcomes.
In Table 18.1, Sommer, Hindricks et al.,61 Miller et al.,62 and others,
report 70% to 80% success by FIRM-ablation in cohorts including
challenging patients with many failed procedures and long-standing
persistent AF. Conversely, disappointing studies by Buch, Shivkumar
et al.,63 and Steinberg et al.,64 report 21% and 16% success. These studies also included substantial numbers of patients with paroxysmal AF
in whom PVI was also performed. Thus the reasons for these poor
results are more likely to reflect technical factors and/or small numbers
of cases per operator than difficult patients per se.
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Fig. 18.5 Positioning basket catheters.(A) In right atrium, the sheath and catheter are advanced to the
SVC where retracting the sheath causes the basket to self-expand. Slight torque may be required to maximize expansion and apposition. Optimally only 0 to1 spline should traverse the tricuspid valve orifice.
(B) In left atrium the sheath and catheter are advanced into the left superior pulmonary vein, and the
sheath is retracted. Slight manipulation may be needed to expand the basket outside of the vein. Again,
only 0 to 1 spline should traverse the mitral valve orifice. (C) An undersized basket catheter will assume
its natural spherical shape without any deformation suggesting limited endocardial contact. Intracardiac
echocardiography is often helpful in assessing endocardial contact. (D) An oversized basket catheter is
most commonly recognized by an inability to expand the basket secondary to distal electrode restriction
in a PV antrum. Further basket withdrawal is limited by the proximal electrodes encountering the transseptal access site. (E) Withdrawal of basket out of the LUPV orifice results in slight spline prolapse into
the left ventricle, although more than 56 electrodes are in contact with the left atrial walls. (F) Regional
oversampling using the basket catheter. Here the basket is manipulated to ensure higher sampling density at the LA roof, where a rotor was observed, at the cost of lower density sampling in the posterior
and anterior walls where rotors were previously not seen. If no AF sources are identified, repositioning
to systematically sample regions of the atria is suggested.

TROUBLESHOOTING ATRIAL FIBRILLATION
DRIVER ABLATION: OPTIMAL BASKET
PLACEMENT
Multipolar basket catheters provide practical global contact mapping and avoid the challenges of point-by-point mapping of rapidly
changing AF activation, yet they require some experience for optimal
placement and/or repositioning, and there is clearly room for technical improvement. New basket designs are being introduced by several
manufacturers.
Fig. 18.8 shows optimal and suboptimal placements of current
baskets during reported AF driver ablation cases. Table 18.5 lists
troubleshooting tips for basket positioning. It is important to select
the most appropriate basket size based on atrial dimensions from

intracardiac echocardiography or computed tomography. If perfect
basket–atrial size matching (within ∼5 mm) is not possible, we typically undersize rather than oversize the basket. An oversized basket
may prolapse into the left ventricle, as unrecognized in some prior
reports (Fig. 18.8C)65 and may explain poor maps.66 Slight undersizing allows the basket to be gently pushed to optimize contact, then
moved sequentially.
We recommend moving the basket sequentially to ensure optimal coverage, especially in larger atria, given variations in atrial
shape between patients. Fig. 18.8A shows a single left atrial basket
position, which does not contact the walls, evidenced by the basket
retaining its spherical shape. In the same patient, Fig. 18.8B shows
two positions in two successive recording periods (typically 2 minutes), which cover most of the atria and show spline deformation,
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Fig. 18.6 Atrial fibrillation (AF) sources on focal impulse and rotor mapping (FIRM) movies. Three successive FIRM movie snapshots demonstrating. (A) A counterclockwise AF rotor centered at electrode D3–4
and (B) a focal impulse source for AF originating near electrode B5–6. Each AF source precessed within
their spatially reproducible region for tens of minutes until eliminated by brief FIRM targeted ablation.

Fig. 18.7 Snapshots Illustrate focal impulse and rotor mapping-based atrial fibrillation (AF) movies.
A, Right atrial AF rotor (same case as Fig. 18.5A) lies at D3-4 (precesses between cycles) and was eliminated by ablation. B, Left atrial AF focal source (same case as Fig. 18.55B) lies at B56 (precesses between
cycles) and was eliminated by ablation. CS, Coronary sinus; ECG, electrocardiogram; LA, left atrial.
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TABLE 18.3

Diagnostic Criteria

Rotational atrial
fibrillation (AF)
driver

A core or phase singularity with rapid
rotation that emanates disorganized
waves peripherally within the chamber.
Driver may precess (meander) but should
remain within a region of 1 to 2 cm2 for
∼1 minute or more, with temporal
fluctuations.

Focal AF driver

An origin with rapid activation that
emanates disorganized waves
peripherally within the chamber
Driver may precess (meander) but
should remain within a region of
1 to 2 cm2 for ∼1 minute or more with
temporal fluctuations.

Disorganized
(fibrillatory)
activity

Absence of organized rotational or focal
activation.

TABLE 18.4

Target Sites

Rotational atrial fibrillation driver
Focal atrial fibrillation driver

that is, good contact. Fig. 18.8C shows suboptimal basket positioning with prolapse into the left ventricle65 in a published report, while
Fig. 18.8D shows basket positioning in a successful series.62

TROUBLESHOOTING ATRIAL FIBRILLATION DRIVER
ABLATION: INTERPRETING ATRIAL FIBRILLATION
MAPS
Spatial maps of clinical AF are a recently introduced technical tool,
and their interpretation can be challenging—particularly in patients
with advanced AF. Table 18.5 lists troubleshooting tips for interpreting
AF maps. For FIRM mapping, automated tools can greatly assist the
process.
If maps are difficult to read (Table 18.5), the first step is to analyze
additional time points within the exported 1-minute epoch. This can
be done in tens of seconds. If maps remain poor, we move the basket
to improve contact and remap. In challenging movies, we first play
AF activation at high speed (e.g., 6×) to generally localize rotation
or focal activity within each quadrant of the map. The movie is then
played slowly (i.e., 1×) to define potential rotation or focal activity
within the quadrant(s) of interest. If a focal driver is entertained, then
playing the movie in reverse to see activation collapsing back to this
site can also be helpful. It has been suggested that low-dose ibutilide
(e.g., 0.2 mg) can be given to organize maps, but this has not been
systematically studied.
Other specific scenarios can be seen. One scenario is seen when
an activation wave front appears to emanate from just off the screen,
that is, from above the right atrial map. In this case we move the basket superiorly and remap. From the lateral or septal to the left atrial
map, we would move the basket to a more lateral or septal location,
and/or probe the PV regions and the left atrial appendage. Basket

repositioning to improve sampling of these areas at the expense of previously well-sampled regions may help define a source. If a distal site
in these structures is suspected, ablation by standard techniques can
be fruitful. Another situation occurs when exactly the same location
appears to be focal on one map and rotational on another, which may
represent transient electrode dropout on the latter map (or potentially
transmural migration of a rotational driver). Ablation at this site is
often fruitful. Potential availability of more compliant basket catheters
of various sizes (and shapes) may reduce these issues.
In contemporary usage, automated tools can help to read AF maps.
Fig. 18.9 illustrates two cases of AF driver ablation that terminated persistent AF prior to PVI. Panels A and B indicate a clear AF driver that
was identified by all reviewers on the AF movie and corroborated by an
automated tool (rotational activity profile, RAP). RAP identifies sites of
rotational activity in FIRM-maps by quantifying both activation time
rotational activity as well as phase singularities and was used clinically
in this case to enable prospective ablation and AF termination. Of note,
independent reviewers may miss AF driver sites (even some that were
identified prospectively during the procedure). Panel C indicates a
more difficult AF map, for which reviewers did not agree. In theory,
reviewer subjectivity may have caused this AF driver to be missed. In
panel D the automated tool (RAP) identified the site of termination
(during prospective ablation), which was detected by only 2 out of 4
reviewers.
Differences in reading AF maps may contribute to variation in
ablation outcomes, and there is an urgent need for improved objective
indices of AF maps and drivers across all methods. While a 70% to 80%
interobserver agreement16 seems reasonable, this means that 20% to
30% of potentially identifiable sites may be missed by a reader. In Table
18.1, the two studies with lowest success63, 64 were performed early in
development of the technique before automated tools for rotor identification (RAP) were available, yet operator experience was also early in
these series. We estimate that 20 cases per operator are needed to pass
the learning curve for reading AF maps.

TROUBLESHOOTING: ABLATION GUIDANCE
FROM ATRIAL FIBRILLATION MAPS FOR DRIVER
ABLATION
Successful ablation must fully eliminate the AF driver, and differences
in ablation strategy may partly explain variations in outcome between
studies in Table 18.1.
Incomplete AF driver ablation may explain lower success. Fig. 18.8E
shows an example lesion set from 30 consecutive nonrandomized
patients reported by Gianni et al.67 as included in the OASIS trial (Outcome of Different Ablation Strategies in Persistent and Long-Standing
Persistent Atrial Fibrillation).68 The lesions are sparsely distributed and
may not effectively eliminate AF drivers. Fig. 18.8F illustrates dense
ablation lesions in the report by Sommer, Hindricks et al.,61 which may
contribute to their good outcomes in challenging patients.
Incompletely eliminated source regions may cause recurrent
postablation AF or AT.69 Thus it is critical to ablate the entire source
region, although the extent of AF driver ablation is not yet theoretically established. There is debate on whether it is sufficient to ablate
the core area or whether one should extend this to nonconducting
boundaries. Few lesions may be insufficient to eliminate AF drivers,
yet too many may increase the chance of lesion recovery, gaps, and
recurrence.26 Overall, AF driver ablation does not elevate complication rates over PVI alone60 and does not appear to be proarrhythmic
(see Table 18.1).
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Fig. 18.8 Pearls and pitfalls in atrial fibrillation basket placement. A, Suboptimal basket position in left
atrium. B, Multi-position basket mapping, the method of choice in large atria. C, Suboptimal basket in
a disappointing report, consistent with inadvertent left ventricle prolapse–conical shape, anterolateral
to coronary sinus, ventricular electrograms.65 D, Good basket position covering atrium well. E, Sparse
lesions over source area in a disappointing report.67, 68 F, Dense source area lesions in a successful
series.61

The contemporary end point of FIRM-guided ablation is elimination of rotational or focal activity on remapping,61 which is achievable
in most patients. Even if AF terminates, AF should be reinitiated if possible and remapped to ensure that the source has been eliminated. For
this reason, AF termination is not an end point. The significance of
AF termination or lack of AF termination is unclear. Lack of AF termination may reflect residual AF sources, delayed decay of fibrillatory
waves, or other mechanisms.
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PART 4

TABLE 18.5

Catheter Ablation of Atrial Fibrillation

Troubleshooting the Difficult Case

Basket catheter sizing and
positioning

Select basket based on left atrial rather than right atrial size.
Select basket based on measuring the distance from transseptal crossing to Coumadin ridge.
Select a more anterior transseptal puncture, to advance the basket posteriorly into the left atrium.
If in doubt, undersize rather than oversize the basket.

Unable to identify focal sources on Assess for proper basket catheter size and position. See Figs. 18.5, 18.8.
a focal impulse and rotor mapping Maximize signal fidelity by catheter opposition; ensure adequate filtering and unipolar reference.
(FIRM) map
Choose another time slice within the epoch, since AF drivers may fluctuate then reappear in the
same location. Alternatively, collect another epoch.
Play movie initially fast, to localize general region of rotation or focal activity, then slow movie
down. For focal source, play movie in reverse to show activation collapse to an origin.
Consider sources outside the mapping area.
Evaluate regions of under sampling, adjust basket positioning, and resample.
Choose an alternative spline to “cut and open.”
Inability to eliminate rotor or focal
source despite FIRM ablation

Ensure adequate ablation at targeted sites by lack of capture with high output pacing.
Use additional ablation if needed, taking into account standard safety considerations, e.g., near
the esophagus or phrenic nerves.
Repeat FIRM map. Sources may become clearer with elimination of other sources.
Evaluate regions of under sampling, adjust basket positioning, and resample.
Consider sources outside the mapping area.

Fig. 18.9 Automated tools to improve interpretation of atrial fibrillation (AF) maps. Two cases (AB, CD)
indicating maps that prospectively guided termination of persistent AF by activation plus phase mapping (focal impulse and rotor mapping [FIRM], method (AF) in Fig. 18.3). A, AF map was interpreted
by four reviewers, blinded to site of AF termination and without automated tool to identify rotations
(rotational activity profile [RAP]). Reviewers agreed on region of clockwise rotations. B, The same map
showing automated tool RAP to identify rotations, which was used in the case to prospectively terminate AF. RAP confirms sites identified by reviewers. In the second case (C) reviewers did not agree on
site of rotation or focal activation in blinded analysis. D, Automated RAP tool shows that two out of
four reviewers missed the AF driver.
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   C O N C L U S I O N
There is mounting evidence that human AF is maintained by rotational
and focal drivers, analogous to those long described in optical mapping
of AF in animal models, and that ablating these areas may improve
upon the results of pulmonary vein isolation. While basic and translational science for AF drivers is mature, additional studies are required
to reconcile technical differences in mapping for individual patient
types. Clinically, multicenter randomized trials are ongoing, and multiple interim studies of AF driver ablation in over one thousand patients
show mostly favorable results. Less promising results are not fully

explained, but may reflect a learning curve, particularly reflecting the
new skills of optimum basket placement, interpretation of AF maps,
and ablation guidance based on maps. Each of these elements is a subject both for technical innovation and for clinical study. In conclusion,
mapping and ablation of AF drivers is a rapidly growing field, which
with continued scientific discovery and procedural improvements,
offers a strong mechanistic foundation to improve patient-tailored
ablation for complex arrhythmias.
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Ablation of Persistent and Long-Standing
Persistent Atrial Fibrillation
Jay A. Montgomery, Gregory F. Michaud
KEY POINTS
• A
 blation of persistent and long-standing persistent atrial
fibrillation (AF) is a potentially complex procedure, which carries
a lower success rate than ablation for paroxysmal AF.
• Pulmonary vein isolation remains the cornerstone of AF ablation
in every AF population with antral isolation having better
outcomes than ostial ablation. Further adjunctive ablation comes
in many forms.

• C
 urrently we favor posterior wall isolation, careful attention to
low-voltage areas, and nonpulmonary vein trigger mapping in the
persistent and long-standing persistent AF population.
• Preprocedural predictors of recurrence include longer duration
since persistent AF diagnosis, greater than one year of continuous
AF, elevated APPLE score, and fibrosis on delayed-enhancement
magnetic resonance imaging.

INTRODUCTION

Catheter ablation for AF is superior to antiarrhythmic drug therapy in maintaining sinus rhythm across many different patient populations.16–22 In 1998, Haissaguerre et al. published the seminal findings that
PV triggers often initiate AF, and elimination of these triggers by catheter ablation may eliminate AF in some patients.23 Nearly 20 years later,
pulmonary vein isolation (PVI) remains the foundation of all widely
accepted modern catheter ablation techniques for AF, with an expectation that a single-procedure will eliminate paroxysmal AF in approximately 60% to 70% of patients at 1 year (see Table 19.1).24,25 Interestingly,
as technology, technique, and experience have all improved over time,
improvements in the availability and usage of ambulatory monitoring
has likely led to a greater capture of short and subclinical AF episodes,
with a resultant relative stagnation of AF outcomes through time.22,26,27
While efficacy for patients with paroxysmal AF undergoing PVI seem to
be consistently greater than 50%, outcomes in those with persistent and
long-standing persistent AF are generally worse, though results seem to
vary by center and in association with other clinical factors.28–30 For this
reason, interest has long focused on adjunctive ablation strategies that
could be coupled with PVI in the persistent and long-standing persistent
AF subgroups to improve results.
Over the last 15 years the most frequently employed adjunctive
ablative strategies have been placement of linear ablation lesion sets
(typically left atrial roof and mitral lines) and ablation of complex
fractionated atrial electrograms (CFAEs).31–34 When these additional
ablation lesion sets were compared with PVI alone in the multicenter
Substrate and Trigger Ablation for Reduction of Atrial Fibrillation
(STAR AF2) randomized controlled trial, they showed longer procedure
times and a trend toward worse outcomes.29 Other adjunctive invasive
strategies intended to reduce recurrence of persistent AF include mapping and ablation of non-PV triggers, posterior wall ablation/isolation,
cavotricuspid isthmus line placement, left atrial appendage isolation or
excision, ablation in areas of fibrosis, ablation of ganglionic plexi, mapping and ablation of rotors, and surgical ablation.27,35 Rigorous multicenter data is currently limited and/or conflicting for these strategies,
as will be discussed below. In addition, all of these techniques require
additional time, most require additional expertise, some require extra
equipment, and most probably increase procedural risk, with the goal
of achieving outcomes similar to what PVI achieves in patients with

Atrial fibrillation (AF) is a growing health epidemic, with more than 33
million people with the disease worldwide.1 The prevalence is expected
to exceed 12 million in the United States alone by 2050.2 Within this
group, the phenotype of AF varies greatly. Most patients with AF
present initially with paroxysmal AF, which is currently defined as
AF always terminating in 7 days or less, either spontaneously or with
intervention (Table 19.1).3–5 If AF sustains for more than 7 days, it is
defined as persistent AF, and if AF sustains continuously for more than
1 year, it is defined as long-standing persistent AF.3,5 Within the persistent AF group, early persistent AF is now defined as sustaining for
less than three months.5 A Canadian registry enrolling before the widespread adoption of catheter ablation for AF showed that after an initial
diagnosis of paroxysmal AF, 8.6%, 24.3%, and 36.3% will progress to
persistent AF within 1, 5, and 10 years, respectively.6
Not surprisingly, clinical classification of AF type by a treating physician can be at odds with more objective implantable device-recorded
data, and clinical factors such as heart failure or structural heart disease may play a role in the physicians’ assessment of treatment options
for patients. In addition, there is significant heterogeneity across each
group in terms of AF burden, with patients clinically assigned to either
group having no AF or continuous AF during 365 days of monitoring.7
While some patients may be predisposed to development of lone
AF due to genetic factors that may lead to shortened atrial refractory
periods,8–10 ectopic foci,11 or abnormal pulmonary vein (PV) architecture,12 others develop AF at an advanced age or after prolonged periods of hypertension, obstructive sleep apnea, obesity, chronic kidney
disease, and heart failure.13–15 In these two scenarios, the existing atrial
substrate may be quite different, with the former group displaying uniformly healthy atrial tissue (normal atrial voltage by electroanatomic
mapping) and the latter extensive atrial scarring early in the natural
history of a patient’s AF. This heterogeneity of substrate, coupled with
the wide variation in arrhythmia burden within each classification of
AF (paroxysmal, early persistent, persistent, and long-standing persistent) means that these classifications based on time alone cannot
fully predict a given patient’s likely benefit from medical or invasive
therapies, and can only partially guide the optimal treatment strategy.
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TABLE 19.1

Ablation

Diagnostic criteria

Ablation targets

Special equipment

Ablation of Persistent and Long-Standing Persistent Atrial Fibrillation

Key Points for Atrial Fibrillation
• Paroxysmal atrial fibrillation (PAF) is atrial fibrillation
(AF) that terminates within 7 days of onset, spontaneously or with intervention
• Persistent AF is AF that sustains for >7 days
• Early persistent AF is AF that sustains >7 days but
<3 months
• Long-standing persistent AF is continuous AF >12
months in duration
• All ablations for AF should include complete pulmonary vein isolation (PVI)
• Patients with persistent AF have worse ablation-free survival than those with paroxysmal AF
after PVI
• Further ablation may include ablation of nonpulmonary vein (PV) triggers, posterior wall ablation/
isolation, left atrial appendage electrical isolation
or excision, roof or mitral line, cavotricuspid isthmus
line, ablation of complex fractionated atrial electrograms (CFAEs), mapping and ablation of fibrosis,
mapping and ablation of ganglionic plexi, and
mapping and ablation of rotors
• Electroanatomic mapping (EAM) is strongly recommended
• Intracardiac echocardiography, contact force sensing
catheters, general anesthesia with high-frequency
ventilation, and deflectable sheaths can all be
useful in achieving durable lesions
• Multipolar catheters can be helpful in determining
sources of non-PV triggers

Sources of difficulty • Achieving durable PVI remains challenging and
may be necessary but not sufficient for achieving
arrhythmia-free survival in many patients with
persistent and long-standing persistent AF
• Contact force and impedance monitoring, adenosine
challenge, achieving ablation line unexcitability, and
maintaining close lesion spacing may help achieve
durable lesions
• Posterior wall ablation and isolation can be
achieved efficiently and safely in most patients
with short duration, low-power, low-flow irrigation
settings to limit esophageal heating
Predictors of outcome • Longer time since persistent AF diagnosis and
longer time in continuous AF predict worsened
outcome
• APPLE score (1 point each for age >65 years,
persistent AF, eGFR <60mL/min/1.73m2, LA diameter
≥43mm, and left ventricular ejection fraction <50%)
predicts AF recurrence after ablation with an odds
ratio for AF recurrence for scores of 1, 2, or ≥3 equal
to 1.73, 2.79, and 4.70 as compared with a score of
zero (similar predictive power for repeat ablation)
• Delayed-enhancement magnetic resonance imaging
(DE-MRI) shows linear correlation between left
atrial fibrosis burden and postablation recurrence
with recurrence rates of 15%, 36%, 46%, and 69%
corresponding to <10%, ≥10-<20%, ≥20-<30%, and
≥30% fibrosis of the LA

TABLE 19.2
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Arrhythmia Diagnostic Criteria

Paroxysmal atrial
fibrillation (AF)

• AF that terminates within 7 days of onset, spontaneously or with intervention
• Class I indication for ablation if symptomatic, refractory to at least 1 antiarrhythmic
• Class IIa indication for ablation before antiarrhythmic

Persistent AF

• AF sustains for >7 days
• Class IIa indication for ablation if symptomatic,
refractory to at least 1 antiarrhythmic

Early persistent AF

• AF sustains >7 days but <3 months

Long-standing
persistent AF

• AF is continuous AF >12 months in duration
• Class IIb indication for ablation if symptomatic,
refractory to at least 1 antiarrhythmic

AF recurrence after
ablation

• AF or atrial tachycardia (AT) documented to last 30
seconds occurring after a 3-month blanking period

Nonpulmonary vein • Early atrial depolarizations leading to AF or sustrigger
tained AT

paroxysmal AF. As such, the 2014 American College of Cardiology/
American Heart Association/Heart Rhythm Society (ACC/AHA/HRS)
guidelines and 2017 Heart Rhythm Society/European Heart Rhythm
Association/European Cardiac Arrhythmia Society/Asia Pacific Heart
Rhythm Society/Latin American Society of Electrophysiology and
Cardiac Stimulation (HRS/EHRA/ECAS/APHRS/SOLAECE) expert
consensus statements have assigned a class I indication for catheter
ablation of drug-refractory, symptomatic paroxysmal AF, a class IIa
indication for drug-refractory, symptomatic persistent AF, and a class
IIb indication for drug-refractory, symptomatic long-standing persistent AF (Table 19.2).3,5

ASSESSMENT OF THE PATIENT WITH PERSISTENT
AND LONG-STANDING PERSISTENT ATRIAL
FIBRILLATION
Patients with persistent AF may have a wide range of symptomatology,
arrhythmia burden, and comorbidities.7,36,37 Many patients with persistent AF are initially encountered by the electrophysiologist in the
outpatient setting, often in the midst of a prolonged episode of AF. A
few questions are important to consider when evaluating a patient with
persistent or long-standing persistent AF:
• Is the patient symptomatic? Can that be determined if it is unclear?
• Is the patient presenting in sinus rhythm or AF?
• What is the AF burden, and how long is the current episode? How
long since diagnosis?
• Are other diseases worsened by the presence of AF (i.e., heart failure, sick sinus syndrome, hypertrophic cardiomyopathy)?
• Are there factors precluding certain antiarrhythmic drug therapy
(heart failure, coronary artery disease, renal disease, lung disease)?
• Are there factors precluding catheter ablation (high anesthesia risk,
intolerance of anticoagulation, left atrial appendage thrombus)?
• Is the patient expected to have open heart surgery, which could
potentially be paired with a surgical ablation for AF?

Assessing and Defining Symptomatology
Patients with persistent AF often complain of nonspecific symptoms
such as fatigue or exercise intolerance, making it difficult to ascertain
whether a concomitant problem such as obesity, sleep apnea, or clinical heart failure is the major instigator. In addition, patients are often
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unaware when AF started and may feel minimal palpitations, which
may give the false impression that AF is asymptomatic. In that sense,
symptomatology attributable to AF may be in the eye of the beholder.
In this circumstance one should consider direct current cardioversion
(DCCV) with or without an antiarrhythmic medication for the purpose of determining improvement in symptomatology when in sinus
rhythm. The patient is encouraged to keep a literal or mental symptom
diary for the days and weeks preceding and following cardioversion.
Most patients with persistent AF will experience some improvement
of symptoms after cardioversion. If a patient with persistent AF experiences no symptomatic improvement with a trial of sinus rhythm,
rhythm control is less appealing, given that multiple ablations and/
or continuation of antiarrhythmic drugs may be needed to achieve
long-term success.3 More than 10% of patients will fail to have even
momentary restoration of sinus rhythm, even at 360 J,38,39 in which
case placement of two sets of defibrillator pads (one in anteroposterior
configuration and one in anterolateral configuration) connected to two
separate external defibrillators can be synchronized and fired simultaneously (by a single operator) with near universal success.40,41 We
recommend very firm pressure on the two anterior patches (this can
best be done from on top of the stretcher or with the bed very low) with
dry towels and rubber gloves to ensure no current is leaked through
the operator applying pressure. In addition, pretreatment with ibutilide
can also be used to aid cardioversion.42 Of note, amiodarone may raise
the defibrillation threshold.43–45

Presenting Rhythm
Among patients with a clinical diagnosis of persistent AF, those who
present to the electrophysiology (EP) lab in sinus rhythm, or who have
early conversion to sinus rhythm during the procedure (before the
completion of the planned ablation), have a significantly greater likelihood of long-term success.46 This is probably because, at least in part,
of the presence of sinus rhythm being a marker of a phenotype, which is
likely to have improved outcomes. Arriving to the lab in sinus rhythm,
all other things being equal, is statistically more likely in patients with
a lower AF burden. Conversion early during the procedure could be a
marker of a patient with a more paroxysmal, self-terminating phenotype, which may have terminated even in the absence of ablation. By
the same reasoning a patient with persistent AF, who presents to clinic
in sinus rhythm, may be expected to have better outcomes with ablation than one who does not.

Atrial Fibrillation Burden and Chronicity
As discussed earlier, patients with persistent AF are more likely to experience recurrence than those with paroxysmal AF (see Table 19.1).47
Among patients with persistent AF, those classified as persistent AF
for more than 1 year seem to be approximately twice as likely to have
recurrence as compared to those diagnosed with persistent AF for less
than 1 year.48 Additionally, those with long-standing persistent AF (>1
year of continuous AF) have worsened outcomes as compared with
those who have been in AF less than twelve months.5

Disease Processes Exacerbated by Atrial Fibrillation
When determining how aggressively to treat AF, it is reasonable to consider comorbidities. In patients with heart failure and AF, AF ablation has
been associated with an improvement in left ventricular ejection fraction
(LVEF) of 8.5%, as well as an improvement in 6-minute walk and quality of life when compared with rate control.49 Additionally, AF ablation
compared favorably to atrioventricular (AV) node ablation with biventricular pacing in heart failure patients with significantly greater quality
of life, 6-minute walk, and left ventricular (LV) ejection fraction in the
AF ablation group.50 Most notably, recent evidence from the randomized

controlled Catheter Ablation for Atrial Fibrillation with Heart Failure
(CASTLE-AF) trial showed a significant reduction in the primary composite end point of death or hospitalization for worsening heart failure
(hazard ratio [HR] 0.62; P=.007) among patients with LVEF 35% or less
randomized to ablation as opposed to medical therapy (rate or rhythm
control) for AF.51 The study also showed significant reductions in the
individual end points of all-cause mortality (HR 0.53; P=.010), cardiac
mortality (HR 0.49; P=.009), and hospitalization for worsened heart
failure (HR 0.56; P=.004) in the ablation group. Similar to prior studies,
LVEF and 6-minute walk also showed significant improvements in the
ablation group. Interestingly, these effects were seen in the setting of a
50% recurrence rate in the ablation group, but a reduction in AF burden
(rather than complete elimination) to around 25% as opposed to 60% for
those receiving medical therapy alone.
In addition, patients with tachy-brady syndrome plagued by symptomatic sinus bradycardia or long postconversion pauses in the setting
of needed rate or rhythm control medications for AF, may benefit from
an early ablative approach to avoid or postpone the need for placement
of a permanent pacemaker.5
Lastly, observational data suggests that AF ablation is associated
with a reduced incidence of stroke or TIA as compared to propensitymatched patients with AF who do not undergo ablation.52–55 This
effect seems to be greater in patients without recurrence of arrhythmia
after ablation.56 However, despite propensity matching, it is possible
that the decision to perform ablation and also ablation success may
be a marker of a healthier patient population, who would be less likely
to suffer a stroke regardless of ablation. Therefore a randomized trial
will be needed to determine the true effect, if any, that AF ablation
has on long-term stroke risk. Notably, recent guidelines state that “a
patient’s desire to eliminate the need for long-term anticoagulation by
itself should not be considered an appropriate selection criterion for
AF ablation.”5

Antiarrhythmic Drug Options
In many patients with persistent AF, antiarrhythmic drug options are
limited. Patients with persistent AF and structural heart disease should
not be prescribed class 1c antiarrhythmic medications.3 In this group
sotalol, dofetilide, dronedarone, and amiodarone are options. For those
with heart failure dronedarone, and to some extent sotalol, are also
contraindicated. In addition, patients with poor or fluctuating renal
function or serum potassium levels are at elevated risk of Torsades de
Pointes with the class III antiarrhythmic drugs sotalol and dofetilide.
For those who do qualify for a class III drug, several days of hospitalization for drug loading is recommended. Finally, any patients with
advanced lung disease or those with an expected lifespan of a decade
or more are not ideal candidates for amiodarone, given the risk of
long-term, potentially fatal, toxicities.3 After all of these considerations
are taken into account, there is a significant cohort of persistent AF
patients with few or no good antiarrhythmic drug options. Despite
this, operators should be aware that patients with persistent AF, and
especially those with long-standing persistent AF, may require continuation or initiation of antiarrhythmic drug therapy after ablation to
maintain sinus rhythm.

Potential Contraindications to Ablation
Ablation of AF is contraindicated or certainly riskier in certain populations. Given the elevated incidence of periprocedural stroke in the
absence of anticoagulation, intraprocedural heparin, and oral anticoagulation is recommended for at least 2 months after ablation in all
patients, regardless of baseline stroke risk.3 The 2014 ACC/AHA/HRS
guidelines state that “AF catheter ablation should not be performed in
patients who cannot be treated with anticoagulant therapy during and
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following the procedure.”3 In patients with heparin-induced thrombocytopenia or other specific contraindication to heparin, bivalirudin can
be used for the acute procedure.
In addition, those with an exceptionally high risk for general anesthesia, such as those with advanced lung disease and concomitant morbid obesity, should warrant special consideration and attention prior to
referral for ablation. Most patients with inferior vena cava (IVC) filters
can safely undergo AF ablation. Fluoroscopy, and occasionally contrast
venography, should be used to ensure safe passage of wires and sheaths.
Occasionally chronic thrombus may prevent access through a filter.
Patients with congenital heart disease are at significantly elevated
risk of AF, and the risk increases as one ages.57–61 Simple congenital
heart disease, in which the atrial septum has been repaired, requires
extra care to perform transseptal puncture. This has been performed
in high-volume centers using intracardiac echocardiography, with a
high degree of success and few complications.62,63 AF ablation in complex congenital heart disease, which may include surgical baffles and
severely distorted anatomy, should be referred to an operator experienced with these patients.57

with either radiofrequency or cryoballoon.68 Notably, many of these
studies excluded long-standing persistent AF. In addition, the mean
left atrial (LA) size (4.5 cm) may be smaller and LVEF (57%) may be
greater than what could be expected in a real-world long-standing persistent cohort.68 In fact, among a group of patients with more advanced
persistent AF with LA size 5.1 cm and LVEF 50%, the Hopkins group
showed a single-procedure success rate of 36% at about 11 months
follow-up.69 Those with long-standing persistent AF had 20% success.
Some evidence suggests that performing wide-area circumferential ablation around the PVs (rather than ostial ablation) may be more
efficacious.70,71 In a trial by Nilsson et al., this effect appeared to be
magnified in persistent AF patients, who had an 85% recurrence rate
with ostial ablation, and 48% recurrence with extraostial ablation, with
allowance for one reablation.70 The largest anatomic difference in PVI
lines between an ostial approach and wide-area approach is the wider
placement of the posterior lines, which isolates a much larger portion
of the posterior wall. Our method of ablating posterior to the PVs is
described later.

Patients with Atrial Fibrillation Undergoing Cardiac
Surgery

During embryologic development, a single embryonic PV arises from
the posterior wall and then branches into the four main PVs and their
distal branches (Fig. 19.2).72 As a result, the smooth tissue of the PVs
extends into the LA tissue and incorporates the posterior LA wall
as well as some of the LA roof and interatrial septum.73 Ablation of
the posterior wall has been considered an additional potential target
in AF ablation, and there is compelling evidence that ablation and
isolation of the left atrial posterior wall may reduce recurrence of
persistent AF.
After transitioning from the cut-and-sew Cox-Maze III to the
primarily radiofrequency and cryoablation Cox-Maze IV, the initial lesion set at Washington University in St. Louis included an
ablation line connecting the right and left lower pulmonary veins.
Later, a roofline connecting the two upper veins was added to
complete a posterior box. Among the first 100 patients, recurrence of antiarrhythmic medication was 53%, with only an inferior
connecting line placement versus 15% in those with a posterior
box.74 A larger follow-up study from the same group revealed an
odds ratio of 0.382 for atrial fibrillation/atrial tachycardia (AF/
AT) recurrence with completion of a posterior box when adjusted
for other factors.75 A study performed on 17 patients greater than
4 years after a surgical epicardial ablation of the posterior wall and
PVs using high-intensity focused ultrasound revealed that among
patients with AF recurrence, 100% (11/11) had posterior wall reconnection. Only 33% (2/6) of patients without AF recurrence had
posterior wall reconnection.76 A similar finding was seen in a study
of patients with persistent AF by Bai et al., which showed a hazard
ratio of 2.22 for AF recurrence with PVI alone (first 20 consecutive
patients) versus PVI with extensive posterior wall, coronary sinus
(CS), and septal ablation (next 32 consecutive patients).77 Additional
observational data for posterior wall ablation comes from a post hoc
analysis of the AATAC trial of catheter ablation versus amiodarone.
In this study of patients with heart failure and persistent AF, those
who underwent complete posterior wall isolation (diffuse ablation of
all signals, rather than placement of lines) had 79% arrhythmia-free
survival versus 36% who had PVI only. Conclusions are limited by
small numbers, the fact that this was not a randomized component
of the trial, and the fact that the ablation strategy was likely a direct
reflection of the operator performing the procedure.78
Based on these observations, it seems plausible that durable posterior wall ablation/isolation may benefit patients with persistent AF,
but randomized data is lacking. Furthermore, the preferred method

In patients with symptomatic AF who are undergoing cardiac surgery
(specifically mitral valve surgery, aortic valve surgery, or coronary
artery bypass grafting), concomitant surgical ablation of AF is recommended.3,5,64 In addition, in patients with AF undergoing cardiac
surgery, it is reasonable to perform left atrial appendage excision or
exclusion, whether or not surgical ablation of AF is performed.64 While
the original Cox-Maze procedure consisted of a cut-and-sew lesion set,
the Cox-Maze IV procedure switched to limited atriotomy (often in the
setting of mitral valve surgery), with both radiofrequency and cryoablation performed from both endocardial and epicardial locations, making the procedure shorter and less technically challenging.64 Because
aortic valve and coronary artery bypass surgeries do not necessitate an
atriotomy, approaches have been developed that are performed exclusively from an epicardial approach, although these approaches cannot
reliably create a contiguous line of ablation down to the mitral valve
annulus.5,64 In patients with persistent and long-standing persistent AF,
extensive surgical lesion sets seem to have very good efficacy; however,
paroxysmal AF patients may not have an added benefit with extensive
linear ablation.65–67

ABLATION STRATEGIES IN PATIENTS WITH
PERSISTENT ATRIAL FIBRILLATION
As discussed, ablation outcomes with PVI become progressively
worse moving from paroxysmal to early persistent, persistent, and
long-standing persistent AF.5 For this reason, PVI-only is a widely
accepted first-line catheter ablation strategy for paroxysmal AF, but
the correct ablation for persistent and long-standing persistent AF is
a topic of much debate. In this section, we will briefly discuss PVI and
several adjunctive ablation techniques, keeping in mind that many of
these techniques are discussed more exhaustively in other chapters of
this book (Table 19.3).

Pulmonary Vein Isolation
PVI remains the cornerstone of all widely accepted strategies for ablation of AF and is recommended as a class I indication during all AF
ablation procedures (Fig. 19.1).3,5 Between 2011 and 2016 several
studies have shown success rates of 47% to 82% for around 1-year
arrhythmia-free survival (pooled mean 67%) in relatively healthy populations of patients with persistent AF undergoing PVI-only ablation,

Posterior Wall Isolation/Ablation
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Target Sites

Pulmonary vein isolation

• Complete pulmonary vein isolation (PVI) is the cornerstone of any ablation for atrial fibrillation
• May be adequate as a stand-alone procedure to achieve control of atrial fibrillation (AF), especially in patients
with paroxysmal or early persistent AF
• Wide-area circumferential ablation has improved outcomes as compared to ostial PVI

Posterior wall ablation/isolation

• The left atrium (LA) posterior wall is formed from the embryologic pulmonary vein (PV) bud
• Isolation of the posterior box by placement of roof and inferior lines is difficult and highly susceptible to reconnection
• Careful ablation of all signals within the area of the posterior box may be a more realistic approach
• Ideal power, irrigation, and time per lesion across the posterior wall requires further study

Nonpulmonary vein triggers

• Early atrial depolarizations leading to sustained AF or atrial tachycardia
• Typically mapped during high-dose isoproterenol infusion (i.e., 20 mcg per minute)
• Multipolar catheters can be helpful for rapid localization

Left atrial appendage electrical isolation

• Associated with improved arrhythmia-free survival when performed in addition to extensive LA ablation for
long-standing persistent AF
• Stroke risk uncertain with 56% incidence of impaired left atrial appendage function

Right atrial ablation

• Ablation of the cavotricuspid isthmus (CTI) is recommended in any patient with history of or induction of sustained
CTI-dependent flutter
• Further right atrium ablation as dictated by non-PV trigger mapping

Left atrial lines

• Include roofline, lateral mitral line, and anterior mitral line
• Consider ablation at these sites if significant scarring is seen in these areas by voltage map or if persistent
roof-dependent or perimitral flutter is seen
• Difficult to achieve acute and chronic linear block

Complex fractionated atrial electrogram
ablation

• Multicomponent atrial electrogram displaying continuous baseline perturbation or <120 ms cycle length over 10
seconds
• Initial positive results; more recent randomized studies without benefit

Ablation of fibrotic areas

• Recognized by low-voltage (typically <0.5 mV bipolar) on electroanatomic maps or delayed-enhancement on
magnetic resonance imaging (DE-MRI)
• Nonrandomized studies suggest benefit of isolation or homogenization of low-voltage areas
• 69% recurrence in those with >30% left atrial fibrosis by DE-MRI

Ganglionic plexi ablation

• Has been described using high-frequency stimulation to confirm ganglionic plexi (GP) sites or with empiric ablation
in typical GP areas
• Mixed results across randomized trials

Rotor mapping and ablation

• Mapping and ablation of phase singularities and rotational activity during sustained AF
• Requires specialized mapping systems
• Disparate results across studies

Hybrid ablation

• May have superior results to endocardial-only ablation, especially for long-standing persistent AF, but carries
higher risks

of ablating the posterior wall remains unknown. Kumar et al. showed
that a standard posterior box by endocardial catheter ablation (roofline connecting the left upper to right upper PV, as well as inferior line
connecting the left lower to right lower PV) only succeeds in isolating
the posterior wall 23% of the time acutely.79 Of the patients in whom
posterior wall isolation was successful but who had reablation for
recurrence, 0 of 5 still had isolation of the posterior wall.79 Therefore a
standard posterior box via catheter ablation does not seem to be a reliable method using current technologies. In the LIBERATION study,
where posterior wall ablation was diffuse, obligate repeat mapping was
performed 3 months after the first procedure. This showed that 63% of
patients who had PVI and posterior wall ablation had durable isolation
of both the PVs and the posterior wall.77 The difference in successful
posterior wall isolation between these studies would seem to be the
method of ablation–linear ablation with a roof and inferior line seems
to be less successful in achieving acute and long-term posterior wall
isolation.
We take these data to suggest that posterior wall ablation/isolation
is likely to be beneficial in patients with persistent and long-standing

persistent AF if it can be achieved, and that mapping and ablating all
signals on the posterior wall seems to be the preferred approach. A
contingent of electrophysiologists has long advocated posterior wall
ablation by moving a multipolar Lasso catheter all around the posterior
wall and ablating all visible signals until electrical silence is achieved.77
However, many operators are understandably hesitant to ablate indiscriminately across the posterior wall of the left atrium due to the risk of
atrioesophageal fistula.
The posterior LA is a smooth, thin-walled structure that nearly
always directly overlies the esophagus. An ideal ablation strategy would
be one that creates transmural lesions across the LA wall but does not
heat the adjacent esophageal tissue. Most operators currently use lowpower settings (∼20 W) on the posterior wall with irrigated catheters.
However, there are proponents of relatively high-power settings with
shorter lesion duration. We employ a low-flow (2 mL per minute)
25–30 W, 6 to 10 seconds per lesion protocol for posterior wall ablation
to attain rapidly effective endocardial ablation without causing deep
tissue heating. The optimal combination of power, duration, and irrigation rate will need to be explored through further study.
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Fig. 19.1 A multispline catheter (labeled LA 1-20) (Pentaray, Biosense-Webster, Diamond Bar, CA) is in the
left upper pulmonary vein shortly after pulmonary vein isolation has been achieved in a patient with persistent
atrial fibrillation. A decapolar catheter is in the coronary sinus (labeled CS), and an ablation catheter (labeled
ABL) is at the pulmonary vein antrum. Despite isolation of the vein, a brief, fast run of pulmonary vein tachycardia is seen. This underscores the importance of durable pulmonary vein isolation.

Our Method of Pulmonary Vein Isolation with Posterior
Wall Ablation

We perform complete isolation/ablation of the posterior wall using
low-flow settings in most patients with persistent and long-standing
persistent AF. After substrate and anatomic mapping is performed
using a multispline catheter (Pentaray, Biosense-Webster, Diamond
Bar, CA), we perform pulmonary vein antral isolation using a deflectable sheath (Agilis, St. Jude Medical, St. Paul, MN) and a contact force
sensing ablation catheter (SmartTouch, Biosense-Webster, Diamond
Bar, CA) with typical irrigated settings at 30 to 35 W except for posterior to the pulmonary veins, where we set the irrigation at 2 mL per
minute continuous (same as during mapping with the catheter) with
output at 25–30 W. We aim for contact force of at least 10g throughout
the LA. During low-flow posterior LA lesions, we limit lesion duration to no more than 10 seconds, but as low as 6 seconds directly over
the esophagus. With this we aim for impedance decrease of 10 Ω and
electrogram diminution, which can usually be achieved with slightly
greater contact force of 15 to 20 g if necessary.
After PVI is accomplished, we then target all local signals within
the posterior box area (Fig. 19.3) with 6 to 10 second low-flow lesions
(setting maximal lesion duration at 10 seconds is adequate in most
patients). We typically see rapid electrogram diminution at ablation
sites. After all local signals seem to be ablated within this region, testing
for pace-capture at 10 mA or higher can help to ensure adequate lesion
delivery has been achieved. This method will require varying amounts
of ablation. Overall the number of lesions required to obtain posterior
wall isolation is not excessive and is often no more time intensive than

placement of a successful roofline, which is effectively created by this
strategy anyway. We do not create initial roof and inferior lines because
the goal is to ablate all posterior wall tissue. We never ablate with a
transesophageal echocardiography probe in place due to mechanical
stenting of the anterior esophageal tissue into the posterior LA, and
we adjust the position of an insulated esophageal temperature probe to
approximately match the position of the ablation catheter so that reablation in an area of esophageal heating would only occur after return to
baseline esophageal temperature.

Ablation of Nonpulmonary Vein Triggers
Isolation of PVs is primarily undertaken with the goal of eliminating
the initiating triggers for AF. However, non-PV triggers of AF are present in many patients, and they may be more prevalent in patients with
reduced ejection fraction.80–82 When non-PV triggers, induced with
isoproterenol infusion, are defined as only those early atrial depolarizations leading to AF or sustained AT (see Table 19-2), they have been
found in 11% of AF patients with no difference in prevalence across
paroxysmal, persistent, and long-standing persistent subtypes.80 In the
same study, 91% of patients had PV triggers with no difference across
subtypes. This supports the importance of PVI as the cornerstone of
ablation for all types of AF. However, there is observational data that
ablation of non-PV triggers, including repetitive atrial activity that
is not observed to induce AF, reduces recurrence of paroxysmal AF
among patients with reduced ejection fraction.82 Interestingly, another
recent randomized trial in paroxysmal AF patients in an Asian population showed that trigger elimination, in addition to PVI, reduced
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Pulmonary veins
Part of left atrium formed from
absorbed primordial pulmonary
vein tissue

Primordial pulmonary vein

Primordial left atrium

Primordial left atrium

A

B
Right and left pulmonary veins

Entrance of four pulmonary veins

Smooth-walled part of left atrium
Primordial left atrium
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Fig. 19.2 The primordial pulmonary vein interfaces with the primordial left atrium. At 5 weeks gestation (A),
a single branching primordial pulmonary vein empties into the primordial left atrium. The antrum of the vein
expands and begins to form part of the left atrial wall, while the branch point becomes nearer the left atrial
cavity. (B), By 6 weeks (C), the right and left veins are arising from two separate ostia, and a larger portion
of the left atrial posterior wall is made up of what was initially pulmonary vein tissue. At 8 weeks (D), four
separate pulmonary vein ostia are seen. Eventually, most of the left atrium is formed by absorption of the
primordial pulmonary vein and its branches. (From Moore KL, Torchia MG (Eds.) Cardiovascular System in the
Developing Human. 10th ed. Philadelphia, PA, USA: Elsevier. 2016.)

Right
PVs
Left
PVs

A

B
Fig. 19.3 In addition to pulmonary vein isolation, we employ a strategy of ablating all local signals across the
posterior wall in patients with persistent and long-standing persistent atrial fibrillation. Preablation (A) and
postablation (B) voltage maps are shown from a left posterolateral orientation with purple corresponding to
bipolar voltage greater than 0.5 mV and red corresponding to bipolar voltage less than 0.1 mV. Individual ablation lesions are visible as assigned by VISITAG force-time integral (Biosense-Webster, Irvine, CA, USA). After
pulmonary vein antral isolation is achieved, all local signals within the area of the posterior box are targeted.
Initial roof and inferior lines are not placed, as the goal is to ablate all posterior wall tissue. We prefer using
2 mL per minute irrigation with 25–30 W output, 10g to 20g force and 6 to 10-second lesions to limit lesion
depth on the posterior wall. Testing for pace-capture after ablation can be helpful to verify adequate lesion
delivery. In areas with esophageal heating, lesion duration may be limited to 6 seconds.
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recurrence rates when compared with stepwise ablation to noninducibility.83 Contrary to most prior studies, this trial found that 76% of all
non-PV triggers were found in the superior vena cava (SVC). Given
that a high prevalence of SVC triggers was seen in a prior study in an
Asian population, it seems likely that there may be a genetic predilection to SVC triggers in this group.84 When triggers are found in the
SVC or the CS, complete isolation of these structures is recommended.
When isolating the SVC, pace mapping for phrenic nerve capture is
strongly recommended prior to ablation to avoid phrenic nerve palsy.
We believe that induction and mapping of nonpulmonary vein triggers is reasonable in many patients with persistent and long-standing
persistent AF. We place a duodecapolar catheter along the crista terminalis and continuing into the CS. After PVI and any other planned
anatomic ablation (i.e., posterior wall ablation) is complete, we place a
multispline catheter into the left atrial appendage and place the ablation catheter into the SVC to record SVC potentials (Fig. 19.4). We
infuse isoproterenol at 20 mcg per minute for twenty minutes, followed
by a 10-minute washout period. We map and ablate any trigger that
induces AF and consider ablating repetitive atrial firings that do not
induce AF during the challenge (Fig. 19.5). Given the complexities and
uncertainties of non-PV trigger mapping, an alternative approach is to
perform empiric isolation of the posterior wall, CS, and SVC, which
account for a significant proportion of non-PV trigger sites.

Left Atrial Appendage Electrical Isolation
The left atrial appendage (LAA) may serve as both a site of AF triggers
as well as AF substrate. Several recent studies have shown an association
between left atrial appendage isolation and/or excision and improvement in arrhythmia-free survival among patients with persistent and
long-standing persistent AF.85–88 The most robust data comes from the
BELIEF trial, which randomized patients with long-standing persistent
AF to extensive radiofrequency ablation including PV antral isolation;
complete posterior wall, CS, and LA roof ablation; ablation of the anterior LA septum, and mapping; and ablation of nonpulmonary vein triggers with or without electrical isolation of the left atrial appendage.85 This
showed 56% arrhythmia-free survival in the group, which included LAA
isolation versus 28% in the group without LAA isolation (hazard ratio
1.92). Other published, nonrandomized studies have shown significant
reductions or nonsignificant trends toward improvement in arrhythmia-free survival with the addition of LAA isolation.86–90
While isolation of the left atrial appendage could logically be
expected to impair LAA function (this was seen in 56.5% of patients
with LAA isolation in the BELIEF trial), most studies have not
described an increased embolic risk,85–90 but one published report
suggested an increase in stroke, transient ischemic attack, and LAA
thrombus in patients with an electrically isolated LAA.91
Described methods for isolating the LAA have included radiofrequency around the LAA antrum at relatively high power, placement
of both lateral and anterior mitral lines, balloon cryoablation, and
LARIAT (SentreHEART, Redwood City, CA, USA) left atrial appendage occlusion (shown to cause electrical isolation and often LAA involution), each appearing to show improved outcomes. Currently the
aMAZE trial is randomizing patients with persistent and long-standing
persistent AF to PVI with versus without LARIAT left atrial appendage occlusion with the primary end point being freedom from AF and
atrial tachycardia.92 For now we have not adopted routine LAA isolation for persistent or long-standing persistent AF; however, this is an
evolving and promising concept.

Right Atrial Ablation
With the publication of the STAR AF2 trial, there has been renewed
interest in ablation of the cavotricuspid isthmus in patients with
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Fig. 19.4 Typical catheter positioning for mapping of nonpulmonary vein
triggers. A duodecapolar catheter (Livewire, St. Jude, Symlar, CA, USA)
is placed along the crista terminalis and into the coronary sinus. The
multispline catheter is placed at the left atrial appendage (LAA) antrum.
The ablation catheter is placed into the superior vena cava (SVC) near
the upper reaches of visible electrograms. Isoproterenol is infused at
20 mcg per minute for 20 minutes followed by a 10-minute washout
period. Any early atrial depolarization that induces atrial fibrillation or
sustained atrial tachycardia is considered a nonpulmonary vein trigger
and is targeted for ablation.

persistent AF in an effort to find an adjunctive ablation strategy that
is unlikely to worsen outcomes or safety. Ablation of the cavotricuspid
isthmus serves the purpose of likely eliminating typical atrial flutter as
well as segmenting the right atrium, which could theoretically reduce
sustainability of AF. Data for this are limited, with one study showing
no additive benefit of cavotricuspid isthmus ablation when added to
PVI plus roofline, mitral line, and complex fractionated electrogram
ablation in patients with long-standing persistent AF.93 It is our current practice to perform ablation of the cavotricuspid isthmus for any
patient who has ever had documented or induced sustained atrial flutter during ablation for AF. Further ablation in the right atrium should
be guided by the presence of nonpulmonary vein triggers of AF.

Left Atrial Lines
The original Cox-Maze procedure was intentionally designed to leave
one-way corridors of conduction through the atria, the idea being that
leaving narrow lanes of conduction without the possibility of macroreentry would abolish AF.94 Application of this idea to standard PVI led
to the practice of placing ablation lines across the left atrial roof and also
down to the mitral valve annulus (lateral or anterior). In all cases, the
lines anchor from one unexcitable structure to another. These lines theoretically serve two purposes: prevention of macroreentry and limiting
the expanse of uninterrupted atrial substrate available for fibrillation.
A left atrial roofline is placed from the ablation lines around the left
upper PV to the ablation lines surrounding the right upper PV. This
line, if complete, prevents roof flutter (macroreentry around the PVs)
and electrically distances the superior portion of the posterior wall
from the anterior wall.
Two different lines can be placed with the goal of preventing mitral
flutter: an anterior mitral line and a lateral mitral line. Anterior mitral
lines are often placed from the anterolateral mitral annulus to the right

A

B
Fig. 19.5 Nonpulmonary vein trigger mapping can be a useful adjunctive ablation strategy in patients with
persistent atrial fibrillation. In this figure (A), a multispline catheter is in the right superior pulmonary vein
(RSPV) antrum, a duodecapolar catheter is looped around the right atrium (RA) and into the coronary sinus
(CS), and an ablation catheter is placed in the superior vena cava (SVC). The first atrial depolarization is from
the sinus node with the earliest activation seen on RA 19, 20, followed by the SVC signal on the ablation catheter. The next depolarization (which was later seen to induce AF) is seen earliest on a far-field signal from the
RSPV (yellow arrow) as well as a local signal on the ablation catheter, next at RA 19, 20, followed by a local
atrial signal at the RSPV antrum (just outside the ablation line) and the coronary sinus. This suggests an SVC
trigger. SVC isolation was performed. Later, a second trigger is seen (B). With the multispline in the right atrial
appendage (RAA) and the ablation catheter in the left atrial appendage (LAA), an early depolarization occurs
with earliest activation alternating between the LAA and the mid-coronary sinus. This induced sustained atrial
tachycardia, which later degenerated into AF. AF terminated during isolation of coronary sinus musculature.
The source of this focal trigger was probably within the ligament of Marshall.
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superior pulmonary vein ablation lines but can also link to the left superior vein (coursing anterior to the appendage) or to an intact roofline.
Potential drawbacks to the anterior line approach include the relatively
long distance of the line and a significant delay of left atrial activation
due to the posterior rerouting of conduction.95 A lateral mitral line is
placed across the narrowest part of the mitral isthmus linking to the
left inferior PV ablation lines. The primary drawback to this approach
is the fact that ablation in the CS is very often required to achieve block.
Early results with both of these approaches suggested improved efficacy among patients with persistent and long-standing persistent AF.96
However, the randomized, multicenter STAR AF2 trial failed to show benefit (and suggested possible worsened outcomes) with placement of roof
and mitral lines as compared with an antral PVI-only group.29 The neutral
or reduced efficacy with the addition of roof and mitral lines is probably
related to the potential for conduction recovery and proarrhythmia. The
left atrial roof and either mitral line location can include thick and anatomically complex tissue, and durable block is often not achieved in many
patients. Because of the anatomic location of these lines between two
unexcitable structures, conduction slowing, but not block, may stabilize
macroreentry in a way that conduction recovery of a PVI line does not.
With our standard approach, a roofline is placed by default due to
complete ablation of the posterior wall between the pulmonary veins.
We recommend a detailed voltage map with a multispline catheter
(Pentaray, Biosense-Webster, Diamond Bar, CA) and consideration of
placement of a mitral line only if significant atrial low voltage is seen
across the mitral isthmus, anterior wall, or septum, which seems likely
to facilitate perimitral flutter, or if mitral flutter is observed during the
procedure.

Complex Fractionated Atrial Electrograms
Complex fractionated atrial electrograms (CFAEs) are defined as multicomponent atrial electrograms displaying continuous baseline perturbation or having a mean cycle length 120 ms or less over a 5-second
epoch. While the analysis time interval can be altered by the operator
up to 8 seconds, 5- to 6-second intervals are the most widely used as
they have been shown to be the most reproducible over time. These
sites are thought to be either areas of continuous reentry or collision
zones between fibrillatory waves entering from different directions.
Initial studies suggested high efficacy for CFAE ablation in patients
with persistent AF.97,98 However, other studies had mixed results, and a
metaanalysis of several relatively small studies showed a small benefit
(RR 1.15 for PVI alone vs PVI+CFAE ablation) in 2011.99 Subsequently
the multicenter STAR AF2 trial showed no benefit for CFAE ablation
as compared with PVI or PVI plus left atrial lines in patients with persistent AF.29 At this stage we do not recommend ablation of CFAEs
given evidence of no benefit as well as the increased risk of additive
ablation; however, certain anecdotal experiences seem compelling to
explore ablation of CFAE areas with higher resolution tools (Fig. 19.6).

Ablation of Fibrotic Areas
Atrial fibrosis reduces electrical coupling, slows electrical conduction,
leads to a dispersion of atrial refractory periods, and causes anisotropic
conduction, all of which may predispose to AF initiation and maintenance.100 As such, there is increasing interest in identifying areas of
atrial fibrosis as a therapeutic target. There are two primary methods of
detecting atrial fibrosis: through delayed-enhancement magnetic resonance imaging (DE-MRI) and by using low-voltage areas (LVAs) on
electroanatomic maps as a surrogate for fibrosis.
DE-MRI assesses the presence of gadolinium in cardiac tissue 10
to 20 minutes after injection as a way to discern fibrotic from healthy
tissue. The DECAAF study assessed atrial fibrosis burden prior to AF
ablation by DE-MRI and showed a strong linear correlation between
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burden of fibrosis and AF recurrence with 15% recurrence in those
with stage I fibrosis and 69% recurrence in those with stage IV fibrosis.101,102 Prospective studies are being performed to assess the effect of
targeting areas of fibrosis as detected by DE-MRI for ablation. Assessment of atrial fibrosis by DE-MRI is not yet widely available but is likely
to be a promising technology.
Several nonrandomized studies have assessed the feasibility and
efficacy of mapping and ablating LVAs. This substrate-based approach
is not dissimilar to widely accepted methods for ablation of ventricular
tachycardia. Diffuse substrate mapping of the left atrium is performed,
usually in sinus rhythm, with voltages less than 0.5 mV marked fibrosis, greater than 1.5 mV labeled as normal, and 0.5 to 1.5 mV labeled
intermediate. The fibrotic areas are typically circumferentially or diffusely ablated and anchored to an unexcitable structure.100,103
Kottkamp et al. have described a strategy of performing substrate
mapping in patients with persistent AF or any patient undergoing reablation for paroxysmal AF and found to have durable PVI.103 If greater
than 10% LVA is found in the LA (defined as the percentage of points
<0.5 mV), these areas are circumferentially ablated and anchored. If
less than 10% LVA, then only PVI is performed. In their nonrandomized study they noted a 71% single-procedure arrhythmia-free rate at
12.5 months employing this strategy in persistent AF patients. Similar
outcomes have been described in a recent metaanalysis of heterogeneous, nonrandomized studies of LVA ablation in mostly persistent AF
patients. There was a pooled success rate of 70% in those with LVA
ablation plus PVI versus 43% across the control groups.100
Taken together, fibrosis data from DE-MRI and early outcomes
from ablation of LVAs suggests that assessment and modification of
fibrotic atrial substrate may play an important role in improving outcomes for persistent AF ablation as well as predicting patients unlikely
to benefit. Even without DE-MRI availability, substrate-based ablation
of AF should be considered in addition to PVI for patients with persistent AF and can help guide decisions about whether to perform linear ablation (Fig. 19.7).

Ablation of Ganglionic Plexi
The relationship between the autonomic nervous system and AF has
been known since 1978 when Coumel reported AF onset was preceded
by sinus slowing.104 The link between AF and the parasympathetic nervous system was further elucidated through studies showing decreased
action potential shortening and reduced ability to induce AF by vagal
nerve stimulation after ablation of parasympathetic nerve fibers.105 The
interface of these autonomic fibers and the myocardium is focused
around the ganglionic plexi (GP), which consist of a concentrated neural network embedded in the epicardial fat pads along the ligament of
Marshall and at the juncture with the great vessels.106
The most common GP locations are at the junction of the left superior PV and the LA, at the junction of the left inferior PV and the LA,
at the ligament of Marshall, at the junction of the right superior PV and
the left atrium, and near the junction of the IVC with the RA.107–109
These sites can be located in individual patients by applying highfrequency electrical stimulation (typically 16–50 Hz) at typical GP sites
with a positive vagal effect defined as an increase in the R-R interval
and/or sudden decrease in the blood pressure by greater than 20 mm
Hg. These sites can then be ablated with effectiveness defined as loss
of the vagal effect. Alternatively, empiric ablation at likely GP sites is
feasible and may be associated with improved outcomes, with ablation
clustered 1 to 2 cm outside the LA-PV junction at the left superolateral
area (the posterior roof near the left upper PV), the left inferoposterior
area (just inferior and posterior to the left lower PV), the right superoanterior area (anterior and superior to the right upper PV), and the
right inferoposterior area (inferior to the right PV).110
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Fig. 19.6 Continuous atrial activity is seen (A) during sustained atrial fibrillation (AF) on several bipoles of
a multispline catheter (labeled P1-2, P2-3, etc.) with the catheter placed along the anteroseptal left atrial
wall (B). An ablation catheter is then placed at the site of continuous activity, and the multispline catheter is
moved to the left atrial appendage (LAA) (C). Ablation at this site is associated with termination of AF after
20 seconds (D). This observation suggests that at least some sites of continuous atrial activity play a role in
sustaining AF. Better mapping tools may help differentiate true drivers of AF from incidental collision sites,
where ablation could possibly be proarrhythmic.

Targeted ablation of GP sites with the goal of reducing AF recurrence has been studied in a few randomized controlled trials. Driessen
et al. randomized 240 patients (59% with persistent AF) to thoracoscopic ablation (PVI in paroxysmal AF patients, Dallas lesion set in
persistent AF patients) with versus without mapping and ablation of
GPs as determined by high-frequency stimulation.111 Despite 100%
success in eliminating evoked vagal responses in the GP ablation group
(only 13% of these responses were eliminated in the control group),
no difference in efficacy was seen, and the GP ablation group had
more than double the incidence of major complications (19% vs. 8%),
including major bleeding and pacemaker implantation. In contrast, a
study randomizing 264 patients with persistent AF to percutaneous

catheter-based PVI plus roof and mitral lines versus PVI, plus ablation
at GP sites (as determined by high-frequency stimulation), plus CFAE
ablation near GP sites, showed significantly improved freedom from
AT/AF at 3 years in the GP plus CFAE ablation group. This was primarily driven by a lower incidence of atrial flutter in the GP group.112
Another randomized trial in 242 patients receiving catheter-based
therapy for paroxysmal AF focused GP ablation only at likely GP sites
that lie along the PVI lines (high-frequency stimulation was not performed), and showed improved outcomes when GP ablation was added
to PVI versus PVI alone or GP ablation alone. It could be argued that
this effect could partly be explained by more extensive PVI ablation.113
Taken together, it is not yet clear whether intentional GP ablation will
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Fig. 19.7 Substrate-based mapping and ablation can be a useful adjunct in patients with persistent atrial fibrillation. An anterior-posterior (AP) view
of a detailed left atrial unipolar voltage map (A) displays low-voltage areas in the septal region anterior to the right pulmonary veins and anterior and
inferior to the left atrial appendage. Preablation delayed-enhancement magnetic resonance imaging (B) shows fibrosis (green) roughly corresponding
to these regions. Based on this, the right antral pulmonary vein isolation lesion set was extended to include the septal fibrosis, and an anterior mitral
line was placed, encompassing the low-voltage area.

be a useful adjunct for patients undergoing ablation for persistent AF
or whether high-frequency stimulation is necessary to locate GP sites.

Rotor Mapping and Ablation
While AF seems to be triggered most commonly by premature beats or
atrial runs from the pulmonary veins, AF seems to be sustained by a
variety of factors, which likely includes rotor activity, the target of focal
impulse and rotor modulation (FIRM).114 This is discussed in much
more detail in the previous chapter. Briefly, 64-pole basket catheters
are placed in the right and left atria with spatiotemporal computational
analysis of unipolar and bipolar signals via a proprietary computer
program (Topera, Menlo Park, CA, USA). These algorithms identify
stable electrical rotors, described as phase singularities with surrounding rotational fibrillatory conduction during sustained AF, which are
targeted for ablation.115 Other mapping systems are being developed
to find critical substrate necessary for the persistence of AF, although
there is no consensus regarding what should be mapped and ablated,
which is a critical limitation of ablation for persistent AF.
Rotor mapping shares with trigger mapping the idea of targeting
the true sources of AF rather than performing a predefined anatomic
ablation. Needless to say, FIRM has vocal supporters and critics, and
many studies showing both very good116–118 and relatively poor outcomes in patients with persistent AF.119,120 Further study will be needed
to confirm the generalizability of the positive results achieved at some
experienced centers.

Ablation to Termination
Intuitively, termination of AF during ablation would seem to be highly
correlated with positive outcomes. This is the basis of the stepwise
approach to AF ablation initially described by the Bordeaux group.121
While initial outcomes appeared impressive, longer-term follow-up
revealed 17% five-year arrhythmia-free survival after one procedure.122
Interestingly, in the STAR AF2 trial, patients who converted during the
procedure had better outcomes than those who did not, but this was
driven primarily by patients who converted very early during the procedure (before completion of PVI).46 Furthermore, only 5% of patients
who underwent PVI-only ablation had acute termination (as opposed

to 40% in the PVI+CFAE and 17% in the PVI+lines groups), but there
was no difference in recurrence between these groups.
Prior data about the prognostic significance of achieving acute termination has been mixed.121–123 This may suggest that termination of
AF early during ablation may be primarily a marker of patients likely to
have better outcomes. Alternatively, although most recent data suggests
limited overall benefit for CFAE ablation, stepwise ablation, and ablation to termination, better mapping tools may differentiate true drivers
of AF from incidental collision sites, where ablation could possibly be
proarrhythmic. This idea is supported by the anecdotal experience of
termination of persistent AF while ablating at CFAE sites (see Fig. 19.6)
as well as termination of persistent AF during FIRM ablation, which is
reported to be common in some studies116,124 but not others.120,125 For
now, ablation with the goal of termination of AF is probably unnecessary and may not improve outcomes despite increasing procedure time
and possibly complications.

Use of Adenosine
Many randomized and nonrandomized studies have assessed the use
of adenosine to assess for dormant PV conduction after ablation due
to the ability of adenosine to hyperpolarize injured, depolarized myocardial cells. Conflicting results have caused waxing and waning enthusiasm for this strategy over time. A recent metaanalysis suggests that
adenosine-induced PV reconnection after PVI predicts recurrence of
AF if the PV reconnection is not targeted for ablation.126 Furthermore,
there was a trend toward improved outcomes in those who had adenosine challenge as compared to those who did not have adenosine
challenge. Given this, it is reasonable to perform adenosine challenge
to assess for dormant PV conduction after PVI, although it is a class IIb
recommendation in the most recent guidelines.5

Predictors of Outcome
While it is not possible to know definitively how an individual patient
with persistent AF will respond to ablation, outcomes may be predicted
based on clinical factors, detailed assessment of arrhythmia chronicity, and through radiologic evaluation (see Table 19.1). Using readily
available clinical data, the APPLE score (which assigns points for age
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>65, persistent AF, eGFR<60 mL/min/1.73 m2, LA diameter ≥43 mm,
and LVEF <50%) has moderate predictive power in determining AF
recurrence after ablation.127 When compared with a score of zero, the
odds ratios for AF recurrence for scores of 1, 2, or 3 or more are 1.73,
2.79, and 4.70. This exceeds the predictive power of the CHADS2 and
CHA2DS2-Vasc scores, which were previously shown to predict recurrence. The APPLE score was found to be equally predictive of recurrence in patients presenting for repeat AF ablation.128
As mentioned above, patients who have carried the diagnosis of
persistent AF for longer than 1 year are approximately twice as likely to
have a recurrence as those carrying the diagnosis less than 1 year since
that diagnosis; and patients in continuous AF for longer than 1 year are
likely to have even worse outcomes.5,48
DE-MRI has shown a strong, linear correlation between burden of
fibrosis and AF recurrence with recurrence rates of 15%, 36%, 46%, and
69% corresponding to less than 10%, 10% to less than 20%, 20% to less
than 30%, and 30% or higher fibrosis of the LA. A recent review of available data suggests that ablation may be unlikely to succeed in patients
with Utah stage IV and those with Utah stage III with diffuse fibrosis.102

Hybrid Atrial Fibrillation Ablation
Surgical ablation for AF (often performed concomitantly with another
cardiac surgery) has produced very good outcomes for patients with persistent and long-standing persistent AF.65,67 Through these experiences,
it has become apparent that a surgical approach can be advantageous for
certain aspects of the procedure, such as ligament of Marshall ablation,
left atrial appendage ligation, and posterior wall isolation. An endocardial approach with electroanatomic mapping can be advantageous for
other aspects of the procedure, such as ablation of the cavotricuspid
isthmus, ablation at the mitral annulus, and for checking for complete
block and performing touch-up ablation across surgically placed lines.
For these reasons, hybrid approaches have been developed that will be
more fully discussed in the next chapter. Notably, hybrid ablation carries
higher risks of major and minor bleeding, increased incidence of need
for a pacemaker, and increased mortality as compared with historical
outcomes from purely endocardial approaches. Hybrid ablation should
only be performed in experienced centers and probably reserved for
patients with symptomatic persistent or long-standing persistent AF.129

Defining Success
By convention, recurrence of AF after ablation is defined as 30 seconds of documented AF or atrial tachycardia including atrial flutter.
However, a single 45-second AF episode, for example, has not been
definitively linked to worsened outcomes, per se, and would constitute
a radical improvement for a patient with long-standing persistent AF.
When counseling patients with persistent AF, complete eradication of
AF is not necessarily the expected outcome with a single procedure.

However, an improvement in quality of life could be attained by converting symptomatic persistent AF to paroxysmal AF with a 1% burden. Accordingly, AF burden on implantable loop recorder, pacemaker,
or implantable cardioverter-defibrillator may be an additional relevant
outcome in persistent AF trials in the future.

   C O N C L U S I O N
Ablation of persistent and long-standing persistent AF is a potentially
complex procedure, which carries a lower success rate than ablation
for paroxysmal AF (Table 19.4). Predictors of recurrence include longer duration since persistent AF diagnosis, greater than one year of
continuous AF, elevated APPLE score, and fibrosis on DE-MRI. These
patients, especially, should be given realistic expectations and should
have clearly documented symptomatology before pursuing an invasive
approach to rhythm control. PVI remains the cornerstone of AF ablation in every AF population with antral isolation having better outcomes than ostial ablation. Further adjunctive ablation comes in many
forms. Currently, we favor posterior wall isolation, careful attention to
low-voltage areas, and nonpulmonary vein trigger mapping in the persistent and long-standing persistent AF population.

TABLE 19.4

Case

Problem

Troubleshooting the Difficult

Causes

Solution

Unable to achieve Elevated atrial defibrillation Use double synchronized
even momentary threshold
defibrillation (two separate
sinus rhythm
generators) and/or concomitant ibutilide infusion
Poor catheter
stability

Excessive heart or
respiratory motion

Use steerable sheath
Use low tidal volume,
periodic apnea, or jet
ventilation

Posterior box does Complex epicardial/endo- Ablate posterior wall in its
not maintain
cardial architecture and/or entirety with short duraisolation and/or poor catheter contact
tion, low-flow, low-power
roofline will not
settings
block
Pulmonary veins Nonpulmonary vein triggers Nonpulmonary vein trigger
are already
are present
mapping and ablation
isolated at the
time of redo
atrial fibrillation
ablation
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Epicardial and Endocardial Hybrid
Ablation for Atrial Fibrillation
Andy C. Kiser, J. Paul Mounsey
KEY POINTS
• I solated catheter ablation of persistent and long-standing
persistent atrial fibrillation demonstrates marginal long-term
outcomes.
• Technological improvements and minimally invasive techniques
enable surgical ablation without sternotomy or cardiopulmonary
bypass, but outcomes fall short of the cut-and-sew maze procedure.

• Th
 e Hybrid approach combines medical, catheter, and surgical
therapies either simultaneously or in a staged fashion.
• At a minimum, the therapeutic objectives are electrical isolation of
the pulmonary veins and posterior left atrium.
• Collaboration between the surgeon and the electrophysiologist
improve patient outcomes.

INTRODUCTION

structural heart disease. But for patients with structural heart disease
and those with persistent and long-standing persistent atrial fibrillation, endocardial lesion patterns have become more complex.10 Catheter-based approaches to these more complex patients have included
creation of long linear ablation lesions, with or without an attempt to
debulk the left atrium with a posterior wall isolation similar to the Cox
maze procedure. More recently others have moved away from posterior wall isolation rather focusing on ablation targeted at low-voltage
areas of the left atrium wherever they occur. Alternative approaches
have included ablation of ganglionic plexi (GP) and attempts to identify critical driver activity in the atria, either by ablation of complex
fractionated atrial electrograms, or through software signal analysis to
identify critical rotor drivers.
Significant technical advances in catheter ablation technology have
paralleled this lesion pattern strategy. High-density automated mapping
systems guide lesion placement and map complex tachycardia circuits.
Also, with the development of high flow externally irrigated catheters
and force sensing technology, consistent catheter contact during lesion
placement now makes much larger and more consistent lesions.
Even with the rapid progress made in catheter ablation technology
and techniques, success rates remain disappointing to date, especially
in the most complex patients who benefit the most from sinus rhythm.
Studies with longer than 2-year follow-up report success rates after
multiple catheter ablations between 57% and 63% for patients with
persistent AF.11 Success rates are sure to increase as our understanding
of the mechanisms of AF develops, along with continuing technological improvements. However, endocardial catheter ablation remains
limited by the inadequacy of adequate linear lesion formation, which
is particularly necessary to effectively treat complex patients with
nonparoxysmal AF.12–14

The Cox-Maze III procedure described a lesion pattern that divided
the atria into appropriate segments to eliminate the reentrant circuits
responsible for maintaining atrial fibrillation (AF).1 The principles of
segmentation, specifically pulmonary vein isolation (PVI)2 and posterior left atrial isolation,3 remain the cornerstone of all ablative interventions for AF (Fig. 20.1).
Radiofrequency (RF) and cryothermal energy sources have replaced
surgical incision, and transvenous catheters have supplanted sternotomy and cardiopulmonary bypass in treating AF. Endocardial catheter
ablation, mainly PVI, and surgical Maze-like patterns have become
mainstays of interventional treatment AF. Although catheter and
minimally invasive surgical therapies have reduced the invasiveness
of ablative AF therapies, independently they fail to meet the superior
outcomes of the original cut-and-sew procedure.4–8 Epicardial surgical
ablation in conjunction with endocardial catheter ablation, a hybrid
ablation procedure, offers the potential advantage for robust lesion
formation, left atrial debulking, and endocardial mapping/ablation of
residual arrhythmia circuits. Hybrid AF procedures suggest improving procedural success over isolated epicardial surgical or endocardial
catheter ablation procedure for AF, particularly in those with persistent
or long-standing persistent AF, and those with significant structural
heart disease. However, the ideal patient populations who may benefit
from hybrid AF ablation and the ideal tools and techniques for a hybrid
approach have yet to be determined. This chapter reviews the hybrid
ablation procedure including methods of hybrid ablation, available
tools, and reported efficacy of the procedure.

CATHETER APPROACHES
Since the classical paper of Haissaguerre and coworkers,2 interventional therapies for atrial fibrillation have dominated numerically by
endocardial catheter-based approaches. Techniques have evolved, with
a movement away from focal elimination of pulmonary vein tachycardia foci to segmental PVI, and ultimately with the realization that the
pulmonary vein antra were critical to the maintenance of atrial fibrillation, to wide area circumferential ablation. These approaches work well
in paroxysmal atrial fibrillation9, especially in the absence of important

SURGICAL APPROACHES
Approaches to the surgical interventional management of AF emerged
from two distinct schools of thought. Surgical approaches to the management of AF in patients undergoing concomitant cardiac surgery,
or as a stand-alone procedure, drew from the belief that AF could be
managed through atrial debulking and modification of the underlying
substrate to minimize the chances of sustained atrial reentry circuits.1
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PART 4

Catheter Ablation of Atrial Fibrillation
Reported Morbidity Associated
with Open Surgical Maze II Procedure
TABLE 20.1

Fig. 20.1 Posterior view of open chest Cox-Maze III lesion pattern (blue:
incision; aqua: cryothermal lesions; red: appendage excision; black dots:
tricuspid or mitral valve annulus).

However, open surgical procedures for AF management, although
quite effective, were not broadly adopted due to their associated morbidity (Table 20.1).
Alternative minimally invasive surgical procedures have been
developed for patients not requiring concomitant cardiac surgery.
Some minimally invasive approaches replicated the Maze procedure
better than others, with some compromising procedural completeness
for less invasive techniques. However, the guiding principles of a surgical therapy for AF remain the same: complete isolation of the four
pulmonary veins, electrical isolation of the posterior left atrium, management of the left atrial appendage (LAA), and debulking ablation of
the right atrium.
The advancement of minimally invasive approaches, with and without the use of cardiopulmonary bypass, has reduced the trauma of the
surgical procedure, thereby expanding the number of patients experiencing this therapy. The minimally invasive Cox-Maze III/IV15–17 is
perhaps most similar to the original Cox-Maze procedure. Performed
with cardiopulmonary bypass, the minimally invasive Cox-Maze procedure creates a lesion pattern that closely mimics the original Maze III
pattern (Fig. 20.2) via a right minithoracotomy. https://www.youtube.
com/watch?v=XHOR4RxO_4c
Of 104 patients reported, at 3 years 92% of the patients were in
sinus rhythm and 80% in sinus rhythm without antiarrhythmic drugs
(AADs).15 Complications included only one stroke and no operative
mortality. This minimally invasive Cox-Maze procedure eliminates
the sternotomy and reduces the hospital stay to four days. However,
the surgery requires cardiopulmonary bypass with or without cardiac
arrest.
Alternative minimally invasive techniques do not require the use
of cardiopulmonary bypass and use energy sources and devices that
consistently create transmural lesions similar to those achieved with
an incision. Epicardial off-pump PVI has become important since
the1998 report by Haissaguerre, which identified the pulmonary veins
as an important source of triggers to initiate AF.2 Saltman initially
described a bilateral thoracoscopic approach using microwave energy

Author

Years of Study

Number of Reported
Patients
Morbidity (%)

Isobe46

1993-1995

30

10

Jatene47

1991-1994

20

20

Takami48

1994-1997

50

6

Izumoto49

1993-1995

87

24

Gregori50

1993-1994

20

5

Kim51

1994-2004

127

13

Kosakai52

1992-1994

101

14

Szalay53

1995-1998

52

15

Sandoval54

1993-1995

21

48

Melo55

1992-1994

12

66

Kawaguchi56

1992-1993

51

14

Cox57

1987-1999

346

15

Schaff58

1993-1999

221

8

McCarthy59

1991-1999

100

6

Arcidi60

1993-1999

99

23

Fig. 20.2 Posterior view of minimally invasive Cox-Maze IV lesion pattern as performed via right thoracotomy on cardiopulmonary bypass
(black: incision; blue: radiofrequency lesions; aqua: cryothermal lesions;
red: appendage excision; black dots: tricuspid or mitral valve annulus).

to create a box lesion around the pulmonary veins.18 With ablation of
the pulmonary veins, 62% patients failed to return to AF at 8 months.
Pruitt et al. soon followed with a report of 50 patients who were treated
using microwave energy via bilateral thoracoscopy to create a box
lesion around the pulmonary veins, a right atrial lesion to the atrial
appendage, and another from the superior to the inferior vena cava
(Fig. 20.3).19 These patients had a rapid return to normal activity and
an average hospital stay of 3.7 days. However, late follow-up revealed
failure of the procedure to electrically isolate the pulmonary veins, with
more than 50% returning to AF.20 Devices using microwave energy
have since been removed from the market.
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Fig. 20.4 Atricure Isolator bipolar clamp (A) and magnified view (B) of
bipolar electrodes

Fig. 20.3 Posterior view of radiofrequency box lesion around the pulmonary veins (dark blue) and lesions across right atrium and superior to
inferior vena cava (light blue).

In the mid-2000s, the bipolar RF clamp was introduced
(Fig. 20.4), and in 2005, Wolf described an epicardial off-pump
PVI procedure performed via thoracoscopy or minithoracotomy
(Fig. 20.5).21 The initial 27 patients demonstrated promising
results, with 91% free from AF at 3-month follow-up. LAA removal
contributed to a reduced stroke risk. This minimally invasive beating heart procedure opened the door for a less invasive surgical
approach but avoided many of the lesions initially described by
Cox, specifically lesions connecting to the annulus of the mitral
and tricuspid valve.
As the role of GP in the initiation and maintenance of AF
became apparent, GP ablation emerged as a potential ancillary
strategy for surgical AF ablation. Several studies evaluated the benefit of stand-alone epicardial PVI with GP ablation on the maintenance of sinus rhythm. Edgerton et al. reported outcomes in 52
patients with symptomatic paroxysmal AF.22 Patients underwent
bilateral minithoracotomies with GPs identified by vagal response
to high-frequency stimulation. Bipolar RF clamps were used to isolate the pulmonary vein antrums, and GP ablation was performed.
LAA was excised or stapled in 88%. Patients were followed with
24-hour Holter or two-week monitoring at 6 and 12 months. Average hospital length of stay was 5 days. Three patients required postoperative pacemaker implantation. At 12-months follow-up, 80%
of patients were in sinus rhythm. Edgerton et al. reported their
outcomes based upon long-term follow-up with at least 24-hour
electrocardiogram (ECG) measurement.
However, the majority of patients in these initial minimally invasive surgical studies had paroxysmal AF. Because endocardial catheter
ablation can be highly effective for paroxysmal AF and is a much less
invasive procedure, stand-alone epicardial ablation for paroxysmal AF
has not gained widespread acceptance. Additionally, some literature
suggests that catheter-based GP ablation may provide marginal benefit, but this remains controversial.23,24 Follow-up studies have demonstrated that PVI alone is insufficient for the treatment of persistent
AF.25

Fig. 20.5 Posterior view of Wolf mini-maze lesion pattern (blue: radiofrequency lesions; red: appendage excision).

In those with persistent AF, adding linear ablation to PVI, specifically isolating the posterior left atrium, has proven to be beneficial.3 However, the creation of epicardial ablations deep enough,
connect to the cytoskeleton of the heart, thus closing electrical gaps
that may persist near the mitral and tricuspid valve, remains difficult, if not impossible, with existing energy sources on the beating
heart (Table 20.2). Edgerton et al. developed a beating heart procedure using minimally invasive techniques known as the Dallas
lesion set (Fig. 20.6).7
This approach connected epicardial ablations to the left fibrous
trigone at the aortic valve root. In 30 patients (10 persistent, 20
long-standing persistent), Edgerton et al. described the totally thoracoscopic isolation of bilateral pulmonary vein antrums using a
bipolar RF clamp. Additionally, they interrogated and ablated the GP,
excised the LAA, and added a connecting lesion between the pulmonary veins at the left atrial (LA) roof, which was also extended to
the fibrous aortic valve annulus and to the excised LAA base. Pacing
techniques verified conduction block across the roof and anterior
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Transmurality and Maximum
Tissue Ablation Depth for Commercially
Available Surgical Ablation Devices
TABLE 20.2

Device

Manufacturer Energy

Effective
Transmurality Depth
(%)
(mm)

Coolrail61

Atricure

Bipolar RF

91

4

Isolator
Clamp62

Atricure

Bipolar RF

99

5

EPi-Sense63 Atricure

Unipolar RF

15

2

Fusion64

Bipolar/
96
Unipolar RF

6

Bipolar

5

Atricure

Cardioblate Medtronic
Clamp62

99

RF, Radiofrequency.

Fig. 20.7 Posterior view of 5-box ablation lesion pattern (blue: radiofrequency lesions [solid in foreground/dotted in background]; red: appendage excision).

Fig. 20.6 Posterior view of the Dallas ablation lesion set (blue: radiofrequency lesions; red: appendage excision).

trigone lines. Patients were followed for 6 months with ECG and 14to 21-day auto-triggered monitors. Three (10%) patients required
pacemakers. At 6 months, overall success rate was 58% off AADs, and
80% with or without AADs, as assessed by long-term (14- to 21-day)
event monitoring.
Weimer et al. reported a larger study of 89 patients with paroxysmal
(35%), persistent (24%), or long-standing persistent (42%) AF undergoing the Dallas epicardial lesion set.26 Mean hospital length of stay
was 8 days. One patient required conversion to extracorporeal circulation. Freedom from AF and AAD therapy was 71%, 82%, and 90% at 6,
12, and 24 months, respectively, with no difference in those with paroxysmal or persistent AF. However, 5% of patients required subsequent
catheter ablation for recurrent AF or atrial flutter.
The minimally invasive, beating heart approach to AF treatment
enables real-time interrogation of the surgical ablations, because the
heart remains electrically active. It is therefore important to interrogate the integrity of the ablation lines to confirm transmurality and
to eliminate gaps. There is ongoing dialogue concerning the validity

of lesion interrogation acutely versus delayed lesion interrogation to
allow any acute and temporally nonconductive injuries to recover. The
Five-box thoracoscopic maze (Fig. 20.7) procedure described by Sirak
critically interrogates the ablation lines to confirm the epicardial electrical isolation of five segments of the left and right atrium.27 Patients
fare well with the meticulous thoracoscopic dissection and lesion
placement, with an average hospital stay of 3.9 days and 92% freedom
from tachyarrhythmias and AADs at 24 months by 7-day event monitoring.28 Two of the 179 patients required conversion to sternotomy,
and two patients had catheter ablation of the cavotricuspid isthmus at
13 months and remained in normal rhythm.
Nasso et al. described the use of an alternative surgical technique
for PVI through only a right minithoracotomy.29 In 104 patients, a
linear vacuum-assisted unipolar RF ablation catheter was looped
around the pulmonary veins by way of the transverse and oblique
pericardial sinuses using a magnet tipped introducer. Patients were
followed with 24-hour Holter monitoring. Periprocedural complications included one case of intraoperative LA rupture requiring sternotomy for repair, one case of hemorrhagic stroke four days postop,
and one transient ischemic attack in the early postoperative period.
At an average 17 months follow-up, 89% were free of AF (96% of paroxysmal AF and 80% of persistent AF). Whereas using only a right
thoracic incision provides an advantage for Nasso’s approach, the
LAA is not addressed.
To evaluate the differences in catheter and surgical ablation for AF,
Boersma et al. compared the efficacy and safety of catheter ablation
and minimally invasive surgical ablation in 124 patients with drugrefractory AF, left atrial dilatation (>4 cm), and hypertension in
the FAST study.30 AF was paroxysmal (67%), persistent (33%), or
long-standing persistent (8%). The surgical ablation pattern was consistent with the Dallas lesion set as described by Edgerton. Catheter
ablation included wide-area linear antrum ablation with PV isolation
guided by circular mapping catheter. Additional lines were made at the
discretion of the electrophysiologist. Patients were followed with ECG
and 7-day Holter monitoring at 6 and 12 months. Median length of stay
was 5.5 days versus 2 days for surgical or catheter ablation, respectively.
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In the surgical group, complications included one patient requiring
conversion to median sternotomy, one patient requiring pacemaker
implantation, six patients with pneumothorax, one with hemothorax,
one with stroke, one tamponade, and one rib fracture. In the catheter
group, complications included one transient ischemic attack and four
groin hematomas. However, at 12 months, freedom from AF longer
than 30 seconds in the absence of AADs was 66% in the surgical group
versus 37% in the catheter group (P = .0022).

HYBRID APPROACH
A hybrid approach combines endocardial and epicardial therapies,
taking advantage of the independent strengths of surgical and
catheter-based ablation. Catheter-based ablation has the advantage
of mapping techniques for ensuring bidirectional electrical isolation
of pulmonary veins or another linear ablation. In addition, certain
areas of the atria (e.g., mitral isthmus, cavotricuspid isthmus) are more
accessible from an endocardial approach. Catheter ablation techniques
also offer the opportunity for detailed mapping of atypical flutters
or atrial tachycardia. However, point-by-point ablation (prior to the
introduction of cryoballoon pulmonary vein isolation) is cumbersome
and has questionable durability. Surgical ablation utilizes an anatomic
approach with direct visual guidance, but without electrophysiologic
guidance. A hybrid ablation procedure may offer significant challenges
including multidisciplinary team availability; requirement of a hybrid
laboratory; sequence of the procedure; and anticoagulation strategy.
However, the potential benefits of a hybrid approach can outweigh
these challenges, particularly in patients whose outcomes may be more
limited with a traditional catheter-based procedure.

RESULTS AND TECHNIQUES OF HYBRID ABLATION
Several studies have considered the potential benefit of a hybrid epicardial and endocardial ablation for the management of AF, many of
which are summarized by Vroomen and Pison in Table 20.3.31 Multiple
different ablation tools and lesions sets have been utilized for hybrid
AF ablation. Several studies have been performed using bipolar RF
clamps and a linear ablation pen utilizing a bilateral thoracoscopic
approach for the epicardial procedure. Others have used a unipolar
epicardial vacuum-assisted RF linear ablation catheter through a pericardioscopic access cannula (Subtle Cannula, Atricure, Mason, OH,
USA) (Fig. 20.8). Limited experience also exists for using an epicardial
combined bipolar and unipolar vacuum-assisted RF linear ablation
catheter through a mini right minithoracotomy or subxyphoid linear
incision (Fig. 20.9).
Mahapatra et al. reported their hybrid epicardial and endocardial
ablation experience in 15 patients having persistent or long-standing
persistent AF. They failed at least one attempt at endocardial ablation
and AAD therapy.32 Patients were excluded if they had another indication for cardiac surgery or a prior history of cardiac surgery. Bilateral thoracoscopic off-pump epicardial ablation was performed using
the Dallas Lesion set. The electrophysiologist confirmed isolation of
the pulmonary veins and the superior vena cava (SVC) in the operating room, then an average of 4 days later, performed an endocardial
ablation. During endocardial ablation, SVC isolation was confirmed,
a cavotricuspid isthmus line was created, and PV isolation and block
across the roof and mitral line were confirmed. Finally, high-dose
isoproterenol was used to try to induce dysrhythmias. Any atrial flutter induced was mapped and ablated. If AF was induced, additional
complex fractionated atrial electrogram ablation was performed. All
patients were treated with amiodarone or dofetilide for 3 months
postprocedure. Routine 7-day or 24-hour continuous monitoring was
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performed. Outcomes were compared with a matched catheter ablation alone control group. Overall, hospital length of stay in the hybrid
group was longer, but otherwise there were no acute complications in
either group aside from a tamponade in the catheter-alone group. At
20 months of follow-up, more patients in the hybrid group were free of
atrial arrhythmias off AADs (87% vs. 53%, P= .04).
Pison et al. initially reported their experience in 26 patients undergoing hybrid thoracoscopic and transvenous ablation for AF in patients
who had either failed prior catheter ablation, had an enlarged left atrial
volume (≥29 mL/m2), or had persistent or long-standing persistent
AF.33 Similar to the studies of Mahapatra, the pulmonary veins were
isolated at the antra using a bipolar RF clamp. Isolation was confirmed
endocardially. In those with persistent AF, a roofline and posterior LA
line (box lesion), SVC isolation, and intercaval lines were created. An
epicardial and endocardial mitral line was created. A cavotricuspid
isthmus line was made in those with a prior history of atrial flutter or
flutter during the procedure. Finally, the LAA was excluded in a subset. Patients underwent 7-day continuous monitors at 3, 6, 9, and 12
months postprocedure, and antiarrhythmics were discontinued at 6
months. Ten of 26 patients had persistent AF, one had long-standing
persistent AF, and the remainder had paroxysmal AF. Mean hospital
length of stay was 7 days. There were no major complications. At 1-year
follow-up, success rate (no atrial arrhythmia >30 seconds without
AADs) was 93% in those with paroxysmal AF, and 90% in those with
persistent AF, with two patients requiring redo catheter ablation after
the hybrid procedure.
La Meir et al. further examined this patient population with a
report comparing a hybrid epicardial and endocardial ablation in
35 patients with epicardial only ablation in 28 patients (45%–50%
paroxysmal, 18%–23% persistent, 31%–32% long-standing persistent).34 Bilateral thoracoscopic epicardial ablation included PVI,
roof and inferior LA ablation targeting a posterior box, and GP
ablation. Entrance and exit block across the PV and posterior box
lines were checked. In the hybrid group of patients, PV isolation and
block across the lines were checked endocardially. Induction of AF
was performed during endocardial ablation with rapid pacing and/
or isoproterenol infusion. In the case of persistent AF, a mitral line
was created. Additional SVC isolation was added in those with persistent or long-standing persistent AF, and cavotricuspid isthmus
ablation was performed in those with a history of typical right atrial
flutter, or if it became apparent during the procedure. Finally, LAA
exclusion was performed in those with an LAA tachycardia or those
with CHADS2 score of 1 or higher. Patients were followed with 7-day
continuous monitoring at 3, 6, and 12 months postprocedure. There
were no complications including mortality, stroke, or reoperation
for bleeding in the two groups. Median length of hospital stay was
3 to 4 days. At 1-year follow-up, success rates free of atrial arrhythmia more than 30 seconds off AAD therapy were higher in those
undergoing hybrid ablation compared to epicardial alone (91% vs.
82%, P= .07), particularly in those with persistent or long-standing
persistent AF.
Pison et al. summarized their group reports with their overlapping
series of 78 patients undergoing hybrid ablation procedure.35 Epicardial
ablation was performed including PVI, posterior box isolation, mitral
isthmus ablation, and intercaval lines. These lines were subsequently
mapped and completed endocardially as required and a cavotricuspid
isthmus ablation was performed endocardially; LAA exclusion was performed in patients with CHADS2 score of 1 or higher or in the presence
of LAA tachycardia. Seven-day continuous monitoring was performed
at 3 months, 6 months, and 1 year and yearly thereafter. At median
follow-up of 24 months, 87% patients were free of AF off AADs (100% for
long-standing persistent, 82% for persistent, and 76% for paroxysmal AF).
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Summary of Nonoverlapping Reports on Hybrid Procedures between 2011 and

TABLE 20.3

201631
Author

Number of
Patients

% LSP

Follow-up
(months)

Monitoring
With AADs

Without AADs

Bisleri39

45

100

28

ILR

89

NR

Bulava37

50

100

17

7-day

94

84

Gehi40

101

83

12

24-hour

66

37

Gersak42

50

94

12

ILR

88

75

Krul65

31

48

12

24-hour

NR

86

La Meir66

19

74

12

7-day

63

37

Mahapatra32

15

100

16

24-hour

93

87

Muneretto38

36

100

30

ILR

92

78

Pison35

78

63

24

7-day

86

74

Richardson67

83

99

12

ILR

71

61

Zembala44

27

82

12

7-day or ILR

0

80

Total

535

Mean

85.7

17.0

74.2

69.9

Standard Deviation

17.8

7.0

28.5

18.9

SINUS RHYTHM

AADs, antiarrhythmic drugs; ILR, implanted loop recorder; LSP, long-standing persistent; NR, not reported.

A

B

Fig. 20.8 Atricure EPi-Sense surgical ablation device (A) and enlarged
view of ablation coils (B).

On AADT (AAD therapy), freedom from AF was seen in 92% (100%
for long-standing persistent group, 85% for persistent group, and 97%
for paroxysmal group) although 10 patients (13%) underwent percutaneous endocardial ablation for recurrent AF or LA flutter after the hybrid
procedure.
Kurfirst et al. reported their experience of hybrid ablation procedure in 30 patients with persistent and long-standing persistent AF.36
The epicardial portion of the procedure was performed by a bilateral
thoracoscopic approach with PVI, posterior wall box lesion, and GP
ablation; the LAA was excluded. Endocardial ablation was performed
to complete PVI and posterior box isolation, and mitral isthmus and
cavotricuspid isthmus lines were created. Any residual or inducible
atrial tachycardia or flutter were mapped and ablated. Patients were
followed up at 3, 6, 9, and 12 months by 7-day Holter monitoring. After
completion of the hybrid procedure, freedom from AF was 90% without antiarrhythmic medication and 93% on drugs.

Bulava et al. further examined the Kurfirst study with a follow-up
report on their staged hybrid ablation approach using bilateral thoracoscopic epicardial ablation in 50 patients with long-standing persistent
AF and a dilated LA.37 Epicardial ablation procedure was performed
with a bipolar RF ablation clamp and linear ablation pen including
PVI, posterior box lesion, a trigone line, GP ablation, and LAA exclusion. Six to 8 weeks after the epicardial procedure, endocardial ablation was performed to confirm and complete the epicardial ablation
lines if required. Any induced atrial tachycardia or flutter was mapped
and ablated. Follow-up occurred at 3, 6, 9, and 12 months and every
6 months thereafter, with 7-day ECG monitoring before each visit. At
1-year follow-up 94% of the patients were free of atrial arrhythmias
with AADT and 84% without AADT.
Muneretto et al. initially described a staged hybrid approach using
right-sided thoracoscopy.38 Bisleri et al. further examined this cohort
of 45 patients with long-standing persistent AF surgically treated with
an internally cooled vacuum-assisted RF unipolar ablation device to
deliver a continuous lesion encircling the origin of all the PVs (box
lesion set) (see Fig. 20.4).39 An endocardial catheter-based procedure
was performed in 30 to 45 days and PVI and posterior wall isolation
was confirmed or achieved with additional endocardial ablation as
needed. Additional ablation addressed complex fractionated atrial electrograms and cavotricuspid isthmus. All patients were monitored with
an implantable loop recorder implanted at the time of the surgery and
AF episode duration less than 5 min and overall burden less than 0.5%
was considered as stable normal sinus rhythm (NSR). After a blanking
period of first 6 months, over a mean follow-up of 28.4 months, 88.9%
patients were free from AF.
Several studies have evaluated the efficacy of a hybrid procedure
using pericardioscopic access with a unipolar vacuum-assisted linear
RF ablation catheter. Gehi et al. reported their experience in a cohort
of 101 patients undergoing simultaneous hybrid ablation using a
pericardioscopic technique,40 the Convergent procedure as initially
described by Kiser.41 The majority of patients had persistent (47%)
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Fig. 20.9 Atricure Fusion surgical ablation device with animated depiction of bipolar and monopolar energy
delivery

or long-standing persistent (37%) AF. The epicardial portion of the
procedure was performed by transdiaphragmatic subxyphoid pericardioscopic access and a unipolar, vacuum-assisted RF linear ablation catheter (see Fig. 20.8). The epicardial lesion set included antral
PV ablation, posterior LA box ablation, and connecting lesions to
the coronary sinus (Fig. 20.10). Endocardial ablation, immediately
following the epicardial procedure, included completion of antral
PVI and mitral isthmus ablation if required. Additional ablation
included complex fractionated atrial electrogram guided ablation,
SVC ablation, and cavotricuspid isthmus ablation at the discretion
of the electrophysiologist. Any residual atrial flutter or atrial tachycardia was mapped and ablated. Patients were followed at 3, 6, and
12 months with 24-hour Holter monitoring or implantable loop
monitor. Complications included two patients with tamponade,
two patients with bleeding (one requiring surgical intervention),
and two deaths (one atrial-esophageal fistula and one sudden and
unexplained death at home with unrevealing autopsy). Repeat endocardial ablation was performed in 6% of patients. Including repeat
ablation, 12-month arrhythmia free survival was 73% without concomitant AADs.
Gersak et al. compiled the experience of four European centers performing combined epicardial and endocardial catheter ablation via the
pericardioscopic approach in 73 consecutive patients with persistent
or long-standing persistent AF with an average AF duration of longer
than 4 years.42 The lesion set for epicardial ablation included antral PV
ablation and posterior LA box ablation. Immediately following epicardial ablation, endocardial mapping/ablation was performed to confirm
or achieve isolation of the PVs and the posterior atria. Patients were
followed with regular 24-hour Holter monitoring or an implantable
loop recorder. Over 1-year follow-up, 4% required repeat endocardial
ablation and arrhythmia free survival was 73%.
Civello et al. reported their single-center experience in 104 patients
(27% paroxysmal, 30% persistent, 43% long-standing persistent) undergoing hybrid ablation using a transdiaphragmatic approach.43 Patients
were followed with 72-hour Holter at 6 and 12 months postprocedure.

Fig. 20.10 Posterior view of the convergent lesion pattern. (blue:
epicardial surgical lesions [solid in foreground/dotted in background];
green: endocardial catheter ablations)

At 12 months postprocedure, 73% were in NSR without AADT and
89% with or without AADT.
Zembala et al. reported their outcomes in Poland using a hybrid
ablation technique in 27 patients with persistent AF (5 patients), or
long-standing persistent AF (22 patients), and a left atrium less than
6 cm in diameter.44 The epicardial portion of the procedure was performed by way of subxyphoid pericardioscopic access through the
diaphragm. An irrigated, unipolar, vacuum-assisted RF linear ablation catheter was utilized through a pericardioscopic access cannula.
The epicardial lesion set included a posterior box (roof and low posterior LA lines), antral PV ablation, and connecting lesions to the
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coronary sinus. Endocardial ablation was performed 15 to 20 days
later. The endocardial lesion set included completion of antral PV isolation, mitral isthmus ablation, and cavotricuspid isthmus ablation.
Patients were maintained on AAD therapy for 3 months postablation.
Holter monitoring over 24 hours was performed at 6 and 12 months
postoperatively. Complications included one patient with tamponade,
a second patient requiring sternotomy because of bleeding from an
inferior vena cava laceration, and a third patient who died 27 days
after discharge of unclear cause. At 6 months postprocedure, 72% of
patients were in sinus rhythm, 67% without AAD therapy. At 1-year
postprocedure, 80% of patients were in sinus rhythm and off AAD
therapy.
Kiser et al. described the transxiphoid hybrid ablation procedure,
directly entering the pericardial sac after removal of the xiphoid.45
Utilizing the Fusion ablation device, 29 patients were treated with
epicardial lesions that created a box pattern around the pulmonary
veins and extended onto the right atrium (Fig. 20.11). Additionally,
the LAA was excluded using an AtriClip (Atricure, Mason, OH,
USA). Endocardial ablation followed the epicardial procedure during
the same setting and included completion of antral PVI and mitral
isthmus ablation, if necessary. Complex fractionated atrial electrogram guided ablation, SVC ablation, and cavotricuspid isthmus ablation were also added when needed. Patients were followed at 3, 6,
and 12-month with 24-hour Holter monitoring or implantable loop
monitor. Complications included 11 (37.9%) patients with pericarditis, 3 (10.3%) requiring transfusion, and one sudden death during the
postoperative period. Of the 15 patients reaching the 12-month evaluation, 86.7% were free of atrial tachyarrhythmias by 24-hour Holter
monitor; 83% remaining on previously ineffective AADs.

ADVANTAGES/DISADVANTAGES OF
EPICARDIAL AND HYBRID ABLATION FOR
ATRIAL FIBRILLATION
There are several potential advantages and disadvantages to epicardial
ablation techniques for AF. Epicardial ablation offers the opportunity
for direct visualization of the atrium and ablation lesions. Even though
endocardial catheter ablation technological advances may improve the
likelihood of robust antral PVI (e.g., balloon ablation), linear epicardial
ablation, particularly in the atrial body, may be more consistent and
result in long-standing, transmural, high-quality lesions. Ablation from
the direction of epicardium to the endocardium allows one to avoid
injury to the esophagus when performing ablation on the posterior LA,
a potentially critical region for the maintenance of AF. The LAA can
be managed to mitigate stroke risk if necessary. However, the standalone, minimally invasive epicardial approach has its limitations and
significant anatomic considerations. Beating heart epicardial ablation
does not consistently create lesions that extend to the mitral or tricuspid annulus, leaving an opportunity for iatrogenic circuits, which cause
recurrent AF or flutter. Detailed mapping of ablation lines, including
antral PVI lines and other left or right atrial lines, can be challenging
in the operating room but are critical to improving success rates. Surgical risk with epicardial ablation is sufficiently higher than endocardial
ablation approaches, with the potential for catastrophic complications.
Hybrid (epicardial and endocardial) ablation, either simultaneous
or staged, offers significant improvements to a stand-alone epicardial
approach. Following epicardial with endocardial ablation offers the
opportunity to verify epicardial lesions and approach territories that
are inaccessible epicardially. As in endocardial ablation, epicardial ablation often leaves gaps in lines regardless of the surgical device used.
Endocardial mapping following epicardial ablation identifies gaps in
epicardial ablation lines. Endocardial completion of epicardial ablation

Fig. 20.11 Posterior view of the transxiphoid surgical and endocardial
ablation pattern. (blue: epicardial surgical lesions; light blue hatch: areas
of isolation; green: endocardial catheter ablations)

lines is typically easier and likely more durable after epicardial ablation
than after endocardial ablation alone. Thus hybrid ablation offers the
potential for a more robust ablation pattern and a lower likelihood of
iatrogenic flutter. In addition, the electrophysiologist readily maps and
ablates arrhythmias encountered during interrogation, such as atrial
flutter or atrial tachycardia, and addresses complex fractionated electrograms when present. As presented in the studies outlined above,
the hybrid approach suggests improved efficacy compared with either
an endocardial alone or epicardial alone approach for patients with
nonparoxysmal atrial fibrillation. However, no study to date has compared a hybrid approach with multiple endocardial ablations with a
randomized controlled design. The Epi/Endo Ablation for Treatment
of Persistent Atrial Fibrillation CONVERGE trial, a prospective trial
currently underway thatrandomizes patients to endocardial catheter
ablation or hybrid convergent procedure, will likely provide evidence to
define the value of the hybrid approach. The only study approaching this
comparison is the study of Mahapatra et al. comparing redo endocardial ablation with simultaneous hybrid ablation in those who had failed
prior endocardial ablation.26 Those undergoing hybrid ablation had better outcomes, as discussed previously. In addition, no cost effectiveness
study has yet been performed to justify the significant additive cost of
the hybrid procedure.

FACTORS INFLUENCING THE SUCCESS OF
HYBRID ABLATION
Several factors must be considered when building a hybrid ablation
program. The approach for epicardial ablation needs to be decided and
mastered. Several surgical tools have been developed, each with their
advantages and disadvantages. Surgical approaches must be individualized to the patient based on prior surgeries or other anatomic considerations. Ultimately the comfort level and skill of the cardiac surgeon
is the most important factor in choosing an epicardial ablation tool
and approach. Hybrid AF ablation changes the working relationship
between the electrophysiologist, the cardiac surgeon, and the patient. A
multidisciplinary approach benefits all those involved but can be a significant change to the current working environment. Performing hybrid
ablation requires significant changes to the system of patient care.
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Considerations include the following: the location for the ablation procedure (hybrid surgical suite or staged operating room then electrophysiology [EP] laboratory), personnel involved during the epicardial
and endocardial portions of the procedure (single dedicated team or
multiple teams), anesthesia care (dedicated cardiac anesthesia or not),
and postoperative care team (cardiac surgery team, EP team, or a combination). The potential for complications, particularly during the epicardial portion of the procedure, must be considered, and a clear plan
must be in place to intervene quickly. In addition, communication and
planning is critical to preoperative, perioperative, and postoperative
care. This includes issues regarding AAD use, anticoagulant use, and
management of any postoperative arrhythmia.

FUTURE DIRECTIONS IN HYBRID ABLATION
Although several studies of hybrid AF ablation have demonstrated the
potential benefit of this novel technique, there are many unanswered
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questions that future studies could answer. Varying lesion sets and
ablation devices have been used, but the common objective remains
antral isolation and left atrium posterior wall isolation. The value of
additional lesions may also be evaluated with future studies. The timing of the endocardial ablation remains unanswered. Staged ablation
allows for the maturing of the epicardial lesions to better evaluate
for gaps in ablation lines. However, simultaneous ablation limits the
potential for unstable iatrogenic flutters, which can complicate epicardial only ablation. A study comparing staged with simultaneous epicardial/endocardial ablation could resolve this question. Finally, current
studies of hybrid ablation have included patients who are particularly
challenging for an endocardial only ablation, including those with a
history of prior failed endocardial ablation, severely enlarged atria, or
other structural cardiac abnormalities. The results of the CONVERGE
Trial, a randomized trial comparing hybrid versus endocardial only
ablation, will provide important information about the value of the
hybrid approach.

   C O N C L U S I O N
Epicardial AF ablation has come a long way since the initial techniques
developed by James Cox. Although the development of epicardial and
endocardial ablation techniques had largely occurred in parallel, we
are seeing a merging of approaches that offers the potential for significant synergistic benefits. Given the potential risk of epicardial ablation, currently its role is best suited to those in whom endocardial

ablation alone may have more limited benefit. This includes those
with persistent or long-standing persistent AF, those with significant structural cardiac disease, or those with prior failed attempts
at endocardial ablation. But in these populations, hybrid ablation in
particular offers distinct advantages, which makes it an exciting and
promising approach.
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Ablation of Atrioventricular Junctional
Tachycardias: Atrioventricular Nodal Reentry,
Variants, and Focal Junctional Tachycardia
Mario D. Gonzalez, Javier E. Banchs, Talal Moukabary, Jaime Rivera

KEY POINTS
• M
 echanism of atrioventricular nodal reentrant tachycardia
(AVNRT) is reentry involving fast and slow atrioventricular (AV)
nodal pathways.
• The typical slow–fast form of AVNRT is diagnosed by the presence
of a long atrium–His bundle (AH) interval (>180 ms) during
tachycardia, with the earliest retrograde atrial activation localized at
the level of the superior part of the triangle of Koch, just behind the
tendon of Todaro (fast pathway or anterior approach to the AV node).
• The fast–slow variant has a short AH interval during tachycardia
(<180 ms), and early retrograde atrial activation is localized near the
coronary sinus ostium (CS os) or in the proximal portion of the CS.
• The slow–slow variant has a long AH interval (>180 ms), with
early retrograde atrial activation near the CS os or in the proximal
portion of the CS similar to the fast–slow form of AVNRT.

INTRODUCTION
Atrioventricular nodal reentrant tachycardia (AVRNT) is the most
common form of paroxysmal supraventricular tachycardia (PSVT). It
occurs more frequently in women than in men, and the initial episode
of tachycardia tends to occur at an older age than in patients with atrioventricular (AV) reentrant tachycardia.1 Patients frequently complain
of regular rapid pounding in the neck due to almost simultaneous atrial
and ventricular contractions.2 A review of 500 consecutive patients
studied in the authors’ laboratory revealed a mean age of 47 ± 15 years
(range, 16–87 years); 367 (73%) of these patients were females. Twentytwo patients (4.4%) presented with syncope. In 11 (2.2%), sustained
AVNRT was induced during an electrophysiology study performed to
investigate the cause of syncope. Syncope did not recur after elimination of the arrhythmia.
Most patients with AVNRT present with a narrow complex tachycardia and no visible P wave or with a P wave at the end of the QRS
(pseudo-r′ in V1 or pseudo-S in II, III, aVF) simulating an incomplete
right bundle branch block (Fig. 21.1). However, the patient may have
a preexisting bundle branch block (Fig. 21.2) or develop a functional
bundle branch block due to fast rates that are then maintained by the
linking phenomenon.3 Rate-dependent aberrancy can occur in both
the right and the left bundle branches. There are electrocardiographic
(ECG) features that suggest AVNRT as follows: (a) pseudo s wave in
inferior leads and/or pseudo r’ wave in V1; (b) notch in aVL; (c) no
retrograde P waves visible during tachycardia; and (d) pseudo r’ wave
in lead aVR; (e) notch in lead 1.4 The presence of pseudo-r’ in lead aVR
appears to be more accurate than other ECG criteria in one study.5
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• Th
 e left-sided variant is similar to the slow–fast type, but slowpathway conduction cannot be eliminated from the right atrium
or CS.
• The ablation target for all variants is the antegrade or retrograde
slow pathway.
• Catheter navigation systems are useful to label sites of interest.
Electroanatomic mapping systems are optional, and cryoablation
may be used for selected cases.
• The acute success rate is almost 100%, with a 1% to 2% rate of
recurrence. The rate of complications (AV block) is 0.5% or less.
• Focal junctional tachycardia is usually encountered in the
postoperative period or as a consequence of catecholaminergic
stimulation. It usually resolves spontaneously and rarely requires
an ablation procedure.

Although most patients have no evidence of structural heart disease, AVNRT can also occur in patients with congenital or acquired
heart disease. For example, in patients with an implantable cardiac
defibrillator, AVNRT can result in inappropriate implantable cardioverter defibrillator therapies (Fig. 21.3). Although a regular
tachycardia is the most frequent presentation of AVNRT, some
patients develop a regularly irregular tachycardia due to alternating antegrade or retrograde conduction through different slow AV
nodal pathways.6 Even though the rhythm may appear irregular
and resemble other arrhythmias, close inspection reveals that the
short and long cycle lengths altersnate on a consistent basis (Figs.
21.4 and 21.5). Although AVNRT can have a benign course, it can
also result in disabling symptoms, especially in elderly patients
in whom syncope may be the initial presentation. In addition,
patients with AVNRT and coexisting intraventricular conduction
disease may develop paroxysmal AV block due to the fast atrial
rates (Fig. 21.6).
Catheter ablation eliminates AVNRT in most patients with a
low risk of complications.7 Therefore it can be offered as a firstline therapy to symptomatic patients and to those who cannot
tolerate or do not wish to take antiarrhythmic agents.8 In addition, patients with high-risk occupations may undergo catheter
ablation as first-line therapy. This chapter focuses on the electro
physiology, diagnosis, and ablation of AVNRT and its variants. All
forms of AV nodal reentry can be treated by a combined anatomic
and electrogram-guided approach, to guide a safe and successful
ablation.
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Fig. 21.1 Twelve-lead electrocardiogram of a patient with atrioventricular nodal reentrant tachycardia (AVNRT)
during tachycardia and tachycardia termination. A, AVNRT presenting as narrow complex tachycardia with a
pseudo-r′ (filled arrow). B, On termination of the tachycardia, the r′ is not present (open arrow).
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Fig. 21.2 Twelve-lead electrocardiogram of a patient with atrioventricular nodal reentrant tachycardia and
preexisting right bundle branch block and left anterior hemiblock.

ANATOMY OF THE ATRIOVENTRICULAR NODE
AND ITS INPUTS
The anatomy of the AV node and its relationship with nearby atrial
structures and with the His bundle were described in great detail by
Tawara.9 The AV node is not a right-sided structure as depicted in most
textbooks but is indeed a septal structure located in the AV septum that

separated the left ventricle from the right atrium. It is in contact with
both the right and the left atria. The AV node is not insulated from the
surrounding myocardium as it occurs with the His bundle or the right
bundle branch.10, 11 Right-sided and left-sided inputs12 provide activation to the AV node proceeding from both atria. Histologically, the
AV node is a discrete structure that can be traced in consecutive sections. It is constituted by specialized myocardium with characteristic
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Fig. 21.3 Recurrent atrioventricular nodal reentrant tachycardia (AVNRT) in a patient with corrected transposition of the great vessels resulting in inappropriate implantable cardioverter defibrillator (ICD) therapies (antitachycardia pacing). A, During tachycardia, the P wave can be observed at the end of the QRS (arrows), which
is not present after the tachycardia terminates spontaneously. B, Another episode of AVNRT is terminated by
anti-tachycardia pacing therapy initiated by the patient’s ICD.
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Fig. 21.4 Leads I, II, and III showing a narrow complex tachycardia with alternating cycles lengths of 320 and
410 ms.

immunohistochemistry expressing HCN4, which is the major isoform
of the funny channel.13 The compact AV node is located at the apex of
the triangle of Koch. This triangle is bounded by the tendon of Todaro
posteriorly, the ostium of the coronary sinus (CS os) inferiorly, and the
septal leaflet of the tricuspid valve anteriorly.14 However, AV nodal tissue extends well beyond the compact AV node. AV nodal conduction
is modulated by the sympathetic and parasympathetic nervous system.

Therefore the ability to demonstrate fast and slow AV nodal pathways in the antegrade and retrograde directions varies depending on
the autonomic tone. The right coronary artery provides the AV nodal
artery in 90% of patients and may run in the subendocardium close
to the CS os, which may explain the rare instances of AV nodal block
during radiofrequency (RF) ablation in the area of the slow pathway,
despite considerable distance from the compact AV node.15
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Fig. 21.5 Intracardiac recordings corresponding to the same tachycardia shown in Fig. 21.4. Leads I, II, and
V1 are depicted simultaneously with electrograms from the right atrial appendage (RAA), His bundle (HB),
coronary sinus (CS), and right ventricle (RV). During electrophysiology study similar alternating cycle lengths
were induced. Please note that the His bundle–atrial interval remain constant but the atrium–His bundle interval oscillates between a faster (190 ms) and a slower (260 ms) conduction over one or more antegrade slow
atrioventricular nodal pathways.
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Fig. 21.6 Patient with left bundle branch block and recurrent syncope. Induction of atrioventricular nodal
reentrant tachycardia repeatedly resulted in phase 3 or acceleration-dependent paroxysmal atrioventricular
block due to block distal to the site where the His bundle (HB) electrogram (H) was recorded.

PATHOPHYSIOLOGY
The fundamental studies by Gaskell,16 His,17 and Tawara9 a century
ago form the basis for the present understanding of the anatomy
and physiology of the AV node. Mines, in 1913,18 was the first to
describe the existence of two regions in the specialized conduction
system with different conduction and recovery properties. Moe and
associates19 later demonstrated the existence of two AV nodal pathways underlying AVNRT. The fast AV nodal pathway (β pathway)
was found to have a longer refractory period than the slow AV nodal
pathway (α pathway). These different electrophysiologic properties

facilitate the onset and maintenance of AVNRT. Mendez and Moe20
found that the two AV nodal pathways located in the upper portion
of the AV node in the rabbit communicated with a final lower common pathway. Denes and associates21 were the first to document
the presence of dual AV nodal pathways in patients with and without AVNRT. The initial reported prevalence (10%) of dual AV nodal
pathways22, 23 is low compared with present-day findings, probably
because electrophysiology studies were initially performed without
sedation and therefore under a predominant adrenergic tone. Now
under sedation, dual AV nodal pathways are found in most patients,
even in those without AVNRT. 23, 24 Dual AV nodal pathways can
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be uncovered using a single atrial extrastimulus of increasing prematurity (Fig. 21.7) or during decremental atrial stimulation. A 50
ms jump in the atrium–His bundle (AH) interval, following a premature atrial extrastimulus, is considered the hallmark of dual AV
nodal physiology. Nevertheless, the lack of a jump does not rule out
the existence of two distinct AV nodal pathways. In this regard, a
continuous AV nodal conduction curve is observed in a subgroup of
individuals with inducible AVNRT.25
Dual AV nodal physiology is a normal behavior of the human
AV node. The response of the AV node to premature stimulation and to different cycle lengths indicates the presence of two
or more populations of AV nodal or perinodal cells with different
refractoriness and conduction times. As mentioned previously, the
presence of dual AV nodal physiology in itself does not imply the
presence of AVNRT. A common misconception is to look for dual
AV nodal physiology when AVNRT is suspected and to search for
another arrhythmia when a jump is not observed. This simplistic
approach can prevent identification of the correct mechanism of
the arrhythmia. Consistent with these observations, similar incidences of dual AV nodal physiology in patients with and without
AVNRT were found. A jump of 50 ms or longer was present in 83%
(417 of 500) of patients with AVNRT and in 77% (385 of 500) of
patients without AVNRT (studied for other reasons); this difference
was not statistically significant. The magnitude of the jump, however, was greater in patients with AVNRT (93 ± 7 vs. 61 ± 7 ms, P
< .05). If dual AV nodal pathways are present in most individuals
with or without AVNRT, what is required to induce AVNRT? One
explanation may be the fact that the slow AV nodal pathways are
slower in patients with AVNRT, as reflected by a greater jump in
those with clinical arrhythmia. This may represent an increase of
collagen with age, which is supported by experimental studies that
facilitate the induction of AVNRT by creating lesions that prevent
antegrade activation by the superior approach to the AV node in
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3
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p

dogs.26 A longer conduction time over the antegrade slow pathway allows recovery of excitability of the retrograde limb (fast or
slow AV nodal pathway). Anatomic differences may be important
because a larger CS os is observed in most patients with AVNRT
(Fig. 21.8) and may allow for greater conduction time over the slow
pathway.27, 28
In fact, the proximal CS is significantly larger in patients with
AVNRT than those with AVRT (14.1 ± 5 vs. 9.9 ± 2 mm, P< .0001).
A cut off of proximal CS greater than 11.2 mm identifies AVNRT with
a sensitivity of 92.6% and specificity of 76.9%.29
The frequency of premature atrial or ventricular beats and the
length of the excitable gap also modulate the frequency and duration of
AVNRT. Finally, the coexistence of AVNRT with other arrhythmias, as
well as occurrence of familial forms of AVNRT, suggests the possibility
of an underlying abnormality.30–32
Disagreement still exists regarding the nature and location of the
slow and fast AV nodal pathways. The original mechanism that was
advanced to explain this arrhythmia, is that these pathways represent longitudinal dissociation of conduction within the AV node
itself. The most recent concept is that they represent different inputs
to the AV node. Before the advent of surgical and catheter ablation,
the slow and fast AV nodal pathways were believed to be part of
the AV node, representing regions with different electrophysiologic
properties (i.e., longitudinal dissociation). In fact, several experimental and clinical observations supported an intranodal location
of these AV nodal pathways and the reentrant circuit supporting
AVNRT.33–36 In some patients with AVNRT, atrial activation close
to the AV node can be dissociated from the reentrant circuit without interruption of the tachycardia (Fig. 21.9).36, 37 This observation
suggests that reentry confined to the AV node can sustain AVNRT
without atrial involvement. Different degrees of ventriculoatrial
(VA) block during AVNRT occur in the upper common pathway,
allowing continuation of the tachycardia without retrograde atrial
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Fig. 21.7 Demonstration of dual atrioventricular (AV) nodal pathways. Single extrastimuli of progressively
shorter coupling intervals were delivered from the right atrial appendage (RAA) at a basic drive of 600 ms.
A jump or sudden increase of the atrium–His bundle interval from 120 ms (A) to 180 ms (B) occurs after
shortening of the atrial extrastimulus from 300 to 290 ms. The atrial extrastimulus in (B) conducts through
the slow AV nodal pathway, followed by retrograde conduction through the fast AV nodal pathway to activate
the atrium (echo beat). A, Atrial electrogram; CS, coronary sinus; d, distal; H, His recording; HB, His bundle;
p, proximal; RV, right ventricle.
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activation. In a similar fashion, the His–Purkinje system and the
ventricles are not part of the reentrant circuit. This is demonstrated
by episodes of 2:1 AV block with persistence of AVNRT (Fig. 21.10).
Block can occur either proximal or distal to His bundle activation.
This block is functional and occurs in tachycardias with short cycle
lengths, which find the His–Purkinje system refractory. As mentioned before, the presence of concurrent intraventricular conduction abnormalities may even result in paroxysmal AV block during
AVNRT (see Fig. 21.6).

LAO projection

RAA

HB
CS

RV
Fig. 21.8 Coronary sinus (CS) angiogram in a patient with slow–fast
atrioventricular nodal reentrant tachycardia (AVNRT). Radiograph in
the left anterior oblique (LAO) projection of the mapping catheters
and angiogram of the CS performed with a pigtail catheter introduced
through a preshaped long sheath. Arrows show the borders of the
CS ostium. A larger CS ostium has been suggested as the anatomic
substrate for greater conduction time in the slow pathway of patients
with AVNRT. Multipolar catheters are positioned in the CS, right atrial
appendage (RAA), His bundle (HB), and right ventricle (RV).

Earliest atrial activation during retrograde AV nodal conduction can occur in the upper or lower portion of the triangle of Koch,
depending on whether the fast or the slow AV nodal pathway is activated.38 These observations and the results of surgical and catheter
ablation of the anterior (superior) or posterior (inferior) approaches
to the AV node39–44 led to the conclusions that the fast and slow AV
nodal pathways have an extranodal component and that the atrium is
required to sustain AVNRT. However, the portion of the atrium that is
involved in the reentrant circuit remains elusive.
The original description of the AV node, made by Tawara in 1906,9
included posterior extensions of the AV node reaching both the mitral
and tricuspid annuli. These observations were later confirmed by Becker,
Inoue, and Anderson45,46 (Fig. 21.11). More recently, we demonstrated
the presence of a left atrial input to the AV node proceeding from the
mitral annulus.12 This left atrial input to the AV node represents the
electrophysiologic counterpart of the leftward extension of the AV
node. Therefore in addition to the right-sided superior (anterior) and
inferior (posterior) inputs to the AV node, the mitral annulus provides
an independent input for activation proceeding from the left atrium12
(see Fig. 21.11). These inputs probably participate in the various forms
of AVNRT by providing entrance and exit sites in a reentry that involves
the atrium,47 or they may represent exit points from an intranodal circuit
sustaining AVNRT.36 VA conduction over the slow pathway has been
shown to result in earliest atrial activation on the left side of the interatrial septum, which is abolished with ablation of the slow pathway in
the right atrium.48 Consistent with the clinical observation of intranodal
reentry,36,37,49,50 different forms of AVNRT can be contained within the
transitional cells of the posterior AV nodal input in a rabbit heart,51 owing
to functional dissociation of cellular activation.52 Fig. 21.12 depicts possible reentrant circuits that are either contained in the compact AV node
or involve the right- and left-sided inputs. As can be observed, there are
multiple possible reentrant loops. Identifying the reentrant mechanism
in a given patient can be difficult even with entrainment maneuvers.

DIAGNOSIS
Three main forms of AVNRT are observed: slow–fast, slow–slow, and
fast–slow AVNRT. In a single patient, one, two, or all three forms
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Fig. 21.9 Induction of sustained slow–fast atrioventricular nodal reentrant tachycardia (AVNRT). Rapid atrial
pacing at a cycle length of 320 ms results in sustained AVNRT following a critical prolongation of the atrium–
His bundle interval (330 ms). The cycle length of the tachycardia was 360 ms. The third tachycardia complex
fails to conduct to the atrium (arrows) without perturbation of the tachycardia. A, Atrial electrogram; CS,
coronary sinus; d, distal; H, His recording; HB, His bundle; p, proximal; RAA, right atrial appendage; RV, right
ventricle. (From Gonzalez MD, Contreras L, Cardona F, et al. V-A block during atrioventricular nodal reentrant
tachycardia: reentry confined to the AV node. Pacing Clin Electrophysiol. 2003;26:775-778. With permission.)
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Fig. 21.10 Slow–fast atrioventricular nodal reentrant tachycardia (AVNRT) with 2:1 conduction to the ventricles. At the top, a rhythm strip with the characteristic electrocardiographic manifestation of AVNRT with
2:1 atrial-to-ventricular conduction is shown. Negative P waves in inferior leads during tachycardia are the
nonconducted atrial depolarizations. These P waves are located equidistant between QRS complexes. The
ventricular cycle length in tachycardia doubles the atrial cycle length. Functional block during AVNRT (cycle
length, 240 ms) occurs distal to His bundle activation (H) as shown in the lower panel. Because ventricular
activation occurs almost simultaneously with retrograde atrial activation, the only visible P waves are the nonconducted ones. A, Atrial electrogram; CS, coronary sinus; d, distal; H, His recording; HB, His bundle; HRA,
high right atrium; p, proximal; RV, right ventricle.
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Fig. 21.11 A, Schematic representation of atrioventricular node (AVN) inside the triangle of Koch as viewed
from the right anterior oblique (RAO) projection. The boundaries of the triangle of Koch are defined by the
tendon of Todaro (TT), the tricuspid annulus (TA), and the ostium of the coronary sinus (CS). The superior,
left inferior, and right inferior inputs are shown. B, Schematic representation of AVN as viewed from the left
anterior oblique (LAO) projection. The AVN is shown above the CS along with the mitral annulus (MA) and the
TA. The superior extension (anterior in the old anatomic nomenclature) is in contact with both atria. The right
inferior input is in contact with the CS. The left inferior input is in contact with the MA. ER, Eustachian ridge;
FO, fossa ovalis; HB, His bundle; IVC, inferior vena cava; RA, right atrium; RV, right ventricle. (Modified from
Gonzalez MD, Contreras LJ, Cardona F, et al. Demonstration of a left atrial input to the atrioventricular node in
humans. Circulation. 2002;106:2930-2934. With permission.)
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Fig. 21.12 Hypothetical reentrant circuits underlying different forms of atrioventricular nodal reentrant tachycardia (AVNRT). A, Reentry (broken lines) confined to different segments of the AV node without participation
of the atria. B, Reentry involving atrial tissue and different segments of the compact AV node and its inputs.
C, Reentry involving the musculature of the coronary sinus connecting both inferior inputs and the compact
AV node. This circuit has been proposed to describe slow–fast AV nodal reentry. D, Reentry similar to that in
C without involvement of the compact AV node. This circuit has been proposed to describe slow–slow and
fast–slow AV nodal reentry. Within a given reentrant circuit, opposite wave fronts will give rise to different
forms of AVNRT. CS, Coronary sinus; MA, mitral annulus; TA, tricuspid annulus.

Electrophysiologic Variables of Different Forms of Atrioventricular Nodal
Reentrant Tachycardia
TABLE 21.1
Variable

Slow–Fast (Range)

Slow–Slow (Range)

Fast–Slow (Range)

TCL (ms)

361 ± 59 (235-660)

411 ± 62 (320-565)

342 ± 61 (250-440)

AH (ms)

312 ± 61 (190-545)

282 ± 71 (185-470)

90 ± 39 (35-160)

HA (ms)

45 ± 11 (25-145)

141± 32 (90-210)

245 ± 62 (125-405)

Site of earliest retrograde atrial
activation

Posterior and to the left of the catheter
recording His bundle activation

At the CS ostium or in the CS up to
1.1 ± 0.5 cm from the ostiuma

At the CS ostium or in the CS up to
1.5 ± 0.7 cm from the ostiuma

aThe

sequence of CS activation may simulate the presence of a posteroseptal or left-sided accessory pathway.
AH, Atrium–His interval; CS, coronary sinus; HA, His atrium interval; TCL, tachycardia cycle length.

may be present at different times during the electrophysiology study.
There is no electrophysiologic finding that alone is diagnostic of
AVNRT; the diagnosis is made on the weight of typical features and
the exclusion of atrial tachycardias, junctional tachycardia (JT), and
septal accessory AV pathways using entrainment maneuvers. Electrophysiologic variables of different forms of AV nodal reentry are
given in Table 21.1.
An initial careful baseline electrophysiologic study is required
before any ablation procedure. This is especially relevant for
AVNRT because other supraventricular or ventricular arrhythmias
may mimic this arrhythmia or coexist. The presence of a concealed
accessory AV pathway should be ruled out before induction of the
tachycardia by performing para-Hisian and differential ventricular
pacing.

The electrophysiology study will demonstrate dual AV nodal
physiology in approximately 85% of patients with AVNRT,21,22,24,25,38
but dual AV nodal physiology can also be observed in patients without AVNRT. Conversely, the absence of verifiable dual AV nodal
physiology does not rule out AVNRT. The diagnostic criteria for
dual AV nodal physiology are listed in Box 21.1. Prolongation of
the AH interval to more than 180 ms during decremental atrial pacing is usually indicative of conduction over the slow pathway.21,53,54
This frequently manifests as a paced PR interval greater than the PP
interval such that the paced atrial depolarization conducts, not to
the next QRS, but to the second QRS following the pacing stimulus
(Fig. 21.13).
It has recently been stated that coronary sinus pacing can initiate
AVNRT with a shorter critical AH interval compared with pacing from
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BOX 21.1 Diagnostic Criteria of Atrioventri

cular Nodal Reentrant Tachycardia and Variants
Slow–Fast
Dual AV nodal physiology in most (85%) but not all cases
Long AH interval (>180 ms) during tachycardia
Initiation tachycardia dependent on critical AH interval during antegrade
slow-pathway conduction
Earliest retrograde atrial activation in tachycardia posterior to the tendon of
Todaro, posterior and to the left of the His bundle near apex of triangle of Koch
Ventricular postpacing interval > 115 ms longer than TCL
VA interval during ventricular pacing at TCL minus VA interval during tachycardia > 85 ms
Late ventricular extrastimuli that advance His bundle activation also advance
retrograde atrial activation and reset the tachycardia. Absence of a lower
common pathway in most patients
Exclude atrial tachycardia and reciprocating tachycardia by appropriate
maneuvers
Slow–Slow
Same as for slow–fast variant except for early retrograde atrial activation near
the CS ostium*
Initiation dependent on critical HA interval during retrograde slow-pathway
conduction
At identical cycle length, the HA interval during ventricular pacing is usually
longer than that observed during tachycardia (lower common pathway)
Fast–Slow
Short AH interval during tachycardia (<180 ms)
Inverted P waves in inferior leads during long-RP tachycardia
Initiation dependent on critical HA interval during retrograde slow-pathway
conduction
Early retrograde atrial activation near the CS ostium or in the proximal portion
of the CS
At identical cycle length, the HA interval during ventricular pacing is usually
longer than that observed during tachycardia (lower common pathway)
AH interval during atrial pacing at TCL > 40 ms longer than AH interval in
tachycardia
Exclude atrial tachycardia and reciprocating tachycardia by appropriate maneuvers
Left Sided
Same as for slow–fast variant except for the following:
• Inability to eliminate 1:1 slow-pathway conduction from right atrium or CS
• Short HA interval (<15 ms) may be present
• Double response to atrial extrastimulus may be present
AH, Atrium–His bundle; AV, atrioventricular; CS, coronary sinus; HA, His
bundle–atrial; TCL, tachycardia cycle length.

I

the right atrium.55 However, coronary sinus pacing is known to result
in a shorter A H interval than right atrial pacing.12 This is because coronary sinus stimulation will depolarize the AV node via the left atrial
input and also because the A H interval is dependent not only on AV
nodal conduction but also on how activation reaches the AV node and
how the atrium is close to the node.12
During atrial extrastimulus testing, dual AV nodal physiology
is typically manifested by a jump of 50 ms or longer in the A2H2
interval following a shortening in the A1A2 interval by 10 ms (see
Fig. 21.7). When two atrial extrastimuli are delivered, a jump from
fast to slow-pathway conduction is defined as an increase in the A3H3
interval of 50 ms or more in response to a decrement of 10 ms in the
A2A3 interval (A1A2 being constant).54 The induction of AV nodal
echo beats is an indication of dual AV nodal physiology. The diagnosis of retrograde dual AV nodal physiology is made based on jumps
but is mainly dependent on changes of earliest atrial activation site
(Box 21.2).38 Retrograde His bundle–atrial (HA) interval jumps, and
retrograde slow, antegrade fast AV nodal echo beats, may be seen. In
addition, a change in the site of earliest retrograde atrial activation
from near the His bundle area to the proximal CS region indicates a
transition from retrograde fast pathway to retrograde slow-pathway
conduction.
Induction of AVNRT is dependent on achieving a critical AH
interval25 for typical slow–fast AVNRT; this requires exclusive antegrade slow-pathway conduction, which can be achieved by atrial
extrastimulus testing or atrial burst pacing near the Wenckebach

BOX 21.2 Features of Dual Atrioventricular

Nodal Physiology and Slow-Pathway
Conduction

Dual AV Nodal Physiology
>50 ms increase in A2H2 interval with ≤10 ms decrease in A1A2 interval
>50 ms increase in AH interval with 10 ms decrease in atrial pacing rate
Abrupt change in slope of AV nodal conduction curve without jump (children
especially)
Double response (two ventricular responses to a single atrial activation due to
simultaneous fast- and slow-pathway conduction)
Slow-Pathway Conduction
AH interval > 180 ms
Earliest retrograde atrial activation near coronary sinus ostium (exclude accessory pathway)
A1A2, Coupling interval of a single atrial extrastimulus after a basic
atrial pacing drive; A2H2, AH interval following the atrial extrastimulus;
AH, atrium–His bundle interval; AV, atrioventricular.

200 ms

aVF
V1
HRA
His-P
His-M
His-D
Fig. 21.13 Antegrade slow-pathway conduction during atrial pacing at 280 ms. The PR interval is 340 ms and
therefore exceeds the PP interval. The stimulus conducts, not to the following QRS, but to the second QRS
as indicated by the arrows. D, Distal; HRA, high right atrium; M, mid; P, proximal.
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cycle length. If antegrade slow-pathway conduction cannot be
achieved because short antegrade fast-pathway refractoriness, S3
stimulation, burst atrial pacing, or ventricular stimulation with or
without isoproterenol may be required. If retrograde fast-pathway
conduction is absent during ventricular pacing (VA block or earliest
retrograde atrial activation at proximal CS) or by lack of echoes or
AVNRT following antegrade slow-pathway conduction, isoproterenol infusion should be given.56 It is important to remember that
retrograde block over the fast AV nodal pathway may be due to
mechanical trauma of the fast pathway by the catheter recording
His bundle activity, which can be minimized by advancing the catheter to the ventricle.

Slow–Fast Variant
The typical form, or slow–fast variant, occurred in 414 (83%) of 500
patients studied at the authors’ institution. Slow–fast AVNRT can be
associated with other forms of AVNRT. For example, 3.5% of patients
also had slow–slow AVNRT, 2% had fast–slow AVNRT, and in 1%, the
three forms coexisted in the same patient.
The electrocardiogram obtained during tachycardia can suggest
the diagnosis when the retrograde P wave is superimposed on the
terminal portion of the QRS, giving rise to a pseudo-right bundle
branch block pattern (Fig. 21.14). As mentioned before, although
most patients have a normal QRS, slow–fast AVNRT can also occur
in patients with a wide QRS due to preexisting bundle branch block
or rate-dependent functional AV block (see Fig. 21.2). The tachycardia cycle length (TCL) averaged 361 ± 59 ms in our patients (range,
235–660 ms).
The antegrade limb of the tachycardia is the slow AV nodal pathway, with an AH interval longer than 180 ms (range, 190–545 ms;
mean, 312 ± 61 ms; see Table 21.1). A short VA (measured from
the surface QRS to the earliest intracardiac atrial electrogram) time
of less than 60 ms excludes reciprocating tachycardias using a concealed accessory pathway.25 However, atrial tachycardias with 1:1
AV conduction over the slow AV nodal pathway can have a short
VA time, simulating AVNRT. The VA relationship during atrial
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tachycardia may change over time depending on the autonomic
tone and facilitate the differential diagnosis. Induction of slow–
fast AVNRT is usually accomplished by atrial extrastimuli or rapid
atrial stimulation. Adrenergic stimulation (isoproterenol, 1–4 μg
per minute) may be needed. Inducibility of AVNRT sometimes
occurs only after the infusion of isoproterenol has been discontinued. Occasionally, atropine, 1 to 2 mg, with or without catecholamine infusion is necessary for AVNRT induction. Regardless of
the maneuver used, induction of slow–fast AVNRT from the atrium
requires antegrade block over the fast AV nodal pathway, with
antegrade conduction over the slow AV nodal pathway allowing
retrograde conduction over the fast AV nodal pathway. Less commonly, ventricular stimulation can also induce slow–fast AVNRT.
Local atrial activation near the exit site of the fast AV nodal pathway (superior aspect of the triangle of Koch) can be recorded using
closely spaced electrodes (see Fig. 21.15 and Fig. 21.16). The site of
earliest retrograde atrial activation is critical to differentiate slow–
fast from slow–slow AVNRT because the HA intervals can overlap
in these two forms of tachycardia. In the studied population, the HA
interval in the slow–fast form was 45 ± 11 ms (range, 25–145 ms). A
contemporary conceptualization of the reentry circuit for slow–fast
AVNRT is shown in Fig. 21.12C. In this model, retrograde atrial
activation through the fast pathway activates both the left and right
sides of the atrial septum. The wave front of right atrial activation
fails to penetrate into the triangle of Koch because of block along
the Eustachian ridge.24 The left atrial wave front, however, activates
the CS myocardium and propagates to the CS os and inferior triangle of Koch between the os and the tricuspid valve. The wave front
then ascends the atrial septum in the triangle of Koch to activate the
fast pathway and complete the circuit.24 In this conceptualization,
the right inferior extension comprises the anterograde slow pathway, and the fibers crossing the superior tendon of Todaro comprise
the retrograde fast pathway.24 Ablation within the CS or left atrium
is necessary when the left inferior extension or left atrial myocardium provides the critical portion to the reentry circuit rather than
the right inferior extension.
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Fig. 21.14 Electrocardiogram during slow–fast atrioventricular nodal reentrant tachycardia. This tracing was
obtained in a 76-year-old man with palpitations and syncope. Retrograde P waves at the end of the QRS
complex in V1 give rise to a pseudo right bundle branch block pattern. The QRS also shows left ventricular
hypertrophy and a left anterior fascicular block unrelated to the tachycardia.
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Fig. 21.15 Two examples of slow–fast atrioventricular (AV) nodal reentry. A, Atrial activation precedes ventricular activation during slow–fast atrioventricular nodal reentrant tachycardia. Using close bipolar electrodes,
earliest atrial activation (dotted lines) recorded close to the proximal portion of the His bundle precedes ventricular activation. In the absence of these recordings, atrial activation would appear to be simultaneous to
ventricular activation. B, Intracardiac electrograms recorded during slow–fast AV nodal reentry. The earliest
atrial activity (arrow) is recorded on the His catheter and is approximated by the vertical line. Atrial activation
in the coronary sinus (CS) is concentric. The tachycardia cycle length (TCL) is 350 ms, atrium–His bundle (AH)
interval is 270 ms, and His bundle–atrial (HA) interval is 80 ms. D/d, Distal; H, His recording; HB, His bundle;
HRA, high right atrium; M, mid; P/p, proximal; RAA, right atrial appendage; RV, right ventricle; RVA, right
ventricular apex.
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Fig. 21.16 High-density mapping using a multipolar close electrodes
catheter (PentaRay) of the triangle of Koch, proximal coronary sinus,
and fossa ovalis during Slow-Fast AVNRT. The right atrium is viewed
from the left lateral projection. Earliest retrograde atrial activation is
recorded in the region of the fossa ovalis (FO), posterior to the site
where the His bundle electrogram was recorded and the tendon of
Todaro (not shown). HB, His bundle; TA, tricuspid annulus; CS, coronary
sinus; JR, site where junctional rhythm was induced in sinus rhythm
during RF energy delivery.

The response after ventricular overdrive pacing is an additional
maneuver to support the diagnosis of AVNRT. During ventricular pacing with 1:1 V-A conduction and atrial entrainment, the VA interval
is more than 85 ms longer than the corresponding VA interval during

tachycardia.57,58 Upon cessation of ventricular pacing with tachycardia continuation, a VAV, ventricular-atrial-ventricular response is
noted.59,60 In addition, the difference between the ventricular postpacing interval (PPI) and TCL is more than 115 ms.58 Correction of
the PPI may be needed to account for rate-related prolongation of the
return AH interval—Δ = [PPI – (AH return – AH supraventricular
tachycardia) – TCL] (Fig. 21.17).61 The HA interval is typically stable
during tachycardia and after pacing maneuvers.
To some extent, it is possible to dissociate both the atrium and the
ventricle from the tachycardia. However, atrial or ventricular preexcitation will eventually advance AVNRT if His bundle activation is
altered. AV block, either distal to His, or between the His and lower
common pathway, is sometimes seen at the onset of tachycardia.
Late ventricular extrastimuli introduced during His refractoriness
will not perturb AVNRT, but those that are able to advance retrograde His bundle activation will preexcite the atrium and entrain the
tachycardia.

Slow–Slow Variant
Slow–slow AVNRT occurred in 49 (10%) of the 500 patients with
AVNRT. In this form of reentry, a slow AV nodal pathway is used
as the antegrade limb, and another slow AV nodal pathway as the
retrograde limb (Fig. 21.18). Reentry using both the right and left
inferior AV nodal inputs has been proposed.24 The electrocardiogram during tachycardia may show characteristic negative P waves
in inferior and precordial leads, typical of earliest retrograde atrial
activation in the proximal CS (see Fig. 21.18).62 This tachycardia
can be induced by atrial or ventricular stimulation and frequently
requires administration of isoproterenol. As previously mentioned,
although the HA interval is usually longer than that recorded during
slow–fast AVNRT, an overlap in the HA intervals between these
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Fig. 21.17 Correction of ventricular postpacing interval (PPI) for atrium–His bundle (AH) interval prolongation in the return cycle. Overdrive ventricular
pacing that captures the atrium is terminated with continuation of a narrow complex tachycardia. The ventricular postpacing interval is long compared
with the tachycardia cycle length (TCL) (difference > 115 ms) consistent with atrioventricular (AV) nodal reentry. The AH interval in the return cycle
is prolonged (190 ms) compared with that in tachycardia (67 ms) because of concealed or decremental conduction in the AV node. After correction
for this AH prolongation, the difference between the postpacing interval and the tachycardia cycle length is < 115 ms (57 ms), consistent with AV
reciprocating tachycardia. The patient underwent successful ablation of a concealed posteroseptal pathway. CS, Coronary sinus; D, distal; HA, His
bundle-atrial bundle; HRA, high right atrium; M, mid; P, proximal; RVA, right ventricular apex; SVT, supraventricular tachycardia.

two forms of AVNRT is frequently observed (see Table 21.1).24 In
the patients studied, the ranges of HA during slow–slow and slow–
fast AVNRT were 90 to 210 ms and 25 to 145 ms, respectively (see
Table 21.1). The earliest site of retrograde atrial activation was
found in the right atrium near the anterior edge of the CS os or just
inside the CS (mean distance from the os, 1.5 ± 0.5 cm) (Fig. 21.19).
The earliest site of retrograde atrial activation near the CS os is
what characterizes slow–slow AVNRT, and not the HA interval. In
the series, the TCL was 411 ± 62 ms; the AH interval was 282 ±
71 ms; the HA interval was 141 ± 32 ms (range, 90–210 ms); and
the shortest HA interval (measured at the earliest atrial activation
site during tachycardia) was 85 ± 43 ms (see Table 21.1). Short HA
intervals may also occur and are typically attributed to long conduction times in the lower common pathway, almost offsetting the
longer HA times. Multiple slow pathways are often demonstrable
with atrial extrastimulus testing.63 Neither the antegrade nor retrograde fast pathway is necessary for this reentrant circuit and therefore may be absent.
Characteristic of the slow–slow form of AVNRT is the presence
of a lower common pathway.64 In other words, there is a portion of
the AV node that is distal to, and not part of, the reentrant circuit
that sustains the tachycardia. The presence of a lower common pathway is demonstrated by comparing the HA interval during tachycardia with the earliest atrial activation site, with the HA interval
observed during ventricular pacing at the same cycle length as the
tachycardia. In patients with slow–slow AVNRT, the HA interval
during ventricular pacing (measured from the end of the His bundle deflection) is longer than that recorded during tachycardia (see
Fig. 21.19).
As in the slow–fast form, preexcitation of the atrium during
slow–slow AVNRT only follows ventricular extrastimuli that
advance retrograde His bundle activation (Fig. 21.20). However,

because of the presence of a lower common pathway, retrograde
His bundle activation needs to be advanced more than 15 ms
before retrograde atrial activation is also advanced.64 By contrast,
during AV reentrant tachycardia, late ventricular extrastimuli can
advance retrograde atrial activation even when retrograde His
bundle activation is not altered, as long as ventricular activation
near the earliest atrial activation site is advanced. An atrial tachycardia with 1:1 AV conduction can be differentiated from AVNRT
by comparing the sequence of atrial activation during tachycardia
with that observed during ventricular pacing at a cycle length identical to that of the tachycardia. An atrial tachycardia has a different
sequence of atrial activation than that observed during ventricular
pacing with 1:1 VA conduction and may demonstrate a ventriculoatrial-atrio-ventricular (VAAV) response after ventricular pacing.59
In patients with AVNRT and long retrograde conduction times, a
pseudo-VAAV response may occur, suggesting the wrong diagnosis
of atrial tachycardia (Fig. 21.21). This happens when the retrograde
VA interval exceeds the paced RR interval and atrial activation
precedes ventricular activation during tachycardia.

Fast–Slow Variant
The fast–slow form of AVNRT occurred in 37 (7%) of the 500 patients
with AVNRT. Similar to slow–slow AVNRT, the complete reentry circuit is not fully understood. In fast–slow AVNRT, it is assumed that
the fast AV nodal pathway is used as the antegrade limb and one or
more slow AV nodal pathways as the retrograde limb, with the assumption that this arrhythmia is the reversal of the typical slow–fast circuit.
However, this simplified concept has been challenged by the concept
that fast–slow reentry may represent reentry within the right and left
inferior AV nodal inputs but in a direction opposite to that of slow–
slow AVNRT.24 The electrocardiogram during tachycardia may show a
PR interval that is shorter than the RP interval (long-RP tachycardia)
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Fig. 21.18 Slow–slow atrioventricular (AV) nodal reentry. Surface electrocardiogram showing slow–slow AV nodal reentry with the P wave in the ST segment. Panel A, the P wave is inverted in the inferior leads. Panel B displays surface electrocardiographic leads I, aVF, and V1 along with intracavitary electrograms. AH, Atrium–His bundle; AVNRT, atrioventricular nodal reentrant tachycardia; CS, coronary sinus; D, distal; HA, His bundle-atrial bundle; HRA,
high right atrium; M, mid; P, proximal; RVA, right ventricular apex. Earliest retrograde atrial activation is recorded in the proximal coronary sinus (arrow).

(Fig. 21.22A). The AH interval is less than 180 ms, with P waves
inverted in inferior leads (see Table 21.1). The HA interval is longer
than the AH interval because of retrograde conduction over the slow
AV nodal pathway.
Similar to the slow–slow form, fast–slow AVNRT can be induced by
atrial or ventricular stimulation, frequently during administration of
isoproterenol. In some patients, AVNRT is induced only by ventricular
stimulation.65 In addition, the presence of a lower common pathway
results in an HA interval during tachycardia that is shorter than that
observed during ventricular stimulation.64 Earliest retrograde atrial
activation is close to the CS os (Fig. 21.22B).62 With forms of AV nodal
reentry that have long RP intervals, the AH interval during atrial pacing at the TCL exceeds the AH interval in tachycardia by greater than
40 ms.66 For AV reciprocating tachycardias, the difference in the values

of these intervals is 20 to 40 ms, and for atrial tachycardias, it is less
than 20 ms.66

Left-Sided Variant
The left-sided variant has been reported to occur in up to 1.5% of
patients undergoing ablation for AVNRT.24, 67 There are no pathognomonic surface or intracardiac electrocardiographic findings for
the left-sided AVNRT variant. Similarly, there are no clinical characteristics differentiating between these patients and those with
more common forms of AVNRT.67 The activation pattern is usually
that of slow–fast AVNRT. This form of AVNRT probably involves
a connection between the left atrium and the coronary sinus musculature. In fact, since we started to perform ablation inside the
coronary sinus 5 years ago, when ablation at the usual sites does
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Fig. 21.19 Demonstration of a lower common pathway in atrioventricular (AV) nodal reentrant tachycardia
using a retrograde slow AV nodal pathway. Left, The His bundle–atrial (HA) interval during tachycardia measured to the earliest atrial activation site in the proximal coronary sinus (CS 7) is 90 ms. Right, During ventricular stimulation at the tachycardia cycle length (345 ms), the HA interval is 140 ms, consistent with a common
lower pathway distal to the reentrant circuit supporting the tachycardia. d, Distal; HBE, His bundle electrogram; m, mid; p, proximal; RAA, right atrial appendage. (From Curtis AB, Gonzalez MD. Supraventricular
tachycardia. In: Naccarelli GV, Curtis AB, Goldschlager NF, eds. Electrophysiology Self-Assessment Program.
Bethesda, MD: American College of Cardiology; 2000. With permission.)
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Fig. 21.20 Entrainment of slow–fast atrioventricular nodal reentrant tachycardia (AVNRT) using double ventricular extrastimuli. S1 peels back the refractory period of the right ventricle, which in turn allows S2 to capture the right ventricle and advances retrograde His bundle activation. This maneuver is frequently required
in AVNRT with short cycle lengths in which the ventricular effective refractory period is reached before His
bundle activation can be advanced. Note that S2 advances both retrograde His bundle and atrial activations
with constant His bundle–atrial intervals (35 ms), consistent with absence of lower common pathway. The
sequence of atrial activation following S2 is identical to that observed during tachycardia. CS, Coronary sinus;
D, Distal; HB, His bundle; P, proximal; RAA, right atrial appendage; RV, right ventricle.
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Fig. 21.21 Paseudo VAAV (ventriculo-atrial-atrio-ventricular) response to the termination of ventricular overdrive pacing during atrioventricular nodal reentry. Because of very long retrograde conduction times, the atrial
electrogram during ventricular pacing is associated, not with the preceding ventricular complex, but with two
complexes before (arrows). This pattern may be confused with the response of atrial tachycardia to ventricular overdrive pacing. HRA, High right atrium; M, mid; P, proximal; V, ventricular electrogram.

not eliminate AVNRT, we have not had to ablate in the left atrium.
The diagnosis is confirmed not only by electrophysiologic findings
consistent with AVNRT, but also with successful slow-pathway
ablation from the left atrium after failure of right atrial ablation.
The presence of a short HA interval (≤15 ms) and the occurrence
of antegrade double response to atrial pacing are sometimes noted
in patients with this AVNRT variant.24 The AH intervals and TCLs
are longer in the left-sided variant than in right-sided slow–fast
AVNRT.67

DIFFERENTIAL DIAGNOSIS
The diagnosis of AVNRT requires exclusion of alternative mechanisms.
These include AV reentry using a retrograde accessory pathway, atrial
tachycardia, and JT (Table 21.2). Orthodromic reciprocating tachycardia can be excluded when the VA time is less than 60 ms, which
is common in slow–fast AVNRT.25 Exception to this rule is a slowly
conducting accessory AV pathway in which the A follows not the preceding V, but the previous one. Another exception is an atrial tachycardia with 1:1 antegrade conduction in which the A occurs immediately
after the previous V. During reentrant tachycardia, a critical maneuver
to diagnose an accessory pathway participating as the retrograde limb
is the entrainment technique. Whenever atrial activation is advanced
without a change in the atrial activation sequence following a premature ventricular extrastimulus during His bundle refractoriness, a retrograde accessory pathway participating in the tachycardia is reliably
diagnosed. If there is a change in the atrial activation sequence, an
innocent bystander accessory pathway must be suspected. In response
to ventricular overdrive pacing, orthodromic reciprocating tachycardia
also produces a VAV response; however, the differences in VA times
between pacing and tachycardia are less than 85 ms, and the PPI–
TCL difference is less than 115 ms.58 A long return AH interval may
invalidate this maneuver unless the correction is applied (see earlier
discussion).
In sinus rhythm, para-Hisian pacing can clearly differentiate
between retrograde conduction over the AV node versus retrograde
conduction over an anteroseptal and midseptal accessory pathway.68
It should be remembered that para-Hisian pacing may fail to demonstrate retrograde conduction over accessory AV pathways located at
other sites. VA times determined during pacing in sinus rhythm from

the base and apex of the right ventricle can help to identify the presence of an accessory pathway. With this maneuver, pacing from the
base of the right ventricle will produce a shorter VA time than apical
ventricular pacing in the presence of an accessory pathway. By contrast, the VA times are shorter when pacing from the right ventricular
apex when retrograde conduction occurs through the AV node.
It is critical to differentiate retrograde conduction over the AV node
versus a para-Hisian accessory A V pathway before inducing tachycardia. It is important to determine whether there is retrograde conduction only over the AV node, only over an accessory A V pathway,
or over both an accessory A V pathway and the AV node. In fact, both
AVNRT and AVRT may coexist in the same patient.
Atrial tachycardias that originate in perinodal structures are not
uncommon. Thus atrial activation sequence may be identical to that of
slow–fast AVNRT. An atrial tachycardia can be diagnosed when there
is variability in the HA interval during tachycardia. Ventricular pacing
at a rate faster than the rate of the tachycardia typically accelerates the
atrial rate to that of the pacing rate with concealed entrainment. After
abrupt termination of the pacing train, the next beat of AVNRT typically
occurs at a cycle length somewhat longer than that of the tachycardia
owing to the presence of decremental slow-pathway conduction. However, the next beat typically has the same HA interval as during spontaneous tachycardia. By contrast, the postpacing HA interval for atrial
tachycardias is typically different from that in tachycardia. The presence
of a VAAV sequence of activation following rapid ventricular pacing
suggests (but does not prove) an atrial tachycardia as the mechanism.
However, it should be recognized that slow–slow and fast–slow AVNRTs
are usually associated with this same response during transient entrainment when the VA interval exceeds the ventricular pacing cycle length
(see Chapter 10 and Fig. 21.21). Atrial tachycardia has a VAAV–His–V
response, whereas AVNRT may show a VA–His–AV response.69 In addition, the permanent form of junctional reciprocating tachycardia (PJRT)
with a decrementally conducting retrograde accessory pathway usually
has the same response (VAAV) to rapid ventricular pacing. The clear
distinction between AVNRT and PJRT is made by the response to premature ventricular stimuli. Fast–slow AVNRT is not affected by appropriately timed ventricular extrastimuli unless retrograde His bundle
activation is advanced, whereas during PJRT, the atrial activation may be
either advanced or delayed when the V but not the His is advanced. For
long RP tachycardias, comparing the AH intervals between tachycardia
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Fig. 21.22 A, Electrocardiogram during fast–slow atrioventricular (AV) nodal reentrant tachycardia. Negative P
waves in inferior and precordial leads are recorded before the QRS complexes with a PR shorter than the RP
interval, giving rise to a long RP tachycardia pattern. B, Intracardiac electrograms recorded during fast–slow
AV nodal reentry. Note that the earliest atrial activation (vertical dotted line and arrow) occurs at the proximal
coronary sinus (CS P). The tachycardia cycle length (TCL) is 385 ms, the atrium–His bundle (AH) interval is
65 ms, and the His bundle–atrial (HA) interval is 320 ms. D, Distal; HRA, high right atrium; M, mid; RVA, right
ventricular apex; TCL, tachycardia cycle length.
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Differential Diagnosis: Atrioventricular Nodal Reentry, Orthodromic
Reciprocating Tachycardia, and Atrial Tachycardiaa
TABLE 21.2
Maneuver

PS ORT

AVNRT

AT

Para-Hisian pacing

No change in VA with loss of His capture

Increased VA with loss of His capture

Increased VA with loss of His capture

Late ventricular extrastimulus
delivered during tachycardia

Advance atrial activation if ventricular
electrogram close to location of acces
sory pathway is also advanced

Advance atrial activation only if
retrograde His bundle activation is
advanced

Unable to advance atrial activation
unless His is advanced

Δ Ventricular PPI and TCL and VAAV
response

<115 ms unless decremental conduction,
VAAV response may occur with
decrementally conducting APs

>115 ms, VAAV response may occur
with fast–slow or slow–slow AVNRT

VAAV response

Δ VA during ventricular pacing at TCL
and VA during tachycardia

<85 ms

>85 ms

Variable; VA conduction may be absent

VA pacing ventricular base versus
pacing ventricular apex

VA shorter pacing base

VA shorter pacing apex

VA shorter pacing apex

Retrograde VA conduction

Nondecremental except in slowly
conducting APs (e.g., PJRT)

Decremental

Decremental

Atrial and ventricular pacing at TCL

1:1 conduction present

Wenckebach conduction may occur

1:1 antegrade conduction present; VA
block may be present

VA dissociation during tachycardia

Not possible

Possible

Possible

VA interval in tachycardia

>60 ms

Typically <60-70 ms

May be longer or shorter than 60 ms

HA interval in tachycardia

Fixed

May be variable

Variable, especially first postventricular
pacing return cycle

aThis

table assumes that there is a single arrhythmia mechanism and no bystander or multiple accessory atrioventricular pathways.
AP, Accessory pathway; AT, atrial tachycardia; AVNRT, atrioventricular nodal reentrant tachycardia; HA, His bundle–atrial; ORT, orthodromic reciprocating
tachycardia; PJRT, permanent form of junctional reciprocating tachycardia; PPI, postpacing interval; PS, posteroseptal; TCL, tachycardia cycle length; VA,
paced ventricular electrogram to atrial electrogram; VA, ventriculoatrial interval; VAAV, ventriculo-atrial-atrio-ventricular; Δ, difference between.

and atrial pacing at the TCL can differentiate among AVNRTs (difference, >40 ms), atrial tachycardia (difference, <20 ms), and reciprocating
tachycardias (difference, >20 but <40 ms).66
Differentiation of an accelerated junctional rhythm from slow–fast
AVNRT may be difficult.70, 71 Both tachycardias have a short and constant HA conduction interval with earliest retrograde atrial activation
near the apex of the triangle of Koch (fast-pathway region, behind the
tendon of Todaro). An automatic JT can be differentiated from AVNRT
by the response to premature atrial contractions (PACs) introduced
during or before AV junctional refractoriness (Fig. 21.23).70 A PAC
introduced during AV junctional refractoriness cannot penetrate to the
automatic focus and therefore cannot alter the tachycardia. By contrast,
a junctional refractory PAC may advance the following beat of tachycardia by conduction in the slow pathway in AVNRT. PACs introduced
before AV junctional refractoriness may advance the immediately following beat and continue an automatic tachycardia but must terminate
AVNRT because of collision of the antegrade PAC wave front and retrograde tachycardia wave front in the fast pathway.

ATRIOVENTRICULAR NODAL REENTRY AND
ATYPICAL PRESENTATIONS
Irregular AVNRT that can be misdiagnosed as atrial fibrillation on
surface electrocardiograms is an uncommon presentation of this
arrhythmia. Alternating conduction over two slow AV nodal pathways
with different conduction times can give rise to alternating short–long
cycles during tachycardia.63, 72 In addition, double-response tachycardia can occur with each sinus beat conducting over both the fast and
slow pathways to produce an apparently irregular cycle length, which
may be confused with atrial fibrillation. Similarly, intermittent functional block distal or proximal to the His bundle can give origin to periods of AVNRT with 1:1 AV relationship alternating with 2:1 AVNRT

(see Fig. 21.10). The electrocardiogram during tachycardia could be
mistaken for an atrial tachycardia.73 The distinctive characteristic of 2:1
AVNRT is the location of the nonconducted P wave centered between
the preceding and following QRS (see Fig. 21.10). Older individuals
with underlying AV nodal disease can present with a symptomatic AV
nodal reentrant arrhythmia but with a rate below 100 beats per minute.
Despite a lower rate than that required to make a diagnosis of tachycardia, the mechanism of this arrhythmia is identical to that observed
in younger patients with AVNRT. These older patients tend to be quite
symptomatic despite the relatively slow rate, probably owing to almost
simultaneous atrial and ventricular contraction. Recently, Vijayaraman
and associates described a series of six patients undergoing catheter
ablation for symptomatic slow AV nodal reentry. Patients were older
(age, 71–83 years) with a prolonged PR interval (262 ± 54 ms).74 All
patients underwent slow-pathway ablation. The AV Wenckebach cycle
length prolonged from 522 ± 90 ms at baseline to 666 ± 48 ms after
ablation. Only one patient required a permanent pacemaker due to an
AV Wenckebach cycle length of 710 ms after ablation. The arrhythmia
rate is slower, likely because of an underlying AV nodal disease, and
thus their risk of AV block after ablation is probably higher than for
others with AVNRT.

AV NODAL REENTRY AND OTHER ARRHYTHMIAS
Patients presenting with clinical arrhythmias other than AVNRT can
have easily inducible AVNRT in the electrophysiology laboratory. In
31 (6%) of 500 patients, in addition to AVNRT, AV reentrant tachycardia was induced using an accessory AV pathway. A focal atrial
tachycardia was present in 36 (7%) of 500 patients and originated
from the following sites: crista terminalis (n = 22), CS os (n = 3), fast
AV nodal pathway region (n = 5), and mitral annulus–aorta junction
(n = 6).75
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clinical recurrences of atrial fibrillation. Similar results were reported
by Katritsis and colleagues.77 Among 409 patients with atrial fibrillation, AVNRT was inducible in seven (1.7%), and the ablation was
limited to the AVNRT in five (1.2%), with lower recurrence of atrial
fibrillation. Among patients with paroxysmal atrial fibrillation, those
with no identifiable pulmonary vein triggers appear more likely to
have AVNRT (11%) than those with pulmonary vein triggers (2%).78
It has also been reported that ablation of the slow pathway decreases
vulnerability to pacing-induced atrial fibrillation in patients presenting
with AVNRT. In 21% to 25% of patients with idiopathic ventricular
tachycardia, AVNRT is also inducible, which is not the case in patients
with ventricular tachycardia associated with structural heart disease.30,
31 A comprehensive electrophysiology study is necessary during the
evaluation of patients with atrial and ventricular arrhythmias to assess
for inducibility of AVNRT, and as in the case of atrial fibrillation, its
potential role as the trigger of the clinical arrhythmia.
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Fig. 21.23 Atrial extrastimulus testing to differentiate atrioventricular nodal (AVN) reentry from an automatic junctional tachycardia. A,
Response to premature atrial complex (PAC) delivered when the AV
junction is refractory (local atrial activation from PAC occurs at or after
His activation). (I), Response in junctional tachycardia. A PAC delivered
at a time the junctional focus has already depolarized the AVN and is
unable to influence the immediate or the next junction beat. Solid circles represent junction focus; black lines show conduction through
AVN, His (H), and atrium (A). (II), Response in AVN reentry tachycardia
(AVNRT). A similarly timed PAC cannot influence the immediate next
beat but can influence the following (x–n) beat of AVNRT by conduction
through the slow pathway. Black lines show conduction through AVN,
H, and A, and red lines show PAC and its response. Although this figure
shows advancement of the next beat (x–n), delay of the next beat or
termination of tachycardia is also specific to AVNRT. The orange arrow
indicates PAC. B, Response to PACs delivered before AV junctional
refractoriness. (I), Response in junctional tachycardia. The open circle
represents the anticipated junctional tachycardia beat timing if no PAC
was delivered. An early PAC advances the immediate junctional tachycardia beat and His timing by AV nodal fast-pathway activation, and junctional tachycardia continues. (II) Response in AVNRT. An early PAC may
advance the immediate His by activation of the AV nodal fast pathway.
However, that makes the fast-pathway refractory and unavailable for
retrograde conduction, terminating the AVNRT circuit. The orange arrow
indicates PAC and its response. A, Atrium; FP, fast atrioventricular node
pathway; H, His; SP, slow atrioventricular node pathway; x and x–n, HH
intervals. (From Padanilam BJ, Manfredi JA, Steinberg LA, et al. Differentiating junctional tachycardia and atrioventricular node re-entry
tachycardia based on response to atrial extrastimulus pacing. J Am Coll
Cardiol. 2008;52:1711-1717. With permission.)

Atrial fibrillation is often associated with AVNRT. In a study of 629
patients undergoing atrial fibrillation ablation, 27 (4.3%) had inducible
AVNRT.76 These patients were younger than those without AVNRT,
and ablation limited to AVNRT was associated with reduction of

The JT is also known as focal or automatic junctional tachycardia, junctional ectopic tachycardia (JET), or junctional nonreentrant tachycardia
to differentiate it from the other forms of tachycardia involving the AV
node, which were identified in the past as junctional reentrant tachycardia. JT is encountered rather infrequently in adult patients except during
administration of beta-agonist agents or other stimulants. It is a common
finding after cardiac surgery, during adrenergic stimulation, ischemia, or
as a manifestation of digoxin toxicity.79 It is encountered more frequently
in children than in adults. JT rarely merits ablation, given the temporary
nature of its triggering factors, but in cases of incessant tachycardia it
could result in tachycardia-induced cardiomyopathy or disabling symptoms. In the vast majority of cases, JT resolves in a few days after surgery,
after inflammation from the procedure subsides, or when the responsible pharmacologic intervention is discontinued (Fig. 21.24). Clinically,
JT has a similar presentation to focal atrial tachycardias, either intermittent bursts or incessant. It is frequently symptomatic like AVNRT due to
the simultaneous AV systole leading to cannon A waves in the jugular
veins, as well as systolic pulmonary vein flow reversal. Detailed cardiac
rhythm monitor analysis demonstrates sudden onset and offset with no
evidence of preceding trigger premature atrial complexes and often temporary overdrive from sinus tachycardia or interpolated PACs or PVCs
(Fig. 21.25). During JT retrograde, atrial activation proceeds through the
AV node, and therefore the sequence of activation could be identical to
that of a slow–fast or slow–slow AVNRT, as well as the earliest site of atrial
activation during activation map. The differential diagnosis of JT versus
AVNRT could be challenging in the electrophysiology laboratory and different pacing maneuvers have been described. Unfortunately, the relatively
low prevalence of this tachycardia and the usual temporary nature prevents the validation of these techniques in a large number of patients.
The response of the tachycardia to a single premature atrial
extrastimulus was studied in a small cohort of patients.70 When
the extrastimulus is delivered just before His bundle activation
and does not affect the immediate His electrogram but results in
perturbation of the following His, the response is consistent with
participation of the slow pathway of the AV node in the tachycardia
and excludes JT. By contrast, if earlier atrial extrastimulus is able to
advance the immediate His electrogram over the fast pathway without termination of the tachycardia, the fast pathway cannot participate as retrograde limb of the tachycardia and AVNRT is excluded
(see Fig. 21.22). This maneuver was shown to be 100% sensitive and
specific for JT and 61% and 100% sensitive and specific, respectively, for AVNRT.70
Another helpful maneuver in distinguishing JT from AVNRT is the
finding of a positive delta HA interval when the HA interval recorded
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Fig. 21.24 Electrocardiogram during junctional tachycardia corresponding to a patient who developed palpitations after treatment with bupropion. Sinus P waves are recorded (solid arrows) unrelated and with no effect
on the junctional ectopic tachycardia. Tachycardia and symptoms resolved after discontinuation of the drug.
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Fig. 21.25 A, Intracardiac recordings of junctional tachycardia demonstrating retrograde atrial activation. B,
Fusion between retrograde atrial activation recorded in the His catheter and sinus atrial activation recorded in
the high right atrium (HRA). C, Simultaneous junctional tachycardia and sinus atrial activation recorded in both
the HRA and His catheter. H, His electrogram.

during tachycardia is subtracted from the HA interval recorded during
basal ventricular pacing (HAP–HAT). During AVNRT, the HA timing
depends on the relative turnaround between the antegrade and retrograde limbs of the tachycardia, whereas in JT it represents simultaneous atrial and ventricular activation spreading from the focus of the
tachycardia in the His bundle or the compact AV node. A delta HA of
0 or less had 89% and 83% sensitivity and specificity, respectively, for
the diagnosis of JT.71
Atrial overdrive pacing has also been shown to help in the differential diagnosis of JT. In a small cohort of patients, it has been

shown that after cessation of atrial entrainment at a rate slightly faster
than the tachycardia, an AH (paced)–HA (tachycardia) response is
diagnostic of JT and an AH (paced)–A (tachycardia) is diagnostic of
AVNRT with 100% of sensitivity and specificity among those patients
in whom the tachycardia did not terminate with the entrainment
attempt.80
In the authors’ laboratory, JT was diagnosed by demonstrating that
atrial activation can be dissociated from His bundle activation. This
can occur spontaneously (Fig. 21.26) or facilitated by atrial pacing and
observing that atrial activation can be dissociated from the tachycardia.
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Fig. 21.26 Spontaneous transition from junctional tachycardia to sinus tachycardia. Arrows indicate sinus
tachycardia complexes that suppress the junctional rhythm. CS, Coronary sinus; D, distal; HB, His bundle;
HBE, His bundle electrogram; P, proximal; RAA, right atrial appendage.

Limitations are known and understood for all these diagnostic
maneuvers,81 given the complex physiologic behavior of the normal
and diseased AV node. PACs during tachycardia could advance the
immediate His electrogram over the fast pathway without terminating
the tachycardia and switch the sequence of activation from slow–fast
to slow–slow AVNRT (antegrade double AV nodal response), or terminate and reinitiate the tachycardia mimicking a response considered
as diagnostic of JT. Dual AV nodal response could lead to an AHHA
response during entrainment of AVNRT; atrial overdrive pacing can
conduct over the slow pathway and originate slow–fast echo beats that
would result in an AHA response after entrainment of JT. As in any
other situation in electrophysiology, there is no substitution for clinical judgment and detailed analysis of the electrograms and response
to pacing. If the tachycardia can be reproducible and affected by perturbations of the AV node (from pacing maneuvers in the atrium, the
ventricle, or both), the tachycardia is consistent with AVNRT. Once
the tachycardia is proven independent of the AV node and the His
electrograms precede the onset of the surface P wave (when visible)
and all atrial activation in the right and left atrium, the tachycardia is
consistent with JT.

ABLATION
Slow–Fast Variant
Elimination of 1:1 conduction over the slow pathway is the target for
ablation in all forms of AVNRT.41,42,44,82 Once slow-pathway conduction can be reproducibly demonstrated, and the diagnosis of AVNRT
is confirmed, the ablation catheter is positioned along the tricuspid
annulus immediately anterior to the CS os (Fig. 21.27).83–85 The right
anterior oblique view is especially useful for positioning catheters
because it displays Koch’s triangle en face. The angle of the left anterior
oblique view should be adjusted so that the His catheter is perpendicular to the fluoroscopic plane. The initial target zone for slow-pathway
ablation is the isthmus between the tricuspid valve annulus and CS
os.41,42,44,82 This area corresponds to the rightward inferior AV nodal
extension described pathologically and is targeted by an anatomic
and electrogram-guided approach.42,46,82 The targets for slow-pathway
ablation are given in Box 21.3.

Anatomic Approach
The anatomic approach targets the area near the tricuspid annulus just
outside the CS os in the inferior paraseptal region or within the proximal segment of the CS. These locations contain the musculature that is
in continuity with the right and left atrial extensions of the AV node.82
Positioning of the catheters is best performed during sinus rhythm
because the atrial and ventricular electrogram components are more
easily discerned. The ablation catheter should have a distal electrode
4 mm in length. The length of the deflecting segment of the ablation
catheter that has proved most effective has ranged from 2 to 3 inches
(D-F curves). The use of a long sheath with slight distal septal angulation often enhances catheter reach and stability. When using a sheath, it
is important to keep the curves of the sheath and catheter coaxial. The
ablation catheter is advanced into the right ventricle, moved inferiorly
and medially so that it lies anterior to the CS os, and then withdrawn
toward the tricuspid annulus until the distal pair of electrodes records
a small atrial deflection and a large ventricular deflection (Figs. 21.28A
and B). Clockwise torque will move the sheath and catheter toward the
septum. The atrial electrogram at successful sites may show multiple
components (see Figs. 21.28A and B). The A/V ratio recorded from the
distal electrode pair in sinus rhythm may range from approximately
1:10 to 1:3.
The most common site for effective ablation of slow-pathway conduction is immediately anterior to or at the edge of the CS os.24,82,86
Antegrade 1:1 conduction over the slow AV nodal pathway is eliminated in this area in approximately 95% of patients with AVNRT. In
some patients, elimination of 1:1 slow-pathway conduction requires
application of RF energy in the proximal portion of the CS. It should be
remembered, however, that ablation at the roof of the CS is associated
with an increased risk of AV block.
In some patients, despite ablation near the region of the rightward inferior extension, AVNRT remains inducible. This may be due
to primary or alternate slow-pathway conduction over the leftward
inferior extension.24 This may be particularly true for the ablation of
slow–slow AVNRT that may manifest as slow–fast or fast–slow after
ablation between the tricuspid valve and CS. In these cases, ablation
at a site up to 20 mm inside the CS (targeting the connection with the
leftward inferior extension) may be necessary to prevent reinduction of
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Fig. 21.27 Catheter position for radiofrequency slow-pathway ablation. The tip of the ablation catheter is
between the coronary sinus ostium (CS os) and the tricuspid valve in the right anterior oblique (RAO) view. In
the left anterior oblique (LAO) view, the tip of the ablation catheter is just posterior (septal) to the His catheter
at the level of the CS os. Note the angled sheath supporting the ablation catheter. RV, Right ventricle.

BOX 21.3 Targets for Slow-Pathway

Ablation

Anatomic Guidance
Tissue between CS ostium and tricuspid annulus at the level of CS ostium
(rightward inferior input)
Proximal CS musculature (connection with leftward inferior input through the
LA–CS connections)
Increased risk of AV block: area triangle of Koch, superior to the CS ostium
A/V ratio = 1:10 to 1:3
Electrogram Guidance
Slow-pathway activation potentials
Earliest retrograde atrial activation near CS (slow–slow and fast–slow AVNRT
only)
A/V, Atrial-to-ventricular; AV, atrioventricular; AVNRT, atrioventricular nodal
reentrant tachycardia; CS, coronary sinus; LA, left atrium.

AVNRT.24 If the operator feels that it is necessary to ablate sites more
superior near the compact AV node, he or she may consider cryoablation during AVNRT because this may be associated with a lower incidence of AV nodal block.87,88 The risk of AV block is largely related to
how superiorly RF energy is applied in the Koch triangle. For patients
who are very risk averse, RF current should not be applied to sites
above the superior edge of the CS os.

Electrogram-Guided Approach
Two electrophysiologic approaches were described by Haïssaguerre and coworkers42 and Jackman coworkers.44 Both approaches,
although they use different activation potentials, reduce the number of RF current applications by identifying critical components of
the reentrant circuit. Jackman and coworkers described a sharp late
potential following a low-amplitude atrial potential near the CS os
during sinus rhythm and suggested that this potential represents the
atrial connection of the slow AV nodal pathway.44 Consistent with this
concept, during retrograde slow AV nodal conduction, the sequence
is inverted, and the sharp potential precedes the atrial electrogram.
This potential is usually recorded anterior or just inside the CS os (see
Fig. 21.28B). The slow potential described by Haïssaguerre and
coworkers is usually recorded at sites slightly superior to the site where

the potential described by Jackman and coworkers is observed.42 The
Haïssaguerre potential becomes delayed and of lower amplitude at
rapid rates of stimulation, consistent with AV nodal properties. The
locations where these two potentials can be recorded frequently
overlap.89,90 The targets for slow-pathway ablation are given in
Box 21.3. These potentials may represent activation of transitional
cells as they approach the AV node or activation of the rightward
inferior extension of the AV node.9,46,90 In addition, these potentials
are present in individuals with and without AVNRT.90 In a randomized trial of the electrogram-guided and anatomic approaches, there
were no differences in total procedure time (121 ± 57 vs. 110 ± 57
minutes), fluoroscopy time (6 ± 3 vs. 7 ± 3 minutes), number of RF
lesions (4 ± 3 vs. 4 ± 3), success rates (100% for both approaches), or
recurrence rates (1.4% for both approaches).91

Application of RF Current
RF current is delivered from the distal 4-mm-tip electrode of the
mapping-ablation catheter toward a pair of dispersive electrode pads
placed over the posterior thorax. Larger-tip or irrigated electrodes
are not necessary because of the superficial location of AV nodal tissue. Impedance is carefully monitored, and RF energy is halted for
any sudden drop or rise in impedance or any evidence of AV or VA
block. Catheter position is continuously monitored by fluoroscopy
or real-time 3-dimensional catheter localization. It is advisable to
use low power initially (20 W to 30 W) to test for unwanted effects
such as prolongation of the AH interval. After 15 seconds, the power
can be gradually increased up to 50 W, with a target temperature of
55°C to 60°C for 30 to 60 seconds. Rarely the duration of RF application may be extended up to 90 to 120 seconds. Energy is limited to
20 to 30 W in the proximal CS. During RF delivery, the impedance
is continuously monitored because a drop in impedance (approximately 10 Ω) is a better indicator of tissue temperature than is the
tip-electrode temperature. A few lesions are usually sufficient to
eliminate AVNRT induction. During catheter ablation of the slow
AV nodal pathway, a junctional rhythm is induced (Fig. 21.29A).92–95
Although a junctional rhythm is not specific for eliminating AVNRT,
it is more commonly elicited at successful than at unsuccessful sites.
During RF current delivery, the AH interval is closely monitored
during sinus rhythm and retrograde VA conduction during junctional beats. Energy delivery must be rapidly interrupted if a junctional beat fails to conduct retrogradely through the fast AV nodal
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Fig. 21.28 A, Electrograms recorded near the coronary sinus ostium and the rightward posterior (inferior) extension of the atrioventricular (AV) node. Bipolar and unipolar (UNI) recordings obtained from the mapping catheter
(MAP) just before ablation of the slow AV nodal pathway. Late activation potentials (closed circles) believed
to represent slow-pathway activation and the following local atrial activation (arrows) are recorded in front of
the anterior edge of the coronary sinus ostium (CS, left) and just inside the coronary sinus (right). B, Intracardiac electrogram at site of successful slow-pathway ablation by the anatomic approach. The atrial electrogram
(AEGM) on the ablation catheter (AB) is fractionated and has a 1:8 amplitude ratio compared with the ventricular
electrogram. The difference in time of onset from the atrial component of the His electrogram to the onset of
the atrial component of the ablation electrogram (vertical lines) is 32 ms. d, Distal; HB, His bundle; HRA, high
right atrium; p, proximal; PCS, proximal coronary sinus; RAA, right atrial appendage; RV, right ventricle.
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Fig. 21.29 A, Induction of a junctional rhythm during radiofrequency application between the tricuspid annulus and the ostium of the coronary sinus (CS). One-to-one retrograde conduction over the fast atrioventricular
(AV) nodal pathway (arrows) implies preserved normal AV nodal function during energy delivery. B, Retrograde
block over the fast AV nodal pathway during radiofrequency application. One-to-one retrograde conduction
over the fast AV nodal pathway during catheter ablation (filled arrows) is followed by sudden retrograde block
manifested by absence of atrial activation (open arrow). Rapid discontinuation of energy application resulted
in preservation of AV nodal conduction. d, Distal; HB, His bundle; p, proximal; RAA, right atrial appendage.

pathway to the atrium (Fig. 21.29B), because this may reflect damage to the compact AV node. Successive rapid junctional ectopies
(cycle length, <350 ms) should be avoided as it may indicate an
increase of AV block. In rare cases, successful ablation of slow AV
nodal pathway conduction can be achieved in the absence of junctional beats during RF energy application.96 More frequently however, successful ablation is heralded by a junctional rhythm that
gradually subsides during ablation.93 After each RF current application, programmed atrial stimulation, rapid atrial pacing, or both
are performed to determine the presence or absence of slow-pathway conduction or inducible AVNRT. If these characteristics remain,
the catheter is repositioned, and RF current is applied at a different
position. In a study involving 387 patients with AVNRT and 385
successful ablations out of 692 RF applications, the sensitivity and
specificity of junctional rhythm as a sign of success were 99.5% and
79.1%, respectively, with a positive predictive value of 55.5%.86 In
another study, junctional ectopy was seen more frequently (100% vs.
65%) and for a longer duration (7.1 ± 7.1 vs. 5.0 ± 7.0 seconds) during
successful versus unsuccessful RF applications.93

Because the absence of junctional ectopy during RF ablation corresponds to an ineffective ablation site, it is a general practice to terminate the application of RF current at a given site if an accelerated
junctional rhythm is not observed within 10 to 15 seconds of reaching
target power.
Although retrograde block of junctional rhythm should always be
considered a potential marker of AV nodal injury, there are situations in
which retrograde block occurs without AV nodal damage. Retrograde
block may be anticipated with the ablation of slow–slow AVNRT in
the absence of retrograde fast-pathway conduction. In addition, rapid
junctional rhythm at cycle lengths shorter than the 1:1 conduction rate
of the fast pathway can manifest functional retrograde block. In many
cases, the ERP of the fast pathway actually shortens after slow-pathway
ablation.82

CRYOABLATION
Cryoablation has been introduced to reduce the risk of AV block
during catheter ablation of AVNRT. The 6-mm-tip catheter has
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Published Studies Comparing Cryoablation for Atrioventricular Nodal Reentrant
Tachycardia Using the 4- Versus 6-mm-Tip Catheter
TABLE 21.3

Study
Khairy et al.

2007106

No. of Patients
with AVNRT

Follow-Up
(mo)

APS 4 mm
(%)

Rec 4 mm
(%)

APS 6 mm
(%)

Rec 6 mm
(%)

P (Rec)

185

7.5

92

15

95

3

NS

Rivard et al. 200897

289

5.1

91

16

90

8

.03

Sandilands et al. 2008108

160

18

92

17

94

7

.01

Chanani et al. 2008107

154

2.5

93

18

98

9

NS

P values relate to recurrence rates compared with radiofrequency ablation.
APS, Acute procedural success; AVNRT, atrioventricular nodal reentrant tachycardia; NS, not significant; Rec, recurrence.

proved more effective than the original 4-mm-tip catheter (see
Table 21.3). Rarely, an 8-mm-tip catheter is needed to create larger
or deeper lesions and to reduce recurrences. The catheter positions for slow-pathway cryoablation are similar to those for RF
energy, except that with cryoablation the successful sites are often
more superior toward the compact AV node than with RF ablation
(Fig. 21.30). It is not unusual that the cryoablation catheter must
be positioned midway between the CS and the catheter recording
His bundle activation, a position considered to be of high risk in
RF ablation. Importantly, no junctional rhythm is elicited during
cryoablation. Fortunately, catheter stability during cryoablation
(afforded by ice adherence to the tissue) allows for different strategies to monitor for successful ablation. In sinus rhythm or with
atrial pacing, the catheter is positioned, and cryoablation is delivered. The catheter quickly becomes adherent to the tissue by ice
formation over the electrode. This is heralded by the loss of electrograms from the distal electrode. At this point, atrial pacing is
begun to demonstrate slow-pathway conduction either by repeated
extrastimulus testing or by atrial pacing at a cycle length just above
the one associated with Wenckebach periodicity. If slow-pathway
conduction is eliminated within 20 to 30 seconds, the ablation is
continued for a full 4 minutes at –60°C or below.
Alternatively, cryomapping can be performed initially by
reducing the electrode temperature to –30°C and monitoring for
slow-pathway block.88 This allows for more rapidly reversible
effects, but the superficial tissue cooling with cryomapping may
provide false-negative findings; that is, cooling at lower temperatures may be successful at sites of cryomapping failure. Either cryomapping or cryoablation may be initiated during AVNRT with
very little chance of catheter movement because of adherence to
the tissue. Fluoroscopy is not needed to check the position of the
catheter once tissue adhesion has occurred, significantly shortening
fluoroscopy time.97–99
During cryoablation, the conduction properties of the fast and slow
AV nodal pathways are continuously checked using atrial stimulation.
Continuous monitoring of the AH interval is important because the
lesion becomes larger than indicated by cryomapping or early in the
stages of therapeutic ablation.88,100–104 It has been suggested to pace
the atrium at cycle lengths 10 to 20 ms longer than the Wenckebach
cycle length during cryoablation. A useful maneuver is to pace the
atrium at cycle lengths 10 to 20 ms longer than the Wenckebach
cycle length during cryoablation to identify incipient damage to the
AV node. Some authors have advocated complete elimination of all
slow-pathway function to reduce the likelihood of recurrences after
cryoablation. If high-grade block occurs, if there is dramatic prolongation of the Wenckebach cycle length (by about 100 ms), or
if Wenckebach block occurs at cycle lengths longer than 500 ms,

ablation is discontinued. Termination of AVNRT during tissue cooling, abolition of 1:1 AV conduction over the slow AV nodal pathway, and inability to reinduce AVNRT are markers of success. It is
useful to reassess the status of slow-pathway function and AVNRT
inducibility 30 to 45 minutes after the final cryoablation lesion,
because acute recovery is more common than with RF ablation. Some
authors have advocated complete elimination of all slow-pathway
function to reduce the likelihood of recurrences after cryoablation.
The choice between cryoablation and RF ablation needs to be
determined on an individual basis. Patients with previous ablation
near the fast AV nodal pathway region and those with a short distance
between the compact AV node and the roof of the CS os may benefit
from cryoablation because their higher risk of AV block. Another
subgroup of high-risk patients includes those with a prolonged AH
interval in the basal state. Several studies have compared the advantages and disadvantages of the two different energy sources. Available clinical data have demonstrated the effectiveness and safety of
cryoablation in the treatment of AVNRT (85%–99% acute success
rate with no incidence of permanent complete heart block). Overall,
recurrences have been shown to be more frequent with cryoablation
(2.8%–28%) than with conventional RF ablation. A meta analysis
including 5617 patients comparing cryoablation and RF ablation
for AVNRT demonstrated an acute failure rate of 3.1% versus 2.2% (P = NS) and recurrence rates of 9.7% versus 3.8%
(P = .003), respectively. There was no report of complete AV nodal
block with cryoablation versus 0.75% with RF energy.105 The
6-mm-tip catheter has proved more effective than the original
4-mm-tip catheter.97,100,106–108 Table 21.4 summarizes the results
of several studies that analyzed the results and recurrences of
cryoablation.

Slow–Slow and Fast–Slow Variants
Ablation for slow–slow and fast–slow AVNRT targets the slow AV
nodal pathway that is used for retrograde conduction. This pathway is
frequently different from the slow AV nodal pathway associated with
antegrade conduction.
Ablation is directed at the site of the earliest retrograde atrial
activation, which is most frequently located between the tricuspid annulus and CS os in fast–slow AVNRT and along the anterior
aspect of the proximal CS in slow–slow AVNRT (Fig. 21.31).109 For
slow–slow AVNRT, it is recommended eliminating both antegrade
and retrograde slow-pathway conduction to prevent recurrences
of fast–slow and slow–fast AVNRT.24 Mapping and ablation can be
performed during tachycardia or during ventricular pacing to eliminate 1:1 retrograde slow AV nodal pathway conduction in patients
with slow–slow or fast–slow AVNRT. Because retrograde fast-pathway conduction is often poor in the setting of slow–slow AVNRT,
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Fig. 21.30 A, Right anterior oblique view of cryoablation catheter (Cryo) position for slow-pathway ablation.
The ablation tip is about halfway between the estimated location of the coronary sinus ostium (CS os) and the
His recording. Energy delivery at more inferior sites failed to terminate slow–fast atrioventricular (AV) nodal
reentry in this patient. Although this site would be considered at high risk of producing AV block with radiofrequency energy, the need for cryoablation at this superior location is not unusual. In this patient, ablation
here resulted in slow-pathway elimination without altering antegrade AV conduction. B, Transient AV block
during slow-pathway cryoablation. Top, Tachycardia was terminated by the cryoenergy; however, during the
ongoing ablation, there is slight atrium–His bundle interval prolongation followed by AV block (arrow). Middle,
Cryoablation is immediately discontinued, as evidenced by the return of the electrograms on the distal ablation electrodes (AB-d) as the ice investing the electrode melts. There is 2:1 AV block on termination of the
ablation. Bottom, One minute after termination of cryoablation, 1:1 AV conduction resumes. The patient had
no adverse effects from the ablation procedure, and AV nodal reentry was no longer inducible. d, Distal; p,
proximal; RVA, right ventricular apex.
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retrograde slow-pathway function can often be targeted at the site
of earliest retrograde atrial activation during ventricular pacing. This
site is frequently found on the anterior aspect of the proximal CS.
With the assistance of nonfluoroscopic, 3-dimensional mapping systems, activation mapping is facilitated to identify the earliest site of
atrial activation over the retrograde slow pathway (Fig. 21.32). In the
authors’ experience this approach has resulted in the reduction of fluoroscopy exposure.
Initially, mapping is performed in the lower portion of the triangle of Koch, between the CS os and the tricuspid annulus, followed
by mapping in the proximal portion of the CS. The site of earliest
retrograde atrial activation is targeted for ablation. If ablation is performed in the proximal CS, low power (20 W) is initially used. The
energy output is progressively increased while the impedance is monitored. Successful ablation results in elimination of retrograde conduction over the slow AV nodal pathway (see Fig. 21.31).
Patients with slow–slow or fast–slow AVNRT frequently lack
retrograde conduction over the fast AV nodal pathway. Therefore
during RF current application, junctional beats may have no retrograde conduction to the atrium, preventing assessment of AV
nodal function during delivery of energy. In these patients, short
applications of RF energy were delivered and AV nodal conduction
between applications was evaluated. Alternatively, overdrive atrial
pacing may allow continuous monitoring of antegrade AV conduction during ablation.

can be midseptal in the left atrium.67 These sites can be reached from
the transseptal or retrograde aortic approaches. The A/V ratio is 1:10 to
1:2 at successful sites, and the average number of left-sided lesions was
9.9 ± 2.0 in one report.67

Left-Sided Variant

Before ablation it is necessary to establish end points to be followed for
ablation success. Tachycardia inducibility and 1:1 conduction over the
slow AV nodal pathway are clear end points. Ablation is considered
successful if the tachycardia cannot be reinduced, even during administration of isoproterenol, and 1:1 conduction over the slow AV nodal
pathway is eliminated (Box 21.4).24,82,86 Elimination of 1:1 conduction
over the slow AV nodal pathway may be used as surrogate end point
in cases of unreliable inducibility at baseline. Not uncommonly, AH
interval jumps and slow–fast AV nodal echo beats may still be inducible after successful ablation. These echo beats are most likely the result

Rarely, extensive ablation from the right atrium and CS fails to eliminate slow-pathway function. In these patients, the left inferior extension of the AV node may be the slow AV nodal pathway, and this can
be eliminated by ablation at the inferior paraseptal mitral annulus
(Fig. 21.33).67,110–112 At these sites, the tachycardia is usually reset by
left atrial extrastimuli, indicating proximity to the reentrant circuit. At
successful left-sided ablation sites, junctional rhythm is observed, as
with ablation of conventional slow–fast AVNRT. Successful ablation
sites are along the inferior paraseptal aspect of the mitral annulus, but

TABLE 21.4

Tachycardia

Catheter Ablation of the Slow Atrioventricular Nodal
Pathway Using Externally Irrigated-Tip Electrodes

Delivery of RF energy in areas of low blood flow is sometimes not
feasible with conventional large-tip electrode catheters due to high
impedance during RF energy delivery, which results in high temperatures and reduction in the maximal power delivered. With the
development of ablation catheters with an externally irrigated tip,
it is possible to perform RF ablation within the CS to reach the left
atrial input to the AV node (possible left-sided slow AV nodal pathway) (Fig. 21.34). The delivery of energy within the CS is limited
from 10 W to 20 W, and impedance was carefully monitored to
prevent complications. If impedance decreased by more than 10 Ω,
RF energy is interrupted. Because the of routine adoption of external irrigation for ablation of AVNRT in the authors’ laboratory
6 years ago, all ablations have been performed successfully without need to access the left atrium and without any complications.
Occasionally, extensive ablation within the musculature of the CS is
needed to eliminate AVNRT.

END POINTS FOR ABLATION

Published Clinical Studies on Cryoablation for Atrioventricular Nodal Reentrant

Author/year

No. of
Patients

F/U (months)

APS Cryo

Rec Cryo

Tip (mm)

APS RF

Rec RF

P

Zrenner et al. 2004

200

8.1

97%

8%

4

98%

1%

.03

Friedman et al. 2004

103

6

91%

6%

4

—

—

—

Kimman et al. 2004

63

13 ± 7

93%

10%

4

91%

9%

NS

Collins et al. 2006

117

12

98%

8%

4

100%

2%

NS

Jensen-Urstad et al. 2006

75

12.7

99%

5%

6

—

—

—

Papez et al. 2006

53

8.1 ± 7.0

96%

12%

4

96%

6%

NS

Gaita et al. 2006

87

27 ± 13

96%

10%

4

—

—

N/A

Gupta et al. 2006

71

2.2 + 0.4

85%

20%

4

97%

6%

0.01

De Sisti et al. 2007

69

18 ± 9

87%

28%

6

—

—

—

Avari et al. 2008

80

10.7

97%

3%

6

95%

2%

NS

Bastani et al. 2009

312

22.4 ± 12.7

99%

5.8%

6

—

—

—

Chan et al. 2009

80

13.6

98%

9%

6

95%

1%

NS

Deisenhofer et al. 2010

509

6

97%

9%

6

98%

4%

0.029

Schwagten et al. 2011

274

51.6 ± 30

97%

11%

4

96%

5%

NS

Rodriguez-Entem et al. 2013 119

8.3 ± 1.4

98%

15%

6

100%

3.4%

0.027

APS, Acute procedural success; F/U, follow-up; N/A, not applicable; NS, not significant; RF, radiofrequency.
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of conduction over a different slow AV nodal pathway than the one
required to sustain AVNRT. Thus residual AH jumps with or without
single echo beats in the absence of tachycardia inducibility are an end
point for ablation.113–115 It is important to test for noninducibility in

RAA

the presence of isoproterenol after ablation even if this agent was not
necessary for induction at baseline. Discontinuous AV nodal physiology can be initially demonstrated with programmed atrial stimulation in only 85% of patients in whom this arrhythmia is inducible.

RAA
HB

RV

CS

HB
RV

CS

MAP

MAP

A

RAO

LAO

II
V1
RAA
p
3
HB
2
d
CS
RF

p
d

CS
UNI

2

CS

1
p
6
5
4
3
2
d
RV

B

200 ms

Fig. 21.31 A, Site of earliest retrograde atrial activation during ventricular pacing in a patient with slow–slow
atrioventricular nodal reentrant tachycardia. Radiographs in the right anterior oblique (RAO) and left anterior
oblique (LAO) projections show the position of the mapping catheter (MAP) inside the proximal portion of the
coronary sinus, about 1.5 cm from the ostium. Multipolar catheters are positioned in the coronary sinus (CS),
right atrial appendage (RAA), His bundle (HB), and right ventricle (RV). B, Retrograde block of slow atrioventricular (AV) nodal pathway conduction during radiofrequency current ablation. During delivery of radiofrequency
current through a catheter in the proximal coronary sinus, the first two ventricular paced complexes are
followed by retrograde conduction through the slow AV nodal pathway (filled arrows). Retrograde block over
the slow AV nodal pathway is observed following the third ventricular paced complex (open arrow). d, Distal;
p, proximal; UNI, unipolar.
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Fig. 21.32 Tridimensional reconstruction of the right atrium and the coronary sinus using fast anatomic mapping with respiratory gating (Caro-3,
Biosense Webster, Diamond Bar, CA). Activation mapping was obtained
during slow–slow atrioventricular (AV) nodal reentrant tachycardia. Earliest retrograde activation was recorded inside the coronary sinus (arrow)
approximately 1 cm from the coronary sinus ostium. Radiofrequency
application at this site resulted in elimination of 1:1 retrograde conduction over the slow AV nodal pathway and inability to reinduce the tachycardia. CS, Coronary sinus; IVC, inferior vena cava; SVC, superior vena
cava; TA, tricuspid annulus.

Fig. 21.33 Catheter position at site of successful ablation in a patient
with the left-sided variant of slow–fast atrioventricular (AV) nodal reentry. Intracardiac tracings and diagnostic maneuvers were consistent with
slow–fast AV nodal reentry, but all attempts at ablation of slow-pathway
conduction from the right atrium and proximal coronary sinus were
unsuccessful. Left anterior oblique (LAO) projection. The mapping catheter was introduced into the left atrium through a preformed sheath
following transseptal puncture. The catheter was positioned parallel to
the mitral annulus with its tip at the inferior paraseptal region. At this
ablation site, junctional rhythm occurred, slow-pathway function was
eliminated, and tachycardia was rendered noninducible. CS, Coronary
sinus catheter; HB, His bundle catheter; MAP, mapping/ablation catheter; RA, right atrial catheter; RV, right ventricular catheter.
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Fig. 21.34 Incessant atrioventricular nodal reentrant tachycardia after radiofrequency ablation between the
tricuspid annulus and the coronary sinus (CS) ostium and in the proximal CS. The sequence of activation in
the CS demonstrates a line of block between the CS electrodes 5 and 6 (arrows). Earliest retrograde atrial
activation is recorded in the distal pair of electrodes from the mapping catheter (ABL D). D, Distal; HBE, His
bundle electrogram; HRA, High right atrium; P, proximal.

344

PART 5

Catheter Ablation of AVNRT and the Atrioventricular Junction

By careful documentation of the baseline AV node function curve,
even patients with continuous AV conduction patterns can be shown
to have loss of the tail of the curve, shortening of the maximal achievable AH interval, and prolongation of the 1:1 conduction cycle length,
indicating successful slow-pathway modification.116
It has been suggested that if AVNRT is easily induced at baseline
without the use of isoproterenol, there is no need administer this drug
after ablation to confirm noninducibility.117 However, sedation and
anesthesia change the balance of the autonomic nervous system over
time and the conditions found at the beginning of the procedure may
be different than the one after the ablation. Therefore we recommend
giving isoproterenol after the ablation and perform atrial and ventricular stimulation during and following drug administration.

PREVENTING ATRIOVENTRICULAR BLOCK
DURING CATHETER ABLATION
AV block from slow-pathway ablation may occur because of direct
injury to the compact AV node or fast pathway, especially if it is
inferiorly displaced as an anatomic variant. In addition, damage to the AV nodal artery or preexisting fast-pathway dysfunction (intrinsic or from previous ablation) may be unrecognized

BOX 21.4 End Points for Radiofrequency

Delivery

Tachycardia rendered noninducible with and without isoproterenol challenge
Elimination or modification of slow-pathway function
• Elimination of atrium–His bundle (AH) interval jumps
• Elimination of 1:1 antegrade conduction over the slow atrioventricular (AV)
nodal pathway
• Retrograde ventriculoatrial block through the slow AV nodal pathway (fast–
slow and slow–slow)
AH interval jump with single echoes only (previously inducible)
Fast-pathway injury
PR interval prolongation (persistent)
Transient antegrade AV block after radiofrequency (caution warranted for further ablation)

TABLE 21.5

before slow-pathway ablation. In the authors’ experience, AV block
occurred in one (0.2%) of 500 patients during RF current delivered
between the midportion of the CS os and the tricuspid annulus.
In this 74-year-old man, a rapid junctional rhythm was induced,
associated with retrograde VA block; despite rapid termination
of energy application, the patient developed permanent AV block
requiring pacemaker implantation. Delayed AV block has been documented despite preserved AV conduction at the end of the procedure.118,119 Delayed AV block is usually confined to those patients
with transient AV block during ablation.
Several strategies have been suggested to minimize the risk of
ablation-induced AV block (Table 21.5). The most important method
is close attention to retrograde conduction during RF ablation and
immediate discontinuation in the event of any VA block. Delivery
of RF energy during atrial pacing faster than the junctional rhythm
rate allows for continuous assessment of antegrade conduction in
cases of doubt. Rapid junctional rhythm (cycle length, <350 ms) has
been described as an indicator of impending AV block.94 AV block is
unlikely at sites at or below the middle level of the CS os. The risk of
block increases with more superior ablation sites. AV block can occur
at more inferior sites or even within the CS. Damage to the AV nodal
artery may explain the occurrence of AV block even when applications
are delivered far from the compact AV node.120 Care should be taken to
exclude an isorhythmic association of sinus rhythm with a junctional
rhythm and VA block.
Sites with time intervals of less than 20 ms between the atrial
electrogram on the His bundle recording and the atrial electrogram
on the ablation catheter have been associated with increased risk
of AV block.121 In addition, pacemapping of the triangle of Koch
to locate the site of the antegrade fast pathway may reduce the risk
of AV block.122 This practice assumes that the pacing site producing the shortest stimulus to the His electrogram interval represents
the site of fast-pathway insertion. Pacing is performed at low, mid,
and high septal sites. In 10% of patients, the shortest interval is displaced into the middle or low septal locations. Ablation is directed
as far as possible from midseptal fast-pathway sites. In this report,
ablation was not performed at low septal sites showing the shortest
stimulus to His interval.122 The absence of antegrade fast-pathway
conduction before antegrade slow-pathway ablation may result
in AV block. The status of fast-pathway conduction should be

Preventing Atrioventricular Block

Method

Description

Comment

Ablation sites below triangle of Koch

Inferior to level of CS roof

Standard practice

Monitor retrograde junctional conduction

Discontinue RF for loss of 1:1 retrograde conduction

Standard practice

Monitor for rapid junctional

rhythm94

Discontinue RF for junctional rhythm < 350 ms

Not prospectively tested

Δ AA timing His and ablation recordings121

Difference in timing between AEGM His and AEGM ablation
site > 20 ms

Not prospectively tested

Pacemapping triangle of Koch122

Identify site on septum producing shortest stimulus to His time
and avoid ablation there

Not prospectively tested

Overdrive atrial pacing

Pace atrium faster than junctional rate to monitor antegrade
conduction

Not prospectively tested

Gradual power titration123

Start at 5 W and increase power by 5 W every 5 seconds until
junctional rhythm, then increase power by 10 W for total RF
for 120 seconds

Not prospectively tested

Cryoablation

6- or 4-mm tip

Extremely low incidence of AV block

AA, Atrial–atrial interval; AEGM, atrial electrogram; AV, atrioventricular; CS, coronary sinus; RF, radiofrequency; Δ, difference.
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assessed before ablation, particularly in patients with long baseline PR intervals (see later discussion). Prolongation of the AH
interval during ablation is an indication of antegrade fast-pathway
injury. Gradual energy titration starting with low-energy levels
is advised.123 Cryoablation poses the lowest risk of persistent AV
block, which at the time of this writing has not been reported in the
literature.

EFFICACY OF ATRIOVENTRICULAR NODAL
MODIFICATION
The acute success rate for slow-pathway ablation for AVNRT is 97%
to 100% in large series (Table 21.6). Randomized trials have shown
equivalent outcomes using the anatomic and electrogram-guided
approaches, although the electrogram-guided approach may have a
lower incidence of residual slow-pathway function.91 Postprocedure
recurrences of AVNRT are reported in 0.7% to 5.2% of patients. Some
studies report that residual slow-pathway function is a predictor of
recurrence; however, this finding is not consistent.113–115,124–127 It is
now widely accepted that any incremental benefit of more extensive
ablation to eliminate all slow-pathway function is offset by a higher
risk of inducing AV block.114 Slow–slow AVNRT may be associated
with higher recurrence rates, often of a different form of AVNRT. The
absence of JT during RF application and younger age is associated with
higher recurrence rates.125

Retrograde Fast-Pathway Ablation
The indications for ablation of retrograde fast-pathway conduction
are limited to those patients with slow–fast AVNRT in whom antegrade fast-pathway function is absent or severely impaired before
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ablation. In most patients with prolonged preablation PR intervals,
slow-pathway modification remains effective and carries a low
incidence of heart block.128–133 In patients with complete absence
of antegrade fast-pathway function, however, slow-pathway ablation may result in complete heart block. In this situation, ablation of the retrograde fast-pathway function may be attempted
(Figs. 21.35A and B).128 The fast pathway is targeted by positioning the ablation catheter to record a large His electrogram and then
withdrawing the catheter toward the atrium to record a large atrial
and smaller ventricular electrogram and the smallest His deflection
recordable (<0.1 mV).134,135 Attempts at targeting retrograde fast
pathway only may be refined by mapping the site of earliest retrograde atrial activation in this area during AVNRT or ventricular
pacing.128 RF energy is delivered at the target site starting at low-energy levels (5–10 W). RF delivery is interrupted with an increase
in the PR interval or after showing noninducibility of AV nodal
reentry.135

Ablation of Atrioventricular Nodal Reentry in Patients
with Impaired Atrioventricular Conduction

Approximately 3% of patients undergoing ablation for AVNRT have
PR prolongation at baseline.128–133 Patients with delayed conduction or prolonged refractoriness of the fast AV nodal pathway have
an increased risk of AV block after ablation of the slow AV nodal
pathway. However, several reports have documented a lack of detrimental effect of catheter ablation in such patients, despite preexisting abnormal AV conduction (Table 21.7).128–133 The lack of
effect of slow AV nodal pathway ablation despite an abnormal fast
AV nodal pathway may be explained by several factors. One possibility is that in these patients, the left atrial (mitral annulus) input

TABLE 21.6

Contemporary Results for Radiofrequency Slow-Pathway Ablation

Study

No. of
Patients

Gonzalez et al. 2017

500

Topilski et al. 200630

Acute
Recurrence
Success (%) Rate (%)

AV Block (%)

Combined anatomic and
electrogram guided

100

1.5

0.2

901

Anatomic

97

2.8

3.4 transient AV
4, AV block (2
block; 0.8 perwith pericardial
manent AV block
effusion)
(pacemaker)

Kihel et al. 2006148

76

Combined anatomic and
electrogram guided

99.6

0.7

0

1.8, pericardial
Same results <75
effusion and puland >75 years
monary embolus
old

Rostock et al. 2005149

578

Anatomic

100

2.5

0.7 all PPM

Only AV block
reported

Same results <75
and >75 years
old

McElderry and Kay
200686

2333

Anatomic

99

1.7

0.2

0.5, AV block (3
with pericardial
tamponade)

3 AV block in last
2283 patients

Estner et al. 2005125

506

Combined anatomic
and electrogram
guided

98.8

5.2

3, with 1.4 PPM

Only AV block

Younger age only
risk of recurrence

Efremidis et al. 200991

228

Randomized to anatomic 100, both
or electrogram guided
approaches

1.7, both
approaches

0.9 AV block, both
approaches

Only AV block

Prospective randomized trial

Approach

AV, Atrioventricular; PPM, permanent pacemaker.

Complication
Rate (%)

Comments

0.2, AV block;
0.4, pulmonary
embolism
Two catheter (single diagnostic
and ablation)
approach used in
65% of patients
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preserves AV nodal conduction despite damage to the right-sided
inputs.12 Another possibility is that, before ablation, conduction
through the posterior inputs (slow AV nodal pathway) prolongs
the refractory period of the anterior input (fast AV nodal pathway)
because of concealed retrograde conduction of the fast pathway, the
so-called linking phenomenon.136 Nevertheless, acute AV block may
occur in up to 33% of patients without evidence of dual AV nodal
physiology at baseline.128 Late AV block has been documented in
12% of patients with baseline PR prolongation.131 It has been suggested that patients with evidence of only antegrade slow-pathway
conduction at baseline undergo an attempt at selective retrograde
fast-pathway ablation (see earlier discussion).128 This approach was
associated with persistent intraprocedural AV block in one of 10
patients; however, there was no late AV block reported. By contrast,
slow-pathway ablation was associated with a 3% incidence of acute
AV block but a 36% incidence of late AV block in patients with dual
AV nodal physiology at baseline.128 Of note, all patients progressing
to late AV block had complete ablation of slow-pathway function.
Patients with PR prolongation before ablation should be considered
at increased risk of acute or late AV block. The clinical circumstances should justify this risk, and the patient should be informed
accordingly.

Complications
Complications are relatively uncommon during ablation for AVNRT
(see Table 21.6). Heart block represents the greatest risk and is
reported to occur in 0% to 3.4% of patients (see Table 21.6). The
risk of requiring permanent pacemaker implantation is less than
1% in these same series. The risk of acute heart block is increased in
those with absent antegrade fast-pathway function, ablation superior to the CS os, greater numbers of delivered RF lesions, and junctional rhythm with retrograde block. Late heart block is greatest in
patients with transient AV block during the procedure and in those
with baseline PR prolongation who undergo complete slow-pathway ablation. Vascular injury and pericardial tamponade may occur
infrequently.

TROUBLESHOOTING THE DIFFICULT CASE
As previously stated, before proceeding to ablation, the operator
should be confident of the diagnosis of AVNRT. This requires eliminating as a possibility orthodromic reentrant tachycardia and atrial
tachycardia with 1:1 AV conduction. Most cases of AVNRT can be
successfully eliminated by delivering RF energy between the tricuspid valve annulus and the CS os. Securing good catheter contact is
extremely important to modify conduction over the slow AV nodal
pathway. When ablation at these sites is unsuccessful, alternative
sites of ablation should be considered. Ablation within the proximal
CS can be particularly beneficial when application of RF current
in the usual position between the tricuspid annulus and the CS os
does not result in an accelerated junctional rhythm. Only after failing to eliminate slow-pathway conduction at these sites, ablation
in the inferior portion of the mitral annulus can be considered and
more rarely higher in the triangle of Koch. Ablation above the superior edge of the CS os is associated with an increased risk of AV
block (Table 21.8). Induction of AV nodal reentry is infrequently
a problem. AV nodal reentry is usually greatly influenced by autonomic tone. Reduced sedation, hyperventilation, isoproterenol, and
atropine may facilitate induction. Catheter stability is sometimes
problematic but is usually remedied by the use of a long sheath with
slight septal angulation. The use of a catheter with adequate reach

adds to catheter stability. At times, a large Eustachian ridge may
prevent the ablation catheter from achieving a septal position. In
this case, turning the angled sheath anteriorly and then directing
the catheter posteriorly allows the catheter to negotiate around
the obstacle. If no junctional rhythm is apparent with RF ablation
between the tricuspid annulus and the CS os, mapping of the proximal CS may identify slow-pathway potentials and provide successful ablation. As noted earlier, patients with absent or poor antegrade
fast-pathway function are at risk of heart block after slow-pathway
ablation. The status of the antegrade fast pathway should be documented before ablation. If fast-pathway function is poor and the
decision is to proceed with ablation, AV conduction must be closely
monitored during ablation. Cryoablation is probably safer than
RF ablation in these patients. A summary of common problems
encountered during ablation of AVNRT and possible solutions is
given in Table 21.8.

ABLATION OF JUNCTIONAL TACHYCARDIA
Ablation of JT is rarely needed and should be avoided if possible.
When incessant and unresponsive to antiarrhythmic drugs and
for avoidance of triggers, ablation is an alternative. Low-energy
ablation as distal as possible from the compact AV node should
be performed. The literature in ablation of JT consists mainly of
case reports137–143 and short series.144–147 Published series of ablation of JT are primarily composed of pediatric patients with few
adults included. The initial report of ablation for JT by Gillette and
coworkers144 is of two cases 3 and 6 months old using direct current
shocks in the area of His recording, both resulted in AV nodal block,
followed by pacemaker implants with one resuming AV conduction
3 days later. Hamdan and coworkers145 reported their experience
with 11 patients undergoing RF ablation for JT over a period of 9
years, age 1 to 66 years with five patients older than 18. The authors
describe that the ablation was performed in the earliest site of atrial
activation during tachycardia in nine patients with retrograde conduction present. When conduction to the atrium was absent (two
patients), ablation was performed empirically in the posterior septum, moving anteriorly if tachycardia persisted. Ablation was successful with preserved AV conduction in nine patients (82%); one
patient developed complete heart block.145
Cryoablation has also been reported for treatment of JT.146,147 In
one report, six patients (aged 7 to 36 years) with JT underwent electrophysiology study and cryomapping (–30°) in the triangle of Koch
during JT using a 3-dimensional nonfluoroscopic mapping system
(NavX, Endocardial solutions or LocaLisa, Medtronic). Cryomapping resulting in transient AV block in one patient in whom no
ablation was performed. Five patients had elimination of the tachycardia with cryoablation at the site of successful suppression of the
arrhythmia during cryomapping. Successful ablation sites were just
posterior to the site of the recorded His electrogram in four patients
and at the CS os in one. Collins and coworkers147 published a series
of 99 patients with JT (aged 0.05 to 38 years), 17 of whom underwent ablation with RF energy and 27 with cryoablation. Success rate
was equivalent, 82% for RF ablation and 85% for cryoablation with
recurrence rates of 13% and 14%, respectively. Three patients developed complete heart block, all of them with RF ablation.
AV junction ablation and pacing is a therapeutic alternative in
patients with incessant symptomatic JT who fail pharmacologic therapy or catheter-based ablation.144,145,147 In the authors’ laboratory,
this measure is avoided at all means to prevent the deleterious consequences of long-term right ventricular pacing.
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Fig. 21.35 Retrograde fast-pathway ablation with cryoenergy in an elderly patient with slow–fast atrioventricular (AV) nodal reentry and prolonged PR interval at baseline. A, The surface and intracardiac recordings
are shown (left). The PR interval is 320 ms, with an atrium–His bundle (AH) interval of 200 ms, suggestive of
slow-pathway conduction. No dual antegrade AV nodal physiology could be demonstrated. (Right), A 4-mm-tip
cryoablation catheter (Cryo) positioned in the fast-pathway area in a right anterior oblique (RAO) view. B,
Intracardiac recordings during cryoablation at the catheter position shown in A. During slow–fast AV nodal
reentry, there is tachycardia termination with failure of retrograde fast-pathway conduction in the third cardiac
cycle (blue highlight). The next cycle consists of a sinus beat with AV conduction times as at baseline. The
arrows show the His potential when discernible through the ablation catheter ice artifact. AV nodal reentry
was noninducible, and antegrade AV conduction was unchanged. Cryo, cryoablation catheter; CS, coronary
sinus; D, distal; His, His bundle catheter; HRA, high right atrium; M, mid; P, proximal; RA, right ventricular
apex; RVA, right ventricular apex.
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TABLE 21.7

Prolongation
Study
Reithmann et al.

2006128

Catheter Ablation of AVNRT and the Atrioventricular Junction

Ablation for Atrioventricular Nodal Reentrant Tachycardia with Preexisting PR
No. of
Patients

Ablation
Approach

Baseline PR Interval
(ms)
Acute AVB (%)

43

Retrograde FP ablation
289 ± 66 and 239 ± 31
without DANP (n = 10)

Late AVB

Comments

10 and 3

0 (61 ± 39 mo)

3 sudden deaths late
after SP ablation
as well

SP ablation with DANP
(n = 33)
Sra et al. 1994130

7

SP

210-290

0

0 (20 ± 6 mo)

PR and WBCL
unchanged

Natale et al. 1997132

7

SP

230-300

0

(3 mo)

Anterior ablation sites
required

Pasquie et al. 2006129

10

SP

222 ± 15

20, transient AVB
(<5 minutes)

0 (39 ± 21 mo)

In one patient, PR
increased from 220
to 320 ms

Basta et al. 1997133

18

SP

FP ERP > 500 ms baseline

22, transient AVB
(<5 minutes)

0 (18 ± 11 mo)

Only two patients
with FP function
before ablation

Li et al. 2001131

18

SP

235 ± 28

0

33

Late heart block more
common after complete SP ablation

Reithmann et al. 1998150

5

Retrograde FP

53

0

0

PR increased to 276
± 48

AVB, Atrioventricular block; DANP, dual atrioventricular nodal physiology; ERP, effective refractory period; FP, fast pathway; SP, slow pathway;
WBCL, Wenckebach cycle length.

TABLE 21.8

Troubleshooting the Difficult Case

Problem

Causes

Solution

Difficult to induce AVNRT

Retrograde fast AV nodal pathway block due to catheter
manipulation

Avoid catheter contact with the fast AV nodal region

Increased vagal tone due to sedation

Administer isoproterenol and/or atropine

Similar fast- and slow-pathway refractoriness

Atrial burst pacing, programmed atrial and ventricular
stimulation, isoproterenol, atropine

Poor catheter stability

Prominent Eustachian ridge

Use long sheath with septal angulation, apply clockwise
torque

Prolonged AH interval before ablation

Absence or prolonged conduction over fast pathway

Ablate retrograde fast pathway (slow–fast variant), cryoablation of slow pathway (reversible), advise patient of risk
of AV block

No junctional rhythm during ablation

Poor catheter contact

Unusual slow-pathway location
Use long/adjustable/angled sheath or long-reach catheter,
assess for slow-pathway function (possible ablation
without junctional rhythm)
Ablate below CS, in proximal CS, above CS (risk of AV block)
or left atrium

Change to different form of AVNRT

Multiple slow pathways

May require ablation of retrograde slow-pathway function,
ablate both rightward and leftward inferior extensions

VA block during junctional rhythm

Ablation near compact AV node, AV nodal artery, or
anomalous fast-pathway location

Ablate inferiorly, start very low energy or use cryoablation, map ablation stimulus to His time or His AEGM to
ablation AEGM times

Slow–slow variant (absent retrograde fast pathway function)

Confirm variant, ablation during atrial pacing

Poorly inducible tachycardia

Assess for modification of slow-pathway function, AV nodal
conduction curves after junctional rhythm

Absence of dual AV nodal physiology

Monitor for junctional rhythm and inducibility, assess for
alteration AV and VA conduction properties

Nonspecific end points

AEGM, Atrium electrogram; AH, atrium–His bundle; AV, atrioventricular; AVNRT, atrioventricular nodal reentry tachycardia; CS, coronary sinus; VA,
ventriculoatrial.
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Atrioventricular Junction Ablation for
Heart-Rate Control of Atrial Fibrillation
Lian-Yu Lin, Ting-Tse Lin, Jien-Jiun Chen, Jiunn-Lee Lin, Shoei K. Stephen Huang

KEY POINTS
•	Mapping uses a combined anatomy- and electrogram-guided
approach.
•	The right-sided approach target is just proximal to or below the
His bundle electrode position on the fluoroscopic view, or at the
proximal His location. The left-sided approach target is just below
the aortic valve at the septal site where a His potential can be
recorded. If the His potential is not recorded at the upper septal
site, it may be recorded in the noncoronary sinus cusp.

INTRODUCTION
Atrial fibrillation (AF) has become a worldwide health issue not
only that it is the most common cardiac arrhythmia seen in clinical
practice, but also that it is highly correlated with a significant morbidity and mortality, including the risk for stroke, dementia, heart
failure (HF), and overall mortality.1–5 Both rate and rhythm control strategies are widely used; however, it is difficult to maintain
sinus rhythm for all AF patients. Rate and rhythm control strategies
have similar long-term results in patients with AF.6 The traditional
way of attaining ventricular rate control is the use of atrioventricular (AV) nodal blocking agents including beta-blockers, nondihydropyridine calcium-channel blocker, digitalis, and sometimes
amiodarone. The adequate rate control was defined in American
College of Cardiology/American Heart Association/Heart Rhythm
Society (AHA/ACC/HRS) guidelines as a resting rate less than 80
per minute for patients with symptomatic AF and less than 110 per
minute for asymptomatic patients with preserved systolic function.7 In patients with severe symptoms in whom drug therapy
fails or drug discontinues as a result of adverse effects, ablation of
the AV node and permanent pacing are effective in controlling the
ventricular rate.8 This chapter describes the techniques of radiofrequency (RF) catheter ablation for ventricular rate control in
patients with AF. For rhythm control strategy, please see previous
Chapters 14 to 20.

COMPLETE ATRIOVENTRICULAR JUNCTION
ABLATION
Rate reduction, allowing adequate time for ventricular filling and avoiding rate-related ischemia, may result in improved
hemodynamics in patients with AF. Therefore complete AV
junction ablation provides an effective way to control the ventricular rate during AF. AV junction ablation in conjunction
with permanent pacemaker implantation provides highly effective control of heart rate and improves symptoms in selected

•	Sources of difficulties include inability to record the His potential
and failure of the right-sided approach.
•	Successful atrioventricular junction ablation allows 100%
biventricular pacing with cardiac resynchronization therapy
in patients with atrial fibrillation and reduced ventricular
function.
•	Atrioventricular node modification is not recommended because
of lack of benefit and higher risks.

patients, such as tachycardia-bradycardia syndrome, drugrefractory atrial tachyarrhythmias, and even permanent AF patients
with cardiac resynchronization therapy (CRT), who have not
received adequate biventricular pacing to improve the heart function as a result of an irregular rapid ventricular rate. This technique
has been termed Ablate and Pace. Since 1982 AV junction ablation
has remained as an important treatment option for refractory atrial
arrhythmias. Early works on AV junction ablation were achieved by
direct current (DC) shock.9,10 At present, RF energy has completely
replaced DC shock as the energy source for catheter ablation of the
AV junction. Cryoablation of the AV node has also been reported.11
However, there is no evidence to demonstrate better clinical outcome by cryoablation than conventional RF.
AV junction ablation could be performed after or before the permanent pacemaker implantation. A frequently used approach is to
perform AV junction ablation via femoral vein immediately following
permanent pacemaker implantation, but some operators prefer ablation followed by pacemaker insertion since the ablation procedure
might damage or dislodge the permanent pacing leads. The latter procedure needs two venous punctures and catheters: one to perform the
ablation and one to pace the right ventricle temporarily. However, one
study enrolling 70 patients showed that device implantation before RF
ablation of the AV junction is feasible and safe.12 An alternative strategy is to implant the permanent pacemaker for 6 to 8 weeks before the
ablation procedure. This approach is safest in terms of acute lead dislodgement and allows proper anticoagulation if a left-sided approach or
DC cardioversion is required during the ablation procedure. Recently,
AV junction ablation through the superior vena cava has been proposed. Ablation procedure during permanent pacemaker implantation
through the pocket by using the same subclavian or axillary vein access
could be achieved successfully and safely with a significant reduction
in procedure and laboratory occupancy time.13–15
Before AV junction ablation is performed, appropriate ventricular
backup pacing by a temporary electrode catheter at the right ventricular
(RV) apex or a permanent pacemaker must be ensured. For patients
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RAO

LAO

Sternal wire

Ablation
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His

Ablation

Pacemaker
RV lead

RV lead

Fig. 22.1 Standard right-sided approach for ablation of the atrioventricular junction. Right anterior oblique
(RAO) and left anterior oblique (LAO) fluoroscopic views showing the ablation catheter aligned with the proximal His catheter (His) along the septum. RV, right ventricle.

with a permanent pacemaker implanted before ablation, care should
be taken to ensure effective pacing during ablation because interaction
between RF energy and the pacemaker may occur. The RF skin patch
should be placed as far away as possible from the pacemaker generator location. The pacemaker should preferably be set to VOO mode
at 40 to 50 beats per minute to avoid oversensing and inappropriate
inhibition of pacing during RF energy delivery. If VVI mode is set and
if inappropriate inhibition does occur, placing a donut-shaped magnet over the pulse generator could reprogram pacing mode to VOO
immediately. Ventricular asystole or extreme bradycardia may occur
during RF energy application because of destruction of the AV junction and inhibition of the permanent pacemaker by RF energy. Turning off the RF power supply restores pacemaker activity. After ablation,
permanent pacemakers should be interrogated to assess for alterations
in pacemaker programming or changes in pacing or sensing thresholds. The pacemaker is often set at a high rate (80–90 beats per minute)
to reduce the risk for sudden cardiac death after AV junction ablation
(discussed later).

MAPPING AND ABLATION
For the ablation procedure, an approach from the right side is usually
tried first.16 The anatomy of the AV node and conduction system is
reviewed in Chapters 5 and 21. The most common approach is rightsided with access via the femoral vein.
AV junction ablation is performed under the guidance of fluoroscopy and intracardiac electrograms. The ablation catheter is
positioned, under fluoroscopy, at the compact node region, which
is located at the atrial midseptal region, just proximal and inferior
to the His bundle catheter position. In a left anterior oblique view,
clockwise twist of the catheter will ensure its contact with the septal aspect of the tricuspid annulus (Fig. 22.1). When positioned
over 1 o’clock on the tricuspid valve annulus in the left anterior
oblique view, a His bundle electrogram will be clearly observed in
between the atrial and ventricular signals. The AV node locates
over the apex of the triangle of Koch and does not have a characteristic electrogram. Typically, it is not the size of the His potential,
but its relationship to the size of atrial and ventricular electrograms (Fig. 22.2). Ablation of the AV conduction system as proximally as possible would increase the chance of the escape rhythm

200msec
V1

HIS d

ABL 1-2

A

H

V

Fig. 22.2 Surface electrocardiographic leads and electrograms from the
distal His catheter (His d) and distal ablation catheter (ABL 1-2) showing
an atrial (A)–to–ventricular (V) electrogram ratio of 1:1.5 and a small His
potential (H).

to emerge. Ablation at the site of maximal His recording often
produces right bundle branch block only. Therefore the catheter
should be withdrawn toward the atrium to record an A/V ratio of
1:1 or 1:2 and a small His electrogram, usually less than 0.15 mV
in amplitude. An atrial position with an A/V ratio of 1:2 to 1:5
favors the His bundle ablation, and a very small or absent atrial
signal suggests that the catheter is probably too far into the ventricle and a right bundle branch potential rather than the His bundle
is recorded. In addition, the catheter tip may need to be deflected
slightly inferiorly to follow the course of the AV conduction system. One report mapped the AV node by using electrograms on
both proximal and distal bipoles of the ablation catheter. The
report found that the presence of His and atrial electrograms on
the distal bipole, and the absence of ventricular electrogram on
the proximal bipole, could improve the accuracy of AV junction
ablation and avoid right bundle branch injury.17 Some advocate use
of unipolar ablation electrograms to recognize the most proximal
His recording. Here, the His potential shows an entirely negative
(QS) morphology, reflecting the entire His activation proceeding
away from the electrode. During AF, mapping may be complicated
by variable atrial electrogram amplitudes and obfuscation of the
His electrogram by the continuous atrial activity (Fig. 22.3; Video
22.1). If feasible, cardioversion to sinus rhythm may allow better demonstration of the His potential. With standard 4-mm-tip
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ablation electrodes, RF is delivered for a total duration of 60 seconds at 50 to 60 W with target temperatures of 55°C to 65°C. One
study showed that a temperature range of 60°C ± 7°C was required
to achieve permanent AV nodal block, whereas at lower temperature, an accelerated junctional rhythm is seen. The development of
an accelerated junctional rhythm within 5 seconds and the appearance of AV nodal block within 30 seconds of RF onset were both
highly characteristic of successful target sites (Fig. 22.4; see Video
22.1).18 It is highly advisable to carefully map and ensure catheter
stability to avoid delivering ineffective lesions. Multiple ineffective
deliveries may produce tissue edema and swelling, which obscure
the His recording and distance the ablation catheter from the target
tissue. Typically, effective AV junction ablation is usually marked
by accelerated junctional rhythm followed by slowing of the

V1
HIS d
ABL 1-2
H

H

H

ABL 3-4
A

A

A

A

A

H

H
A

A

A

H

H
A

A

A

Fig. 22.3 Mapping of the His bundle in atrial fibrillation. The irregular atrial
electrograms (A) may obscure the His recording (H). In addition, variation
in the amplitude of A complicates estimation of the atrial-to-ventricular
electrogram ratio. The proximal ablation catheter (ABL 3-4) showed
only A electrogram. ABL 1-2, distal ablation catheter; HIS d, distal His
catheter.

ventricular response and emergence of a paced ventricular rhythm.
It is essential to wait for at least 30 minutes to ensure that the AV
block is permanent.
A left-sided retrograde approach via the femoral artery is used if
the approach from the right side of the heart is undesirable or unsuccessful,16,19 which occurs in about 5% of patients. The left-sided portion of the His bundle emerges on the septum just below the aortic
valve (Fig. 22.5). A right-sided His bundle catheter may act as a fluoroscopic reference. The target is a signal with atrial and ventricular
potentials and the largest His bundle electrogram. After the aortic
valve is crossed with a tight curve on the ablation catheter, the curve
can be maintained on the catheter while it is rotated toward the septum and withdrawn to the aortic valve. Alternatively, the ablation
catheter can be straightened and directed toward the inferior apical
septum, then withdrawn toward the His bundle catheter until the His
potential is recorded beneath the noncoronary aortic cusp. A His electrogram is recorded at the site of ablation. The His potential must be
differentiated from the left bundle branch recording. In older patients
with aortic disease or peripheral arterial disease, the AV node can be
approached through a transseptal puncture from the right atrium. The
ablation catheter is directed to the left ventricle and placed under the
aortic valve. The left-sided His activation should occur essentially at
the same time as the right-sided His. The left bundle branch is typically
recorded 1 to 1.5 cm inferior to the optimal His bundle recording site.
The left bundle branch recording is identified by a potential-to-ventricular electrogram interval of 20 milliseconds or less and an A/V
ratio of 1:10 or less. Electrogram recordings and catheter positions for
the left conduction system are discussed in Chapter 29. In rare circumstances in which standard right-sided and left-sided approaches are
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Fig. 22.4 Successful ablation usually starts with accelerated junctional rhythm, followed by complete heart
block within 15 seconds after radiofrequency delivery. Note the ventricular pacing after heart block. Abl on,
delivery of ablation energy.
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LAO

B

A

RAO

Fig. 22.5 Atrioventricular junction ablation with a left-sided approach in a patient with a CRT device. Left
anterior oblique (LAO) (A) and right anterior oblique (RAO) (B) fluoroscopic images of catheter position during
ablation. The ablation catheter (ABL) was just below the aortic valve. This patient already has a biventricular
device, and no other catheter, except the ablation catheter, is required. The ablation catheter can record the
atrium–His-ventricular electrogram. CRT, cardiac resynchronization therapy; CS, coronary sinus; His, His catheter; RA, right atrium; RV, right ventricle.

BOX 22.1 Targets for Ablation

II
P
V1

AB

A

QRS

Distal Atrioventricular Node–Proximal His Junction
(Right-Sided Approach)
Recording from the ablation distal bipole electrode:
Small His electrogram (≤ 0.15 mV)
A/V ratio 1:1 or ≥1:2
QS morphology with unipolar His recording

V

RF on

1 second

Fig. 22.6 Induction of complete heart block by ablation of the fast
and slow pathway atrioventricular (AV) nodal inputs. Electrocardiographic leads II and V1 and the ablation (AB) electrograms are
shown in this continuous tracing. A clear His recording could not be
obtained in this patient. This recording was made after attempts at
ablation of the proximal His bundle by anatomic guidance resulted
only in fast pathway ablation and a very long PR interval of 600
msec. At the start of the tracing, there is a blocked P wave in sinus
rhythm, revealing the very long PR interval. With radiofrequency (RF)
energy delivery to the slow pathway region (RF on), there is the
development of complete AV block and a ventricular paced rhythm
(asterisks). A, Atrial electrogram; P, P wave; QRS, QRS interval; V,
ventricular electrogram.

both unsuccessful, energy delivery in the noncoronary or right aortic
cusp where the His bundle potential is recorded may lead to complete
AV block.20
In patients with preexisting complete bundle branch block, ablation of the contralateral bundle branch results in complete heart block.
Mapping and ablation of the bundle branches are described in Chapter
31. Complete heart block may also result from ablation of both fast and
slow pathway inputs to the AV node (Fig. 22.6). The targets for ablation
are listed in Box 22.1.

Left-Sided His Bundle (Left-Sided Approach)
H-V interval > 30-40 ms
A/V ratio about 1:5 to 1:10
Site < 1-1.5 cm below aortic valve, on the septum
Compact Atrioventricular Node
Site proximal and slightly inferior to His catheter in the triangle of Koch
Midseptal, posteroseptal for AV node modification and more anterior
approach for permanent AV block
A/V ratio 1:1 - 1:2
Bundle Branches
Right Bundle Branch
Absent or minimal atrial electrogram
BB-V interval < 30-35 ms
Left Bundle Branch
A/V ratio ≤ 1:10
BB-V interval ≤ 20 ms
Site about 1-1.5 cm below aortic valve, on the septum
AV, Atrioventricular; A/V ratio, atrial-to-ventricular electrogram amplitude
ratio; BB, bundle branch; BB-V ratio, bundle branch–to-ventricular; H-V,
His-to-ventricular.

ATRIOVENTRICULAR JUNCTION ABLATION
IN PATIENTS UNDERGOING CARDIAC
RESYNCHRONIZATION THERAPY DEVICE
IMPLANTATION
In recent years, implantation of a CRT device is an expanding and
effective therapy in symptomatic HF patients with prolonged QRS
duration (preferably ≥150 msec with left bundle branch block (LBBB))
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and low left ventricular ejection fraction (LVEF ≦ 35%).21,22 Permanent AF is a common arrhythmia in HF patients, and there were significant benefits of CRT in AF patients with HF.23,24 A recent trial
involving 36,935 HF patients treated with CRT showed the greatest
magnitude of reduction in mortality in patients with biventricular
pacing exceeding 98% of all ventricular beats.25 For patients with
less than 98% biventricular pacing, the most frequent cause of pacing loss was inappropriately programmed long AV delay, followed by
atrial tachyarrhythmia and premature ventricular complexes. One
meta analysis including 7495 patients with 22.5% AF patients found
a higher all-cause mortality in AF patients than in patients with sinus
rhythm, and the risk of nonresponse to CRT was also higher in AF
patients.26 Besides, failure of CRT was associated with new-onset
AF during follow-up. One systematic review showed that CRT and
AV junction ablation was associated with a substantial reduction
in all-cause mortality and improvements in NYHA functional class
compared with CRT without AV junction ablation in patients with
heart failure.27 Another meta analysis showed that in patients with
permanent AF undergoing CRT implantation, AV junction ablation
tended to reduce mortality and improved clinical response only when
it was applied to patient with less than 90% of biventricular pacing.
Furthermore, AV junction ablation was not associated with additional improvements in heart function, in New York Heart Association (NYHA) functional class, exercise capacity, and quality of life.28
In a recent small randomized study, CRT plus AV junction ablation
for patients with symptomatic permanent AF is superior to RV apical pacing in reducing the clinical manifestations of HF whether they
met the requisites of guideline for CRT implantation or not.29 The
physician should consider if the potential benefits are against the
risk associated with pacemaker dependency and the complication
of AV junction ablation. Therefore both ACC/AHA/HRS and European Society of Cardiology (ESC) guidelines suggest that AV junction
ablation will allow near 100% ventricular pacing with CRT in patients
with AF and LVEF less than or equal to 35% (Class 2A recommendation, level of evidence B).30,31 So far, there has been no large `after
complete AV junction ablation in patients with LVEF greater than
35%. Until then, the current practice is to implant a VVIR pacemaker
in patients with preserved LVEF who have long-lasting AF and complete AV junction ablation. A small observational study showed that
AV junction ablation, followed by permanent His bundle pacing with
a single RV lead, might significantly improve echocardiographic measurements and NYHA classification in AF patients with narrow QRS,
who suffered from heart failure with preserved or reduced LVEF.32
Further study is needed to confirm the beneficial effects of this pacing
approach.

ATRIOVENTRICULAR JUNCTION ABLATION PLUS
PACING VERSUS PRIMARY CATHETER ABLATION
IN DRUG-REFRACTORY ATRIAL FIBRILLATION
In recent years, primary catheter ablation of AF has evolved rapidly
as a commonly performed procedure in many hospitals throughout
the world.33 The details of catheter ablation for AF are reviewed in
Chapters 14 to 20. For symptomatic, drug-refractory AF patients,
the decision to attempt catheter ablation or AV junction ablation plus pacemaker is not always clear-cut. One multicenter trial
(PABA-CHF) enrolled 81 AF patients to compare the efficacy of
AF ablation with AV node ablation and pacemaker implantation.34
The result showed that patients in the catheter ablation group had
greater improvement in ejection fraction, exercise capacity, and
quality of life. Another observation study with 1,000 AF patients
also showed better survival rates with pulmonary vein isolation
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compared with AV junction ablation over a 7-year follow-up.35 A
recent systemic review incorporating seven randomized controlled
trials and 425 patients showed that even in patients with persistent AF and heart failure, the catheter ablation group was associated with a greater improvement in ejection fraction, exercise
capacity, and symptoms of heart failure.36 However, the efficacy
of catheter ablation for paroxysmal AF is around 70% to 80% in
2 years and much lower for persistent AF, depending on length of
follow-up, the experience of operator, the underlying substrates, and
the size of the atrium, and so on. Besides, multiple ablation procedures are required to achieve a higher success rate, with each procedure carrying a risk of complications.37 Therefore for the strategy of
AF control, one should consider various factors, including the severity of AF, atrial size, and the patient’s comorbidities.

OUTCOMES
The overall acute success rate for AV junction ablation is essentially
100% in recent reports.38–40 A recurrence of AV conduction occurs in
about 5% of patients. A systematic review by Chatterjee and his colleagues showed AV junction ablation improves symptoms and quality
of life significantly in patients with drug-refractory AF when compared
with pharmacotherapy alone.41 With regular R-R intervals, the cardiac
output and overall cardiac performance, as well as exercise capacity,
can be improved.42,43 A meta analysis of clinical outcomes after AV
junction ablation and pacing in 1,181 patients in 21 studies demonstrated improvements in quality of life, ejection fraction, and exercise
time.8
Complications directly related to the ablation procedure are rare,
especially with right-sided procedures. Of these, there has been
some concern that AV junction ablation and pacemaker insertion
may predispose patients to an increased risk of sudden cardiac
death. The risk is highest in the days and few weeks after the procedure, in patients paced at less than 70 beats per minute, reduced left
ventricular function, symptomatic HF, and a history of ventricular
arrhythmias.44 The proposed mechanism of sudden death is bradycardia-dependent prolongation of the QT interval.45,46 QT interval
prolongation decreases over time and is overcome by setting the
ventricular pacing rate to a minimum of 80 or 90 beats per minute
for the first 1 to 2 months following ablation, then reducing it to a
conventional 60 to 70 beats per minute.45 In addition, alterations in
pacemaker function are common during RF delivery and include
inhibition, asynchronous pacing, and induction of pacemaker-mediated tachycardia.31,37 Interference may be enhanced in unipolar
pacing systems. Problems persisting after termination of RF delivery are uncommon but include persistent reset mode requiring
reprogramming, elevation of pacing or sensing thresholds, and
direct damage to pacemaker leads.31 For these reasons, permanent
pacemakers should be thoroughly evaluated both before and after
ablation.

TROUBLESHOOTING THE DIFFICULT CASE
AV junction ablation is usually a simple and straightforward procedure. The most common problem encountered is the inability to
record a clear His potential. This may result from an intramyocardial
course of the His bundle or from obfuscation of the His by scar or
fibrosis (e.g., from prior surgery). In this instance, localization of
the His bundle may be facilitated by use of a separate multipolar
mapping catheter. A systematic search of the septum inferiorly and
superiorly at variable extents into the ventricle often reveals its location. Pacing from the distal ablation electrodes at high output may
identify areas of QRS narrowing, identifying His capture. If this is
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A
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C
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Fig. 22.7 Right anterior oblique views of ablation catheter positions to create a linear lesion perpendicular to
the estimated course of the His bundle when the His bundle cannot be recorded. (A-D) The ablation catheter
is moved superiorly to inferiorly, with the His catheter as reference. Complete heart block was achieved at
the site in D.

as a result of an inability to differentiate it from atrial signals during
AF, it may help to perform internal or external DC cardioversion so
that mapping can be performed in sinus rhythm. By cardioversion,
even if brief, the His may become apparent. However, proper anticoagulation or transesophageal echocardiography to exclude left atrial
thrombus should be considered. Moreover, the inability to record
the His is a frequent problem after delivery of multiple ineffective
lesions to the target area. The resulting edema and tissue swelling
may physically distance the ablation catheter from the target tissue. This problem is best avoided by careful mapping and selective
RF delivery only to favorable sites with stable catheter positions.
Another effective His bundle ablation site may be identified by using
unipolar electrogram recordings, particularly if a QS morphology is
present.47
If the His still cannot be identified by any means, anatomically
based lesions may be attempted from the right side of the heart before
left-sided ablation is attempted. In this instance, the use of irrigated-tip
or large-tip catheters may compensate for the absence of precise mapping. A line of lesions on the septum perpendicular to the course of the
His bundle may be effective (Fig. 22.7).
Despite clear His recordings, RF lesions may fail to induce
heart block. This typically results from unstable catheter positions or poor tissue contact. The use of long preformed sheaths
with septal angulation can be helpful, especially in the setting
of enlarged cardiac chambers. The use of irrigated-tip or largetip catheters coupled with high-output generators is sometimes

necessary. If heart block cannot be achieved from the right ventricle, the left ventricular approach should be tried. If this also
fails to target the compact AV node, ablation to target individual
bundle branch or AV nodal inputs could be attempted. Common
problems related to AV junctional ablation and their solutions are
listed in Table 22.1.

ATRIOVENTRICULAR JUNCTION MODIFICATION
AV junction modification without causing complete AV block can
also be achieved by catheter ablation but is now rarely used in clinical
practice. It has been reported that selective ablation of the slow pathway of the AV node results in an increase in AV refractoriness and
therefore decreases the ventricular rate.48,49 In practice, the technique
is similar to that used for treating AV nodal reentrant tachycardia.
Ablation is begun in the slow pathway region of the low posteroseptal right atrium during AF. It is delivered at sites with A/V ratios of
1:4 to 1:10. While the ventricular response is monitored, lesions are
delivered in incremental steps superiorly toward the midseptal area.
The end point is reduction of the ventricular response to less than
100 beats per minute, and ideally to between 60 and 80 beats per
minute. At this point, an isoproterenol or atropine challenge may be
administered and ablation continued until the heart rate is less than
120 beats per minute during the pharmacologic stress.50 AV junction
modification leads to satisfactory ventricular rate control in 25% to
85% of patients.48–51 The ventricular rhythm remains irregular and

CHAPTER 22

Atrioventricular Junction Ablation for Heart-Rate Control of Atrial Fibrillation

TABLE 22.1
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Troubleshooting the Difficult Case

Problem

Inability to record His potential

Ineffective RF delivery

Loss of pacing during ablation

Cause

Solution

•	Intramyocardial course or His obscured by scar or
fibrosis

•	Mapping with multipolar catheter
•	Pace map from ablation catheter for His capture (QRS narrowing)
•	Create anatomically based linear lesion perpendicular to His
•	Left-sided approach (ablate from upper septum of left ventricle or
noncoronary cusp)
•	Target compact AV node or AV nodal inputs

•	Acute tissue edema from ineffective RF lesions
•	His obscured by atrial activity in AF

•	Careful initial mapping and catheter instability to limit ineffective lesions
•	If feasible, cardiovert AF

•	Poor tissue contact

•	Use preformed sheath; change catheter reach, curve, or stiffness
•	Overdrive ventricular pacing to reduce cardiac motion
•	Left-sided approach

•	Intramyocardial course, insufficient lesion size

•	Use irrigated RF or large-tip catheter with high-output generator
•	Left-sided approach–Ablate right and left bundle branches separately

•	Pacemaker inhibition from EMI
•	Pacemaker reset mode
•	Displacement of temporary pacemaker wire

•	Program VOO or asynchronous pacing
•	Check battery status before ablation
•	Careful catheter manipulation; use screw in temporary pacemaker wire,
temporary pacing from ablation catheter advanced into right ventricle

AF, atrial fibrillation; AV, atrioventricular; EMI, electromagnetic interference; RF, radiofrequency energy.

the sudden fall in ventricular rate may be arrhythmogenic. This technique has been largely abandoned because of the high incidence of
AV block and polymorphic ventricular arrhythmias, both of which
may occur days after the procedure.52 These problems are overcome
by the presence of a permanent pacemaker, the avoidance of which is
the primary benefit of AV junctional modification. One clinical trial

showed that complete AV node ablation and pacemaker insertion
brings a more substantial improvement in exercise capacity, quality
of life, and left ventricular ejection fraction than AV junction modification alone.53 In addition, there have been consistent benefits to
complete AV junction ablation and pacing in the literature, with no
reported superiority of the AV node modification approach.54
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Videos

Video 22.1 Atrioventricular junction ablation by right side approach in
a patient with drug-refractory atrial fibrillation. A VVIR pacemaker was
implanted initially and was set to VOO mode. Distal bipole of ablation
catheter recorded an atrial (A)–to–ventricular (V) electrogram ratio of
1:1.5 and a small His potential (H). The proximal bipole of ablation catheter recorded only A without V signal. An accelerated junctional rhythm
followed by backup ventricular pacing at 40 per minute developed
within 15 seconds after radiofrequency energy was delivered.
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Ablation of Free Wall Accessory Pathways
Richard K. Shepard, Santosh K. Padala
KEY POINTS
• Th
 e atrioventricular (AV) annulus is mapped for atrial or
ventricular accessory pathway (AP) insertion sites or the AP itself.
• Ablation targets include the earliest site of atrial or ventricular
activation by the AP, sites of AP potentials, and sites of
electrogram polarity reversal (left free wall APs).
• Special equipment includes preformed sheaths (especially for the
transseptal approach), multielectrode halo mapping catheters,
and steerable sheaths (especially for right free wall). Catheter

navigation systems are useful, and electroanatomic mapping may
play an important role in reduction of fluoroscopy.
• Sources of difficulty are misdiagnosis of atrioventricular nodal
reentry with eccentric atrial activation or atrial tachycardia
as orthodromic reciprocating tachycardia, catheter stability
(especially with right free wall APs), AP insertion sites away from
the annulus, multiple insertion sites, and epicardial APs.

Free wall locations are the most common positions for accessory pathways (APs) in clinical practice. Right and left free wall APs account for
10% to 20% and 50% to 60% of all APs, respectively.1 These pathway
locations each present distinct challenges to the electrophysiologist.
Left free wall APs are very amenable to ablation and have the highest success rates and lowest incidences of recurrence. The left heart
location is less accessible, however, necessitating arterial or transseptal approaches. In contrast, right free wall APs are readily approached
from simple venous access but have the lowest success rates and highest
incidences of recurrence.

catheter mapping, the CS location and electrograms are best regarded
as gross estimates of the true AP location on the annulus. The anterior limit of the left free wall is anatomically well demarcated by the
aorto-mitral valve continuity, which rarely contains AP connections.
The exact location of this continuity is difficult to recognize by fluoroscopy alone. The posterior limit of the left free wall is anatomically
continuous with the posteroseptal area and is arbitrarily defined on
fluoroscopy.
In contrast to the mitral annulus, the tricuspid valve annulus
(TVA) is less well formed and frequently discontinuous.2,3 The right
atrial and right ventricular myocardia tend to overlap or fold over
one another as they insert on the tricuspid annulus (see Fig. 23.1
B). Right free wall APs may cross discontinuities in the less distinct
fibrous annulus or skirt the epicardial aspect of the annulus, as do
left free wall APs.2,3 The less developed tricuspid annulus and acute
angulation of the tricuspid leaflets toward the ventricle make catheter
positions along the right free wall unstable. Fluoroscopic definition
of the right free wall is difficult because there are no clear landmarks
for guidance.
Because of the association of Ebstein anomaly with right-sided
APs, the anatomy of this condition merits special consideration.7
In this disorder, the tricuspid valve leaflets are tethered to the ventricular wall for variable distances from the annulus. This contributes to catheter instability during mapping of the tricuspid annulus.
Although not anatomically displaced, the true tricuspid annulus
may be poorly developed, with extensive discontinuities of the
fibrous architecture.3 Electrograms recorded from the annulus in
Ebstein anomaly may be of low amplitude and fragmented owing to
the disorganized tissue.8 This fragmentation adds to the difficulty
in mapping the tricuspid annulus in this condition. APs in Ebstein
anomaly are often multiple and may skirt the epicardial aspect of
the annulus or pass subendocardially through gaps in the fibrous
annulus.2,3
A complete description of free wall accessory AV connections
must also include those resulting from connections of the ventricle to the CS musculature, the ligament of Marshall, and the atrial
appendage. Mahaim-type atriofascicular connections are described

ANATOMY
The anatomy of the tricuspid annulus is different from that of the
mitral annulus.2–4 The hinge of the mitral atrioventricular (AV)
annulus is a well-formed and distinct cord of fibrous tissue around
the annulus (Fig. 23.1A). This accretion of fibrous tissue is interposed
between the atrial and ventricular myocardia. On the ventricular
side of the mitral annulus, basal cords of ventricular myocardium
may descend in a curtain-like fashion from the mitral hinge to
insert into the trabeculations on the ventricular wall. These cords
may limit catheter mobility beneath the valve during attempts at
left free wall AP ablation using the retrograde aortic approach. In
the limited human histologic descriptions of left free wall APs, the
atrial connection is usually discrete and near the annulus.2,3 The
pathways then skirt the annulus on its epicardial aspect and may
cross at variable depths within the epicardial fat pad (Fig. 23.1B).
The ventricular insertion usually branches into multiple connections
with the ventricle that may be displaced away from the annulus,
toward the apex.2,3 The histologically determined length of an AP is
typically 5 to 10 mm, with a maximal diameter of 0.1 to 7 mm.5 The
left-sided epicardial AV groove is shallow but contains the left circumflex artery near the annulus and the coronary sinus (CS) more
remote from the annulus. Although the CS is useful for quickly mapping the mitral valve area, it runs an average of 10 to 14 mm on the
atrial side of the true annulus.6 This separation from the annulus is
more pronounced in the proximal 20 mm of the CS. Therefore during
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Fig. 23.1 A, Gross histologic section demonstrating a cross section of the atrioventricular (AV) valves along
the free walls. Note the more apical position of the tricuspid valve (TO) compared with the mitral valve (MO).
B, Histologic sections of the tricuspid (left) and mitral valve (right) annuli through the free walls. Along the
tricuspid annulus, the atrial and ventricular myocardium folds over one another, separated by a poorly defined
fibrous component (arrowheads). The arrows show two cords supporting the base of the valve leaflet.
(Continued)
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Right: The distinct fibrous component to the mitral annulus creates a well-formed hinge (asterisk) for the
mitral valve and separates the atrial and ventricular myocardia. Note the relation of the circumflex coronary
artery (CA) and coronary sinus (CS) to the mitral annulus. C, Histologic sections of the mitral annulus in
patients with a left posterior accessory pathway (left) and a left lateral accessory pathway (right). In each
case, the accessory pathways (arrows) cross in the epicardial fat pad (EF) on the epicardial aspect of the
annulus fibrosus. Note the distant location of the CS to the accessory pathway (left). Right: atrial myocardium
(AM) encircles the circumflex CA. AVS, Atrioventricular septum; IAS, interatrial septum; IVS, interventricular
septum; LA, left atrium; limb, limbus; LV, left ventricle; MV, mitral valve; RA, right atrium; RV, right ventricle;
VM, ventricular myocardium; VOF, foramen ovale. (A, From Classification and terminology of cardiovascular
abnormalities. In: Emmanouilides GC, Riemenschneider TA, Allen HD, eds. Moss and Adams’ Heart Disease
in Infants, Children, and Adolescents: Including the Fetus and Young Adult. Baltimore: Williams & Williams;
1995:115. With permission; B, From Ho SY, Anderson RH. Anatomy of accessory pathways. In: Farre J, Moro
C, eds. Ten Years of Radiofrequency Catheter Ablation. Armonk, NY: Futura; 1998:149-163. With permission;
C, From Becker A, Anderson R, Durrer D, et al. The anatomic substrates of Wolff-Parkinson-White syndrome:
a clinicopathologic correlation in seven patients. Circulation. 1978;57:870-879. With permission.)

in Chapter 26. The venous wall of the CS is surrounded by a continuous sleeve of atrial myocardium that extends 25 to 51 mm
from the CS ostium.9 This muscle is continuous with the right atrial
myocardium proximally but is usually separated from the left atrium
by adipose tissue. This separation may be bridged by strands of striated muscle, however, producing electrical continuity between the
CS musculature and the left atrium (Fig. 23.2). These connections,
which can be broad and very extensive, are reported in up to 80% of
hearts in autopsy series.9 Electrical continuity of the CS musculature
with the ventricle is less common, but it may provide the substrate
for reciprocating tachycardias.10 Ventricular connections may result
from CS musculature extensions over the middle cardiac vein, posterior cardiac vein, or AV groove branch of the distal left circumflex
artery. Ventricular connections with the CS are described in 3% to
6% of hearts at autopsy.10 Sun and associates10 reported that 36% of
patients (most with previously failed ablation) who had left posterior
or left posteroseptal AV connections actually used the CS musculature as the intermediary between the atrium and ventricle in reciprocating tachycardias.
The ligament of Marshall is a vestigial fold of pericardium that carries the vein of Marshall from its origin as a branch of the distal CS to
its termination near the left superior pulmonary vein. This structure
may also contain bundles of muscle fibers that are continuous with
the CS musculature. These fibers may end blindly, or they may insert
directly into the left atrial musculature at the inferior interatrial pathway.11 With proximal connections between the CS musculature and
the ventricle, the ligament of Marshall can support AV reciprocating
tachycardia.11
Another unusual form of AV connection is a direct epicardial
muscular continuity between the atrial appendage and the ventricle.12–14 Several reports of connections between the right atrial
appendage and ventricle are available, whereas left-sided connections appear even more rarely.14 The developmental basis for these
connections is unknown. Because of epicardial ventricular insertions more than 1 cm apical to the annulus and atrial origins within
the atrial appendage, endocardial mapping of the annulus for conventional APs is perplexing.12,13 For left-sided connections, mapping of the anterior coronary venous branches may demonstrate
the earliest ventricular activation.14 At surgical division of one such
right-sided connection, a broad band of myocardium under the
epicardial fat pad was noted from the base of the atrial appendage to the base of the right ventricle.12 Case reports describe successful catheter ablation of these connections from the right atrial
appendage.13
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CS-5, 6
CS-3, 4
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RVA
Fig. 23.2 Coronary sinus (CS) potentials recorded during mapping of
the left lateral accessory pathway. The first complex represents orthodromic reciprocating tachycardia with earliest atrial activation at CS 7,8.
The second complex is a premature ventricular stimulus that reverses
the sequence of ventricular activation along the CS. This separates
the atrial and ventricular potentials without altering the atrial activation
sequence. After the ventricular electrogram on the CS tracings, there
are low-amplitude, low-frequency, far-field atrial potentials (arrows).
After the atrial potentials on CS 5,6 through CS 9,10, there are high-
amplitude, high-frequency CS musculature potentials (arrowheads) that
are activated in a proximal-to-distal sequence. This is interpreted as activation of the proximal CS atrium by the accessory pathway with atrial
conduction proximally to the point of connection to the CS musculature.
The CS musculature then conducts proximally to distally along a portion
of the CS catheter. CS 1,2, Distal CS; CS 9,10, proximal CS; HRA, high
right atrium; RVA, right ventricular apex.

PATHOPHYSIOLOGY
Diagnosis
As with APs at other locations, free wall APs may participate in
reciprocating tachycardias or undergo bystander activation during
tachycardias mechanistically unrelated to the presence of the AP.

CHAPTER 23

Ablation of Free Wall Accessory Pathways

I

aVR

V1

V4

II

aVL

V2

V5

III

aVF

V3

V6

361

Fig. 23.3 Twelve-lead electrocardiogram in sinus rhythm from a patient with a manifest left lateral accessory
pathway. The positive delta wave in V1 with R greater than S wave indicates a left free wall location. The negative delta waves in leads I and aVL are pathognomonic of a left free wall position. The positive delta waves
in leads II, III, and aVF suggest a position anterolateral on the annulus.

Free wall APs have been associated with specific electrophysiologic characteristics.15 Compared with septal and left free wall
locations, right free wall APs are less likely to demonstrate retrograde conduction, to participate in reciprocating tachycardias, and
to be associated with inducible atrial fibrillation.15 Pathways in
the right free wall may be more likely to demonstrate decremental anterograde conduction than those in other locations. Compared with right free wall pathways, left free wall APs are more
likely to demonstrate decremental retrograde conduction and have
longer retrograde refractory periods.15 Right-sided pathways may
worsen cardiac function by activating the RV early and causing a
functional LBBB.16
Surface electrocardiogram (ECG) localization of manifest free
wall APs is imperfect and becomes less accurate if minimal preexcitation is present (QRS <120 ms).17 ECG algorithms for AP
localization are most accurate for the diagnosis of left free wall APs
compared with all other locations, achieving at least 90% sensitivity
and almost 100% specificity.17–21 In using any localization algorithm
one must be aware of the portion of the QRS complex on which the
algorithm is based. Some algorithms use only the first 20 to 60 ms
of the delta wave, whereas others are based on the morphology or
polarity of the entire QRS complex.19–22 Provided that significant
preexcitation is present, all left free wall APs should demonstrate a
positive delta wave in V1, with the R wave greater than the S wave (R
> S) in lead V1 or V2 at the latest (Fig. 23.3). A negative delta wave
in lead I, aVL, or V6 is pathognomonic of a left lateral pathway. As
the pathway location moves from posterior to lateral to anterior,
the delta waves in the inferior leads, especially aVF and III, change
from negative to isoelectric to positive in polarity. The ratio of the
dominant amplitude in limb lead II and III can predict if a left free
wall pathway is anterior lateral or posterior lateral. If the ratio II/III
is greater than 1, the pathway is likely anterior, and if it is less than 1,
it is likely posterior.23
As opposed to left free wall APs, the ECG diagnosis of right
free wall APs is the least accurate and least consistent among algorithms,17–19,21 with a sensitivity of 80% to 90% and a specificity of
90% to 100%. Confusion may arise in the interpretation of a positive
delta wave in V1 as indicating a left-sided AP (Fig. 23.4). This finding is diagnostic of a left free wall AP only if R is greater than S; a

positive delta wave with R less than S in V1 is consistent with a right
free wall AP or a minimally preexcited left free wall AP. A negative
delta wave in V1 is consistent with a septal AP. Therefore most algorithms identify right free wall APs by a positive initial delta wave in
V1 but a late transition to R greater than S in the precordial leads
at V3 or later, coupled with leftward orientation to the initial delta
wave, such as delta wave positivity in lead I or aVL.19–21 As the pathway location moves from the right superior free wall to the right
middle and right inferior free wall, the delta wave in inferior leads
aVF and II changes from positive to isoelectric to negative.19–21 A
useful algorithm for AP localization that is based on the initial 20
ms of the delta wave is shown in Fig. 23.5.
A study comparing several algorithms was not able to duplicate
the accuracy of the original papers. Wren et al.24 looked at the accuracy of seven well known algorithms19–22,25–27 to predict AP location
in children. In 100 children ages 3.8 to 17 years (mean age 11.7 years)
the accuracy of prediction was 30% to 49% for exact location and
61% to 68% including adjacent locations. The algorithms were least
accurate in predicting midseptal or right anteroseptal AP locations.
The accuracy of algorithms may vary with ECG lead position, degree
of preexcitation, patient body habitus, heart rotation, and prior QRS
abnormalities.
The location of the AP can also be inferred from the surface ECG
by the polarity of the retrograde P waves during orthodromic reciprocating tachycardia (ORT).28,29 A negative P wave in lead I is highly
suggestive of a left free wall location, with a 95% positive predictive
value.29 A negative P wave in lead V1 is highly suggestive of a rightsided AP. The presence of a positive retrograde P wave in lead I suggests a right free wall AP with a positive predictive value of 99%.29
For either right or left free wall APs, the presence of negative P waves
in all three inferior leads indicates an inferior location, whereas positive P waves in these leads indicate a superior location. Isoelectric or
biphasic P waves in any of the inferior leads suggest a middle free wall
location.28
At electrophysiologic testing, the hallmark of any ORT is the
demonstration of obligatory 1:1 atrial and ventricular activation
for persistence of the tachycardia (Box 23.1).30 The diagnosis of
ORT using a free wall AP also requires an eccentric atrial activation
sequence earliest along the right or left atrial free wall. Coupled
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Fig. 23.4 A, Twelve-lead electrocardiogram (ECG) in sinus rhythm from a patient with a manifest right free
wall accessory pathway. The delta wave is positive in lead V1; however, the transition to R greater than S
wave in the precordial leads does not occur until V5, indicating a right free wall location. The delta waves are
negative in leads II, III, and aVF, indicating a position inferiorly on the right ventricular free wall. B, ECG from
the same patient during antidromic reciprocating tachycardia using the right free wall pathway. The QRS
complex is fully preexcited.

with such an eccentric atrial activation sequence, ORT is highly
suggested by demonstration of the shortest QRS-to-atrium time of
60 ms or more, constant ventricle-to-atrium times despite changes
in the tachycardia cycle length, and the ability to advance atrial
activation by a premature ventricular stimulus delivered during His
bundle refractoriness.30 The last finding indicates the presence of an
AP but does not prove participation in the tachycardia. A preexcitation index greater than 70 ms is consistent with a left lateral AP.31
The preexcitation index is the difference between the tachycardia
cycle length and the longest coupling interval of a right ventricular
apical premature stimulus that advances the atrium.31 Diagnostic of
a free wall pathway is prolongation of the QRS-to-atrium (or Histo-atrium) time during reciprocating tachycardia (and usually of
the tachycardia cycle length as well) by 35 to 40 ms or longer with
ipsilateral bundle branch block.30,32 Left anterior fascicular block
also prolongs the QRS-to-atrium time in patients with left free wall
APs.32 Coupled with an eccentric atrial activation sequence, the
ability to reproducibly terminate the tachycardia with a premature
ventricular stimulus delivered during His bundle refractoriness
but that does not result in atrial activation also proves an ORT.

Parahissian pacing techniques consistently indicate the presence of
retrograde conduction over right free wall APs.33 The response of
left free wall APs to parahissian pacing is more complex. In about
25% of cases of left free wall APs, parahissian pacing is consistent
with retrograde conduction over only the AV node. His capture may
lead to a paradoxical shortening of the ventricle-to-atrium times,
with left lateral APs because of the more rapid activation of the left
free wall through the His-Purkinje system than occurs with septal
ventricular capture alone.
The diagnostic features of antidromic reciprocating tachycardia are
given in Box 23.1. Preexcited reciprocating tachycardias may use the
AV node or a second AP as the retrograde limb. There are no surface
ECG features that are diagnostic of antidromic tachycardia, but the
diagnosis is excluded by demonstration of an atrial-to-ventricular relationship other than 1:1.

Differential Diagnosis
ORTs using free wall APs must be differentiated from atrial tachycardias arising from near the AV valve annuli or, rarely, from the
CS musculature.34 Differentiation between atrial tachycardia and

Ablation of Free Wall Accessory Pathways

CHAPTER 23

I ± or –
V1 R≥S

II –

No

No

V1 ± or –

No

V1 +

Yes

Yes

Yes

Yes

Left
free wall

Subepicardial

Septal

Right
free wall

aVF +

Yes

LL
LAL

aVF –

No

No

LP
LPL

aVF ±

Yes

aVF +

Yes

RA
RAL

Yes

RL

No
Yes

No
IIIR≥S Yes
No

PSTA

363

PSTA
PSMA

II +

AS

RP
RPL

No

MS
Fig. 23.5 Algorithm for accessory pathway localization by surface electrocardiogram (ECG). This algorithm
is based on the polarity of the first 20 ms of the delta wave. Left free wall pathways are readily identified by
an isoelectric or negative delta wave in lead I or an R greater than S wave in V1. Note that with right free wall
pathways, the initial component of the delta wave is positive in V1 but with R less than S wave. Right free
wall pathways are identified by a late transition to R greater than S usually in V3 or later. AS, Anteroseptal;
LAL, left anterolateral; LL, left lateral; LP, left posterior; LPL, left posterolateral; MS, midseptal; PSMA, posteroseptal mitral annulus; PSTA, posteroseptal tricuspid annulus; RA, right anterior; RAL, right anterolateral;
RL, right lateral; RP, right posterior; RPL, right posterolateral. (From Arruda MS, McClelland J, Wang X, et al.
Development and validation of an ECG algorithm for identifying accessory pathway ablation site in WolffParkinson-White syndrome. J Cardiovasc Electrophysiol. 1998;9:2-12. With permission.)

BOX 23.1 Diagnostic Criteria
Orthodromic Tachycardia
Obligatory 1:1 AV relationship with earliest atrial activation on AV free wall
Shortest V-to-A time ≥60 ms
Constant V-to-A conduction times despite TCL variations
Advance atrial activation during His refractoriness (proves pathway presence but not participation in tachycardia)
Preexcitation index >70 ms (left lateral AP)
Ipsilateral bundle branch block prolongs His- (or V-) to-A time (and usually
TCL) by ≥35 msa
Reproducible tachycardia termination by premature ventricular stimuli
during His refractoriness without conduction to atriumb
Antidromic Tachycardia
Obligatory 1:1 AV relationship with earliest ventricular activation on free wall
QRS morphology in tachycardia consistent with maximal preexcitation
Tachycardia QRS morphology reproduced by atrial pacing near pathway
insertion
Each limb of tachycardia circuit supports conduction at TCL
Advance ventricular activation by atrial extrastimuli near insertion with
advancement of subsequent His and atrial activationb
Changes in V-to-His interval precede changes in TCL
Exclusion of ventricular tachycardia and bystander participation, especially
AV nodal reentry (His-to-A time in tachycardia ≤70 ms consistent with
AV nodal reentry)
aProves

free wall AP-mediated tachycardia.
AP-mediated tachycardia.
A, Atrium; AP, accessory pathway; AV, atrioventricular; His, bundle of His;
TCL, tachycardia cycle length; V, ventricle.
bProves

ORT is best accomplished by dissociating the ventricles from the
tachycardia. The demonstration of a V-A-A-V response after termination of ventricular pacing that entrains the atrium excludes an
ORT and confirms an atrial tachycardia.35 The ability to initiate the
tachycardia with ventricular pacing, initiation with a critical AV or
ventriculoatrial (VA) interval, and advancement of the same atrial
activation sequence with premature ventricular stimuli during His
refractoriness are all consistent with an ORT rather than AV nodal
reentry.30
About 6% of cases of AV nodal reentry are associated with an
eccentric atrial activation sequence that is earliest in the posterior
or distal CS, with even the shortest VA times being longer than 60
ms (Fig. 23.6).36 This pattern is easily confused with ORT using a
left-sided concealed AP, both at electrophysiologic testing and on
the surface ECG, because the retrograde P wave during AV nodal
reentrant tachycardia (AVNRT) is negative in leads I and aVL and
positive in V1. The eccentric atrial activation sequence is usually
demonstrated with ventricular pacing as well. The keys to the diagnosis of AVNRT with eccentric atrial activation are1 demonstration
of dual AV nodal physiology,2 ability to also induce typical AV nodal
reentry with concentric atrial activation or variable patterns of retrograde atrial activation in most patients,3 absence of retrograde VA
conduction without isoproterenol,4 inability to advance the atrium
with premature ventricular stimuli during His refractoriness (may
require left ventricular pacing),5 demonstration of only decremental retrograde VA conduction, and6 ability to dissociate the atrium
and ventricle from the tachycardia.36 Standard slow pathway ablation in the posteroseptal right atrium eliminates the tachycardia in
these cases.
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The differential diagnosis of an antidromic tachycardia includes
ventricular tachycardia and bystander AP participation. Ventricular
tachycardia should be diagnosed by the dissociation of the atrium
from the tachycardia or a variable His-to-atrium timing relationship without alteration of the tachycardia cycle length. Antidromic
tachycardia is diagnosed by demonstrating an obligatory 1:1
atrium-to-ventricle relationship during tachycardia, reproduction
of tachycardia QRS morphology by atrial pacing at the presumed AP
insertion site, and advancement of the ventricular and subsequent
atrial activation by a premature atrial stimulus near the AP site
(Table 23.1).30
Bystander participation of the AP is best recognized by dissociation of AP conduction from the tachycardia. The demonstration of

a His-to-atrium interval of 70 ms or less indicates AV nodal reentry with bystander AP rather than an antidromic reciprocating
tachycardia.30

MAPPING
The most widely used approaches to mapping of free wall APs rely on
identification of the earliest ventricular activation during anterograde
AP conduction and earliest retrograde atrial activation during ORT
(Box 23.2). However, mapping based on electrogram morphology
rather than timing can be performed in some situations. Both unipolar and bipolar recordings are helpful. Unipolar recordings from
the electrode tip provide information on local activation through

I
100 ms

aVF
V1
HRA
His P
His M
His D
CS P
CS7, 8
CS M
CS3, 4
CS D
RVA

Fig. 23.6 Eccentric retrograde atrial activation during atrioventricular (AV) nodal reentrant tachycardia. The
first cardiac cycle is annotated, with ventricle-to-atrium (V–A) activation times indicated by vertical lines. The
earliest atrial activation occurs in the next most distal bipole (arrowhead, CS 3,4) in the coronary sinus (CS).
The tachycardia was rendered noninducible by slow-pathway ablation. The V–A times are short for reciprocating tachycardia in this example but can be long with the eccentric activation sequence in AV node reentry as
well. D, Distal; HRA, high right atrium; M, mid; P, proximal; RVA, right ventricular apex.

Multivariate Predictors of Successful Left Free Wall Ablation Sites by the
Transaortic Approach
TABLE 23.1
Study

AP Potential

EGM Stability

Delta-V
Interval (ms)

A Amplitude

Local AV
Local VA
Interval (ms) Interval (ms)

Best Positive
Predictive
Value (%)

Hindricks et al. 199542

+

—

Value not specified

—

—

—

70

Bashir et al. 199343

+

—

10

—

—

—

20−25

Chen et al. 199241

+

<10% change in
EGM amplitude

0

A >1 mV

—

—

62

Cappato et al. 199444

+

—

≤0

A/V ratio ≥0.1

≤40

—

87

+

—

0

—

30

≤30

67

+

—

—

—

—

Pseudo
disappearance

59

Xie et al.

199645

Villacastín et al. 199639

A, Atrial electrogram; AP, accessory pathway; AV, atrium-to-ventricle; Delta, delta wave onset; EGM, electrogram; V, ventricular electrogram; VA,
ventricle-to-atrium; —, not reported.
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electrogram timing and morphology. Bipolar recordings from the
distal electrode pair reflect timing and more clearly demonstrate the
electrogram components and AP potentials. Three-dimensional computer mapping has become the standard imaging tool for mapping
APs and for marking the best sites to return to if catheter stability is
poor or pathway conduction returns shortly after ablation has been
transiently successful.

Left Free Wall Accessory Pathways
Mapping of left free wall APs is facilitated by multielectrode recordings
from a CS catheter; however, the anatomic distance from the true mitral
annulus limits the accuracy of CS mapping alone to identify target sites
for ablation (Fig. 23.7). Left free wall APs can be ablated without the use
of CS catheters (single catheter technique); however, the CS catheter is
standard, along with right atrial, His, and right ventricular catheters.37,38
Mapping and ablation may be performed by the transaortic (retrograde) approach or the transseptal approach. The transaortic approach
is directed at sites beneath the mitral annulus and therefore targets the

BOX 23.2 Target Sites
Left Free Wall
Presumed AP potential
Delta-VEGM ≤0 ms (anterograde conduction)
VEGM–AEGM ≤40 ms (retrograde conduction)
AEGM–VEGM ≤40 ms (anterograde conduction)
AEGM amplitude >0.4 mV
QRS–AEGM interval ≤70 ms (retrograde conduction)
Isoelectric VEGM–AEGM interval ≤5 ms (retrograde conduction)
Site of AEGM polarity reversal (in tachycardia)
Right Free Wall
Presumed AP potential
Delta-VEGM ≤ −10 ms
AEGM amplitude >1 mV
AEGM–VEGM ≤40 ms (anterograde conduction)
QRS–AEGM interval ≤70 ms (retrograde conduction)
Isoelectric VEGM–AEGM interval ≤5 ms (retrograde conduction)
AEGM, Atrial electrogram; AP, accessory pathway; Delta, delta wave
onset; QRS, QRS onset; VEGM, ventricular electrogram.

AP ventricular insertion. For the transaortic approach, the catheter is
always prolapsed across the aortic valve to prevent perforation of the
leaflets or entry into the coronary arteries. The catheter most readily
crosses the aortic valve, with the D curvature of the deflected catheter
tip opening to the right of the fluoroscopy screen (anteriorly) in the
right anterior oblique view. After entering the left ventricular cavity, the
curvature is maintained on the catheter tip, and the catheter is rotated
in a counterclockwise direction to turn the catheter tip posteriorly
toward the annulus (Fig. 23.8 and Video 23.1 on Expert Consult). The
catheter then can be opened slightly to engage a subannular position, or
it can be withdrawn to cross over the annulus into the left atrium. The
catheter tip is either moved incrementally in steps beneath the annulus
or made to slide along the mitral annulus for mapping before being
dropped down beneath the annulus for energy delivery (see Fig. 23.8).
It is often difficult to achieve stable catheter positions for the far lateral
and anterior mitral annulus with the transaortic approach.
The transseptal approach is primarily directed at mapping the atrial
side of the annulus or the mitral annulus itself. As opposed to the transaortic approach, in which the ablation electrode is perpendicular to
and beneath the annulus, the transseptal approach is directed at positions on or above the annulus, with the electrodes parallel to the annulus (Fig. 23.9).1,39 After passing through the atrial septum, the catheter
is directed laterally with a large sweeping curve to direct the tip back
toward the atrial septum. With the aid of preformed sheaths, the catheter tip is made to slide along the annulus by advancing and withdrawing
the catheter (see Fig. 23.9 and Video 23.2 on Expert Consult). Anterior
mitral valve positions are readily reached with the transseptal approach
(Fig. 23.10). Although ability to maneuver the catheter is greater, catheter
stability may be more problematic than with the transaortic approach.
The decision regarding use of the transaortic or transseptal
approach is based on physician familiarity and certain patient characteristics. Because the two approaches are complementary, it is best
for the physician to be familiar with both techniques. The transseptal approach is favored in the presence of peripheral vascular disease,
aortic valve disease or prosthesis, or small ventricular chambers. In
children weighing less than 30 kg, the transaortic approach may be
associated with frequent valve trauma.40 The transseptal approach
provides better access to far lateral and anterolateral AP locations. The
transseptal approach may be contraindicated in the presence of distorted cardiac anatomy such as congenital heart disease, pneumonectomy, kyphoscoliosis, or severe dilation of the aorta or right atrium.
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Fig. 23.7 Fluoroscopic position of tricuspid (TV) and mitral (MV) valve annuli as defined by valvuloplasty rings.
Note the separation of the mitral valve annulus from the coronary sinus catheter (CS) in the left anterior
oblique (LAO) view. RAO, Right anterior oblique.
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Fig. 23.8 Catheter positions in right anterior oblique (RAO) (A) and left anterior oblique (LAO) (B) views for
ablation of left free wall accessory pathway by the retrograde transaortic approach. C, Catheter-tip motion in
response to torque on the handle once in mapping position. AB, Ablation catheter; CCW, counterclockwise;
CS, coronary sinus catheter; CW, clockwise; His, His bundle catheter; RA, right atrial catheter; RV, right ventricular catheter.
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Fig. 23.9 Catheter positions for transseptal approach to ablation of left free wall accessory pathway. A, Left
anterior oblique view showing the preformed transseptal sheath (Daig SL2 Swartz Sheath) crossing the foramen ovale and used to position the ablation catheter (AB) along the proximal mitral annulus. From this position, the ablation catheter can be easily advanced to move proximally on the annulus and withdrawn to move
distally. B, Right anterior oblique view of catheter positions. The ablation catheter has been moved slightly
more distally. Note that the tip of the ablation catheter is slightly on the ventricular side of the coronary sinus
catheter (CS). His, His bundle catheter; RA, right atrial catheter; RV, right ventricular apical catheter.
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Fig. 23.10 Transseptal approach to ablation of a left anterior accessory pathway. Turning the sheath and catheter in a counterclockwise direction allows advancing the tip into the left ventricle. By advancing the sheath,
the superior aspect of the annulus is reached. The ablation catheter is then straightened and withdrawn to
map the annulus. AB, Ablation catheter; CS, coronary sinus catheter; His, His bundle catheter; LAO, left anterior oblique; RAO, right anterior oblique; RV, right ventricular apical catheter.
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Fig. 23.11 Mapping anterograde left free wall accessory pathway (AP)
activation during pacing from the middle coronary sinus (CSM). The
onset of the delta wave (Delta) is marked by the vertical line on the
surface electrocardiographic leads (top three tracings). On the bipolar
distal ablation electrodes (AB), the onset of the local atrial electrogram
(A) and the onset of local ventricular electrogram (V) are marked. The
local atrium-to-ventricle (A–V) interval is 25 ms, and the peak of the
local bipolar ventricular electrogram coincides with delta wave onset
(Delta-V = 0). The intrinsicoid deflection (ID) of the unipolar electrogram
(UNI) precedes delta wave onset by approximately 5 ms. The unipolar
ventricular ablation electrogram is entirely negative (QS morphology)
and fuses with the atrial electrogram. A discrete high-frequency electrogram between the atrial and ventricular components represents a possible AP potential. CSD, Distal coronary sinus; CSP, proximal coronary
sinus; RV, right ventricle.

Intracardiac echo or transesophageal echocardiogram (TEE) would be
necessary for these cases.
The characteristics of electrograms at successful ablation sites have
been studied extensively for left free wall APs.39,41–45 Most of these
data are derived from early experience with ablation by the transaortic
approach and have not been reproduced for the transseptal approach.
Five electrogram characteristics have been described as useful in predicting successful ablation sites when mapping anterograde AP activation by the transaortic approach: (1) delta-to-ventricle (V) interval,
(2) atrial electrogram amplitude, (3) electrogram stability, (4) local AV
electrogram interval, and (5) presence of a presumed AP potential.
The delta-to-V interval should be measured from the onset of the delta
wave to the peak or intrinsicoid deflection of bipolar mapping electrograms.42,43,46 For unipolar electrograms, the maximal negative dV/dt
reflects local ventricular activation.46 The absence of a QS morphology
in the unipolar electrogram indicates a site with a less than 10% chance
of ablation success. Pacing from near the AP insertion accentuates the
degree of preexcitation. For left free wall APs, a delta-to-V time of 0
ms or less is usually recorded at successful ablation sites, with average
intervals of only 2 to 10 ms (Fig. 23.11).41,43,47
The atrial electrogram amplitude at successful sites should be
greater than 0.4 to 1 mV, or the atrial-to-ventricular (A/V) ratio
should be greater than 0.1 by the transaortic approach. The small
atrial electrogram amplitude indicates the subannular position of the
catheter. The absence of any atrial electrogram suggests a position too
far from the annulus. For transseptal mapping, an A/V ratio equal to
1 is sought along the mitral annulus.38 Greater and lesser ratios indicate atrial and ventricular displacement of the catheter, respectively.
Electrogram stability is defined as less than 10% change in the atrial
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and ventricular electrogram amplitudes or A/V ratio over 5 to 10
cardiac cycles.41,43,45
The transaortic approach usually provides good catheter stability
because the catheter is “wedged” beneath the mitral valve. For the
transseptal approach, stability can be assessed by consistent electrogram amplitudes, catheter motion concordant with the CS catheter,
and when on the atrial side of the annulus, consistent PR segment elevation on the unipolar electrogram.13 The last finding also indicates
sufficient catheter contact with the atrial myocardium. Local AV intervals of 40 ms or less should be sought, with average intervals of 25 to
50 ms reported for successful ablation sites (see Fig. 23.11).44,45 The AV
intervals for left free wall APs are longer than for other AP locations,
and the times at successful sites overlap with those at unsuccessful sites.
The local AV times alone therefore have limited specificity in identifying successful ablation sites for left-sided APs.
Finally, the recording of a presumed AP potential has been used to
define appropriate ablation sites. The ability to record AP potentials
may be influenced by the catheter approach used to map the annulus.
Presumed AP potentials are defined as discrete, high-frequency potentials that occur between the atrial and ventricular electrograms and at
least 10 ms before the onset of the delta wave (see Fig. 23.11).39,41,42,44,48
The amplitude of AP potentials ranges from 0.5 to 1 mV.41 The validation of a signal as a true AP potential is a tedious process and is
not always practical in the clinical setting. It is probably for this reason
that AP potentials are reported at 35% to 94% of successful ablation
sites and at up to 72% of unsuccessful sites.41,42,44,48,49 The recording of
larger AP potentials in the CS than along the mitral annulus suggests
the presence of an epicardial AP.50
For mapping of retrograde AP conduction during ORT or ventricular
pacing, electrogram characteristics reported to identify successful sites
include catheter stability, presence of a presumed AP potential, continuous electrical activity, and the local VA interval.39,41,45 These data are
derived largely from studies of ablation from the transaortic approach.
Catheter stability is defined the same as for mapping of anterograde conduction. The presence of a presumed AP potential is reported at only
37% to 67% of successful ablation sites during retrograde AP conduction
mapping.39,41,45 It is possible that AP potentials are obscured by the large
ventricular electrogram with the transaortic approach. The QRS onsetto-local atrial electrogram (QRS-A) interval is usually about 70 ms in the
absence of a left ventricular conduction delay (Fig. 23.12).39,41 The local
VA interval at successful ablation sites is typically 25 to 50 ms.39,41,45 At
very short VA intervals, the atrial electrogram may be inscribed on the
terminal portion of the ventricular electrogram. Continuous electrical
activity (<5 ms isoelectric interval between V and A electrograms) and the
pseudo-disappearance of the atrial electrogram into the ventricular electrogram are manifestations of extremely short VA times.39,43 One group
has reported successful ablation by pace mapping beneath the mitral
annulus with the ablation catheter and measuring the stimulus-to-atrial
times recorded on the CS catheter.51 The site producing the shortest
stimulus-to-atrial interval should be at the ventricular insertion of the AP.
The average stimulus-to-atrial interval at successful sites was 46 ± 15 ms.51
The predictive accuracy of any single electrogram characteristic for
identifying a successful ablation site rarely exceeds 30%. The electrogram must satisfy three or four criteria to achieve 60% to 80% predictive values.43,48 Multivariate predictors of successful ablation sites are
given in Table 23.1.
One problem with mapping retrograde atrial activation times is
the difficulty in discriminating between atrial and ventricular components of the electrograms. This problem may be addressed in several ways. One method is to compare the electrogram recorded on the
ablation catheter while simultaneously pacing the atrium and the ventricle with the electrogram recorded during ventricular pacing alone
(Fig. 23.13).52
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Fig. 23.12 Electrograms from successful ablation site during mapping of retrograde accessory pathway (AP)
conduction in orthodromic reciprocating tachycardia. The distal coronary sinus is earliest on this catheter. The
QRS onset (QRS) to local atrial electrogram (A) interval on the ablation catheter is 68 ms and is shown by the
vertical line. The local ventricular (V) to atrial interval on the ablation electrodes is 40 ms. Note the isoelectric
morphology of the atrial component of the electrogram on the wide filtered ablation electrogram (ABWF),
which represents the atrial insertion point of the AP (see discussion in text). AB, Ablation catheter; CSD, distal
coronary sinus; CSM, middle coronary sinus; CSP, proximal coronary sinus; His, His bundle catheter; RV, right
ventricle; UNI, unipolar electrogram.
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Fig. 23.13 Use of simultaneous atrial and ventricular pacing to discriminate components of mapping electrograms in a patient with left-sided accessory pathway. The penultimate beat of the drive train comprises simultaneous atrial and ventricular pacing (labeled). The atrial electrogram is advanced relative to the ventricular
electrogram and precedes it. No electrical activity follows the ventricular activation in this beat. The last beat
of the drive comprises only ventricular pacing. Retrograde conduction over the accessory pathway is evident
by atrial activation now following the ventricular electrograms. By comparing the electrograms from the two
cardiac cycles, the atrial and ventricular components of the electrograms are more apparent. Aabl, Onset
local retrograde atrial electrogram on the ablation catheter; ABL, ablation; Acs, onset local atrial electrogram
recorded on the coronary sinus; CS1-2, distal coronary sinus; CS7-8, proximal coronary sinus; HSRA, high
septal right atrium; S–A, interval between stimulus artifact (Stim) and local atrial electrogram; V–A, interval
between local ventricular and atrial electrograms. (From Nakao K, Seto S, Iliev II, et al. Simultaneous atrial
and ventricular pacing to facilitate mapping of concealed left-sided accessory pathways. Pacing Clin Electrophysiol. 2002;25:922-928. With permission.)
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Fig. 23.14 Activation of oblique accessory pathways. Schematic of
anterograde and retrograde activation of an oblique left free wall accessory pathway (AP) from opposing directions. A and B, Activation of the
ventricular insertion from the proximal-to-distal and distal-to-proximal
directions, respectively. C and D, Activation of the atrial insertion from
the distal-to-proximal and proximal-to-distal directions, respectively.
Note the separation of the components of the electrograms when the
AP is activated from the direction opposite to the direction of conduction over the pathway. A, Atrial potential; CS, coronary sinus; d, distal;
LA, left atrium; LV, left ventricle; p, proximal; V, ventricular potential.
(From Kenichiro O, Gonzalez M, Beckman K, et al. Reversing the direction of paced ventricular and atrial wave fronts reveals an oblique course
in accessory AV pathways and improves localization for catheter ablation. Circulation. 2001;104:550-556. With permission.)

Another approach to unmasking distinct components of anterograde and retrograde electrograms exploits the oblique course of AP
conduction across the AV annulus.53 For left free wall APs, the ventricular insertion is usually more proximal in the CS than the atrial
insertion.53,54 When the ventricular insertion of the AP is activated by
a wave front conducting in the same direction as the oblique AP propagation, the VA intervals recorded on mapping electrodes are short
and may overlap (Figs. 23.14 and 23.15). By reversing the direction of
wave front activation, the local VA intervals may be prolonged if conduction over the AP backtracks past ventricular sites previously activated. The same separation of components of anterograde-conducted
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Fig. 23.15 Reversing the direction of activation of the ventricular
insertion in a patient with a left lateral accessory pathway (AP). The
schematics show the presumed pathway orientation and wave front
propagation. When activated from proximal to distal by right ventricular
posteroseptal (RV–PS) pacing (A), the coronary sinus (CS) electrograms
overlap considerably. When activated from distal to proximal by right
ventricular outflow tract (RV–OT) pacing (B), there is greater separation
of the electrogram components and definition of an AP potential. d,
Distal; HB, His bundle; MA, mitral annulus; p, proximal; RAA, right atrial
appendage; S, stimulus artifact; TA, tricuspid annulus. (From Kenichiro
O, Gonzalez M, Beckman K, et al. Reversing the direction of paced ventricular and atrial wavefronts reveals an oblique course in accessory AV
pathways and improves localization for catheter ablation. Circulation.
2001;104: 550-556. With permission.)

electrograms is possible by reversing the direction of activation of the
atrial AP insertion. For left lateral APs, pacing of the basal posteroseptal
right ventricle provides counterclockwise activation of the ventricular
insertion (from the left anterior oblique perspective), whereas pacing
of the high right ventricular outflow tract near the pulmonic valve
provides clockwise activation of the ventricular insertion. Because the
ventricular AP insertion tends to be more proximal along the CS than
the atrial insertion, the VA intervals are typically prolonged by clockwise activation with right ventricular outflow tract pacing. A change
in local VA times of greater than 15 ms is considered to represent a
significant change in the activation wave front. For reversing atrial activation wave fronts of left free wall APs, CS pacing proximal and distal
to the site of earliest retrograde atrial activity is used. For anterograde
mapping, pacing distal to the atrial insertion should provide a counterclockwise activation wave front and the longest AV intervals. The target
sites are AP potentials or just to the side of the earliest site of atrial or
ventricular activation predicted to be the mid-AP site by changes in the
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Fig. 23.16 Atrial electrogram polarity reversal during mapping of orthodromic reciprocating tachycardia using
a left free wall accessory pathway. Left: During reciprocating tachycardia, the distal bipolar ablation electrograms are displayed with standard (ABD) filtering at 30 to 500 Hz and wide filtering (ABWF) at 0.5 to 500 Hz.
Here, the electrode is parallel to the annulus and proximal to the site of atrial accessory pathway (AP) insertion. The atrial component of the ABWF electrogram (arrow) is negative. Middle: The distal electrode pair
has been moved distal to the site of the AP insertion, represented by the positive atrial component to the
ABWF electrogram. Right: When the electrode pair is directly over the atrial insertion of the AP, the atrial
component to the ABWF electrogram is isoelectric as the wave front spreads away from the electrode pair in
two opposing directions. The schematics at the bottom of the tracings illustrate the relation of the electrodes
to the atrial insertion site. CS, Coronary sinus; D, distal; M, mid; P, proximal.

local electrogram times. Note that this technique does not target the
sites of the shortest AV or VA times, which may spuriously indicate AP
location because of pathway slant.
A useful technique for ablation of left free wall pathways from
the transseptal approach is to identify the point of atrial electrogram
polarity reversal when mapping the annulus.55 This vectorial technique obviates the need to measure VA intervals. Through transseptal
access, the ablation electrode bipole is oriented parallel to the axis of
the annulus. Wide-bandpass electrogram filtering is set to 0.5 to 500 Hz
to accentuate the directional characteristics of the electrogram polarity.
The bipole is then moved proximally and distally, parallel to the annulus, during ORT, and the polarity of the atrial electrogram is noted.
With the tip electrode negative and the proximal electrode positive, the
atrial electrogram will be predominantly negative at catheter positions
on the annulus proximal to the atrial insertion (Fig. 23.16). At positions distal to the atrial insertion, the direction of the atrial activation
wave front is reversed relative to the bipole, and the atrial electrogram
is predominantly positive. The point at which the atrial electrogram
becomes isoelectric marks the atrial insertion and the site for ablation.
The positive predictive value of electrogram reversal for identifying
the successful ablation site is 75%.55 To be effective, this technique
requires that the mapping bipole remain parallel with the axis of atrial
activation on the annulus.

Right Free Wall Accessory Pathways
Mapping and ablation of right free wall APs is more difficult than for
left-sided APs because of the absence of a venous structure paralleling
the tricuspid annulus and because of catheter instability. To facilitate
rapid localization of right free wall APs, it is often useful to employ
a circular multielectrode halo catheter positioned near the tricuspid
annulus (Fig. 23.17). Use of this catheter, or rarely, of 2 F mapping
catheters positioned in the right coronary artery represents the closest equivalent to a CS mapping for the right side of the heart.8 Catheter mapping from the subclavian or right internal jugular approach is
sometimes more productive than from the femoral approach. As for
transseptal access to the left side of the heart, the use of preformed
or steerable sheaths to direct the ablation catheter to specific locations
on the tricuspid annulus is helpful. The sheaths allow for placement
of the mapping catheter parallel to the annulus for mapping, as with
the transseptal approach to left APs (see Fig. 23.17 and Video 23.3 on
Expert Consult).
Because of the relative infrequency of right free wall APs, multivariate analyses of electrogram characteristics specific to this site that
predict successful ablation are not available. Presumably, the stability
and AP criteria defined for left APs are applicable. For ablation along
the tricuspid annulus, a 1:1 A/V ratio is usually sought.47,56 Most
series have also used retrograde local VA times of 40 ms or less as a
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Fig. 23.17 Catheter positions for ablation of a right free wall accessory pathway. A, Left anterior oblique
(LAO) 40 degree view showing the 20-electrode halo catheter parallel to the tricuspid annulus and the ablation
(AB) catheter near electrodes 11 and 12 along the free wall. The His, right ventricular apical (RV), and coronary sinus (CS) catheters are shown. B, Right anterior oblique (RAO) 30-degree view of the same catheter
positions as in A, except that the His bundle catheter is replaced by a right atrial (RA) catheter. Note that the
ablation catheter tip is to the ventricular side of the halo catheter. C, LAO 40-degree view with the ablation
catheter now placed parallel to the tricuspid annulus. D, RAO 30-degree view of catheter positions in C. E
and F, Ablation of right free wall accessory pathway with ablation catheter (AB) positioned under the tricuspid
annulus. A Daig SR3 sheath is used to direct the catheter into the ventricle and under the annulus. In this
patient, catheter positions on the atrial aspect of the annulus were unstable or unsuccessful. The accessory
pathway was ablated at this site. An irrigated catheter was needed because of excessive temperatures with
low-energy deliveries with a standard catheter.
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Fig. 23.18 Electrograms from the site of successful ablation of a right free wall accessory pathway. Left, On
the distal ablation bipole (AB), there is continuous electrical activity with the local ventricular electrogram (V)
preceding the delta wave (Delta) onset by 25 ms. The local atrial (A)-to-ventricular (V) electrogram interval is
38 ms. The unipolar distal ablation electrogram (UNI) has a QS morphology. Right, After ablation, the ablation
electrogram shows prolongation of the atrioventricular times, but the morphology of the local atrial electrogram is unchanged. DCS, Distal coronary sinus; MCS, middle coronary sinus; PCS, proximal coronary sinus;
RVA, right ventricular apex.

criterion for radiofrequency (RF) delivery. The timing of local ventricular activation before delta wave onset is usually earlier than for
left APs (Fig. 23.18). Haïssaguerre and colleagues47,56 found that the
local ventricle preceded delta wave onset by 18 ± 10 ms for right APs
and 2 ± 6 ms for left APs at successful sites. The average local AV time
was 28 ± 7 ms for right-sided APs. In children, the local AV times
were 11 to 26 ms, with delta-to-V electrogram intervals of 28 to 52 ms
at sites of successful right free wall AP ablation in five patients.57 If it
is difficult to discriminate the components of the local electrograms,
reversal of the activating wave fronts may be useful, as described earlier.53 For right free wall APs, opposing ventricular wave fronts are
produced by pacing the right ventricle near the annulus, anterior and
posterior to the site of earliest retrograde AP conduction. Opposing
atrial activation is produced by pacing on either side of the presumed
atrial insertion.
Of the about 10% of right free wall APs where TVA mapping
and ablation is unsuccessful, the atrial insertion site may be off the
annulus. Chen et al.58 studied 11 patients who had failed right free
wall AP ablations using both temperature-controlled and irrigated
catheters, guided by electrophysiologic and fluoroscopic mapping
along the tricuspid annulus. Electroanatomic mapping was performed in the right atrium during orthodromic supraventricular
tachycardia, or with ventricular pacing. The earliest atrial activation representing the insertion site of the AP was found to be
separated from the TVA by an average of 14.3 ± 3.9mm, and the
local activation time was 27.8 ± 17.0 ms earlier than the earliest
TVA point. RF ablation (RFA) with an irrigated catheter at the earliest site successfully ablated all of these previously failed pathways
(Fig. 23.19).58

Newer Mapping Strategies
For both right and left free wall pathways computerized mapping of
electrical activation is optional because there are usually relatively few
points of electrical interest. However, in efforts to minimize radiation
exposure and prevent deterministic/stochastic effects, electroanatomic mapping systems have gained popularity, especially in pediatric

patients as a result of dramatic reduction in fluoroscopic exposure to
near-zero levels.57, 59, 60 One study used the novel imaging tool- CARTO
UNIVU (Biosense-Webster, Diamond Bar, CA), an advanced imaging
module for CARTO 3 (Biosense-Webster, Diamond Bar, CA) system
that allows integration of fluoroscopic images with 3-dimensional
electroanatomic maps in pediatric patients who underwent left sided
AP ablation.60 Using this imaging technology, the authors reported a
significant reduction in fluoroscopic time (0.1 vs. 8.4 min, P < .05),
fluoroscopy dose (0.5 vs. 132 mGy, P < .05), number of catheters used
(2 vs. 3, P <.05), and number of vascular accesses (2 vs. 3, P <.05) compared with controls, who underwent left-sided AP ablation using the
CARTO 3 system. Importantly, there were no complications, and the
long-term success rate was 97% at a median follow-up of 9.6 months.60
The catheter navigation capabilities of computerized systems are also
very helpful because they allow the operator to precisely return to sites
of interest (Fig. 23.20). Computer mapping is also useful if a right free
wall pathway is off the annulus.58

Ablation
Before ablation energy delivery, it is essential to obtain the most stable
catheter position possible. Catheter dislodgment before completion
of the ablation lesion may transiently suppress AP function, allowing
future recovery. Catheter stability is enhanced by the use of preformed
or steerable sheaths and catheters with sufficient curvature or reach to
access the target site. With ventricular pacing to entrain reciprocating
tachycardias, the ablation catheter is less subject to dislodgment on termination of the arrhythmia. Adequate sedation should be established
before RF delivery because the patient may move in response to pain.
Marking of the catheter site with computerized navigation systems or
by fluoroscopy may allow return to successful sites despite catheter dislodgment (see Fig. 23.20).
Standard 4-mm tip RF catheters are usually adequate for free wall
APs. The target temperatures for right and left free wall APs is typically
60°C to 65°C.61 Favorable ablation sites should not be abandoned until
temperatures higher than 50°C to 55°C are achieved. For impedance
monitoring, a 5- to 10-Ω decrease in impedance usually signifies tissue
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Fig. 23.19 Ablation sites in the body of the atrium away from the tricuspid valve annulus. Schematic representation of the distribution of target sites and their electrograms (paper speed = 100 mm/s) of all patients
with an accessory pathway (AP) on the right-sided free wall. Nine patients presented an isolated deflection
between ventricular electrogram and the atrial electrogram in their target electrograms, most probably suggesting an AP potential, and the remaining two showed ventriculoatrial fusion (patient 5 and 6). The average
atrioventricular ratio in all the target sites is approximately 1.5. Patient 9 exhibited an AP with a wide branching
in the right atrium. IVC, Inferior vena cava; SVC, superior vena cava. (From Chen M, Yang B, Ju W, et al. Rightsided free wall accessory pathway refractory to conventional catheter ablation: lessons from 3-dimensional
electroanatomic mapping. J Cardiovasc Electrophysiol. 2010;21:1317-1324. With permission.)

heating. The energy needed to reach the target temperature varies with
catheter location. Low blood flow positions beneath the mitral or tricuspid annulus may require little energy because of the absence of convective cooling. Loss of AP function should occur within 1 to 6 seconds
after RF energy delivery.62 Longer times to success may be associated
with higher recurrence rates.
Endocardial cryoablation is effective for free wall AP ablation and
offers the advantage of complete catheter stability because of adherence to the tissue during ablation.63 Another advantage of cryoablation is cryomapping, where the tip temperature is progressively
lowered to –30°C for a maximum of 60 seconds, allowing assessment
of the lesion’s results while the effects are still reversible. Large-tip
(6 or 8 mm) cryoablation catheters should be used to minimize the
likelihood of AP recurrence. If the cryoapplication results in sudden loss of AP conduction in 10 to 30 seconds, the lesion may be
continued for 240 to 360 seconds with a target temperature of -70°C
to –80°C.64,65 Additional lesions may be applied to achieve a freezethaw-freeze effect. One study assessed the time to effect (TTE), that
is, the time interval between the onset of cryomapping at −30°C and
the disappearance of AP conduction.66 The authors demonstrated
that during a mean follow-up of 20 months, the AP recurrence rate
was significantly lower at 6% if the TTE was within 10 seconds of
reaching −30°C, compared with 38.5% when the TTE was longer
than 10 seconds.
In the early 2000s irrigated-tip ablation catheters were used primarily for resistant APs that failed conventional RFA. Irrigated catheters
may prove successful by delivering greater energies.67 For irrigated systems, target maximal temperatures of 50°C with 50 W maximal power
may safely eliminate 94% of APs after failed conventional RF delivery.67
Use of passively cooled large-tip catheters with high-output generators
may also result in larger lesions.
More recently, the use of irrigated-tip catheters has gained popularity and has become the preferred strategy for ablation of APs. In

one study involving 41 pediatric patients who underwent RFA of APs
using an open-irrigation catheter, the procedural success rate was
95% after the first procedure, with no complications and no AP recurrence at 12 months.68 Power was titrated up to 30 W for right-sided
APs, 40 W for left-sided APs, and 20 W within the coronary sinus.68
A 5- to 10-Ω impedance drop is typically recommended. Newer ablation catheters with contact force sensing may further improve safety
and success rates by providing real-time catheter tip–tissue contact
information.
After successful ablation, thorough electrophysiologic testing
should be undertaken to document the complete elimination of AP
function and to exclude other mechanisms of tachycardias. Adenosine
has shown to unmask dormant AP conduction after apparent successful catheter ablation in about 8% to 12% of the cases.69, 70 The likely
mechanism is AP membrane potential hyperpolarization. Adenosineinduced dormant AP conduction is associated with a higher risk of
clinical recurrence and hence necessitates additional ablation for complete elimination of AP conduction.70
Epicardial left free wall APs may require ablation from within the
CS (Table 23.2).50,56,67,71–74 Epicardial APs account for 4% of all left
free wall APs and 10% of failed ablations.50 Before CS ablation, CS
angiography may be used to delineate the anatomy, exclude diverticulum, and assess possible damage to the CS from the ablation. Also,
coronary angiography may be performed to determine the proximity of the ablation site to the left circumflex artery. Much published
experience included nontemperature-controlled ablation in a small
series of patients (see Table 23.2). Mural thrombus in the CS was
reported in one series.56 For temperature-controlled RF within the
CS, target temperatures of 60°C with power limits of 20 to 30 W have
been used.67 For resistant epicardial APs, irrigated RFA within the
CS may be effective. For irrigated catheters, the target temperature
is 50°C with maximal power of 20 to 30 W delivered for 60 seconds
at effective sites.67 No complications were reported in small series of
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Fig. 23.20 Use of a nonfluoroscopic catheter navigation system for ablation of a left free wall accessory
pathway. A, Left anterior oblique (LAO) fluoroscopic view of the ablation catheter (AB) in the far lateral free
wall near coronary sinus (CS) electrodes 3 and 4. B, Comparable LAO representation of the ablation catheter,
His bundle catheter, and distal six CS electrodes in the nonfluoroscopic navigation system. The red spheres
indicate sites of radiofrequency delivery, with the dark red marker being the successful site. C, Right anterior
oblique (RAO) fluoroscopic view of catheter positions as in A. D, RAO nonfluoroscopic navigation system
view comparable to C. In both C and D, the ablation catheter is seen slightly on the ventricular side of the
coronary sinus catheter.

Catheter Ablation of Left Free Wall Accessory Pathways From Within
the Coronary Sinus
TABLE 23.2

Study
Wang et al.

199271

Energy
Type

No. of
Patients

Maximal
Power

Target
Temperature

Duration
(sec)

Success (No./
Total) [%]

Complications

RF

5

Not reported

Power control

—

5/5 [100%]

Not reported

Haïssaguerre et al. 199256

RF

7

30 W

Power control

60

6/7 [85%]

CS mural thrombus
(2 patients)

Giorgberidze et al. 199572

RF

5

Not reported

Power control

—

3/5 [60%]

None

Langberg et al. 199350

RF

2

28 ± 9 W

Power control

—

2/2 [100%]

Not reported

Cappato et al. 199473

RF

6

Not reported

Power control

—

6/6 [100%]

None

Irrigated RF

7

30 W maximum

50°C

60

7/7 [100%]

Stenosis of cardiac
veins (2 patients)

Cryoablation

1

NA

−75°C

240

1/1 [100%]

None

Yamane et al.

200067

Gaita et al. 200274

CS, Coronary sinus; NA, not applicable; RF, radiofrequency; —, not reported.
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Fig. 23.21 Percutaneous epicardial catheter approach to ablation of an epicardial right inferior free wall pathway. A, In this right anterior oblique view, the epicardial ablation catheter (EPI AB) enters the pericardial space
from subxiphoid access and encircles the heart from posterior to anterior to reach the site of successful
ablation. Attempts at ablation from the endocardial ablation catheter (END AB) failed. The right coronary artery
(RCA) is visualized by angiography and is very near the epicardial ablation catheter. B, Same catheter positions
shown in left anterior oblique view. CS, Coronary sinus; His, His bundle catheter; RA, right atrial catheter; RV,
right ventricular catheter. (Courtesy Dr. K. Shivkumar.)
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Fig 23.22 A and B, Stereotaxis magnetic ablation catheter (AB) navigation for ablation of a right free wall
pathway. The catheter is very stable along the middle free wall tricuspid annulus despite the absence of a
preformed sheath. His, His bundle catheter; LAO, left anterior oblique; RAO, right anterior oblique; RVA, right
ventricular apex.

patients, and irrigated RF may be the preferred RF modality within
the CS. Cryoablation in the CS has been used effectively and may
carry a lower risk for injury to the circumflex coronary artery than
RFA.74 Right and left epicardial APs may also be ablated by direct
epicardial mapping achieved by percutaneous pericardial access
(Fig. 23.21).75
The use of robotic and magnetic navigation systems for free wall
AP ablation may theoretically improve catheter stability (Fig. 23.22)
and maneuverability, but superiority to manual ablation has not been
demonstrated.

CLINICAL RESULTS
Left Free Wall Accessory Pathways
The rates of success for left free wall AP ablation are the highest of any
AP location and are typically greater than 90% (Table 23.3).38,55,76–88 In
the largest reported single-center series, 96% of 388 patients with left
free wall APs were successfully ablated by the transseptal approach.76
The recurrence rates for left free wall APs are the lowest of any location, at 2% to 5%.38,55,76–78 Recurrences are more likely with concealed
APs, delivery of transiently effective pulses, or need for more than five
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Results of Transseptal Ablation for Left Free Wall Accessory Pathways

No. of
Patients

Success
(%)

Complications Recurrence
(%)
(%)

Cross
Over (%)a

Fluoroscopy
Time
(minutes)

Procedure
Time (hours)

De Ponti et al.
199876

388

96

1.2

1.2

2

—

—

Complication rate
includes ablation of
atrial tachycardias

Swartz et al.
199338

76

97

2

2

0

63 ± 47

4.9 ± 2.2

Complication rate
includes other
pathway locations

Fisher and
26
Swartz 199255

100

0

0

0

25 ± 10.5

2.8 ± 0.9

Vectorial 3D
mapping

Yip et al. 199777 49

92

4

4

4

22.5 ± 15.2

1.7 ± 0.05

Preformed transseptal
sheaths

Manolis et al.
199578

100

0

3

0

76 ± 48

5.4 ± 1.9

W sign used for
mapping

Study

31

Comments

aCross

over to transaortic approach.
3D, 3 dimensional.

TABLE 23.4

Study

Comparison of Transaortic and Transseptal Ablation Procedures

No. of
Success Recurrence Complications Cross
Approach Patients (%)
(%)
(%)
Over (%)a

Procedure
Time
[Range]

Fluoroscopy
Time
(minutes)
[Range]
Comments

Deshpande et al. TA
199482
TS

42

95

—

4.7

4.7

244 ± 82 minutes 51 ± 22

—

58

75

—

3.4

24

268 ± 88 minutes 53 ± 22

—

Lesh et al.
199383

TA

89

85

—

6.7

12

220 ± 13 minutes 44 ± 4

—

TS

33

85

—

6.1

12

205 ± 13 minutes 45 ± 5

—

Natale et al.
199284

TA

49

88

4

4

6

—

42 ± 29

—

TS

31

100

0

0

0

—

34 ± 18

—

Saul et al.
199385

TA

50

40

—

—

14

3.3 [2-9.5] hoursa 52 (18-259]

Pediatric patients

TS

13

100

—

—

0

4.3 [2-6] hoursa

58 [14-197]

—

Manolis et al.
199486

TA

50

87

11

8

10

7.1 ± 2.4 hoursa

121 ± 81a

—

TS

23

96

4

0

17

5.5 ± 2.1 hoursa

81 ± 57

—

Vora et al.
199787

30a

TA

13

100

16

8

0

—

38 ±

Nonrandomized
pediatric
patients

TS

36

100

0

3

0

—

61 ± 45

—

Montenero et al. TA
199688
TS

10

100

—

—

—

—

45 ± 10

Pediatric patients

18

100

—

—

—

—

23 ± 1

—

Luria et al.
2001109

TA

23

87

4

0

13

156 ± 58 minutesb 37 ± 25b

Single catheter
for both
approaches

TS

21

90

5

0

5

119 ± 39 minutes 22 ± 21

—

aCross

over to other approach.
< .05 transaortic versus transseptal.
TA, Transaortic approach; TS, transseptal approach; —, not reported.
bP

lesions for acute success.62,79–81 The success rates for ablation by the
transaortic and transseptal approaches appear to be similar in direct
comparisons (Table 23.4).82–88 These studies usually report similar total
procedure times, fluoroscopy times, and rates of crossover to the other
approach. Overall, complication rates appear to be similar, but some
studies have found a trend toward a higher rate of complications with

the transaortic approach.84,86 In comparative trials, there are no features that predict the success of one approach or the other.83 Because
the techniques are complementary, it is to the operator’s advantage
to be familiar with both, allowing crossover should one approach
fail. Because arterial access is required for the retrograde transaortic
approach, vascular complications may be more common with this
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Success Rates for Right Free Wall Accessory Pathwaysa

Study

No. of Patients

Acute Success (%)

Recurrence (%)

Comments

Calkins et al. 199989

92

90

14

Power-controlled ablation

Swartz and coworkers 199338

12

67

16.7

Power-controlled ablation

Jackman et al. 199190

14

100

9

Power-controlled ablation

21b

80

11.8

Power-controlled ablation

Haïssaguerre et al. 199447

32

93.7

11

—

Drago et al. 200257

21

95

0

Pediatric series with electroanatomic mapping

Lesh et al.

199279

aNon–Ebstein
bNumber

anomaly series.
of accessory pathways.

technique.84,86 The success rates for ablation of concealed left APs by
the transaortic approach are lower in some reports, possibly because of
the smaller atrial electrograms recorded with this approach.

Right Free Wall Accessory Pathways
The success rates for right free wall AP ablation are the lowest of any AP
location, averaging about 90%, but ranging from 66% to 100% (Table
23.5).38,47,79,89,90 In the largest series of 92 patients with right free wall
APs, the success rate was 90%.89 The lower success rate is attributed in
general to greater catheter instability for right free wall locations, or if
the pathway is off the TV annulus in the main body of the atrium.58 The
recurrence rates are higher for right free wall APs than for other locations, ranging from 9% to 16.7% (see Table 23.5).38,47,79,89,90 The right
free wall location is a predictor of recurrence in some studies.89 The success rates are lower still for patients with Ebstein anomaly. In the largest
reported series of 100 such patients, 52 had right free wall APs.91 The
initial success rate for these pathways was 79%, with a 32% recurrence
rate. In another report of 21 patients with Ebstein anomaly, only 76% of
patients had elimination of all right-sided APs.8 In these patients, acute
success was predicted by a body surface area less than or equal to 1.7
m2, a mild degree of tricuspid regurgitation, and mild severity of Ebstein
anomaly.91 Only body surface area predicted long-term success, however.

Complications
The complication rate for the transaortic approach to left-sided APs
ranges from 0% to 8% and is typically less than 4%.38,55,76–78,82–88 Half
of all complications are vascular related because of arterial access and
include hematomas, dissections, pseudoaneurysms, and AV fistulas.92,93 Routine use of vascular ultrasound to obtain access has been
shown to limit these complications.94 Almost unique to the transaortic
approach is damage to the aortic or mitral valve. Aortic valve damage
occurs in up to 30% of pediatric patients undergoing a retrograde ablation technique.40 Aortic leaflet perforation and catheter entrapment
in the mitral valve apparatus have been reported.95,96 The latter may
require transesophageal echocardiography to direct the extraction, and
surgical removal has been necessary. By removing the CS catheter, the
mitral annulus may be relaxed, facilitating catheter removal. Dissection or thrombosis of the left main coronary artery has resulted from
catheter trauma or energy delivery in the artery.97 There is a 2% risk for
thromboembolic events because of thrombus formation on the catheter (despite anticoagulation) or dislodgment of aortic debris.98 A 1.5%
risk for tamponade, stroke, pericardial effusion, or cardiac perforation
is reported for ablations at all locations. The risk for complications is
higher for patients older than 65 years of age.99
The reported incidences of complications with the transseptal approach are 0% to 6% in adults and 0% to 25% in pediatric

series.38,55,76–78, 87,100,101 The transseptal approach greatly reduces the
incidence of vascular complications but introduces potential complications from atrial septal puncture. In large series of transseptal procedures performed in the catheterization laboratory, the incidence of
major complications related to access was 1.3% and included tamponade (1.2%), embolization (0.08%), and death (0.08%).102 Thermal
injury to the circumflex artery is also possible.
There are limited reports of ablation within the CS. To date, only
mural thrombus or venous branch stenosis has been reported.56 However, there remain the risks for perforation, catheter adhesion, and coronary artery injury.
Complications from right free wall AP ablation are rare and are less
common than for other AP locations.38,47,79,90,103 Cardiac perforation
may rarely occur, as may pulmonary embolism. Stenosis of a marginal
right coronary artery branch was reported in a child with Ebstein
anomaly.104 Mapping of the right coronary artery can lead to arterial
injury or thrombosis.

TROUBLESHOOTING THE DIFFICULT CASE
The most common causes of failed AP ablations are inability to access
the target site (25% of cases), catheter instability (23%), mapping errors
because of oblique AP orientation (11%), epicardial AP (8%), and
recurrent atrial fibrillation (3%).105 These problems and possible solutions are listed in Table 23.6. Misdiagnosis of the arrhythmia mechanism is more common for left than for right free wall APs. For left free
wall APs, the diagnosis of ORT may be mimicked by AV nodal reentry
with eccentric atrial activation or by atrial tachycardias arising from
the CS musculature or the ligament of Marshall.11,34,36 These arrhythmias can be recognized by the presence of decremental retrograde
conduction only and by the ability to dissociate the ventricle from the
tachycardia. It should be noted that during retrograde AV nodal conduction in patients without APs, the far lateral to anterolateral CS is
frequently activated in a distal-to-proximal sequence.106 This results
from rapid conduction over Bachmann bundle and may be confused
with retrograde conduction over an AP. Parahissian pacing maneuvers
validate the presence of retrograde right free wall AP conduction with
consistency, but left free wall APs may be missed.33
Difficulties with mapping may occur if no favorable ablation sites are
found. If both anterograde and retrograde AP conduction are present, it
may be useful to map conduction in the opposite direction to that which
is problematic (i.e., map retrograde conduction if anterograde mapping
fails).105 Most APs have an oblique course, and the atrial and ventricular
insertions can be several centimeters apart. If no early anterograde or
retrograde sites are found for left free wall APs in the CS, direct mapping
of the mitral annulus should be performed because the CS is usually
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Troubleshooting the Difficult Case

Problem

Causes

Solution

Misdiagnosis

Atrioventricular nodal reentry with
eccentric atrial activation

Demonstrate only decremental retrograde conduction, dissociate
atrium and/or ventricle from tachycardia

Atrial tachycardia near atrioventricular
annulus or from CS musculature

Dissociate ventricle from tachycardia

Poor catheter mobility

Use preformed sheaths or halo catheter, change catheter reach or stiffness

CS distant from mitral annulus

Map mitral annulus directly

Unable to discriminate component electrograms

Map AP conduction in opposite direction, change approach of mapping
catheter (e.g., transaortic to transseptal), reverse direction of AP activation
wave front, map electrogram polarity reversal, simultaneous pacing

Long AP conduction times

Map electrogram polarity reversal or shortest times with electroanatomic
mapping system

Epicardial AP location

Map CS and venous branches, map right coronary artery, epicardial
mapping by pericardial access, map atrial appendages or ventricle
apical to atrioventricular annulus

Ligament of Marshall connection

Map left atrium anterior to left superior pulmonary vein

Ebstein anomaly

Simultaneous atrial and ventricular pacing or atrial or ventricular
premature stimuli to separate fractionated electrograms, map
right coronary artery, use computerized mapping system

Poor catheter stability and/or contact

Use preformed sheaths, change catheter curvature, reach, or stiffness;
change catheter approach to ablation site (e.g., femoral to subclavian for
right-sided AP); for one rapid pacing during ablation, use cryoablation

Low temperatures with radiofrequency ablation

Improve catheter contact; use high-output generator and large-tip catheter

Low-current delivery with radiofrequency ablation

Lower system impedance (additional skin patches); use irrigated
or cooled radiofrequency catheter; use cryoablation

Epicardial AP

Ablation in CS or tributary with cryoablation or cooled radiofrequency;
percutaneous epicardial ablation

Wrong location

Continued mapping, map polarity reversal, map AP conduction in
alternate direction, map for epicardial AP, consider unusual AP location

No early or favorable
target sites

Unsuccessful energy delivery

AP, Accessory pathway; CS, coronary sinus.

anatomically removed from the course of the AP. It is possible to place
multielectrode halo catheters along the mitral annulus through transseptal access for difficult cases. Altering the direction of AP anterograde
or retrograde activation may make the electrogram components more
apparent and reveal AP potentials.53 This approach can be used for right
free wall APs as well. Changing the approach of the mapping catheter
to access sites of interest may be needed. For left APs, changing from
transaortic to transseptal mapping, or vice versa, may be helpful. For
right-sided APs, changing from the femoral to a subclavian or internal
jugular approach can be tried. If the AP demonstrates slow anterograde
or retrograde conduction, the usual timing criteria used to identify
successful ablation sites may not be applicable. In such cases, the earliest activation sites should be sought. Mapping of electrogram polarity
reversal is particularly helpful in this situation because this technique
is independent of electrogram timing.55 The use of 2 F multielectrode
catheters to map the CS branches or the right coronary artery can be
tried.107 For complex cases, the use of electroanatomic mapping systems
can be valuable. The occurrence of frequent atrial fibrillation may preclude mapping, especially for retrograde-only APs. In such cases, small
incremental doses of ibutilide (0.1 mg to maximum of 1–2 mg) may
prevent atrial arrhythmias without altering AP conduction.
Poor catheter mobility and stability are the most common reasons
for failed AP ablations.105 Catheter stability can be enhanced by using
preformed sheaths, steerable sheaths, or different catheter curvatures and
shaft stiffness, or by changing the approach to the ablation site (e.g., transaortic to transseptal). Slower pacing or the use of cryothermal energy

may also stabilize the catheter during ablation. The use of robotic catheter navigation systems may enhance catheter stability (see Fig. 23.21).
RFA may also fail because of the inability to deliver sufficient current or to achieve satisfactory temperatures at the target site. If low current delivery is a problem, cooled ablation electrodes can be used.67 If
satisfactory temperatures cannot be reached despite full energy delivery, poor catheter contact is likely.
The inability to ablate an AP from endocardial approaches suggests
an epicardial location.50 Further attempts at endocardial ablation slightly
away from the annulus may occasionally be successful for pathways
inserting off the annulus.58 Left free wall epicardial APs may be recognized by earliest activation times or large AP potentials recorded in
the CS or in a venous tributary. Coronary muscular connections to the
ventricle are typically mapped to the proximal middle cardiac vein or a
posterior venous branch.10 Ablation within the CS or venous branch may
be necessary. For these applications, cryoablation provides the greatest
safety, followed by irrigated-tip RFA, and finally noncooled RFA. Epicardial mapping and ablation through percutaneous pericardial access
provides another approach to epicardial AV connections.76,108
Intraatrial conduction block without alteration of AP conduction
after ablation delivery may occur in 6.9% of attempts at left free wall AP
ablation.109 In this situation, the resulting abrupt change or reversal of
the retrograde atrial activation sequence may be misinterpreted as the
appearance of a new arrhythmia (Fig. 23.23). Careful mapping along
the CS distal to the ablation site will reveal persistent sites of early atrial
activation.
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Fig. 23.23 Intraatrial conduction block after radiofrequency energy delivery for left lateral accessory pathway
(AP). A, Electrograms and surface electrocardiogram tracings in orthodromic reciprocating tachycardia with
earliest atrial activation in the distal coronary sinus (CS 1,2). After ablation, the tachycardia cycle length is
unchanged at 310 ms, but ventricle-to-atrium (VA) times are prolonged and the atrial activation is earliest
in the proximal His electrogram (HIS p). The CS is now activated from proximal (CS 9,10) to distal. B, Schematic illustration of the reentry circuits before and after ablation. Before ablation, there is left atrial activation
radiating proximally and distally from the AP insertion (arrows). After ablation, intraatrial block results in left
atrial activation only distally from the AP insertion. The wave front crosses over the roof of the left atrium to
the atrial septum and then conducts proximal to distal in the CS. The ablation catheter recorded a VA time of
40 ms distal to the site of block, and the tachycardia was terminated with ablation to this site. I, F, V1, Surface
ECG leads; ABL d, ablation distal; ABL p, ablation proximal; His, His bundle; LA, left atrium; LIPV, left inferior
pulmonary vein; RA, right atrium; RVA, right ventricle.

Rarely, a concealed retrograde accessory pathway may have
a single ventricular insertion site with two discrete atrial insertion sites. In such cases, during AVRT the retrograde atrial activation sequence may change from eccentric to midline (or vice
versa) after successful ablation of one atrial insertion site or

may exhibit beat-to-beat variability in retrograde atrial activation sequence without alteration in the tachycardia cycle length.
Identification and ablation of the ventricular insertion site, or
the separate discrete atrial insertion sites, results in successful
treatment.110
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Videos
Video 23.1 Video in right anterior oblique and left anterior oblique
views for ablation of a left free wall accessory pathway via the aortic
left ventricular retrograde approach. After crossing the aortic valve the
catheter is turned counterclockwise to rotate the tip posteriorly toward
the mitral valve annulus, which is identified approximately by the coronary sinus catheter. The catheter flexion is then opened on the annulus.
The catheter can be turned to the proper position sitting on the annulus.
To give a lesion the catheter may be placed just under the annulus on
the ventricular side. Once it is positioned under the mitral annulus, it is
usually not freely movable.
Video 23.2 Video in right anterior oblique and left anterior oblique
views for ablation of a left free wall accessory pathway via the transseptal approach. After crossing the interatrial septum the catheter is kept
curved as it maps along the mitral annulus, which is identified approximately by the coronary sinus catheter. The catheter can be turned anteriorly or posteriorly to position more on the ventricular or atrial side of
the annulus. Catheter contact can be adjusted by opening and closing
the flexion of the catheter and by moving the sheath up and down.
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Video 23.3 Video in right anterior oblique and left anterior oblique
views for ablation of a right free wall accessory pathway. The tricuspid
annulus is marked approximately by a 20-electrode halo catheter. The
ablation catheter is moved along the annulus using the sheath to keep
it along the annulus. For posterior-lateral to lateral pathways an SR-1 or
SR-2 sheath may be helpful.
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Ablation of Posteroseptal Accessory Pathways
James P. Daubert, Edward Sze

KEY POINTS
• P
 osteroseptal accessory pathways (APs) are not true septal
pathways but are located in the complex inferior pyramidal space
involving the right atrium, right ventricle, left ventricle, left atrium,
and coronary sinus and its branches.
• Mapping often needs to be performed in multiple regions
including the septal tricuspid annulus, septal mitral annulus,
proximal coronary sinus, and normal and abnormal branches of
the coronary sinus including the middle cardiac vein, posterior
cardiac vein, and possibly coronary sinus diverticula.
• Targets for catheter ablation are similar to other APs including
anterograde or retrograde AP potentials, earliest local ventricular
activation during preexcited rhythm, early atrial activation during
orthodromic atrioventricular (AV) reentrant tachycardia —or
possibly during ventricular pacing—but may also include coronary
sinus muscular extension potentials analogous to AP potentials for
these epicardial accessory connections.
• Equipment potentially needed for these mapping and ablation
procedures include precurved or deflectable sheaths for

positioning along the tricuspid annulus, equipment for transseptal puncture possibly including intracardiac echocardiography,
transseptal needles and sheaths and guidewires, preformed or
deflectable sheaths for transseptal access, balloon occlusion
angiographic catheters for coronary sinus venography, 4-mm-tip
or irrigated radiofrequency catheters, or possibly cryoablation
catheters for ablation adjacent to coronary arteries.1
• Potential challenges include the very complex anatomic
relationships, adjacent AV conduction system, the need for
mapping along the tricuspid valve, mitral valve, and coronary
sinus in many procedures before selecting an ablation target,
oblique AP angulation as in other regions, abnormal anatomy such
as coronary sinus diverticula, and proximity to the coronary artery
branches such as the right coronary artery or AV nodal artery.
• The declining volume of AP ablations2 and the almost universal
relationship of volume and outcomes2 emphasizes the importance
of solid grounding in AP ablation during electrophysiologic
training3 and maximizing the learning from these scarcer cases.
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ANATOMY
Accessory pathways (APs) are located around the tricuspid or mitral
atrioventricular (AV) valves with the exception of the aorto-mitral continuity in the left anterior septal aspect of the heart. Posteroseptal APs
are the second most common variety of AV connection encountered
clinically after left free wall APs. In general, they exhibit somewhat negative delta waves in the frontal plane electrocardiogram (ECG) leads
and an early transition on the precordium (often in V2). Neighbors of
the posterior septal AP include left posterior free wall APs along the
mitral annulus (MA), true midseptal APs along the tricuspid annulus (TA), and right posterior APs along the TA. Posteroseptal APs
exhibit very complex anatomy consisting of several subtypes. Although
the term posteroseptal is firmly entrenched in the electrophysiologic
vocabulary, cardiac anatomists have long protested that these pathways
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are not truly septal in location.4–6 Furthermore from a true anatomic
perspective, this region could be considered inferior rather than posterior.7 As opposed to most left free wall APs, which anatomically lie
epicardial to a well-defined annulus fibrosis, tricuspid and posteroseptal APs lack the same robust annulus fibrosis as shown in Fig. 24.1.
Like other APs, they are now understood to course obliquely across
the AV annulus rather than transversely, and this is appreciated in
Fig. 24.1 with the atrial ventricular aspects of the AP residing in different sections (A and C, respectively). Fig. 24.2A illustrates relevant
right atrial endocardial anatomic relationships of posterior septal APs.
The triangle of Koch is defined by the tendon of Todaro (TT), the septal leaflet of the tricuspid valve, and the coronary sinus (CS) orifice
(see Fig. 24.2A). The His bundle resides in the apex near the central
fibrous body (asterisk) and the compact AV node outlined in yellow
according to its typical location. Posterior septal pathways lie inferior
(termed somewhat inaccurately as posterior) to the roof of the CS or
within the CS ostium or proximal extent (about 2 cm),8 or along the
posterior (inferior) septal aspect of the MA. It can easily be appreciated
that these pathways are challenging in view of their proximity to the
normal conduction system. Moreover, differentiating atrioventricular
reentrant tachycardia (AVRT) caused by a posteroseptal AP from AV
node reentry, wherein the earliest A can be mapped to a very similar
area, may pose additional challenges. Patients, especially those with
congenital anomalies, exhibit considerable variation in Koch’s triangle
and location of the AV node. Fig. 24.2B illustrates this variation with a
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Fig. 24.1 Histologic section showing a right posteroseptal accessory pathway. Sections from a patient with
Ebstein’s anomaly and preexcitation consistent with a right posterior septal accessory pathway taken just posterior to the coronary sinus. Labels identify the interatrial septal myocardium (IAS), epicardial fat (open arrow),
interventricular septum (IVS), and accessory pathway (solid arrow). The pathway was about 3 mm in diameter
at the atrial insertion (A), coursed throughout the epicardial fat without a notable annulus fibrosis in (B) and
inserted into the endocardial side of the ventricular tissue in (C) slightly more anteriorly. The oblique nature of
the pathway is evident by the three separate sections showing it. (Modified from Becker AE, Anderson RH,
Durrer D, Wellens HJ. The anatomical substrates of Wolff-Parkinson-White syndrome. A clinicopathologic correlation in seven patients. Circulation. 1978;57:870-879.)

large CS orifice and small triangle of Koch. Fig. 24.2C–E further shows
sections through the septal region demonstrating the AV node giving
rise to the bundle of His and the relationships of the AV nodal artery.
Because the TA lies slightly more apical than the MA and the interatrial
septum slightly leftward to the interventricular septum, one must recall
that the right atrium is anatomically juxtaposed with the left ventricle
(LV) in this region (Fig. 24.3). Fig. 24.4 exhibits progressively deeper
dissection into the posterior septal region or inferior pyramidal space.
Fig. 24.5 illustrates this inferior pyramidal space by computed tomography scan showing it is not true septal territory and illustrating the
anatomic relationships including CS and AV nodal artery.
Epicardial accessory AV connections are an important subgroup of
posteroseptal APs. The various endocardial as well as epicardial pathways
are illustrated in Fig. 24.6. Pathway type 1 (see Fig. 24.6) is an endocardial
connection between the right atrium and right ventricle. Pathway type 2 is
right atrial to left ventricular; this portion of the LV is termed the posterior
superior process. Pathway 3 refers to an endocardial left atrial (LA) to left
ventricular AV connection (see Fig. 24.6). Pathway type 4, an epicardial
one, depicts a muscular connection between the LV and CS musculature
in the middle cardiac vein; similar pathways can occur in slightly more
distal coronary venous branches such as the posterior cardiac vein. Lastly,
pathway type 5, another epicardial one, portrays a CS diverticulum, an
anatomic anomaly, electrically connecting the LV and the CS musculature
of the diverticulum. An additional schematic, Fig. 24.7, delves further into
the proposed anatomy of epicardial posteroseptal APs.

PATHOPHYSIOLOGY
APs in the posterior septal region can exhibit all of the same pathophysiologic processes as other APs, plus some other unique ones as
well. When manifest (that is exhibiting anterograde conduction), the

surface QRS is a fusion of AP-generated ventricular muscle activation
and activation over the His-Purkinje system. A rare but critical exception arises when anterograde AV nodal-His block occurs.9 Needless to
say, this rare circumstance should be elucidated before ablating the AP!
Pathways in the posterior septal region are not as apt to be concealed
(retrograde-only), accounting for only 10% to 13% of posteroseptal
APs as compared with 30% of left free wall ones.10–12
Analogous to other AP locations, patients possessing posteroseptal
APs may be asymptomatic, that is, thus far free from known or suspected arrhythmias. In the asymptomatic patient, the physician needs
to consider the rare chance of cardiac arrest occurring in the future and
implement risk stratification.13–16
As for other APs, the most common arrhythmia produced by posteroseptal APs is orthodromic AVRT. A common mode of induction
consists of a spontaneous or stimulated premature atrial beat that
blocks (in a bidirectionally conducting AP) anterogradely, conducts
slowly down the AV node, and then reenters the AP retrogradely
(Fig. 24.8).
Posteroseptal APs were notably absent in the Duke, Maastricht,
and French publications collating true antidromic AVRT cases, that
is, pathways using the AV node as the retrograde circuit.17–20 Posterior septal pathways may exhibit other preexcited tachycardias such as
those using a second, retrogradely conducting AP.20 Conversely, in a
large multicenter pediatric series including 1147 patients, antidromic
AVRT was rarer than in adults (2.6% vs. 8%–10%), and interestingly,
posteroseptal APs were represented like other locations; again, presumably these were true antidromic AVRT and not pathway-to-pathway
reentry. Atrial fibrillation with preexcitation over posterior septal AP
may be symptomatic or lead to sudden cardiac arrest.
Most pathways (about 75%) exhibiting the phenotype of permanent
junctional reciprocating tachycardia (PJRT) are located in the posterior
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Fig. 24.2 The triangle of Koch. A, This dissection is viewed the right anterior oblique and shows portions of
the right atrium with the borders of the triangle of Koch. The putative location of the atrioventricular (AV) node
is shown in yellow along with the fast and slow pathways. See text for details. B, Another example with a
larger coronary sinus ostium and smaller triangle. C, D, and E, Histologic sections with similar orientation to
(A) through the coronary sinus ostium and inferior extensions of the AV node, body of the AV node, and penetrating bundle of His. F and G, Dissection from a heart with Ebstein’s anomaly. Note the smaller triangle of
Koch and abnormal septal leaflet with the AV node at the level of the coronary sinus ostium in this example.
H, Sagittal section through the mouth of the coronary sinus showing the proximity of the AV node artery
to the endocardium and the triangle of Koch. Asterisk (*), Central fibrous body; AVN artery, atrioventricular
nodal artery; CSO, coronary sinus ostium; CFB, central fibrous body; ER, Eustachian ridge; ICV, inferior cava
vein; MV, mitral valve; OF, oval fossa; PFO, patent foramen ovale; STV, septal leaflet of the tricuspid valve;
and TT, tendon of Todaro. (From Sanchez-Quintana D, Doblado-Calatrava M, Cabrera JA, Macias Y, Saremi F.
Anatomical basis for the cardiac interventional electrophysiologist. Biomed Res Int. 2015;2015:547364. With
permission.)

septal region.21–26 Permanent denotes that these arrhythmias tend to be
incessant because of the relatively slow rate. Owing to the long retrograde conduction time, they fall under the “long-RP” classification. Fig.
24.9 shows electrocardiographic and electrogram data from a left posteroseptal, epicardial, decremental retrograde-only AP with incessant
(long-RP), slow AVRT. Notably, this patient did exhibit a mild, tachycardia induced cardiomyopathy that resolved with successful catheter

ablation. Tachycardia induced cardiomyopathy has been observed in
nearly a quarter of PJRT patients in one large series.22 Notably, tachycardia is not the only mechanism for ventricular dysfunction. Posteroseptal
APs, and right free wall ones, occasionally develop ventricular dysfunction secondary to a dyssynchronous contraction pattern engendered by
the left bundle branch block (LBBB)-like conduction pattern. By eliminating preexcitation catheter ablation can resolve this cardiomyopathy.
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Fig. 24.3 Relationship between right atrium (RA) and left ventricle (LV)
in posteroseptal space. Because the interatrial septum lies leftward of
the interventricular septum and the tricuspid annulus apical to the mitral
annulus, the RA and posterior superior process (PSP) of the LV are associated. LA, Left atrium; RV, right ventricle. (From Jazayeri MR, Dhala A,
Deshpande S, Blanck Z, Sra J, Akhtar M. Posteroseptal accessory pathways: an overview of anatomical characteristics, electrocardiographic
patterns, electrophysiological features, and ablative therapy. J Interv
Cardiol. 1995;8:89-101. With permission)

Demographically, it is well appreciated that AV nodal reentrant
tachycardia (AVNRT) is more common in females and APs slightly
more common in males; one study27 showed that the main increase
in prevalence of APs was for pathways located in the left posterior
septal region.
Two other electrocardiographic phenomena, relating to depolarization and repolarization, respectively, are noteworthy. Preexcitation
over a posteroseptal AP presents a “pseudo-infarct” pattern in the
inferior leads because of the negative delta waves inferiorly. When preexcitation is eliminated, cardiac repolarization remains abnormal, typically exhibiting T wave inversion inferiorly—a process called cardiac
memory. Resolving over a period of several months, cardiac memory is
relatively conspicuous for posterior septal pathways.28,29
Ebstein’s anomaly is another important association with posterior
septal APs. Indeed, Wolff-Parkinson-White (WPW) syndrome may
be demonstrated as a concomitant diagnosis in up to 10% of Ebstein’s
anomaly patients.30,31 In Ebstein’s anomaly, the posteroseptal location
is second most frequent behind the right free wall group.30,31 In a
multicenter series, 19 of 34 Ebstein’s patients displayed multiple pathways, especially the combination of a right free wall and a posterior
septal one.31
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Fig. 24.4 The inferior pyramidal space. A, The relationship of the aortic mitral and tricuspid valves. B, The
noncoronary sinus of the aortic valve has been removed revealing the central fibrous body and atrioventricular
component of the membranous septum marked with a star. The roof of the coronary sinus has been removed
as well. It can be seen that this is adjacent to but not part of the muscular septum. C, The arrows show the
muscular atrioventricular (AV) septum. The AV node artery is enclosed in the inferior pyramidal space posterior
to the muscular AV septum. (From Dean JW, Ho SY, Rowland E, Mann J, Anderson RH. Clinical anatomy of
the atrioventricular junctions. J Am Coll Cardiol. 1994;24:1725-1731. With permission.)
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from the living heart: three-dimensional visualization using multidetector-row computed tomography. Clin Anat.
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Fig. 24.7 Epicardial coronary sinus accessory pathway. Schematic representation of coronary sinus–ventricular accessory pathway (CSAP)
composed of CS myocardium connecting atrium and epicardial left ventricle (LV). LA, Left atrium; RA, right atrium. (From Sun Y, Arruda M,
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Fig. 24.8 Schematic of accessory pathway and atrioventricular (AV)
node and induction of orthodromic atrioventricular reentry tachycardia
with a premature atrial complex (PAC). (See text for details.) (Modified
from Bhatia A, Sra J, Akhtar M. Preexcitation syndromes. Curr Probl
Cardiol. 2016;41:99-137.)

ARRHYTHMIA DIAGNOSIS AND DIFFERENTIAL
DIAGNOSIS
Let us first consider the differential diagnosis for tachycardias associated with a posteroseptal AP, and then the preexcitation pattern as
it relates to posteroseptal versus other APs. As noted, the most commonly observed arrhythmia is orthodromic ARVT. The usual differential diagnosis applies when confronted with a narrow QRS, regular
tachycardia, namely AVNRT, (orthodromic) AVRT, and atrial tachycardia; automatic junctional tachycardia should not be neglected.
Dissociation of the atrium and ventricle excludes AVRT. Armed with
intracardiac recordings, bolstering the surface P wave timing, and
examining the earliest atrial activation, the diagnosis is sometimes
nearly obvious. For example, supraventricular tachycardia (SVT) with
CS distal to proximal activation makes AVRT using a left lateral AP
highly likely. In addition, the cycle length or ventriculoatrial (VA)
interval changes associated with ipsilateral bundle branch block when
present provide a clear diagnosis of a free wall APs involvement in a
tachycardia (Tables 24.1–24.3).32 Importantly, posteroseptal APs may
exhibit an intermediate degree of VA interval prolongation with LBBB
(Fig. 24.10). Amongst posteroseptal APs, Haïssaguerre et al. have correlated LBBB-related VA prolongation with a positive delta wave in V1,
indicative of an LV insertion.33
Conversely, because of the concentric pattern (i.e., midline atrial
activation) with orthodromic AVRT using a posteroseptal AP, retrograde AV nodal activation is not easily excluded. Although atrial recordings at the CS ostium should be earliest in AVRT via a posteroseptal
AP, it can be similar with retrograde slow pathway activation, and for
right posteroseptal APs, the His atrial and CS proximal atrial may be
nearly tied. Further challenging the clinician, recall that retrograde AV
nodal activation may appear eccentric because of left-sided AV nodal
exits (LA slow pathway exit or leftward inferior extension).34–43
Next steps in diagnosing a narrow QRS, 1:1 SVT reside with the
stimulator. Maneuvers during tachycardia comprise programmed single ventricular extrastimuli and ventricular entrainment. Pacing during
sinus rhythm includes differential pacing (base vs. apex) or parahissian
pacing. The key principles to understanding the different response
centers around the situation in AVRT where a ventricular stimulus is
potentially able to engage the retrograde AP at a time when the His
bundle has just conducted anterogradely. This cannot occur in AVNRT
or atrial tachycardia (except for the theoretical use of a bystander retrograde AP). Advancing the timing of the retrograde atrial with a
His-refractory premature ventricular complex (PVC) or with surface
QRS fusion during entrainment (fusion referring to orthodromic
activation via His plus ventricular pacing) are two manifestations of
the same phenomenon. Another principle relates to ventricular pacing being able to engage an AV AP earlier when pacing from near its
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insertion (more basally in general, but also theoretically in the LV for
a left-sided one) as opposed to the mode of retrograde engagement of
the AV node via the right bundle branch, which terminates in the right
ventricular (RV) apical septal region (see Table 24.2). Comparing VA
or His-to-atrial intervals during SVT and during pacing relies on the
concept that in AVNRT anterograde activation of the ventricle occurs
concurrently with retrograde conduction to the atrium, whereas in
AVRT there is sequential activation (ventricular-AP-atrial-AV nodeHis); with pacing, it is sequential from ventricular to atrial over either
the AVN or the AP (see Table 24.2). Finally, parahissian pacing evaluates whether atrial activation timing is dependent upon or independent of His bundle activation (see Table 24.2).
Posteroseptal APs can participate in wide QRS tachycardias of
several types. In addition to a narrow QRS morphology, orthodromic
AVRT can exhibit bundle branch block aberrancy as discussed earlier and in Table 24.1. Antidromic AVRT using the AP anterogradely
and the His bundle-AV node retrogradely was not observed for
posteroseptal APs in three of four large series but was seen in one
pediatric series.17–19,20,44 However, pathway-to-pathway tachycardias,
that is, using a second AP as the retrograde limb, were noted. Either
of these tachycardias will be wide, have a slurred QRS onset, and
regular cycle length; some SVT versus ventricular tachycardia (VT)
ECG criteria will classify these as VT since they resemble VT by
having a myocardial activation pattern rather than a bundle branch
to Purkinje rapid activation mode;45–49 other algorithms may prove
more accurate for detecting preexcitation versus VT.46–48 Other
preexcited tachycardias include atrial flutter, atrial tachycardia, or
atrial fibrillation as well as, more rarely, AV node reentry with a
bystander AP.
Turning to preexcitation, differentiating posteroseptal APs from
neighboring ones can be difficult as can be expected from the anatomy.
Challenges include the proximity to the AV conduction system and
possible need to consider multiple locations. Predicting the location
of an AP before electrophysiologic study has great value in preprocedural planning. Understanding the likelihood that a pathway is leftsided or near the conduction system on the interatrial septum modifies
informed consent and optimizes selection of catheters and sheaths.
Fortunately, a number of algorithms have been designed that use the
12-lead ECG and examine the axis of the delta wave or the polarity of
the QRS morphology through certain leads.
The first attempt at classification and ECG localization was published in 1945 by Rosenbaum et al. who divided preexcitation patterns
into either left or RV pathways.50 In type A, or left ventricular pathways, the delta wave was upright in all precordial leads. In type B, or
RV pathways, the delta wave was negative, with prominent S waves in
the right precordium.
In 1987, Milstein et al. reported an algorithm that used previously
described ECG features of AP locations and refined these features with
an analysis of 97 patients with a single known AP.51 Their algorithm
used the polarity of delta waves, the presence of isoelectric periods in
certain leads, or an LBBB-like pattern (Rosenbaum B) to localize single pathways to one of four locations: right lateral, left lateral, anterior
septal, and posterior septal. Milstein et al. tested their algorithm on the
ECGs of 141 patients with WPW who had invasive AP location verification and reported an accuracy of 90% to 91%. Two other algorithms,
both published in 1995, attempted more specific anatomic localization
dividing AP locations into eight or nine zones and reporting >90%
accuracy.52,53
Fig. 24.11 shows one of the most commonly used algorithms for
determining the ventricular insertion of an AP developed by the Oklahoma team.54 It focuses on the initial 20 to 40 ms of the delta wave.
First, left free wall pathways are identified by a negative or isoelectric
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Fig. 24.9 Permanent junctional reciprocating tachycardia case. A, The incessant nature of the tachycardia with
cessation for only two beats of sinus rhythm and then with supraventricular tachycardia (SVT) resumption;
note termination in retrograde accessory pathway limb; also note advancement with relatively late premature
ventricular complex (PVC) that is almost definitely fused. B, The Holter-derived heart rate trend depicting a
high burden of relatively slow SVT. A tachycardia-cardiomyopathy had developed. ECG, electrocardiography.
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TABLE 24.1

Catheter Ablation of Accessory Atrioventricular Connections

Key Points

1.	Posteroseptal accessory pathways are not true septal pathways but are located in the complex inferior pyramidal space involving the right atrium, right ventricle,
left ventricle, left atrium, and coronary sinus and its branches.
2.	Mapping often needs to be performed in multiple regions including the septal tricuspid annulus, septal mitral annulus, proximal coronary sinus, and normal and
abnormal branches of the coronary sinus including the middle cardiac vein, posterior cardiac vein, and possibly coronary sinus diverticula.
3.	Targets for catheter ablation are similar to other accessory pathways including anterograde or retrograde accessory pathway potentials, earliest local ventricular activation during preexcited rhythm, early atrial activation during orthodromic atrioventricular (AV) reentrant tachycardia—or possibly during ventricular
pacing—but also may include coronary sinus muscular extension potentials, which are analogous to accessory pathway potentials for these epicardial accessory
connections.
4.	Equipment potentially needed for these mapping and ablation procedures include precurved or deflectable sheaths for positioning along the tricuspid annulus,
equipment for transseptal puncture possibly including intracardiac echocardiography, transseptal needles and sheaths and guidewires, preformed or deflectable
sheaths for transseptal access, balloon occlusion angiographic catheters for coronary sinus venography, 4-mm-tip or irrigated radiofrequency catheters, or possibly
cryoablation catheters adjacent to coronary arteries.1
5.	Potential challenges include the very complex anatomic relationships, adjacent AV conduction system, the need for mapping along the tricuspid valve, mitral valve,
and coronary sinus in many procedures before selecting an ablation target, oblique accessory pathway angulation as in other regions, abnormal anatomy such as
coronary sinus diverticula, and proximity to the coronary artery branches such as the right coronary artery or AV nodal artery.

Diagnostic Criteria Part I: Differentiating Posteroseptal Orthodromic
Atrioventricular Reciprocating Tachycardia From Atrioventricular Nodal Reentrant Tachycardia
or Atrial Tachycardia
TABLE 24.2

Maneuver

Orthodromic AVRT

AVNRT

AT

Lengthening the tachycardia CL by 35 ms
indicates ipsilateral free wall APa

No significant change in tachycardia CL

No significant change in tachycardia CL

Development of BBB

Lengthening the VA interval by 35 ms indicates
ipsilateral free wall AP

No significant change in VA interval

No significant change in VA interval

Development of LBBB32

Lengthening the tachycardia VA by 5–30 ms
consistent with posteroseptal AP

No consistent change in VA interval

No significant change in VA interval

Development of RBBB32

Minimal change in VA consistent with
posteroseptal AP

No significant change in VA interval

No significant change in VA interval

VA dissociation

Disproves AVRT

2 to 1 block below His not uncommon;
2 to 1 block above His in LCP rare; VA
dissociation very rare

2 to 1 and other non-1 to 1 AV
conduction is common

Ventricular entrainment96

V-A-V response

V-A-V response

V-A-A-V responseb; or dissociation of
the As from the Vs.

Development of

BBB95

aProlongation

of the HV interval could theoretically lengthen the tachycardia CL.32,97
et al.9 use the terms A-V and A-A-V to describe the events the last ventricular stimulus, but common parlance uses V-A-V and V-A-A-V. (Knight BP,
Zivin A, Souza J, et al. A technique for the rapid diagnosis of atrial tachycardia in the electrophysiology laboratory. J Am Coll Cardiol. 1999;33:775-781.)
AV, Atrioventricular; AVNRT, atrioventricular nodal reentrant tachycardia; AVRT, atrioventricular reentrant tachycardia; AP, accessory pathway; AT,
atrial tachycardia; BBB, bundle branch block; LBBB, left bundle branch block; LCP, lower common pathway of the atrioventricular node; RBBB,
right bundle branch block; TCL, tachycardia cycle length; VA, ventricular-to-atrial interval.
bKnight

delta wave in lead I and/or a dominant R wave in V1 (R>S). Next, relevant to the posteroseptal space, a negative delta in II classifies the AP as
subepicardial (middle cardiac vein, CS-associated diverticulum or possibly left posterior cardiac venous branch);54 subsequent data disclose
that a negative delta wave in II is specific for subepicardial pathways,
but the finding has only moderate sensitivity of 68%, that is, absence of
it does not rule out the middle cardiac vein (MCV) region.55 If neither
the findings for left free wall nor subepicardial pathways are present,
the septum or right free wall are implicated. The next branch point considers V1, and if positive, the right free wall is the site, but if negative
or isoelectric, the pathway should be septal. Note that the right free
wall APs have a positive delta wave but an overall negative QRS in V1
and a transition at V3 or later. Breaking down the septal pathways (V1
isoelectric or negative), the algorithm considers aVF: negative pointing
to posteroseptal TA, isoelectric compatible with posteroseptal TA or

MA, and positive characteristic of midseptal or anteroseptal site. Subepicardial APs, the most inferior or posterior, have negative delta waves
in II, III, and aVF; next most inferiorly, the posteroseptal TA negative
(or isoelectric) in aVF and III but not II. On the other hand, the most
anteriorly located (anteroseptal) APs have positive delta waves in II, III,
and aVF; the midseptal and posteroseptal MA are intermediate.
Since multiple algorithms have been published, each emphasizing
slightly different ECG features, and at times contradicting each other,
it is important to know which is most reliable. In 2015, Maden et al.
reviewed 207 patients who had undergone successful ablation for
WPW and compared the algorithms by D’Avila, Chiang, and Arruda.56
Predictive accuracy was 72.4% with D’Avila, 71.5% with Chiang, and
71.5% with Arruda—all significantly less than the reported accuracy
from the initial publications, but still useful nonetheless. Although
all three algorithms had similar accuracy, Maden et al. noted that the
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Diagnostic Criteria Part II: Differentiating Posteroseptal Orthodromic
Atrioventricular Reciprocating Tachycardia From Atrioventricular Nodal Reentrant Tachycardia
TABLE 24.3
Maneuver

Posteroseptal Orthodromic AVRT

AVNRT

Parahissian pacing98

No change in Stim-A with loss of His capture; or
change in atrial activation sequence

Increased Stim-A with loss of His capture;
identical atrial activation sequence

PVC during His refractoriness99 a

Advances atrial activation; delays atrial activation; or
terminates tachycardia without conduction to atrium

Unable to advance or delay atrial activation

Delta HA interval100

HApace - HAsvt < –10 ms (i.e., more negative)

HApace - HAsvt > –10 ms (less negative or positive
number)

Preexcitation index101

10–70 ms; overlaps with right free wall, anteroseptal
and left free wall; left free wall not <50 ms

Usually > 100 ms

Difference between ventricular PPI and TCL102

<115 ms

>115 ms

Corrected difference between ventricular PPI and
TCL103

<110 ms

>110 ms

Difference between VA during ventricular pacing
at TCL and VA during tachycardia

<85 ms

>85 ms

VA pacing at ventricular base versus pacing at
ventricular apex104

VA shorter with pacing of base

VA shorter with pacing of apex

Ventricular entrainment without fusion105

Acceleration of A to PCL within 1 beat of fully paced
morphology

Acceleration of A to PCL in ≥ 2 beats of fully
paced morphology

Ventricular entrainment with fusion106

Atrial timing altered; or a fixed SA interval is
established within the transition zone (fusion,
i.e., before fully paced morphology)

Atrial timing not altered; nor a fixed SA interval
established when fusion present

aFailure

of a premature ventricular complex (PVC) to affect the tachycardia (i.e., right column, under AVNRT) is consistent with atrioventricular nodal
reentrant tachycardia (AVNRT) but does not exclude atrioventricular reentrant tachycardia (AVRT); demonstration of PVC advancing the tachycardia
(i.e., left column, under AVRT) is consistent with AVRT and proves the existence of an accessory pathway (AP), but theoretically the rhythm could
be AVNRT or atrial tachycardia (AT) with a bystander AP. Perturbing the atrium with a PVC during His refractoriness and advancing the next His (i.e.,
advancing the tachycardia) does prove existence of an AP and participation in the tachycardia as does delaying the atrial activation (i.e., that it is AVRT).
AVNRT, Atrioventricular nodal reentrant tachycardia; AVRT, atrioventricular reentrant tachycardia; PCL, pacing cycle length; PPI, postpacing interval;
Stim-A, ventricular stimulus-to-atrial electrogram interval; SA, stimulus to atrial; SVT, supraventricular tachycardia; TCL, tachycardia cycle length;
VA, ventricular-to-atrial interval.
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Fig. 24.10 Electrocardiogram (ECG) algorithm for localizing accessory
pathway (AP) by preexcitation. See text for details. AS, anteroseptal;
PSMA, posteroseptal mitral annulus; PSTA, posteroseptal tricuspid
annulus (Modified from Arruda Arruda MS, McClelland JH, Wang X,
et al. Development and validation of an ECG algorithm for identifying
accessory pathway ablation site in Wolff-Parkinson-White syndrome. J
Cardiovasc Electrophysiol. 1998;9:2-12. [Details regarding right and left
free wall AP delineation are omitted.])
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Fig. 24.11 Change in ventriculoatrial interval (QRS onset to local A)
during atrioventricular reentrant tachycardia with occurrence of bundle
branch aberrancy. LBBB, Left bundle branch block; RBBB, right bundle
branch block. See text for details. (From Kerr CR, Gallagher JJ, German LD. Changes in ventriculoatrial intervals with bundle branch block
aberration during reciprocating tachycardia in patients with accessory
atrioventricular pathways. Circulation. 1982;66:196-201.)
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Arruda algorithm best predicted both sidedness for an AP and the likelihood of septal location. Furthermore, if wrong, the Arruda algorithm
was most likely to predict a location adjacent to the actual pathway. For
this reason, this remains the preferred algorithm by most.
Other algorithms have focused on the polarity of a retrograde
P wave for patients who have 12-lead ECGs of narrow complex regular
tachycardia. In 1997 Tai et al. examined 406 patients and reported that
for narrow complex short RP tachycardia, a pseudo-R prime in lead V1
in conjunction with pseudo-S waves in the inferior leads was pathognomonic for AVNRT.57 In addition, a positive P wave in V1 predicted a
left-sided pathway. Delineating the retrograde P wave from the T wave
can be challenging though. Thus Rostock et al. used a computer model
to remove the T wave during narrow complex tachycardia and reported
that a positive P wave in V1 also predicted a left-sided pathway, with
further refinement in pathway location provided by observing the P
wave polarity in leads I, aVR, and aVL.58 For the retrograde P waves
generated by either right or left posteroseptal APs, lead I is isoelectric, and aVR and aVL are positive; the authors found that left septal
pathways, like other left-sided APs, had positive P waves in V1 whereas
right septal APs had negative P waves in V1.

MAPPING
Following a diagnosis of preexcitation (anterograde AP conduction) or AVRT (and a plan for ablation) the pathway needs to be
located. Regarding anterograde AP conduction, the aforementioned
section helps one noninvasively identify a likely posteroseptal AP,
but algorithm-derived location needs invasive confirmation and
substantial fine-tuning before ablation. Similarly, with AVRT and
a retrograde-only AP, noting an early atrial on the proximal CS
recording is only a start. In general, given the anatomic complexity,
one should have a low threshold for exploring all the possible locations before ablating unless very convincing and ideal targets are
identified. The TA is usually the starting point unless an extremely
strong suspicion of a left septal AP is present. If an AP has bidirectional conduction, it should be mapped in both directions as it
may in reality be two separate APs. Intertwined with this concept
is the important fact that most APs cross the annulus obliquely, so
the anterograde and retrograde insertion sites on the annulus will
differ to a surprising degree; the site of AP potentials correlates
more closely with the site of successful ablation.59–61 When mapping either the TA or MA, it is advisable to map its entirety to detect
a second AP; at “late” points the mapping can proceed quickly and
with less detail. Conversely, multiple sites, with smaller incremental
steps, need to be sampled when more promising findings emerge.
For mapping the atrial insertion, or more accurately retrograde AP
conduction, AVRT is ideal because one cannot confuse retrograde
AV nodal conduction with AP conduction (since the AV node-His
activates anterogradely). On the other hand, with RV pacing, the
atrium may be activating via retrograde AV nodal conduction or via
retrograde AP conduction or both. Simply ablating at the earliest
site risks AV nodal block. Similarly, the operator needs to ensure
that preexcitation is present when mapping the anterograde ventricular insertion. Differential pacing, that is reversing the activation wave front by pacing from different directions from the AP
insertion along the annulus, should be strongly considered to temporally separate the atrium and ventricle and make the AP potential
more apparent than it would be in AVRT or pacing at other sites
(Figs. 24.12 and 24.13). If AVRT is not inducible (neither at baseline
nor with isoproterenol), differential ventricular pacing or ventricular pacing during adenosine (seeking to block the AV node, and not
the AP) should be considered.

A practical and pervasive problem is differentiating atrial, ventricular, and AP potentials. In the neighborhood of the AP, these can be
fused; multiple component atrial or ventricular electrograms, however,
spawn confusion. Evaluating the signals in sinus rhythm, versus ventricular (or atrial) pacing or AVRT, can aid the discriminative efforts.
Deliberately recording further toward the atrial and/or toward the ventricular aspect of the annulus often elucidates the identity of the different signal components. Perhaps most critical, but often omitted, AP
potential validation is illustrated in Fig. 24.14. The principle rests on
changing the timing of the atrium or the ventricle usually with respect
to the AP potential or observing what happens with AP block.
Putting these concepts together, if anterograde AP conduction is
present, this can quickly be mapped in sinus rhythm or during atrial
pacing if necessary for elicitation of preexcitation noting the timing
of local ventricular activation relative to the delta wave onset and
the possible presence of an AP potential. Next, depending upon the
approximate AP location and expected pathway orientation (Fig.
24.15), atrial pacing on either side of the apparent AP location can
be performed to temporally separate the local atrial and ventricular
signals and allow identification of the AP potentials (see Fig. 24.12).
Validation of the AP potentials should be strongly considered (see
Fig. 24.14). Then before ablation, the location (if present) of the atrial
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Fig. 24.12 Differential ventricular pacing. This shows the effect on the
timing of local V, AP, and A intervals when the ventricular pacing site is
altered reversing the direction of the wave front from counterclockwise in
Panel A along the mitral annulus to clockwise in Panel B. The local VA time
increased dramatically making it easier to appreciate the AP potential. The
pathway conducted obliquely with the ventricular end located more posteriorly. AP, Accessory pathway; CS, coronary sinus; HB, His bundle; MA,
mitral annulus; RAA; right atrial appendage; RV, right ventricle; RVPS, right
ventricular posteroseptal; RVOT, right ventricular outflow tract; TA, tricuspid annulus. (From Otomo K, Gonzalez MD, Beckman KJ, et al. Reversing
the direction of paced ventricular and atrial wavefronts reveals an oblique
course in accessory AV pathways and improves localization for catheter
ablation. Circulation. 2001;104:550-556. With permission.)
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direction of paced ventricular and atrial wavefronts reveals an oblique
course in accessory AV pathways and improves localization for catheter
ablation. Circulation. 2001;104:550-556. With permission.)

insertion should be assessed with AVRT and with differential ventricular pacing (see Fig. 24.13).
In the typical setting of an oblique AP orientation (see Fig. 24.15)
common mapping approaches may prove inaccurate, such as stimulus
to delta, which may locate the atrial insertion but not where the AP traverses the annulus. Similarly, recording the shortest VA interval could
be found at a site of modestly early atrial activation with relatively late
ventricular activation.33
Bipolar electrograms are most commonly used, but many authors
endorse the additive value or preeminence of unipolar recordings for
AP localization.33,62–65 Simmers et al.63 analyzed 1230 unipolar ablation catheter signals in 35 patients with anterograde AP conduction.
When an AP potential was believed present, unipolar signal characteristics featuring a short local AV interval of 30 ms or less along
with catheter stability was usually successful (76%), whereas absence
of these two qualities predicted dismal success rate of 1%. For bipolar
signals, only an AP potential predicted success, and its presence carried
a 48% likelihood. When the same signals were analyzed without regard
for AP potentials, unipolar signals with minimal local initial positivity
of 0.1 mV or less, along with short local AV interval of 30 ms or less as
well as catheter stability, yielded a 63% success; absence of these features characterized a rarely successful site (7%). Barlow et al.62 stressed
a QS pattern for mapping during either anterograde or retrograde
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Fig. 24.14 Validation of accessory pathway (AP) potentials. This schematic illustrates potential methods for confirming the identity of AP
potentials. In Panel A, a stimulus at coupling interval shorter than the
AP refractory period (second S) leads to block between the A and AP;
note the absence of an AP and V. In Panel B, a ventricular premature
stimulus is introduced early enough that it advances the AP potential,
but late enough that it does not change the local A. In Panel C, similar
to Panel A, introduction of a premature stimulus or a stimulus at cycle
length shorter than the AP refractory period (second S) leads to block
but in this case block is between the AP and V with loss of the V but
no change in the AP potential. Lastly, in Panel D, a late ventricular premature stimulus is introduced late enough that it does not change the
local A or the AP potential, but advances the V potential. (From Jackman
WM, Friday KJ, Yeung-Lai-Wah JA, et al. New catheter technique for
recording left free-wall accessory atrioventricular pathway activation.
Identification of pathway fiber orientation. Circulation. 1988;78:598-611.
With permission.)
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conduction. Specifically, a QS was identified at 90% of successful sites,
but also at 75% of transiently successful sites and even 55% of unsuccessful sites; conversely, when the QS pattern was absent, success was
rare (8%). It should be acknowledged that identification of retrograde
atrial signals in unipolar recordings is often challenging. The timing
of local activation for a bipolar signal is complex and varies with the
electrogram morphology and electrode size and spacing66 but should
generally be taken as the peak (especially for a simple one-deflection
waveform) and not the onset.33 Cross-referencing the unipolar rapid
deflection facilitates choice of the bipolar activation time (Fig. 24.16).33
In addition to using AP potential recordings and unipolar electrogram
morphology, mapping for the earliest local ventricle with respect to the
delta wave onset is advisable. The average local ventricle-delta was 19
± 6 ms for right posteroseptal versus 12 ± 5 ms for left posteroseptal
pathways in one series, less than right free wall APs but more negative
than left free wall ones.33,61,64
Some clues can suggest whether the successful site will reside along
the posteroseptal TA, within the CS or its branches, or across on the
(left) posteroseptal MA (Table 24.4). If the ostial CS atrium precedes
the His atrium during AVRT by more than 25 ms, this favors a left
posteroseptal AP. Sorting out the sharp (local CS musculature) from
the lower-frequency, far-field LA signal in the CS recordings can also
identify subtypes of posteroseptal APs. With epicardial insertions,
the sharp (high slew rate), local CS signals or CS muscular extensions
that are in essence AP potentials (see Fig. 24.16) will precede the lowfrequency, far-field LA signal in the CS recordings. The same sequence
typically occurs with right endocardial APs (because of right atrial to
CS connections) (see Table 24.4).67

TARGET SITES
Table 24.5 summarizes the characteristics of desirable ablation sites.
Succinctly, the ablation site should be selected to be highly likely to
be successful, the best available site based on the information available, and unlikely to cause harm (principally to the AV and/or a coronary artery). Ablating at the first acceptable site is an inferior strategy
because ablation will render the interpretation of electrograms even
more challenging. The axiom “measure twice, cut once” is apt for AP
ablation (see Table 24.5).

ABLATION
AP ablation is a Class I indication in patients with symptomatic SVT,
and is a Class IIa indication in asymptomatic patients with preexcitation provided that the AP has high risk characteristics or that the
patient has a high-risk occupation or activity.13–15,68 The mapping and
identification of an optimal site of ablation is detailed in the “Mapping”
and “Target Sites” sections. Following this, it is important to have also
considered other elements to successfully eliminate the AP, including
catheter type, sheath, energy source, ablation settings, ventilation and
anesthesia, cardiac rhythm, and monitoring for success and complications. Anatomic data, although limited in number, suggest that APs are
relatively thin structures measuring a few millimeters.5,6 Accordingly,
a 4-mm electrode ablation catheter, capable of creating a 5- to 6-mm
deep lesion,69,70 is usually sufficient for ablating such a structure, unless
they are subepicardial in the LV or septum. Tissue heating is resistive
or ohmic immediately adjacent to the catheter and then conductive for
deeper tissue. Temperature-guided ablation modes allowed development of a typically successful electrode (and thus hopefully tissue) temperature to permanently ablate the structure (above about 50°C)71 while
minimizing higher temperatures associated with increased coagulum
formation.69,72,73 Whereas larger electrode tips create larger lesions

(provided higher power is delivered to maintain current density), this
is usually not required; furthermore, the larger electrode hampers
accurate mapping. For possibly deeper APs, or where blood flow limits
convective cooling (under valve leaflet when using retrograde aortic
approach, in CS or especially its branches), or where tissue coagulum is
highly undesirable (left heart), irrigated radiofrequency (RF) electrode
catheters become advantageous. Saline irrigation increases convective
surface cooling, keeps electrode temperature low, increases the volume
of the resistive heating zone, creates the highest temperatures several
millimeters deep to the electrode, and thus generates deeper lesions.70
Caution should be used near the conduction system or coronary arteries however. In seeking to avoid needing to change catheters, an irrigated catheter is a reasonable choice for a posteroseptal AP,74,75 which
might need a mitral annular, CS, or MCV approach, and since these
catheters are used in the majority of ablations (atrial fibrillation and
most VTs); however, irrigated RF might be disadvantageous if the AP
in actuality were midseptal because of the possible heightened risk of
AV nodal injury. A small randomized study found no difference in solid
versus irrigated tip catheters.76 Contact force (and irrigated) catheters
have become standard for atrial fibrillation, but it is not clear that these
are necessary for AP ablation, although obviously excellent contact is
critical.77 When ablating in the MCV or other venous branches, coronary angiography is recommended, and irrigated RF or cryoablation
(see later) are preferable. For irrigated RF in the CS, a starting power
of 20 W and uptitration based on impedance and effect is reasonable;
the impedance cutoff may need to be increased to 150 or 200 Ω. In
addition, manually increasing irrigation flow above that dictated by the
energy may prove efficacious. For standard or irrigated RF ablation, at
the TA, MA, or proximal CS, a starting power of 30 W is appropriate.
In a metaanalysis, the overall first procedure success rate for AP
ablation (overall) was 90.9%, with a 7% recurrence rate and 8% repeat
ablation frequency; some of the series were from the early 1990s, and
the success rate improved over time to some degree.78 In a large multicenter series, posteroseptal APs were associated with the second lowest
success rate (90% vs. 88% for right free wall and 95% for left free wall),
highest recurrence rate (8% vs. 7% for right free wall, and 3% for left
free wall), and a high complication rate significant for 3% AV block.79
In Jackman’s single center series, posteroseptal APs had the lowest success rate (93% vs. 100% for other locations) and highest recurrence
rate (14%, similar to 13% for right free wall and much higher than left
free wall at 5%). In a more contemporary, state of the art series from
Oklahoma, overall acute success was impressive at 99%; recurrences
remained relatively high for posteroseptal APs (10.1%) and anteroseptal APs (14.7%), yet had declined for right free wall APs (2.8%) and
remained low for left free wall APs (2.2%).40
Complications of posteroseptal AP ablation include those possible for
any catheter procedure or catheter ablation.11,33,79–82 Complications especially relevant to these anatomic locations include AV block, coronary
artery injury, cardiac perforation or tamponade, coronary venous injury,
occlusion or perforation, and inadvertent cavotricuspid isthmus block
(confusing activation sequence interpretation).83 AV block occurred in
1 of 43 (2.3%) posteroseptal AP patients in Jackman’s early series (in a
patient with congenital heart disease)11 and in 3 of 98 (3.1%) posteroseptal AP cases in Calkins’ multicenter series.79 It is important to note that
when accelerated junctional beats occur during slow pathway ablation,
the presence of retrograde atrial activation is reassuring, yet when a retrograde AP is present, the reassurance would be potentially false. A recent
administrative database study noted a trend toward declining volume of
AP ablation overall and that most hospitals performing AP ablation performed very few; incredibly, six or more AP ablations per year positioned
a hospital in the highest tertile. Moreover, hospital volume by tertile was
inversely related to complication frequency. Considering low versus high
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Predictors of Ablation Site for Posteroseptal Accessory Pathways

Right Endocardial Favored

CS Branch Likely

Left Endocardial Favored

Difference between VA at His and earliest VA in
CS <25 ms

Difference between VA at His and earliest VA in CS
<25 ms

Difference between VA at His and earliest VA in
CS >25 ms

Long-RP tachycardia

Earliest retrograde atrial activation in ORT at proximal
to middle CS

Earliest retrograde atrial activation in ORT at
middle CS

Negative delta wave in V1a

Negative delta wave in II

R>S wave in V1

Earliest VA <15 mm from CS os

Earlier A in CS or branch than TA or MA

Earliest VA >15 mm from CS os

Sharp/blunt CS EGM at earliest retrograde siteb

Sharp/blunt CS EGM at earliest retrograde siteb

Blunt/sharp CS EGM at earliest retrograde site

Change in VA with LBBB variable

Change in VA with LBBB >15–30 ms

Change in VA with LBBB <15

msc

CS os, Coronary sinus ostium; EGM, electrogram; LBBB, left bundle branch block; MA, mitral annulus; ORT, orthodromic reciprocating tachycardia; TA,
tricuspid annulus; VA, ventricular-to-atrial interval.
aFrom Haïssaguerre M, Gaita F, Marcus FI, Clementy J. Radiofrequency catheter ablation of accessory pathways: a contemporary review. J Cardiovasc Electrophysiol. 1994;5:533-552.
bFrom Pap R, Traykov VB, Makai A, et al. Ablation of posteroseptal and left posterior accessory pathways guided by left atrium—coronary musculature activation sequence. J Cardiovasc Electrophysiol. 2008;19:653-658.
cA change in ventriculoatrial with left bundle block branch more than 30 ms can occur with right endocardial accessory pathways.67

TABLE 24.5

Target Sites for Ablation

Feature

Caveats and Nuances

Stable Catheter Electrograms and Position by Fluoroscopy and Electroanatomic Map
Contact force > 5–10 g
If contact force catheter used
Not within 5 mm of coronary artery

Consider coronary angiography in MCV or CS diverticulum

Not above roof of CS or with upward deflection in CS

To minimize AV node injury.
-	For midseptal pathways (i.e., not posteroseptal) needing ablation between His and CS os
select ventricular aspect; consider cryoablation

Anterograde Conduction, “Ventricular Insertion”
Accessory pathway potential

-	Consider use of differential atrial pacing to separate A, APP, V
-	Optimally validated by programmed stimulation

Local V to delta

-	Minus 20 ms (local V earlier than delta) for right posteroseptal
-	Minus 5–15 ms for left posteroseptal
-	Timing of local V confirmed by unipolar rapid deflection
-	Consistent selection of delta wave onset critical
-	Presumes correct identification of A, AP, V
-	Earliest V may identify ventricular insertion but with pathway oblique orientation ablation
may be unsuccessful.33,61

Unipolar distal QS

Sharp rapid negative deflection without preceding positive deflection is ideal.62

Retrograde Conduction, “Atrial Insertion”
Accessory pathway potential

-	Consider use of differential ventricular pacing to separate V, APP, A.
-	Optimally validated by programmed stimulation

Earliest local A

-	Presumes correct identification of V, AP, A
-	Earliest A may identify atrial insertion but with pathway oblique orientation ablation may be
unsuccessful.33,61

Fused V and A

Nonspecific, depends on direction of activation wave front.61

A, atrial; APP, accessory pathway potential; AV, Atrioventricular; CS os, coronary sinus ostium; MCV, middle cardiac vein; V, ventricular.

tertile complication rates, tamponade incidence varied from 0% to 0.72%,
0.3% to 0.6% for AV block requiring a pacemaker, and 0.9% to 2.8% for
any complication. AP location was not available in this database.
In a consecutive, single center series of 508 patients over 14-years,
the average complication rate for AP ablation was 3.5% and declined
over time; recurrence rates were intermediate for posteroseptal (lower

than right free wall but higher than left free wall).84 Regarding transseptal versus retrograde approaches, an early series found a similar
success rate (85%) and complication rate (∼6%) for both.85 Coronary
artery dissection and aortic valve injury, although rare, only occur with
retrograde catheterization. The greater experience with transseptal
catheterization owing to atrial fibrillation ablation has likely increased
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Troubleshooting the Difficult Case

Problem

Causes

Solution

Is the diagnosis accurate?

1)	SVT type
2)	Accessory pathway location
3)	Preexcitation variant?
4)	Anatomic variant

1)	Revisit diagnosis of AVRT vs. AVNRT vs. AT.
2)	Revisit ECG algorithm. Consider multiple APs (differential atrial pacing; induce
atrial fibrillation)
3)	Consider fasciculoventricular AP as cause of preexcitation
4)	Consider Ebstein’s; or is CS anomaly present?

Unable to find suitable
ablation site

1)	Consider possible epicardial pathway
2)	Misinterpretation of signals

1)	Map in coronary sinus and branches; perform CS venogram
2)	Change pacing site in A or V;61 change pacing from A to V or vice versa;
examine signals in SR

Poor catheter stability

1)	Excessive respiratory motion; intermittent
airway obstruction
2)	Excessive cardiac motion
3)	Suboptimal catheter characteristics

1)	Nasal or oral airway during moderate sedation; conversion to general anesthesia
to control respiration or allow use of apnea
2)	Pace during mapping, ablation
3)	Use other curve if asymmetric curve catheter; use more or less sheath if using
preformed sheath; use preformed sheath if only using short sheath; use deflectable sheath; change catheter regarding reach, stiffness, contact force, and/or
curvature; change approach (transseptal to retrograde aortic or vice versa)

Failure despite good
electrogram
characteristics

1)	Poor catheter contact
2)	Oblique pathway
3)	Low temperature (nonirrigated)
4)	Low power delivery
5)	Not close enough
6)	Reevaluate electrograms

1)	Improve contact with sheath, different catheter, or approach; use contact force
catheter; see above under “Poor catheter stability”: #3
2)	Map during pacing from alternate sites
3)	Improve contact, reduce impedance, use higher output generator
4)	Use irrigated RF (especially in CS or branch)
5)	Map in opposite chamber or in CS/branch
6)	Use unipolar signals to cross-validate

Recurrent atrial fibrillation

Spontaneous or degeneration from AVRT

Map during A or V pacing instead of AVRT; give lowest necessary dose of intravenous
ibutilide or procainamide to minimize chance of eliminating preexcitation.

A, atrial; AP, Accessory pathway; AVNRT, atrioventricular nodal reentrant tachycardia; AVRT, atrioventricular reentrant tachycardia; AT, atrial tachycardia; CS, coronary sinus; ECG, electrocardiogram; RF, radiofrequency; SVT, supraventricular tachycardia; V, ventricular.

the success rate and reduced the complication rate for this approach at
most centers, as suggested in one recent series.86
Thermally-induced coronary artery injury may occur during AP
ablation along the TA or MA but is most worrisome in the posteroseptal space, especially in the CS branches.1,87–91 The most informative
and largest experience comes from Oklahoma where coronary angiography was performed in 169 consecutive epicardial posteroseptal AP
ablations.90 Notably, a coronary branch was usually within 2 mm of
the ablation site (59%), reasonably close (3–5 mm) in 16%, and safely
away (>5 mm) in 25%.90 Ablation when the coronary was less than 2
mm caused harm in half the cases. Cryoablation, less likely to injure
the coronary,1,90,92–94 was used in 26 patients having a coronary branch
within 5 mm of the ablation target with a lower but reasonable success
of 65%, and a higher recurrence rate (23% vs. 10%).90 Another smaller
series found the posterolateral branch (of the RCA or circumflex) to
be on average 2 mm from the CS or its branch at the closest location.88

TROUBLESHOOTING THE DIFFICULT CASE
A well-founded, thorough approach to diagnosis, electrocardiographic pathway location and mapping will less often result in
puzzlement and/or an initially unsuccessful ablation. Nevertheless,

correct interpretation of electrograms remains challenging and
certain reminders may help when the electrophysiologist encounters an impasse (Table 24.6). Taking a step back and verifying the
criteria used to establish the diagnosis (SVT type), and evidence
for AP location are warranted. One should consider whether multiple pathways are present (different site of atrial pacing or induction of atrial fibrillation and evaluating pattern[s] of preexcitation),
whether one AP has been eliminated leaving another, or if residual
preexcitation is caused by a fasciculoventricular one (not needing
ablation). Tachycardia may need to be reinitiated and reevaluated.
Another map or multiple maps (during pacing from more than
one atrial or ventricular site or perhaps preferably during AVRT)
should be made. As emphasized, for posteroseptal APs, one needs
to consider the TA, CS, CS branches, a possible CS diverticulum,
and the MA for mapping and ablation. In a vast systematic experience between 1989 and 2005 Jackman’s group evaluated 904 patients
who had undergone prior unsuccessful ablation. Incorrect mapping
(60%) was the predominant cause for failure; second most common
was technical or anatomic challenge such as proximity to a coronary
or low power caused by a venous branch; unusual AP location was
least common.40  
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Catheter Ablation of Superoparaseptal (Anteroseptal)
and Midseptal Accessory Pathways
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KEY POINTS
• D
 iagnosis of superoparaseptal (anteroseptal) and midseptal
accessory pathways (APs) is made on the basis of an
electrocardiographic pattern (if overt preexcitation is present)
and evidence of midseptal/anteroseptal AP insertions during
intracardiac mapping studies.
• Orthodromic supraventricular tachycardia using a midseptal AP
must be differentiated from atrioventricular (AV) nodal reentry,
and septal or parahissian atrial tachycardias.
• Mapping of superoparaseptal APs is used to locate the site with
the earliest anterograde ventricular activation near or anterior
to the His bundle recording, the earliest anterograde ventricular
activation-to-delta wave interval (15–40 ms pre-delta), and
earliest retrograde atrial activation in the region of the His bundle
recording. Recording a discrete AP potential is very helpful but
not always achievable and must be distinguished from the His
potential.
• Mapping of midseptal APs is used to locate the site of the
earliest anterograde ventricular activation between the coronary
sinus (CS) ostium and the His recording location, the earliest

anterograde ventricular activation-to-delta wave interval (15–25
ms pre-delta), and the earliest retrograde atrial activation between
the CS ostium and the His recording location. Left midseptal
connections are rare.
• The ablation target can be the site of earliest anterograde
ventricular activation or retrograde atrial activation on the AV
annulus. Recording the AP potential can verify the correct target.
Pathways typically traverse the AV groove at a slant, with atrial
insertions lateral to ventricular insertion sites.
• The use of preformed vascular sheaths may be helpful;
catheter navigation systems are often useful to tag sites of
interest, and cryoablation may be useful. Cooled/irrigated
radiofrequency ablation is rarely needed and is possibly
contraindicated.
• Sources of difficulty include lack of catheter stability, proximity to
elements of the normal conduction system with risk of heart block,
catheter-induced mechanical block of pathway conduction, and
accelerated junctional rhythm (narrow QRS) during ablation that
can be mistaken for elimination of preexcitation.

Atrioventricular (AV) accessory pathways (APs) are thin fibers,
usually composed of typical myocardial cells, which allow electrical
communication between atrium and ventricle extrinsic to the normal
AV node-His bundle axis. The clinical expression of these pathways
ranges from simply causing an abnormal electrocardiogram to forming an integral component of a macroreentrant circuit incorporating
atrial and ventricular myocardium, AV node, His bundle, and the AP
(AV reciprocating supraventricular tachycardia [SVT]), or functioning as an alternative pathway for transmission of rapid atrial tachyarrhythmias such as flutter and fibrillation to the ventricles. Symptoms
may range from none to occasional mild palpitations, severe palpitations accompanied by dyspnea, chest discomfort, lightheadedness,
and even syncope or cardiac arrest from rapidly conducted atrial
fibrillation.
Since its introduction in the late 1980s, catheter ablation of APs
has become a relatively routine matter in most electrophysiology
laboratories. However, ablation of pathways in the so-called anterior and midseptal locations can be a challenge for even experienced
operators because of the proximity of these pathways to the normal
cardiac conduction system (AV node and His bundle). Inadvertent
injury to these structures resulting in the need for permanent pacing, especially in a young patient, is a significant adverse outcome.

Fortunately, techniques have been developed to decrease the likelihood of this complication. This chapter discusses the relevant anatomy of these pathways and the use of techniques to achieve optimal
outcomes.
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ANATOMY AND NOMENCLATURE
Older nomenclature of septal pathways has undergone modification. A reexamination of the anatomy of the AV junctions has suggested that the terminology used in the original descriptions of AP
locations was anatomically inaccurate, and in some cases, frankly
misleading. Most electrophysiology trainees have had the experience of asking, “Why is my attending telling me to move the catheter
anteriorly when I see it moving toward the head?!” A reclassification
of cardiac electrophysiologic anatomy has been developed to try to
correct these antiquated but ingrained terms.1 In addition, a more
complete understanding of the anatomy of the atrial and ventricular
septa has resulted in a shrinking of the atrial septum; most trainees
conceive of the atrial septum as a relatively large disk comprising
the intersection of two spheres (atria) compressed together. In fact,
the true muscular atrial septum is much smaller, consisting of a relatively thin rim of atrial tissue surrounding the fossa ovalis.2–4 This

CHAPTER 25

Catheter Ablation of Superoparaseptal (Anteroseptal) and Midseptal

has implications for how precisely one must position a needle and
catheter to safely puncture the septum for left atrial access and also
for evaluation and ablation of the pathways under consideration in
this chapter.
In the old vernacular, anteroseptal pathways were regarded as
being located in the apex of Koch’s triangle, connecting the atrial
and ventricular septa in the region of the His bundle. In the anatomically accurate nomenclature, these pathways are more properly
regarded as superoparaseptal, because there is no atrial septum in
the region anterior to the His recording location (atrial walls are
separated here by the aortic root; Fig. 25.1). These connections are
thus right free wall, paraseptal pathways. Posteriorly, pathways in
the region of the ostium of the coronary sinus (CS), which previously were called posteroseptal, are in fact posterior paraseptal,
because the CS itself is, by definition, entirely posterior to the atrial
septum. Pathways located between these two boundaries of the septum have been called midseptal or intermediate septal, but because
they are the only truly septal interconnections, they may simply be
RV outflow tract

Aortic root

His bundle

AV node

Superoparaseptal
APs

Left
atrium
Mitral valve

Midseptal
APs

Tricuspid valve

Right atrium

Left
ventricle

Inferior vena cava
Coronary sinus
Fig. 25.1 View of atrioventricular (AV) groove from above with most of
the atrial muscle removed; the right atrial rim has been rendered semitransparent to reveal structures beneath. Note the small dimensions of the
actual atrial septum (dashed line). True septal (midseptal) pathways have
an atrial insertion on the right or left side in this region, in which the AV
node resides. Pathways in the region of the His bundle, previously called
anteroseptal, in fact have free wall and not septal atrial insertions (hence
superoparaseptal pathways). APs, accessory pathways; RV, right ventricle.
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called septal. Further complicating the situation is the fact that the
AV valves are not isoplanar; the tricuspid valve is slightly inferiorly displaced relative to the mitral valve such that a portion of the
medial right atrium is juxtaposed to subaortic left ventricular muscle rather than the right ventricle.
In the discussion that follows, we will consider that superoparaseptal (anteroseptal) APs are located in the apex of Koch’s triangle at a site
from which a small His potential can usually be recorded. True septal
or midseptal APs are located in the floor of Koch’s triangle, between
the His recording location and the anterior portion of the CS ostium.

DIAGNOSIS AND DIFFERENTIAL DIAGNOSIS
Superoparaseptal Accessory Pathways
Superoparaseptal APs comprise 6% to 7% of all APs in most large
series. About 80% of these APs exhibit anterograde conduction, and
20% are retrograde-only conducting (concealed); only about 5% conduct exclusively in the anterograde direction. Because these pathways
connect the right atrial and right ventricular paraseptal free walls in a
region that is cephalad, or superior, as well as anterior to most of the
rest of the ventricular mass, an anterograde conducting pathway manifests positive delta waves in the inferior leads (II, III, and aVF) and
the lateral precordial leads (V3 through V6); negative delta waves are
present in lead V1 (Fig. 25.2) and often in V2.5 Leads I and aVL have
positive delta waves (negative in aVR). During orthodromic SVT, the
P wave is typically situated in the early portion of the ST segment;
although retrograde, it is usually positive in the inferior leads, because
much of the atrial mass is located caudad from the atrial insertion
(Fig. 25.3).

Midseptal Accessory Pathways
Midseptal pathways account for 5% or less of all APs in most series.
Approximately 85% of midseptal APs show anterograde conduction
(15% are retrograde only), with only about 4% conducting anterograde
only. These APs connect atrium and ventricle in a complex region
that can give rise to slightly different delta wave polarities in different
individuals. A typical preexcitation pattern has predominantly positive delta waves in leads I, II, aVL, and V2 through V6, with leads III
and aVF usually having predominantly negative delta waves, and aVR
and V1 having isoelectric delta waves. Variations in this pattern, especially in the inferior leads and in V2, have been reported. During SVT,
because of the more posterior location of the pathway’s atrial insertion

I

aVR

V1

V4

II

aVL

V2

V5

III

aVF

V3

V6

Fig. 25.2 Electrocardiogram of a superoparaseptal accessory pathways with anterograde conduction, showing a very short PR segment and positive delta waves in 1, 2, 3, aVF, and lateral precordial leads.
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(near the compact AV node), the P wave is usually inverted in the inferior leads. Multiple APs are present in up to 25% of patients with midseptal APs.

Electrophysiologic Testing
The electrophysiologic diagnosis of SVT incorporating a superoparaseptal or midseptal pathway is usually relatively straightforward
(Table 25.1); however, the atrial activation sequence during SVT may
resemble that of normal AV nodal output (unlike the situation with left
or right free wall APs, in which the atrial activation sequence during
SVT is eccentric). This similarity of atrial activation can provide a
diagnostic challenge in some cases. Standard diagnostic techniques,
including introduction of ventricular premature extrastimuli during
His refractoriness in an episode SVT, should be used to define the

I

aVR

tachycardia mechanism. In some cases, such as when the ventricularto-atrial interval is very short, or SVT is nonsustained or noninducible, other techniques must be used to establish the presence of an AP.
These include parahissian pacing, differential site ventricular pacing,
comparison of His-to-atrial (HA) intervals, use of single ventricular
extrastimuli, and ventricular overdrive pacing during (entrainment of)
SVT, including inspection of phenomena observed during initiation of
SVT and of pacing during SVT.
Pacing from a location near the His bundle (parahissian pacing)
can distinguish conduction over an AP from that over the AV node, as
follows: at low pacing outputs ventricular capture occurs, whereas at
higher outputs the His bundle/proximal right bundle branch are also
captured with the adjacent ventricular myocardium, resulting in a narrower QRS. If a septal AP is present, the stimulus-to-atrial interval will

V1

V4

II

aVL

V2

V5

III

aVF

V3

V6

VI
Fig. 25.3 Electrocardiogram of supraventricular tachycardia incorporating a retrogradely-conducting superoparaseptal
accessory pathways. Note the positive P waves in the inferior leads with negative P wave polarity in leads aVR and V1.

TABLE 25.1

Diagnostic Criteria

Surface ECG: Sinus Rhythm (in Presence of Preexcitation)
Superoparaseptal APs -	Delta waves predominantly positive in leads I, II, III, aVL, aVF, and V3 through V6; negative in aVR and V1, and often in V2
Midseptal APs

-	Delta waves predominantly positive in I, II, aVL, and V2 through V6; negative in III and aVF; negative or isoelectric in aVR and V1

Surface ECG: Orthodromic SVT
-	P waves in ST segment; positive in 1 and either positive (superoparaseptal) or negative (midseptal) in II, III, aVF
Intracardiac Recordings and Electrophysiologic Testing
-	Retrograde atrial activation independent of His activation
-	Premature ventricular extra stimulus during His refractoriness can advance atrial activation or terminate tachycardia without causing
atrial activation
-	
ΔHA interval (SVT vs ventricular pacing) to distinguish orthodromic SVT from AV nodal reentry
-	Advancement of timing of atrial activation with overdrive ventricular pacing while QRS is fused
-	After entrained ventricular pacing during SVT, PPI-TCL <125 ms and SA-VA <85 ms
-	Parahissian or differential site ventricular pacing useful to prove existence of pathway, confirm its ablation (if normal retrograde AV node/
General principles
His conduction intact)

Superoparaseptal APs

-	Earliest anterograde ventricular activation at or anterior to His recording location
-	Earliest retrograde atrial activation in His bundle recording or slightly lateral on tricuspid annulus
-	Small (<0.1mV) His deflection in ablation recording
-	Sensitivity to mechanical block by catheter manipulation

Midseptal APs

-	Earliest anterograde ventricular and retrograde atrial activation between His and coronary sinus ostium
-	May exhibit decremental conduction properties (anterograde or retrograde)

AP, Accessory pathway; AV, atrioventricular; ECG, electrocardiogram; PPI, post-pacing interval; SA, stimulus-to-atrial interval; SVT, supraventricular
tachycardia; TCL, tachycardia cycle length; VA, ventriculo-atrial interval; ΔHA, difference in His-to-atrial interval.
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Postablation

1
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V1
V6
HRA
Hisprox

SA 125 ms
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H

SA 125 ms

SA 270 ms
(HA 225 ms)

SA 225 ms
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CSmid
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RV
Time

S

S

S

S
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Fig. 25.4 Para-Hisian pacing. In this and subsequent figures, surface leads 1, 2, 3, V1, and V6 are shown with
intracardiac recordings from high right atrium (HRA), His bundle proximal (prox) and distal (dist) electrode
pairs, coronary sinus (CS), and right ventricle (RV) near the His recording location. H, His deflection; S, stimulus
artifact. Parahissian pacing is shown before (left panel) and after ablation (right panel). On each panel, the first
complex shows His and ventricular capture, the second ventricular capture only. Before ablation, the stimulusatrial (S-A) interval is the same regardless of whether His capture occurs because the AP is the preferred path
of conduction. In the complex on the right, the apparent HA interval is shorter than the SA interval during His
capture, indicating that atrial activation is occurring independent of AV nodal conduction. After successful
ablation, retrograde conduction requires His activation; the SA interval is longer than before ablation and
increases further in the absence of His capture (complex on the right) because with pure ventricular pacing
it takes longer to get to the His bundle. Once the His is activated as shown, the HA time is the same as the
SA time during His capture.

1
2
3
V1
V6
HRA
Hisprox

100 ms

100 ms

Hismid
Hisdist S
CSprox
CSmid
CSdist
RVA
Time

S

S

S

200 ms

Fig. 25.5 Para-Hisian pacing revealing presence of pathway after apparently successful radiofrequency application. Four stimuli from the His region result in (left to right) ventricular capture, His and ventricular capture,
pure His capture, and no capture. The two complexes on the left have identical Stimulus-atrial (SA) intervals
indicating lack of dependence on His conduction for atrial activation (i.e., accessory pathway present). A sinus
complex at right confirms the pure His capture complex, which has a longer SA than either of the first two
complexes, confirming persistence of the pathway. CS, coronary sinus; HRA, high right atrium; RVA, right
ventricular apex.

be identical regardless of whether the His is captured, because these
APs typically conduct more rapidly than the AV node does. If there is
no AP, the stimulus-to-atrial interval is longer with ventricular-only
capture than when the His is captured. With ventricular pacing the
impulse must travel some distance using relatively slow myocyte conduction before it encounters elements of the His-Purkinje network
to begin activating it retrogradely. The impulse need only traverse
the AV node to activate the atrium with His capture (Fig. 25.4).6 This

technique can be used to assess whether the AP has been successfully
ablated (Fig 25.5).
Using a principle similar to that of parahissian pacing, comparison
of the stimulus-to-atrial intervals observed with right ventricular apical versus basal stimulation can demonstrate the presence of an AP.
The apex, although physically more distant from the atrium than the
ventricular base, is nonetheless electrically closer because of the proximity of the distal right bundle branch to the pacing site. Entry into
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RV apical pacing

RV septal pacing

1
2
3
V1
V6

194 ms

HRA

164 ms

Hisprox
Hismid
Hisdist
CSprox
CSmid
CSdist
RVA
Time

TABLE 25.2

Ventricular insertion site (in presence of preexcitation):
-	Ventricular activation time that precedes surface ECG
delta wave onset by 15–40 ms
-	Sharp QS deflection on the unipolar electrogram of the
ablation electrode
-	Presence of a sharp AP potential between atrial and
ventricular electrograms, preceding delta wave onset
-	Nearly continuous recording with atrial-AP-ventricular
components
-	Small (<0.1 mV) His deflection present (may be
obscured by ventricular electrogram)
Atrial insertion site (in presence of retrograde conduction):
-	Earliest atrial electrogram
-	Presence of a sharp AP potential between ventricular
Superoparaseptal
and atrial electrograms
APs
-	Small (<0.1 mV) His deflection present

300 ms

Fig. 25.6 Differential site pacing. Dashed lines denote onset of atrial
activation. On the left panel, right ventricle (RV) apical pacing yields a
stimulus-high right atrium (HRA) time of 194 ms whereas RV basal pacing yields a stimulus-HRA interval of 164 ms, indicating the presence of
an extranodal pathway. H, His deflection; RVA, right ventricular apex; S,
stimulus artifact.

the rapidly-conducting His-Purkinje system allows a shorter stimulusto-atrial interval during pacing from the apex than from the base.
From the base, the impulse must again travel relatively slowly for some
distance through ventricular myocardium before it engages the HisPurkinje system. However, in the presence of an extranodal AP, pacing
from the base results in a shorter stimulus-to-atrial interval compared
with apical stimulation because the AP makes the base electrically
closer to the atrium as well as physically (Fig. 25.6). Fixed-rate pacing
or extrastimuli during SVT can be used.7 This technique can also be
used to confirm successful AP ablation.
Comparison of the HA intervals observed during SVT and during
ventricular pacing at the SVT cycle length can distinguish AV nodal
reentry from septal pathway–dependent orthodromic SVT. The HA
interval during orthodromic reciprocating tachycardia should be longer than the HA interval during ventricular pacing. The His bundle and
atrium are activated in series during SVT, but in parallel during pacing.7 However, the HA during AV nodal reentry should be the same as
or slightly shorter than that during pacing, because the His bundle and
atrium are activated in parallel during SVT, but in series during pacing
(the opposite of the situation in orthodromic AV reentry).8
Similarly, overdrive right ventricular apical pacing at a cycle length
slightly faster than that of SVT (entrainment of SVT) can distinguish
atypical AV nodal reentry from orthodromic SVT using a septal AP. If
AV nodal reentry is the SVT diagnosis, the stimulus-to-atrial interval
during ventricular pacing will exceed the QRS-to-atrial interval by more
than 85 ms, and the postpacing interval will exceed the SVT cycle length
by more than 115 ms. In orthodromic SVT using a septal AP, these
intervals are less than the cutoff values noted. This distinction occurs
because the pacing site is remote from the SVT circuit in AV nodal reentry but near or within it in orthodromic SVT.9 Although this criterion
was meant for and tested in long RP tachycardias, we have not seen it
give misleading results in more typical septal pathways. The first few
cycles of pacing should also be evaluated; if the timing of atrial activation is advanced with pacing at a time when ventricular fusion is present
on the electrocardiogram (ECG), this shows that an extranodal pathway
is present (because fusion signifies anterograde His bundle activation).10

Target Sites for Ablation

Midseptal APs

Ventricular insertion site (in presence of preexcitation):
-	Ventricular activation time that precedes the surface
ECG delta wave onset by 15–40 ms
-	Sharp QS deflection on the unipolar electrogram of the
ablation electrode
-	Presence of a sharp AP potential between atrial and
ventricular electrograms, preceding delta wave onset
-	Nearly continuous recording with atrial-AP-ventricular
components
Atrial insertion site (in presence of retrograde conduction):
-	Earliest atrial electrogram
-	Presence of a sharp AP potential between ventricular
and atrial electrograms

AP, accessory pathway; ECG, electrocardiogram

Midseptal APs occasionally present additional nuances. In some
cases, these pathways have demonstrated so-called decremental conduction properties (cycle length–dependent prolongation of conduction intervals). Especially in the absence of overt preexcitation, this
feature could cause confusion by suggesting conduction only through
the AV node, rather than the presence of an AP.11

MAPPING AND ABLATION TECHNIQUES
Superoparaseptal Accessory Pathways
Ablation of APs in the region of the His bundle may be successfully and
safely accomplished using the same techniques employed for APs in
other locations (Table 25.2). In the presence of preexcitation, the ventricular insertion site can be targeted by searching for the earliest site
of ventricular activation during sinus rhythm; atrial pacing usually is
not necessary to attain maximum preexcitation, because the ventricular insertion of the AP is relatively close to the sinus node. Electrogram
characteristics at successful ablation sites include (1) a ventricular activation time that precedes the surface ECG delta wave onset by 15 to
40 ms; (2) a sharp QS deflection on the unipolar electrogram of the
ablation electrode; (3) a sharp AP potential that is sometimes quite
large (Fig. 25.7); and (4) an almost continuous recording incorporating atrial-AP-ventricular components (see Fig. 25.7). Differentiation of
atrial from ventricular components of a complex recording can usually
be accomplished by introducing atrial extrastimuli or burst pacing that
block in the AP. Pre-delta wave activation times are longer (i.e., earlier)
in right-sided than in left-sided APs in general, and especially so with
superoparaseptal APs.12 The site with the longest (earliest) pre-delta
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Post-Ablation
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HIS D
CS 9-10
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CS 7-8
CS 6-7
CS 5-6
CS 4-5
CS 3-4
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RVA p
Abl uni-d
H
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Abl uni-p
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B

Fig. 25.7 Site of superoparaseptal accessory pathway ablation. The dashed line indicates the onset of the
delta wave. Note the large deflection of an accessory pathway potential in the His recordings (blue arrow)
as well as the ablation distal recording (Abl D, red arrow) that is absent after ablation. Also note the sharp
negative deflection in the distal unipolar electrogram with a small atrial electrogram. The His potential (H) is
only evident in the postablation recording. A, atrial electrogram; Abl, ablation catheter; CS, coronary sinus; d,
distal; H, His deflection; p, proximal; S, stimulus artifact; uni, unipolar electrogram; V, ventricular electrogram.

time should be sought; for example, even if the pre-delta time in the
first site sampled is 15 ms, ablation should not be performed there
until multiple other nearby sites have been sampled, none of which has
a longer interval. Fluoroscopically, this can be very close to the His
bundle recording site (Fig. 25.8). It is important to distinguish the AP
potential from the His recording; repeated bursts of pacing or premature stimuli will usually accomplish this (Fig. 25.9). It is also critical to
define the onset of the surface ECG delta wave (earliest of all 12 leads).
During orthodromic SVT, the site with the earliest atrial electrogram activation, often with an AP potential, is the target. It is
important to distinguish between the site with the shortest local ventricular-to-atrial interval and the site with the earliest atrial activation
time; they are often the same site, but if they are not, the site with the
earliest atrial activation time is preferred. The ventricular and atrial
electrograms may be almost fused during SVT or ventricular pacing;
introduction of premature ventricular extrastimuli during either pacing or SVT may separate the electrogram components, allowing the
operator to correctly assess the timing of atrial activation as well as
relative electrogram amplitudes. Also during SVT, the amplitude of
the His bundle electrogram in the ablation recording can be assessed.
The AP can be safely ablated if the His deflection is less than 0.2 mV

in amplitude, although there is probably less chance of injury if it is
smaller still.
Ordinarily one should ablate on the ventricular aspect of the annulus if this site is stable; this is because the His bundle (on the ventricular
side) has an insulating fibrous sheath protecting it somewhat, whereas
the (unprotected) AV node is on the atrial side. Atrial sites (ratio of
atrial to ventricular electrogram amplitudes >0.4) may yield successful
ablation but with a slightly higher risk of injury to the normal conduction system. A long vascular sheath may help stabilize the position
of the catheter tip regardless of whether an atrial or a ventricular site
is chosen. Some operators prefer to ablate with a catheter introduced
from the internal jugular vein approach, either positioning the catheter
tip on the atrial aspect or advancing it slightly across and beneath the
tricuspid annulus to ablate from the ventricular aspect.
It is worth spending extra time to fine tune the ablation site, ensuring both the best possible timing and the morphology of the ablation
electrogram as well as catheter tip stability. Delivering as few ablation
applications as possible (consequently, doing as little damage as possible) is an important goal when ablating in the vicinity of the AV node
and His bundle. Mapping systems that can tag or track the location of
mapping or ablation sites may be useful in guiding the operator either
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Left Anterior Oblique
Fig. 25.8 Fluoroscopic images of superoparaseptal accessory pathway ablation site. Catheters and views as
labeled; note the near-superimposition of the ablation catheter and His recording electrodes. Ablation at this
site was successful without injury to the His bundle.
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Fig. 25.9 Proof of accessory pathway (AP) potential recording. Dark arrows indicate AP potential, white arrow
its absence. A sinus rhythm complex is followed by a burst of pacing from the coronary sinus(CS), resulting
in conduction over the AP after the first 2 stimuli but not the third stimulus that captures atrium but blocks in
the AP (hence, no AP potential; this proves the potential was not atrial in origin.). The fourth stimulus is like
the first, but the fifth stimulus blocks distal to the AP (thus it is not ventricular in origin). A small His potential
(H) is seen in the ablation recording, indicating the proximity to the normal conduction system (as well as that
the AP potential is not the His spike). RVA, right ventricular apex.

toward more favorable sites or away from sites that are less attractive.
Locations of His potential recordings can also be tagged on the mapping system as areas to avoid ablating, if possible. If the best ablation
site is very close to the His bundle recording site, the His recording
catheter can occasionally be advanced slightly into the ventricle, leaving the insulated portion of the catheter as a potential physical barrier overlying the His bundle itself. Because of pathway slant, the atrial
insertion is usually lateral to the ventricular insertion site. This can be
used to good advantage by targeting the atrial insertion that may be
several millimeters farther away from the conduction system than the
ventricular insertion (Fig. 25.10).

Once a site has been chosen for ablation, radiofrequency (RF)
energy delivery should begin at relatively low power (30 W) and low
temperature (50°C–60°C) settings, but with firm catheter contact. Poor
contact may result in only minimal damage, but edema formation can
distort electrograms and may lead to an increased physical barrier to
subsequent effective energy delivery. If preexcitation is present, ablation may be attempted during sinus rhythm or during atrial pacing.
Unsuccessful energy applications should be stopped after no more than
15 seconds; continued energy delivery at such sites is unlikely to be
beneficial, but may have already caused damage to the AV node or His
bundle that cannot be discerned as long as preexcitation persists. It is
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Fig. 25.10 Concealed superoparaseptal pathway. In (A), with atrial pacing (S1) and extrastimuli (S2), a small deflection (red arrow) follows the ventricular electrogram in the ablation recording (Abl D) and occurs between the
ventricular and earliest atrial electrograms (indicated by dashed line) on a single orthodromic echo complex. This
potential is likely an accessory pathway recording because it occurs during the echo complex, but not when an
atrial recording is absent (white arrow, fourth QRS complex); further, it cannot be an atrial recording because it is
separate from other atrial recordings during drive complexes, and cannot be ventricular because it is absent on the
fourth complex. B, Electroanatomic activation map of right atrium during supraventricular tachycardia. The earliest
site of activation, corresponding to recordings in panel A, is about 5 mm lateral to the His bundle location (orange
dots, catheter icon). Ablation here eliminated pathway conduction almost instantly without endangering normal
atrioventricular conduction. At a prior ablation procedure, anterograde conduction had been eliminated with ablation more medially, distal to the His recording site. This discrepancy between anterograde and retrograde pathway
insertions indicates a slanted pathway course. CS, coronary sinus; RVA, right ventricular apex.

useful to try to ensure that normal AV node-His conduction is still
intact after one or two failed energy deliveries. Use of higher energies,
or of large-tip catheters capable of causing more extensive damage, has
practically no role in ablation of these APs; the cause of ablation failure
in these APs is almost always incorrect localization or poor contact,
and not inadequacy of a standard-sized RF lesion. In addition, large-tip
catheters (i.e., 8 mm) degrade the accuracy of mapping because sampling is done over a larger area.
For nonseptal concealed APs, ablation is usually performed during
ventricular pacing so that loss of AP conduction can be readily monitored. However, use of this method for ablation of pathways in the
vicinity of the AV node and His bundle could result in inadvertent
damage to these structures that would not be evident until after cessation of pacing (when it may be too late). Alternative methods for
ablation of concealed APs in this region include ablation during sinus
rhythm, during SVT, and during atrial-entrained SVT. Ablation during
sinus rhythm has the advantage of allowing monitoring for either PR
prolongation or accelerated junctional rhythm, indicating damage
to the normal conduction system and prompting cessation of energy
delivery. However, AP ablation success cannot be assessed until ventricular pacing is performed after cessation of RF delivery. Ablation
during SVT allows monitoring of both normal conduction and ablation success (SVT terminates retrogradely once the AP is eliminated).
However, the sudden change in heart rate associated with successful
ablation and cessation of SVT can lead to ablation catheter displacement and incomplete ablation. With ablation during atrial-entrained
SVT, atrial pacing is performed during sustained SVT at a rate slightly

faster than the SVT cycle length while ablation energy is delivered.
When AP conduction is eliminated, SVT terminates (as indicated by
a change in atrial activation sequence), but the heart rate does not
change; therefore the likelihood of catheter movement is decreased,
and complete ablation is facilitated. Because this method allows monitoring of efficacy (AP ablation) and safety (normal AV conduction) and
addresses the problem of catheter movement, it is preferred.
Cryomapping and ablation have been introduced as techniques to
avoid unwanted damage to the AV node and His bundle.13,14 With cryomapping, the catheter tip is first cooled to 0°C at potential ablation
sites; if AP conduction is lost without damage to the normal conduction elements, the catheter-tip temperature can be decreased to –80°C
for cryoablation. Cold-induced attenuation of normal pathway conduction may be hard to appreciate because preexcitation is near-maximal
in sinus rhythm or with right atrial pacing; instead, if CS pacing results
in a greater degree of normal conduction (less preexcitation), application of cold to the AV node or His bundle will result in an increase
in preexcitation. Such areas should be noted as sites at which ablation
definitely should not be performed.

TROUBLESHOOTING THE DIFFICULT CASES
Successful ablation of superoparaseptal APs poses particular challenges
(Table 25.3). These APs are by definition close enough to the His bundle that a small His potential is usually recorded in the ablation signal
(or sometimes first becomes evident after successful ablation). Inadvertent damage to the His bundle is the primary hazard in ablating these
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TABLE 25.3

Catheter Ablation of Accessory Atrioventricular Connections

Troubleshooting Difficult Cases

Problem

Causes

Possible Solutions

Pathway block during mapping

Careful catheter manipulation
If catheter remains in same location that caused block, ablate
Move catheter away from site
Administer isoproterenol
Catheter trauma of superficially located Wait up to 1 hour for recovery
pathway
Pace-match delta wave

Accelerated junctional rhythm during RF
application
Heating of AV node

Stop RF application immediately
Reposition catheter before another RF application
Atrial overdrive pace during RF application to ensure intact normal conduction

Right bundle branch block during RF
application

Catheter positioned too distally

Reposition catheter

Unable to successfully ablate at site of
earliest atrial activation in SVT

Poor catheter contact
Vascular sheath; alter approach (switch to SVC or femoral vein)
Incorrect location on right side
Continue mapping (especially 5–10 mm laterally on tricuspid
Left-sided atrial or ventricular pathway
annulus)
insertion
Map LA/LV septum; LVOT; noncoronary sinus of Valsalva

Large His potential in best ablation
recording

True parahissian pathway

Use cryomapping to test sites before ablation
Advance His catheter so that insulated shaft shields His bundle from ablation
energy

AV, Atrioventricular; LA, left atrium; LV, left ventricle; LVOT, left ventricular outflow tract; RA, right atrium; RF, radiofrequency; SVC, superior vena
cava; SVT, supraventricular tachycardia.

APs. Additional potential difficulties include AP sensitivity to catheter
trauma and accelerated junctional rhythm during RF energy delivery.
These pathways are often very superficial (toward the endocardial surface), and catheter trauma results in transient block of pathway conduction in one or both directions in up to 38% of cases (Fig.
25.11).15 If this occurs and the catheter has moved (grazed the pathway
as it was passing by), one can wait and hope that pathway conduction
resumes. This may take up to 30 minutes or longer, if pathway conduction resumes at all during the study. Isoproterenol has been used by
some to try to facilitate resumption of conduction; although this has
been reported to be successful, the additional waiting time may have
been responsible for return of AP conduction rather than the medication, and there are no controlled studies of isoproterenol in this setting.
If the catheter tip is still at the site at which trauma interrupted AP
conduction, one can proceed with ablation despite lack of return of
conduction after a reasonable waiting period (10–15 minutes). Use of
mapping systems that allow tagging of sites on a 3-dimensional rendering of the heart may be helpful in this regard, but only if sites with
acceptable electrogram characteristics were designated as such before
catheter-mediated loss of AP conduction. If catheter-induced AP block
occurs and one is uncertain as to whether the catheter is still at the site
that caused mechanical block, it may be appropriate to move the catheter well away from the site (i.e., its continued presence may be causing
ongoing mechanical block). In this situation, tagging of the site with
a mapping system can be very helpful. If conduction returns after the
catheter is moved away, the tagged site facilitates repositioning of the
catheter tip back to the same site. An additional technique that is occasionally helpful is pacemapping on the annulus to replicate the delta
wave contour;16 we have found that for the best match, atrioventricular
pacing, or sinus rhythm with tracked ventricular pacing with an AV
interval set to match that during preexcited sinus rhythm should be
used (Fig. 25.12). We have successfully used this technique in several
cases of traumatic loss of preexcitation, when pathway conduction has
not resumed after 15 to 20 minutes.
Accelerated junctional rhythm during RF energy delivery (Fig.
25.13) occurs in up to 5% of patients17 and results from heating of the

His bundle. Accelerated junctional rhythm typically results in a narrow QRS complex on ECG, a finding that may erroneously suggest that
the AP has been successfully ablated and that energy delivery should
continue. In fact, this is exactly the wrong thing to do, because the His
bundle may be incurring damage. The operator has only seconds to
discontinue RF energy delivery before the His bundle is irreversibly
damaged. If energy delivery continues, progressive acceleration of the
junctional discharge rate may occur, as during intentional His bundle ablation. This can provide an important warning to the operator
if the danger has not already been appreciated. Fortunately, as noted
above, the His bundle itself is contained within a fibrous sheath that is
somewhat protective against ablation. Of note, cryoablation does not
result in accelerated junctional rhythm; absence of this rhythm during
cryoablation should not be interpreted as lack of risk of damaging the
normal conduction system.
Parahissian pathways represent a subgroup of the superoparaseptal pathways that are more closely related to the His bundle itself (His
deflection >0.1 mV).18 Despite this proximity to the His, these APs can
still be ablated successfully without incurring His bundle injury, perhaps because of the insulating effect of the fibrous sheath surrounding
the His bundle. Some authors have observed inappropriate sinus tachycardia shortly after ablation of APs in this location, presumably because
of alteration of parasympathetic tone caused by the ablation.19 This is
self-limited and requires no treatment.
Rare cases have been reported in which superoparaseptal APs could
be ablated only at sites other than the expected apex of Koch’s triangle. These sites have included the left ventricular outflow tract20 and
the noncoronary sinus of Valsalva (Fig. 25.14). 21 If several attempts at
ablation in the expected right ventricular region have failed to interrupt AP conduction, or repeatedly resulted in accelerated junctional
rhythm, one should evaluate other, less common ventricular insertion
sites such as these.
Using the techniques described, superoparaseptal pathways can
be successfully ablated in more than 95% of patients, with about 1%
risk of heart block or other significant complications. Right bundle
branch block occurs in up to 10% of cases.17 Cryoablation has been
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Fig. 25.11 Mechanical block in superoparaseptal accessory pathway because of catheter manipulation. The
first three beats show preexcitation; the last three do not, because of catheter trauma. Diagonal arrows show
a changing atrial electrogram in the ablation recording, indicating unstable catheter position. H, His deflection;
S, stimulus artifact.
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Fig. 25.12 Pace matching of the delta wave after pathway trauma. During mapping, both antero- and retrograde pathway conduction ceased and did not reappear after 20 minutes. Pacing the tricuspid annulus to
match the delta wave was then used to guide ablation. All 12 electrocardiogram leads are shown; A, Before
pathway trauma; B, (Bolder tracings for emphasis) atrioventricular pacing with an AV interval to match that
of preexcited complexes; C, ventricular pacing only at the same site as in B. Note the closer match when
atrioventricular pacing is used. AV, atrioventricular.

less successful on long-term follow-up than RF ablation (up to 20%
recurrence after hospital discharge);13,14 whether this is because of an
inherent inferiority of cryoablation or simply less familiarity with the
technique is not clear. Assessment of successful ablation includes standard techniques (i.e., lack of preexcitation at rest, decremental atrial
pacing, lack of any retrograde conduction, conduction only over the
AV node with cycle length–dependent prolongation of conduction
time, or demonstration of His–dependence of retrograde conduction

[Fig. 25.15]). Parahissian pacing and differential-site right ventricular
pacing can also be used (see earlier discussion).

Midseptal Accessory Pathways
The principles of ablation of midseptal APs are similar to those for
superoparaseptal APs (Fig. 25.16). Care should be taken to ablate on the
ventricular side of the annulus, to avoid AV nodal damage (Fig. 25.17).
Midseptal APs are successfully ablated in about 98% of cases, with an
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Fig. 25.13 Accelerated junctional rhythm during ablation attempt (superoparaseptal accessory pathways
[APs]). Radiofrequency (RF) delivery is begun at the asterisk; the next two preexcited beats are followed
by two narrow QRS complexes, but not because of AP ablation. Instead, these are accelerated junctional
complexes caused by heating of the His bundle (arrows). RF application was stopped just after the end of the
recording. The AP was eventually ablated with preservation of normal atrioventricular conduction.

approximately 1% risk of complete AV block, although transient AV
block may occur in up to 5% of patients. Junctional rhythm during
RF delivery is seen in up to 50% of cases.17 When this is encountered,
pacing the atrium at a rate faster than the junctional rhythm is helpful
to ensure consistency of normal AV conduction. If energy delivery is
stopped immediately upon observing PR prolongation or nonconducted
P waves, almost always there is preservation of normal conduction.
Occasionally, ablation of midseptal APs is not successful after several RF applications on the tricuspid annulus. In most cases, this is
because of poor site selection or poor electrode–endocardial contact at
an appropriate site. In some cases, ablation can be successful only if it
is performed from the left side of the septum. Clues to the presence of
a left midseptal AP are absence of sites with pre-delta wave intervals in
excess of 10 ms if preexcitation is present, absence of an AP potential at
all sites on the tricuspid annulus, and relatively long local ventricularto-atrial intervals (>60 ms) on the tricuspid annulus. Left-sided

ablation may be performed using the retrograde aortic or the transseptal approach. The surface ECG preexcitation pattern is not specific
enough to suggest the necessity of a left-sided approach.17
APs in both superoparaseptal and midseptal regions can be safely
and successfully ablated using only two electrode catheters (an ablation
catheter and a right ventricular for assessing retrograde conduction).22
Most operators prefer to use additional catheters for fluoroscopic (coronary sinus) and electrical (His bundle) reference.
Recurrence of AP conduction after apparently successful ablation
occurs in up to 15% of right-sided APs, including superoparaseptal and
midseptal APs.23 Poor catheter stability is the most common cause (suboptimal ablation because of poor contact), although in the case of APs near
the AV node and His bundle, operator timidity (unwillingness to deliver
adequate energy to the area for fear of causing heart block) may be responsible for incomplete ablation. Common problems encountered in the ablation of septal pathways and their solutions are listed in Table 25.3.
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Fig. 25.14 Mapping in the noncoronary aortic sinus of Valsalva. Two complexes are shown, with atrial pacing
(S1) resulting in a preexcited QRS (with atrial [A] and ventricular [V] components shown) and a premature
complex (S2) blocking in the pathway, conducting with right bundle branch block pattern, followed by a pathway echo (also labeled). The ablation recording does not have a His potential (H), shown in the His recording.
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Fig. 25.15 Use of burst ventricular pacing to demonstrate His dependence or independence of atrial activation. At left, before successful ablation, burst ventricular pacing (S) yields retrograde His potentials (H,
thin arrows). The atrial recording follows the first His potential, but precedes the second, third, and fifth His
potentials, indicating an accessory pathway to activate the atria. Large arrows denote fused or conducted
QRS complexes (echoes). At right, after successful ablation, each atrial complex is preceded by a His; not all
ventricular complexes result in His activation, but no atrial activation occurs without a preceding His potential.
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Fig. 25.16 Site of midseptal accessory pathway (AP) ablation. The left panel shows supraventricular tachycardia incorporating a retrogradely-conducting midseptal pathway having earliest atrial activation in the distal ablation (Abldist) recording followed by the His region. The Abldist also shows a possible AP potential
between ventricular and atrial components (small arrow). After ablation, the ablation recordings do not show
a His potential but a deflection similar to some so-called slow atrioventricular nodal pathway recordings is
seen (asterisk).
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Fig. 25.17 Fluoroscopic images of midseptal accessory pathway ablation site. Catheters and views as
labeled. The ablation catheter is situated between the coronary sinus ostium and His recording electrodes, in
the region of the compact atrioventricular (AV) node. Ablation at this site was successful without damaging
the AV node.

   S U M M A R Y
Ablation of APs in the region of the normal conduction system presents special challenges to the electrophysiologist. Although differentiation of AP-related SVTs from atrial tachycardias and AV nodal reentry
can sometimes be difficult, the major challenge remains avoidance of

damage to the AV node and His bundle that would require permanent pacing. Fortunately, this complication can usually be avoided by
careful attention to catheter positioning and monitoring of normal AV
conduction.
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Ablation of Atriofascicular Accessory
Pathways and Variants
Mohamed Bassiouny, Mohamed H. Kanj, Patrick Tchou
KEY POINTS
•	Atriofascicular accessory pathways are decrementally conducting
accessory pathways that are most commonly located along the
right free wall, connecting the atrium to the right bundle branch.
•	They participate in antidromic tachycardia with a left bundle
branch block morphology, antegrade conduction over the
accessory pathway, and retrograde conduction over the
atrioventricular node or another accessory pathway.
•	The most effective method for ablating the atriofascicular pathway
involves mapping and ablating the discrete M potential along the
tricuspid annulus.

ATRIOFASCICULAR ACCESSORY PATHWAYS
In 1938 Dr. Ivan Mahaim first described nodoventricular fibers that
connected the atrioventricular (AV) nodal region to the ventricular
myocardium.1 The description was histologic, and no physiologic
properties were reported. More recently, in the early 1980s, slowly
conducting AV accessory pathways (AP) with AV node-like decremental properties participating in antidromic tachycardia were postulated to be nodoventricular fibers.2–4 However, others also identified
right lateral APs having similar properties that were independent
of the AV node.5 Nevertheless, the eponym Mahaim fibers became
widely adopted to describe all atypical APs with decremental conduction properties instead of the initially defined anatomic fibers. In
the early 1980s, the most prevalent thought was that nodoventricular
pathways, possibly those described by Mahaim, were the predominant
cause of these types of antidromic reentry arrhythmia.2,3 They had
the potential to be involved in reentrant pathways or in “bystander”
activation of the ventricles during supraventricular tachycardia such
as AV nodal reentry.4 In the late 1980s, independent publications
from two different groups questioned this concept,6,7 with further
case reports demonstrating that these types of antidromic tachycardia were using atrioventricular as opposed to nodoventricular pathways in their reentrant circuits. With additional publications from
other groups, it became apparent that the majority (>90%) of reentry
tachycardias involving slowly conducting atypical pathways were in
fact attributed to atriofascicular, or the less frequent atrioventricular
pathways with decremental conduction and a separate atrial origin
from the atrioventricular node.5,6,7,8,9 Thus the term Mahaim pathway
fell out of favor, and instead the more precise description of atypical decrementally conducting pathways that also includes the correct
anatomy is now preferred. Interestingly a lateral AV connection with
an AV node-like structure, which most likely represented an atriofascicular pathway, was described by Dr. Stanley Kent in 1914; however,
he misinterpreted the structure as parts of the then-postulated normal
conduction system.8

•	Sources of difficulty include catheter instability and prolonged
transient loss of accessory pathway conduction because of
mechanical trauma during mapping. Locating the atrial insertion
may be time consuming, and ablating the ventricular insertion is
more challenging because of extensive arborization.
•	Long and steerable sheaths may help stabilize the catheter along
the tricuspid annulus, and 3-dimensional mapping systems may
guide ablation.

ANATOMY
The atriofascicular pathway consists of a long, insulated fiber with decremental conduction properties that connect atrial tissue to the distal
His-Purkinje network. This differentiates it from other slowly conducting atrioventricular pathways that insert directly into the myocardium
rather than into the normal His-Purkinje system (HPS). It acts as a parallel conductive system that is structurally and physiologically similar
to the AV node and the His-bundle. It almost always originates from
the right atrial free wall along the tricuspid valve annulus, where slow
potentials similar to those at the AV node can be occasionally recorded
(Fig. 26.1). A single left-sided atriofascicular accessory pathway has
been reported.9 However, the majority of decremental pathways that
originate outside the right atrium are atrioventricular pathways. They
arise from the left atrium and can insert into the left ventricle along
the mitral annulus,10,11 the mitral annulus–aorta junction,12 or into the
myocardium abutting the left coronary cusp.13
When mapping an atriofascicular pathway, a His-like structure can
be frequently identified along the tricuspid annulus and is characteristic of such pathways. Decremental conduction typically occurs through
a structure between the atrial tissue and the His-like structure. The
distal insertion of the pathway is usually located several centimeters
from the tricuspid valve, at the distal right bundle (RB) branch or its
branching Purkinje fiber, toward the apical third of the right ventricular free wall (see Fig. 26.1). Extensive arborization via the Purkinje
network is common and suggested by the presence of a QS pattern on
unipolar electrograms or sharp potentials fusing with the earliest bipolar ventricular potentials over a wide area of ventricular tissue. However, simultaneous activation via local His-Purkinje network may be an
alternative explanation.14

PATHOPHYSIOLOGY
Atriofascicular pathways are associated with unique tachyarrhythmias given their characteristic anatomy and electrophysiological
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Fig. 26.1 Schematic illustration of the anatomy of anterograde decrementally conducting pathways in the right anterior oblique view. The
origins and insertions of atriofascicular (blue stars), long atrioventricular (stars in red circle), and short atrioventricular pathways (blue triangle) are depicted. The tricuspid annulus is represented by the brown
line. ANN, tricuspid annulus; RA, right atrium; RV, right ventricle. (From
Haïssaguerre M, Warin JF, Le Metayer P, et al. Characteristics of the
ventricular insertion sites of accessory pathways with antegrade decremental conduction properties. Circulation. 1995;91:1077-1085. With
permission.)

properties. The AP provides the substrate for AV reentry tachycardia by acting as the antegrade limb, whereas the AV node-HPS or
another AP acts as the retrograde limb. Typically they are not capable of retrograde conduction, and to date there is only one report
of an atriofascicular pathway participating in both antidromic and
orthodromic reentry tachycardia.15 Retrograde conduction block of
atriofascicular pathways occurs near the atrial insertion.14 This facilitates initiation of atrioventricular reentry tachycardias with premature ventricular beats as they block retrogradely in the atriofascicular
AP and conduct up the AV node-HPS allowing for reentry to occur.
As with other types of APs, atriofascicular accessory pathways may
preexcite the ventricle during an atrial tachycardia or participate in
a figure-of-8 manner with a coexisting orthodromic reentry or AV
nodal reentry.
Atriofascicular pathways are mostly right sided, with a few exceptions, inserting in the right bundle branch (RBB) or its distal Purkinje fibers, giving rise to a QRS with a left bundle branch block
(LBBB) morphology during antidromic AV reentrant tachycardia.
However, identifying atriofascicular pathways during sinus rhythm
may be challenging as their slow antegrade decremental conduction
leads to minimal and sometimes no preexcitation in sinus rhythm.
Similar to the native AV node-HPS, they are sensitive to autonomic
changes, adenosine,16–18 and occasionally to verapamil,7 leading to
variations in the amount of preexcitation depending on the degree
of their contribution to ventricular activation. In addition, similar
to the AV node, there have been reports of atriofascicular pathways
with dual conduction properties leading to tachycardia because of a
1:2 response or beat-to-beat variation in the antidromic AV reentry
tachycardia cycle length.19,20

DIAGNOSIS
12-Lead Electrocardiogram
The diagnosis of atriofascicular pathways can be challenging in sinus
rhythm, as preexcitation can be absent at baseline because of faster

V3
V4
V5
V6

A

B

Fig. 26.2 A, 12-lead electrocardiogram showing subtle preexcitation in
the form of rsR= pattern in lead III in the first three beats, and absent
septal q in leads I and V5-V6 in all QRS complexes. B, Manifest preexcitation after intravenous verapamil that predominantly affected the
atrioventricular node, leading to ventricular activation predominantly
over the decrementally conducting accessory pathway. (From Sternick
EB, Timmermans C, Sosa E, et al. The electrocardiogram during sinus
rhythm and tachycardia in patients with anterograde conduction over
Mahaim fibers. The importance of an “rS” pattern in lead III. J Am Coll
Cardiol. 2004;44:1626-1635. With permission.)

conduction along the AV node compared with the AP.16,21,22 However,
subtle preexcitation can be detected in approximately 60% of patients
in the form of an absence or a decrease of the septal q in leads I and
V5–V6 and the presence of an rS pattern in lead III (Fig. 26.2).15,23
Day-to-day variation in the degree of preexcitation is common and
does not necessarily reflect an AP with a long refractory period.23 Sinus
tachycardia or rapid atrial pacing, especially pacing the atrium near
the pathway versus pacing from the coronary sinus, can manifest the
preexcited QRS morphology, as conduction decrements more significantly down the AV node and preferential AP conduction occurs to
the ventricles. The conduction scenarios showing varying degrees of
preexcitation are schematically illustrated in Fig. 26.3.
Classically, the maximally preexcited QRS, either achieved with
rapid atrial pacing or during antidromic tachycardia, is similar to a
typical LBBB: R wave in V1 is minimal or absent (rS, or QS), precordial
R wave transition is beyond lead V4, and an R in limb lead I. The QRS
is usually less than 150 ms in duration as the atriofascicular pathway
allows for more rapid activation of the ventricles through a close connection to the HPS. For the same reason, the initial QRS forces are
typically rapid, especially in the anterior chest leads, with absence of
a delta wave that is classically seen with pathways that insert into the
myocardium near the annuli. The QRS typically shows left axis deviation. However, the frontal axis can vary widely between –75 and +60
degrees. This variation is dictated by the location of ventricular insertion as well as the retrograde conduction properties of the RBB (see
later discussion).14,24,25
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tachycardia
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Fig. 26.3 Schematic illustration of the pathophysiology of atriofascicular pathways. In sinus rhythm, conduction is faster down the atrioventricular (AV) node-His Purkinje system, which contributes to the majority
of ventricular activation. During maximal preexcitation, more decremental conduction occurs in the AV node compared with the accessory
pathway, and ventricular activation occurs via the accessory pathway.
Reciprocating tachycardia is initiated when sufficient conduction delay
in the accessory pathway allows enough time for recovery of the retrograde AV node conduction to complete the circuit. LBB, left bundle
branch; RBB, right bundle branch. (From Leitch JW, Klein GJ, Yee R.
New concepts on nodoventricular accessory pathways. J Cardiovasc
Electrophysiol. 1990;1:220-230. With permission.)
Sinus rhythm

Electrocardiogram (ECG) criteria can suggest a decrementally
conducting atrioventricular pathway and help differentiate it from
ventricular tachycardia (VT), which allows for a more thorough intracardiac electrophysiological evaluation.21 However, it cannot distinguish
between atriofascicular mediated tachycardia, and supraventricular
tachycardia (SVT) with LBBB aberration, as both can have a typical
LBBB pattern.21,26 In addition, in one study the maximally preexcited
QRS width or axis during antidromic tachycardia could not predict the
location of the atriofascicular AP.27

Intracardiac Electrograms
During Sinus Rhythm

A three component electrogram: an atrial component A, a His-Purkinje
like potential, sometimes referred to as an M potential, and a ventricular component V can frequently be identified near the proximal (atrial)
insertion along the tricuspid annulus. The M potential is a His-like
potential, which represents depolarization of the bundle forming the distal portion of the atriofascicular pathway that inserts into the distal RBB
or its Purkinje branches. In sinus rhythm, ventricular activation is predominantly over the AV node and His bundle, minimizing any ventricular preexcitation. Atrial pacing close to the origin of the AP can manifest
the preexcitation as fusion occurs between ventricular activation over
the AP and the His bundle (Fig. 26.4).
The distal (ventricular) insertion of atriofascicular pathways occurs
at the distal RB or its branches located in the anterior right ventricular
free wall. During more rapid atrial pacing, ventricular activation may
occur preferentially over the atriofascicular pathway because of greater
conduction slowing in the AV node. Similar to the AV node, decremental conduction in the atriofascicular pathway occurs in the proximal
segment of the AP between the atrial insertion and the M potential.

Induction of Antidromic Atrioventricular Reentrant
Tachycardia

This tachycardia can be induced via atrial stimulation, ventricular
stimulation, or both. Induction with atrial stimulation can be achieved
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with burst atrial pacing or with the administration of atrial extrastimuli. It requires anterograde block in the AV node, and conduction over
the AP with subsequent retrograde conduction over the AV node. This
occurs when the refractory period of the AP is shorter than the refractory period of the AV node anterogradely. It also requires retrograde
AV node conduction to recover sufficiently for the reentry to occur.
Thus isoproterenol may be needed for induction. Initiation of tachycardia may be more readily achieved when atrial stimulation is closer
to the AV node than the AP, such as from the coronary sinus, which
allows more time for the AV node to recover and facilitate retrograde
conduction.
In many cases, the AV node has more decremental properties than
the atriofascicular pathway as revealed with rapid atrial pacing, atrial
premature stimuli, or after the administration of intravenous adenosine. The A-His interval prolongs more than the A-M interval. The HV
interval gradually shortens and the QRS widens and assumes a LBBB
pattern as it becomes more preexcited because of increasing activation
of the ventricle via the AP. Maximal preexcitation occurs when there
is retrograde activation of the His bundle with reversal of distal RB,
proximal RB, and His activation sequences. Antidromic AV reentry
tachycardia is typically initiated after such reversal of RB and His activation (Fig. 26.5).
Because initiation of tachycardia with atrial stimulation requires
the AV node to block during atrial pacing while the AP still conducts, it is not always a reliable means of initiating the tachycardia,
and in some cases it is not feasible to initiate the tachycardia. However, because these APs typically have conduction block in the retrograde direction, ventricular stimulation can almost always initiate
the reentry circuit. Thus initiation of tachycardia is frequently easier
to accomplish with ventricular pacing. With ventricular pacing one
only needs to achieve sufficient retrograde activation delay via the
normal HPS-AV node axis that would allow reentry into the ventricle to occur via the AP. This delay can be achieved either via slowing in the AV node when sufficiently short retrograde H-H intervals
can be achieved, or by delay in retrograde HPS activation because of
retrograde RBB block when a sufficiently short premature ventricular beat impinges on the HPS refractoriness (Figs. 26.6 and 26.7). In
some cases tachycardia can only be induced via ventricular stimulation. Davidson et al.28 reported on two patients with no evidence
of preexcitation during sinus rhythm at baseline or even with atrial
pacing maneuvers. However, an antidromic AV reentry tachycardia
utilizing an atriofascicular pathway was readily induced with ventricular stimulation and ablated along the lateral tricuspid annulus
in both patients. This was believed to be because of fast conduction
over the AV node and slower conduction over the AP. In addition,
the refractory periods of the pathways were longer than the respective refractory periods of the AV nodes, thus preventing initiation of
tachycardia with atrial premature stimulation.

Electrophysiologic Evaluation During Tachycardia
Both the atrium and ventricle are essential parts of the macroreentrant circuit. The earliest retrograde atrial activation is typically
found along the mid atrial septum at the region of the fast AV node
pathway unless another AP is used as the retrograde limb. The AV
interval is often more than 150 ms during antidromic tachycardia
caused by the decremental conduction properties of the AP.29 The
earliest ventricular activation is characteristically located along the
right ventricular anterior-lateral free wall near the distal third toward
the apex. Direct insertion of the atriofascicular pathway into the distal RBB or its fascicles leads to rapid simultaneous activation of both
His and ventricle and a very short V–H interval (16 ± 5 ms).14 The
V–H interval is shorter during antidromic tachycardia than the HV
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Fig. 26.4 Changes in degree of preexcitation over an atriofascicular pathway with atrial pacing. During atrial
pacing at a slow drive train fusion is noticed between ventricular activation over the accessory pathway and
the atrioventricular node-His Purkinje system. Maximal preexcitation is seen with delivery of an atrial premature beat that leads to more prolongation in the A-RB (right bundle) than the A-M (Mahaim potential) intervals
with reversal of the RB-H activation sequence. Notice that preexcitation is minimized in sinus rhythm after
a long pause, as conduction down the AV node recovers and becomes more rapid. The M potential is seen
during atrial pacing with fusion or during maximal preexcitation as well as during SR with very subtle preexcitation.
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Fig. 26.5 Initiation of antidromic atrioventricular reentry tachycardia with atrial premature stimuli. Atrioventricular (AV) reentry tachycardia using an atriofascicular pathway for anterograde conduction and the right bundle
branch (RB), His bundle, and AV node for retrograde limb is initiated after three shortly coupled atrial premature stimuli. The AH interval progressively prolongs, the HV interval shortens, and the QRS widens. Tachycardia begins after maximal preexcitation is reached with the 3rd premature stimulus that blocks anterogradely
in the AV node and conducts down the accessory pathway. Notice that the earliest ventricular activation is at
the region of the distal RB, which precedes His bundle activation. CS, Coronary sinus; d, distal; p, proximal.

interval in sinus rhythm. This is because of the fact that His and the
ventricle are simultaneously (instead of sequentially) activated via
the RB. The V–H (and V–A) interval may prolong in the setting of
transient retrograde right bundle branch block (RBBB), which may
occur as a result of mechanical trauma during catheter manipulation or with ventricular premature beats. In this situation the tachycardia cycle length increases as conduction has to pass across the

interventricular septum via the myocardium, up the left bundle, to
reach the His bundle then the AV node and atrium (see Figs. 26.6
and 26.7). The His bundle–atrial (HA) interval remains constant
as the final segment of the retrograde limb from the His-bundle to
the atrium remains unchanged. Antidromic AV reentry tachycardia with retrograde RBBB is usually initiated with ventricular premature beats from the RV that block retrogradely in the RBB but
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Fig. 26.6 Initiation of antidromic atrioventricular (AV) reentry tachycardia utilizing an atriofascicular bypass
tract with ventricular premature stimulation causing retrograde right bundle branch block (RBBB). A premature ventricular stimulus causes retrograde conduction block or delay in the right bundle branch. The impulse
then travels transeptally to reach the His retrogradely over the left bundle branch leading to a prolonged V-H
interval. Tachycardia is initiated as the impulse goes up the AV node to the atrium, then down the accessory
pathway and retrogradely over the His-Purkinje fibers. The tachycardia cycle length and VH shorten on the
fourth beat as the retrograde RBBB resolves. Now the right bundle deflection precedes the H instead of
occurring simultaneously. These changes in cycle length implied direct involvement of the bundle branches
in the tachycardia circuit, whereas the constant HA confirms that atrial activation during ventricular pacing
and tachycardia occurred via the atrioventricular node. (From Tchou P, Lehmann MH, Jazayeri M, Akhtar M.
Atriofascicular connection or a nodoventricular Mahaim fiber? Electrophysiologic elucidation of the pathway
and associated reentrant circuit. Circulation. 1988;77:837-848. With permission)

conducts transeptally up the LBB to the His bundle and up the AV
node (Figs. 26.6 and 26.7). Because of anterograde penetration of
the RBB, subsequent reentrant beats then continue to maintain the
retrograde RBBB by a concealed conduction phenomenon, whereby
serial anterograde and retrograde conduction in the RBBB are
blocked by a mechanism of interference.30 Resolution of the retrograde RBBB is typically associated with an acceleration of the tachycardia cycle length accompanied by a shorter ventriculoatrial (VA)
interval (see Figs. 26.6, 26.7). This resolution of retrograde RBBB
has been demonstrated to occur through the migration of the site
of retrograde block toward the His bundle.31 Minor changes in QRS
morphology, axis, and duration may occur as a result of the retrograde RBBB (see Fig. 26.7 B, note change in QRS durations). In the
absence of RBBB, rapid retrograde conduction over the RB to the His
bundle may allow for anterograde left ventricular activation over the
left anterior fascicle and fusion with transseptal activation leading to
a narrower QRS sometimes with a more inferior axis.24 Ventricular
activation during tachycardia with or without retrograde RBBB is
schematically illustrated in Fig. 26.8.
A late atrial premature stimulus delivered in the lateral right
atrium during preexcited tachycardia that advances or delays the
following ventricular activation without affecting the septal atrial
activation around the AV node confirms the presence of an atriofascicular AP.6,22,32,33 Active involvement in the tachycardia can be
confirmed by maintenance of the ventricular, HPS, and atrial activation sequence and timing after resetting the tachycardia. Cycle length
oscillation following the extrastimulus is common and characteristic
of decrementally-conducting APs (Fig. 26.9). His refractory premature atrial beats typically advance the next ventricular activation and
reset the tachycardia; however, in 15% of cases they delay the next
ventricular activation.34 By contrast, failure to influence the tachycardia with a late atrial premature beat does not constitute sufficient
evidence to rule out the presence of an atriofascicular AP as the pacing location may be far away from the origin of the AP and would
not allow the premature beat to preexcite the reentrant circuit. Alternatively, the premature atrial beat may decrement in the pathway in

such a manner as to obscure any changes in the cycle length of ventricular activation.

1:2 Atrial to Ventricular Conduction Over an
Atriofascicular Pathway

In addition to participating in antidromic AV reentry tachycardia, atriofascicular pathways may rarely present with tachycardia secondary to
1:2 atrial to ventricular conduction over the accessory pathway similar
to that reported with dual AV nodal physiology19 (Fig. 26.10). Different
explanations were postulated including longitudinal dissociation in the
atriofascicular pathway similar to dual AV nodal pathways, distal division
into two fibers with different conduction times, or less likely two closely
located accessory pathways with markedly differing conduction times.

DIFFERENTIAL DIAGNOSIS
Antidromic AV reentrant tachycardia involving an atriofascicular
pathway must be differentiated from other wide QRS complex tachycardias with LBBB type of QRS morphology.

Supraventricular Tachycardia with Left Bundle Branch
Block Aberrancy

The tachycardia is associated with normal or prolonged HV interval
with anterograde His-bundle activation that precedes RB activation.

Ventricular Tachycardia
Ventricular tachycardia can be easily differentiated from antidromic
AV reentry tachycardia involving an atriofascicular pathway when VA
dissociation occurs, which may occur spontaneously or be demonstrated by delivering a ventricular premature stimulus that blocks retrogradely to the atrium without terminating the VT. In addition, fusion
beats with atrial pacing and atrial extrastimuli are possible without terminating VT, whereas during antidromic AV reentry tachycardia, the
same premature atrial beat will advance (or delay) the next tachycardia
beat with the same QRS morphology or terminate it. Although fusion
is theoretically possible with an extremely slow tachycardia having
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Fig. 26.7 Ventricular premature simulation initiates antidromic atrioventricular (AV) reentry tachycardia over
an atriofascicular accessory pathway with retrograde right bundle branch block (RBBB). A, Retrograde RBBB
occurs with a premature ventricular stimulus, which provides sufficient delay as impulse crosses across the
interventricular septum, then up the left bundle branch to the His and AV node. By the time the atrium is retrogradely activated the accessory pathway anterograde conduction has recovered and the antidromic reentry
tachycardia is initiated. B, Gradual migration of the site of retrograde RBBB is seen in this figure. In the first
three beats, the local activation of the proximal part of the right bundle (RB) (upward arrow) occurs late with
an RB-A interval of only 40 ms as it is activated anterogradely after the impulse reaches the His region. As the
site of retrograde block gradually migrates proximally, the distal end of the RB (downward arrow) is activated
earlier and can be seen gradually marching ahead of the local ventricular electrogram. As the block resolves,
the RB allows for more rapid retrograde activation and the distal RB-A interval as well as the tachycardia cycle
length shorten. RA, Right atrium; RV, right ventricle.

markedly prolonged conduction in the atriofascicular pathway, such
has not been seen by the authors nor reported in the literature.
Bundle branch reentrant VT (BBRVT) typically has a LBBB morphology with an HV interval that is comparable to that seen during
sinus rhythm or somewhat prolonged. The H and RB activations
show an anterograde sequence. Because these tachycardia tend to
have a rapid rate, there is usually VA dissociation. However, when
BBRVT has 1:1 VA conduction, late atrial premature beats will not
be able to advance the next ventricular beat. Early atrial extrastimuli
can potentially advance a slow tachycardia, with similar QRS morphology and His, RB, and ventricular activation sequence. When the
cycle length of the LBBB QRS tachycardia prolongs in association
with retrograde RBBB, one can exclude focal or reentrant VT as

this phenomenon is characteristic of antidromic reentry related to
a right-sided AP.

WPW
Rapidly conducting atrioventricular pathways do not exhibit notable
decremental anterograde conduction, and therefore patients commonly demonstrate preexcitation during sinus rhythm especially with
right-sided pathways. They are frequently capable of retrograde conduction and predominantly presents with orthodromic AV reentry
tachycardia. Antidromic tachycardia occurs in only 10% of patients
and is characterized by a short AV interval, ventricular activation that
is earliest along the tricuspid or mitral annulus, and a wider QRS complex. The QRS tends to have a more slurred onset in the anterior chest
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Fig. 26.8 Prolongation of antidromic atrioventricular reentry tachycardia cycle length as a result of increase in
the VA interval in the setting of transient retrograde right bundle branch block (RBBB). The left panel shows
the reentrant circuit with retrograde conduction via the right bundle (RB). Note that the circuit is shorter than
that seen when there is retrograde RBBB as shown in the right panel. In addition, with retrograde conduction
via the RB, the impulse can spread to the left bundle branch when it reaches the His bundle level. From there,
it can spread down the LB fascicles to activate the lateral myocardium earlier than intramyocardial conduction
from the right ventricle. This earlier activation is as a result of the faster conduction of His-Purkinje system
tissue when compared with myocardial tissue. Thus with the shorter reentrant circuit, QRS durations of the
beats can be somewhat narrower and sometimes show a more inferior axis. (Modified from Sternick EB, Timmermans C, Rodriguez LM, et al. Effects of RBBB on the antidromic circus movement tachycardia in patients
with atriofascicular pathways. J Cardiovasc Electrophysiol. 2006;17:256-260.)
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Fig. 26.9 Confirmation of active participation of an atriofascicular bypass tract in atrioventricular (AV) reentry
tachycardia. An atrial extrastimulus delivered from the high right atrium (HRA) during preexcited tachycardia
that does not affect the atrial activation at the AV nodal region (His catheter), advances the following ventricular, His, and atrial activation with identical QRS morphology, activation sequence, and timing. ABL, Ablation
catheter; CS, coronary sinus; d, distal; m, mid; p, proximal.
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Fig. 26.10 One-to-two atrioventricular conduction over an atriofascicular pathway. Each atrial stimulus gives
rise to 2 ventricular complexes with a short VH interval and retrograde activation over the right bundle branch
from distal to proximal suggestive of dual anterograde conduction over an atriofascicular accessory pathway.
(From Sternick EB, Sosa EA, Scanavacca MI, Wellens HJ. Dual conduction in a Mahaim fiber. J Cardiovasc
Electrophysiol. 2004;15:1212-1215)

leads as a result of slower conduction through the periannular myocardium as opposed to the rapid deflection seen in a typical LBBB QRS
pattern.

compared with long atrioventricular (37 ± 9 ms) and atriofascicular
pathways (16 ± 5 ms).14

Decremental Atrioventricular Pathways

Retrogradely conducting ventricular-nodal pathways have been
demonstrated to participate in narrow QRS tachycardia in some
case reports.9,35–37 However, participation of an anterogradely conducting nodoventricular pathways in a reentrant tachycardia is
controversial. Several criteria would have to be satisfied to demonstrate that such a wide QRS tachycardia indeed involves the AV
node, the nodoventricular or nodofascicular pathway, and retrograde conduction via the His bundle. (See “Atriofascicular Pathway
Variants.”)

The majority of decremental AV pathways insert several centimeters
from the tricuspid annulus via a long, insulated bundle of fibers into
the right ventricle free wall. However, shorter decremental accessory
pathways that insert into the myocardium immediately contiguous
to the tricuspid annulus have been reported. Less commonly we have
even encountered left lateral decremental pathways that insert along
the mitral annulus, and most recently a left-sided decremental pathway
inserting at the outflow region by the left coronary cusp.13 The pathophysiology is also very similar to atriofascicular pathways; however, the
maximally preexcited QRS of right-sided AV pathways typically shows
a LBBB morphology with a wider QRS duration (165 ± 26 vs. 133 ± 10
ms) and broad r waves (>40 ms) in V2–V4 (Fig. 26.11). The further
the ventricular insertion is from the RB the longer the VH interval, as
activation has to go through the more slowly conducting myocardial
tissue. Short AV pathways are characterized by a longer VH interval
during antidromic AV reentry tachycardia (46 ± 22 milliseconds),

Nodoventricular/Nodofascicular Pathways

Fasciculoventricular Accessory Pathways
These types of APs are bystanders and have not been demonstrated
to participate in reentry tachycardia. They present with a minimally
preexcited QRS and a normal PR interval. Rapid atrial pacing and
atrial extrastimuli are associated with prolongation of the AH interval
with a relatively fixed, short HV interval, and minimal changes in the
degree of preexcitation (see following text). Pure His bundle pacing or
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BOX 26.1 Electrophysiologic features of

Atriofascicular Accessory Pathways

General Properties
Obligatory unidirectional conduction in the anterograde direction
Decremental conduction in the proximal segment of the accessory pathway
between A and M potentials.
Nondecremental conduction in the distal segment of accessory pathway with
constant M to RB and V intervals.
Atrial pacing may prolong the AH interval more than the AM interval with
gradual shortening of the HV interval.
Earliest ventricular activation during preexcitation is at the apical RV anterior wall, which precedes local ventricular activation along the tricuspid
annulus.
Commonly sensitive to isoproterenol, adenosine, and occasionally to verapamil.
Features of Antidromic Atrioventricular Reentry Tachycardia
Using an Atriofascicular Accessory Pathway
The atrium and ventricle are essential parts of antidromic macroreentrant circuit with obligatory 1:1 AV relationship
Long AV intervals > 150 ms during preexcited tachycardia
Earliest ventricular activation near the RV apex
RB activation precedes His (except with retrograde RBBB, in which case His
precedes proximal RB)
Rapid simultaneous activation of both His and ventricle with short VH interval
(5-25 ms) except in patients with retrograde RBBB (>80 ms)
Increased VH and VA intervals with transient retrograde RBBB, possibly with
minor changes in QRS morphology, duration, and axis.
A late PAC during AV node refractoriness that advances the V and the subsequent H and A with the exact activation sequence and timing confirms the
active participation of an atriofascicular pathway in AV reentry tachycardia.
Stimulus to QRS can be prolonged during entrainment of a reentry tachycardia
involving a decrementally conducting accessory pathway despite pacing
from within the reentry circuit. However, the PPI will still be equal to the
TCL.
VH is shorter during SVT than during RV pacing at a similar cycle length,
because of simultaneous activation of V and His during tachycardia and
sequential activation during pacing.
HA is equal during SVT and RV pacing at a similar cycle length
A, atrium; AH, atrial-to-His bundle interval; AM, atrial-to-Mahaim potential interval; AV, atrioventricular; LBBB, left bundle branch block; PAC,
premature atrial extrastimulus; PPI, postpacing interval; RB(B), right
bundle branch (block); RV, right ventricular; SVT, supraventricular tachycardia; TCL, tachycardia cycle length; V, ventricle; VA, ventricular-to-atrial
interval; VH, ventricular-to–His bundle interval.

ectopic/escape junctional beats can easily differentiate atriofascicular
from fasciculoventricular pathways, as it normalizes the QRS of the
former, but not the latter.

ATRIOVENTRICULAR NODAL REENTRY
TACHYCARDIA COEXISTING WITH
ATRIOFASCICULAR ACCESSORY PATHWAYS
Because fast and slow pathways are considered normal anatomic
structures of the AV node, dual AV nodal physiology commonly coincide with atriofascicular or slowly conducting long AV APs. Differentiating antidromic atrioventricular reentrant tachycardia (AVRT)
from AV nodal reentry as the driver of the tachycardia circuit may be
complex, and theoretically they both can coexist as a figure-of-eight
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type reentry with the common limb being the retrograde fast nodal
pathway. When the tachycardia shows only partial preexitation of the
ventricle through the AP, that is, there is ventricular fusion, the driver
of the tachycardia is AV nodal reentry. However, when the tachycardia is fully preexcited, the determination of which circuit is driving
the tachycardia can be difficult. Depending on the electrophysiologic
properties of the AP and the slow/fast AV nodal pathways there are
three possible scenarios:
1.	Both antidromic AV reentry as well as preexcited AV nodal reentry can occur, and the circuits are capable of conducting at the
cycle length of the tachycardia (Fig. 26.12). However, one can have
a slightly shorter cycle length and be considered the driver of the
tachycardia. In this scenario, ablation of the faster driving circuit at
a location outside the common pathway would result in shifting of
the tachycardia to the other circuit with only a minor change in the
tachycardia cycle length.
2.	Both circuits can maintain tachycardia, but at different cycle lengths.
This scenario can appear where AV nodal reentry tachycardia may
be the driver, but after ablating the slow pathway, antidromic AV
reentry tachycardia can be sustained, but it occurs at a longer cycle
length. If the cycle lengths have a great enough difference, fusion
of ventricular activation can be seen. Conversely, the AV reentry
tachycardia can be the driver, but after ablating the AP, a narrow
QRS AV nodal reentry would occur at a longer cycle length.
3.	Only AV nodal reentry is capable of maintaining conduction at the
presenting tachycardia cycle length. In this scenario, intermittent
narrow QRS complexes are expected to be seen during tachycardia, as conduction across the AP undergoes a Wenckebach pattern.
After the AP blocks, the AV nodal reentry tachycardia may continue as a narrow QRS tachycardia because of retrograde penetration of the AP blocking further anterograde conduction. AV nodal
reentry will certainly continue with a narrow QRS at the same cycle
length, without evidence of preexcitation, following ablation of the
AP. In this scenario, the AP may still be able to support antidromic
AVRT at a slower tachycardia cycle length (TCL) than the presenting tachycardia.
Therefore the question of whether an AP is a bystander is more complex than a Yes/No type answer. For ablation purposes, unless the AP
is clearly incapable of participating in a tachycardia of concern (scenario 3), the best approach is to ablate the accessory pathway first, then
address whether AV nodal reentry tachycardia remains an inducible
tachycardia. In scenario 3, one should ablate the slow pathway first, and
then test to see if the AP can maintain any tachycardia.

MAPPING
Mapping of atriofascicular APs can be challenging as identification of
the atrial insertion with ventricular pacing is limited by lack of retrograde conduction, whereas mapping of the ventricular insertion can
be difficult because of arborization. Various strategies have been developed to successfully map and ablate atriofascicular pathways.

MAPPING OF ACCESSORY PATHWAY ALONG THE
TRICUSPID ANNULUS
Identification of the M Potential
The most effective method for identification of atriofascicular pathways involves locating the M potential along the tricuspid annulus.14,22,32,38–41 Mapping should be done during preexcited ventricular
activation with right lateral atrial pacing to favor conduction via the
AP or during antidromic tachycardia involving the pathway. At times,
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Fig. 26.11 A 12-lead electrocardiogram of a patient with atriofascicular (AF) accessory pathway (left panel)
and another with atrioventricular (AV) accessory pathway (right panel) during maximal preexcitation. AV pathways have longer QRS duration and broader R waves in the anterior leads (arrow). (From Haïssaguerre M,
Warin JF, Le Metayer P, et al. Characteristics of the ventricular insertion sites of accessory pathways with
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the preexcitation and the M potential may be visible even during
sinus rhythm. Right atrial pacing may be preferred as it reduces the
risk of catheter shift with termination of the tachycardia. The use of
preformed or steerable sheaths is highly recommended to improve
catheter stability and tissue contact. A 3-dimensional mapping system
can be very helpful for locating the AP especially in case of catheter
shift with tachycardia termination or AP conduction block because of
mechanical trauma (see the following text).
Mapping typically begins along the anterolateral free wall of the
right atrium because it is the most common origin of atriofascicular
pathways and its variants. The M potential may vary in amplitude and
frequency, thus careful and thorough but gentle (to avoid mechanical
trauma) mapping of the tricuspid annulus is often needed to locate
it (Fig. 26.13). The site of successful ablation can be identified by
simultaneous recording of an atrial (A) electrogram, a sharp accessory pathway or M potential, as well as a ventricular (V) electrogram
on the distal electrode of the mapping catheter. Unlike standard AV
pathways, local ventricular activation along the tricuspid annulus is
delayed, occurring after the onset of the QRS and after the activation
of the RV apex (see Fig. 26.13). In some circumstances, the M potential may not be visible along the tricuspid annulus. In these cases, one
can search for the M potential in the region between the early right
ventricular activation site and the tricuspid annulus. Identification
of the M potential is paramount in achieving a successful ablation.

of this method, for minor delays in recognition of conduction block
may lead to misidentification of the AP location as the catheter
moves to a different location. In addition, conduction block from
mechanical trauma can last for hours making confirmation of the
successful ablation very challenging and time consuming. Nevertheless, inadvertent mechanical trauma to the pathway on the ventricular side may still preserve the presence of the M potential more
proximally along the tricuspid annulus, even when preexcitation
can no longer be elicited (Fig. 26.15). Thus ablation guided by the
M potential can still be performed successfully.44 We strongly recommend the use of electroanatomic mapping in conjunction with
this method to help track the catheter location as conduction block
in the AP will terminate the tachycardia and may lead to inadvertent
catheter movement.

IDENTIFICATION OF THE ATRIAL INSERTION
Shortest Stimulus to the Fully Preexcited Ventricular
Electrogram
The atrial insertion site could also be identified as the site of shortest stimulus to the fully preexcited ventricular interval during constant atrial pacing.16,39,45 The closer the atrial stimulation site is
to the pathway, the shorter the stimulus to QRS interval. An RV
activation site can similarly be used as a surrogate for the preexcited QRS. Difficulty in stabilizing the catheter along the tricuspid
annulus at a constant distance during rapid pacing, inconsistency
in capturing the atrium in certain locations, and identification of
multiple regions with similar stimulus-to-QRS intervals that may
be related to changes in the conduction velocity over the pathway
with changes in the autonomic tone complicate this technique.
Often a 3-dimensional activation mapping system is used to aid in
visual representation of the stimulus to ventricular activation interval. Pacing should be done at low amplitude to avoid capturing a
wide area of atrial myocardium, and intracardiac echocardiography

CATHETER-INDUCED MECHANICAL
CONDUCTION BLOCK
Atriofascicular pathways are typically superficial and are subject
to intermittent conduction block with mechanical trauma near the
atrial insertion (Fig. 26.14). By serially applying pressure at different
sites along the tricuspid annulus via the tip of the catheter, the AP
can be located at the site of loss of preexcitation or at the site of termination of antidromic tachycardia.22,42,43 However, we believe that
this technique should be used sparingly because of the inaccuracy
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Fig. 26.15 A, Baseline: A small AP potential (arrow) is recorded at the lateral part of the tricuspid annulus
at mid distance between A and V on the proximal electrode of the ablation catheter. B, After mechanically
induced catheter trauma to the AP, a large AP potential (arrow) is recorded on the proximal electrode of the
ablation catheter. C, After repositioning of the catheter, a small AP potential is recorded on the distal electrode of the ablation catheter (arrow). Note the normal QRS configuration in panels B and C as compared
with the left bundle branch block pattern in panel A. (From Belhassen B, Viskin S. Successful ablation of right
atriofascicular pathway guided by pathway potential recording despite catheter-induced mechanical pathway
trauma. Pace. 2011; 34:e118-e121.)
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(ICE) or contact force sensing catheters are often helpful to check
for tissue contact and annular location.

Atrial Extrastimulus During Antidromic Tachycardia
The response to atrial extrastimuli during antidromic tachycardia could
aid in locating the atrial insertion site.16 Mapping the tricuspid annulus and locating the area on the annulus where the latest premature
atrial extrastimulus occurred, which without affecting the activation
of the atrial tissue surrounding the AV node can reset the tachycardia, advancing the next QRS and His, identifies the area closest to the
atrial insertion of the pathway. The technique is technically challenging
and time consuming and has the same limitations as mapping with the
shortest stimulus to preexcited QRS technique. A 3-dimensional mapping system and often ICE are highly recommended.

IDENTIFICATION OF THE VENTRICULAR INSERTION
Targeting the distal ventricular insertion is difficult because it often
extends over a large area.14 Mapping involves identifying sites with a
QS pattern on unipolar electrograms or sharp potentials fusing with the
earliest bipolar ventricular potentials.46 Pace mapping has been rarely
used to identify areas with a paced QRS complex that exactly matches
the maximally preexcited or antidromic tachycardia QRS morphology
and duration.46–48 In preexcited tachycardia associated with decrementally conducted APs that do not insert into the HPS, such mapping can
more readily identify a successful ablation site. Typically, these insertions are closer to the AV annulus and there is minimal arborization of
the ventricular insertion site. This technique can also be helpful when
attempting to ablate a decremental AP during atrial fibrillation.47

ABLATION
Radiofrequency (RF) ablation of atriofascicular pathways and its variants is highly effective, with a success rate of 90% to 100%.16,18,24,34,41.42
The catheter ablation procedure usually requires venous access only as
the pathway is most commonly right sided. The standard approach is
through the femoral vein, although an internal jugular venous access
may occasionally be helpful in some difficult cases. Long and steerable
sheaths can help in stabilizing the catheter near the tricuspid annulus.
Rarely left-sided decremental APs may be encountered and require
arterial or transseptal access (see the following text). Steerable RF
ablation catheters, with or without an irrigated tip, are used for mapping and ablation, guided by fluoroscopy in the left anterior oblique
view.
The outcome of ablation is dependent on the mapping technique
used. Identifying and ablating the Mahaim potential is the gold standard
and is associated with a 100% success rate when achieved.14,22,32,39,40
The ablation catheter is maneuvered along the tricuspid annulus to
locate the M potential during right atrial pacing or antidromic atrioventricular tachycardia. RF energy can be delivered from the atrial or
ventricular aspect of the tricuspid annulus depending on catheter stability. Ablation is preferably performed during atrial pacing or sinus
rhythm to avoid catheter shift that may occur with termination of an
antidromic tachycardia. Ablation can also be performed during preexcited atrial fibrillation; however, mapping of the AP potential is usually not possible at the level of the tricuspid annulus as a result of the
interference form the irregular atrial electrograms, and is usually performed more distally at a subannular location closer to the ventricular
insertion (Fig. 26.16).41,47 Alternatively, catheter-induced mechanical
trauma can be used to identify the location of the AP along the tricuspid annulus guided by loss of the preexcitation.42 If possible, we
recommend performing cardioversion and mapping and ablating in
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Fig. 26.16 Mapping and ablation of the distal part of the accessory pathway during preexcited atrial fibrillation. At the successful ablation site,
a regular sharp potential is seen preceding the QRS by 20 ms. It is separated from the local ventricular electrogram by a fixed interval on the
mapping catheter at a location close to the ventricular insertion at the
apical right ventricular free wall. HRA, High right atrium; Map, mapping
catheter; RVA, right ventricular apex. (From Kottkamp H., Hindricks G.,
Shenasa H., et al: Variants of preexcitation—specialized atriofascicular
pathways, nodofascicular pathways, and fasciculoventricular pathways:
electrophysiologic findings and target sites for radiofrequency catheter
ablation. J Cardiovasc Electrophysiol. 19967:916-930.)

sinus rhythm or during atrial pacing targeting the M potential at the
tricuspid annulus.
Loss of preexcitation is expected within a few seconds of application of RF energy at the optimal ablation site. To avoid tissue edema
that may limit the ability to ablate the AP, energy delivery should be
interrupted and further mapping performed if preexcitation persists. RF energy application in the region of the M potential will often
result in an automatic rhythm with a morphology similar to that of
the antidromic tachycardia or maximally preexcited QRS.22,39,49 This
phenomenon is comparable to the accelerated junctional rhythm seen
while ablating the slow AV nodal pathway (Fig. 26.17), and similarly
is absent if cryothermal applications are used for ablation. Persistence
of preexcitation during this automatic rhythm should not be misinterpreted as inaccurate location. In fact, it is a sign of a good location
for energy delivery and is associated with a successful outcome.49
We recommend energy delivery until no more automatic rhythm is
seen during ablation. Recurrence is more common with the use of
catheter-induced mechanical trauma for mapping. In a study involving
11 patients, catheter-induced mechanical trauma was used to identify
the location of the AP in eight patients: six during atrial pacing and
two during atrial fibrillation. Despite multiple RF energy applications,
preexcitation recurred within 12 hours in all six patients who were
ablated with this mapping technique, necessitating a repeat ablation.42
In another study, four out of five patients with atriofascicular pathways
had immediate recovery of conduction within less than 1 minute of
mechanical trauma, allowing for immediate ablation with a long-term
success rate of 75%. One patient had prolonged conduction block as a
result of mechanical trauma leading to termination of the procedure
without delivering any ablation lesion.43
The atrial insertion site is often targeted when the M potentials cannot be located. However, this technique is often complicated and time
consuming. A higher number of RF applications are commonly needed
to achieve conduction block with this technique, compared with targeting the M potential, suggesting lower accuracy.16,41,44
Ablation of the ventricular end of the AP is possible despite the
large area on insertion; however, it is complex and less successful.14,46,50
Injury of the right bundle is not uncommon with this approach and
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Fig. 26.17 Automatic tachycardia during radiofrequency ablation of a decrementally conducting accessory
pathway. Runs of automatic tachycardia with a QRS morphology that is similar to that of the preexcited
rhythm are triggered by radiofrequency (RF) ablation of the M potential. A, The frequency and rate of automatic tachycardia is high initially. B, It progressively decreases as the RF application is continuously delivered.
C, The automatic tachycardia stops as the accessory pathways is successfully ablated. (From Sternick EB.,
Gerken LM., Vrandecic MO., et al. Appraisal of Mahaim automatic tachycardia. J Cardiovasc Electrophysiol.
2002; 13:244-249.)

theoretically may be proarrhythmic by prolonging the reentry circuit,
as the impulse has to cross the septum and use the left bundle for retrograde conduction.

TROUBLESHOOTING THE DIFFICULT CASE
Catheter Stability and Tissue Contact
Mapping and ablation of the atriofascicular pathways along the
tricuspid annulus by targeting the M potential can be challenging.
Stabilizing the ablation catheter at that location may be difficult,
especially when mapping is performed during antidromic tachycardia as a result of the vigorous movement of the annulus and risk of
catheter movement with termination of the tachycardia. The acute
angle needed to reach this location when a femoral approach is used
can also affect catheter stability. The use of a long precurved sheath
or a steerable sheath can be helpful. In addition, the use of ICE and
contact force monitoring catheters can help insure adequate tissue
contact.
When faced with a challenging case, we recommend the use of
3-dimensional electroanatomic mapping to mark the location of the
AP during antidromic tachycardia, which can be verified and ablated
in sinus rhythm or during atrial pacing to improve stability. Simultaneous pacing of the right atrium and the right ventricle can be used
to lessen the rocking motion of the lateral tricuspid annulus during
ablation. Alternative approaches such as using the internal jugular vein

for access, which will allow the catheter to reach the tricuspid annulus
with less curvature, should be considered. Another option is cryoablation, as tissue contact is maintained once the temperature drops and
the catheter freezes to the tissues.

Difficulty Identifying the M Potential
In cases where the M potential cannot be found along the tricuspid
annulus, the atrial or ventricular insertion sites may be targeted. As
mentioned before the atrial insertion site could be identified during
constant atrial pacing as the site of shortest stimulus to fully preexcited
ventricular activation, to the right ventricular electrogram, or during
antidromic tachycardia via the response to atrial extrastimulus. These
methods are often complex, time consuming, and less accurate. Use
of a 3-dimensional activation mapping system may improve precision. Another alternative method would be to target the ventricular
insertion; however, these pathways typically manifest a wide early activation area, and extensive ablation may be needed to achieve conduction block. Incomplete ablation at the insertion site theoretically may
be proarrhythmic by facilitating antidromic tachycardia occurrence
because of slower conduction into the His bundle induced by the ablation. Use of serial application of mechanical trauma along the tricuspid
annulus is not advisable. The technique is imprecise and is associated
with a higher failure rate.42,43 Prolonged but transient conduction block
that last for several hours commonly occurs, with recurrence of preexcitation after the termination of the procedure.
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Fig. 26.18 Schematic illustration of the anatomy of atriofascicular pathways and their variants. AV, atrioventricular; RBB, right bundle branch. (From Sternick EB, Wellens HJJ. Historical notes and classification of
variants of ventricular preexcitation. In: Variants of Ventricular Preexcitation. Malden, MA: Blackwell Futura;
2006:1-6. With permission.)

Loss of Accessory Pathway Conduction Because of
Mechanical Trauma

Atriofascicular pathways and its variants are prone to mechanical
trauma. Despite careful catheter maneuvering, prolonged conduction
block may occur with relatively mild trauma. As mentioned before
3-dimensional electroanatomic mapping may help locate the AP by
identifying the last catheter location before conduction block and loss
of preexcitation. Ablation may be performed at this site after recovery
of AP conduction, which may require several hours of waiting. Ablation
may be delivered at this site if recovery of conduction does not occur in
a reasonable amount of time; however, this approach has a much lower
success rate. Confirmation of immediate procedural success is problematic if ablation is performed before recovery of conduction.

ATRIOFASCICULAR PATHWAY VARIANTS
This entity includes various APs that share common electrophysiologic properties with an atriofascicular pathway. They typically exhibit
decremental antegrade conduction, and except for nodoventricular/
nodofascicular pathways, they almost never conduct retrogradely.
They are best categorized based on their origination and insertion
site rather than their conduction properties (Fig. 26.18). They include
accessory AV pathways, accessory nodoventricular pathways, and fasciculoventricular pathways. They most commonly insert on the right
side, leading to preexcitation with a LBBB morphology. Left-sided decremental pathways are rare exceptions and present with tachycardias
with a RBBB morphology. Despite being rare, it is important to distinguish the various types of APs with decremental conduction, as their

diagnosis requires special electrophysiologic testing, and not all require
ablation therapy.

ATRIOVENTRICULAR PATHWAYS WITH
DECREMENTAL CONDUCTION
Decrementally conducting AV pathways are divided into two categories: short and long.

Short Decremental Atrioventricular Pathways
Short AV pathways are most commonly found more laterally at the
right free wall. Both the atrial and ventricular insertions are close
to the tricuspid valve annulus. The distal insertion is typically more
localized than those of the long AV and atriofascicular pathways and
can be located at the base of the RV away from the right bundle and
HPS.
Prolongation of conduction across the AP by more than 30 ms
with rapid pacing is consistent with decremental properties.51 As with
atriofascicular pathways, short AV pathways typically only conduct
anterogradely. They sometimes respond to lidocaine and are less sensitive to adenosine.52 The preexcited QRS has a less typical LBBB pattern and a wider QRS than those seen with atriofascicular and long
AV pathways. During antidromic AV reentry tachycardia or maximal
preexcitation with rapid atrial pacing over a short AV pathway, the
His potential commonly falls within the QRS and the VH interval is
long in duration (46 ± 22 ms) because of the distance from the ventricular insertion to the RB. It can prolong further with retrograde
RBBB.
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Short decremental AV pathways can be mapped and ablated near
the tricuspid annulus by identifying the earliest ventricular activation
during atrial pacing.14
Iatrogenically acquired decremental AV pathways that develop
after RF ablation of nondecremental WPW pathway have been
reported.53 Decremental conduction was defined as 30 ms or more
cycle length dependent prolongation of the P-delta interval. Those
cases were adenosine-sensitive and were more commonly located
along in the coronary sinus. Repeat ablation successfully eliminated
those pathways.

Long Decremental Atrioventricular Pathways
The anatomy and pathophysiology of long AV pathways are very similar to those of atriofascicular APs. They consist of long insulated fibers
that insert away from the tricuspid annulus at the middle of the right
ventricular free wall. The only difference is that the distal insertion is
more separated from the right bundle branch by regular myocardium.
A His-like structure can be usually identified near the annulus, and
extensive arborization of the ventricular insertion over a wide area is
also common.14
Similar to atriofascicular pathways the 12 lead ECG usually shows
no or minimal preexcitation at rest that widens with more rapid heart
rates. The maximally preexcited QRS classically has a LBBB morphology as the vast majority of these pathways are right sided. The main
difference between long atrioventricular and atriofascicular pathways
is the longer ventricular-His (VH) interval (37 ± 9 ms vs. 16 ± 5 ms)
during antidromic AV reentry tachycardia or maximal preexcitation
with rapid atrial pacing.14
Long decremental AV pathways are mapped and ablated near the
tricuspid annulus by targeting the M potential similar to those found
with atriofascicular pathways.

LEFT-SIDED DECREMENTAL ACCESSORY
PATHWAYS
Although decrementally conducting pathways are predominantly
right sided, left-sided bypass tracts can be occasionally encountered.
They are mostly atrioventricular APs and can insert along the mitral
annulus, the mitral–aortic junction,12 and even the left coronary
cusp.13 Only a single left atriofascicular pathway has been previously
described.9
Left-sided pathways have similar electrophysiologic properties
as right-sided pathways and have been associated with antidromic
AV reentry tachycardia with a RBBB pattern, when the pathway has
a lateral ventricular insertion (Figs. 26.19, 26.20, 26.21), or a LBBB
pattern, when myocardial insertion is more septal or near the aortic
cusp (Fig. 26.22). Initiation of the tachycardia with atrial premature
beats depends on a critical difference in the refractory periods of the
AP and the AV node causing anterograde block to occur in the AV
node but not in the AP with atrial pacing. Delay in the AP conduction
allows enough time for recovery of retrograde conduction through the
AV node. Very rarely, tachycardia can be initiated following a 2-for-1
AV conduction with a single atrial stimulus triggering two ventricular
responses (see Fig. 26.20). As with right-sided pathways, tachycardia
can frequently be more readily initiated by pacing from the ventricle
near the AP insertion. Near concealed entrainment with a postpacing
interval (PPI)=TCL can be observed with pacing from the atrium near
the AP insertion (see Fig. 26.21).
Ablation of the left-sided pathway can be achieved by mapping the
earliest ventricular activation during maximal preexcitation with atrial
pacing or during antidromic AV reentry tachycardia. The insertion is
commonly localized near the annulus and far from the His-Purkinje
system.
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Fig. 26.19 Initiation of antidromic atrioventricular (AV) reentry tachycardia with burst pacing from the coronary
sinus at a cycle length of 440 ms. The last paced beat leads to a double activation pattern, with a narrow QRS
complex (2nd QRS) secondary to conduction down the His-Purkinje system (HPS) and a wide QRS complex
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accessory pathway allows the HPS to recover and conduct retrogradely to complete the reentry circuit.
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Fig. 26.20 Initiation of antidromic atrioventricular (AV) reentry tachycardia with 1 to 2 AV response with coronary sinus burst pacing. Both atrial paced beats conduct with a 1 to 2 AV response. The third QRS complex is
a result of fusion between the slow decremental conduction down the left anterior lateral accessory pathway
from the first atrial paced beat and conduction down the HPS from the second paced beat. Antidromic AV
reentry is initiated with slow decremental conduction from the second atrial paced beat.
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Fig. 26.21 Concealed entrainment of the antidromic atrioventricular (AV) reentry tachycardia with burst pacing from the left atrium near the anterior lateral mitral valve annulus. Tachycardia accelerates from 445 ms to
the pacing cycle length (PCL) of 410 ms with burst pacing. The Stim-V exceeds the tachycardia cycle length.
The QRS morphology with burst pacing is exactly similar to the tachycardia morphology denoting concealed
entrainment.

NODOVENTRICULAR AND NODOFASCICULAR
ACCESSORY PATHWAYS
Mahaim et al. were the first to histologically describe myocardial fibers
connecting the AV node region to the septal ventricular crest and conjectured about their functional significance.1 Physiologically functioning nodoventricular or nodofascicular pathways appear to be the least
common type of atypical decremental pathways. They are postulated to

connect the AV node to the ventricular tissue near the tricuspid annulus along the midseptum (nodoventricular) or the HPS along the the
right bundle or the left posterior fascicle (nodofascicular).
Nodoventricular/nodofascicular were proposed to conduct antegradely and derive decremental conduction properties from their
origin in the AV node.54 However, the majority of antidromic reentry tachycardias that were first believed to be caused by such pathways
were actually most likely atriofascicular pathways. Currently, the ability
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Fig. 26.22 Initiation of antidromic atrioventricular (AV) reentry tachycardia utilizing a left-sided decrementally
conducting atrioventricular accessory pathway inserting into the left coronary cusp with burst pacing from
the CS at a cycle length of 340 ms. The last paced beat conducts anterogradely down the accessory pathway
with left bundle branch block morphology and initiates an antidromic AV reentry with retrograde conduction
over the slow AV node pathway.

of nodoventricular/nodofascicular pathways to participate in antidromic reentry tachycardia remains controversial despite some case
reports suggesting the presence of such a pathway participating in a
reentrant tachycardia.55 Several criteria would have to be satisfied to
demonstrate that such a wide QRS tachycardia indeed involves the AV
node, the nodoventricular or nodofascicular pathway, and retrograde
conduction via the His bundle. The wide QRS tachycardia circuit must
be independent of atrial activation. Thus a firm demonstration of VA
dissociation would be one requirement. For nodoventricular pathways,
entrainment from the ventricle at a site near the early activation of the
preexcited tachycardia showing fusion and a PPI close to the tachycardia cycle length would demonstrate participation of ventricular tissues
in the reentrant circuit. The VH interval during tachycardia should be
similar to or longer than VH during RV apical pacing. In contrast, the
VH interval during a nodofascicular reentrant tachycardia should be
short and less than the VH during RV apical pacing. Atrial pacing, via
either a single beat or burst pacing, which results in termination of the
tachycardia without advancing the QRS or preexciting the retrograde
His, would prove AV nodal involvement of the reentrant circuit. Lastly,
overdrive atrial pacing during tachycardia that conducts with a similar
QRS morphology as the preexcited tachycardia would exclude VT and
confirm participation of an anterogradely conducting nodoventricular/nodofascicular pathway in the tachycardia.
By contrast, participation of ventricular nodal pathways in narrow
QRS tachycardia with VA dissociation is well documented.9,35–37 The
atrium is not a prerequisite for the maintenance of a reentry tachycardia using this type of pathways, as the upper turning point is at or just
below the AV node (Fig. 26.23).
In this situation the differential diagnosis includes AV nodal reentry or junctional tachycardia with retrograde block to the atrium. A
His refractory PVC that terminates the tachycardia or advances/delays
the next His and QRS and resets the tachycardia can exclude AV nodal
reentry and junctional tachycardia, and confirm the mechanism of the
SVT.35–37 AV nodal reentry and junctional tachycardia with VA block
can also be excluded if the PPI during ventricular overdrive pacing is

close to TCL or if entrainment from the RV near the accessory pathway
insertion shows fixed fusion (see Fig. 26.23). Finally, catheter-induced
ipsilateral BBB may also assist in the diagnosis, as it may be associated with prolongation of the HA interval and the cycle length of the
tachycardia involving a concealed nodofascicular or nodoventricular
pathway because of involvement of the HPS in the reentrant circuit,
but such is not the case in AV nodal reentry or junctional tachycardia.
However, this may not occur if the AP originates at a site along the septum where right bundle and left bundle activation wave fronts typically
collide during sinus rhythm.

MAPPING AND ABLATION
Successful ablation of manifest nodoventricular/nodofascicular pathways has been reported by targeting the slow atrioventricular node
(AVN) pathway region.55 Alternatively, one can ablate the earliest ventricular activation during atrial pacing with maximal preexcitation or
during antidromic tachycardia involving a nodoventricular pathway.
Ablation of concealed nodoventricular pathways is more challenging than other atypical APs because of the proximity to the AV
node, which increases the risk of complete heart block with ablation.
RF energy has been used in the majority of reported cases; however,
cryoablation is another option. Several techniques have been developed
to map and ablate the distal part of the accessory pathway, especially
in patients presenting with narrow complex tachycardia. Mapping the
midseptum and ablating the distinct AP potential have been previously reported;9 however, it may be hard to differentiate it from the
RB potential. A more elegant way to identify the distal insertion is to
target the site at which maximum advancement of the His potential
can be achieved with a single extrastimulus with a fixed coupling interval during orthodromic tachycardia.36,37 Alternatively, performing a
PPI map by entraining the tachycardia at various locations along the
midseptum can identify the ventricular insertion as the site where near
concealed entrainment occurs with the shortest stimulus-His and the
shortest PPI.35

CHAPTER 26
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Fig. 26.23 Entrainment of a narrow complex tachycardia with ventriculoatrial dissociation confirms the participation of a ventriculonodal accessory pathway in tachycardia. Manifest entrainment with a QRS morphology
that is close to that of the tachycardia (constant fusion) is seen with pacing from the right ventricle within the
reentrant circuit. The postpacing interval at the pacing site is equal to the tachycardia cycle length with a similar QRS morphology and HV timing. The first unpaced QRS (arrow) is at the cycle length of pacing showing
that a large part of the ventricle is in the orthodromic arm of the entrainment activation. These observations
confirm the participation of a ventriculonodal pathway in the tachycardia and excluding atrioventricular nodal
reentry or junctional tachycardia.
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Fig. 26.24 Surface electrocardiogram and intracardiac electrogram in a patient with a fasciculoventricular
bypass tract. The first beat is a sinus beat conducting with normal PR and A-H intervals and short H-V interval.
The second and third beats are junctional extrasystoles conducting with the same short H-V interval and fixed
degree of preexcitation.

FASCICULOVENTRICULAR ACCESSORY PATHWAYS
This is a rare form of AP that has not yet been implicated in reentry
tachycardia, but acts as an innocent bystander leading to minimal preexcitation, left axis deviation with a QRS duration of 90 to 120 ms.2,56

Although these pathways are referred to as accessory pathways, they may
well be just a variant early branching of the HPS into the upper septal
myocardium. Electrophysiologic features include normal PR and AH
intervals and short HV intervals (<35 ms). Atrial pacing is classically
associated with AH prolongation and a fixed degree of preexcitation
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and short HV interval.57 Preexcitation may increase if conduction
delay occurs in the HPS below the origin of the pathway and decrease
with increased HV intervals if delay occurs within the pathway. A fixed
degree of preexcitation and a short HV interval with His bundle pacing
or junctional rhythms (Fig. 26.24) can easily differentiate fasciculoventricular APs from atriofascicular and atrioventricular APs, as well as

other forms of APs in which His pacing or junctional rhythm will lead
to predominant ventricular activation over the His-Purkinje network,
with loss of preexcitation and increase in HV interval. Differentiation
is important as fasciculoventricular pathways do not require ablation
or medical therapy. The fast conducting property of these pathways is
not conducive to generating a reentrant tachycardia.  
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Special Problems in Ablation
of Accessory Pathways
Allan C. Skanes, Lorne J. Gula, Jason Roberts, Peter Leong-Sit, Raymond Yee,
Basilios Petrellis, George J. Klein
KEY POINTS
• Th
 e approach to the difficult accessory pathway ablation is, first,
to exclude cognitive ablation failure by confirming the tachycardia
diagnosis and reevaluating the electrograms.
• Second, use a systematic approach to identify contributing
technical factors, such as pathway-related factors (including
location and atypical configuration) and associated cardiac
structural abnormalities.

• F
 inally, devise an appropriate strategy. This may include
optimizing pathway localization, adjusting the ablation approach
to improve stability and tissue contact, and changing the ablation
modality (conventional vs. saline-cooled radiofrequency ablation
or cryoablation).

The atrioventricular (AV) groove is normally composed of fibrous tissue devoid of electrical conductive properties; this commits ventricular
activation to proceed over the specialized AV conduction tissue, the
His–Purkinje system. Accessory pathways (APs) are considered a remnant of incomplete separation of the atrial and ventricular myocardium
by the annulus fibrosus during cardiogenesis. These resulting myocardial bridges are capable of electrical conduction that may facilitate early
ventricular activation and provide the arrhythmogenic substrate for
AV reentrant tachycardia.
Because of its low risk and high efficacy, catheter ablation is firstline therapy for symptomatic and some asymptomatic patients with
APs.1,2Ablation of APs was historically achieved first by surgical dissection and subsequently by direct current energy applied through
transvenous catheters. The first successful catheter ablation of an AP
using radiofrequency (RF) energy was performed in 1984.3
Although successful pathway elimination is achieved in more than
95% of cases, primary success is occasionally elusive, resulting in
lengthy procedures or multiple attempts. Furthermore, AP conduction
may return after initial success. This chapter aims to outline problems
that may be encountered during ablation of APs and to propose practical solutions.

MISDIAGNOSIS

GENERAL CONSIDERATIONS
The incidence of successful elimination and recurrence after RF catheter ablation of APs has been well documented.4–12 Initial ablation
success is highest for left-sided pathways (97%) and is lower for rightsided pathways (88%) and septal connections (89%). Recurrence is also
less frequent at the left free wall locations (5%) than at the right free
wall (17%) and septum (11%).
Failed RF catheter ablation of APs is most frequently related to
technical difficulties or misdiagnosis (Box 27.1). Other factors are the
coexistence of structural cardiac abnormalities, atypical pathway configuration, and high-risk AP locations, such as those adjacent to the AV
node or within the coronary sinus (CS).

Misinterpretation of electrophysiologic data, by failure or inability to
recognize atrial or ventricular activation sequence or AP potentials,
prohibits accurate pathway localization. Appropriate interpretation of
data may be precluded by factors attributable to the AP, such as overlapping electrograms, which are often seen with multiple and right freewall pathways (Fig. 27.1), or distorted low-amplitude electrograms at
the site of RF lesions in patients with a previously unsuccessful ablation
attempt.
Incomplete mapping may prevent accurate localization, a point
of particular relevance to posteroseptal APs. If thorough mapping at
the posteroseptal region on the right fails to identify a successful ablation site, careful mapping of the CS and the left posteroseptal region
is essential. In the event that an epicardial pathway is suspected, CS
angiography may identify a coexistent CS diverticulum or aneurysm.
A complete initial electrophysiology study is necessary to exclude an
unrecognized or unexpected tachycardia mechanism, because APs, AV
nodal reentrant tachycardia (AVNRT), and ectopic tachycardias infrequently coexist. Furthermore, successful AP ablation may lead to the
emergence of a latent AP, causing symptom recurrence and need for a
repeat procedure. A repeat diagnostic study after presumed successful
pathway ablation is strongly recommended to exclude this possibility.
A number of published series have identified factors associated
with difficult or failed ablation and recurrence of AP conduction.13–17
In a retrospective analysis, Morady and associates identified six factors
contributing to a failed or prolonged ablation session.14 In the failure
group, the proportion of APs located at the right free wall was significantly greater than in the overall group (29% vs. 16%), with right
anterolateral and right posterolateral locations specifically overrepresented. Of the six factors associated with initial ablation failure, problems related to catheter stability and inaccurate pathway localization
accounted for most cases (48% and 26%, respectively). Other contributing factors were the presence of a putative epicardial pathway (5%),
recurrent atrial fibrillation interfering with mapping (3%), unusual AP
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BOX 27.1 Causes of Failed Catheter

Ablation of Accessory Pathways

• Misdiagnosis
Misinterpretation of electrophysiologic data
Previous ablation, low amplitude, or distorted electrogram recordings
Incomplete electrophysiology study, inaccurate pathway localization,
incomplete mapping
Multiple tachycardia mechanisms (e.g., AP with AVNRT or ectopic tachycardia, pathway-to-pathway tachycardia)
• Inability to Heat
Catheter instability, poor tissue contact, difficult access to target site
Pathway location beyond range of RF lesion size (e.g., epicardial location)
• Associated Structural Cardiac Abnormalities
Ebstein anomaly
Persistent left-sided superior vena cava
• Atypical Pathway Configuration
Multiple APs
Oblique APs
Epicardial APs
Atypical AP connections
• High-risk AP Location
Adjacent to the AV node: midseptal or anteroseptal pathway (risk of inadvertent AV block)
Epicardial APs: Accessible within the coronary sinus or associated with
diverticulum (risk of arterial stenosis–circumflex artery or distal right
coronary branches)
AP, Accessory pathway; AV, atrioventricular; AVNRT, atrioventricular nodal
reentrant tachycardia; RF, radiofrequency energy.

anatomy (1.5%), and procedure-related vascular complications preventing an ablation attempt (3%). Other series reproduced these findings, with the addition of time to conduction block as an added factor
predicting recurrence13,15
A more contemporary 14-year single center experience, as
described by Belhassan in 2007, reconfirmed these findings. Recurrent
accessory conduction was observed in 24.2% right free wall, 16.7%
midseptal, 14.3% right anteroseptal, 13% posteroseptal, and 5% left
free wall pathways.16 A contemporary analysis of 89 patients referred
to three international centers for repeat ablation noted similar findings.17 Repeat procedures were successful in 81 patients (91%); factors associated with initial failure are very similar to those identified
through the late 1990s. Interestingly, likely because of greater catheter
stability using a transseptal approach and saline-irrigated catheters,
left lateral pathways appeared to be underrepresented among ablation
failures over time. Otherwise, catheter stability, inaccurate pathway
localization, epicardial pathways, multiple or broad pathways, and
proximity to the AV node continued to challenge even experienced
operators. Thus the initial work by Morady continues to form a
relevant framework for considering factors associated with AP
ablation failure.

Inaccurate Pathway Localization
Inaccurate pathway localization, leading to RF energy application
at inappropriate sites, continues to be a problem, predominantly
under two circumstances, even in contemporary series.14,17 First,
when the surface electrocardiogram (ECG) suggested right posteroseptal preexcitation, but subsequent successful ablation was
achieved at the left posteroseptal region. In the second type, failure
was observed during ablation of unrecognized oblique APs caused
by disparate atrial and ventricular insertions at the AV junction. As
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Fig. 27.1 Misinterpretation of electrophysiologic data may lead to ablation failure. A, Mapping of a right posterior free wall accessory pathway during sinus rhythm. The ablation catheter (Abl) is located at the
atrial aspect of the tricuspid annulus (6 o’clock position, left anterior
oblique 30° projection). At the first inspection, only an atrial electrogram
appears to be recorded. Closer inspection reveals balanced atrial (A)
and ventricular (V) electrograms confirming an annular catheter position. The earlier atrial electrogram is recorded proximally (Ablp) and the
ventricular electrogram distally (Abld). Electrogram fusion is frequently
observed with right-sided accessory pathways, and misinterpretation
can result in failure to identify the successful ablation site. B, Radiofrequency current application at this site eliminated pathway conduction
demonstrated by loss of preexcitation (asterisk) and separation of the
previously fused A and V electrograms. CS, Coronary sinus; d, distal;
HRA, high right atrium; m, mid; p, proximal; RVA, right ventricular apex.

a result, ventricular insertion sites did not correspond to the site
of earliest retrograde atrial activation during ventricular pacing or
orthodromic tachycardia. Similarly, atrial insertion sites were not
identified by the earliest anterograde ventricular activation during
preexcitation. Success was ultimately achieved by identifying the
atrial or ventricular insertion sites on their corresponding side of
the annulus, using appropriate pacing maneuvers, or by ablating
a midportion of the pathway itself, as identified by AP potentials
(Fig. 27.2).
In an attempt to better resolve a number of ablation substrates,
catheters have been developed with the distal ablation tip separated
into discrete, insulated mini-electrodes. In at least one difficult repeat
ablation, a left-sided pathway was successfully mapped and ablated
using 0.8-mm mini-electrodes with 2.5-mm spacing.18 Such catheters
are not irrigated leaving an obvious trade-off for operators using irrigation to mitigate thromboembolic risk on the left or facilitate ablation
within the CS.
Nonfluoroscopic mapping systems have revolutionized atrial
fibrillation and VT ablation. Application of these techniques for AP
ablation has resulted in significant reduction in patient and operator fluoroscopic exposure.19–24 In the pediatric population, particularly sensitive to fluoroscopic exposure, nonfluoroscopic mapping
has improved ablation outcomes as well.25 In a retrospective cohort
of 651 cases, those who underwent 3-dimensional nonfluoroscopic
mapping had higher success rates (97% vs 91%) compared with
those with fluoroscopic approach, despite minimal differences in
baseline characteristics. Recurrence rates were similar (5% vs. 9%).
On multivariate analysis, only 3-dimensional mapping was associated with ablation success (odds ratio [OR] 3.1 [95% confidence
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Fig. 27.2 Demonstration of an accessory pathway (AP) potential using a nonfluoroscopic mapping system.
The electrogram was recorded at the right anterolateral atrioventricular ring adjacent to the blue tags. Ablation
lesions that eliminated AP conduction along with sites of lesion expansion are seen as red tags. In difficult
cases, nonfluoroscopic mapping systems catalog sites of interest. RVA, Right ventricular apex.

interval [CI] 1.44–6.72; P < .01]). There is no reason to believe similar results would not be reproduced in adults. Certainly, the use
of nonfluoroscopic mapping cannot replace careful mapping at the
AV ring, but it should be considered as part of the approach to a
difficult, repeat ablation.

Insufficient Energy Delivery and Heating
Catheter Stability:

Technical considerations such as catheter instability or difficult access
may give rise to poor endocardial contact, leading to insufficient energy
delivery and local heat production at the ablation target. This problem is more frequently encountered with right-sided APs because of
a less clearly defined anatomic groove delineating the tricuspid annulus. Poor energy delivery, indicated by a low power output of the RF
generator during temperature-controlled RF ablation, may achieve the
desired tip–tissue interface temperature, but does not provide adequate
depth of energy penetration for elimination of AP conduction. Tissue
contact and catheter access to the target site are often improved by the
use of long, preformed intravascular sheaths, or deflectable ablation
catheters of varying reach, curve, and tip size, which are designed in
a variety of configurations to allow access to all locations on either the
tricuspid or mitral annulus.
Catheter stability may also be compromised if ablation is performed
during orthodromic AV reentrant tachycardia. Ablation during tachycardia is sometimes necessary if retrograde fusion during ventricular
pacing obscures the pathway location in patients with concealed APs.
Abrupt slowing of heart rate on RF-induced termination of tachycardia
frequently results in catheter dislodgment, preventing full-duration RF
current delivery at the successful site. Entrainment of the tachycardia
by ventricular pacing during ablation overcomes this potential problem.26 While maintaining retrograde activation over the AP, entrainment prevents an abrupt change in ventricular rate, allowing a stable

catheter position during pathway ablation for continued RF energy
delivery despite tachycardia termination.
Even in contemporary ablation series, inability to guide the ablation
catheter to the endocardial target, catheter instability, or inadequate
tissue contact, or a combination of these, has contributed to failed or
prolonged ablation in up to 48% of patients.14–17 Successful pathway
elimination was achieved in some cases by a change in the ablation
approach. Specifically, for left-sided pathways, a retrograde aortic
approach was switched to a transseptal approach; for pathways located
on the right, an inferior vena cava approach was switched to a superior
vena cava approach. In other cases, the use of a long guiding sheath,
multiple operators, or ablation catheters of varying distal configurations
during tip deflection proved successful. The addition of saline-irrigated
ablation, in combination with these steps, has produced mixed results
at initial ablation attempts,27,28 but improved results for initial ablation
failures, especially for posteroseptal or right free wall pathways.17
With the advent of robotic systems, APs have been successfully
ablated using magnetically guided catheters,29 as well as robotically
manipulated sheaths (Amigo;30 Hansen).31,32 Reduced operator fluoroscopic exposure was universally reported, but no obvious increased
ablation success was reported, likely as a result of the low pathway
ablation failure rate and because catheter stability can be improved
manually by experienced operators who are willing to modify their
standard techniques using different sheaths, catheter configurations,
and approaches.
Recently, force sensing at the tip of the catheter has facilitated
pulmonary vein isolation for treatment of atrial fibrillation with
demonstration of improved outcomes.33,34 The same force sensing
technology has been used in AP ablation in case reports only.35,36
Given the high success rates with traditional catheters, it may be
very difficult to demonstrate improvement in outcomes, although
in difficult cases, optimizing force contact will undoubtedly
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facilitate ablation energy delivery and lesion development in individual cases. Routine use is likely limited by cost at this time in
some health care systems.

Saline-Irrigated Ablation
The common use of saline-irrigated ablation has made inability to heat
much less a problem. Saline irrigation reduces interfacial heating and
shifts the point of maximal heating into the tissue rather than focusing it at the tissue surface.37,38 As a result, deeper conductive heating
occurs and produces deeper tissue lesions, an attribute essential for
targets beyond the range of conventional RF lesions, such as epicardial
APs. Before determining that a deeper lesion using saline irrigation is
required, care must be taken to optimize mapping and pathway localization as well as maximize catheter stability. Saline-irrigated ablation
may be able to overcome some, but not all factors associated with insufficient energy delivery and heating.
The routine use of irrigated RF, for left-sided APs may reduce rare
thromboembolic complications. Although intuitively based on the
ablation experience with atrial fibrillation, this has never been proven.
A recent small randomized study demonstrated superiority of irrigated
catheters for successful ablation of posteroseptal and right free wall
APs.27 With time, irrigated RF may become first-line for ablation of
most, if not all APs. Further advances in catheter technology now allow
force contact measurements from the tip of the ablation catheter. This
has been demonstrated to impact outcomes in ablation of atrial fibrillation. It is likely that the selective use of this new technology for difficult pathways will be explored in coming studies. The ability to make
deeper lesions with saline irrigation should not supplant high-quality
mapping. Edema produced by a large number of failed applications can
make further mapping and successful ablation very difficult. In addition, with deeper lesions there is an increased risk of collateral damagerelated injury, commonly to the coronary arteries and its branches.

Specific Challenges:
Coronary Sinus and Epicardial (Intravenous) Accessory
Pathways
At the outset, it is important to clarify that virtually all free wall and posteroseptal APs, regardless of location, are epicardial in anatomic location,
based on available histopathologic data and surgical experience where
virtually all pathways were ablated from the epicardium.39,40 Most course
close to the annulus and can be ablated from the endocardium. On occasion, they connect atrium to ventricle farther from the annulus, deeper in
the fat pad, making endocardial ablation more challenging and emphasizing their epicardial location. This can be particularly true for pathways in
close approximation to the CS and its branches.
The CS originates at its ostium within the right atrium and extends
distally to the valve of Vieussens, where it receives the great cardiac
vein. Other major tributaries are the left obtuse marginal vein, the posterior left ventricular vein (posterior coronary vein or PCV), the middle cardiac vein (MCV), and the right coronary vein, also known as the
small cardiac vein (Fig. 27.3).41
The CS provides a conduit for catheter access, permitting mapping
of left-sided APs adjacent to the mitral annulus and of posteroseptal
(paraseptal) APs traversing the inferior pyramidal space. Moreover, it
provides a means of access to epicardial areas of the myocardium for
potential ablation of epicardial pathways.
A myocardial coat around the CS is present in all individuals.42 It
is composed of bands of muscle arising from the right and left atrial
walls43 and extends in most cases to, and occasionally beyond, the CS
junction with the great cardiac vein. Electrical continuity therefore
exists between both atria and this muscular sleeve.44 The tributaries of
the CS are usually devoid of a myocardial coat. Nonetheless, sleeve-like
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Fig. 27.3 Schematic representation of the coronary venous system. cs,
Coronary sinus; gv, great cardiac vein; iv, inferior left cardiac vein; mv,
middle cardiac vein; ov, obtuse left cardiac vein; rv, right cardiac vein.

muscular extensions covering the proximal portions of the MCV and
PCV are present in 3% and 2% of hearts, respectively, potentially serving as connections between the ventricle and the CS and completing a
CS–AP connection (Fig. 27.4).
The association of CS diverticula with posteroseptal and left posterolateral APs is well documented.45–48 Myocardial fibers found within diverticula frequently connect the ventricle with the CS musculature. Other
anatomic anomalies, such as fusiform or bulbous enlargement of the CS
tributaries, have also been reported to be associated with such connections.
Sun and associates49 identified a CS AP in 36% of 480 patients
with posteroseptal or left posterior APs. During anterograde AP conduction, the presence of a CS AP was established by the recording of
ventricular activation at the MCV, PCV, or neck of a CS diverticulum earlier than endocardial ventricular activation. At the same site,
a high-frequency potential was recorded before the earliest recorded
far-field ventricular potential. This high-frequency potential, analogous to an AP potential, was generated by the muscular extension of
the CS myocardial coat, which formed a connection to the epicardial
surface of the ventricle.
Retrograde angiography in patients with CS AP demonstrated a CS
diverticulum in 21% to 31% of cases, most frequently extending from
the CS and the MCV.50 Fusiform or bulbous venous enlargement was
identified in 9% of patients, but CS anatomy was normal in the remaining 70%, suggesting that most CS APs occur without a diverticulum or
other venous anomaly.
Because of their location, successful ablation of these APs is
accomplished only by RF current delivered within the CS or by direct
percutaneous catheter access to the pericardial space. Specific ECG
features have been described to identify manifest pathways requiring
such an approach.51 A negative delta wave in lead II predicts a successful ablation site within the CS or MCV with a sensitivity of 87%,
but with a relatively low specificity (79%) and positive predictive value
(50%). However, a steep positive delta wave in lead aVR and a deep
S wave in lead V6 (R < S) yield high specificity and positive predictive values of 99% and 91%, respectively, for a successful ablation site
within the CS. These ECG findings, along with a difficult or previously failed ablation attempt, suggest that definition of the coronary
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Fig. 27.4 Schematic for possible anatomic basis of connections between the coronary sinus musculature and
left ventricular (LV) myocardium. The coronary sinus musculature may form extensions (CSE) over the proximal portions of the middle and posterior cardiac veins. If there are also connections between the coronary
sinus musculature and the left (LA) or right (RA) atrial myocardium, the substrate for reciprocating tachycardias is formed. CSAP, Coronary sinus accessory pathway. (From Sun Y, Arruda M, Otomo K, et al. Coronary
sinus-ventricular accessory connections producing posteroseptal and left posterior accessory pathways: incidence and electrophysiological identification. Circulation. 2002;106:1362-1367. With permission.)

venous anatomy, using CT scanning or retrograde CS injection, and
subsequent detailed mapping may prove helpful in identification of
a successful epicardial ablation target. Regardless of these ECG criteria, which are fallible, the practical approach is careful endocardial
mapping in the region of the interest by an experienced operator, with
reversion to an alternate plan if mapping along the usual endocardial
annulus is not productive.
RF ablation within the coronary venous system has been shown
to be successful and safe for the elimination of epicardial APs (Fig.
27.5).52–60 A number of series have demonstrated epicardial AP
potentials within the CS in cases when endocardial ablation has
failed, suggesting a marker for those that might be best approached
this way. Reports of CS injury after RF catheter ablation are infrequent, possibly because of the lack of clinical sequelae and symptoms
of CS stenosis. Nevertheless, RF current delivery within the vein has
been associated with endoluminal thrombosis, stenosis, and acute
occlusion61, perforation leading to cardiac tamponade, and damage
to adjacent structures. The proximity of the right coronary artery and
its AV nodal branch with the proximal MCV, and crossover points of
the left anterior descending and left circumflex arteries with the great
cardiac vein, represent potential sites of susceptibility for coronary
artery spasm or myocardial infarction during RF ablation.62–65 Risk
of arterial injury has been shown to be inversely related to distance
from the artery, with injury rates of 50% within 2 mm, 7% within 3 to
5 mm, and 0% greater than 5 mm from the artery.66 Selective coronary
angiography to delineate the relation of a prospective ablation site to
the coronary arteries is prudent before RF current application within
the CS. Luminal patency may also be reassessed after ablation. Irrigated RF ablation results in a lower incidence of impedance rises and

coagulum formation, but care must be used to prevent arterial injury
given the propensity for deeper lesions. Thorough mapping and the
use of high standards in accepting suitable electrograms for ablation,
including identification of AP potentials, can minimize complications
by reducing the number of required RF current pulses. Failure to
eliminate AP conduction with conventional RF has prompted more
routine substitution with a saline-irrigated catheter.67 Ablation failure
may be related to AP anatomy, such as a broad pathway insertion or
an epicardial location. Conversely, suboptimal energy delivery may
be contributory, as can occur with catheter instability or poor tissue
contact. In these circumstances, successful ablation is often accomplished by enhanced delivery of RF energy to the tissue, which in turn
produces larger and deeper endomyocardial lesions. However, the
benefits of saline-irrigated RF ablation are not without risk. Higher
energy delivery may permit subendocardial tissue temperature to rise
above 100°C. Plasma boiling and tissue desiccation at these temperatures, frequently accompanied by an audible pop, may result in crater
formation and wall rupture. Accordingly, saline-irrigated RF ablation
should be used judiciously, with power limited to 30 W68,69 and at
temperatures not exceeding 45°C, to reduce the risk of steam pop and
perforation.
Cryoablation is the modality of choice for cases in close proximity
to arterial branches.70 Cryothermal ablation within the CS has been
successfully used to eliminate epicardial posterolateral APs.71 Cryolesions are associated with less endothelial disruption and thrombus
formation than RF lesions. Furthermore, the safety of cryothermal
ablation adjacent to the coronary arteries has been demonstrated by
extensive surgical experience72 and by recent catheter-based studies
using animal models.70
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Fig. 27.5 Radiofrequency (RF) ablation within the coronary sinus, fluoroscopic images in the (A) left anterior
oblique and (B) anteroposterior projections. Endocardial RF current delivered adjacent to the mitral annulus
(Map), where local myocardial activation was optimum, failed to eliminate accessory pathway conduction. An
ablation catheter (Abl) positioned within the coronary sinus identified a discrete accessory pathway potential.
Low-power (15 W) RF current delivery at this site resulted in permanent pathway elimination within seconds
of application. Abl, Coronary sinus ablation catheter; CS, coronary sinus; Map, endocardial ablation catheter;
RVA, right ventricular apex.

Pericardial Access for Epicardial Mapping and Ablation
Percutaneous pericardial access for epicardial mapping and ablation
has been used for a number of arrhythmia substrates when endocardial ablation has failed, including APs.73 In an initial series of 10
cases, five had earliest activation recorded epicardially, although three
of these were right atrial appendage to right ventricular pathways.
These were the only three cases successfully ablated from the epicardium. In a more recent series of 21 patients, all of whom had failed
a median two prior ablations, Scanavacca et al. used simultaneous
epicardial (pericardial, subxiphoid) and endocardial access to more
completely map earliest activation.74 AP location was posteroseptal
in 12 (57%), left free wall and left posterior in four (19%), right posterior or right lateral in three (14.2%), and anteroseptal in two (9.5%).
The authors contend that epicardial access contributed to successful
ablation depending on the relative timing of the earliest endocardial
and epicardial mapping sites. In six cases, where epicardial activation
was earlier, epicardial ablation was successful. This included two of
three right lateral pathways, three of 12 posteroseptal pathways, and
one of four left lateral pathways.
At sites where endocardial and epicardial activation were equally
early (n = 3), epicardial mapping was used to direct endocardial ablation with successful ablation in two of three. In a further nine cases,
epicardial sites were later directing the operator back to the endocardium for more thorough mapping resulting is successful ablation in
five. In three cases neither endocardial or epicardial activation was
early, resulting in ablation failure in all three. Four of 12 in the latter
two groups underwent surgical access, cardiopulmonary bypass with
successful cryoablation; one had a large CS diverticulum resected as
part of the procedure.

Septal Pathways
The location of an AP may dictate the need for special consideration of
the ablation approach to reduce potential complications. By definition,
septal APs have an atrial insertion located within the triangle of Koch.
Anteroseptal and midseptal pathways course near the septum in close
anatomic relationship to the His bundle and AV node. As a result, surgical division or RF catheter ablation is associated with an increased
risk of AV block, reported to occur in up to 36% of patients.75,76 In

light of this, ablation of such pathways is often deferred in the absence
of drug-refractory symptoms, a short anterograde effective refractory
period, or rapidly conducted atrial fibrillation.
The risk notwithstanding, several studies have demonstrated effective RF interruption of these pathways with preservation of AV nodal
conduction.77–81 Conventional RF energy with step-up power titration
has been successful with a low incidence of AV block.67 Placement of
a His bundle recording catheter as a reference point allows estimation
of the distance between the ablation target and the AV node. Once a
suitable target without a His bundle recording is identified, RF energy
may be delivered, commencing at a power setting of 10 W. If pathway
interruption has not occurred and AV conduction is unchanged after
10 to 15 seconds, the power is increased by 5 W every 10 to 15 seconds,
with continuous attention given to the earliest recognition of AV nodal
impairment (development of atrium-to-His interval prolongation or
AV block), accelerated nodal rhythm, or catheter displacement. Ablation commencing with a low-power setting has been recommended by
several authors to achieve the desired result, while producing the smallest possible lesion.78–80 Catheter stability can be facilitated in patients
under general anesthetic with judicious use of apnea. The success of
this approach and the frequent observation of temporary pathway conduction block as a result of catheter-induced mechanical trauma attest
to a superficial subendocardial location of these pathways.
An alternative and arguably safer approach for elimination of
septal pathways is cryoablation. The well-established properties of
cryothermy, including reversibility, small discrete lesion size, and
cryoadherence, make this ablation modality particularly suitable if
lesions are required adjacent to the AV node. Stability secures accurate
lesion placement, and reversibility allows functional testing of the target before ablation, a combination that makes inadvertent permanent
AV block an unlikely complication (Fig. 27.6). This technology intuitively offers significant advantages over RF energy for septal pathway
ablation, especially in children and young adults.82
Some anteroseptal APs are in close proximity to the noncoronary cusp (NCC) of the aortic valve. Ablation from within the NCC
using a retrograde aortic approach can be an option for these pathways. Because of the risks involved with high septal ablation from
the right atrium, it is reasonable to map the NCC to assess activation
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Fig. 27.6 Cryoablation of an anteroseptal accessory pathway. A, During ice mapping (–30° C) at the atrial
insertion site, intermittent loss of preexcitation (asterisk) and transient AV block (arrow) is observed with
return of conduction at rewarming. B, Further ice mapping identified a site where loss of preexcitation
occurred without atrioventricular block (asterisk) before permanent pathway elimination. Note that the atrial–
His bundle interval (75 ms) remains unchanged with loss of preexcitation. Abl, Ablation catheter; HBE, His
bundle electrogram.

time in any septal pathway that is anterior to the midseptal region.
The safety and efficacy of an NCC approach to ablation was first
documented in several case reports,83–86 some of which had initial
failed ablation from the septum and subsequently were found to
have earlier atrial activation in the NCC with successful RF ablation
at this site.87 Suleiman et al initially reported successful cryoablation from the NCC88 and then a subsequent case89 in which cryoablation failed but RF ablation then eliminated pathway conduction.
Balasundaram et al.90 used this approach to successfully map and
ablate an anteroseptal pathway in a 4-month-old infant, and presented an excellent image illustrating the relationship of the NCC
to the anteroseptal region (Fig. 27.7). The His bundle enters the
ventricle traversing between the RCC and the NCC. The NCC lies
at a juncture between the upper boundary of the atrial septum and
the posterior right ventricular outflow tract, permitting an alternate
approach to high septal APs, which may be closer to the pathway
and further from the AV node than the high septal approach from
the right atrium. Contrast angiography of the aortic root will show
the catheter in the posterior-most aspect of the aorta in the right
anterior oblique (RAO) projection, and to the left of the His in the
left anterior oblique (LAO) projection. Intracardiac echocardiography (ICE) imaging has also proven helpful in guiding the ablation
catheter to the NCC and then rightward and posterior toward the
AP.91 Xie et al.15 presented a case series that compared seven ablations from the NCC as the initial approach to a septal AP and 10
conventional ablations from the right atrial septum. Ablation from
the NCC was successful in 11 of 12 patients, and from the septum in
five of 12. Transient AV block occurred in three patients with septal
ablation, all of whom had a subsequent successful NCC ablation,
and late AV block occurred in 1 septal patient. Suleiman7 examined
the ECG findings in 3 patients with an AP ablated from the NCC
and found that these patients had a small positive deflection to the

NCC

RA

LA

Fig. 27.7 Cross-sectional anatomic specimen illustrating the relationship of the NCC to high septal accessory pathways. An anteroseptal
accessory pathway is represented by the double line between the right
atrium and the right ventricular outflow tract. The conventional approach
from inferior vena cava to high right atrial septum is indicated by the
solid arrow. The black dot represents the approximate position of the
AV node. The dashed arrow represents the retrograde aortic approach
to the NCC, toward the aortic cusp from the opposite side of the image.
The NCC approach provides an alternate route to the accessory pathway, which can be as or more effective than the atrial route, but at a
greater distance from the AV node. LA, left atrium; NCC, noncoronary
cusp; RA, right atrial. (Modified from Balasundaram R, Rao H, Asirvatham SJ, Narasimhan C. Successful targeted ablation of the pathway
potential in the noncoronary cusp of the aortic valve in an infant with
incessant orthodromic atrioventricular reentrant tachycardia. Journal of
Cardiovascular Electrophysiology. 2009;20:216-220.)

delta wave in lead V1, in contrast to the usual isoelectric or negative
delta wave in patients with a right free wall AP. They also observed
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that the delta wave in lead III was relatively isoelectric or much less
positive than the delta wave in lead II, possibly reflecting the rightward location of the aortic root, and the fact that lead II measures
leftward conduction while lead III measures rightward conduction.
With four possible variables in the approach to the anteroseptal
pathway–atrial, NCC, RF, and cryothermy–a reasonable strategy
would be initial examination of the ECG, and careful mapping of the
annulus along the septum. If the earliest atrial activity during tachycardia or ventricular pacing is above the midseptum, then the NCC
could also be mapped. If the NCC has the earliest retrograde atrial
activity and/or AP potential, then the evidence suggests that cryoablation or RF ablation at this site is effective and relatively safe. If the
NCC signal is not clearly early, and if no His potential is evident, then
initial cryoablation at the atrial septal site would avoid the small risks
involved in arterial access and aortic root cannulation. If cryoablation at the atrial septum is ineffective then an attempt at NCC ablation would be warranted.

must be taken while mapping and delivering RF, or while performing
cryoablation within the sinuses of Valsalva (see Chapter 28).

Atrial Appendage-to-Ventricular APs
Most reported epicardial APs occur adjacent to a CS diverticulum, the
MCV, or the great cardiac vein.94 The atrial appendage-to-ventricular
pathway is a recognized variant of AP connections that is characterized
by an epicardial course connecting the atrial appendage and the ventricular base, most frequently on the right side. Delivery of RF energy
at endocardial sites may be ineffective, resulting in failure of ablation or
recurrence of pathway conduction.
The first histologic documentation of this pathway type was at
autopsy after the sudden death of a pediatric patient with known
Wolff–Parkinson–White syndrome.95 A band-like muscular structure extending from the underside of the right atrial appendage to the
right ventricle was identified during dissection of the right AV groove
(Fig. 27.8). Internally, this structure corresponded to a pouch with a
muscular wall that coursed through the epicardial fat and ultimately
continued into the ventricular myocardium approximately 5 mm from
the annular insertion of the tricuspid valve.
Features suggestive of this pathway variant are as follows: (1) a preexcitation pattern indicative of a right anterior or right anterolateral
pathway; (2) retrograde atrial activation recorded earlier in the right
atrial appendage than at the tricuspid annulus; (3) a relatively long ventriculoatrial (VA) conduction time during tachycardia, consistent with
a long epicardial AP course and earliest ventricular activation recorded
more than 1 cm apical to the tricuspid annulus; (4) failed or transient
loss of pathway conduction with RF delivery at the tricuspid annulus;
and (5) the need for high-energy delivery within the appendage to
achieve permanent pathway elimination.
Arruda and colleagues47 reported three bidirectional APs, each
with an atrial insertion at the atrial appendage, representing less than
0.5% of cases in their series of 646 patients undergoing catheter ablation for the Wolff–Parkinson–White syndrome. After unsuccessful RF
catheter ablation, pathway conduction was eliminated in two patients
by surgical separation of the atrial appendage from the ventricle at a
site distant to the annulus, on the left side in one patient and on the
right side in the other. RF current eliminated conduction in the third

Fibrous Trigone (Aorto-Mitral Continuity Ablation)
Despite the fibrous nature of aorto-mitral continuity and fibrous
trigone, a number of focal tachycardias and APs have been mapped and
successfully ablated in this region, suggesting that muscular fibers may
cross what is otherwise thought to be a predominantly fibrous structure. APs that cross the fibrous trigone are rare but form a particular
challenge for mapping and ablation. It is important to consider such
an AP when traditional mapping of the right and left AV rings fail to
provide early sites of activation, or multiple early sites are found, inconsistent with a single insertion, especially when the diagnostic study is
most compatible with a left or right anteroseptal AP.92 Careful mapping
of the outflow tracts or the sinuses of Valsalva demonstrates the ventricular insertion commonly, rather than the traditional AV ring. On
the left side, this may guide ablation to the aorto-mitral continuity.93
Ablation of these pathways can be challenging because of the proximity
of the atrial insertion to the AV node, and the anatomically unusual site
of the ventricular insertion. Access to these pathways can be uniquely
obtained from the right or left coronary cusp or at the aorto-mitral
continuity, depending on the ventricular insertion. The usual care
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Fig. 27.8 A, Diagram showing the location of an accessory connection joining the floor of the right atrial
appendage (star) to the supraventricular crest. B, The heart is sectioned in a plane to show the four cardiac
chambers from a posterior perspective. The broken line marks the level of the histologic sections shown in C
and D. Note the distance between the pouch (star and arrow) and the hinge of the tricuspid valve (dotted line).
C, This section through the atrioventricular (AV) junction shows the pouch (star) overlying the superior wall of
the right ventricle and the band of accessory tissue (arrow). D, This magnification of the pouch reveals the
muscular band (arrows) from the wall of the pouch to the ventricular myocardium. (From Heaven DJ, Till JA, Ho
SY. Sudden death in a child with an unusual accessory connection. Europace. 2000;2(3):226. With permission.)
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patient when delivered to the tip of the right atrial appendage. Similarly, Milstein and associates50 observed a bridge of tissue crossing
from the base of the right atrial appendage into the fat pad overlying the base of the right ventricle at least 10 mm distal to the tricuspid annulus at surgery. Transection of this tissue resulted in loss of
preexcitation.
Successful RF catheter ablation was also reported by Soejima and
associates;96 however, application of RF current within the appendage
was limited by frequent impedance rises when a 4-mm-tip electrode
ablation catheter was used. High-energy delivery and elimination of
impedance rise was achieved by substitution of an 8-mm large-tip
ablation catheter. Similar advantages are afforded by saline-irrigated
catheters.
Nonfluoroscopic 3-dimensional mapping has also facilitated catheter ablation.97 In the authors’ laboratory, this approach was used in
a patient with three prior unsuccessful ablation attempts. The baseline 12-lead ECG was suggestive of a right-sided AP (Fig. 27.9). In the
electrophysiology study, earliest atrial activation occurred within the
right atrial appendage during orthodromic reentrant tachycardia and
ventricular pacing (Fig. 27.10). Initial ablation attempts were made
using a 4-mm-tip electrode ablation catheter, but successful pathway
elimination within the right atrial appendage was achieved with a
saline-irrigated catheter. Adding complexity to a technically challenging case was the presence of a broad pathway insertion or muscle band
that acted like multiple discrete APs. This feature had undoubtedly
contributed to the failure of previous attempts. Electroanatomic mapping proved invaluable by allowing remapping of earliest retrograde
atrial activation after ablation of successive pathway strands.
Epicardial elimination of an atrial appendage-to-ventricular pathway has been reported in a number of patients who had undergone
multiple unsuccessful endocardial attempts using a percutaneous subxiphoid approach assisted by nonfluoroscopic mapping.98 Of 10 pathways mapped via the epicardium by Schweikert et al., three were right
atrial appendage-to-ventricular pathways.73 All three were successfully
ablated from the epicardium. Mah and colleagues recently reported
a case of a left atrial appendage and two biatrial appendage connections in three children, all refractory to endocardial ablation and all
with very short refractory periods.99 The epicardial approach should

437

be reserved for those appendage-to-ventricular pathways that remain
refractory to endocardial ablation.

Ablation of Accessory Pathways Associated With
Structural Cardiac Abnormalities

APs are commonly associated with a variety of structural heart disorders, including Ebstein anomaly, a persistent left superior vena cava
(LSVC), hypertrophic cardiomyopathy, and l-transposition of the
great vessels. Ebstein anomaly, although rare, is the most common
congenital heart disease associated with the Wolff–Parkinson–White
syndrome.100

Ebstein Anomaly
Ebstein anomaly is characterized by apical displacement of the tricuspid valve into the right ventricle, with atrialization of the area of right
ventricle between the true tricuspid annulus and the anomalous attachments of the septal and posterior leaflets. The atrialized right ventricle
is thinned and dilated, and the remainder of the ventricular chamber is
diminished in size. Associated cardiac anomalies are a patent foramen
ovale, atrial and ventricular septal defects, and right ventricular outflow tract obstruction.
Approximately 20% to 30% of patients with Ebstein anomaly experience AV reciprocating tachycardia,101,102 and the presence of preexcitation with atrial tachyarrhythmias is associated with sudden cardiac
death. Right bundle branch block (RBBB) pattern is typically present
because of posteroseptal conduction delay, and its absence should raise
suspicion of the presence of a right-sided AP that activates the right
ventricle early (masking the RBBB).
Accessory AV connections associated with Ebstein anomaly are
usually right-sided and located along the dysplastic portion of the tricuspid annulus,102 where abnormal endocardial electrograms are frequently recorded.100 These connections, along with difficulty localizing
the true AV groove fluoroscopically, the presence of multiple AV connections in up to 50% of patients,100,102,103 and the presence of significant tricuspid regurgitation, hinder precise pathway localization and
impair catheter stability and tissue contact. These factors ultimately
account for the lower reported rates of success compared with catheter
ablation of pathways not associated with this malformation. RF catheter
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Fig. 27.9 The 12-lead electrocardiogram during sinus rhythm was suggestive of a right-sided accessory pathway.
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Fig. 27.10 A, The mapping catheter identifies the site of successful pathway elimination within the right
atrial appendage [left anterior oblique (LAO) projection]. Elimination of conduction was achieved using a
saline-irrigated ablation catheter allowing higher energy delivery producing a larger, deeper lesion. B, Electroanatomic right atrial activation map constructed during right ventricular pacing (LAO projection). Earliest
retrograde atrial activation was localized to the right atrial appendage (red area). Brown markers indicate ablation sites. Light blue markers outline the tricuspid annulus. HRA, High right atrium; Map, ablation catheter;
RVA, right ventricular apex.

ablation is not limited by previous surgical intervention because successful pathway elimination has been achieved in patients presenting
with cardiac arrhythmias after tricuspid valve replacement.104,105
Cappato and coworkers103 reported their experience of RF catheter
ablation in 21 patients with symptomatic AV reciprocating tachycardia
and Ebstein anomaly. Of the 34 APs identified, all were right sided, with
most located in the posteroseptal (n = 9), posterior (n = 10), and posterolateral (n = 10) positions. Normal endocardial electrograms were
recorded at all sites along the tricuspid annulus with successful abolition of all APs in 10 patients. In the remaining 11 patients, continuous
fragmented electrical activity with multiple spikes was recorded along
the surface of the atrialized ventricle in the posteroseptal and posterolateral regions, permitting conventional endocardial AP localization in
only one patient. In all other patients, epicardial mapping through the
right coronary artery was attempted. Selective right coronary angiography was performed to assess vessel size and an anatomic course confined to the AV groove. An over-the-wire system was used to advance
a 2 F multipolar catheter to map AP potentials and earliest anterograde
ventricular or retrograde atrial activation during slow withdrawal of the
catheter. The intracardiac mapping catheter was then positioned at the
endocardial site that best matched the anatomic location and electrogram configuration recorded by the epicardial electrode pair, and RF
energy was delivered. With this approach, APs were eliminated in five
patients but did not assist pathway localization or could not be performed because of an adverse vessel course in the remaining patients.
Overall, Cappato and coworkers103 reported successful AP ablation
in 76% of patients, compared with their experience of 95% success for
right-sided pathways in the absence of Ebstein anomaly. Factors that
contributed to lower success were (1) abnormal and ill-defined tricuspid annulus anatomy with resultant catheter instability and poor tissue contact and (2) recording of fractionated activation potentials at
the atrialized ventricle, impairing the ability to identify AP potentials
and the site of earliest anterograde ventricular and retrograde atrial
activation.
In another reported series of five patients,106 the importance
of localization of the electrical AV ring, where balanced atrial and
ventricular electrograms were recorded, was emphasized. The inferiorly displaced anatomic annulus was initially mapped and found

to be devoid of balanced electrograms with short AV intervals or
AP potentials. Repositioning of the ablation catheter at the true
annulus, guided anatomically by insertion of a guidewire into the
right coronary artery, identified electrograms in which successful
RF pathway elimination was achieved in each patient. All the AV
connections were located in the right posterior and posterolateral
region.
Reich and colleagues107 reported their pediatric experience of RF ablation in Ebstein anomaly, which included 59 patients with AP-mediated
arrhythmias. Multiple APs occurred in 33% of the patients, and the pathways were right sided in 96%. Acute success was achieved for 79% of right
free wall pathways and 89% of right septal pathways. The reported rate of
complications was low and included one patient who required permanent
pacemaker implantation because of the development of complete heart
block. Coronary artery occlusion after AP ablation has been reported in
two pediatric patients with Ebstein anomaly.108 It is important to recognize that a large proportion of patients with Ebstein anomaly have multiple substrates for ablation. Roten and coworkers ablated 34 APs, eight
intraatrial reentry tachycardia, five cavotricuspid isthmuses, two focal
atrial tachycardia, and AVNRT in 32 patients with Ebstein anomaly.109
Electroanatomic mapping techniques may facilitate pathway localization after failed conventional mapping.110 Construction of a right
atrial activation map permits demarcation of the electrical AV junction,
where balanced atrial and ventricular electrograms are recorded at the
endocardium. This approach is analogous to the use of right coronary
artery as an anatomic landmark but eliminates the need for coronary
arterial instrumentation and its associated risks.

Persistent Left Superior Vena Cava
Failure of involution of the left cardinal vein during embryologic development results in a persistent LSVC. It is the most common systemic
venous anomaly, with an incidence rate of 0.5% in the general population111 and in 4% of patients with congenital heart disease.112 Associated cardiac anomalies are atrial septal defect, tetralogy of Fallot, AV
canal defect, and partial anomalous pulmonary venous connection.113
In its pure form, the LSVC enters the left atrium between the
appendage and the left pulmonary veins, providing direct transvenous
access to the left side of the heart. Rarely, it is accompanied by complete
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Fig. 27.11 Fluoroscopic images of a persistent left superior vena cava and associated coronary sinus fistula in
the anteroposterior (AP) (A) and left anterior oblique (LAO) (B) projections. An anomalous inferior course in the
left chest to the posterior aspect of the heart is identified as a decapolar mapping catheter and is advanced
from the left subclavian vein (black arrowheads). A deflectable catheter advanced through the ostium into
the coronary sinus from the inferior vena cava (white arrowheads) confirms the presence of a fistulous connection. The cavernous nature of the coronary sinus is suggested by the distance separating the catheters,
indicated by white and black arrowheads. Unsuccessful passage of a guidewire from the right subclavian vein
to the right atrium confirmed associated absence of a right superior vena cava.

absence of the right superior vena cava, permitting right heart access
only by the femoral approach. Alternatively, an anastomosis with the
CS results in an LSVC-to-CS fistula that acts as a conduit for systemic
venous return to the right atrium. The CS in this instance is significantly dilated owing to increased blood flow. Infrequently, atresia of
the CS ostium results in absence of a connection to the right atrium;
consequently, coronary venous blood is directed systemically to the left
subclavian vein.
CS anomalies frequently coexist with AV APs,114,115 occurring more
frequently in patients with AP-mediated tachycardia (4.7%) than in
patients with AVNRT (0.6%). Such abnormalities include vertical CS
angulation, hypoplasia, narrowing, and persistent LSVC-to-CS fistula.
Furthermore, CS abnormalities are anatomically related to the location
of the APs and frequently preclude CS catheterization.
Although echocardiographic examination may demonstrate CS
dilation, the presence of an LSVC-to-CS fistula is usually first discovered during CS instrumentation while performing an electrophysiologic study. When advanced, a left subclavian venous catheter travels in
an anomalous inferior course in the left chest to the posterior aspect of
the heart. Alternatively, passage of the catheter from the CS to the left
subclavian vein is observed when the catheter is introduced through
a femoral or right jugular vein approach (Fig. 27.11). The inability to
advance the catheter into the CS should raise suspicion of associated
atresia of the CS ostium.
Although asymptomatic, the presence of an LSVC-to-CS fistula
may complicate catheter ablation of left-sided pathways. The cavernous
nature of the vessel may prohibit precise pathway localization because
of excessive motion and poor electrode contact of the CS mapping
catheter. Alternatively, the CS may be located at a site distant from
the mitral annulus. Successful pathway ablation requires a modified
approach.56,116–119 Ultimately if the CS cannot be used to guide ablation, a single-catheter technique with careful mapping of the mitral
annulus is obligatory.

Interruption of Inferior Vena Cava and Variants
Alternative routes of access are required for catheter ablation of
any substrate in patients with interruption of the inferior vena cava

(IVC). The obvious alternative approach is from the internal jugular
vein with ultrasound guidance access to improve safety for those less
experienced with this access.120–124 Catheter stability and manipulation may be enhanced with the used of nonfluoroscopic mapping and
steerable sheaths as the usual long sheath may or may not be appropriate depending on the target. Transseptal puncture from this superior
approach can be facilitated using technology developed for left ventricular (LV) endocardial cardiac resynchronization therapy (CRT) via
a transseptal approach (Baylis, SupraCross, Mississauga, Canada). The
subclavian vein has long been used as access for diagnostic catheters
but may not have sufficiently caliber or compressibility for access with
steerable sheaths needed for ablation from the superior approach.
Another alternative is to approach from below via a transhepatic
approach (Fig. 27.12).125–128 Obviously the latter has more familiarity
to the standard catheter manipulation, but greater unfamiliarity with
the vascular access. In our institution, interventional radiologists possess the experience and skills to provide such access. Other diagnostic
catheters may be placed from above via the internal jugular or subclavian as needed.

Ablation of Pathways With Atypical Configuration
Multiple Accessory Pathways

The reported incidence of multiple APs is 3% to 15% and as high as
10% in pediatric patients with structural heart disease.100,129–137 APs
have been defined as multiple when they are separated at the AV junction by 1 to 3 cm based on an approximation of distance during catheter mapping; however, it is difficult to differentiate multiple pathways
from those with broad atrial or ventricular insertions or an oblique
course. Multiple pathways are typically located unilaterally and are
most frequently two in number. Clinical variables associated with their
presence are Ebstein anomaly100,130,134–136 and a history of preexcited
reciprocating tachycardia.100,135,136 Several reports also suggest a higher
incidence in patients with right free wall and posteroseptal AV connections,100,131,134,135 possibly related to the presence of multiple discontinuities in the tricuspid annulus fibrosus.138,139
Notable electrophysiologic properties distinguish patients with multiple APs from those with a single pathway. Multiple pathways provide

440

PART 6

Catheter Ablation of Accessory Atrioventricular Connections

A

HV

TEE

B
Fig. 27.12 Access via the hepatic vein for access in patient with interruption of the inferior vena cava. Panel A shows skin access. Panel
B shows guidewire passed via the intrahepatic vein (HV) to the right
atrium. Note the transesophageal echocardiography (TEE) probe
needed to guide transseptal puncture, given limited access to the right
atrium (RA) precluding intracardiac echocardiography.

the substrate for complex reentrant circuits, potentially resulting in multiple atrial wave fronts and the development of atrial fibrillation during
reciprocating tachycardia. In addition, shorter AP effective refractory
periods and measured RR intervals during atrial fibrillation (<250 ms)
are a reflection of unusually rapid AP conduction in these patients. The
combination of enhanced pathway conduction with more frequent
occurrence of atrial fibrillation potentially increases the risk of deterioration into ventricular fibrillation and sudden cardiac death.134–136,140,141
Multiple APs are identified during the electrophysiologic study by
(1) the occurrence of different patterns of preexcitation during atrial
pacing or atrial fibrillation with different delta wave morphologic
and ventricular activation patterns; (2) different sites of atrial activation during right ventricular pacing or orthodromic reciprocating
tachycardia; (3) preexcited tachycardia using a second pathway as the
retrograde limb of the circuit; (4) mismatch between the atrial and
ventricular ends of the AP as assessed by comparing antidromic and
orthodromic reciprocating tachycardia (mismatch distance, >1 cm);
and (5) change from orthodromic to antidromic reciprocating tachycardia, or vice versa.129, 135 Some pathways cannot be identified during
the baseline study and become evident only during RF ablation after
successful interruption of the dominant pathway.
Several published series have demonstrated safe and efficacious
elimination of multiple pathways with success rates of 86% to 98%.131–
133,135 Many reports have shown success rates equivalent to those in
patients possessing a single pathway, whereas others have not.132,134
Predictably, however, procedure duration, radiation exposure time,
and number of ablation pulses have been significantly greater.131–134 A
higher rate of recurrent pathway conduction is also reported, ranging
from 8% to 12%.131,132,134,135

From a practical standpoint, failure to recognize the existence of
multiple pathways may result in primary ablation failure or recurrent
tachycardia. A multipolar CS mapping catheter imparts detailed information on VA timing in addition to atrial and ventricular activation
at multiple sites along the mitral annulus. This is invaluable during
ablation of left-sided pathways, which are most frequently located at
the posterior and lateral regions of the AV junction, within reach of
the CS catheter. Subtle activation changes during ablation are easily
recognizable (Fig. 27.13). Mapping of the tricuspid annulus with a multielectrode catheter is less convenient but can be achieved with a multipolar halo catheter positioned near the tricuspid annulus. Brief current
applications in the presence of multiple pathways may be erroneously
considered ineffective if subtle activation changes, such as prolongation of local-VA timing or changes in surface delta wave morphology,
are unrecognized.
To reduce primary ablation failure, the following key points must
be emphasized: (1) apparent failure of current application at a site of
optimal electrogram timing and morphology should raise suspicion
of the presence of multiple APs; (2) commitment to a full-duration
current application at such a site should be undertaken with careful
scrutiny of local-VA timing or delta wave morphologic changes; and
(3) meticulous remapping of the AV junction should be undertaken to
identify any new site of early activation or presence of an AP potential,
indicative of a distinct pathway. The procedure described earlier should
be repeated until elimination of all pathways is achieved. Again, the
importance of careful observation during RF application in such cases
cannot be overemphasized.
Despite a meticulous approach, recurrent tachycardia may be
observed. Recurrent tachycardia, although most commonly caused
by recurrence of AP conduction, should raise the possibility of other
tachycardia mechanisms. Recurrence of clinical symptoms because of
AP conduction occurred in 4.2% of cases in a series of 1280 patients
who underwent ablation of an AP.142 Manifestation of a previously
unrecognized pathway caused symptom recurrence in 0.7% of patients
and was subsequently ablated at an anatomic site distinct from the initial target. These dormant pathways were usually concealed and not
identified at the time of initial study, suggesting intermittent conduction. Recurrence of tachycardia may also occur because of transient
interruption of conduction, either by mechanical pressure of the mapping catheter or by delivery of RF current. These findings strongly support the recommendation for a complete diagnostic electrophysiology
study with isoproterenol to confirm elimination of pathway conduction after apparently successful ablation.

Oblique Accessory Pathways
AV APs are usually regarded as following a course perpendicular to the
AV groove, producing the shortest local-VA interval at the site of the
pathway during orthodromic AV reentrant tachycardia or ventricular
pacing. Appropriately, this site is considered a favorable target for AP
ablation.143 144 However, results of various studies suggest that APs frequently follow an oblique course.145–147
Jackman and colleagues145,146 identified AP potentials associated
with left free wall and posteroseptal APs using a multipolar mapping
catheter inserted into the CS. By mapping AP potentials along the length
of the CS, an oblique course was established in 87% of left-sided pathways; the atrial insertion was identified 4 to 30 mm (median, 14 mm)
proximal (posterior) to its corresponding ventricular insertion.
Oblique APs are also identified by a change of the local-VA or AV
interval as a result of reversing the direction of paced ventricular and
atrial wave fronts.147 Such a change in local activation was observed
in 87% of patients with a single left- or right-sided AP presenting for
catheter ablation. Local atrial and ventricular activation was recorded
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Fig. 27.13 Radiofrequency ablation of multiple concealed accessory pathways. The ablation catheter is
positioned adjacent to the mitral annulus at the site of earliest recorded retrograde atrial activation (vertical
dashed lines) during right ventricular pacing. A to D, Intracardiac recordings preceding each current application. With successive pathway elimination, subtle changes in local ventriculoatrial interval and retrograde
atrial activation sequence are observed. A total of four accessory pathways were identified with separate
atrial insertions along the posterolateral and lateral mitral annulus. The development of VA block heralded
success (E). Abl, Ablation catheter; CS, coronary sinus; d, distal; HRA, high right atrium; p, proximal; RVA,
right ventricular apex.

using a multipolar (20 electrodes) catheter placed in the CS or positioned around the tricuspid annulus in patients with a right free wall
AP. Based on the site of earliest recorded retrograde atrial activation,
two ventricular pacing sites were selected on either side to produce a
clockwise and counterclockwise wave front to the AP. Similarly, two
atrial pacing sites were selected to reverse the atrial wave front along
the annulus surrounding the site of earliest recorded anterograde ventricular activation.
A ventricular wave front propagating from the direction of the
ventricular end produced a short local-VA interval because activation
along the AP proceeded to the earliest atrial activation site simultaneously with the ventricular wave front (Fig. 27.14A, CS2). Consequently,
the ventricular potential often masked the AP potential and overlapped
the atrial electrogram, masking earliest atrial activation. Conversely, a
wave front propagating in the opposite direction resulted in a longer
local-VA interval because the ventricular wave front had to pass the
site of earliest atrial activation before reaching the ventricular end of
the AP (Fig. 27.14B, CS2). This countercurrent wave front was found
to expose the AP potential and the atrial activation sequence, allowing
identification of an appropriate ablation target. Similarly, atrial pacing
in the direction of the atrial end resulted in a short local-AV interval
(Fig. 27.14C, CS4), and a countercurrent wave front lengthened the
local-AV interval, exposing the AP potential and ventricular activation
sequence (Fig. 27.14D, CS4).
In a study of concealed left-sided APs, Yamabe and colleagues148
compared the ventricular insertion site with the corresponding atrial
insertion, which was identified at the site of earliest recorded retrograde
atrial activation within the CS. The ventricular insertion was identified
at the site of shortest measured stimulus-to-atrial (Stim-A) interval
during pacing delivered at mapping sites under the mitral valve leaflet. In 49% of patients, a number of observations indicated an oblique

pathway course. First, the site of the shortest Stim-A interval did not
coincide fluoroscopically with the site at which the earliest retrograde
atrial activation was recorded. In these patients, the Stim-A interval
at the shortest Stim-A site was significantly shorter than that at the
corresponding ventricular side of earliest retrograde atrial activation.
Second, during tachycardia, the interval between the onset of the surface QRS and the retrograde atrial electrogram (QRS-A interval) was
longer at the shortest Stim-A site than at the site of earliest retrograde
atrial activation. In all patients, elimination of pathway conduction was
achieved by a single application of RF energy to the ventricular side of
the mitral annulus at the site of the shortest identified Stim-A interval.
Successful elimination of pathway conduction can be achieved by
application of RF current at or anywhere between the atrial and ventricular insertion sites, although targeting of an isolated AP potential is
associated with the highest rate of ablation success (Fig. 27.15).5,143,149
Oblique AV APs provide a challenge to ablation because of the inherent difficulties in identifying AP potentials because of obscured or
overlapping electrograms and disparate myocardial insertions at the
AV junction. An assumption of a perpendicular pathway course may
lead to an inappropriate or suboptimal ablation site, underscoring the
importance of selecting an ablation site guided by the appropriate data.
Specifically, the atrial insertion site is best identified by the earliest
recorded atrial activation during retrograde mapping, and the ventricular insertion site is best identified by the earliest recorded ventricular
activation during anterograde mapping on the corresponding side of
the annulus. Ablation here or at sites where discrete AP potentials are
recorded will most likely yield success.

Atypical Accessory Pathways
Failure of RF catheter ablation may be caused by the complexity
of the AP course. Pathways with an atypical course and those with
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Fig. 27.14 Activation of oblique accessory pathways. Schematic of
anterograde and retrograde activation of an oblique left free wall accessory pathway (AP) from opposing directions. A and B demonstrate
activation of the ventricular insertion from the proximal to distal and
distal to proximal directions, respectively. C and D represent activation
of the atrial insertion from the distal to proximal and proximal to distal
directions, respectively. Note the separation of the components of the
electrograms when the AP is activated from the direction opposite to
the direction of conduction over the pathway. A, Atrial potential; CS,
coronary sinus; d, distal; LA, left atrium; LV, left ventricle; p, proximal;
V, ventricular potential. (From Otomo K, Gonzalez MD, Beckman KJ,
et al. Reversing the direction of paced ventricular and atrial wavefronts
reveals an oblique course in the accessory AV pathways and improves
localization for catheter ablation. Circulation. 2001;104:550-556. With
permission.)

connections to the His–Purkinje system are considered AP variants
(Box 27.2; Fig. 27.16). Approach and management to these connections is discussed in Chapter 26.
Among extranodal APs, as discussed above, one anatomically distinct pathway variant is an epicardial connection extending between
the atrial appendage and the ventricular base.50,95 In such cases, the AP
traverses the epicardial fat from an atrial insertion at the floor of the
left or right atrial appendage to the base of the ventricle, usually at a

A

B

Fig. 27.15 Intracardiac recordings during mapping and ablation of an
oblique left-sided atrioventricular accessory pathway. A, An ablation
catheter (Abl) positioned at the atrial aspect of the mitral annulus recording of retrograde activity during ventricular pacing. A discrete accessory
pathway potential is recorded between the ventricular and atrial electrograms (arrow). Note that earliest retrograde atrial activation is recorded
at the distal coronary sinus (vertical line), significantly earlier than
recorded at the site of the ablation catheter. Atrial activation recorded at
the ablation catheter coincides with activation at the proximal coronary
sinus. B, Within seconds of radiofrequency current application at this
site, permanent elimination of accessory pathway conduction occurred,
indicated by a change in atrial activation sequence (asterisk). Following
ablation, the discrete accessory pathway potential adjacent to the ventricular electrogram was no longer recorded. Abl, Ablation catheter; CS,
coronary sinus; d, distal; p, proximal; RV stim, right ventricular apex.

site distant to the tricuspid or mitral annulus. Endocardial RF current
application at the AV annulus is either unrewarding or results in only
transient elimination of pathway conduction. Mapping within the atrial
appendage allows recording of retrograde atrial activation earlier than
at the tricuspid annulus and may also identify the presence of an AP
potential. Conventional mapping at annular locations will fail to identify an atrial or ventricular insertion site, leading to ablation failure.
Successful elimination of both right and left atrial appendage to
ventricular APs has been reported with both catheter ablation and
surgical intervention.50,97–99 A surgical approach was favored over
irrigated ablation in a pediatric case series following failed nonirrigated ablation owing to concerns regarding potential injury to coronary arteries located in close proximity to these APs.99 Despite their
epicardial trajectory, percutaneous epicardial catheter ablation may
be challenging owing to poor accessibility to the AP secondary to its
course along the floor of the appendage, although successful epicardial
ablation has been reported.98 Multiple reports of successful endocardial irrigated ablation have now accumulated in the literature, some
involving single ablation at the base of the appendage, whereas others
have required dragging from the tip to the base.150 Although irrigated
ablation overcomes the limiting impedance rises often observed with
nonirrigated ablation in low-flow structures, given the vulnerability of
the atrial appendage to perforation, care must be taken during lesion
delivery, and use of a contact force sensing catheter may be advisable.
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BOX 27.2 Accessory Pathway Variants
Accessory Pathways With His–Purkinje Connections
• Atriofascicular
• Atrium–His bundle
• Nodoventricular, nodofascicular
• Fasciculoventricular
• Accessory pathways with atypical course
• Epicardial accessory pathways
• Coronary sinus
• Atrial appendage to ventricle
• Pathways that cross the fibrous trigone
• Other
Accessory Pathways With His–Purkinje Connections
Atriofascicular pathway
Atrium-His bundle
Nodoventricular, nodofascicular pathway
Fasciculoventricular pathway
Accessory Pathways With Atypical Course
Epicardial Accessory pathway
Pathways associated with the CS musculature
Atrial appendage to ventricle connection
Pathways that cross the fibrous trigone (aorto-mitral continuity)
Other

1

AV
node

Atrium
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Ventricle
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map from the traditional AV rings, the preexcitation pattern associated
with this type of AP is consistent with a ventricular outflow tract origin,
contrasting from the typical basal morphology. Careful mapping of the
ventricular insertion site of a second AP exhibiting a left bundle branch
block, inferior axis preexcitation morphology (Fig. 27.17) observed at
our center, identified the earliest activation at the anteroseptal right
ventricular outflow tract, where local activation preceded the surface
delta wave by 10 ms (Fig. 27.18).92 In the retrograde direction, the atrial
insertion site was identified to be adjacent to the AV node, but distant
from the tricuspid annulus (Fig. 27.19). Cryomapping helped confirm
localization of the atrial insertion site and RF current delivery eliminated pathway conduction.
Subsequent reports, as discussed above, have documented APs
involving the left ventricular outflow tract, including the aorto-mitral
continuity (Fig. 27.20)93,152 and the coronary cusps.88,90,153,154 The preexcitation pattern associated with aorto-mitral continuity APs usually
shows positive or isoelectric delta waves in leads I and aVL, negative in
V1, and positive in the inferior leads.152 The retrograde P waves during
orthodromic reciprocating tachycardia involving an AP from the aortomitral continuity are usually isoelectric or negative in leads I and aVL
and positive in the inferior leads. Successful ablation has been reported
through both the retrograde aortic and transseptal approaches.93
Although the noncoronary cusp has been increasingly recognized as a
potential option for ablation of parahissian APs,83,87 there is some evidence to suggest that, in rare instances, APs may involve the coronary
cusps themselves with two prior reports of successful ablation of an AP
from the left coronary cusp.153,154 In one of the reports, an antidromic
AV reentrant tachycardia was observed with a QRS morphology consistent with a left aortic cusp ventricular tachycardia.154
Although uncommon, these examples illustrate the importance
of a careful electrophysiology study and accurate interpretation of
all available data. If endocardial mapping or ablation at the AV ring
is unrewarding, consideration should be given to the presence of an
atypical AP.

NEW TECHNOLOGIES
Nonfluoroscopic Mapping Systems
LBB

5
RBB

Fig. 27.16 Schematic of variant endocardial accessory atrioventricular
(AV) connections. (1) Atriofascicular pathway. (2) Atrioventricular pathway. (3) Nodoventricular pathway. (4) Nodofascicular pathway. (5) Fasciculoventricular pathway. LBB, Left bundle branch; RBB, right bundle
branch.

As discussed, posteroseptal and left posterior APs may require
ablation through the CS because of their epicardial location. Failure
of RF energy along the annular endocardium should prompt a search
within the CS for identification of high-frequency potentials, possibly
corresponding to AP potentials, and atrial and ventricular activation
occurring earlier than at the corresponding endocardial site. Successful
elimination may be achieved by cautious application of RF current or
by cryothermal ablation.
Additional examples of APs with atypical courses include those that
insert in the vicinity of the right and left ventricular outflow tracts.
The initial report of this type of variant AP came from our group and
involved an anteroseptal AP with a ventricular insertion at the right
ventricular outflow tract region.151 In addition to being very difficult to

The near ubiquitous use of nonfluoroscopic mapping systems for
ablation of complex substrates like atrial fibrillation and ventricular
tachycardia has translated into the ablation of APs over the last dec
ade.18,19,21,23–25,155–168 Although not new per se, the use of nonfluoroscopic mapping for the ablation of APs is worthy of some reflection.
Ablation of APs at all locations, in the absence and presence of various
congenital heart disease, has been documented in case reports or small
series. The advantage of mapping nonfluoroscopically, with cataloging
of sites of ablation energy application, is intuitively obvious, but difficult to prove.156 Larger series, even in pediatric cases, have repeatedly demonstrated reduced fluoroscopy times, and in some series,
reduced procedure time, but no significant impact on ablation success
rates.21,23,24,157,161 This may reflect the already high success rates with
conventional mapping and ablation techniques. Reducing fluoroscopic
exposure to patients, staff, and operators is an important goal.
Recently, a large retrospective multicenter analysis of 651 pediatric
cases, who had undergone WPW ablation, demonstrated an improved
acute success rate associated with the use of a 3-dimensional nonfluoroscopic mapping system (97% vs. 91%).25 In this series, patients had a
mean age of 13 years with a wide array of AP locations. Left-sided pathways were underrepresented (39%), and only 4% had had a prior ablation attempt. Recurrence rates (5% vs. 9%) and complication rates were
not different. Multivariate analysis found that the use of 3-dimensional
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Fig. 27.17 A 12-lead electrogram recorded during preexcited atrial fibrillation. An unusual preexcitation pattern with precordial R wave transition suggesting a right-sided accessory pathway but QS complexes in leads
I and aVL consistent with a left lateral pathway. The left bundle branch block QRS morphology with inferior
axis is suggestive of right ventricular outflow tract preexcitation.
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Fig. 27.18 Ventricular insertion site of the accessory pathway in the
anteroposterior (A) and left anterior oblique (B) projections identified by
earliest ventricular activation during coronary sinus pacing. Intracardiac
electrograms (C) indicate ventricular activation at the ablation catheter
preceding the surface delta wave by 10 ms. CS, Coronary sinus; d, distal; HBE, His bundle electrogram; Map, ablation catheter; RVA, right
ventricular apex; Stim, pacing site.
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Fig. 27.19 Atrial insertion site of the accessory pathway in the right anterior oblique (A) and left anterior oblique (B) projections identified during
stimulus-to-delta pace mapping. Note the anatomic proximity of the
accessory pathway to the site of the recorded His bundle electrogram.
Intracardiac electrograms (C) indicate the shortest stimulus-to-delta
interval identified (108 ms) at the site of successful elimination of accessory pathway conduction during ice mapping and radiofrequency ablation. CS, Coronary sinus; d, distal; HBE, His bundle electrogram; Map,
ablation catheter; p, proximal; RVA, right ventricular apex.
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Special Problems in Ablation of Accessory Pathways
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Fig. 27.20 Catheter positions during successful ablation of a concealed accessory pathway at the aorto-mitral
continuity. Aortogram is being performed through a pigtail catheter in the right aortic cusp (R). The ablation
catheter (AB) is positioned between the left aortic cusp (L) and the posterior or noncoronary cusp (P) through
transseptal access. CS, Coronary sinus catheter; His, His bundle catheter; LAO, left anterior oblique; RAO,
right anterior oblique; RV, right ventricular catheter.

nonfluoroscopic mapping was the only predictor of success (OR 3.1
95%, CI 1.44–6.72; P < .01). Among 9% of patients with congenital
or structural heart disease, the trend was maintained (92% vs. 88%,
P = .6) but did not meet statistical significance. Interestingly, use of
cryoablation was associated with less success (OR 0.60 95%, CI 0.43–
0.85; P < .01). With demonstration of both reduced radiation exposure
and higher success rates with nonfluoroscopic mapping, this should be
standard care for this group. Translation of these data to adult ablation
cases is intuitive, but without demonstration at this time. Many centers routinely use nonfluoroscopic mapping for AP ablation, whereas
others reserve this more expensive technology for more complex substrates and difficult substrates, especially for repeat procedures and
those associated with congenital anatomic challenges.155,160,162,163

Force Contact
Further advances in catheter technology now allow force contact measurements from the tip of the ablation catheter. This has been demonstrated to impact outcomes in ablation of atrial fibrillation. A small
number of studies have investigated force contact technology for AP
ablation.35,36,158,169,170
A retrospective analysis of 102 consecutive pediatric patients undergoing force contact ablation for predominantly SVT substrates was
recently published.35 The choice of force contact technology or alternative ablation sources, including cryoablation use, was left to the operators. Force contact (Tacticath, Abbott, Illinois) was used in 58 of cases.
Choice of alternative sources was made in 44 cases including standard
RF in many retrograde aortic left-sided (n = 16) procedures because of
catheter stiffness concerns. In addition, choice of cryoablation (n = 13) was
made most often for substrates adjacent to the AV node. The study made
key observations about the amount of contact force used for many SVT
ablation substrates. Across all substrates, the force contact used (almost
completely < 10 gms) was much lower than that associated with greater
success in the TOCCATTA (Touch +™ for Catheter Ablation) study
(> 20 gms).34 In general, higher contact force was associated with lesions
producing greater AP ablation success as well as higher rates of junctional tachycardia during AVNRT ablation. Unfortunately, this did not

translate into higher success rates in follow-up. In fact, in this small
underpowered study, recurrence was higher in the force contact group
(10% vs. 5%, P = 0.4) attributed by the authors to operator learning
curve. Thus it is far from clear that force contact provides a substantial
advance for SVT substrates ablation, including APs, even in cases with
congenital heart disease.
Greater force contact has been demonstrated to produce deeper
focal lesions. When combined with power and time, a reasonable prediction of lesion depth can be calculated, all other parameters, like catheter stability, being equal. Thus any advantage of force contact may be
realized when approaching deeper substrates, like epicardial pathways,
rather than more superficial substrates like anteroseptal pathways of
slow pathways where a transmural lesion may not be necessary. Larger
studies performed by operators highly experienced with the technology, in selected SVT substrates, may be necessary to demonstrate what
seems to be an intuitive advantage for this new technology.

APPROACH TO THE PATIENT REQUIRING
REPEAT ABLATION
Primary failure or recurrent tachycardia after initial ablation success
may necessitate a repeat ablation procedure. Patients may be referred
from other laboratories or may undergo a subsequent attempt at the
same institution. In any case, a systematic approach to identifying contributing factors and formulation of an appropriate ablation strategy
are essential to improve the likelihood of success (Box 27.3).
Although the most frequent causes of primary ablation failure are
technical, the contribution of cognitive failure must not be underestimated. Inaccurate pathway localization and tachycardia misdiagnosis
are the next most common causes of failed ablation.14 Consequently, a
thorough review of all available information, including the clinical history, the 12-lead ECG during sinus rhythm and tachycardia, and findings of the initial electrophysiology study, is essential. Accompanying
correspondence from the referring physician may document relevant
technical information, including difficult target site access, catheter
instability, or perinodal ablation.
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BOX 27.3 Approach to Failed Ablation at the Site of an Ideal Electrogram
Reevaluate Electrogram Interpretation
• Presence of far-field activity on the electrogram before the rapid deflection
suggests need for more accurate pathway localization
• Use a unipolar electrogram to help determine ideal timing compared with the
rapid deflection of the bipolar electrogram
• Possible misinterpretation of closely approximated A and V electrograms
• Assess and compare local A and V activation during sinus rhythm and A or V
pacing
• Brush back and forth from A to V to clarify timing of A and V activation (especially at the right free wall, where A and V may be superimposed)
• Pacing maneuvers to dissociate the putative AP potential from A and V electrograms (useful in the presence of fractionated electrograms)
Instability
• Remap using a long sheath or different catheter curve to improve stability
• Consider an alternative approach: SVC versus IVC, retrograde aortic versus
transseptal entrainment during AVRT to prevent dislodgment with RF termination of tachycardia
• Cryoablation
Consider an Alternative Target
• Posteroseptal pathways
• May be left sided or epicardial, possibly accessible through the coronary
sinus

• A
 typical accessory pathways and non-annular AV pathways
• Map at sites away from the AV annulus (e.g., appendage, outflow tract,
sinuses of Valsalva)
High-Risk Target
• Ablation target adjacent to the AV node or within the coronary sinus
• Consider cryothermal ablation
Unrecognized Change
• Possible multiple accessory pathways
• Commit to full-duration energy application if subtle changes in electrogram
timing or QRS morphology are observed, then remap and repeat
Transient Elimination of AP Conduction
• Time to elimination is a good indicator of ablation catheter proximity to the
pathway
• Instability—same as stated previously
• Multiple accessory pathways
• Carefully reevaluate preexcitation pattern or retrograde atrial activation
sequence resulting from multiple pacing sites (A and V)
• Deep or epicardial location
• Consider using a saline-irrigated catheter

A, Atrium; AP, accessory pathway; AV, atrioventricular; AVRT, atrioventricular reentrant tachycardia; IVC, inferior vena cava; RF, radiofrequency energy;
SVC, superior vena cava; V, ventricle.

Confirmation of the tachycardia diagnosis is the single most critical step in the management of repeat ablation. This is achieved only
by completion of a full-repeat diagnostic electrophysiology study. New
findings, incongruent with preceding data, may provide grounds for
a previously failed attempt. If the tachycardia mechanism is verified,
localization of the AP and repeat ablation should be undertaken.
Importantly, maximal preexcitation during sinus rhythm and lack
of tachycardia inducibility should raise suspicion of a previous inadvertent AV nodal injury, particularly in the setting of anteroseptal or
midseptal APs. Consequently, demonstration of intact AV nodal function during the baseline study is crucial because the anterograde conducting AP may represent the only electrical connection between the
atrium and ventricle, and its elimination will result in complete AV
block and pacemaker dependence.

Instability and difficult target site access may be overcome by the
use of purpose-specific long intravascular sheaths, ablation catheters of
different reach or distal configuration, an alternative ablation approach
(e.g., retrograde aortic vs. transseptal), or attempt by a second operator. Larger and deeper ablation lesions produced by saline-irrigated
catheters may allow elimination of epicardial APs or permit delivery of
RF energy within a confined space, such as the CS. In addition, cryoablation may afford a degree of safety for ablation targets in high-risk
locations, such as those adjacent to the AV node or within the CS and
its branches.
Fortunately, failures to eliminate AP conduction and recurrence
of tachycardia after apparently successful ablation are infrequent outcomes of therapeutic intervention for AV reentrant tachycardia. In
these cases, perseverance and patience usually prevail.
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Ablation of Ventricular Outflow
Tract Tachycardias
Jackson J. Liang, Elad Anter, Sanjay Dixit

KEY POINTS
• V
 entricular outflow tract tachycardias include the right or left
ventricular (LV) outflow tracts, aortic cusps, pulmonary artery,
and the corresponding epicardium (LV summit region).
• The mechanism underlying outflow tract arrhythmias is usually
triggered activity, and the site of origin is focal. Activation
mapping during arrhythmia is optimal to identify the site of
earliest activation as the target for ablation.
• Mapping of outflow tract tachycardias is often enhanced by the
use of electroanatomic mapping systems. Computed tomography,
intracardiac echocardiography, and coronary angiography are

important adjuncts for mapping and ablation of coronary cusp and
epicardial sites of origin.
• A comprehensive understanding of the anatomy of the outflow
tract region is necessary to maximize safety and efficacy of ablation
of outflow tract ventricular arrhythmias
• Challenges to ablating outflow tract tachycardias include mapping
and ablation of noninducible tachycardias, and ablation of
tachycardias originating from regions that are difficult to target
because of anatomic constraints (including the LV summit region,
parahissian, and/or intraseptal location).

Ventricular tachycardias (VTs) most frequently occur in patients with
structural heart disease. However, approximately 10% of VTs occur in
patients with a normal electrocardiogram (ECG), echocardiogram,
and coronary angiography, and are hence considered to be idiopathic
VTs (IVTs).1
IVTs have been classified based on the ventricle of origin, ECG morphology (QRS configuration and axis), clinical pattern of the tachycardia (repetitive, nonsustained, or sustained), evidence of catecholamine
dependency, and response to pharmacologic agents.1,2 In general, the
clinical history, combined with the response of the arrhythmia to programmed stimulation, adenosine, verapamil, and propranolol may
help differentiate among different types of IVTs.
This chapter will discuss briefly the mechanism and common clinical presentations of idiopathic outflow tract ventricular tachycardias
(OTVTs) and will provide an in-depth description regarding the anatomic and electrocardiographic localization of these arrhythmias and
current state of ablation strategies.

exercise or isoproterenol infusion. The observation that ablating one
phenotype at a discrete site eliminates the other two phenotypes of
arrhythmia suggests that the three phenotypes are representative of the
same focal cellular process.5
The signature characteristic of idiopathic OTVTs is termination following administration of adenosine or verapamil.6,7 Lerman and colleagues elegantly demonstrated that the mechanism underlying most
idiopathic OTVTs is triggered activity mediated by catecholamineinduced delayed afterdepolarizations.8–10 Catecholamine stimulation
of the beta-adrenergic receptor results in an increase in intracellular
cyclic adenosine monophosphate (cAMP) and Ica,L activities, resulting in spontaneous oscillatory release of Ca2+ from the sarcoplasmic
reticulum that activates a transient inward current (Iti) giving rise to
delayed afterdepolarizations. Because activation of adenylyl cyclase
and Ica,L is critical for the development of cAMP-mediated triggered
activity, this arrhythmia is sensitive to a variety of electropharmacologic perturbations such as beta-blockers, calcium-channel blockers,
vagal maneuvers, and adenosine.11 The effect of adenosine on VT
(with rare exceptions) is mechanism specific, terminating only ventricular arrhythmias that are attributed to cAMP-mediated triggered
activity.

MECHANISM
The most common origins of IVTs are the right and left ventricular
outflow tracts (RVOT, LVOT). In earlier experiences, the majority of
OTVTs originated from the RVOT (70%) and less frequently (20%)
from the aortic cusps. However, in the more recent reports, OTVTs
appear to be equally distributed between the RVOT and aortic cusps.
In a minority of patients (10%), the site of origin can be the basal LV
pulmonary artery or the LV epicardium.3,4
Idiopathic OTVTs usually exhibit one of three clinical phenotypes:
repetitive monomorphic premature ventricular complexes (PVCs;
most common), nonsustained monomorphic VT, or exercise-induced
sustained VT (least common). Considerable overlap may occur among
the three phenotypes. For example, patients with only repetitive monomorphic PVCs may develop salvos of VT or sustained VT during
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Clinical Presentation
According to a recent population-based study from the Mayo Clinic,
which analyzed patients from Olmstead County who were diagnosed with IVTs between 2005 and 2013, it appears that the incidence of IVTs in the general population has increased over time.12
These arrhythmias are most commonly observed in the third to sixth
decade.5,12,13 Sustained IVT occurs with equal distribution between
men and women although symptomatic PVCs are more frequently
present in women.12 Interestingly, RVOT arrhythmias show a predilection for females, whereas those originating in the aortic cusps
tend to be more common in men. In two large series (including one

CHAPTER 28

Ablation of Ventricular Outflow Tract Tachycardias

from the authors’ institution), 70% of patients with RVOT VT were
women, whereas approximately 70% of patients with aortic cusp VTs
were men.3,4
The most common clinical phenotype of idiopathic OTVTs is
repetitive monomorphic PVCs. Palpitations are the most common
symptom (48% to 80%) and are usually experienced as isolated forceful beats resulting from the increased stroke volume associated with
the normal beat following the PVC. Fatigue and low energy are also
common symptoms seen in patients with at least a moderate burden
of PVCs. This may be caused by ineffective ventricular contraction
during PVCs resulting in a reduced cardiac output. Lightheadedness
may be observed in 25% to 50% of patients, whereas true syncope
is rare (10%). The latter usually occurs in patients with ventriculo
atrial conduction and may be a result of baroreceptor reflex activity.
Exercise testing induces VT in approximately 70% of patients who
present with sustained IVT, but only in 10% of patients whose clinical
presentation is repetitive monomorphic PVCs. In the former group,
sustained VT is typically observed either during exercise or in the
recovery phase.14 This observation can be mimicked with pharmacologic agents as well. Thus in these patients the clinical arrhythmia
can be induced during isoproterenol infusion as well as during an isoproterenol washout period. This highlights the evanescent nature of
triggered activity-mediated arrhythmias.
Other scenarios that provoke these arrhythmias include physical or
emotional stress, anxiety, and stimulants such as caffeine. In females,
IVTs occur more often during the premenstrual and perimenopausal
periods and with gestation, suggesting a role for hormonal influence.15
Idiopathic OTVTs have a benign course in most patients, suggesting that the underlying pathophysiologic process is not progressive and
that the tachycardia does not represent an early manifestation of an
occult cardiomyopathy. This finding has been confirmed during longterm follow-up studies in patients with RVOT tachycardias.16 However,
there are two exceptions to this general rule. First, patients with a high
burden of ventricular arrhythmia can develop a reversible form of LV
cardiomyopathy.17 Tanaka et al. recently demonstrated in a porcine
model that prolonged ventricular bigeminy leads to diffuse interstitial fibrosis histologically and results in decreased unipolar voltage as
seen with electroanatomic mapping.18 Consistent with this observation, Bogun et al. showed that a PVC burden greater than 24% was
associated with development of PVC-induced cardiomyopathy (sensitivity and specificity of 80%).19 However, arrhythmia burden alone
may be a poor predictor of future development of cardiac dysfunction
because patients with a lower burden of arrhythmia (16% ± 4%) also
have developed cardiomyopathy, whereas some patients with a higher
burden (33% ± 13%) can maintain normal ventricular function over
extended follow-up periods. Thus there may be other factors involved
in the development of cardiac dysfunction in patients with outflow
tract tachycardias. Nevertheless, in patients with OTVT who develop
true tachycardia-mediated cardiomyopathy, suppression of the clinical arrhythmia, either pharmacologically or by ablation, is associated
with improvement of LV function.19,20 It is good clinical practice to
monitor cardiac function with periodic (for instance, annual) echocardiograms in asymptomatic patients with PVC burden exceeding 5%,
and certainly if symptoms of LV dysfunction develop. Another clinical scenario that is not uncommon is the development of OTVTs in
patients with structural heart disease. This is particularly challenging
in patients with arrhythmogenic right ventricular cardiomyopathy
(ARVC), where the appearance of OTVTs may be a manifestation of
the underlying disease, and the prognosis of the arrhythmia in these
patients is less benign than the typical OTVT population. Suspicion
for ARVC should arise if the arrhythmias manifest multiple ECG
morphologies. ECG algorithms have also been developed to improve
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differentiation between idiopathic OTVTs versus those occurring in
the setting of ARVC.21,22 Signal-averaged ECG, cardiac magnetic resonance imaging (MRI), and electroanatomic voltage mapping may be
helpful to diagnose ARVC in patients presenting with RVOT VT. In
one study, voltage and local electrogram abnormalities on electroanatomic maps were helpful in differentiating idiopathic RVOT tachycardia from RVOT tachycardia caused by subclinical ARVC. In these
patients the areas of voltage/electrogram abnormalities correlated with
fibrofatty myocardial replacement seen on endomyocardial biopsies
obtained from these locations.23

ANATOMIC SUBSTRATE
Most patients with idiopathic OTVT have demonstrated lack of gross
structural heart disease as evidenced by ECG, echocardiography,
radionuclide imaging, and cardiac angiography. However, in patients
with RVOT VTs that were initially thought to be idiopathic in nature,
studies using MRI have shown structural abnormalities including the
presence of focal wall thinning, abnormal systolic wall motion, and
focal fatty infiltration, findings not appreciated using conventional
imaging.24,25 The most common site of abnormality in most cases
was the RV free wall. However, the abnormal substrate in these studies did not consistently correspond with the site of arrhythmia origin
and subsequent studies have shown a considerably lower prevalence
of such abnormalities (approximately 10%).26 Investigators have also
conducted right ventricular biopsies in patients with RVOT tachycardias that have shown a wide spectrum of findings ranging from normal
tissue to myocardial atrophy and fibrofatty replacement consistent with
ARVC.23 Importantly, during electroanatomic mapping, identification
of areas manifesting fractionated electrograms and voltage abnormalities consistent with scar can serve as target locations for obtaining
endomyocardial biopsy to increase the diagnostic yield in patients with
suspected ARVC, myocarditis, and/or cardiac sarcoidosis who present
with OTVTs.23
Idiopathic OTVT may also occur in patients with other unrelated
cardiac diseases, including patients with a history of coronary disease. In such patients, the presence of an old infarction that is anatomically distinct from the outflow tract signifies the coexistence of
two unrelated processes. Ellis et al. reported the presence of unrelated
structural heart disease in 43% of patients (42/97) who underwent
ablation of an idiopathic OTVT. In that series, patients with idiopathic OTVT and unrelated structural heart disease were more likely
to have the source of the arrhythmia ablated from the coronary cusps
or basal LV region, when compared with patients lacking structural
heart disease in whom the arrhythmia most commonly arose from
the RVOT.27

ANATOMY OF THE OUTFLOW TRACTS
A comprehensive understanding of the anatomic relationship between
the structures in the outflow tract region is crucial to successful localization and ablation of these arrhythmias.28 In the thoracic cavity the
cardiac orientation is such that the RVOT, and particularly its free
wall, is the most anterior structure. The superior aspect of the RVOT
crosses the anterior aspect of the LVOT such that its anterior-most
extension together with the pulmonic valve often lies leftwards of the
aortic valve (Fig. 28.1A). The pulmonic valve annulus lies superior to
the aortic annulus, and the aortic valve is tilted rightward in the horizontal plane such that the left coronary cusp (LCC) typically lies superior (cranial) to the right coronary cusp (RCC) and noncoronary cusp
(NCC). The RCC is in close proximity to the RVOT region, and it is
because of this anatomic relationship that successful ablation of OTVT
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the noncoronary cusp (NCC, N). Right, The root of the aorta has been removed to show the elliptical ostium
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originating from the superior and septal RVOT (its leftward aspect)
can sometimes be accomplished from the RCC and vice versa.29 In fact,
the structure immediately anterior to the aortic valve is the posterior
muscular infundibular portion of the RVOT (see Fig. 28.1A and B).29,30
Importantly, the penetrating bundle of His resides in the membranous
interventricular septum directly underneath the NCC.
The classic understanding of outflow tract and great artery junction
is that there is an abrupt termination of ventricular myocardium at
the level of the semilunar valves. However, it has now been established
that myocardial sleeves extend into the aorta and pulmonary artery for
variable distances in some patients.31,32 The outflow tract–great artery
junction is complex both in terms of its development and histology with

multiple tissue types interfacing in this region (arterial smooth muscle, cardiac muscle, collagen, and valve tissue). In the pulmonic valve
region, the myocardial sleeves can extend symmetrically across the
valve cusps from few millimeters to more than 2 cm into the pulmonary
artery.31 The myocardial extensions above the aortic valve are significantly different from those observed in the pulmonic valve. At the base
of the RCC, the LV myocardium is closely apposed to the aortic wall
with myocardial sleeves running in parallel to the base of the cusp. By
contrast, the LCC is separated from the LV myocardium by a thick band
of fibrous tissue interspersed with strands of ventricular myocardium.33
Fundamental to the understanding of IVTs arising near the aortic
and mitral valve is the concept of the LV ostium (see Fig. 28.1C).30,33
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The LV ostium is best described as an elliptical opening at the base of
LV and is covered by a tough fibrous structure, which is perforated by
the aorta anteriorly and the mitral valve posteriorly. The aorta is joined
to the LV ostium at an angle of approximately 30° above the horizontal
plane with the NCC being most inferior, the LCC most superior, and
the RCC most anterior and in direct contact with the LV ostium. The
aortic valve itself has a central location at the base of the heart and LV
ostium with relationships to all other valves and cardiac chambers. The
RCC is positioned immediately posterior to the infundibular aspect of
the RVOT. Caudally, the RCC is continuous with the anterior LVOT,
and at the level of valve insertion, there is either a true physical continuity or very close proximity to myocardial tissue from either the LVOT
or the posterior RVOT.29 The NCC lies posterior and to the right of the
RCC and as such it has no anatomic relationship with any ventricular
myocardium.34 Instead, the NCC lies adjacent to the interatrial septum
and has relations to both the right and left atria. This may explain why
ventricular arrhythmias rarely originate from the NCC. The commissure between the RCC and NCC forms part of the membranous interventricular septum and is the location of the penetrating bundle of His.
The LCC lies superior, posterior, and to the left of the RCC. The commissure between the LCC/RCC is immediately posterior and caudal to
the distal RVOT (see Figs. 28.1A and B). Myocardial tissue is present in
the LCC but not to the same extent as in the RCC. In addition, the LCC
is usually separated from the LVOT by connective tissue.
The LV summit is an interesting entity, and this region is being
increasingly recognized as a source of epicardial IVTs.35 The LV summit is the triangular epicardial aspect of the most superior portion of
the LV extending cephalad to the aortic portion of the LV ostium and
is bounded by the origin of the left anterior descending (LAD) artery
and left circumflex coronary artery (LCx).30 The base of this triangle
is defined by the first septal perforator of the LAD, and this triangular
region is bisected by the anterior interventricular vein (AIV). As will
be discussed later, the close proximity of the epicardial coronary vessels
make it particularly challenging to target IVT originating from the LV
summit region.
Within the OTVT region, the sources of these arrhythmias show
a predilection for certain locations. Thus in one study, approximately
80% of RVOT tachycardias were localized to the superior anteroseptal
aspect just below the pulmonic valve.36 Similarly, LVOT tachycardias
have been found to originate from a narrow location that includes the
LCC and RCC, the bordering aspects of LV ostium (septal parahissian,
aorto-mitral continuity [AMC], and the superior mitral annulus), and
the adjoining LV summit region. In the entire outflow tract region
almost 90% of idiopathic tachycardias seem to originate from a fairly
narrow anatomic zone. This observation raises an interesting question about why this location is predisposed to triggered activity. It is
conceivable that this may be related to of its embryologic origin (from
neural crest cells). However, it remains unclear whether this tissue is
naturally present in all individuals and manifests arrhythmias in a select
few, or if it is only seen in those patients that subsequently develop
OTVTs. Alternatively, predisposition to OTVTs may be the result of an
acquired inflammatory process, such as subclinical myocarditis resulting in fibrosis that can disrupt the perivalvular tissue, thus isolating
myocardial cell groups, which in turn may develop abnormal resting
or threshold membrane potentials thereby promoting abnormalities of
impulse formation (triggered activity and/or abnormal automaticity).

DIAGNOSIS
Electrocardiographic Patterns and Anatomic
Localization
Because OTVTs have a focal source and occur in patients with structurally normal hearts, their site of origin can usually be predicted by
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Fig. 28.2 Relationship between outflow tract anatomy and electrocardiogram morphology. The RVOT free wall is the most anterior
structure, immediately beneath the precordial leads V1−V3. As such,
arrhythmias originating from the RVOT free wall are predominantly negative across the precordium. Moving posteriorly toward the spine (from
septal RVOT to RCC, LCC, aorto-mitral continuity, and superior mitral
annulus, the activation wave front moves increasingly more toward the
precordial leads resulting in more positivity in V1 and earlier precordial
transition. The RVOT site 1 is the most leftward, thus generating a
positive complex in lead I, whereas RVOT site 3 is the most rightward
and generates a negative complex in lead I. LCC, left coronary cusp;
RCC, right coronary cusp; RVOT, right ventricular outflow tract (From
Liang JJ, Han Y, Frankel DS. Ablation of outflow tract ventricular tachycardia. Curr Treat Options Cardio Med 2015:17:363. With permission
from Springer.)

the standard 12-lead ECG. However, given the narrow anatomic zone
from which OTVTs originate, coupled with anatomic variations (especially with regard to the heart position within the chest cavity), electrocardiographic overlap between adjacent sites exists and accurate
localization requires invasive mapping. Nevertheless, understanding
ECG patterns of OTVTs is a useful tool for arrhythmia localization and
procedure planning.
The classic ECG profile of RVOT tachycardia is a left bundle branch
block (LBBB) pattern with inferior axis evidenced by tall R waves in
leads II, III, and aVF, and QS complexes in aVR and aVL.37 Fig. 28.2
shows common sites of origin of OTVTs in relation to the precordial
leads V1-V3 and limb lead I. Because lead V1 is a unipolar right-sided
lead, tachycardias originating from the anterior (free wall) RVOT propagate posteriorly and away from V1, creating a predominantly negative
or LBBB pattern. Tachycardias originating further posteriorly and leftward (septal aspect) in the RVOT region while still having an LBBB
pattern usually manifest a small R wave preceding the large S wave in
lead V1. Because of the continuity between the posterior RVOT and the
anterior LVOT, a similar small R wave (preceding the S wave) in lead
V1 can be seen with tachycardias originating in the RCC region. Further posterior or leftward from the RCC is the AMC and tachycardias
originating from this region show more prominent R waves, which are
preceded by a small q wave. In the authors’ experience, this qR pattern
in lead V1 together with inferiorly directed axis is pathognomonic of
tachycardia origin from an AMC location. Further posterior or leftward to the AMC sits the LCC, and tachycardias originating from this
location usually manifest prominent R waves in V1. Beyond the LCC is
the mitral annulus, and tachycardias originating from this region usually manifest large monophasic R waves in lead V1.
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Other leads can also be helpful in localizing OTVTs. The ratio of
QRS complexes in leads aVR and aVL was found to be useful in predicting the relatively superior or inferior location of the tachycardia
source within the outflow tract region. In general, leads aVR and aVL
being located at the respective shoulders, usually manifest prominent
negative (QS) complexes for OTVTs. However, for tachycardias originating at a lower level in the RVOT (near the His-bundle region),
complexes in lead aVL become progressively less negative or even
isoelectric to positive, whereas complexes in lead aVR remain negative.
Conversely, when the source of the tachycardia is leftward and in the
superior most aspect of the outflow tract (such as above the pulmonic
valve), complexes in lead aVL may be more negative than complexes in
lead aVR. Similarly, the ratio of R waves in leads II and III can also help
differentiate a more superior from an inferior location of tachycardia
sources within the outflow tract region. Interestingly, for OTVTs, QRS
complexes in leads II and III are usually mirror images of those in leads
aVR and aVL, respectively.
Although the 12-lead ECG is extremely helpful in localizing the
site of origin of OTVTs, it is important to verify accurate ECG lead
position because even minor changes in the location of certain leads
can substantially alter the morphology of QRS complexes recorded by
those leads. This is particularly true for precordial leads V1 and V2 as
well as limb lead I. It is not uncommon for precordial leads V1 and
V2 to be misplaced an intercostal space higher or lower than their
standard location (fourth intercostal space). Similarly, the electrodes
for limb lead I can sometimes be displaced from the shoulder to the
nearby upper chest area. These lead displacements are particularly
common during exercise test protocols (done to evoke outflow tract
ventricular arrhythmias) or during electrophysiology study (to accommodate the precordial defibrillation pads). Such minor changes in lead
placement have been shown to alter the morphology of QRS complexes significantly, which in turn can affect the accuracy of the ECG

Superior

Clinical Arrhythmias from Right Ventricular Outflow Tracts
To characterize electrocardiographic patterns of RVOT tachycardias,
our group has previously created a numbering system dividing the
RVOT into nine distinct anatomic sites (Fig. 28.4A).39,40 Sites 1 to 3 are
the most superior anatomic sites below the pulmonic valve in a posterior to anterior orientation. Sites 4 to 6 and 7 to 9 are respectively the
two rows below from an outflow to inflow orientation. This numerical
site classification from 1 to 9 is applied separately to the septal and free
wall aspects of the RVOT.
The vast majority of RVOT arrhythmias arise from its most superior
aspect, just below the pulmonic valve. Therefore the ECG characteristics of these anatomic sites were studied in detail in 14 patients with
structurally normal hearts.40 Under guidance with an electroanatomic
During VT
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to localize the site of origin of the clinical arrhythmia.38 Thus superior
displacement of precordial leads V1 and V2 can result in reduced R
wave amplitude and R/S ratio, whereas inferior displacement of these
leads can increase R wave amplitude and the R/S ratio (Figs. 28.3A
and B). It is thus conceivable that in a case in which VT is originating from the cusp region, if leads V1 and V2 are misplaced superiorly
resulting in reduced R wave amplitude and lower R/S ratio of QRS
complexes, then the tachycardia origin may be erroneously localized
to the RVOT region. Similarly, for tachycardias originating in RVOT, if
leads V1 and V2 are misplaced inferiorly, then because of increased R
wave amplitude and R/S ratio, the source may be erroneously localized
to the cusp region. It was also found that anterior displacement of the
upper limb leads from shoulders to the adjacent upper chest/torso can
significantly reduce the R wave amplitude and/or even reverse the QRS
polarity in limb lead I (Fig. 28.3C). This alteration in QRS morphology
can influence one’s ability to distinguish anterior/leftward accurately
from posterior/rightward location of the tachycardia source in the
superior RVOT region.
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outflow tract (A), and the junction of the left and right coronary cusp regions (B) was serially recorded with
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space (inferior). Superior displacement of leads resulted in decrease of R wave amplitude, whereas inferior
displacement resulted in more prominent R wave amplitude in these leads. C, Influence on displacement of
leads from the shoulder to the bordering chest wall on QRS morphology in limb lead I. In this case, with leads
on the shoulder, lead I shows notched R wave, whereas with leads on the bordering chest wall, the complex
changes to an rS morphology in lead I. See text for details. VT, Ventricular tachycardia.
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mapping system, a 4-mm mapping catheter was carefully positioned
serially at sites 1 to 3 in both the RVOT septum and free wall (Fig. 28.4B)
and pace mapping from each site was performed. Fig. 28.5 shows pace
maps from all six superior RVOT sites. Pace maps from septal sites
manifested monophasic R waves in the inferior leads, which were taller
and narrower in comparison with those over the corresponding freewall sites (Fig. 28.6A). The duration of the R wave in lead II was specifically analyzed, and at septal sites this was found to be significantly
shorter when compared with R wave at corresponding free wall locations (Fig. 28.6B). In addition, the contour of the R wave in the inferior
leads was helpful in differentiating between pace maps of septal and
free wall locations in the superior RVOT. Typically, R waves from free
wall sites demonstrated characteristic notching, which was uncommon
in corresponding septal locations (see Fig. 28.5). The precordial QRS
transition too was helpful in distinguishing septal from free wall locations in the superior RVOT. In this series, the combination of late precordial transition (at or beyond lead V4) and notching of the R wave
in the inferior leads was found to be a sensitive and specific ECG criterion for identifying tachycardias originating from the free wall aspect
of superior RVOT.
The QRS morphology in limb lead I can be helpful in distinguishing anterior or leftward locations from posterior or rightward locations in the superior RVOT region. Lead I manifests a positive polarity
(R wave) for pace maps and tachycardias originating from posterior or
rightward locations (site 1), whereas for pace maps and tachycardias
originating from anterior or leftward aspect of the superior RVOT (site
3), complexes in lead I manifest negative polarity (QS pattern). This
applies to both the septal and free wall aspects (Fig. 28.7). Site 2, midway between the anterior and posterior RVOT, typically displays either
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Fig. 28.4 Schematic representation of the right ventricular outflow
tract (RVOT). A, Locations of the nine standard mapping sites along
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valve in an anterior to posterior orientation. B, The RVOT in a coronal projection depicting sites 1 to 3 along the septal and the freewall aspects of the superior RVOT. Site 1 is posterior and rightward
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these. The QRS complex morphology in multiple leads can help localize tachycardia origin from these sites. See text for details. FW, Free
wall; LCC, left coronary cusp; NCC, noncoronary cusp; PV, pulmonic
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Fig. 28.5 Sample 12-lead electrocardiogram pace maps from sites 1 to 3 along the septum and free-wall
aspects of the right ventricular outflow tract (RVOT). Sites were tagged on an electroanatomic shell (CARTO;
Biosense Webster, Diamond Bar, CA) displayed in the center of the figure in a coronal projection. The pace
maps from septal RVOT sites 1 to 3 are shown to the left of the shell and those from the free-wall sites 1 to
3 are shown to the right of the map. Pace maps from all sites displayed left bundle branch block morphology
with an inferior frontal plane axis. The R waves in the inferior leads (II, III, and aVF) were taller and narrower
for pace maps from septal sites as compared with the corresponding free wall sites. In addition, the precordial
QRS transition was later for free wall sites when compared with septal locations. Transition from anterior to
posterior sites over both the septal and free wall aspects of the RVOT resulted in increasing R wave amplitude
in lead I.
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Fig. 28.7 Electrocardiogram (ECG) morphologies of tachycardias that
were successfully ablated in the superior right ventricular outflow tract
(RVOT). The left-hand side of the figure displays the 12-lead ECG morphology of characteristic septal RVOT tachycardias from sites 1 through
3, whereas the right-hand side of the figure displays the ECG morphology of characteristic free wall RVOT tachycardias from sites 1 and 3.
Tachycardias originating from free wall show notching in the inferior
leads and late precordial transition (≥V4). In comparison, tachycardias
originating from septal RVOT have earlier precordial transition and lack
notching of the R wave in the inferior leads. For both septal and free
wall tachycardias, lead I helps distinguish anterior (leftward) from posterior (rightward) location. See text for details.

TABLE 28.1
RVOT source
•
•
•
•

Septal
Free wall
Anterior sites
Posterior sites

Coronary cusps

Diagnostic Criteria
LBBB pattern; R wave transition after V3;
tall R in leads 2, 3, aVF
• Absence of notching in leads 2, 3, aVF;
precordial transition < V4
• Presence of notching in leads 2, 3, aVF;
precordial transition ≥ V4
• Negative lead 1
• Positive lead 1

• Left coronary cusp
• Right coronary cusp
• Left–right junction

Strongly inferior axis; precordial transition
earlier than in NSR
• m or w pattern in V1
• QS or rS pattern in V1
• QS pattern, with notching on downstroke, in V1

Aorto-mitral continuity

RBBB, inferior axis, qR pattern in V1

LV summit

Inferior axis, delayed upstroke in lead 2,
QS in lead 1, R/S ratio in V2 < 1

LBBB, Left bundle branch block pattern; LV, left ventricle; NSR, normal
sinus rhythm; RBBB, right bundle branch block pattern; RVOT, right
ventricular outflow tract.

a biphasic or a multiphasic QRS pattern in limb lead I (see Fig. 28.7).
Table 28.1 summarizes the ECG criteria to localize arrhythmias in the
superior RVOT origin.
In older reports, the site of origin of RVOT tachycardia was infrequently (approximately 4% to 6%) found to be above the plane of the
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pulmonic valve.31,32,40,41 However, subsequent studies have suggested
that the incidence of supravalvular foci from the pulmonary artery may
be higher than previously thought.42–44 The myocardial sleeves extending beyond the pulmonic valve into the pulmonary artery are the likely
source of such supravalvular foci. In that context it is interesting to note
that although Hasdemir et al. previously reported a 17% incidence of
suprapulmonic muscular sleeves in autopsied hearts, Gami et al. subsequently reported a much higher (73%) incidence. Using electroanatomic voltage mapping and intracardiac echocardiography (ICE), Liu,
et al. have also demonstrated that sleeves of myocardial tissue extended
above the pulmonic valve in approximately 90% of patients.31,32 These
supravalvular tachycardias have been shown to manifest LBBB morphology with intermediate, right, or vertical frontal plane axes and a
precordial transition in V2 or later. Compared with RVOT tachycardias
arising below the pulmonic valve, tachycardias from the pulmonary
artery may have greater R wave amplitude in the inferior leads. Another
clue supporting suprapulmonic valve origin is a taller R wave in lead
III compared with lead II, which is likely because of more leftward
orientation of the suprapulmonic valve compared with the infrapulmonic valve location in the RVOT (see Fig. 28.1). However, because of
considerable overlap, there are no unique characteristic ECG features
that can consistently and reliably differentiate the source of OTVT as
being from above or below the pulmonic valve. Lead I can be helpful
in differentiating between RCC versus a suprapulmonic valve site of
origin. Because the distal RVOT and pulmonic valve are situated relatively leftward of the aortic root and RCC, tachycardias originating in
the latter location manifest a relatively large R wave in lead I.45 Ablation of suprapulmonic sites of origin was usually performed within 5
to 21 mm above the pulmonic valve. At the successful ablation sites,
a low-amplitude, sharp (or multicomponent), presystolic electrical
potential (preceding the QRS onset by 28.2 ± 2.9 ms) was usually noted
during the clinical arrhythmia.44,46 Although aortic cusp VAs frequently manifest early activation as isolated presystolic potentials with
mismatched unipolar and bipolar timing, pulmonic cusp VAs tend to
have simultaneous earliest ventricular activation in unipolar and bipolar recordings at the site of successful ablation.44 In sinus rhythm, the
successful ablation site usually manifested a small far-field atrial signal.
In one study, a standard 4-mm-tip radiofrequency (RF) catheter was
used for pulmonary artery OTVT ablation, and in this series the investigators delivered power for up to 60 to 90 seconds using a temperature
cut-off at 55°C.46 In another study, a 3.5-mm-tip open-irrigation catheter was used with maximum power delivery of 40 W, temperature not
to exceed 43°C, a flow rate of 20 mL/min, and energy delivery duration
of 60 seconds.44

Clinical Arrhythmias From Basal Left Ventricle
In the authors’ experience, idiopathic arrhythmias originating
from the basal LV constitute approximately 10% to 20% of OTVTs.
The basal LV includes the septum, inferior, anterior, and lateral
walls bordering the mitral valve. The aortic valve is typically positioned at 30-degree angle superior to the mitral valve in close
proximity to this region and is a part of the LV ostium (as discussed earlier).
When targeting tachycardias originating from the basal LV, it
is helpful to create a detailed electroanatomic map of this region
at the outset. The following protocol is recommended: the planes
of mitral and aortic valves should be well defined. Using a retrograde aortic approach, the aortic valve is crossed, and the mapping
catheter is positioned in the mitral annulus such that the distal
pair of electrodes records a large ventricular electrogram preceded
by a smaller or equal-size atrial electrogram. In this orientation,
at least three distant anatomic points along the mitral annulus
(medial, lateral, and superior or inferior) are acquired. Next, the
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Fig. 28.8 Computed tomography angiogram of the outflow tract region
in a coronal view depicting the relationship between the superior right
ventricular outflow tract (RVOT) and aortic cusps. The posterior septal
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aortic cusp is also facilitated by intracardiac echocardiography (B). LA,
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catheter is retracted into the aorta and then advanced down to the
aortic valve, where the individual cusps (RCC, LCC, and NCC) are
mapped. Orthogonal fluoroscopy and ICE are useful when mapping
this region (Fig. 28.8). The utility of the latter imaging technique
is significantly enhanced by the ability of some 3-dimensional
electroanatomic systems to rapidly create a shell of the chamber
of interest (CARTOSOUND, Biosense Webster, Diamond Bar, CA),
which can be quite helpful in localizing the aortic and mitral valves.
After careful delineation of the mitral and aortic valves including
the aortic cusps, the catheter is advanced into the LV and multiple
evenly distributed anatomic points (≥100) are acquired to create an
endocardial geometric shell of the LV with emphasis on its basal
portion.
To develop ECG criteria for basal LV tachycardias, distinct basal
LV anatomic sites in a series of patients with structurally normal
hearts were systematically pace mapped. These sites included the
septal parahissian region, AMC, superior, superolateral, and lateral
mitral annulus (Fig. 28.9).3 Pace maps from the septal parahissian
region showed a relatively narrow QRS duration (mean 134 ± 28 ms),
and this region had a characteristic pattern in V1 of initial negative
forces (QS or rS) albeit with an early precordial transition (reversal of Q to R ratio ≤ V3). Compared with this location, the slightly
more leftward AMC region manifested a small q wave followed by a
larger R wave (qR) pattern in lead V1, and this pattern in the authors’
experience is pathognomonic for tachycardias originating from this
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Fig. 28.9 Pace maps from various basal left ventricle sites. In a lateral-to-medial distribution, paced sites
included the lateral, superolateral, and superior mitral annulus (MA), the aorto-mitral continuity (AMC), and the
septal parahissian region (sites numbered 1−5). Electroanatomic map of basal LV in superior posteroanterior
projection is shown in the center. QRS morphology in leads I, II, V1 (arrows), and precordial transition pattern
(rectangles) can help to distinguish the anatomic sites. AV, Aortic valve; MV, mitral valve. See text for details.

location. In addition, from both septal parahissian and AMC locations, pace maps manifested predominantly positive complexes (R or
Rs) in limb lead I.
In comparison, pace maps from lateral basal LV sites (superolateral and lateral mitral annulus) demonstrated a wider mean QRS
duration (mean 182 ± 1 ms), and a right bundle branch block (RBBB)
morphology in lead V1 (monophasic R waves or Rs complexes),
and either no precordial transition or late appearing s wave (≥V5;
for inferolateral basal LV sites). The lateral basal LV sites typically
manifested predominantly rS or QS complexes in limb lead I (see
Fig. 28.9).
In summary, with the exception of left parahissian sites, which
consistently demonstrated LBBB morphology and early precordial
transition patterns, pace maps from all other locations in the basal LV
manifested RBBB morphology. In addition, a qR morphology in lead
V1 together with an inferior axis was pathognomonic for pace maps
from AMC locations (see Fig. 28.9).
In a consecutive series of 122 patients who underwent ablation of
idiopathic OTVT at our center, the arrhythmia was localized to the
basal LV in 12 patients as follows: septal parahissian region in two,
AMC in four, superior mitral annulus in three, and superolateral mitral
annulus in three. Representative ECG morphologies of these tachycardias are depicted in Fig. 28.10.

Clinical Arrhythmias From the Aortic Cusps
Idiopathic ventricular arrhythmias that can be successfully ablated
from within the coronary cusps have been increasingly recognized.47–49
As mentioned earlier, the aortic valve is the central structure of the outflow tract region and has direct relations to all other cardiac chambers.
This association is the key to understanding why successful ablation
of OTVTs manifesting diverse morphologies suggesting origin in the

septal RVOT, basal LV, great cardiac vein (GCV), and so on may still
be accomplished from the cusp region and vice versa. This relationship
is advantageous in balancing feasibility, efficacy, and safety while mapping and ablating various OTVT morphologies from the cusp region.
Similar to the aforementioned approach in the RVOT and basal LV
region, we have also assessed the ECG characteristics of pace maps and
clinical tachycardias arising from the aortic cusp region in a cohort
of 20 patients with structurally normal hearts.50 Using a retrograde
approach, the mapping catheter was positioned in each aortic cusp and
pacing was performed. The 12-lead ECG of pace maps from each location was then analyzed to identify unique features. Accurate catheter
localization in the cusp region was guided by orthogonal fluoroscopy,
ICE, and electroanatomic mapping (Fig. 28.11; see Fig. 28.1B). It was
found that precordial lead V1 was the most useful ECG lead to distinguish between the aortic cusps. Pace maps from the RCC consistently
produced a negative vector in lead V1 with a QS or rS pattern, whereas
pace maps from the LCC produced an overall positive vector in V1 with
multiphasic components resembling an M- or W-shaped QRS complex (Fig. 28.12). In addition, the mean QRS duration was shorter in
LCC pacing (142 ms; range, 108−180 ms) when compared with RCC
pacing (164 ms; range, 141−241 ms). The vector, amplitude, and ratio
of the inferior leads did not distinguish RCC from LCC morphology.
As noted earlier, the NCC lies adjacent to the interatrial septum and
has relations to both atria, and therefore mapping in the NCC typically
revealed a prominent atrial electrogram with or without a very small
ventricular electrogram, and pacing from this cusp resulted in exclusively atrial capture. The ECG features of coronary cusp VTs are listed
in Table 28.2.
Interestingly, a common site of origin for cusp tachycardias is the
common commissure between the RCC–LCC and arrhythmias arising
from this location manifest additional unique features. In a series of 19
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Fig. 28.10 Typical electrocardiogram morphologies of idiopathic basal left ventricle tachycardias from the
septal parahissian region, aorto-mitral continuity (AMC), superior mitral annular (MA), and superolateral MA
locations. QRS morphology in leads V1 and I combined with the ratio of QRS in leads II/III and the precordial
transition pattern can reliably distinguish medial from lateral mitral annular site of origin. See text for details.

patients with idiopathic outflow tract VTs successfully ablated from the
RCC-LCC commissure (as confirmed by real-time visualization with
ICE and merging of preacquired computed tomography angiography
with the electroanatomic shell), we found that VTs arising from this
location manifested a QS pattern in lead V1 with notching on the downward deflection.51 Furthermore, at the site of successful ablation from
this location, the intracardiac electrogram showed a distinct lowamplitude presystolic activation during VT, which reversed during
sinus rhythm (Fig. 28.13). Although in our experience, the 12-lead ECG
is helpful in localizing cusp tachycardias, it can nevertheless be influenced by the overall orientation of the aortic root vis-à-vis the LV. This
is especially so with age-related changes such as unfolding of the aortic
arch that can alter the orientation of the aortic root, as reported by
Maeda et al. who used cardiac MRI to identify these changes and correlated the influence of that on pace maps obtained from different sites
in the LVOT.52 In this study, older age was associated with increased
angle of the aortic root and decreased aorta-ventricular septal angle as
seen on cardiac MRI. Furthermore, the LCC tended to be more cranial
relative to the RCC in older patients compared with younger patients.
This in turn significantly influenced the QRS morphology of pace maps
(and possibly arrhythmias) originating from the cusp region. Specifically, the R wave amplitudes tend to be greater when pace mapping
from the LCC (versus the RCC) in older patients, whereas in younger
patients this difference was not significant.52

Clinical Arrhythmias From the Epicardial Left
Ventricle Summit
In a small subset of patients with idiopathic OTVT, the site of origin
may be truly epicardial. The most common location for these tachycardias is the LV summit region.35 The LV summit is defined as the
triangular portion of the epicardial LVOT with the apex at the bifurcation between the left anterior descending and the circumflex coronary arteries and the base formed by an arc connecting the first
septal perforator branch of the left anterior descending coronary artery
with the circumflex coronary artery. The LVS is bisected by the GCV
in two regions, one closer to the apex of the triangle and one at the
base of the triangle. These anatomic definitions are based on orthogonal fluoroscopy, intracardiac echocardiography, and intraprocedural
coronary angiography.53 Although tachycardias originating from this
location share many ECG features with other OTVTs, they may manifest a QS pattern in lead I (seen in 30%), delayed time to reach the
peak or nadir of QRS complexes, and early precordial R wave transition (at or before V3 in 70% of patients).54 In a study that analyzed
ECG features of clinical VT arising from the epicardial and endocardial
aspects of the anterobasal LV, two or more of the aforementioned ECG
features accurately distinguished epicardial from endocardial site of
origin of clinical VT originating from this LV location (Fig. 28.14).55
Additionally, Hayashi et al. recently reported the presence of a precordial pattern break in lead V2 (abrupt loss of R wave amplitude
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Fig. 28.12 Pacing morphologies from the left coronary cusp (left) and
right coronary cusp (right). For left coronary cusp pacing, the first example (left) shows an M-shaped pattern in V1, whereas the second one
is more W-shaped (arrows). In both cases, V1 has a multiphasic QRS
pattern with a precordial transition by lead V2. The two examples of right
coronary cusp pacing show a left bundle branch block in V1 and a later
precordial transition (≥V3).

C
Fig. 28.11 Typical left and right anterior oblique fluoroscopic projections (LAO and RAO, respectively) showing the mapping catheter
(yellow arrow) by the right coronary cusp (A) and the left coronary
cusp (B). C, An aortogram showing the mapping catheter in the left
coronary cusp below the left main coronary artery takeoff (light green
arrow).

in V2 compared with V1 and V3), which was found in cases where
the site of origin of the arrhythmia was adjacent to the AIV sulcus
(Fig. 28.15).56 In patients presenting with LV summit arrhythmias, percutaneous epicardial ablation is frequently unsuccessful because of the
proximity of the coronary vessels and the presence of epicardial fat. In
our experience, epicardial ablation is more successful for arrhythmias
arising from the basal and lateral aspect of the LV summit region than
the apical and septal aspect. We have found the following ECG characteristics to be predictive of a lateral and/or basal arrhythmia site of
origin in the LV summit region: (1) Q wave ratio greater than 1.85 in
aVL / aVR; (2) R/S ratio greater than 2 in lead V1; and (3) absence of
q waves in lead V1.54 Tachycardias manifesting two or more of these
ECG features were more likely to be successfully ablated from the
epicardium.

TABLE 28.2
RVOT source

Coronary Cusps
Left coronary
cusp

Site with very small presystolic potential up to
80 ms before QRS onset (with isoelectric segment
between potential and QRS); QS on unipolar recording; pace map may not be good; delayed signal in
NSR that reverses during PVC

Right coronary
cusp

Sites with late diastolic/presystolic potentials
15−50 ms before QRS onset (with isoelectric segment between potential and QRS); QS in unipolar
recording; perfect pace map match (may have
multiple-paced morphologies); delayed signal in
NSR that reverses during PVC

Left–right
junction

Sites with late diastolic/presystolic potentials 50 ms
before QRS onset; QS in unipolar recording; perfect
pace map match; delayed signal in NSR that
reverses during PVC

Other sites (GCV/AIV,
AMC, LV summit)

Sites with late diastolic/presystolic, often fragmented potentials 15−50 ms before QRS onset; QS
in unipolar recording; perfect pace-map match

Intramural Left Ventricular Outflow Tracts Arrhythmias
There has been increasing recognition of LVOT tachycardias originating from intramural foci. In a single center study, Yamada et al.
reported that over 20% of all patients undergoing ablation for LVOT
arrhythmias had a presumed intramural source originating from the
basal LV between the AMC and epicardial LV summit.57,58 In these
studies, the ECG characteristics of intramural LVOT arrhythmias
tended to be closer to the ECG morphology of arrhythmias arising

Target Sites for Ablation
Sites with late diastolic/presystolic potentials
15−50 ms before QRS onset; sharp QS in unipolar
recording; perfect pace map match

AIV, Anterior interventricular vein; AMC, aorto-mitral continuity; GCV,
great cardiac vein/anterior interventricular vein; LV, left ventricle; NSR,
normal sinus rhythm; RVOT, right ventricular outflow tract.
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Fig. 28.14 A 12-lead electrocardiogram and intracardiac electrograms from a patient with ventricular tachycardia of a left ventricle (LV) summit origin (left). Intracardiac recordings of the epicardial surface are achieved
using a 2 F multielectrode mapping catheter advanced through the coronary sinus (CS) into the anterior
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seen. A, Atrium; D, distal; Pi, proximal; V, ventricle. (Courtesy Dr. Enrique Rodriguez.)
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Fig. 28.15 QRS morphology showing V2 pattern break (left panel). The unipolar lead V2 is located anatomically opposite to the anterior interventricular sulcus. AP, anterior-posterior view; LL, left lateral view. (Images
used with permission of UCLA Cardiac Arrhythmia Center-Wallace A. McAlpine Collection- Courtesy: K Shivkumar, M.D., PhD, as modified from: Hayashi T, Santangeli P, Pathak RK, et al. Outcomes of catheter ablation
of idiopathic outflow tract ventricular arrhythmias with an R wave pattern break in lead V2: a distinct clinical
entity. J Cardiovasc Electrophysiol. 2017;28:504-514. With permission from Wiley.)

from the endocardium of the AMC region rather than epicardial LV
summit. Specifically, intramural LVOT arrhythmias had a maximum
deflection index (MDI) in the precordial leads, which fell between the
MDI values for epicardial and endocardial LVOT arrhythmias. Additionally, when compared with epicardial LV summit foci, intramural
foci had a smaller R wave amplitude ratio in lead II compared with
lead III, smaller Q wave amplitude ratio in aVL versus aVR, earlier
local ventricular activation time in relation to the QRS onset at the His
bundle region, and later ventricular activation time in relation to the
successful ablation site.58

Differentiating Right Ventricular Outflow Tracts From Aortic
Cusps Site of Origin

One of the challenges in the mapping and ablation of OTVTs is the
ability to distinguish those arising from cusp region from those originating in the RVOT. Although the RVOT is superior and anterior to the
aortic cusp region, the RCC, RCC–LCC junction, and the bordering
LCC are in close proximity. Not surprisingly, there is significant overlap in the ECG characteristics of tachycardias arising from these locations. Nonetheless, the 12-lead ECG when carefully analyzed can still
provide important clues that can be helpful in distinguishing RVOT
from cusp tachycardias.

Amplitude and Duration
Ouyang and associates were one of the first to study the distinguishing
ECG features between the RVOT and the aortic cusps tachycardias.49
They found that the R wave duration in V1 and V2 was longer in aortic
cusps VTs as compared with RVOT VTs. They also reported that an R
wave duration of 50% or more of total QRS width, or R/S amplitude
ratio of 30% or more in leads V1 or V2, strongly favored tachycardia
origin from aortic cusps.

Precordial Transition
The precordial R wave transition is another important ECG parameter
that can be helpful in distinguishing RVOT from aortic cusps origin.
Our group has developed an algorithm based on precordial transition pattern seen during clinical arrhythmia versus sinus rhythm to
differentiate tachycardias arising from RVOT versus the cusp region.59
The R and S wave amplitude and duration, as well as the QRS duration in leads V2 and V3, were measured during both sinus rhythm and
the arrhythmia (PVC/nonsustained VT). A transition ratio was then
calculated by computing the percentage R wave during arrhythmia

(R/R + S)VT divided by the percentage R wave in sinus rhythm
(R/R + S)SR (Fig. 28.16A). We found a V2 transition ratio of 0.6 or more
to predict a cusp origin with 95% sensitivity and 100% specificity. The
advantage of this algorithm is that it takes into account subjective variation in the patient’s body habitus, cardiac rotation, respiratory variation, and ECG lead positioning by measuring precordial transition
during the PVC/VT relative to the SR precordial transition. However,
we acknowledge that calculating a V2 transition ratio can be cumbersome. Therefore a more practical clinical tool for accurately localizing
these arrhythmias to assess whether precordial transition during the
PVC/VT occurs before or later than that in sinus rhythm. When the
precordial transition of the clinical arrhythmia occurs later than the
precordial transition in sinus rhythm, a cusp source of the tachycardia
is excluded with 100% accuracy (Figs. 28.16B).

Treatment of Outflow Tract Ventricular Arrhythmias
The decision to treat medically and/or ablate OTVTs depends on the
frequency and severity of symptoms. The initial drug of choice is usually a beta-blocker. Calcium-channel blockers, such as verapamil and
diltiazem, may also be considered and can act synergistically with
beta-blockers. These arrhythmias show variable response to antiarrhythmic drug therapy, and all classes of membrane-specific antiarrhythmic drugs may decrease the arrhythmia burden although the
degree of reduction is unpredictable. Acute termination of OTVTs
can be achieved by several means. The initial step is to increase vagal
tone by Valsalva maneuvers or by application of carotid sinus pressure. If these strategies are ineffective, an intravenous dose of adenosine (6–24 mg) or verapamil (10 mg) can be effective to terminate
VT.9
Catheter ablation of idiopathic OTVTs in symptomatic patients
is usually considered when beta-blockers, calcium-channel blockers, or antiarrhythmic drugs are not effective, not tolerated, or not
desired.60 In addition, in patients with PVC-mediated cardiomyopathy, ablation therapy may be considered the first line of treatment because this offers the most effective method for arrhythmia
suppression while avoiding antiarrhythmic drug therapy in this
vulnerable patient population with limited drug options. A challenging treatment dilemma is asymptomatic patients with normal ventricular function who have a high burden of ventricular
arrhythmia and so may be at risk of developing PVC-induced cardiomyopathy. The typical approach is to monitor these patients
closely with serial ambulatory ECG monitors and echocardiograms
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as discussed earlier and intervene aggressively should they develop
cardiac dysfunction.
Mapping of Ventricular Outflow Tract Tachycardias. The procedure
is typically performed under conscious sedation, titrated in such
a manner to keep the patient comfortable while not suppressing
the arrhythmia mechanism (delayed after depolarization mediated
triggered activity). Identification of clinical triggers can also be helpful,
especially for patients with infrequent arrhythmia in whom it is not

likely to be spontaneous or readily inducible at the time of ablation. One
of our colleagues recently treated a patient with severely symptomatic
OTVT triggered only following consumption of red wine. During
her first ablation, she was noninducible for VT, and thus no ablation
was performed. She had subsequent arrhythmia recurrence after
consuming red wine and thus presented for repeat ablation attempt.
Drug challenge with red wine the day before the procedure induced
VT, which was captured on 12-lead ECG to aid in preprocedural
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localization. With permission from our anesthesiology colleagues, she
was given 100cc of red wine during the repeat ablation procedure and
that resulted in infrequent clinical PVCs, which were localized and
successfully ablated from the superior posteroseptal RVOT.
The choice of mapping strategy begins with careful review of the
12-lead surface ECG. For OTVTs with LBBB morphology and precordial transition later than that in sinus rhythm, the RVOT should be
mapped first, whereas for arrhythmias manifesting RBBB morphology,
mapping can begin in the aortic cusps and/or LVOT. If the ECG morphology is suggestive of an epicardial LV summit origin, the GCV/AIV
should be mapped as well, and this can be accomplished by either positioning a separate recording catheter in this location and/or advancing
the ablation catheter. Although the GCV–AIV region can be challenging to access, in the authors’ experience, a long sheath in the proximal
or mid-CS can facilitate catheter advancement to this location. Smaller
caliber (6 or 4 F) multipolar catheters can also be helpful to map in this
location (see Fig. 28.14).
A 4-mm nonirrigated mapping/ablation catheter is typically used
for targeting RVOT tachycardias and the majority of basal LV tachycardias. However, in the cusp region, a 3.5-mm open-irrigation tip
catheter is preferred. When targeting tachycardias from the GCV–AIV
location, we use the open-irrigation catheter platform exclusively,
because a standard catheter is unable to deliver adequate power in this
region because the low blood flow in this location causes rapid heating, which severely limits power delivery. The irrigated catheter platform is able to overcome this limitation. It is also not uncommon to
encounter very high impedances at baseline (before power delivery) in
this location, but this can be overcome by resetting the power delivery
parameters. Despite these modifications, however, in our experience
it is difficult to deliver more than 20 watts of power for a sustained
period from this location.
The procedure is usually begun by creating a detailed electroanatomic shell of the chamber of interest (CARTO; Biosense Webster,
Diamond Bar, CA). In the ideal scenario, mapping is performed while
the patient is having frequent arrhythmia because this allows creation
of the chamber geometry together with electrical activation of each
point relative to a reference. It is important to identify important anatomic landmarks during creation of the electroanatomic map. When
mapping the RVOT, the tricuspid annulus, outflow tract, and pulmonic annulus are defined. When mapping the LVOT and particularly
the AMC and aortic cusps, the use of ICE can be especially helpful
to define the anatomy. In addition, the electroanatomic map can be
integrated with the shell of the chamber of interest created using CartoSound technology (CARTO, Biosense Webster, Diamond Bar, CA).
We are increasingly using this modality in the majority of our outflow
tract tachycardia ablation cases. The advantage of using CartoSound
is that it allows for rapid and accurate creation of the outflow tract
region including the valves. We have found this to be especially useful
for mapping and ablation in the cusp region. It is important to point
out that catheter location at the same position can differ significantly
during sinus rhythm versus tachycardia beats. Therefore if the electroanatomic and/or CartoSound map is constructed during tachycardia, at critical locations (earliest site, location with the best pace map)
additional points during sinus beats should also be acquired. These
can be retained on the original map as floating or location-only points,
which prevents shell distortion. The advantage of this approach is that
if the tachycardia terminates and becomes noninducible during mapping or after the first ablation, then the points marked during sinus
rhythm at this location can serve as targets for additional lesions.
Although a point-by-point contact mapping approach has been typically used for idiopathic OTVT ablation, other investigators have

reported comparable success rates for targeting these arrhythmias
using a noncontact mapping system (EnSite 3000; St. Jude Medical,
St. Paul, MN).61 The potential advantage of the noncontact mapping
system is its ability to plot activation during infrequent arrhythmia.
However, the major limitation of the system pertains to its difficulty
localizing a tachycardia source accurately in areas that distort basket
anatomy and/or are too large for the basket. The Rhythmia mapping
system (Boston Scientific, San Jose, CA) is another mapping technology, which uses mapping with a 64-electrode basket catheter for
contact mapping. This system allows rapid mapping with high-fidelity
bipolar and unipolar electrograms, but there remains limited data on
the utility of this system for mapping OTVTs. Contact force sensing
technology is another modality that has been reported to improve the
success of catheter ablation in different arrhythmia scenarios, most
notably atrial fibrillation.62–64 However, there is paucity of data comparing the utility of this technology vis-à-vis noncontact force catheter
platforms in patients with OTVT.
In patients with spontaneous arrhythmia, the site of origin is
determined by activation mapping. At the site of earliest activation,
the local bipolar electrogram recorded from the distal electrode
usually precedes the QRS onset of the clinical arrhythmia by more
than 15 ms and the unipolar electrogram records a QS signal. Typically pace mapping from such a location should produce an exact
match (all 12 ECG leads) of the clinical tachycardia. Fig. 28.17
shows an example of a pace map from the successful ablation site
in the LCC, which replicates exactly the clinical arrhythmia. In the
absence of spontaneous arrhythmia, a variety of maneuvers can be
helpful including ventricular burst pacing, incremental isoproterenol infusion, aminophylline, or epinephrine infusion. Isoproterenol infusion is typically used and titrated to achieve a 20% to 30%
increase in the sinus rate. In a small subset of patients, increased
burden of arrhythmia becomes manifest during isoproterenol washout.8 In some cases, despite these maneuvers, only rare PVCs can
be induced. In these cases, pace mapping can be helpful. However,
in these instances, the key to success is careful pace mapping with
special attention to making sure that the ECG match is as perfect as
possible including subtle features such as notches within the QRS
complexes across multiple leads. To help quantify this comparison,
automated algorithms have been developed that may be helpful.
Fig. 28.18 shows an example of the use of automated quantification of
pace mapping using the PASO module (CARTO, Biosense Webster,
Diamond Bar, CA) in a patient with rare PVCs.

ABLATION
Because the arrhythmia source is focal and usually superficial, it
can often be targeted using a standard 4-mm-tip catheter in either
temperature- or power-controlled mode. In temperature-controlled
mode the maximum setting is typically for 55°C and the power is programmed not to exceed 50 W. Ablation at successful sites usually results
in early termination of the VT 15 seconds or more, often preceded by
increase in arrhythmia frequency (likely because of stimulatory effect
of RF energy in proximity to the arrhythmia focus), and the RF application duration is usually for 60 seconds.3,36 If ablation does not result
in early termination of VT (<20 seconds), RF delivery is stopped and
additional mapping is continued to find the next ideal location where
the aforementioned protocol is repeated. For ablation in the aortic cusp
region, when using a 4-mm-tip nonirrigated catheter, power settings
of 15 to 20 W is initially used, with gradual increments of 5 to 10 W
to achieve a target temperature of 50°C to 55°C, and an impedance
drop of approximately 10 Ω. The typical duration of RF application in
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Fig. 28.17 Right, Clinical ventricular tachycardia from the left coronary cusp is depicted. Left, Pace map at the
diastolic threshold from the successful site of ablation within the cusp resulted in identical QRS morphology.
(Courtesy Dr. Enrique Rodriguez.)
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Fig. 28.18 Automated quantification of pace maps to the clinical arrhythmia. In this patient with infrequent
PVCs, pace mapping was performed using an automated algorithm (PaSO; Biosense Webster, Diamond Bar,
CA). Left, Increasing degree of correlation with the best pace map having a 99% match to the clinical PVC
(the clinical PVC in green and the pace maps overlay in yellow). Right, Activation at the site of 99% pace map
during a spontaneous clinical PVC. This showed an early bipolar activation (−46 ms) and the unipolar signal
showed QS morphology (arrow). Ablation at this site was successful.
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this location is 45 seconds. As noted earlier, because in the cusp region
varying thickness of connective tissue can separate the cusps from the
ventricular myocardium (usually LCC and at times the RCC),4 we prefer the irrigated cool-tip ablation catheter platforms for better power
delivery in this location. However, ablation with an irrigated-tip catheter in the aortic cusps should be done with caution including starting
with lower energy (10−15 W) and increasing this slowly to usually no
more than 30 to 35 W. Maximum energy delivery is typically restricted
in the cusp region when using an irrigated tip to less than 40 W and
the lesion duration is limited to 45 seconds. In addition, mapping and
ablation in the aortic cusps are greatly complemented by the use of ICE
with or without CartoSound (CARTO; Biosense Webster) as discussed
earlier. This tool provides real-time confirmation of catheter position
and visualization of the coronary ostia. Coronary angiography was
previously used to delineate the ostium of the left main coronary artery
when targeting arrhythmias in the LCC or the commissure between
the RCC and LCC. However, as shown by Hoffmayer et al., the combination of ICE with electroanatomic mapping is a suitable alternative
to coronary angiography to guide safe ablation in the aortic root.65 At
the present time we are using ICE (with CartoSound) technology to
identify left main ostium during cusp tachycardia ablation. It is our
standard practice to avoid ablating within 5 mm of the ostium of the
left main artery.
It is important nevertheless to understand the anatomy of the coronary arteries in relation to the OT region as several cases of iatrogenic arterial injury have been reported during catheter ablation in this
region. The LAD coronary artery frequently comes into close proximity
to the leftward posterior aspect of the distal RVOT and may be injured
during aggressive ablation in this region.66 One helpful clue of the possibility of proximity to the LAD, while mapping in the posterior aspect
of the superior RVOT near the pulmonic valve, is the recording of farfield atrial signals. These signals, when present, likely originate from
the tip of the neighboring left atrial appendage. The junction between
the left atrial appendage and posterior RVOT is in close proximity the
LAD bifurcation, and in this case, direct visualization of the coronary
arterial system with either coronary angiography or ICE should be
done before delivery of radiofrequency energy.67
Another challenge to catheter ablation particularly when using
nonirrigated tips is the lack of adequate catheter cooling in certain
locations, such as at the superior anteroseptal RVOT and the superolateral mitral annulus. In these locations the catheter tip may become
deeply embedded in ventricular myocardium, resulting in poor blood
flow, rapid rise in temperature, and low power output. A similar situation is encountered when targeting arrhythmia focus in the GCV–AIV
region. Irrigated-tip catheter platforms can be helpful for adequate
lesion creation in these locations.
Caution needs to be exercised when the arrhythmia focus is localized to basal septum in the LVOT or entrance of the RVOT, because
these locations are in close proximity to the penetrating bundle of His.
If a prominent His deflection is recorded at the ideal ablation site, the
practice is to defer ablation because of the high risk of causing AV
block.36
Ablation of epicardial and intramural IVTs in the outflow tract
region requires special consideration. Epicardial IVTs usually arise
from the LV summit, and because this location is in proximity to the
AMC, LCC, and the superior mitral annulus, early electrical activity can be recorded from these sites as well, although the signal at
these locations appears far-field (recordings lack sharp deflections).
In addition, the pace maps from these locations are a poor match of
the clinical tachycardia.68 The ideal ablation site for these arrhythmias
is usually found either by advancing the catheter in the GCV–AIV

junction or by a percutaneous epicardial approach (see Fig. 28.14).69,70
For mapping the distal coronary sinus system, it is helpful to use
a long sheath. In the authors’ experience the majority of these idiopathic epicardial VTs can be successfully ablated from the GCV.
However, because this location is in close proximity to large epicardial vessels, coronary angiography should be performed before
energy delivery. Idiopathic epicardial VT sources near the AIV can be
more challenging to ablate for two reasons: (1) this vessel is difficult
to map because of its caliber and acute takeoff from the GCV, and
(2) it is adjacent to the LAD artery. In some cases, the AIV region
can be approached from the endocardium on anterior septal aspect
of the RVOT under the pulmonic valve. A catheter in this location
when visualized fluoroscopically in the left anterior oblique projection appears to be significantly leftward.71 Another option especially
for tachycardia source around the GCV is to deliver energy from the
cusp region or the basal LV endocardium (AMC and superior mitral
annulus). The ability to achieve a reasonable pace map of the clinical arrhythmia at lower energy outputs (∼5 mA) from these alternative locations suggests relative proximity of the arrhythmia focus.
However, successful ablation from these locations usually requires
higher energy deliver (up to 40−50 watts) for longer duration (2−3
minutes).72 In the authors’ experience, if the idiopathic epicardial
arrhythmia focus cannot be targeted from the GCV–AIV region or
the alternative options (RVOT, cusp region, and/or basal LV), then
approaching it in the pericardium percutaneously is usually not
successful either because of the close proximity to the left coronary
arteries and the presence of epicardial fat in this location, which limits effective energy delivery.71 In cases in which elimination of VA is
difficult due the presence of a deep intramural focus, longer duration
ablation lesions may be necessary. In our experience, up to 3 to 5 minutes of continuous ablation may be required to achieve elimination of
tachycardia in some cases, and impedance must be closely monitored
during prolonged energy delivery. Alternatively, sequential unipolar,
simultaneous unipolar, or bipolar ablation (the latter two methods
using two separate catheters simultaneously) may also be effective in
eliminating intramural foci.73 Recently the ablation catheter with a
retractable needle has also become available, and this has been shown
to be effective in cases with deep intramural arrhythmia foci.74 For
patients with epicardial LV summit foci, which are in close proximity
to coronary vessels, surgical cryoablation or endoscopic robotic epicardial ablation under direct visualization has been performed.75–78
Furthermore, there are ongoing investigations examining alternative
treatment modalities including external beam ablation, magnetically
directed metallic nanoparticles, and electroporation for targeting
challenging arrhythmias.79–82

CLINICAL OUTCOMES AND COMPLICATIONS
Catheter ablation of idiopathic OTVT has become a popular approach
in the management of these arrhythmias. With increased appreciation
for the complex anatomy of the outflow tract facilitated by the use of
advanced mapping techniques including intracardiac ultrasound, ablation can be done safely and successfully in the vast majority of these
patients. A large multicenter study has reported acute success rate
of 84%, and long-term rates (mean follow up duration: 1.9 years) of
arrhythmia suppression of 85% and 71% on and off antiarrhythmic
medications, respectively.83 In patients in which ablation is unsuccessful it is usually because the site of arrhythmia origin is in close proximity to the bundle of His or to a major epicardial coronary vessel,
limiting energy delivery, or inadequate frequency if PVCs limited the
ability to properly map the source.
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Another interesting development over the past decade has been the
recognition that idiopathic OTVT may result in tachycardia-induced
cardiomyopathy.17 Patients experiencing cardiac dysfunction usually
manifest frequent monomorphic PVCs, and the arrhythmia burden
is typically 10% or more of all recorded beats over a 24-hour period
(≥10,000 PVCs per 24 hours). However, cardiomyopathy can develop
even with PVC burden as low as 4%. In these patients, successful ablation of the clinical tachycardia translates into significant improvement
in cardiac function.20,84
Catheter ablation of idiopathic OTVT can be safely performed in
most patients. In the authors’ experience, the most frequent complications during OTVT ablation pertain to vascular access in the groin
area. More serious complications are the development of bundle
branch block or atrioventricular block, both of which are infrequent
and can be largely avoided with careful mapping and ablation. Other
serious events that are even rarer include development of aortic
regurgitation (during retrograde catheter access across the valve and/
or ablation in the cusp region), pulmonic regurgitation (during ablation in the superior RVOT or proximal pulmonary artery), or damage
to the left coronary artery and its branches (as previously discussed in
this chapter).66,85,86 Furthermore, there has been a recent recognition
that silent cerebral embolic events may occur in patients undergoing
left-sided ablation, particularly when a retrograde aortic approach
is chosen.87 Although the clinical significance of silent brain emboli
as seen on MRI remains unclear, to minimize the possibility of this
occurring, operators should always carefully visualize the ascending
aorta and aortic valve with echocardiography before advancing an
ablation catheter and preferentially select a transseptal approach in
patients with significant atherosclerotic aortic disease or aortic valve
calcification. Furthermore, a therapeutic ACT (≥300 seconds) should
be maintained while mapping and ablating in the LV and aortic cusp
region.

TROUBLESHOOTING THE DIFFICULT CASE
The most common challenges and potential solutions in mapping and
ablation of idiopathic outflow tract VTs are listed in Table 28.3.
Challenges with infrequency of arrhythmia and lack of inducibility
have been previously discussed in this chapter. A common difficulty
that is encountered during mapping in the septal RVOT pertains to a
broad area of early activation. This usually suggests a distant tachycardia source (usually in the cusp region or AIV). Thus diligent mapping
of neighboring structures and meticulous analysis of electrograms,
including unipolar signal recordings as well as pace maps, are the key
to successful ablation.
When the site of earliest activation is in the coronary cusps or the
epicardium, visualization of the coronary arteries using ICE or coronary angiography are recommended to better define the proximity to
major epicardial vessels. Although the ostium of the left main coronary
artery can be readily visualized with ICE, it does not adequately define
the vessel’s course distally beyond the ostium. It is therefore recommended to perform left coronary angiography when ablating all epicardial outflow tract arrhythmias that are targeted within the GCV–AIV
region or via percutaneous epicardial access. In cases where lesions are
delivered relatively close to a coronary vessel (5−10 mm), coronary
angiography should be repeated after lesion delivery to assess vessel
patency postablation.
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TABLE 28.3

Troubleshooting Difficult Cases

Problem

Causes

Possible Solutions

No inducible
tachycardia/PVCs

Sedation
Random variability

Withdraw sedation; administer isoproterenol/epinephrine; aminophylline
Reschedule on another
occasion

Inability to find
presystolic
sites in RVOT

Incomplete
mapping of RVOT
Source located
outside RVOT

More detailed RVOT mapping, including PA
Explore other areas (aortic
cusps, GCV/AIV)

No sites with
presystolic activity

Incomplete mapping Use of sheath to facilitate
of GCV/AIV
access to GCV/AIV
LV summit site
Epicardial mapping; surgical
Intramural site
cryoablation
Surgical cryoablation

Concern for causing
Optimal ablation
coronary artery injury site near coronary
artery or ostium

Forego ablation; surgical
cryoablation

AIV, Anterior interventricular vein; GCV, great cardiac vein/anterior
interventricular vein; LV, left ventricle; PA, pulmonary artery; PVCs,
premature ventricular complexes; RVOT, right ventricular outflow tract.

Ablation of PVCs/VTs in close proximity to the His bundle or fascicles may be more safely performed by cryothermy.
As discussed earlier, idiopathic epicardial OTVTs can be challenging to ablate. These often arise from the LV summit. In the
authors’ experience, the majority of these VTs can be successfully
ablated from the GCV–AIV region. However, before making that
decision, meticulous mapping for earliest activation/best pace map
should be performed from all aspects surrounding this area including the septal RVOT, cusp region, AMC, superior mitral annulus,
and the GCV–AIV (Fig. 28.19). Of note, in cases where a septal intramural arrhythmia focus is suspected and a septal perforator branch
of the AIV is seen, we have recently found it helpful to advance a
0.14-inch, 175-cm wire (VisionWire, Biotronik, Berlin, Germany)
after subselecting the septal coronary venous vessel. This recording
wire can then be connected in a unipolar fashion to obtain activation
information and perform pace mapping more distally in this vessel.35
Although the target branches themselves may be too small to advance
an ablation catheter, the wire can be visualized fluoroscopically as
well as on the electroanatomic map, and this location can then be
targeted aggressively from the adjacent endocardial locations.
Another challenge when ablating OTVTs pertains to preferential
conduction from the source that can result in more than one exit site.
Although this phenomenon can occur anywhere in the outflow tract,
it is particularly common when ablating in the septal RVOT and the
coronary cusps. Often, ablation at a site with reasonably early (approximately 15 ms) local activation and perfect pace map modifies the
arrhythmia QRS morphology without suppressing the frequency.88 In
these cases, the site of origin is likely to be intramural with preferential conduction through adjacent structures, and successful ablation
requires either targeting individual exit sites sequentially or more penetrating transmural lesions (high power and long duration) from one
location.
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Fig. 28.19 A, Local activation from the left coronary cusp (LCC; pre-QRS by 44 ms) during the clinical arrhythmia (frequent monomorphic PVCs with left bundle branch block morphology, inferior axis, and early precordial
transition by lead V3). B, Pace map from this location, which is an excellent match of the PVC. C, Electroanatomic maps of the right ventricular outflow tract (RVOT), left ventricular outflow tract (LVOT), and the coronary
sinus/anterior interventricular vein (AIV) that were acquired during the PVCs. Relative to the RVOT, coronary
sinus, AIV, right coronary cusp (RCC), and noncoronary cusp (NCC), the LCC demonstrates the earliest activation (green arrow). Arrhythmias arising from the region between the anterior septal superior RVOT, LCC, and
distal coronary sinus–AIV junction (triangle between three red dots) can manifest early activation/best pace
maps from one or more surrounding locations and so can be frequently challenging to localize accurately.

   C O N C L U S I O N
Idiopathic OTVTs constitute an important and frequently encountered
clinical arrhythmia. The underlying mechanism is usually triggered
activity, and hence the site of origin is typically focal. Although these
arrhythmias are usually not life threatening, they can often be quite
symptomatic. In a minority of patients these can lead to tachycardiamediated LV dysfunction. Although pharmacologic therapy can be helpful in the management of these arrhythmias, ablation therapy is often the

preferred strategy because it is curative and safe in the majority. The key
to successful ablation of OTVTs is accurate localization of the arrhythmia source. This can be achieved by careful analysis of the 12-lead ECG,
which provides important preprocedural clues on the site of origin. Additional localization is achieved by careful activation and pace mapping of
the outflow tract region, which is facilitated by the use of electroanatomic
mapping, advanced imaging, and ICE.
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Ablation of Idiopathic Left and Right
Ventricular and Fascicular Tachycardias
Akihiko Nogami, Hiroshi Tada

KEY POINTS
• Th
 e mechanism of idiopathic mitral and tricuspid annular ventricular
tachycardias (VTs) is nonreentry (triggered activity or automaticity).
• Mitral annular VT has a right bundle branch block (RBBB) pattern
and monophasic R or Rs in leads V2 to V6. Catheter ablation of
mitral annular VT is highly successful.
• Tricuspid annular VT exhibits a left bundle branch block pattern,
R (r) in lead I, and the presence of an R (r) in lead aVL. Catheter
ablation eliminates approximately 90% of VTs arising from the
free wall portion of the tricuspid annulus, but only 57% of those
from the septal portions.
• Papillary muscle VT appears to be based on a focal (nonreentrant)
mechanism.
• Activation mapping seems to be most useful for ablation of papillary
muscle VTs. They typically do not exhibit any recordings of diastolic
potentials during sinus rhythm or VT. Catheter ablation is challenging
because catheter stability is very difficult because of papillary muscle
contractions. Successful catheter ablation usually requires irrigated
ablation catheters, and intracardiac echocardiography to visualize the
direct contact with the papillary muscle.
• VTs originating from the crux of the heart are rare and may arise
by a focal mechanism from the epicardium; they may be induced
with programmed stimulation or burst pacing from the right
ventricle, and often require isoproterenol (catecholamine sensitive).

Sustained monomorphic ventricular tachycardia (VT) is most often
related to myocardial structural heart disease, including healed
myocardial infarction and cardiomyopathies. However, no apparent structural abnormality is identified in approximately 10% of
all sustained monomorphic VTs in the United States1 and 20% of
those in Japan.2 These VTs are referred to as idiopathic. Idiopathic
VTs usually occur in specific locations and have specific QRS morphologies,3–8 whereas VTs associated with structural heart disease
have a QRS morphology that tends to indicate the location of the
scar. Idiopathic VT comprises multiple discrete subtypes that are
best differentiated by their mechanism, QRS morphology, and site
of origin. The most common idiopathic VT originates from a focus
in the outflow tract of the right ventricle (RV) (see Chapter 28),
and its mechanism is most likely triggered activity. In idiopathic
left VT, the following four types exist: left ventricular outflow tract
VT, VT from the mitral annulus, papillary muscle VT, VT arising
from ventricular crux, verapamil-sensitive left fascicular VT, and
nonreentrant fascicular VT (Box 29.1). This chapter focuses on the
assessment and nonpharmacologic treatment of idiopathic left and
right VTs and left fascicular VTs.

•
•

•

•

Ablation may be performed within the proximal coronary sinus or
proximal middle cardiac vein, or by a pericardial approach.
The mechanism of verapamil-sensitive idiopathic left fascicular
VT is reentry.
Diagnosis is based on demonstration of RBBB and superior
axis configuration (common type); RBBB and inferior axis
configuration (uncommon type); or a relatively narrow QRS and
inferior axis configuration (rare type), together with dependence
on left ventricular fascicular activation and verapamil sensitivity
(termination or slowing of the tachycardia). In some cases, the
reentrant circuit of VT can involve the Purkinje network lying
around the papillary muscles.
Ablation targets are the diastolic potential in the VT circuit or the
presystolic fused Purkinje potential at the VT exit. The success rate
of ablation is greater than 90% for verapamil-sensitive idiopathic
left VT.
The mechanism of nonreentrant fascicular VT is abnormal
automaticity from the distal Purkinje system. It is difficult to
distinguish this VT from verapamil-sensitive idiopathic left
fascicular VT by 12-lead electrocardiogram. The ablation target
is the earliest Purkinje activation during VT. The recurrence rate
after ablation for nonreentrant fascicular VT is much higher than
that of verapamil-sensitive idiopathic left fascicular VT.

MITRAL ANNULAR VENTRICULAR TACHYCARDIA
Mitral annular VTs are found in 5% of symptomatic, idiopathic VTs/
premature ventricular complexes (PVCs)9,10 and occur with equal frequency in both sexes or with a male predominance (male, 53%–69%).9–11
Mitral annular VTs were noted in 5% of all cases of idiopathic VT9,10;
however, a previous study showed that mitral annular VT accounts for
49% of idiopathic repetitive monomorphic VTs arising from the left
ventricle (LV; other sites included the coronary cusps and inferoseptal
region).11

Pathophysiology
Classification

Mitral annular VT can be classified by the anatomic location. The
majority originate from the anterolateral portion of the mitral
annulus (in close proximity to the aorto-mitral continuity), and
less commonly the lateral, posterior, or posteroseptal annulus
(Fig. 29.1).9–11 The anterior and anteromedial portion of the mitral
annulus, that is the aorto-mitral continuity, may also be the origin
of the VT.12
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BOX 29.1 Classification of Left and Right Ventricular and Fascicular Tachycardias
Outflow Tract VTs (triggered activity, reentry, or automaticity)
• Left ventricular outflow tract, aortic sinus of Valsalva, or epicardial VT
• Right ventricular outflow tract or pulmonary artery VT

VT Arising From Ventricular Crux (triggered activity, reentry,
or automaticity)
• Middle cardiac vein approach or epicardial approach

Mitral Annular VT (triggered activity, reentry, or automaticity)
• Anterolateral, anteromedial (aorto-mitral continuity), lateral, posterior, or posteroseptal mitral annular origin

Left Ventricular Reentrant Fascicular VTs (reentry)
• Left posterior septal fascicular VT
• Left posterior papillary muscle fascicular VT
• Left anterior septal fascicular VT
• Left anterior papillary muscle fascicular VT
• Left upper septal fascicular VT

Tricuspid Annular VT (triggered activity, reentry, or
automaticity)
• Posterior–posterolateral, anterior–anterolateral, posteroseptum, anteroseptal (parahissian), or midseptal mitral annular origin

Nonreentrant Fascicular VT (triggered activity or
automaticity)
• Left Purkinje origin
• Right Purkinje origin

Papillary Muscle VT (triggered activity, reentry, or
automaticity)
• Left posterior papillary muscle, left anterior papillary muscle, or right papillary
muscle origin
VT, Ventricular tachycardia.
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Fig. 29.1 Representative 12-lead electrocardiograms of premature ventricular complexes originating from
the anterolateral (A), posterior (B), and posteroseptal (C) portions of the mitral annulus. The arrows indicate
notching of the late phase of the QRS complex in the inferior leads. (From Tada H, Ito S, Naito S, et al.
Idiopathic ventricular arrhythmia arising from the mitral annulus: a distinct subgroup of idiopathic ventricular
arrhythmias. J Am Coll Cardiol. 2005;45:877-886. With permission.)

Mechanism
The mechanism of this arrhythmia appears to be nonreentry, and it
may be a triggered activity based on the response to adenosine, verapamil, and pacing maneuvers. It has been proposed that a remnant of
the atrioventricular conduction system close to the aorto-mitral continuity, such as a dead-end tract,13 might be important in the genesis of
the nonreentrant mechanism for the tachycardia.9 The close proximity
of the anterolateral mitral valve to the right ventricular outflow tract,
left ventricular outflow tract, and left ventricular epicardial myocardium near the left coronary cusp suggests that idiopathic VT from

these sites could likely originate from a single focus, with different exit
points or activation of alternate pathways between the VT focus and
an exit point.9

Diagnostic Criteria
Surface Electrocardiogram

The electrocardiogram (ECG) in mitral annular VT has a right bundle branch block (RBBB) pattern and a monophasic R or Rs in leads
V2 to V6 (see Fig. 29.1).9 Further, an ECG analysis can precisely distinguish among the different subtypes by the polarity of the QRS
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Fig. 29.2 A representative case of a successful ablation of a ventricular tachycardia originating from the aortomitral continuity. A, A 12-lead electrocardiogram. No notching of the QRS complex was found. B, Intracardiac
recordings. During the premature ventricular complex, a distinct local activation recorded by the ablation catheter (ABL) preceded the onset of the QRS complex by 24 ms. C, Radiographs obtained in the right anterior
oblique (RAO) 35 degrees and left anterior oblique (LAO) 45 degrees projections showing the ablation sites.
The distal electrode of the ablation catheter was positioned at the aorto-mitral continuity just beneath the
aortic valve. AIV, Anterior interventricular vein; CS, coronary sinus; d, distal; GCV, great cardiac vein; HRA, high
right atrium; p, proximal; Uni, unipolar electrogram.

complex in the inferior and lateral leads. In anterolateral VTs, the
polarity of the QRS complex in leads I and aVL is negative and positive in the inferior leads. Posterior VTs and posteroseptal VTs have a
negative polarity in the inferior leads and positive polarity in leads I
and aVL. VT arising from the free wall portion of the annulus, such
as an anterolateral VT or posterior VT, has a longer QRS duration
(sometimes also described as a δ-wave–like morphology) and notching in the late phase of the R wave/Q wave in the inferior leads. This
feature is not observed in posteroseptal, anterior, or anteromedial
VTs. Notching of the late phase of the QRS complex in the inferior
leads and widening of the QRS complex observed in these VTs may
result from phased excitation from the LV free wall to the RV.9 Posterior VTs have a dominant R in V1, whereas posteroseptal VTs have
a negative QRS component in V1 (qR, qr, rs, rS, or QS). The Q wave
amplitude ratio of lead III to lead II is greater in posteroseptal VTs
than in posterior VTs. Anterior and anteromedial VTs arising from
the aorto-mitral continuity exhibit an absence of S waves in lead V6
and RBBB or left bundle branch block (LBBB) with an early transition as noted in aortic cusp VTs (Fig. 29.2). A proposed algorithm to
predict the precise focus of a VT/premature ventricular contractions
originating from the mitral annulus is shown in Fig. 29.3.

Mapping and Ablation
Catheter ablation using radiofrequency (RF) energy to cure patients
with mitral annular VT is associated with a high success rate because
of the focal origin of this form of VT (Figs. 29.4 and 29.5). The 12-lead
ECG is a useful initial guide to localize the site of the origin of the
tachycardia. Intracardiac mapping to select the optimal site for ablation (see Figs. 29.4 and 29.5) includes activation mapping (earliest local
intracardiac electrogram that precedes the onset of surface QRS during
VT) and pace mapping (pacing the ventricle from a selected site during
sinus rhythm to match the 12-lead morphology of the spontaneous or
induced VT). All successful ablation sites have atrial and ventricular
electrogram amplitudes satisfying the criteria for a mitral annular origin, with a ratio of the atrial to ventricular electrograms of less than 1
and an amplitude of the atrial and ventricular electrograms of more
than 0.08 and 0.5 mV, respectively, at the successful ablation site.9
Some patients have a potential noted before the local ventricular electrogram. The use of 3-dimensional electroanatomic mapping systems
may reduce the fluoroscopic exposure and improve the efficacy of the
catheter ablation by providing activation maps during VT that identify
the site of origin and also provide the ability to maneuver the ablation
catheter easily to recorded sites of interest.
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Fig. 29.3 Proposed algorithm to predict the precise focus of a ventricular tachycardia/premature ventricular
contractions originating from the mitral annulus based on the QRS wave configuration in 12-lead electrocardiogram recordings. VT, Ventricular tachycardia. (From Tada H, Ito S, Naito S, et al. Idiopathic ventricular
arrhythmia arising from the mitral annulus: a distinct subgroup of idiopathic ventricular arrhythmias. J Am Coll
Cardiol. 2005;45:877-886. With permission)
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Fig. 29.4 A representative case of successful ablation of a ventricular tachycardia originating from the anterolateral portion of the mitral annulus (Patient 1). A, Intracardiac recordings. During the premature ventricular
complex, a low-amplitude presystolic potential recorded by the ablation catheter (ABL) preceded the onset
of the QRS complex by 34 ms (arrow). The timing of the second peak of the notched R wave corresponded
precisely with that of the activation of the right ventricle free wall (dotted line), which was recorded with the
catheter in the high right atrium (HRA). B, Radiographs obtained in the right anterior oblique (RAO 35 degrees)
and left anterior oblique (LAO 45 degrees) projections showing the ablation sites. The distal electrode of the
ablation catheter was positioned at the anterolateral mitral annulus. A, Atrial activation; Bi, bipolar electrogram; Uni, unipolar electrogram; V, ventricular activation. (From Tada H, Ito S, Naito S, et al. Idiopathic ventricular arrhythmia arising from the mitral annulus: a distinct subgroup of idiopathic ventricular arrhythmias. J Am
Coll Cardiol. 2005;45:877-886. With permission.)
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Fig. 29.5 A representative case of a successful ablation of a ventricular tachycardia originating from the
posteroseptal portion of the mitral annulus. A, Intracardiac recordings. During the premature ventricular
complex, the local ventricular activation recorded by the ablation catheter (ABL) preceded the onset of the
QRS complex by 20 ms. No notched QRS complex was found in the surface electrocardiogram. B, Radiographs obtained in the right anterior oblique (RAO) 35 degrees and left anterior oblique (LAO) 45 degrees
projections showing the ablation sites. The distal electrode of the ablation catheter was positioned at the
posteroseptal mitral annulus. A, Atrial activation; Bi, bipolar electrogram; HRA, high right atrium; Uni, unipolar electrogram; V, ventricular activation. (From Tada H, Ito S, Naito S, et al. Idiopathic ventricular arrhythmia
arising from the mitral annulus: a distinct subgroup of idiopathic ventricular arrhythmias. J Am Coll Cardiol.
2005;45:877-886. With permission.)

Success and Recurrence Rates

Pathophysiology

Catheter ablation is highly successful with ablation delivered at
the site of the earliest ventricular activation or sites with a 12/12
pace-map match. However, there was a recurrence rate of 8% in one
series.11 Most cases may be successfully ablated by an endocardial
approach, but ablation in the coronary venous system, specifically
the great cardiac vein, has been described.12 Comparing the morphology of the coronary sinus ECG with that at the site of ablation
on the mitral annulus may be helpful for determining the optimal
ablation site.

Classification

TRICUSPID ANNULAR VENTRICULAR
TACHYCARDIA

Diagnostic Criteria

Tricuspid annular VTs are found in 8% of all the cases of idiopathic
VTs/PVCs (including right- and left-sided VT/PVC)14 and approximately 5% of all patients with a right-sided VT origin.15 A recent
study reported that tricuspid annular VT arising from the free wall
portion is more common in males than in females (male/female
ratio, 1.83), whereas the incidence of that arising from the septum
is distributed almost equally between males and females.16

Tricuspid annular VT can be classified by the anatomic location. Septal
sites were more common than free wall sites in a previous study (74%)14
and less common in the series presented by another study (43%).15 Of the
septal locations, the majority were anteroseptal or parahissian (72%).14

Mechanism
The mechanism of this arrhythmia appears to be nonreentrant based
on the findings that it typically occurs spontaneously and cannot easily
be induced by pacing maneuvers.

Surface Electrocardiogram

All VT/PVCs arising from the tricuspid annulus demonstrate an
LBBB QRS morphology and positive QRS polarity in leads I, V5,
and V6 (Figs. 29.6 and 29.7). No negative component of the QRS
complex is found in lead I. The R wave in lead I is usually greater
because the tricuspid annulus is more rightward and inferior to the
right ventricular outflow tract.14 A positive component (any r or R)
is recorded in lead aVL in 95% of patients, and the overall polarity in
aVL is positive in 89%.14
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Fig. 29.6 Representative 12-lead electrocardiograms of premature ventricular contractions originating from
the (A) posterolateral, (B) anterior, and (C) anteroseptal portions of the tricuspid annulus. The arrows indicate
the second peak of the notched QRS complex in the limb leads. (From Tada H, Tadokoro K, Ito S, et al. Idiopathic ventricular arrhythmias originating from the tricuspid annulus: prevalence, electrocardiographic characteristics, and results of radiofrequency catheter ablation. Heart Rhythm. 2007;4:7-16. With permission.)

Among all tricuspid annular VTs, the QRS duration and Q wave
amplitude in each of leads V1 to V3 were greater in VT/PVCs arising
from the free wall of the tricuspid annulus compared with the septum. The septal VTs have an early transition in the precordial leads
(V3), narrower QRS complexes, and Qs in lead V1 with the absence
of notching in the inferior leads, whereas the free wall VTs are associated with a late precordial transition (>V3), wider QRS complexes,
absence of Q waves in lead V1, and notching in the inferior leads (the
timing of the second peak of the notched QRS complex in the inferior
leads corresponds precisely with the left ventricular free wall activation).14 These ECG characteristics are confirmed by pace mapping. A
proposed algorithm to predict the precise focus of a VT/premature
ventricular contractions originating from the tricuspid annulus is
shown in Fig. 29.8.

Mapping and Ablation
The 12-lead ECG is a useful initial guide to localize the site of origin
of the tachycardia. Intracardiac mapping to select the optimal site
for ablation (Fig. 29.9; see Fig. 29.7) includes activation mapping
(earliest local intracardiac electrogram that precedes the onset of
surface QRS during VT) and pace mapping (pacing the ventricle
from a selected site during sinus rhythm to match the 12-lead morphology of the spontaneous or induced VT). All successful ablation
sites had atrial and ventricular electrogram amplitudes satisfying
the criteria for a tricuspid annular origin, with a ratio of the atrial
to ventricular electrograms at the ablation site of less than 1, and
the amplitudes of the atrial and ventricular electrograms are 0.03
or more and less than 0.35 mV at the ablation site, respectively.14

VTs originating from near the His bundle have a similar ECG and
electrophysiologic characteristics as those from the right coronary
cusp or noncoronary cusp adjacent to the membranous septum (see
Fig. 29.7).17 Therefore when right ventricular mapping shows the
earliest ventricular activation near the His bundle, mapping in the
right coronary cusp and noncoronary cusp should be added to identify the origin. The use of 3-dimensional electroanatomic mapping
systems may reduce the fluoroscopic exposure and improve the efficacy of catheter ablation by providing activation maps during VT
that identify the site of the origin and also provide the ability to
maneuver the ablation catheter easily to recorded sites of interest.
The use of these systems is especially useful for ablating VTs arising
from the anteroseptal or parahissian portion (see Fig. 29.7). Confirmation of the distance between the ablation site and His-bundle
recording site is important to avoid impairing atrioventricular conduction during RF energy applications.

Success and Recurrence Rates
In one series,14 RF catheter ablation was more often successful for the
free wall (90%) than the septal (57%) group. The low success rate in the
septal tricuspid annular group was thought to be caused by concern
for impairing atrioventricular conduction with RF ablation. This is in
contrast to the 100% acute success rate in another series.15

Complications
In the case of catheter ablation of VTs originating from near the His
bundle, careful attention has to be paid because of its proximity to the
atrioventricular node and His bundle region.
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Fig. 29.7 A representative case of a successful ablation of a premature ventricular complex (PVC) originating
from the anteroseptal (parahissian) portion of the tricuspid annulus. A, A 12-lead electrocardiogram. No notching of the QRS complex in the inferior lead was found. B, Intracardiac recordings. During the PVC, a distinct
local activation recorded by the ablation catheter (ABL) preceded the onset of the QRS complex by 30 ms
(arrow). C, An activation map during a PVC that was created by a 3-dimensional mapping system (CARTO,
Biosense Webster, Diamond Bar, CA; upper) and a radiograph obtained in the right anterior oblique (RAO) 35
degrees projection (lower) show the ablation site. The distal electrode of the ablation catheter was positioned
at the anteroseptal (parahissian) portion of the tricuspid annulus. To avoid a potential complication of impairment of atrioventricular conduction, the power delivery was increased gradually from 10 W. The radiofrequency (RF) energy was delivered using a maximum power of 35 W and maximum electrode–tissue interface
temperature of 55°C. During the RF energy application, the location of the ablation catheter was verified by
multiplane fluoroscopic views and a 3-dimensional mapping system. A, Atrial activation; Dist, distal; HBE,
His-bundle electrogram; HRA, high right atrium; Prox, proximal; Uni, unipolar electrogram.

PAPILLARY MUSCLE VENTRICULAR TACHYCARDIA
Idiopathic ventricular arrhythmias (VAs) that originate from papillary
muscles account for 4% to 12% of idiopathic VAs, and patients with
papillary muscle VTs seem to be older.18 Syncope and cardiac arrest
are rare, but several cases of PVCs from papillary muscles triggering
ventricular fibrillation (VF) have been reported.19,20 Frequent papillary
PVCs can also induce cardiomyopathy that is reversible if suppression
of the PVCs is successful.21

Pathophysiology
Classification

The chordal apparatus of both mitral leaflets inserts into two groups
of papillary muscles. The anterior papillary muscle and posterior
papillary muscle arise from the middle to apical aspect of the anterior or inferior wall of the LV, respectively (Fig. 29.10). Papillary
muscle VAs originate more commonly from the posterior papillary
muscle than from the anterior papillary muscle and are less likely

to be sustained compared with fascicular tachycardias.22 This kind
of VA can occur from papillary muscles21 or the parietal band23 in
the RV.

Mechanism
Papillary muscle VTs appear to be based on a focal (nonreentrant)
mechanism.24 Papillary muscle VT is usually exercise-induced and is
catecholamine sensitive, often requiring isoproterenol or epinephrine
for induction.21,24 This VT cannot be entrained, and lacks late potentials during sinus rhythm at the site of ablation.24

Diagnostic Criteria
Surface Electrocardiogram

VTs from the papillary muscles have an RBBB pattern (see Fig. 29.10
and Fig. 29.11). The QRS width is significantly greater in papillary
muscle arrhythmias compared with idiopathic left verapamilsensitive VTs (150 ± 15 vs. 127 ± 11 ms).25 Papillary muscle VT often
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Fig. 29.8 Proposed algorithm to predict the precise focus of ventricular tachycardia/premature ventricular
complexes originating from the tricuspid annulus based on the QRS configuration in 12-lead electrocardiogram recordings. LBBB, Left branch bundle block; VT, ventricular tachycardia.

I

1

II

HRA

R
F
8
V1

2 CS
3
4
5
6
7

ABL

V5
RAO 35 degrees

ABL

HRA
Bi

A

–25 ms

A

Uni
HRA

7-8
CS

2
CS 3
4
5
6
7
8

5-6

1

ABL

3-4
1-2

LAO 45 degrees

200 ms

A

B

Fig. 29.9 Site of the successful ablation of a premature ventricular complex (PVC) originating from the inferolateral portion of the tricuspid annulus. A, Intracardiac recordings. During the PVC, a ventricular potential
recorded by the ablation catheter (ABL) preceded the onset of the QRS complex by 25 ms (arrow). The timing
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exhibits multiple QRS morphologies, with subtle changes seen spontaneously or during ablation. These subtle morphologic changes are
thought to be from preferential conduction to different exit sites or
multiple regions of origins within the complex structure of the papillary muscles (see Fig. 29.10).22
Subtle ECG differences can help differentiate papillary muscle VT
from fascicular VT.25,26 Papillary muscle VT usually has a wider QRS; it
does not have Purkinje potentials preceding the QRS during VT; and if
present, Purkinje potentials will be late in sinus rhythm compared with
pre-QRS with fascicular VTs. The V1 morphology of posterior papillary
muscle VTs typically has a qR morphology or R compared with an rsR′
for fascicular VTs, and will notably have an absence of Q waves in leads
I and aVL.25

muscle. Detailed 3-dimensional reconstruction of the ventricles,
image integration by ICE and/or multi-detector computed tomography,28 and the use of contact sensing ablation catheters are also
useful and important for a successful ablation. Furthermore, a transseptal approach may be required to obtain good contact of the ablation catheter with the LV papillary muscles. A relatively wide area
(approximately half) of the papillary muscle circumference and multiple ablation lesions may need to be targeted because of the potential
for a deep intramural focus with multiple exits.22 A recent study28
reported that cryoablation has been used when traditional radiofrequency ablation has failed, and may be more effective than radiofrequency ablation because of the improved contact stability.

Mapping and Ablation

Success and Recurrence Rates

Activation mapping seems to be most useful in the ablation of papillary muscle VTs (see Fig. 29.11). They typically do not show recordings
of diastolic potentials during sinus rhythm or VT, which suggests that
the Purkinje network is not involved in these kinds of arrhythmias.27
Successful catheter ablation usually requires irrigated ablation catheters and intracardiac echocardiography (ICE) to visualize adequacy of
catheter contact with the papillary muscle.
RF catheter ablation is challenging because catheter stability is very
difficult to achieve as a result of papillary muscle contractions. In addition, the myocardium at the base of the papillary muscles is relatively
thick. The creation of a deep lesion may be necessary for long-term
success because of the distance between the VT origin and endocardial
surface.27
Successful catheter ablation usually requires irrigated ablation
catheters and ICE to visualize the degree of contact with the papillary

Acute procedural success of ablation of papillary muscle arrhythmias
originating from anterior and posterior papillary muscles (i.e., elimination of targeted PVCs/VTs during the procedure) is generally fair
(60%–100%).18 However, recurrence rates are 71% and 50%, respectively, which are greater than that for left anterior fascicular (LAF; 25%)
and left posterior fascicular (LPF; 13%) VTs, and are most likely caused
by poor catheter stability.27

Complications
Gradual titration of the power, careful manipulation of the catheter, and detailed observation using real-time ICE imaging are
important to avoid any complications. Postablation follow-up
should include echocardiography to rule out mitral regurgitation,27 but despite extensive ablation on papillary muscles, its incidence is low.
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VENTRICULAR TACHYCARDIA ARISING FROM
THE CRUX OF THE HEART
Recent studies have reported VTs arising from the crux of the heart.29–32
A recent study reported that crux VTs were found in 15 patients (1.8%)
out of 1021 cases with idiopathic VTs/PVCs undergoing RF catheter
ablation.29 Fifteen patients (83%) had sustained VT and three required
an implantable cardioverter defibrillator implantation because of
syncope.

Pathophysiology
Classification

Crux VT can be classified by the anatomic location using fluoroscopic
images and 3-dimensional activation maps, that is, those with apical crux
VT (n = 9) and those with basal crux VT (n = 9).29 Basal crux VTs were
defined as those VTs with a successful ablation region in the proximal coronary sinus (CS) or proximal middle cardiac vein (MCV) within 2 cm of
the MCV ostium. Apical crux VTs were defined as those VTs that the earliest activation or successful ablation region was in the middle MCV, more
than 2 cm from the MCV ostium or epicardial space over the cardiac crux.

Anatomy
The cardiac crux is a pyramidal space of the posteroseptal region,
which is formed by the AV annulus and interventricular groove, and
it represents the confluence of all four cardiac chambers and the CS in
their nearest proximity and has a pyramidal space. The basal crux area
lies in close proximity to the ostium of the MCV, whereas the apical
crux area lies near the posterior interventricular artery, more inferior
and epicardial as compared with the basal crux area.

Mechanism
This type of VT appears to have a focal mechanism from the epicardium
and is initiated with programmed stimulation or burst pacing from the
RV, and often requires isoproterenol (catecholamine sensitive).29,32

Diagnostic Criteria
Surface Electrocardiogram

The ECG demonstrates a superior axis and QS pattern in leads II and
III and a maximum deflection index, determined by the analysis of the
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QRS complex,33 of 0.55 or more (Fig. 29.12). Most patients (89%) had
an R>S wave in V2 and pseudodelta wave duration of more than 34
ms.29 In apical crux VTs, V6 exhibited either a QS or rS pattern, and
aVR presented with an R>S wave in most cases. Those with an RBBB
pattern had a prominent R wave in V1 with a transition to an rS or qS
pattern in V6. Those with an LBBB pattern had an early transition in
V2 with a late transition to an rS or qS in V6. Furthermore, the QRS
morphology often changed spontaneously from an RBBB to LBBB in
44% of the patients with apical crux VTs. On the other hand, basal crux
VTs were either negative or isoelectric in V1, positive in V6, and had
an early transition in V2. A proposed algorithm to predict the precise
focus of a VT/PVCs originating from the crux is shown in Fig. 29.13.

Mapping and Ablation
Activation mapping and pace mapping in the CS or MCV are used for
the determination of ablation sites. For apical crux VTs, the success rate
of RF catheter ablation within the MCV is low, and VT recurrence is
high.29 However, the success rate of epicardial ablation over the cardiac
crux is high. In basal crux VTs, the success rate of RF catheter ablation
within the CS or MCV is high, and VT recurrence is low.29,31

Complications
Perforation of the CS or impairment of a coronary artery (posterior
descending artery) may occur with catheter ablation from the CS or
MCV or if a percutaneous epicardial approach is performed.

REENTRANT LEFT FASCICULAR VENTRICULAR
TACHYCARDIA
Pathophysiology and Classification
Verapamil-sensitive fascicular VT is the most common form of idiopathic left VT. It was first recognized as an electrocardiographic entity in
1979 by Zipes and colleagues,34 who identified the following characteristic diagnostic triad: (1) induction with atrial pacing; (2) RBBB and leftaxis configuration; and (3) manifestation in patients without structural
heart disease. In 1981 Belhassen and associates35 were the first to demonstrate the verapamil sensitivity of the tachycardia, a fourth identifying
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Fig. 29.12 Twelve-lead electrocardiograms of ventricular tachycardias (VTs) originating from the crux of the heart
in 18 patients. A, VTs arising from the apical crux. B, VTs arising from the basal crux. (From Kawamura M, Gerstenfeld EP, Vedantham V, et al. Idiopathic ventricular arrhythmia originating from the cardiac crux or inferior septum:
epicardial idiopathic ventricular arrhythmia. Circ Arrhythm Electrophysiol. 2014;7:1152-1158. With permission.)
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Fig. 29.14 Twelve-lead electrocardiograms of verapamil-sensitive left posterior fascicular ventricular tachycardias (VTs). Three different VTs are shown. A and B, Left posterior septal fascicular VT, which exhibits
left-axis deviation; C, Left posterior papillary muscle fascicular VT, which exhibits superior right-axis deviation.
(From Nogami A. Idiopathic left ventricular tachycardia: assessment and treatment. Card Electrophysiol Rev.
2002;6:448-457. With permission.)

feature. Ohe and colleagues36 reported another type of this tachycardia,
with RBBB and a right-axis configuration, in 1988. Finally, my colleague and I reported the upper septal fascicular tachycardia variant.37,38
According to the QRS morphology, we first divided verapamil-sensitive
left fascicular VT into three subgroups,37 namely: (1) LPF VT, in which
the QRS morphology exhibits an RBBB configuration and a superior
axis (Fig. 29.14); (2) LAF VT, in which the QRS morphology exhibits an
RBBB configuration and inferior axis (Fig. 29.15); and (3) upper septal

fascicular VT, in which the QRS morphology exhibits a narrow QRS
configuration and normal or right-axis deviation (Fig. 29.16). 37–39 LPF
VT is common, LAF VT is uncommon, and left upper septal fascicular
VT is very rare. Left upper septal fascicular VT sometimes occurred after
previous catheter ablation of other fascicular VTs.
The reentrant circuit of verapamil-sensitive fascicular VT can involve
the Purkinje network lying around the papillary muscles. Recently,
my colleagues and I reported distinct subtype of verapamil-sensitive
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Fig. 29.15 Some 12-lead electrocardiograms of verapamil-sensitive left anterior fascicular ventricular tachycardias
(VTs) in six patients. Cases one to three are left anterior septal fascicular VT, which exhibits Rs pattern in V5-6, and
cases four to six are the left anterior papillary muscle fascicular VT, which exhibits deep S-waves in V5-6. (From
Nogami A, Naito S, Tada H, et al. Verapamil-sensitive left anterior fascicular ventricular tachycardia: results of
radiofrequency ablation in six patients. J Cardiovasc Electrophysiol. 1998;9:1269-1278. With permission.)
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Fig. 29.16 Some 12-lead electrocardiograms of verapamil-sensitive left upper septal ventricular tachycardia
(VT). A, The QRS morphology during the VT is narrow (100 ms) and similar to those during sinus rhythm
except S wave in leads I, V5, and V6. B, VT that appeared 2 years after the initial session for left posterior
fascicular ventricular tachycardia demonstrates a narrow QRS complex (90 ms) and normal axis. The QRS
morphology during the VT is similar to those during sinus rhythm except rSr′ pattern in lead V1. (A, From
Nogami A. Idiopathic left ventricular tachycardia: assessment and treatment. Card Electrophysiol Rev. 2002;
6:448-457. With permission; B, From Nishiuchi S, Nogami A, Naito S. A case with occurrence of antidromic
tachycardia after ablation of idiopathic left fascicular tachycardia: mechanism of left upper septal ventricular
tachycardia. J Cardiovasc Electrophysiol. 2013;24:825-827. With permission.)
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Fig. 29.17 New classification of verapamil-sensitive left fascicular ventricular tachycardia (FVT). According
to the QRS morphology and site of successful ablation, verapamil-sensitive left FVT can be classified into
five subtypes. Left posterior septal FVT is the most common type and exhibits right bundle branch block
(RBBB) and left-axis deviation. Left anterior septal FVT exhibits RBBB and right-axis deviation. Upper septal
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FVT exhibits superior right-axis deviation. Whereas left anterior septal FVT exhibits Rs pattern in V5-6, left
anterior papillary muscle FVT exhibits deep S waves in V5-6. APM, anterior papillary muscle PPM, posterior
papillary muscle. (From Komatsu Y, Nogami A, Kurosaki K, et al. Non-reentrant fascicular tachycardia: clinical
and electrophysiological characteristics of a distinct type of idiopathic ventricular tachycardia. Circ Arrhythm
Electrophysiol. 2017;10. pii: e004549. With permission.)

reentrant fascicular VT: papillary muscle fascicular VT.40 In addition to
the current classification with three subtypes, papillary muscle fascicular
VT is another identifiable verapamil-sensitive fascicular VT (Fig. 29.17).
Papillary muscle fascicular VT and VT from myocardium of papillary
are basically different entities, while there must be some overlap.

Substrate and Anatomy
The anatomic basis of this tachycardia has provoked considerable
interest. Some data suggest that the tachycardia may originate from
a false tendon or fibromuscular band in the LV.41–43 Suwa et al.42
described a false tendon in the LV of a patient with idiopathic VT
in whom the VT was eliminated by surgical resection of the tendon. Using transthoracic and transesophageal echocardiography,
Thakur and colleagues43 found false tendons extending from the
posteroinferior LV to the basal septum in 15 of 15 patients with
idiopathic left VT but in only 5% of control patients. Maruyama
and associates44 reported a case with the recording of sequential
diastolic potentials bridging the entire diastolic period and a false
tendon extending from the midseptum to the inferoapical septum.
Lin and colleagues45 found that 17 of 18 patients with idiopathic VT
had this fibromuscular band but also found it in 35 of 40 control
patients. They concluded that the band was a common echocardiographic finding and was not a specific arrhythmogenic substrate
for this tachycardia, although they could not exclude the possibility
that the band was a potential substrate of the VT. Small fibromuscular bands, trabeculae carneae, and small papillary muscles cannot be detected by transthoracic echocardiography. The Purkinje
networks in these small anatomic structures are important when
considering the mechanism of left fascicular VT. In the papillary

muscle fascicular VTs, fibromuscular bands near papillary muscles
can be the substrate of the VT circuit. An autopsy specimen of the
human heart shows the anatomic connection between the anterior
and posterior papillary muscles (Fig. 29.18), and the possible electrical connection between them may explain the changes in QRS
axis during ablation of this VT.40 Recently, Haïssaguerre et al. proposed three kinds of Purkinje reentry in their review article about
VAs and His-Purkinje system.46 The fascicular VT in their schema
seems to be the septal fascicular VT, and the distal Purkinje-muscle
reentrant tachycardia seems to be papillary muscle fascicular tachycardia (Fig. 29.19).

Mechanism of Tachycardia
The mechanism of verapamil-sensitive left VT is reentry because
it can be induced, entrained, and terminated by programmed ventricle or atrial stimulation. To confirm its reentry circuit and the
mechanism, my colleagues and I performed left ventricular septal
mapping using an octapolar electrode catheter in 20 patients with
LPF VT47 (Fig. 29.20). In 15 of 20 patients (75%), two distinct
potentials, P1 and P2, were recorded during the VT at the midseptum (Fig. 29.21). Although the mid-diastolic potential (P1) was
recorded earlier from the proximal rather than the distal electrodes,
the fused presystolic Purkinje potential (P2) was recorded earlier
from the distal electrodes. During sinus rhythm, recording at the
same site demonstrated P2, which was recorded after the His bundle potential and before the onset of the QRS complex, suggesting
P2 as potentials of LFP. The sequence of the P2 during sinus rhythm
was the reverse of that seen during VT. VT could be entrained from
the atrium (Fig. 29.22) and from the ventricle. Entrainment pacing
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Fig. 29.18 An autopsy specimen of the human heart illustrating the myocardial structure between the anterior papillary muscle (APM) and posterior papillary muscle (PPM). As shown in this anatomic dissection, there
is a possibility of anatomic and electric connection between the APM and PPM (arrows). LV, left ventricle;
RV, right ventricle. (From Komatsu Y, Nogami A, Kurosaki K, et al. Non-reentrant fascicular tachycardia: clinical
and electrophysiological characteristics of a distinct type of idiopathic ventricular tachycardia. Circ Arrhythm
Electrophysiol. 2017;10.pii: e004549. With permission.)
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Fig. 29.19 Schematic representation of Purkinje reentry. Pathways are shown at decreasing geometric
scales: A, bundle branch reentry, B, fascicular ventricular tachycardia, and C, distal Purkinje–muscle reentry. An increasing length is ascribed to the muscular component (slower conductor; dotted line) when the
Purkinje rapidly conducting component (bold line) decreases in size. (From Haissaguerre M, Vigmond E,
Stuyvers B, et al. Ventricular arrhythmias and the His-Purkinje system. Nat Rev Cardiol. 2016; 13:155-166.
With permission.)
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Fig. 29.20 Representation of an octapolar electrode catheter positioned at the left ventricular septum as
viewed fluoroscopically in the right anterior oblique (RAO) and left anterior oblique (LAO) projections. The
distance between electrodes 1 and 8 of the octapolar electrode catheter was approximately 25 mm. LV, Left
ventricle; RVA, right ventricular apex; RVOT, right ventricular outflow tract. (From Nogami A, Naito S, Tada
H, et al. Demonstration of diastolic and presystolic Purkinje potential as critical potentials on a macroreentry
circuit of verapamil-sensitive idiopathic left ventricular tachycardia. J Am Coll Cardiol. 2000;36:811-823. With
permission.)
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Fig. 29.21 Intracardiac recordings from an octapolar electrode catheter. A, During left posterior fascicular ventricular tachycardia, a diastolic potential (P1) and a presystolic Purkinje potential (P2) were recorded. Whereas
P1 was recorded earlier from the proximal rather than the distal electrodes, P2 was recorded earlier from the
distal rather than the proximal electrodes. B, During sinus rhythm, recording at the same site demonstrated
the P2, which is now recorded before the onset of the QRS complex and is earliest on the proximal electrodes. 1–2, distal bipole; 7–8, proximal bipole; H, His; HBE, His bundle electrogram; LV, left ventricle; RVO,
right ventricular outflow. (From Nogami A, Naito S, Tada H, et al. Demonstration of diastolic and presystolic
Purkinje potential as critical potentials on a macroreentry circuit of verapamil-sensitive idiopathic left ventricular tachycardia. J Am Coll Cardiol. 2000;36:811-823. With permission.)
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Fig. 29.22 Surface electrocardiograms showing entrainment pacing from the high right atrium during left
posterior fascicular ventricular tachycardia (VT). The QRS morphology exhibited constant fusion and progressive fusion. The subsequent VT had been reset because the interval between the last entrained QRS and VT
was less than the VT cycle length. The interval between the last captured QRS and VT was prolonged with
shortening of the pacing cycle length, presumably owing to decremental conduction within the reentry circuit.
AP, Atrial pacing; CL, cycle length; S, pacing stimulus.
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Fig. 29.23 Intracardiac recordings during entrainment pacing from the high right atrium (HRA) during left posterior fascicular ventricular tachycardia (VT). Right atrial pacing (CL: 320 ms) during VT (CL: 345 ms) resulted
in a narrowing of the QRS width without VT interruption. Whereas the diastolic potential (P1) was orthodromically captured, the presystolic Purkinje potential (P2) was antidromically captured. The activation sequence of
P2 was identical to that observed during sinus rhythm. CL, Cycle length; H, His; HRA, high right atrium; HBE,
His-bundle electrogram; LV, left ventricle; S, pacing stimulus.

from the atrium or ventricle captured P1 orthodromically and reset
the VT (Figs. 29.23 and 29.24). The interval from the stimulus to P1
was prolonged as the pacing rate increased. The effect of verapamil
on P1 and P2 is shown in Fig. 29.25. Intravenous administration of
1.5 mg of verapamil significantly prolonged the cycle length of the
VT, from 305 to 350 ms. Both the P1–P2 and P2–P1 intervals were
proportionally prolonged after verapamil administration. These
findings demonstrated that P1 is a critical potential in the circuit
of the verapamil-sensitive LPF VT and suggested the presence of
a macroreentry circuit involving the normal Purkinje system and
abnormal Purkinje tissue with decremental properties and verapamil sensitivity. Although P1 has proved to be a critical potential in the VT circuit, whether the left posterior fascicle or Purkinje
fiber (P2) is involved in the retrograde limb of the reentrant circuit
was controversial.44,48–50 Morishima and associates49 reported a
case with negative participation of the proximal left posterior fascicle (P2) to the LPF VT circuit. Selective capture of left posterior
fascicle (P2) by a sinus complex did not affect the cycle length of
VT, suggesting P2 as a bystander (Fig. 29.26A). And the postpacing
interval after the entrainment from left ventricular septal myocardium was equal to the cycle length of VT, suggesting left ventricular
septal myocardium as the retrograde limb (see Fig. 29.26B). Maeda
and associates50 also reported a case of left posterior fascicle (P2) in
a bystander circuit of LPF VT. Although RF energy application at
the site with P1 and P2 changed the activation sequence of P2 and
the surface QRS morphology, VT did not terminate and the activation sequence of P1 remained unchanged (Fig. 29.27). Ouyang and
coworkers51 suggested that idiopathic left VT reentry might be a
small macroreentry circuit consisting of one anterograde Purkinje
fiber with a Purkinje potential, one retrograde Purkinje fiber with
retrograde Purkinje potentials, and the ventricular myocardium as
the bridge.

Ventricular Tachycardia Circuit Diagram of Left
Posterior Fascicular Ventricular Tachycardia

The hypothesized circuit of LPF VT is depicted in Figs. 29.28 A and
29.29. In this circuit, P1 represents the activation potential in the
distal portion of the specialized Purkinje tissue; it has decremental
properties and verapamil sensitivity. P2 represents the activation of
the left posterior fascicle or Purkinje fiber near the left posterior
fascicle, and it is a bystander during VT. P1 represents the anterograde limb of the circuit in VT and left ventricular septal muscle is
the retrograde limb. Recently, Liu and associates52 proposed new
schematic diagram of LPF VT (Fig. 29.38). Although the basic concept of the circuit is similar to ours, their diagram can explain why
P1 is not always recorded during VT. In our series,47 P1 could be
recorded in 75% of the patients during the VT. They also reported
that P1 was detected in 64% of the patients. They described that
a slow conduction zone is connecting the ventricular myocardium
and proximal P1; and in the cases with a recorded P1 during VT,
the P1 fiber is parallel and adjacent to the LPF and the connection
between P1 and the LPF (P2) is located at a more distal portion of
the LPF. On the other hand, in the cases without a recorded P1, the
P1 fiber may be short in length or nonparallel in orientation to the
LPF, or both.
During sinus rhythm, the activation goes from P2 to P1 at the
point of the fusion; therefore P1 is buried in the local ventricular activation (see Fig. 29.29A). During VT, P1 and P2 activate in
the reverse direction (see Fig. 29.29B). During concealed entrainment from the VT exit (e.g., at a cycle length of 400 ms as in
Fig. 29.24A), P1 is activated orthodromically and the antidromic
wave front blocks, presumably in the connection between P1 and left
ventricular septal muscle (see Fig. 29.29C). The orthodromic wave
front of the preceding (n −1)th beat also blocks in the connection
between P1 and left ventricular septal muscle because it encounters
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Fig. 29.24 Concealed entrainment by pacing from the ventricular tachycardia (VT) exit site. During left posterior fascicular VT, the earliest ventricular electrogram with the fused Purkinje potential was recorded from
the distal two electrodes. A, Pacing from the distal two electrodes at a cycle length and a starting coupling
interval of 400 ms captured P1 orthodromically and produced QRS configurations similar to that of the VT.
The postpacing interval was equal to the VT cycle length. B, Pacing from the VT exit site at a cycle length
of 380 ms also captured P1. A diastolic potential was simultaneously observed with a pacing artifact from
left ventricle (LV) 7–8. The pacing stimulus P1 interval was prolonged. C, Pacing from the VT exit at a cycle
length of 400 ms but with a starting coupling interval of 300 ms terminated the VT. A diastolic potential was
not observed during pacing because it might have been captured antidromically and masked in the ventricular
electrogram. HBE, His bundle electrogram; P1, diastolic potential; P2, presystolic Purkinje potential; RVO,
right ventricular outflow tract; S, pacing stimulus. (From Nogami A, Naito S, Tada H, et al. Demonstration of
diastolic and presystolic Purkinje potential as critical potentials on a macroreentry circuit of verapamil-sensitive idiopathic left ventricular tachycardia. J Am Coll Cardiol. 2000;36:811-823. With permission.)
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Fig. 29.25 Effect of verapamil on the circuit of the left posterior fascicular ventricular tachycardia (VT). Intravenous administration of 1.5 mg of verapamil significantly prolonged the cycle length of the VT from (A) 305 ms
to (B) 350 ms. Both the P1–P2 and P2–P1 intervals were prolonged by similar proportions after verapamil, and
the greatest absolute prolongation is from QRS to P1. HBE, His-bundle electrogram; HRA, high right atrium;
LV, left ventricle; RVA, right ventricular apex; VTCL, cycle length of ventricular tachycardia. (From Nogami
A, Naito S, Tada H, et al. Demonstration of diastolic and presystolic Purkinje potential as critical potentials
on a macroreentry circuit of verapamil-sensitive idiopathic left ventricular tachycardia. J Am Coll Cardiol.
2000;36:811-823. With permission.)

the refractoriness created by the antidromic wave front from the (n)
th pacing impulse. The orthodromic wave front from the last pacing
impulse continues the tachycardia with resetting. During entrainment pacing with a shorter cycle length (e.g., at 380 ms as in Fig.
29.24B), the distal portion of P1 activates antidromically, and the
antidromic wave front blocks at the middle portion of P1 in the area
of slow conduction (see Fig. 29.29D). The orthodromic wave front
from the last pacing impulse continues and resets the tachycardia.
However, the interval from the last pacing stimulus to the orthodromically activated P1 is prolonged because of rate-dependent
conduction delay in the area of slow conduction. During entrainment pacing with an even shorter cycle length or a shorter starting coupling interval (e.g., at a starting coupling interval of 300 ms
as in Fig. 29.24C), P1 activates antidromically, and the antidromic
wave front blocks at the proximal portion of P1 in the area of slow
conduction (see Fig. 29.29E). However, the orthodromic wave front
from the previous paced beat also blocks. It blocks independent of
either the collision with, or refractoriness secondary to, the previous antidromic wave front. Because both the antidromic and the
orthodromic wave fronts of the same beat are blocked, VT is interrupted. RF catheter ablation results in elimination of the conduction
between P1 and left ventricular septal muscle.

Diagnostic Criteria
Surface Electrocardiogram

Based on the QRS morphology, verapamil-sensitive fascicular VT
can be classified into five subgroups.40 The 12-lead ECG of the LPF
VT exhibits an RBBB and a superior axis (left-axis deviation or

superior right-axis; see Fig. 29.14). Left posterior septal fascicular VT
exhibits left-axis deviation, and the left posterior papillary muscle
fascicular VT exhibits superior right-axis deviation (see Fig. 29.17).40
Left posterior septal fascicular VT is the common type of verapamilsensitive fascicular VT and may account for up to 90% of cases. The
uncommon type of this VT is a LAF VT whose QRS morphology
exhibits an RBBB configuration and inferior axis (see Fig. 29.15).36,53
Left anterior septal fascicular VT exhibits Rs pattern in V5-6, and
left anterior papillary muscle fascicular VT exhibits deep S waves in
V5-6 (see Fig. 29.17).40 The last type of VT is an upper septal fascicular VT, whose QRS morphology exhibits a relatively narrow QRS
configuration and normal or right-axis deviation (see Fig. 29.16).37–39
This type of VT is very rare, but sometimes occurs after previous
catheter ablation of other fascicular VTs. Of 12 patients with upper
septal VT, six patients (50%) had one or two previous session(s) for
other fascicular VT. However, another six patients did not have a
previous RF catheter ablation, and this tachycardia was their de novo
arrhythmia.38 In most of the patients with upper septal fascicular VT,
QRS conﬁguration during sinus rhythm exhibits an S wave in lead I
and Q waves in leads III and aVF, suggesting conduction delay at the
LPF area.

Intracardiac Electrograms
With LPF VT, the earliest ventricular activation is recorded from the
apical septum, and diastolic potentials are recorded from the midseptum (see Fig. 29.21). His activation follows QRS onset by 5 to 30 ms.53
During sinus rhythm, recording from the same site demonstrates the
Purkinje potentials after the His-bundle potential and before the onset
of the QRS complex.
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Fig. 29.26 Negative participation of the proximal left posterior fascicle to the ventricular tachycardia (VT) circuit. A, Three sequences of potentials were recorded at the left posterior septum during verapamil-sensitive
idiopathic left VT: diastolic Purkinje potentials (P1) propagating from base to apex (asterisks) and presystolic
left posterior fascicular potentials (P2) and systolic left ventricular myocardial potentials (LVMP) propagating
in the reverse direction. Note that selective capture of the left posterior fascicle by a sinus beat (dagger) did
not affect the cycle length of VT. B, During entrainment pacing from LV 7–8, both P2 and LVMP were simultaneously captured. Although the postpacing interval of LVMP was equal to VTCL, the postpacing interval
of P2 was shorter than VTCL. CL, Cycle length; HRA, high right atrium; LPF, left posterior fascicle; LVP, left
ventricular myocardium potential; PCL, pacing cycle length; S, pacing stimulus. (From Morishima I, Nogami
A, Tsuboi H, Sone T. Negative participation of the left posterior fascicle in the reentry circuit of verapamil-sensitive idiopathic left ventricular tachycardia. J Cardiovasc Electrophysiol. 2012;23:556-559. With permission.)
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Fig. 29.27 Left posterior fascicle (P2) as a bystander circuit of left posterior fascicular VT. During VT-1, a diastolic potential (P1) and presystolic potential (P2) were recorded at the midseptal area near the left posterior
fascicle (LPF). Immediately after RF energy application at this site, the VT–1 transitioned to VT-2. When VT-1
transitioned to VT-2, the QRS complexes reﬂected a more basal exit site with the same tachycardia cycle
length. During VT-2, the activation sequence of P2 changed, while the activation sequence of P1 remained
unchanged (arrows). The P1-P1 interval also remained unchanged during VT-1 and VT-2. Cs, Coronary sinus;
HBE, His-bundle electrogram; RVA, right ventricular apex. (From Maeda S, Yokoyama Y, Nogami A, et al. First
case of left posterior fascicle in a bystander circuit of idiopathic left ventricular tachycardia. Can J Cardiol.
2014;30:e11-13. With permission.)

With LAF VT, the earliest ventricular activation is recorded
from the anterolateral LV (Fig. 29.30), and diastolic potentials are
recorded from the midseptum (Fig. 29.31). There have been several reports that describe a left VT with an RBBB and inferior axis
configuration, and a different mechanism. Yeh and colleagues55
reported four cases with an RBBB configuration and right-axis
deviation. This VT was adenosine sensitive and was successfully
ablated from the anterobasal LV. The chest leads exhibited an atypical RBBB configuration with wide R morphology. Crijns and colleagues56 reported a case of interfascicular reentrant VT (bundle
branch reentry tachycardia type B) with an RBBB configuration
and right-axis deviation. In their patient, the VT circuit used the
anterior fascicle as the anterograde limb and the posterior fascicle
as the retrograde limb. Interfascicular VT usually has a His-bundle potential recorded in the diastolic phase during the VT as well
as posterior fascicular potentials. However, it may be difficult to
distinguish between interfascicular VT and intrafascicular VT
(verapamil-sensitive LAF VT).53 The diagnostic criteria for left VTs
are given in Table 29.1.
The differential diagnosis includes supraventricular tachycardias
with bifascicular block aberrancy. With left upper septal fascicular
VT, the retrograde activation of the His bundle is recorded before
the onset of the QRS complex (Fig. 29.32). If there is retrograde ventriculoatrial conduction during the tachycardia, it mimics atrioventricular nodal reentry tachycardia or atrioventricular reciprocating

tachycardia. The response of these tachycardias to verapamil and
the ability to initiate and entrain them by atrial pacing may also lead
to diagnostic confusion. To avoid a misdiagnosis, measurement of
a shorter His-to-ventricular (H-V) interval during the tachycardia
than in sinus rhythm is important. An earlier potential than the
His-bundle potential is recorded from the left ventricular upper septum, where the left bundle potential is recorded during sinus rhythm.
VT can be slowed or terminated by the intravenous administration
of verapamil; however, it is unresponsive to beta-blockers or Valsalva
maneuvers. Class Ia and class Ic drugs are also effective. Rare cases
of adenosine responsiveness occur, but only if the tachycardia shows
catecholamine dependency.
In bundle branch reentry, the His activation precedes activation of
the left bundle to produce an RBBB QRS morphology. In idiopathic left
VT, the H-V interval is shorter (or negative) and follows left fascicular
activation.

Mapping and Ablation
RF catheter ablation may be considered a potential first-line therapy for
patients with idiopathic VT because these VTs can safely be eliminated
by ablation in a high percentage of patients.

Left Posterior Septal Fascicular Ventricular Tachycardia
Conventional left ventricular septal mapping using a multipolar electrode catheter is useful in patients with LPF VT.47 Electroanatomic
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Fig. 29.28 Schematic representation of the reentrant circuits in verapamil-sensitive left fascicular ventricular
tachycardias (VTs). A, Left posterior fascicular VT. During the VT, P1 propagates from base to apex, P2 and left
ventricular myocardial potentials (LVMPs) activate in the reverse direction. The proposed upper turnaround
area is shown by the dotted line. The undulating line represents a zone of slow conduction. Although the
anterograde limb of the VT circuit consists of P1, the retrograde limb consists of LVMP, but not of P2. B, Left
anterior fascicular VT. During VT, the anterograde limb is the P1, the retrograde limb is the LVMP, and the
exit to the ventricular muscle is near the distal portion of left anterior fascicle. C, Left upper septal VT. P1
represents the activation potential of the specialized Purkinje tissue at left ventricular upper septum. P2 represents the activation of the left anterior and posterior fascicles. Both left anterior and posterior fascicles are
the anterograde limbs of the reentrant circuit in VT. This explains why this VT exhibits a narrow QRS configuration and inferior axis. LAF, Left anterior fascicle; LBB, left bundle branch; LPF, left posterior fascicle; LVMP, left
ventricular myocardial potential; P1, diastolic potential; P2, presystolic Purkinje potential; RAO, right anterior
oblique view; RBB, right bundle branch. (From Talib AK, Nogami A, Nishiuchi S, et al. Verapamil-sensitive
upper septal idiopathic left ventricular tachycardia: prevalence, mechanism, and electrophysiological characteristics. J Am Coll Cardiol EP. 2015;1:369-380. With permission.)

activation mapping is not typically required, but the ability to tag catheter positions of interest is often helpful. Two distinct potentials, P1
and P2, can be recorded during the VT from the midseptum (see Fig.
29.21). Because the diastolic potential (P1) has been proved a critical
potential in the VT circuit, this potential can be targeted to cure the
tachycardia. Nakagawa and coworkers54 first reported the importance
of Purkinje potentials in the ablation of this VT, and Tsuchiya and
associates57 reported the significance of a late diastolic potential and
emphasized the role of late diastolic and presystolic potentials in the VT

circuit. However, the successful ablation sites identified by these two
research groups were different. Whereas Nakagawa’s ablation sites were
at the apical–inferior septum of the LV, Tsuchiya’s ablation sites were
at the basal septal regions close to the main trunk of the left bundle
branch. These findings suggest that any P1 during VT can be targeted
for catheter ablation. The apical third of the septum is usually targeted
to avoid the creation of LBBB or atrioventricular block (Fig. 29.33).
Using the retrograde aortic approach, the ablation catheter in LV is
rotated toward the septum, then the curvature is opened, allowing the
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Fig. 29.29 Schematic representation of the mechanism of left posterior fascicular ventricular tachycardia (VT).
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Fig. 29.30 Intracardiac electrograms at the ventricular tachycardia (VT) exit site during left anterior fascicular
VT. A, During the VT, the Purkinje potential preceded the QRS (P–QRS) by 25 ms. B, During the basal rhythm
(atrial fibrillation [AF]), a Purkinje potential was recorded after the His-bundle potential (H) and before the QRS
complex. C, Pace mapping at that site produced a similar QRS complex with an interval between the pacing
stimulus and QRS (S–QRS) of 25 ms, equal to the P–QRS interval during the VT. The radiofrequency current
delivered at that site terminated the VT; however, the VT was still induced. HBE, His-bundle electrogram; LV,
left ventricle. (From Nogami A, Naito S, Tada H, et al. Verapamil-sensitive left anterior fascicular ventricular
tachycardia: results of radiofrequency ablation in six patients. J Cardiovasc Electrophysiol. 1998;9:1269-1278.
With permission.)
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Fig. 29.31 Intracardiac electrograms at the zone of slow conduction during left anterior fascicular ventricular
tachycardia (VT). A, During the VT, the Purkinje potential (P) preceded the QRS (P–QRS) by 66 ms. B, During
atrial fibrillation (AF), a Purkinje potential was recorded after the His-bundle potential (H) and before the QRS
complex, and a late potential (LP) was also recorded after the QRS complex. C, Pace mapping at that site produced a similar QRS complex with an interval between the pacing stimulus and QRS (S–QRS) of 66 ms, equal
to the P–QRS interval during the VT. The radiofrequency current delivered at that site terminated the VT and
suppressed the reinduction of the VT. HBE, His-bundle electrogram; LV, left ventricle. (From Nogami A, Naito
S, Tada H, et al. Verapamil-sensitive left anterior fascicular ventricular tachycardia: results of radiofrequency
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Catheter Ablation of Ventricular Tachycardia

Diagnostic Criteria for Idiopathic Left Fascicular Ventricular Tachycardias
Verapamil-Sensitive Left Fascicular Tachycardia

Nonreentrant Fascicular VT
(Verapamil Insensitive)

Characteristic surface
ECG appearance

•
•
•
•
•

RBBB and left-axis configuration (left posterior septal fascicular VT: common type)
• RBBB and either a left- or right-axis
RBBB and superior right-axis configuration (left posterior papillary muscle fascicular VT)
deviation
RBBB and inferior axis configuration; Rs in V5-6 (left anterior septal fascicular VT)
• Faster VT is prone to exhibit wider
RBBB and inferior axis configuration: rS/QS in V5-6 (left anterior papillary muscle fascicular VT)
QRS
Narrow QRS and inferior axis configuration (sometimes appeared after the previous RFCA for
another fascicular VTs)

Electrophysiologic
findings

•
•
•
•
•

Tachycardia dependence on left ventricular fascicular reentry
Purkinje potentials (P1) and diastolic potentials (P2) preceding ventricular activation
Changes in tachycardia rate preceded by similar changes in Purkinje and diastolic potentials
His activation follows QRS onset (short positive H-V in some types)
Induction and entrainment with ventricular and/or atrial pacing

Drug response

• Verapamil-sensitive termination or slowing of tachycardia caused by conduction slowing or
block in fascicular system
• Papillary muscle fascicular VT is also verapamil-sensitive, but less sensitive

• Mechanism of tachycardia consistent
with abnormal automaticity
• Induction by exercise and catecholamines
• Unable to induce or entrain by
ventricular stimulation
• Transient suppression by adenosine
and with overdrive pacing or faster
supraventricular rhythm
• Responsive to lidocaine, betablockers, and class Ia drugs
• No response to verapamil

ECG, Electrocardiogram; H-V, His-to-ventricular; RFCA, radiofrequency catheter ablation; RBBB, right bundle branch block; VT, ventricular tachycardia.

tip of the catheter to fall toward the inferior septum toward the apex. In a
previous study, P1 was recorded during VT in 15 of 20 patients (75%). RF
ablation was successfully performed at this site in all 15 patients. During
energy application, the P1–QRS interval was gradually prolonged, and
the VT was terminated by block between P1 and QRS (Fig. 29.34). After
termination of the tachycardia, the P1 was noted to occur after the QRS
complex during sinus rhythm, whereas the P2 was still observed before
the QRS complex. Fig. 29.35 shows the potentials during sinus rhythm
before and after the successful ablation. After successful ablation, P1
occurred after the QRS complex, with an identical activation sequence
to that observed during the VT. Fig. 29.29 F explains why P1 appears
after ablation in the mid-diastolic period and with the same activation
sequence as during the VT. When the distal segment of P1 is ablated, the
P1 activation proceeds orthodromically around the circuit and subsequently blocks from a proximal to distal direction during sinus rhythm.
The P1 that appears after ablation exhibits decremental properties during
atrial pacing or ventricular pacing, or both (Fig. 29.36), and the intravenous administration of verapamil significantly prolongs the His-to-P1
interval during sinus rhythm (Fig. 29.37). Pace mapping at the successful
ablation site is usually not good because the selective pacing of P1 is difficult and there is an antidromic activation of the proximal P1 potential.
Pace mapping after successful ablation is sometimes better than before
ablation because the antidromic activation of P1 is blocked.58
In the remaining 5 of 20 patients (25%), the diastolic potential (P1)
could not be detected, and a single fused P2 was recorded only at the
VT exit site. Successful ablation was performed at this site in all five
patients. According to the diagram by Liu and associates,52 the P1 fiber
in such cases might be short in length or nonparallel in orientation to
the LPF, or both (Fig. 29.38). The targets for catheter ablation are given
in Box 29.2.

Left Posterior Papillary Muscle Ventricular Tachycardia
Diastolic Purkinje potential (P1) is recorded at the papillary muscles
during VT. Ablation of the diastolic potential is highly effective for

suppressing this VT. Fig. 29.39 shows the example of RF catheter ablation of left posterior papillary muscle VT.40 VT exhibited RBBB configuration and superior right-axis deviation, and the LPF region and
posterior papillary muscle region were ablated in the initial procedure.
The patient had recurrent VT exhibiting RBBB configuration and horizontal axis. At the successful ablation site in the repeat procedure, both
diastolic and presystolic Purkinje potentials (P1 and P2) were sequentially recorded during VT. The successful ablation site was located on
the posterior papillary muscles, which was confirmed by real-time intracardiac ultrasound image.

Left Anterior Septal Fascicular Ventricular Tachycardia
Fig. 29.15 shows the 12-lead ECGs of verapamil-sensitive LAF VTs.53
The mean cycle length of the VT was 390 ± 62 ms, and the mean
electrical axis during the VT was 120 ± 16 degrees. Patients 4 to 6 are
left anterior septal fascicular VT, which exhibits Rs pattern in V5–6,
and patients 1 to 3 are the left anterior papillary muscle fascicular VT,
which exhibits deep S waves in V5–6. In patients 4 to 6 (left anterior
septal fascicular VT), RF catheter ablation at the earliest ventricular
activation was unsuccessful. In those patients, a Purkinje potential
was recorded in the diastolic phase during the VT at the midanterior left ventricular septum (Fig. 29.40).53 The Purkinje potential preceded the QRS during VT by 56 to 66 ms, and catheter ablation at
these sites was successful.
Fig. 29.30 shows the intracardiac recording from the VT exit
(anterolateral wall) in patient 4. The Purkinje potential preceded
the QRS (P–QRS interval) by 25 ms during the VT, and pace mapping at that site produced a similar QRS complex with an interval between the pacing stimulus and QRS (S–QRS) of 25 ms, equal
to the P–QRS interval during VT. RF current delivered at this site
terminated the VT; however, the VT was still induced. Fig. 29.31
shows the intracardiac recordings from patient 4 at the zone of slow
conduction during the VT. The ablation catheter was positioned
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Fig. 29.32 Intracardiac electrograms of a left upper septal fascicular ventricular tachycardia (VT). During the
VT, there was a retrograde activation of the His bundle (H). The activation sequence of the His-bundle potentials was reverse to that during sinus rhythm. The His–ventricular interval is short during the VT. A, During
sinus rhythm, a fused Purkinje potential was recorded at left posterior fascicular (LPF) area. During the VT,
recording at the same site also demonstrated a fused Purkinje potential, which preceded the onset of QRS
by 20 ms. The activation sequences of Purkinje potentials are similar during sinus rhythm and VT. This site at
the left posterior fascicular area is one of exit during VT because a fused presystolic ventricular potential was
recorded. The other exit during VT might be the left anterior fascicular area because the QRS morphology
during VT is narrow and exhibited an inferior axis. B, The VT was successfully ablated at the left ventricular
upper septum. At that site, a left bundle branch (LF) potential was recorded during sinus rhythm, and the
potential preceded the QRS by 35 ms during VT. Radiofrequency application eliminated the VT without causing left bundle branch block or atrioventricular block. ABL, Ablation catheter; HBE, His-bundle electrogram;
HRA, high right atrium; RVA, right ventricular apex. (From Nogami A. Idiopathic left ventricular tachycardia:
assessment and treatment. Card Electrophysiol Rev. 2002;6:448-457. With permission.)
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Fig. 29.33 Recordings from the site of successful ablation during left posterior fascicular ventricular
tachycardia (VT). A diastolic potential (P1) and presystolic Purkinje potential (P2) were recorded in the
midseptal area. The proximal two electrodes of the ablation catheter (LV) recorded the diastolic potential (P1) 15 ms earlier than the distal pair of electrodes. HBE, His-bundle electrogram; HRA, high right
atrium; LV, left ventricle; RVA, right ventricular apex. (From Nogami A, Naito S, Tada H, et al. Demonstration of diastolic and presystolic Purkinje potential as critical potentials on a macroreentry circuit of
verapamil-sensitive idiopathic left ventricular tachycardia. J Am Coll Cardiol. 2000;36:811-823. With
permission.)
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Fig. 29.34 An application of radiofrequency current delivered (RF on) during left posterior fascicular ventricular tachycardia (VT). During the energy application, the P1–QRS interval gradually prolonged, and the VT was
terminated by block between P1 and QRS. After the ablation, the P1 occurred after the QRS complex during
sinus rhythm. ABL, Ablation catheter; H, His recording; HBE, His-bundle electrogram. (From Nogami A, Naito
S, Tada H, et al. Demonstration of diastolic and presystolic Purkinje potential as critical potentials on a macroreentry circuit of verapamil-sensitive idiopathic left ventricular tachycardia. J Am Coll Cardiol. 2000;36:811823. With permission.)
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Fig. 29.35 Intracardiac recordings during sinus rhythm before and after the successful ablation of left posterior fascicular ventricular tachycardia (VT). A, Before the ablation, no diastolic potential was observed during
sinus rhythm. B, After the ablation, the P1 occurred after the QRS complex. The activation sequence of
P1 was identical to that observed during the VT shown in Fig. 29.33. HBE, His-bundle electrogram; LV, left
ventricle; RVA, right ventricular apex. (From Nogami A, Naito S, Tada H, et al. Demonstration of diastolic and
presystolic Purkinje potential as critical potentials on a macroreentry circuit of verapamil-sensitive idiopathic
left ventricular tachycardia. J Am Coll Cardiol. 2000;36:811-823. With permission.)
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Fig. 29.36 Decremental properties of P1, which occurred after the QRS complex. Intracardiac recordings
during right atrial pacing after successful ablation of left posterior fascicular ventricular tachycardia (VT). A,
The His–P1 (H–P1) interval increased during right atrial pacing at a cycle length of 350 ms. B, At a cycle length
of 300 ms, the P1 demonstrated a Wenckebach-type block pattern. AP, Atrial pacing; CL, cycle length; HBE,
His-bundle electrogram; HRA, high right atrium; LV, left ventricle; T, T wave repolarization artifact. (From Tada
H, Nogami A, Naito S, et al. Retrograde Purkinje potential activation during sinus rhythm following catheter
ablation of idiopathic left ventricular tachycardia. J Cardiovasc Electrophysiol. 1998;9:1218-1224. With permission.)
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Fig. 29.37 Verapamil sensitivity of P1, which occurred after the QRS complex. A, The His–P1 (H–P1) interval
during sinus rhythm was 370 ms. B, The H–P1 interval significantly prolonged after the intravenous administration of 10 mg of verapamil. ABL, Ablation catheter; HBE, His-bundle electrogram; HRA, high right atrium;
SCL, sinus cycle length. (From Tada H, Nogami A, Naito S, et al. Retrograde Purkinje potential activation
during sinus rhythm following catheter ablation of idiopathic left ventricular tachycardia. J Cardiovasc Electrophysiol. 1998;9:1218-1224. With permission.)
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Fig. 29.38 Schematic diagram of the left posterior fascicular ventricular tachycardia (LPF-VT) reentry circuit.
The reentry circuit of LPF-VT includes ventricular myocardium, a part of the LPF, a P1 fiber, and a slow conduction zone connecting the ventricular myocardium and proximal P1. A, In the cases with a recorded P1 during
LPF-VT, the P1 fiber is parallel and adjacent to the LPF, and the connection between P1 and the LPF (P2) is
located at a more distal portion of the LPF. In B, The P1 fiber is parallel and adjacent to the LPF, but short, and
the connection between P1 and the LPF (P2) is located at the middle or proximal portion of the LPF. C, In the
cases without a recorded P1, the P1 fiber may be short in length or nonparallel in orientation to the LPF, or
both. AVN, Atrioventricular node; LAF, left anterior fascicle; LPF, left posterior fascicle; RB, right bundle. (From
Liu Q, Shehata M, Jiang R, et al. Macroreentrant loop in ventricular tachycardia from the left posterior fascicle:
new implications for mapping and ablation. Circ Arrhyth Electrophysiol. 2016; 9:e004272. With permission)

BOX 29.2 Targets for Ablation
Verapamil-Sensitive Left Fascicular VT
• For septal fascicular VT, diastolic potential (P1) in the anterograde limb of the
VT circuit (middle septum). The earliest diastolic potential (P1) is not needed.
The distal third of P1 potentials is usually targeted to avoid the creation of
LBBB or atrioventricular block (P1 − QRS = 28 to 130 ms). If diastolic potential
(P1) could not be recorded, presystolic fused Purkinje potential (P2) at the VT
exit (apical septum).
• During papillary muscle fascicular VT, diastolic Purkinje potential (P1) is
recorded at the posterior or anterior papillary muscle. Ablation of this potential is highly effective for suppressing this VT. However, ablation at the left
LBBB, Left bundle branch block; VT, ventricular tachycardia.

posterior or anterior fascicular regions often changes the QRS morphology
and cycle length of papillary muscle fascicular VT.
• Pace mapping (a perfect QRS match during pace mapping is not needed)
• Anatomic linear ablation to transect the involved middle to distal left fascicular network.
Nonreentrant Fascicular VT (Verapamil Insensitive)
• The earliest Purkinje potential during VT
• Site of perfect QRS match
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Fig. 29.39 Catheter ablation of posterior papillary muscle fascicular ventricular tachycardia (VT). A, VT exhibited right bundle branch block (RBBB) configuration and superior right-axis deviation, and the left posterior
fascicular region and posterior papillary muscle region were ablated in the initial procedure. The patient had
recurrent VT exhibiting RBBB configuration and horizontal axis. B, At the successful ablation site in the repeat
procedure, both diastolic and presystolic Purkinje potentials (P1 and P2) were sequentially recorded during VT.
C, The successful ablation site was located on the posterior papillary muscles (PPM), which was confirmed
by real-time intracardiac ultrasound image. ABL, ablation catheter; LAO, left oblique projections; and RAO,
right oblique projections. (From Komatsu Y, Nogami A, Kurosaki K, et al. Non-Reentrant fascicular tachycardia:
clinical and electrophysiological characteristics of a distinct type of idiopathic ventricular tachycardia. Circ
Arrhythm Electrophysiol. 2017;10. pii: e004549. With permission.)
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in the midseptal area, where the diastolic Purkinje potential was
recorded. The Purkinje potential was recorded during the VT. Pace
mapping at that site produced a similar QRS complex, with an
S–QRS interval of 66 ms, equal to the P–QRS interval during the
VT. RF current delivered at this site terminated the VT and suppressed reinduction of VT.
One of the patients with the LAF VT also had a typical LPF VT.
Kottkamp and colleagues59 also reported one patient who had two left
VT configurations with right- and left-axis deviation. In this patient,
RF catheter ablation delivered to the single site between the left anterior and posterior fascicles successfully eliminated both VTs. This suggests that their anterograde limb is common and shared.
The circuit of the LAF VT was shown in Fig. 29.28B. In this circuit,
P1 represents the activation potential in the proximal portion of the
specialized Purkinje tissue with a decremental property. During VT,
the anterograde limb is the P1, and the retrograde limb is the left ventricular muscle.

Left Anterior Papillary Muscle Fascicular Ventricular
Tachycardia

Patients 1 to 3 in Fig. 29.14 are the left anterior papillary muscle fascicular VT, which exhibits deep S waves in V5-6. Left ventricular
endocardial mapping during LAF VT identified the earliest ventricular activation in the anterolateral wall of the LV (see Fig. 29.40).53 RF
current delivered to this site suppressed the VT in all three patients.
The fused Purkinje potential was recorded at that site and preceded the
QRS complex by 20 to 35 ms, with pace mapping exhibiting an optimal
match between the paced rhythm and clinical VT.

Left Upper Septal Fascicular Ventricular Tachycardia
Fig. 29.32 shows the intracardiac electrograms of the upper septal
fascicular VT.37 A fused Purkinje potential was recorded at LPF area
during sinus rhythm (see Fig. 29.32A). In addition, during VT, recording at the same site also demonstrated a fused presystolic Purkinje
potential, which preceded the onset of QRS by 20 ms. The activation
sequences of Purkinje potentials at the LPF area are similar during
sinus rhythm and VT. This is one of the anterograde limbs of the VT
circuit, because a fused presystolic ventricular potential was recorded.
The other anterograde limb during VT might be left anterior fascicle,
because the QRS morphology during VT is quite narrow and exhibited
an inferior axis. This VT was successfully ablated at the left ventricular
RAO 35 degrees

3 2
4
5 6

midseptum (see Fig. 29.32B). At this site, a left fascicle potential was
recorded during sinus rhythm and the Purkinje potential preceded the
QRS by 35 ms during the VT. RF application eliminated the VT without creating LBBB or atrioventricular block.
Fig. 29.16B shows the upper septal fascicular VT after ablation of
posterior septal fascicular VT.38,39 This patient developed left posterior septal fascicular VT in which ECG showed RBBB conﬁguration
and left-axis deviation. A few years later, after two ablation sessions
for LPF VT, the patient developed upper septal fascicular VT. ECG
during VT exhibited incomplete RBBB pattern and an identical QRS
axis to that of sinus rhythm. Fig. 29.41 shows intracardiac recording
during common LPF VT (Fig. 29.41A) and upper septal fascicular
VT (see Fig. 29.41B). During common LPF VT, a diastolic potential (P1) and presystolic potential (P2) were seen. Whereas P1 was
recorded earlier from the proximal than from the distal electrodes,
P2 was recorded earlier from the distal than from the proximal electrodes. His-bundle potential was recorded after the onset of the QRS
complex (negative H-V interval). During upper septal fascicular VT,
P1 was recorded earlier from the distal than from the proximal electrodes, whereas P2 was recorded earlier from the proximal than from
the distal electrodes, similar to that during sinus rhythm. His-bundle
potential preceded the onset of the QRS complex by 32 ms, which
was shorter than that during sinus rhythm. An ablation catheter was
positioned at the upper-middle ventricular septum (see Fig. 29.41C)
where the diastolic P1 preceded the onset of the QRS interval by 52
ms. Entrainment from this site resulted in concealed fusion and postpacing interval—ventricular tachycardia cycle length difference of 5
ms and an interval between the pacing stimulus and QRS onset of 52
ms, equal to the P1-QRS interval during VT (Fig. 29.41D). VT was
slowed and terminated by RF energy application at this site within
a few seconds and VT became noninducible. Whereas LPF (P2) is
a bystander in the LPF VT, LPF (P2) is a part of the circuit in upper
septal fascicular VT.
The hypothesized VT circuit of left upper septal fascicular VT is
depicted in Fig. 29.28C.38 In this circuit, P1 represents the activation
potential of the specialized Purkinje tissue at the left ventricular septum. P2 represents the activation of the left anterior and posterior
fascicles. Both left anterior and posterior fascicles are the anterograde
limbs of the reentrant circuit in VT. This explains why this VT exhibits
a narrow QRS configuration and inferior axis. DP represents the common retrograde limb of the circuit in VT and can be an ablation target.
LAO 45 degrees

3 2
1

1
4
5 6

Fig. 29.40 Successful ablation sites for left anterior fascicular ventricular tachycardias (VTs). Patients 1 to 3
are the left anterior papillary muscle fascicular VT, and patients 4 to 6 are left anterior septal fascicular VT. Left
anterior papillary muscle fascicular VT was successfully ablated at the earliest ventricular activation site in the
anterolateral wall of the LV (patients 1 to 3). In the left anterior septal fascicular VT (patients 4 to 6), ablation
at the VT exit site was unsuccessful and the ablation was successful at the mid-anterior septum of the left
ventricle. LAO, Left oblique projections; RAO, right oblique projections. (From Nogami A, Naito S, Tada H,
et al. Verapamil-sensitive left anterior fascicular ventricular tachycardia: results of radiofrequency ablation in
six patients. J Cardiovasc Electrophysiol. 1998; 9: 1269-1278. With permission.)
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during the baseline state51 or after an insufficient RF application.58 Fig.
29.42 shows an example of residual conduction from P1 to the ventricular muscle. After the first RF application, the VT became noninducible, and P1 appeared after the QRS complex during sinus rhythm.
However, one hour after the first RF application, PVC was observed,
and its QRS morphology was similar to that observed during the VT.
The activation sequence of P2 before the PVC was different from that
during sinus rhythm but identical to that during the VT. This means
that there was residual unidirectional conduction from P1 to the septal
ventricular muscle. During isoproterenol infusion, an incessant form
of nonsustained VT was initiated, and it was successfully ablated by
additional RF applications at this site.58 To confirm the creation of bidirectional block between P1 and the ventricular muscle, atrial pacing
with various cycle lengths is used after the ablation (Fig. 29.43). If there
is residual conduction from P1 to the ventricular muscle, a PVC (i.e.,
ventricular echo beat) with a similar QRS morphology as that observed
during the VT can be observed repeatedly.

Radiofrequency Energy Delivery and the End Point of Ablation
With catheter ablation of verapamil-sensitive idiopathic left VT, no
special mapping or ablation system is typically needed. Usually, a
quadripolar steerable electrode catheter is used with or without irrigation. RF energy is delivered using maximum power of 50 W. The RF
energy is delivered during the tachycardia of left posterior and anterior
fascicular VTs. If the VT is terminated or slowed within 15 seconds,
additional current is applied for another 60 to 90 seconds. If the initial RF current is ineffective, ablation is directed to a more proximal
site with the earlier diastolic potential. If the mid-diastolic potential
cannot be detected, RF current is applied at the VT exit site showing a
single fused presystolic Purkinje potential. With upper septal fascicular
VT, RF energy is delivered for 30 to 60 seconds during sinus rhythm
to avoid atrioventricular block. Catheter ablation is performed in this
region using a low-power output (i.e., 10 W), which can gradually be
increased while carefully monitoring for development of a junctional
rhythm or atrioventricular block.
After the ablation, programmed stimulation should be repeated.
Other than the noninducibility of VT, there are several electrophysiologic findings that can serve as end points of RF applications for LPF
VT. After ablation of the distal attachment between P1 and ventricular
muscle, P1 appears after the QRS complex (Figs. 29.29 F and 29.35).
However, this phenomenon is not sufficient for an end point because
this only indicates conduction block in the direction from the left septal ventricular muscle to P1 only. This unidirectional block can be seen

Success and Recurrence Rates
The authors’ experience at the time of this writing includes 170 patients
with left posterior septal fascicular VT, 45 patients with left anterior
septal fascicular VT, and 12 patients with left upper septal fascicular
VT. The success and recurrence rates are 97% and 4%, respectively, for
LPF VT; 90% and 11%, respectively, for LAF VT; and 100% and 2.5%,
respectively, for left upper septal fascicular VT. Recurrence of papillary
muscle fascicular VT after ablation is high.40 Three of eight patients
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Fig. 29.41 Upper septal fascicular ventricular tachycardia (VT) after the ablation of posterior septal fascicular
VT. A and B, Intracardiac recording during common left posterior fascicular (LPF) VT (A) and upper septal fascicular VT (B), demonstrating the activation sequence of the diastolic potential (P1) (red arrows) and presystolic Purkinje potential (P2) (blue arrows) during each rhythm. For the detail, see the text. C, Ablation catheter
was positioned at upper-middle septum of the left ventricle. D, The diastolic P1 preceded the onset of the
QRS by 52 ms. Entrainment from this site resulted in concealed fusion and postpacing interval–ventricular
tachycardia cycle length difference of 5 ms and an interval between the pacing stimulus and QRS onset of 52
ms, equal to the P-QRS interval during VT. ABL, Ablation catheter; H, His-bundle potential; HBE, His-bundle
electrogram; HRA, high right atrium; LV, left ventricle; P1, diastolic potential; P2, presystolic Purkinje potential;
RVS, right ventricular septum; S, stimulation artifact; VTCL, VT cycle length. (From Talib AK, Nogami A, Nishiuchi S, et al. Verapamil-sensitive upper septal idiopathic left ventricular tachycardia: Prevalence, mechanism,
and electrophysiological characteristics. J Am Coll Cardiol EP. 2015; 1: 369-380. With permission.
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Fig. 29.41, cont’d

(38%) with posterior papillary muscle fascicular VT and one of five
patients (20%) with anterior papillary muscle fascicular VT required a
second ablation session for treatment of VT recurrence.

Atrioventricular block disappeared immediately after discontinuation of the RF energy delivery.

Complications

Troubleshooting the Difficult Case

Aside from the complications that may result from any left ventricular electrophysiologic procedure (e.g., thromboembolism, damage to
the femoral artery, valve damage, ventricular perforation), the only
complication that has been associated with catheter ablation of idiopathic left VT has been LBBB and atrioventricular block. Tsuchiya
and associates57 reported that two patients (12.5%) had transient
LBBB after ablation in their series of 16 patients. They targeted the left
basal septum, and the LBBB disappeared within 10 minutes without
VT recurrence. In the authors’ experience, one (0.5%) of 198 patients
had a transient atrioventricular block. This patient had an LPF VT,
and the diastolic potential (P1) at the midseptum was targeted for the
ablation. Before the ablation, the patient had catheter-induced RBBB.

Common problems encountered with left VT ablation, and their solutions are given in Table 29.2. Inability to induce VT reliably is a formidable obstacle to successful ablation. Isoproterenol facilitates induction
of sustained VT in 60% to 70% of those patients without inducible sustained VT at baseline. In some patients, the administration of small
doses of class Ia drugs enhances the slow conduction at the specialized
Purkinje tissue and facilitates induction of stable sustained VT. If the
VT is not inducible, the possibility of nonreentrant fascicular VT has
to be always kept in mind.65 Catheter mapping sometimes mechanically suppresses the conduction in the VT circuit (“bump” phenomenon). In such cases, a ventricular echo beat during sinus rhythm or
atrial pacing is useful (see Figs. 29.42 and 29.43). If PVCs with a similar
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Fig. 29.42 Intracardiac recordings from the site of catheter ablation obtained during sinus rhythm one hour
after the first radiofrequency application. The premature ventricular complex was observed, and its QRS
morphology was similar to that during the ventricular tachycardia. The activation sequence of P2 before the
premature ventricular complex was different from that during sinus rhythm, but identical to that during the VT.
ABL, Ablation catheter; HBE, His-bundle electrogram; HRA, high right atrium. (From Tada H, Nogami A, Naito
S, et al. Retrograde Purkinje potential activation during sinus rhythm following catheter ablation of idiopathic
left ventricular tachycardia. J Cardiovasc Electrophysiol. 1998;9:1218-1224. With permission.)
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Fig. 29.43 Confirmation of bidirectional block between P1 and left septal ventricular muscle after ablation. A,
During atrial pacing (S), the premature ventricular complex with a similar QRS morphology as that during the
ventricular tachycardia was repeatedly observed. The activation sequence of P2 before the premature ventricular complex was different from that during sinus rhythm. B, After additional radiofrequency application, this
ventricular echo beat was abolished. ABL, Ablation catheter; HBE, His-bundle electrogram; HRA, high right
atrium; RVA, right ventricular apex.
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QRS morphology to that observed during the VT are repeatedly seen,
activation mapping can be performed. If no ventricular echo beats are
inducible, the empirical anatomic approach can be an effective strategy for ablation of LPF VT.60 First, the VT exit site is sought by pace
mapping during sinus rhythm, and RF energy is delivered to that site.
Second, a linear lesion is placed at the midseptum, perpendicular to
the long axis of the LV, approximately 10 to 15 mm proximal to the VT
exit. During anatomic linear ablation, P1 suddenly appears after the
QRS complex if the ablation site is on the descending limb of the VT
circuit (Fig. 29.44). This anatomic approach is also useful in patients in
whom diastolic Purkinje potentials cannot be recorded during VT. Fig.
29.45 and Video 29.1 (see Video 29.1 on Expert Consult) shows activation mapping during VT. Although the earliest myocardial activation
site was observed at the inferoapical septum, diastolic potentials could
not be recorded. RF energy application to this exit site was ineffective.
A linear RF lesion approximately 10 mm proximal to the VT exit was
also ineffective; and finally, more proximal linear RF application successfully suppressed the VT.
If an acceptable electrogram is not found at the septum, one possible reason is poor catheter contact with the septum. Fig. 29.46
shows examples of poor and good catheter contact with the midseptum. The left anterior oblique fluoroscopic view is used to guide
the catheter toward the septum, and the right anterior oblique view
to guide the catheter posteriorly and toward the apical third of the
septum.
If ablation catheter stability is poor during the VT because of
excessive heart motion, RF energy can be delivered during sinus
rhythm. However, even during sinus rhythm, frequent ventricular
premature beats (with a similar QRS morphology to that observed
during the VT) and VT are sometimes induced during the RF energy
application. In such cases, overdrive pacing or intravenous administration of verapamil is effective for suppressing the ventricular premature beats and VT during RF energy application. However, after
such an infusion, noninducibility of the VT becomes invalid as an
end point for the ablation. Cryoablation of left fascicular VT has

TABLE 29.2

Tachycardia)

been reported in a selected population.61 Cryoablation is effective
given the superficial nature of the reentrant circuit and may offer the
advantages of no induction of PVCs and extreme catheter stability
during ablation. Intracardiac echo is useful for ablation of papillary
muscle fascicular VT.40

NONREENTRANT FASCICULAR VENTRICULAR
TACHYCARDIA
Clinical and Electrophysiologic Characteristics
Another type of fascicular VT is the nonreentrant tachycardia from
the Purkinje system65 (Table 29.2). This VT is classified as propranolol-sensitive automatic VT.1 Although this VT is usually observed
in patients with ischemic heart disease,62 it is also observed in
patients with structurally normal hearts.63,64 Nonreentrant fascicular VT from the LV can present with an RBBB configuration and
either a left- or right-axis deviation on the 12-lead ECG, depending
on the origin (Fig. 29.47). It is difficult to distinguish this VT from
reentrant fascicular VT by 12-lead ECG. This VT can be induced
by exercise and catecholamines (e.g., isoproterenol and phenylephrine); however, it cannot be induced or terminated by programmed
ventricular stimulation. Although this VT is responsive to lidocaine
and beta-blockers, it is usually not responsive to verapamil. This can
be used as a differentiation from verapamil-sensitive fascicular VT.
This VT is transiently suppressed by adenosine and with overdrive
pacing. Slow nonreentrant fascicular VT can also be suppressed by
faster sinus rhythm (see Fig. 29.47C). The clinical and electrophysiologic characteristics of this VT have not been well defined.65,66
Gonzalez and colleagues63 reported the electrophysiologic spectrum
of Purkinje-related VT in eight patients and showed the mechanism
to be consistent with abnormal automaticity or triggered activity in five patients. The 12-lead ECG during VT in these patients
showed RBBB with left-axis deviation. A distinct His deflection was
recorded with an H-V interval during VT that was shorter than that

Troubleshooting the Difficult Case (Verapamil-Sensitive Fascicular Ventricular

Problem

Causes

Solution

Unable to induce VT

• Adrenergic dependency

• Use isoproterenol

• Insufficient slow conduction

• Give small dose of class Ia drug
• Find ventricular echo beat with a similar QRS
morphology as that observed during the VT

• Bump phenomenon during mapping

• Use pace mapping and the anatomic (linear)
approach

• Nonreentrant fascicular VT (misdiagnosis)

• Map PVCs with a similar QRS morphology as that
observed during the VT

Unable to find a good electrogram

• Poor catheter contact

• Improve the contact with a different catheter or
approach, use catheter with contact force sensor

Unable to find a diastolic potential during VT

• VT circuit with short and perpendicular P1 branch

• Ablate the earliest P2 with good pace map

Poor catheter stability

• Excessive heart motion during the VT

• Ablate during sinus rhythm or overdrive pacing,
change catheter reach and stiffness, use cryoablation

• Papillary muscle fascicular VT

• Use intracardiac echo
• Use cryoablation

• Frequent ventricular premature beats during the RF • Use verapamil IV (after which the noninducibility of
energy application
VT becomes invalid as an end point), use cryoablation or overdrive pacing
IV, Intravenous; PVC, premature ventricular complex; RF, Radiofrequency energy; VT, ventricular tachycardia.
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Fig. 29.44 Anatomic linear approach during sinus rhythm in left posterior fascicular ventricular tachycardia
(VT). A linear lesion is placed at the midseptum perpendicular to the long axis of the left ventricle, approximately 10 to 15 mm proximal to the site of the best QRS match by pace mapping. During anatomic linear
ablation, P1 suddenly appears after the QRS complex, if the ablation site is on the descending limb of the VT
circuit. HBE, His-bundle electrogram; HRA, high right atrium; LV, left ventricle; P1, diastolic potential; RVA,
right ventricular apex; T, T wave repolarization artifact.
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Fig. 29.45 Anatomic approach when diastolic Purkinje potential cannot be recorded during ventricular tachycardia (VT). Whereas the earliest myocardial activation site was observed at the inferoapical septum, diastolic
potential could not be recorded (see Video 29.1 on Expert Consult). First, radiofrequency (RF) energy was
delivered to the exit site, but that was ineffective. Second, a linear RF lesion approximately 10 mm proximal
to the VT exit was created, but that was also ineffective. Finally, more proximal linear lesion successfully
suppressed VT induction. LAT, Lateral projection; LV, left ventricle; RAO, right anterior oblique projection.
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Fig. 29.46 Representation of (A) poor catheter contact and (B) good catheter contact to the midseptum. C
and D, The left anterior oblique (LAO) fluoroscopic view is used to guide the catheter toward the septum.
When the catheter has good contact with the septum, significant Purkinje potentials (P2) can be recorded
after the His-bundle potential (H) and before the onset of the QRS complex. The right anterior oblique (RAO)
view is used to guide the catheter posteriorly and toward the apical third of the septum. HBE, His-bundle
electrogram; HRA, high right atrium; RVA, right ventricular apex.

during sinus rhythm. The authors speculated that this VT arises
from a fascicular focus at some distance from the myocardial site
of origin of the VT based on the varying ECG morphologies and
a poor response to catheter ablation. Recently, my colleague and I
reported 11 patients (2.8%) with idiopathic nonreentrant fascicular
VT among 530 idiopathic VT patients without structural heart disease.65 All patients had monomorphic VT (cycle length: 337 ± 88

ms) with a relatively narrow QRS (123 ± 12 ms), and they did not
respond to verapamil. VT exhibited RBBB and superior-axis configuration in 11 patients (73%), inferior axis in three (20%), and
LBBB and superior-axis configuration in one (7%). Clinical VT
spontaneously occurred in three patients (20%), and it was induced
in five (33%) using isoproterenol infusion or burst pacing. In four
patients (27%), isolated PVCs, with an identical morphology to the
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clinical VT, were induced. In the remaining three patients (20%), all
the aforementioned protocols failed to induce VT/PVC, thus pace
map–guided ablation was performed. In patients with sustained
monomorphic VT, overdrive pacing was performed from the right
ventricle; however, VT could not be entrained (see Fig. 29.48). This
finding proves that this VT is a nonreentrant tachycardia.
Monomorphic PVCs have been shown to initiate VF in patients
with no structural heart disease66,67 and ischemic heart disease.68,69
However, the difference in the clinical and electrophysiologic characteristic between VF triggered by PVC from Purkinje system and
monomorphic nonreentrant fascicular VT has not been determined.
Tsuchiya and associates70 reported a patient who exhibited the transition from Purkinje-related polymorphic VT to monomorphic VT. The

intravenous administration of pilsicainide (class Ic) provoked incessant
nonsustained polymorphic VT, and the polymorphic VT changed to
monomorphic VT after the additional administration of pilsicainide.
RF current application to the Purkinje system at the left ventricular
septum suppressed both polymorphic and monomorphic VTs.

Mapping and Ablation
The ablation target of nonreentrant fascicular VT is the earliest Purkinje
activation during VT, whereas that of verapamil-sensitive fascicular VT is
not necessarily the earliest Purkinje activation. Fig. 29.49 and Video 29.2
(see Video 29.2 on Expert Consult) shows the mapping and ablation of the
nonreentrant VT from the distal Purkinje system of the left posterior fascicle. Presystolic Purkinje potentials were recorded from various sites in the
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Fig. 29.47 Some 12-lead electrocardiograms (ECGs) of nonreentrant fascicular ventricular tachycardias (VTs)
from the left posterior fascicle. A, This VT presents with right bundle branch block (RBBB) and left-axis
deviation. It is difficult to distinguish the nonreentrant fascicular VT from verapamil-sensitive left posterior
fascicular VT by 12-lead ECG. B, This VT also presents with an RBBB and a left-axis deviation; however, the
cycle length of VT is shorter and the QRS interval is wider than in A. C, The QRS interval during this slow VT
with an RBBB configuration and left-axis deviation is very narrow and was transiently suppressed by faster
sinus rhythm.
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Fig. 29.48 Some 12-lead electrocardiograms showing absence of constant fusion by right ventricular overdrive pacing during nonreentrant fascicular ventricular tachycardia (VT). Pacing cycle length was 310 ms,
whereas VT cycle length was 330 ms. This finding proves this ventricular tachycardia with right bundle branch
block and superior-axis configuration is a nonreentrant tachycardia. (From Talib AK, Nogami A, Morishima I,
et al. Non-reentrant fascicular tachycardia: clinical and electrophysiological characteristics of a distinct type of
idiopathic ventricular tachycardia. Circ Arrhythm Electrophysiol. 2016;9. pii:e004177. With permission.)
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Fig. 29.49 Ablation of the nonreentrant fascicular ventricular tachycardia (VT) with right bundle branch block
and left-axis deviation. A, Electroanatomic mapping during VT (see Video 29.2 on Expert Consult). Tags indicate the sites with the presystolic Purkinje potential during VT. The earliest Purkinje potential was recorded at
the basal inferior wall, and radiofrequency current delivered to this site suppressed the VT (arrow). B, The Purkinje potential preceded the QRS during VT by 70 ms. C, The recording at the same site demonstrated a fused
Purkinje potential during sinus rhythm. D, Pace mapping at this site produced an identical QRS complex, with
an S–QRS interval of 70 ms. ABL, Ablation catheter; CS, coronary sinus; HBE, His-bundle electrogram; HRA,
high right atrium; LAT, local activation time; RAO, right anterior oblique projection; RVA, right ventricular apex.
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Fig. 29.50 Ablation of nonreentrant fascicular ventricular tachycardia (VT) with right bundle branch block and
right-axis deviation. A, Electroanatomic mapping during sinus rhythm. Tags in this CartoMerge image (Biosense Webster, Diamond Bar, CA) indicate the sites with the fused Purkinje potential during sinus rhythm,
and the arrow indicates the site of successful ablation. B, From the successful ablation site, presystolic
Purkinje potentials were recorded both during sinus rhythm and during premature ventricular complex with a
similar QRS morphology to that observed during the VT. ABL, Ablation catheter; HBE, His-bundle electrogram;
HRA, high right atrium; LAO, left anterior oblique projection; LAT, lateral projection; LV, left ventricle; RAO,
right anterior oblique projection; RVA, right ventricular apex.
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LV; however, the earliest Purkinje potential was recorded at the basal inferior wall (see Fig. 29.49A). The Purkinje potential preceded the QRS during
VT by 70 ms, and the recording at the same site demonstrated a fused Purkinje potential during sinus rhythm (see Figs. 29.49B and C). Pace mapping
at this site produced an identical QRS complex, with an S–QRS interval of
70 ms, equal to the P–QRS interval during the VT (see Fig. 29.49D). RF
current delivered to this site suppressed the VT, whereas previous RF applications to other sites with a presystolic Purkinje potential were not effective.
Fig. 29.50 shows the successful ablation site for nonreentrant fascicular VT with an RBBB configuration and right-axis deviation.
Because the VT could not be induced by ventricular stimulation and
catecholamines, isolated PVCs with a similar QRS morphology to that
observed during the VT were targeted. Left ventricular endocardial
mapping during the PVC identified the earliest Purkinje activation in
the anterolateral wall of the LV. The fused Purkinje potential was also
recorded at that site during sinus rhythm.
In our series of nonreentrant fascicular VT,65 a high-frequency
presystolic Purkinje potential was recorded during VT and/or PVC,
preceding the QRS by 25 ± 16 ms. Nonreentrant fascicular tachycardia
usually originated from the left posterior fascicle, and less commonly
from the left anterior fascicle and right ventricular Purkinje network.

Complications
The complication that has been associated with catheter ablation of
nonreentrant fascicular VT has been LBBB and atrioventricular block.
In verapamil-sensitive fascicular VTs, the creation of LBBB or atrioventricular block as the complication is quite rare because the ablation target is the diastolic abnormal Purkinje potential (P1) during VT, and the

abolition of the normal Purkinje or fascicle potential (P2) is not needed
to suppress the VT. By contrast, abolition of a portion of the Purkinje
network is usually necessary to suppress the nonreentrant fascicular VT.
Fig. 29.51 shows the electrograms before and after successful ablation
for the nonreentrant fascicular VT with an RBBB configuration and a
left-axis deviation. After successful ablation, the amplitude of the local
myocardium has been diminished, and the Purkinje potential appeared
after the myocardial potential. Because this site was located at the distal portion of the left posterior fascicle, there has been no change in the
surface QRS morphology or H-V interval after ablation. If the VT arises
from a more proximal portion of the fascicle, there is a potential risk
for creating LBBB or atrioventricular block by ablation. Rodriguez and
colleagues64 reported nonreentrant fascicular VT with an RBBB configuration and right-axis deviation in whom LAF block occurred after the
ablation. Lopera and associates62 reported two nonreentrant fascicular
VT cases with ischemic heart disease in whom complete atrioventricular
block occurred after successful ablation of VT.

Success and Recurrence Rates
The authors’ experience at the time of this writing includes 15 patients
with idiopathic nonreentrant fascicular VT.65 In all patients, VT and
PVC were suppressed by catheter ablation; however, the true acute success rate is unclear because this VT is difficult to induce. VT recurrence
was observed in four patients (27%), and among them, three underwent
pace map–guided ablation during the first session. A second ablation
with activation mapping guidance eliminated the VT during the 88 ±
8 months follow-up. Catheter ablation guided by activation mapping
appears effective, whereas pace map–guided approach is less efficacious.
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Fig. 29.51 Electrograms before and after successful ablation for the nonreentrant fascicular ventricular tachycardia
(VT) at the distal portion of the left posterior fascicle. A, Presystolic Purkinje potentials were recorded both during
sinus rhythm and during premature ventricular complex with a similar QRS morphology to that observed during
the VT. B, After successful ablation, Purkinje potential appeared after the diminished myocardial potential. There
was no change in the surface QRS morphology or the His–ventricular interval after ablation. ABL, Ablation catheter; HBE, His-bundle electrogram; HRA, high right atrium; RVA, right ventricular apex. (From Talib AK, Nogami A,
Morishima I, et al. Non-reentrant fascicular tachycardia: clinical and electrophysiological characteristics of a distinct
type of idiopathic ventricular tachycardia. Circ Arrhythm Electrophysiol. 2016;9.pii: e004177. With permission.)
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Videos

Video 29.1 Propagation map during verapamil-sensitive left fascicular

ventricular tachycardia (VT). Although the earliest myocardial activation site was observed at the inferoapical septum, diastolic potential
could not be recorded in this patient. Because radiofrequency (RF)
energy applications to the exit site and a linear RF lesion about 10 mm
proximal to the VT exit were ineffective, more proximal linear lesion
was applied.

Video 29.2 Propagation map during the nonreentrant fascicular ven-

tricular tachycardia (VT) with right bundle branch block and left-axis
deviation. Tags indicate the sites with the presystolic Purkinje potential
during VT. The earliest Purkinje potential was recorded at the basal
inferior wall, and radiofrequency current delivered to this site suppressed the VT.
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Ablation of Ventricular Tachycardia
in Coronary Artery Disease
Haris M. Haqqani, David J. Callans
KEY POINTS
Mechanism
• The mechanism of postinfarction monomorphic ventricular
tachycardia (VT) is generally reentrant myocardial excitation
through surviving myocyte bundles within the infarct scar.
Diagnosis and Mapping
• The diagnosis is made by excluding supraventricular and
preexcited causes of broad complex tachycardia. Activation,
entrainment, and substrate mapping techniques may all required
to localize critical VT circuit components.
Ablation Targets
• The basic critical target for ablation of postinfarct VT is the narrow
diastolic isthmus constrained by anatomic dense scar regions
as well as by functional barriers. Presystolic and mid-diastolic
electrograms are recorded from isthmus sites during tachycardia,
and their involvement in VT can be proven by entrainment
mapping. For nonmappable VT, sinus rhythm correlates of
isthmus sites need to be defined by electrogram analysis and
pacing. This process is called substrate mapping and localizes the
infarct scar and border zone, sites of slow conduction with good
pace maps, and sites of late-activating isolated potentials.

Special Equipment
• Electroanatomic mapping systems are required for defining
substrate, tagging critical target sites, and recording ablation
lesion delivery. Preoperative scar imaging and integration into the
mapping system may be helpful. Multipolar catheters with narrowspaced bipoles and ultrahigh-density mapping have improved
visualization of VT circuits and the underlying substrate. Secondgeneration open-irrigation ablation catheters and contact force
sensing have improved the biophysics of lesion delivery and have
the potential to allow safer creation of larger lesions with lower
thromboembolic risk.
Sources of Difficulty
• Hemodynamic instability and inability to map VT in patients
with advanced structural heart disease make these procedures
challenging. Multiple inducible VT morphologies are the rule.
Effective lesion delivery within dense scar may be difficult with
currently available energy sources.

INTRODUCTION

ANATOMY

The development of sustained monomorphic ventricular tachycardia
(VT) is one of the most significant late complications that can occur in a
patient who has suffered a prior myocardial infarction (MI). Regardless of
the hemodynamic tolerability of any index episode of VT in this setting,
patients with a healed MI scar and significant left ventricular (LV) systolic
dysfunction have substantially reduced survival and derive a demonstrable prognostic benefit from implantable cardioverter-defibrillator (ICD)
placement, even before developing clinical VT.1 It is clear, however, that
ICDs are deployed for sudden death risk mitigation and should not be
considered a treatment or cure for VT. Repeated ICD shocks for recurrent
VT can lead to significant morbidity and mortality, and repeated delivery
of antitachycardia pacing may also be associated with adverse outcomes.2
Present-day medical therapy is incompletely effective in preventing ICD
therapy and comes with the risk of significant adverse effects and additional extracardiac toxicity in the case of amiodarone.3,4 Few meaningful
breakthroughs in antiarrhythmic drug development have occurred in
recent times to suggest any change in this landscape is imminent.
In this light, catheter ablation assumes an important role in the
overall management of ischemic cardiomyopathy (ICM) patients with
VT. Although the suggestion of a prognostic benefit has been found
in one trial, and although the prevention of ICD shocks may lead to
a secondary survival benefit, the primary goal of the procedure is to
improve quality of life by prevention of VT recurrences and ICD therapies without antiarrhythmic drug side effects.4–6

Multiple intracardiac mapping studies have confirmed that the electrophysiologic mechanism of the vast majority of monomorphic VT
in the setting of prior MI is reentry.7,8 As clearly demonstrated in the
early seminal surgical studies, and confirmed subsequently by entrainment mapping data, critical portions of the reentry circuitry of postinfarct VT reside within a healed myocardial infarct scar, usually a
large and confluent one9,10 (Fig. 30.1). Such scars are often associated
with advanced LV remodeling, areas of dyskinesis and aneurysm formation, and significant LV systolic dysfunction. Infarct scar formation
and remodeling is not a uniform amorphous process; instead structural and ultrastructural heterogeneity within scar regions is universal
(Fig. 30.2). Collateral formation, endoluminal perfusion, acute reperfusion therapy, and ongoing collagen turnover all contribute to the formation of surviving (predominantly subendocardial) myocyte bundles
of varying diameter interlaced in networks through the dense infarct
core. These bundles are separated by insulating sheets of collagen that
alter wave front propagation through scar in a manner conducive to the
establishment of reentrant tachyarrhythmias. The extent of ventricular
scar and LV systolic dysfunction in patients with ICM is an important determinant of arrhythmic risk.11,12 Sustained monomorphic VT
is more likely seen in those with larger infarct scars. The advent of
primary prevention medical therapy and earlier, more effective acute
reperfusion therapy with primary percutaneous intervention have
altered infarct scar characteristics. Patchy fibrosis is now seen more
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Fig. 30.1 Relationship of infarct scar to ventricular tachycardia (VT) circuit. The electroanatomic endocardial
left ventricular substrate map of a 68-year-old man with severe ischemic cardiomyopathy after 3 infarctions
is shown. A large confluent anteroseptal infarct is demonstrated with the red zones corresponding to bipolar
voltage less than 0.5 mV. The circuit components of the monomorphic VT pictured were defined with entrainment and mapped to within the dense infarct core.

contrast to postinfarct ICM patients whose pathology and VT circuitry
characteristically lie in the subendocardial layer.14
Outer Loop
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Fig. 30.2 Gross pathologic specimen demonstrating typical postinfarct
macroscopic scar heterogeneity with islets of surviving myocardium
visible within the dense infarct core. The scar is seen to extend contiguously from the subendocardium with relative epicardial sparing.
Putative ventricular tachycardia circuit components have been labeled
in addition to two radiofrequency ablation lesions. (With permission, Dr.
W. Stevenson).

frequently, and aneurysm formation has become rare. This has altered
the frequency and characteristics of VT seen in the chronic phase after
MI with more rapid VT seen in such patients.13 It remains unclear
whether the reduced late VT incidence expected with smaller healed
infarcts will be balanced by an increased prevalence of VT as long-term
post-MI survival improves.
Remember that not all patients with reentrant VT and coronary
artery disease have a myocardial infarct-related ventricular scar and
some may instead have a coexisting nonischemic dilated cardiomyopathy. Such patients tend to have basal VT sources as well as the frequent
epicardial and intramural VT exits typical of that substrate, in direct

Disorders of repolarization or disorders of conduction (or both) may
form the basis of the electrophysiologic substrate in any arrhythmogenic disease, but in the postinfarct context, abnormalities of conduction predominate. Myocardial necrosis at the time of the initial
infarction and replacement of lost myocytes with collagen-based
fibrous tissue leads to an overall reduction in the number and density of gap junctions between surviving cells within an infarct scar.
Thus even though they are capable of generating recordable action
potentials, these myocytes are poorly coupled electrically to nearby
cells. Not only does this lead to a slowing of wave front conduction
velocity in the scar, but also, because of source-sink mismatch, a
greatly increased likelihood of conduction failure producing unidirectional block. In addition, electrical propagation is significantly
more affected in the transverse direction orthogonal to myofiber axis
as a result of an amplification of normal nonuniform anisotropy by
layers of collagen between myocyte bundles. This slow, discontinuous
wave front conduction within an infarct scar sets up the ideal milieu
for the establishment of reentrant excitation, with the constrained
diastolic isthmus usually located within the core of the scar.15 The
exit of the VT wave front from this isthmus occurs at the scar border zone where inscription of the surface QRS commences. The wave
front then propagates through the ventricle surrounding the scar,
often in a figure-of-8 (dual loop) configuration, before reentering
the protected isthmus within the scar again. The diastolic corridor
may in some cases be constrained between dense infarct scar and an
anatomic barrier such as a valve annulus or a surgical conduit.16,17
The contribution of functional barriers to the complete VT reentrant
circuit have been underestimated but older resetting studies and
recent ultrahigh resolution activation mapping studies confirm their

512

PART 7

Fundamental Concepts of Transcatheter Energy Delivery

BOX 30.1 Evidence Supporting Reentry

as the Major Mechanism of Postinfarct
Ventricular Tachycardia

Induction and termination with programmed ventricular stimulation
Site-specificity of induction
Direct relationship between coupling interval of the initiating extrastimulus
and the onset of the first beat of VT
Continuous electrical activity related to VT onset and perpetuation recorded by
an electrode near the slow zone
Recording of mid-diastolic potentials that cannot be dissociated from VT
Extrastimulus-mediated resetting of VT with fusion
Entrainment of VT with overdrive pacing
Electroanatomic activation map of the ventricle containing >90% of the VT
cycle length
Termination of VT with global noncapture from a nonpropagated extrastimulus
VT, Ventricular tachycardia.

importance, particularly at the entrance to and exit from the diastolic
corridor.18–20 Approximately 40% of VTs have isthmuses that are
shared with a second VT.21,22 Evidence that supports reentry as the
dominant mechanism of postinfarct VT is summarized in Box 30.1
with some examples in Fig. 30.3.
The anatomic substrate in the postinfarct patient can be inferred
from the presence of Q waves on the surface electrocardiogram (ECG),
demonstrated by scar imaging techniques such as late gadolinium
enhancement (LGE) on magnetic resonance imaging (MRI) or even
visualized directly during surgical subendocardial resection. However,
the electrophysiologic substrate can really only be defined by the use
of invasive catheter-based electrode recordings at an electrophysiology
study (EPS).
At EPS, the induction of sustained monomorphic VT with the use of
programmed stimulation implies that the electrophysiologic substrate
for VT exists although this does not necessarily predict the presence of
spontaneous clinical VT because specific triggers such as ventricular
ectopy, heart failure, or changes in autonomic tone are required for this
to occur.23,24 In addition, at EPS, catheter-based electrode recordings
from the infarct region show characteristic abnormalities reflective of
the loss of functioning cardiomyocytes and the slow and discontinuous
wave front conduction present in ventricular scar. Normal ventricular myocardial bipolar electrograms are sharp, biphasic or triphasic
signals of greater than 1.5 mV peak-to-peak amplitude, 70 ms or less
duration, and/or greater than 0.046 amplitude:duration ratio25,26 (Fig.
30.4). A loss of cardiomyocyte mass in the scar results in attenuation
of the bipolar electrogram amplitude with dense scar showing bipolar
voltage less than 0.5 mV and regions of bipolar voltage between 0.5 and
1.5 mV typically being seen in the scar border.27,28 Slow conduction in
the infarct scar causes prolongation of the local bipolar electrogram
with multiple low-amplitude deflections (Fig. 30.5). Such electrograms
are called fractionated and are defined by a bipolar voltage less than
0.5 mV, a duration of more than 133 ms, and/or an amplitude:duration ratio of less than 0.00529 (see Fig. 30.4). The multiple deflections
of fractionated electrograms have been shown to each correspond to
delayed activation of surviving islands of myocyte separated by dense
collagen sheets within the field of view of the recording electrode.30
When activation of a discrete surviving myocyte bundle is sufficiently
delayed, a low-amplitude isolated late potential (ILP) may be recorded
following an isoelectric interval after the larger initial, usually far-field,
ventricular electrogram (Figs. 30.4 and 30.5). Such a bundle may form
an anatomically constrained conducting channel in the scar that has

the potential to serve as the protected diastolic isthmus of a VT circuit31 (see Fig. 30.5).
In the setting of coronary disease, polymorphic VT may suggest
the presence of acute ischemia.32 There may be multiple operative
mechanisms, including abnormal automaticity or Purkinje fiber mediated reentry or triggered activity from diastolic calcium overload in
compromised but still viable cells.33 Polymorphic VT does not require
the presence of a healed anatomic infarct substrate as it can occur in
patients with no prior ventricular scar presenting with acute coronary
syndromes for the first time. It may occur in the very early phase of
infarct repair and remodeling where Purkinje fiber triggers at the border of the necrotic zone may be important in its initiation34 (Fig. 30.6).

ARRHYTHMIA DIAGNOSIS AND DIFFERENTIAL
DIAGNOSIS
The vast majority of patients with sustained postinfarct VT can be diagnosed by a 12-lead ECG recorded at the bedside during tachycardia. It
is almost axiomatic that a broad complex tachycardia in the setting of
a patient with a prior MI is VT, but multiple published algorithms have
been suggested to help exclude the other less likely differential diagnoses, namely supraventricular tachycardia with aberrant conduction
(including atrial flutter with 1:1 conduction), preexcited tachycardia,
paced tachycardias, and artifact35–37 (Fig. 30.7).
The diagnostic criteria for postinfarct scar-related VT are listed
in Box 30.2. The diagnosis of myocardial scar-related VT hinges on
the demonstration of atrial, atrioventricular nodal, and His-Purkinje
dissociability from the tachycardia (which excludes all forms of supraventricular, preexcited, and fascicular tachycardias, including bundle
branch reentry VT). Such proof can be obtained at the bedside with
the surface 12-lead ECG or in the laboratory during EPS with pacing
maneuvers. In the presence of a dual-chamber ICD system, the presence of ventriculoatrial dissociation on ICD interrogation is essentially conclusive. The diagnosis of VT can also be strongly suggested in
patients with single-chamber ICDs as stored electrogram morphology
in tachycardia should be different from the sinus rhythm conducted
morphology in VT. However, right bundle branch block aberrance
during supraventricular tachycardia can alter the wave front vector by
which the sensing bipole in the right ventricle (RV) is activated and
hence also changes the ICD electrogram morphology.38 Such ICD
intracardiac electrograms may be useful in matching induced VTs
to clinical arrhythmias as well as potentially even in pace mapping39
(Fig. 30.8). The latter maneuver may be the only mapping option in the
uncommon scenario in which no VT is inducible at EPS in a patient in
whom there are no 12-lead ECG recordings of clinical VT.

PERIPROCEDURAL CONSIDERATIONS
Until recently, catheter ablation for postinfarct VT has generally been
used as a near-last resort treatment option, typically reserved for
the patient with multiple ICD shocks refractory to repeated device
reprogramming who has exhausted all antiarrhythmic drug options,
including high-dose amiodarone. With improvements in mapping
and ablation, the procedure has increasingly been offered at an earlier stage in the natural history, and some data suggests that this may
increase the efficacy of postinfarct VT ablation.40 Two large randomized trials have shown that upfront prophylactic catheter ablation before or after secondary prevention ICD insertion reduces the
incidence of subsequent arrhythmia events.5,6 The recent Ventricular
Tachycardia Ablation versus Escalation of Antiarrhythmic Drugs
(VANISH) study of ICM patients with recurrent VT despite antiarrhythmic drug use showed a significant benefit of catheter ablation
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Fig. 30.3 Observations supporting a reentrant mechanism for VT in the setting of healed infarction. A, Continuous electrical activity: Biopolar electrogram recordings from an inferior infarct (at the yellow tag displayed on the
inset electroanatomic substrate map) during VT. Continuous activity is demonstrated in the distal bipole of the
mapping catheter during VT. This is consistent with a reentrant mechanism, with activation of some portion of
the circuit throughout the entire cycle length. B, Resetting with fusion: Surface ECG and intracardiac recordings
during VT. A single extrastimulus is delivered from the RV apex after the inscription of the LV electrogram at the
site of origin and the onset of the surface QRS. Nonetheless, surface fusion is observed, and the tachycardia
is reset (i.e, the return cycle beat occurs earlier in time (345 + 400 msec < 380 + 380 msec) than it would have
without the extrastimulus). This is inconsistent with a focal mechanism and suggests reentry within a circuit
with a distinct entrance and exit site. (From Almendral JM. J Am Coll Cardiol. 1986; 8:294, with permission).
C, Entrainment with progressive fusion: Surface ECG and intracardiac recordings during VT, RV apical pacing
and entrainment at 3 different cycle lengths. Entrainment at faster cycle lengths changes the nature of the
surface ECG fusion to more greatly resemble the paced QRS morphology. ECG, electrocardiography; HBE,
His bundle electrogram; HRA, high right atrium; NSR, normal sinus rhythm; RV, Right ventricle; RVA, right
ventricular apex; RVOT, right ventricular outflow tract; VT, ventricular tachycardia. (From Almendral JM. Circulation. 1986; 77:569, by permission of the American Heart Association.)

Normal EGM:
4 deflections
voltage 1.5 mV
duration 70 ms
amplitude:duration 0.046

Abnormal EGM:
not fitting into one
of the other
categories

Isolated potentials:
Very late potentials:
Fractionated EGM:
20 ms isoelectric
100 ms isoelectric
BiV 0.5 mV,
segment
segment
duration 133 ms,
amplitude:duration 0.005
Fig. 30.4 Examples of normal and scar-related ventricular electrograms (EGM). See text for details.
I
aVF
V1

LV11 UNI
LV11 BI 5 mm
LV11 BI 10 mm
T

Fig. 30.5 Electrogram recording from a ventricular tachycardia (VT) circuit site. Three surface electrocardiogram leads are shown with three intracardiac recordings from a catheter positioned within the infarct zone.
During sinus rhythm, a fractionated, multicomponent signal is recorded; the final component of this electrogram is recorded after the end of the surface QRS. During VT (final two beats of the tracing), diastolic potentials are observed, preceding the QRS by 90 ms. (From Josephson ME. Clinical cardiac electrophysiology:
techniques and interpretations: Lippincott Williams & Wilkins, Philadelphia; 2002. With permission.)

over escalation of drug therapy in reducing the composite primary
outcome measure of death, VT storm, and appropriate ICD shock.4
However, catheter ablation in the context of these often very sick ICM
patients can be challenging and hazardous, with major complication
rates of up to 8% described.41–43 Thus careful preoperative patient

assessment and meticulous periprocedural risk management are vital
to optimize safety and efficacy.
Preprocedural planning begins with a careful review of all clinical
arrhythmia data from 12-lead ECGs, telemetry strips, and stored ICD electrograms. The number and likely exits of all clinical VTs are determined.

CHAPTER 30

Ablation of Ventricular Tachycardia in Coronary Artery Disease

515

I
II
III
aVR
aVL
aVF
V1

V6
Fig. 30.6 Polymorphic ventricular tachycardia (PVT) in a 41-year-old man who underwent coronary artery
bypass grafting after presenting late with inferior myocardial infarction on the background of severe triple
vessel disease and ejection fraction 33%. Recovery was uncomplicated until day 8 when he began to have
multiple recurrent bursts of PVT degenerating to ventricular fibrillation (VF), requiring cardioversion and resuscitation. Each burst of PVT/VF was triggered by an identical PVC with right bundle branch block morphology
and left superior axis suggestive of posterior papillary muscle origin.

The patient’s clinical condition is assessed with respect to their ability to
tolerate a prolonged procedure, often with multiple VT inductions and
significant intravascular fluid loading. Heart failure decompensation and
myocardial ischemia in particular must both be reversed as much as possible before commencing ablation. The presence of peripheral arterial disease is an important comorbidity from the viewpoint of both retrograde
transaortic vascular access and potential hemodynamic support options
such as an intraaortic balloon pump (IABP). The number and status of
all coronary bypass grafts and stents should be ascertained and myocardial revascularization completed as appropriate. Prior cardiac surgery will
generally preclude unrestricted percutaneous pericardial access for catheter ablation (because of the presence of dense adhesions or bypass grafts),
but this is necessary in postinfarct VT patients given the predominantly
subendocardial location of their arrhythmogenic substrate. Prior valvular
surgery is an important consideration, with mechanical prosthetic valves
in the aortic and mitral positions precluding retrograde and transseptal
access to the LV respectively. The rare situation of dual mechanical prosthetic valves may require transapical or interventricular septal access to the
so called “no-entry ventricle.”44,45
Oral anticoagulation reversal needs to be carefully considered
before scar-related VT ablation because even a planned exclusively
transseptal approach may require additional retrograde or epicardial
access and/or IABP placement.
A preoperative echocardiogram is performed to quantify LV size
and systolic function as well as to assess for the presence of intracardiac
thrombus. It should be noted that the latter is not an absolute contraindication to an endocardial ablation attempt, particularly with laminated chronic thrombi, although these may hinder catheter access to
arrhythmogenic subendocardial regions.46,47
Conscious sedation may be preferred for this procedure over general anesthesia wherever possible because of improved hemodynamics,
both in VT and sinus rhythm, as well as easier VT induction. However, patient tolerance is an important consideration in these often

protracted and difficult procedures, and administration of conscious
sedation by specialist anesthetic staff allows for close patient monitoring, precise adjustment of sedation depth, and early general anesthetic
induction if required. A urinary catheter is vital to monitor fluid balance adequately in the face of large fluid loads from open-irrigation
catheters as well as to warm of reduced peripheral and splanchnic perfusion and impending cardiogenic shock. In patients with very dilated,
poorly contractile ventricles, consideration should be given to upfront
hemodynamic support with IABP or percutaneous LV assist device.
A detailed assessment of the anatomic substrate is important to
properly plan the procedure and anticipate potential challenges. This
begins with the 12-lead ECG that may provide useful information on
infarct location both in sinus rhythm as well as in VT. Regional wall
motion abnormalities on echocardiography, with or without the use
of acoustic contrast or speckle tracking strain imaging, may define the
infarct scar satisfactorily. However, the current gold standard for scar
imaging is LGE on MRI. The superb soft tissue contrast and resolution
provided by this imaging modality can provide a detailed assessment of
scar architecture and can be used for image integration with the electroanatomic mapping system. This may help to identify likely VT isthmus locations and improve the efficiency of the procedure.48 Patients
with ICDs can be scanned at experienced centers with the appropriate
safety precautions.49,50 Susceptibility artifact from the pulse generator
and leads remains an issue although newer MRI technologies such as
wideband LGE may reduce this also.51,52 Patients who cannot undergo
MRI scanning may have scar imaging performed with positron emission tomography (PET) and/or multidetector computed tomography
(CT) to obtain a high resolution metabolic scar map that can also be
used for image integration.53,54
Intraprocedural imaging is an important consideration in VT
ablation, where it is needed for defining substrate, tagging ablation
targets, tracking lesion location, and monitoring for complications.
Whereas fluoroscopy and electroanatomic mapping are deployed
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Fig. 30.7 Atrial flutter with 1:1 conduction. The first electrocardiogram (ECG) was recorded when an elderly
woman without structural heart disease presented to the emergency with chest pain. She had a history of
atrial fibrillation and was treated with propafenone. A wide complex tachycardia with a QRS morphology and
axis consistent with ventricular tachycardia is shown. The second ECG, however, shows atrial flutter with a
narrow QRS; the atrial flutter cycle length is identical to the cycle length of the wide complex tachycardia. She
was treated with catheter ablation of atrial flutter and continuation of propafenone.

Diagnostic Criteria for Postinfarct
Ventricular Tachycardia
BOX 30.2

Broad complex tachycardia with demonstrable atrial and AV nodal dissociation
Surface QRS morphology inconsistent with SVT or preexcited tachycardia
(e.g., negative precordial concordance, QS complex in V6)
Surface QRS width in VT narrower than conducted basal rhythm QRS complex
Sinus rhythm HV interval longer than during tachycardia (except bundle branch
reentry)
Dissociation of His-Purkinje activation from VT (except bundle branch or interfascicular reentry)
V-V interval precedes and predicts H-H interval during cycle length wobble
Atrial overdrive pacing changes or narrows QRS complex and/or results in an
A-V-V-A response if tachycardia continues after cessation of pacing
AV, Atrioventricular; SVT, supraventricular tachycardia; VT, ventricular
tachycardia.

universally because of widespread availability and ease of use, intracardiac echocardiography (ICE) has been used increasingly for VT
ablation procedures. It allows for real-time scar imaging and visualization of catheter contact and lesion formation in addition to assisting with percutaneous pericardial access if this is required.55 Another
benefit of ICE is its unique ability to provide real-time monitoring for
complications such as stream pop, thrombus formation, and cardiac
perforation. This is particularly useful in VT ablation as hypotension frequently occurs during these procedures and ICE can rapidly
exclude tamponade as a cause of this. In addition, ICE is the main
online imaging modality that allows visualization and ablation of
endocavitary structures such as the papillary muscles, which can be
involved in inferior MI scars.56 The future of intraprocedural imaging
in VT ablation is likely to reside with interventional MRI technologies, which will allow for definitive online substrate mapping and
gold-standard assessment of lesion formation with thermography.
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Fig. 30.8 Electrograms recorded during implantable cardioverter-defibrillator (ICD) therapy correlate with different ventricular tachycardia (VT) morphologies. The color electroanatomic voltage map from a patient with a
large anteroseptal infarction is shown in the anteroposterior projection and displays points of very low bipolar
voltage (<0.5 mV) in red, corresponding to the dense scar zone, whereas purple corresponds to normal myocardium (bipolar voltage >1.5 mV). Depicted are two clinical VT morphologies with their recorded ICD electrograms. In the top green panel is the surface 12-lead ECG of an atypical left bundle branch block morphology
VT, which exits the scar at its mid-inferoseptal aspect. Its accompanying ICD electrograms are displayed in
the lower green panel with the local tip bipolar electrogram shown in the top channel, whereas the bottom
channel shows the far-field right ventricle coil to ICD can electrogram. These electrograms are seen to have
a completely different morphology to the ICD recordings from the right bundle branch block morphology VT
(which exits at the opposite aspect of the scar) displayed in the blue boxes.

MAPPING STRATEGIES
Fundamentally, the aim of mapping VT (or any arrhythmia) is to define
the electrophysiologic mechanism and to localize the critical arrhythmogenic components that may be targeted by catheter ablation. For
focal VTs, the critical arrhythmogenic site is the point source of origin, and this can be localized with precision using activation mapping
and pace mapping alone. In activation mapping, the goal is to localize
the site with the earliest presystolic activation time before the QRS is
inscribed. Pace mapping relies on the principle that pacing at the site of
origin of a tachycardia should theoretically recapitulate the QRS morphology perfectly. Both of these techniques are ideally suited to mapping the site of origin of focal VTs, the majority of which occur in the
absence of structural heart disease. In the postinfarct context, however,
the vast majority of VT is caused by macroreentry through the infarct
scar and, as with any reentrant circuit, terms such as “site of origin”
and “earliest” are meaningless. The goal of mapping reentrant VT is to
define the narrowest part of the reentrant circuit (the diastolic isthmus)
where it is most susceptible to interruption with ablation lesions. In
reentry, activation mapping can be used to define the boundaries and
direction of rotation of the circuit, with progressively earlier signals
mapped further proximally in the protected diastolic corridor. The use
of the 3-dimensional electroanatomic systems aids in visualization of
such activation maps. However, multiple technical limitations prevent

routine activation mapping of scar-related reentrant VT, and for this
reason, postinfarct VT is mostly mapped by its response to overdrive
pacing (entrainment mapping).
Once vascular access has been obtained and diagnostic catheters have been placed in the heart, VT is induced with programmed
stimulation or by catheter manipulation during electroanatomic map
creation. Induced VTs are analyzed for cycle length and/or morphology match to clinical VTs and are assessed as to whether they are
mappable by conventional activation and entrainment mapping. In
addition to hemodynamic tolerability, the other criteria required to
make VT mappable are listed in Box 30.3. Mappable VTs comprise
the minority of VTs induced in ICM patients, although most patients
have at least one mappable VT morphology.57 With mappable VTs,
ascertainment of circuit components and ablation of critical targets
occurs during tachycardia. This allows for assessment of the response
to radiofrequency energy delivery, with immediate or early VT termination during lesion delivery being an encouraging sign of elimination of that VT.
Unmappable VTs are those that do not allow for entrainment
mapping to be performed, often but not exclusively caused by hemodynamic embarrassment. Strategies that may help make nontolerated
VTs mappable include the use of inotropes or mechanical circulatory
support with IABP or percutaneous left ventricular assist device.58 Substrate mapping and noncontact mapping approaches can be used for
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BOX 30.3 Requirements for Ventricular

mitral
annulus

Tachycardia to Be Mappable

VT is reproducibly inducible
VT is sustained
VT is monomorphic
VT cycle length is regular
VT is hemodynamically tolerated
VT does not transition to other morphologies
VT does not terminate or change morphology/rate with overdrive pacing
VT, Ventricular tachycardia.

genuinely unmappable VTs and are considered further subsequently.
In general, a combination of mapping strategies is needed at most
scar-related VT ablation procedures.

central
isthmus

Activation Mapping
Using a meticulous point-by-point approach, de Chillou et al. performed 3-dimensional contact activation mapping of 33 tolerated
VTs in 21 patients.59 Either single or dual loop macroreentrant circuits were demonstrated as the mechanism for all VTs, with protected
diastolic isthmuses bounded by parallel conduction barriers such as
myocardial scar or valve annuli. Various fractionated and mid-diastolic
electrograms were recorded from such regions with a 3.5-mm-tip ablation catheter. Isthmus dimensions measured 18 to 41 mm in length
and 6 to 36 mm in width and linear ablation across these isthmuses
treated VT effectively, with a low 10% recurrence rate at 16 ± 8 months
follow-up. Although this important study contributed to the mechanistic understanding of postinfarct VT, until recently, routine pointby-point activation mapping of the entire VT circuit was impractical,
time-consuming, unnecessary and, in isolation, usually unhelpful to
precisely define the narrowest portion of the protected diastolic pathway. Annotation of long duration, multicomponent fractionated and
double potentials during activation mapping was particularly difficult,
and mid-diastolic potentials (MDPs) may not have represented critical
isthmuses but rather passively activated bystander cul-de-sacs or outer
loops.
However, the advent of an ultrahigh resolution electroanatomic
mapping system has revolutionized the ability to perform activation
mapping with rapid acquisition and automatic annotation of tens of
thousands of electrograms from very narrow-spaced bipoles located on
a 64 electrode mini-basket catheter.60 Human cases and detailed studies with this mapping system in large animal models of postinfarct VT
have led to a reappraisal of much of the physiology of VT circuits.20 In
particular, the central diastolic conduction isthmus, previously considered to represent the zone of slow conduction in this form of reentry,
has been shown to have normal conduction velocity in most cases. The
necessary conduction delay seems to occur because of wave front curvature around the functional barriers at the entrance to and exit from
these isthmuses20 (Fig. 30.9).

Entrainment Mapping
In addition to confirming reentry as the arrhythmia mechanism,
entrainment mapping allows for rapid and precise delineation of all
the components of a reentrant VT circuit. This is true whether the
conduction barriers that constrain the reentrant wave front are determined anatomically or functionally or both. The principles of entrainment were first described by Waldo et al. using the example of typical
cavotricuspid isthmus–dependent atrial flutter following which they
made similar observations in reentrant VT.61 These concepts were then

entrance
to isthmus
LV
apex
Fig. 30.9 An ultrahigh-density activation map of ventricular tachycardia
in a porcine anterior myocardial infarction model showing figure-of-8
reentry. At least some of the barriers constraining the central isthmus
are functional. Conduction slowing because of wave front curvature can
be appreciated by isochronal crowding at the entrance to the central
isthmus. Conduction velocity within the isthmus is normal.

extended by multiple other investigators to develop the criteria for
entrainment mapping of VT circuit components.62–64
Fundamentally, entrainment mapping seeks to answer two basic
questions. Firstly, is a particular site located within the reentrant VT
circuit and, secondly, is it within a narrow, constrained diastolic isthmus where the circuit may be vulnerable to interruption with ablation.
These questions are answered at each site by analysis of the response to
ventricular overdrive pacing (Fig. 30.10).
After mappable VT is induced, the surface 12-lead QRS morphology is examined to obtain a first approximation of the likely region of
reentrant wave front exit from the scar. Detailed analysis of the QRS
morphology in various postinfarct VTs was first performed in the
seminal intraoperative mapping study by Miller et al.65 Various combinations of surface ECG parameters that allow for VT localization are
summarized in Table 30.1. The roving mapping catheter is placed further back in the scar from the suggested exit zone where a systematic
search is conducted for MDP. These may be recorded from the critical central isthmus or from adjacent bystander sites (where ablation
would be ineffective). Entrainment mapping seeks to determine how
such potentials relate to the VT circuit. The relative activation time of
such potentials is much earlier than the presystolic potentials targeted
in focal VT ablation. It should be noted that such very early activity
may occur within the QRS complex of the preceding beat, particularly
in very broad complex VTs where the QRS width is half or more of the
VT cycle length. It is common for a larger far-field ventricular electrogram to be recorded along with an MDP.
Overdrive pacing is then performed at a cycle length ∼20 ms faster
than the VT at the minimum output that reliably captures the potential, although high outputs (∼10 mA at 2 ms) are frequently necessary in dense scar. Pacing is then ceased, and the VT is confirmed to

CHAPTER 30

Ablation of Ventricular Tachycardia in Coronary Artery Disease

continue at its previous cycle length and with unaltered morphology
(Fig. 30.11). If VT terminates with pacing, the pacing train is examined
closely to see if VT terminated with a nonpropagated stimulus that did
not result in global ventricular capture. Such sites are highly predictive
of successful ablation.66 Pacing needs to continue long enough for the
establishment of entrainment, which is confirmed by acceleration of
the entire chamber (including all the VT circuit components) to the
paced cycle length with constant fusion at that cycle length and progressive fusion at faster cycle lengths. When pacing from outside the
protected isthmus, manifest fusion occurs as a result of the antidromic
paced wave front colliding (fusing) with the prior tachycardia (or
orthodromic paced) wave front, with a new paced orthodromic wave
front continuing the tachycardia through the normal VT exit site. If
pacing and collision occurs within the constrained diastolic corridor
inside the scar, it will not be manifest on the surface ECG. Such fusion
is said to be concealed. The terms concealed entrainment and entrainment with concealed fusion (ECF) are used interchangeably to denote
this phenomenon. Accordingly, after cessation of overdrive pacing and
confirmation that pacing did transiently accelerate the tachycardia
before its resumption with unchanged rate and morphology, the surface ECG is examined in minute detail for a notch-perfect QRS match
between overdrive pacing and VT (see Fig. 30.11). A “good” (i.e., not
superimposable) pace map match between the two is not sufficient and
indicates manifest fusion, implying that the pacing site was not located
in a protected corridor.
After confirmation of ECF, the electrogram on the distal bipole of
the mapping catheter is examined to determine the postpacing interval
(PPI) from the last pacing stimulus to the MDP that was captured by
pacing. If the pacing site is recording at MDP that is located within the
reentry circuit, it should take one VT cycle length for the last paced
wave front to propagate orthodromically through the circuit and
return to the pacing site. Thus for sites located in the VT circuit, the
PPI should match the tachycardia cycle length (TCL). Whilst conventionally a PPI-TCL difference of up to 30 ms is taken as being compatible with being within the circuit because of decremental conduction at
faster pacing rates, sites with smaller PPI-TCL differences are closer to
the circuit (see Fig. 30.11).
If both ECF and a small PPI-TCL difference are observed, then
this is strong evidence that not only is the pacing site located within
the reentrant VT circuit but also that it is inside the constrained diastolic isthmus where ablation may interrupt it. During entrainment,
all orthodromically captured circuit components should have an identical relationship as during VT. Thus the stimulus-QRS time (S-QRS)
is measured and compared with the mid-diastolic electrogram-QRS
time (EGM-QRS). This difference should be close to zero for diastolic
isthmus sites but will be longer for adjacent bystander sites connected
to the central isthmus (see Figs. 30.10C and 30.11). The S-QRS time is
then compared with the TCL to determine how proximal the pacing
site is in the diastolic isthmus. Sites with S-QRS less than 30% of the
TCL are near the exit end of the isthmus, whereas sites with S-QRS of
51% to 70% of the TCL are close to the entrance. Central sites in the
isthmus have in-between values for the S-QRS time (see Fig. 30.10C).
The ability of entrainment mapping to identify sites where VT can
be terminated with radiofrequency (RF) ablation was tested comprehensively in the seminal study of Stevenson et al.64 They found that
ECF alone was insufficient to predict VT termination as sites that are
attached to the diastolic pathway, including inner loops and blind ending cul-de-sacs, and may also display ECF. By looking at the PPI and
S-QRS, they showed that 25% of sites exhibiting ECF were actually
bystander sites that were not involved in the reentrant circuit. The presence of MDP combined with ECF and optimal PPI and S-QRS intervals predicted a 35% incidence of VT termination compared with 4%
when they were absent. This was confirmed by Bogun et al. who found

519

the positive predictive value of ECF alone for ablation termination to
be 54%, but this increased with the addition of PPI and S-QRS criteria,
particularly in combination with the presence of MDP that could not
be dissociated from VT.67 This group later showed that of these criteria,
ECF with S-QRS matching EGM-QRS performed best in predicting
successful ablation.68
Ablation at a perfect entrainment mapping site may not result in
VT termination for a number of reasons. Firstly, the entrainment map
may not be perfect with subtle manifest QRS fusion being missed or
inaccurate measurement of PPI-TCL or S-QRS intervals. With tight
definitions for optimal PPI-TCL (<10 ms) and S-QRS (within 10 ms of
EGM-QRS) in addition to ECF, El-Shalakany et al. showed consistent
termination of VT with a single lesion at sites where all three criteria
were met.63 Secondly, RF energy delivery may not result in effective
lesion formation because of various factors such as poor contact or
poor electrothermal coupling in dense scar. Thirdly, the width of the
critical diastolic isthmus may be broader than the volume of an ablation lesion. Finally, an intramural or epicardial isthmus may lie deeper
than the maximum depth of a RF ablation lesion.
Entrainment mapping is the most powerful technique for mapping
VT circuits, but despite its precision and utility, there are several limitations. The requirement for VT to be mappable is the first of these
(see Box 30.3), and other techniques must be used for unmappable
tachycardias. Overdrive pacing can terminate, accelerate, or transform
the VT into another tachycardia, particularly if suboptimal sensing by
the stimulator results in inappropriately early introduction of the first
pacing stimulus. The local electrograms (usually MDPs) at the sites
where entrainment mapping is performed must be able to be captured
by pacing and must be of sufficient amplitude to discern amongst background noise so as to allow for PPI and S-QRS measurement. The local
and far-field components of electrograms must be distinguishable lest
errors be made in PPI and S-QRS determination.69 Generally speaking, electrogram components that are visible on the distal mapping
catheter bipole during pacing are not immediately local electrograms
(see Fig. 30.11). Even when they are of reasonable amplitude, MDPs
can be lost in the pacing channel artifact after cessation of pacing,
making PPI determination difficult. When artifact in the recording
channel from saturation of the amplifiers precludes PPI measurement
on the distal tip bipolar electrode pair, assessment of the PPI can be
achieved by comparing two cycles after cessation to twice the TCL,
or by using the N+1 difference method as described by Soejima et al.
in which the S-QRS is measured to the second beat following pacing
cessation.70 Alternatively, measuring the PPI using the signal on the
proximal shaft bipolar electrode pair also appears to be a reasonably
close approximation.71 Finally, pacing at high outputs to allow for capture within dense scar may result in a large virtual electrode that also
captures far-field tissue, potentially obscuring entrainment mapping
data or resulting in artifactually shorter postpacing return cycles. This
problem may theoretically be exacerbated by the use of bipolar pacing
with anodal stimulation at higher outputs, although this seems not
to be of any practical significance in the modern era of small, closely
spaced bipole electrodes.
The characteristics of candidate sites that may be targeted in the
ablation of mappable reentrant scar-related VT appear in Box 30.4.

Substrate Mapping Approaches for Unmappable
Ventricular Tachycardia

Although delineating the circuit of a stable VT by entrainment mapping
and terminating it early during the delivery of RF energy represents
the ideal procedural outcome in scar-related VT ablation, in practice
this only occurs on a minority of occasions. Even patients whose clinical VT is hemodynamically tolerated frequently have multiple other
unmappable morphologies. On average, around one-third of patients
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have exclusively mappable VTs only and around one-fifth of patients
have exclusively unmappable VTs induced.57,72 Successful ablation in
such circumstance relies on the principle of finding the footprints of
the VT circuit (or circuits) in sinus rhythm. This process is known as
substrate mapping (Box 30.5).
a

The development of an effective procedural strategy to cope with
unmappable VT borrowed conceptually from the most definitive form
of substrate ablation, namely surgical subendocardial resection (SER).
Survivors of surgery had a >90% rate of freedom from recurrent VT.73
This established the obligate relationship between the VT circuit and the
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Fig. 30.10 A, Computer model of ventricular tachycardia (VT) within inexcitable infarct scar (grey stippled
areas, right panels), demonstrating the response to entrainment with pacing at different sites within the
circuit. The circuit is depicted as a “figure of eight” activation using a central common pathway with slow
conduction. Pacing from remote bystander areas (A) will show some degree of fusion, and the return cycle
is longer than the VT cycle length (by twice the conduction time from the site to the VT circuit). Pacing from
outer loop sites (B) will show manifest entrainment, as the pacing site has access to recruit areas away from
the circuit, as it is not bounded by the infarct. Pacing from sites within the central pathway (C) demonstrates
concealed entrainment with a stimulus-to-electrocardiogram equal to the electrogram-to-QRS during VT; the
return cycle measured at this electrogram is equal to the VT cycle length. Pacing from adjacent bystander
sites (D) results in concealed entrainment, but the return cycle is longer than the VT cycle length (by twice the
conduction time from the site to the VT circuit). (From Stevenson WG. Catheter ablation of ventricular tachycardia. In: Zipes DP, Jalife J, eds. Cardiac Electrophysiology: From Cell to Bedside. 3rd ed. Philadelphia: W.B.
Saunders Company; 2004:1091.) B, Algorithm for ablation of scar related ventricular tachycardia. C, Algorithm
to determine catheter position relative to a reentry circuit. CF, Concealed fusion; EG, electrogram; LBBB,
left bundle branch block; LV, left ventricle; PES; programmed electrical stimulation; PPI, postpacing interval;
RBB, right bundle branch; RF, radiofrequency; RV, right ventricle; S, stimulus; TCL, tachycardia cycle length.
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Regions of Ventricular
Tachycardia Exit Suggested by 12-Lead QRS
Morphology
TABLE 30.1

Ecg Characteristic

Region of VT Exit

Bundle branch morphology
Left
Right

Left ventricular septum or right
ventricle
Free wall of left ventricle

Frontal plane axis
Superior
Inferior
Right

Inferior or inferoseptal/lateral LV
Anterior or anteroseptal/lateral LV
Lateral LV or apex

Precordial transition (R>S)
Early
Late
Concordant positive
Concordant negative

Basal left ventricle
Apical left ventricle
Mitral annular
Apex

QRS upstroke
Slurred with pseudo-delta
Precordial transition pattern break

Epicardial
Epicardial

ECG, Electrocardiogram; LV, left ventricle; VT, ventricular tachycardia.

infarct scar and its surrounding border zone.74 At operation, even if VT
was noninducible or unmappable, the surgeon could visualize the nature
and extent of the infarct zone and plan a resection incorporating the
dense infarct core and surrounding border zone.75 Consistent with electrophysiologic principles, incorporation of fixed conduction barriers such
as valve annuli into the resection zone further improved success rates.76
The challenges confronted in attempting to emulate this procedure with a
percutaneous catheter-based approach cannot be understated.
Defining ventricular scar with the use of endocardial catheter
recordings in postinfarct patients was first performed by Josephson
and colleagues at the University of Pennsylvania more than three
decades ago. Cassidy et al. recognized the effect of myocardial fibrosis on bipolar electrogram amplitude and duration.29 This formed the
basis for the more detailed definition of dense scar and scar border
zone in the seminal substrate mapping study of Marchlinski et al.27
With the use of narrow spaced bipolar electrodes (4-mm-tip electrode,
2-mm ring electrode and 1-mm interelectrode spacing) and a modern
electroanatomic mapping system, they were able to map the geometry
of the infarct scar in sufficient resolution to allow for substrate-based
ablation of unmappable VTs. Their voltage definitions (>1.5 mV bipolar peak-to-peak amplitude for normal ventricular myocardium and
≤0.5 mV for dense infarct scar) were arrived at by statistical analysis
of endocardial recordings from both postinfarct and control patients
and were later validated in radiologic and animal studies (Fig. 30.12).
In a porcine model of anterior MI, Callans et al. were able to show that
the infarct geometry defined by electroanatomic voltage mapping correlated well with the area of regional wall motion abnormality on ICE
when using a bipolar voltage 2.0 mV or less, whereas the pathologically
defined infarct scar exhibited bipolar voltage 1.0 mV or less.28 In both
human and animal postinfarct studies, the zones of low bipolar voltage
tend to be sharply demarcated from normal ventricular myocardium.
Importantly, voltage mapping relies on good catheter-myocardial contact to obtain reliable electrograms. Mizuno et al. demonstrated that
poor contact was seen at up to one-quarter of sampled points during
electroanatomic mapping and that this resulted in artifactual bipolar
and unipolar signal attenuation and in missing up to 50% of ILPs compared with points of optimum contact force.77

Although there are no systematic human pathologic data, isolated
autopsy findings strongly suggest that the zone of bipolar voltage lower
than 1.5 mV does correlate with infarct scar.78,79 Radiologic studies
with both contrast-enhanced CT and PET scanning consistently corroborate these voltage definitions, particularly when fused PET/CT
images are used to obtain a combined anatomic-metabolic visualization
of scar (which correlates best with a bipolar voltage ≤ 0.9 mV54,80,81).
However, the highest resolution technique for imaging ventricular scar
is LGE on cardiac MRI, and the zone of bipolar voltage greater than
1.54 mV has been shown to best correlate with infarct scar as defined
by this technique82 (Fig. 30.13). The ability to integrate MRI-defined
substrate into the electroanatomic mapping system has the potential to
increase the efficiency of the substrate mapping process, even potentially in patients with ICDs in situ.50,83 Perez-David et al. were able
to improve the utility of LGE imaging by signal intensity mapping to
look at the heterogeneity within infarct scars.48 They showed that these
heterogeneous regions corresponded to electrophysiologically-defined conduction channels within the scar and that such regions were
found much more frequently in spontaneous VT patients (88%) than
in matched control ICM patients with no clinical arrhythmias (33%,
P<.001). Such conduction channels formed by surviving myocyte bundles should also theoretically be detectable by higher electrogram voltage compared with the surrounding dense scar, and this was suggested
in earlier studies.84,85 However, Mountantonakis et al. showed that such
voltage-defined channels have only a 30% specificity for predicting an
entrainment-proven VT isthmus site.86
Signal voltage defines the extent and heterogeneity of ventricular scarring; however, other electrogram parameters are at least as important in
substrate mapping (see Fig. 30.12). Increased electrogram duration and
fractionation are uniformly seen throughout infarct scars because of syncytial disruption by collagen deposition, and hence they are not specific
for VT circuit components. In contrast, electrograms with an isolated
or late component following an isoelectric interval (and usually but not
invariably after the surface QRS) reflect delayed activation of surviving
myofibril bundles that are anatomically constrained by dense sheets of
fibrosis. Such bundles form conduction channels through scar and may
potentially form critical diastolic isthmuses during VT. The importance
of such ILPs was first recognized by Miller et al. who demonstrated that
they were eliminated by clinically successful subendocardial resection.87
Arenal et al. were the first to show that recording ILPs was dependent on
the wave front vector by which scar is activated, as many more patients
had ILPs recorded during RV pacing compared with the conducted
rhythm.31 Similarly, ventricular extrastimuli may unmask such electrograms by causing additional interval-dependent conduction slowing
within scar.88 Sites of entrainment-defined VT isthmuses generally display such electrograms during sinus rhythm.86 Haqqani et al. showed
that the scars of ICM patients with spontaneous VT contain a greater
number and density of ILPs per unit area compared with matched control ICM patients without clinical VT.11 These ILPs may be arranged in
networks that exhibit more delayed activation as they track deeper into
the scar core. As such they form conduction channels in sinus rhythm
that may correspond to diastolic isthmuses in VT.89 In many cases, limited ablation of common proximal ILPs may eliminate many interconnected distal ILPs and thus blocking the putative channel.89
Multielectrode catheters facilitate high-density mapping and
increased signal resolution, and thus the recording of a greater number of ILPs.90 It is important to appreciate that in this context, it is not
simply the increased number of points that provides the greater mapping resolution but critically the smaller physical size and separation
of the electrode pairs recording bipolar electrograms. The Bordeaux
group described that 67 of 70 patients displayed late potentials when
undergoing high density endocardial and epicardial mapping with a
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Fig. 30.11 Characteristics of the “perfect map” for ablation of ventricular tachycardia (VT). The optimal single
ablation site for VT has the following characteristics: (1) entrainment from the site will produce an exact match
of the spontaneous VT QRS in all 12 leads; (2) the return cycle (the duration from the pacing stimulus to the
first nonpaced beat, measured at the pacing site) will equal the VT cycle length both 480 ms in this example;
and (3) the stimulus to QRS will equal the electrogram to QRS both equal to 100 ms. With multicomponent
fractionated signals, it can be difficult to know with certainty which component has been locally captured by
pacing, and hence where to measure the return cycle length. In this case, the arrowhead shows the component of the fractionated electrogram which is not captured orthodromically, and hence the horizantal red
calipers measure the return cycle to the second component.

BOX 30.4 Entrainment and Activation

Mapping Ablation Targets

Candidate sites are located in dense infarct core (bipolar voltage <0.5 mV)
or in the scar border zone (bipolar voltage 0.5–1.5 mV), with mid-diastolic
potentials inscribed <70% of cycle length before QRS onset
Overdrive pacing from target sites results in:
• Acceleration of VT to paced cycle length
• Continuation of VT after cessation of pacing
• Concealed surface QRS fusion (24 point pace map)
• PPI = VT cycle length (±30 ms)
• S-QRS = Egm-QRS (±20 ms)
Sites where subthreshold pacing produces VT termination with nonpropagated stimulus and nonglobal capture
Sites with continuous electrical activity recorded on mapping catheter
Sites where mid-diastolic potentials are recorded that cannot be dissociated
from VT
Egm-QRS, Electrogram-QRS; PPI, postpacing interval; S-QRS, stimulus-QRS; VT, ventricular tachycardia.

multispline multipolar catheter.88 They called these potentials local
abnormal ventricular activities, but they represent the same electrophysiologic phenomena as ILP, namely delayed activation of surviving
myocyte bundles within dense scar. Ultrahigh density and resolution

BOX 30.5 Substrate Mapping Targets
Candidate sites are located in dense infarct core (bipolar voltage <0.5 mV) or
in the scar border zone (bipolar voltage 0.5–1.5 mV)
Sites of prolonged (>40 ms) S-QRS during pace mapping
Sites of perfect pace map match, especially if long S-QRS seen also
Sites of perfect pace map, which initiate tachycardia after cessation of pacing
Sites of pacing where multiple exits are produced during pacing
Higher voltage channels located between islands of very dense or unexcitable
scar
Core isolation of putative VT machinery within dense scar
Isolated late potentials during sinus rhythm, ventricular pacing, or extrastimulus delivery
Entrance to scar channel (defined by increasingly delayed connected isolated
late potentials)
S-QRS, Stimulus-QRS; VT, ventricular tachycardia.

substrate mapping may by possible with the 64-electrode mini-basket
array although scar electrogram validation has not yet been systematically performed with this catheter.91
Apart from sinus rhythm electrogram recording and analysis, substrate mapping relies heavily on interpreting the responses to pacing
within scar. The most basic response to pacing is the absence of any
myocardial capture despite high-output pacing. Soejima et al. used
an output of 10 mA (at 2 ms pulse width) to define what they called
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Fig. 30.12 Electroanatomic substrate mapping in a 63-year-old man with large prior anteroseptal infarction
with aneurysm formation and an ejection fraction of 20%. The left ventricular endocardium is mapped in
sinus rhythm to define the infarct scar and displayed in left anterior oblique (LAO) projection. In this color
scheme, is confluent areas of red color correspond to the dense infarct (bipolar voltage < 0.5 mV), purple
colour corresponds to normal tissue (bipolar voltage > 1.5 mV), and the border zone in the “rainbow” of colors
in between. Isolated potentials (ILP) are annotated with black dots and fractionated potentials (FP) with light
pink dots.

electrically unexcitable scar (EUS) regions.92 Conduction channels
and potential VT isthmuses were found to reside between islands of
such unexcitable scar. Raising the definition of noncapture to include
pacing outputs up to 20 mA at 10 ms resulted in a third more critical
reentrant sites being identified in one study.93 If myocardial capture
does occur, then a close analysis of the resulting pace map may give
a clue to the relationship between the pacing site and the exit site of
the VT from the scar. Perhaps because of a variable contribution of
functional conduction barriers to fully-formed VT reentrant circuits,
perfect 24-point pace maps are far less commonly seen in scar-related
VT than they are in the context of idiopathic focal VT. Nevertheless, a
good pace map can give a reasonable approximation to the location of
the VT exit site, although it should be appreciated that the resolution
of this technique is limited as good pace maps may be seen along a
significant length of the scar border. Pacing at sites of ILPs may also
identify slowly conducting channels that traverse dense scar and may
form VT isthmuses.89 Long stimulus-QRS delays are frequently seen
when pacing at these sites89 (Fig. 30.14). In addition, particular physiologic responses to pace mapping such as multiple exit morphologies
and VT induction during pace mapping may be predictive of critical
sites in the VT circuitry.22
Defining transmural regionalization of scar is an important part of
the substrate mapping process. In the postinfarct context, this is not a
frequent problem as the vast majority of VT substrate in these patients
is located subendocardially. This is caused by the pathologic process
involved in the creation of myocardial infarct scar as outlined earlier.
However, in select patients, important components of the VT substrate
and critical reentrant circuit components may be located intramurally
or on the epicardium94,95 (Fig. 30.15). In septal infarct patients, the
potential contribution of right ventricular septal substrate must also be
recognized.96 Importantly, because of the presence of confluent infarct

scar, the interval and morphology ECG criteria used to predict epicardial exits in idiopathic and non-ICM VT are not useful in the postinfarct
setting.97 In the large referral population published by Sarkozy et al.,
13% of patients underwent epicardial mapping (practically all of whom
had failed prior endocardial ablation attempts), but only two-thirds of
these had epicardial ablation performed, and this was tempered with
14% major complication rate.94 These data underscore the importance
of exhaustive endocardial ablation in postinfarct VT even if later epicardial mapping is required.98,99 Finally, once the extent of endocardial,
intramural and epicardial substrate have been defined, it is important,
particularly in patients with inferoposterior MI scars, to exclude the
presence of endocavitary substrate in the papillary muscles.56
Once detailed characterization of the substrate using these techniques is complete, a substrate-based ablation strategy can be devised.
This may involve pace map–guided radial linear ablation deep into
dense scar,27 linear ablation along the scar border,100 linear ablation
connecting areas of EUS,92 ablation of voltage or pacing-defined conduction channels,22,84 electrical isolation of the VT machinery containing infarct core,101 scar dechanneling,89 or ablation of all ILPs to
electrically homogenize the scar88,99,102 (Fig. 30.16). An evident limitation of the latter approach relates to the fact that a large proportion of
ILPs recorded in sinus rhythm may potentially form adjacent or remote
bystanders (or other noncritical circuit components) during VT.
Thus a large proportion of the ablation lesions delivered during scar
homogenization are unlikely to be actually eliminating VT circuits. In
addition, background electrical noise or a suboptimal scar activation
vector may obscure critical ILPs that do require ablation.31 Frequently,
combinations of substrate-based strategies are used. Promising novel
substrate definition techniques such as ripple mapping and entropy
mapping may further progress the field if sufficiently replicated across
centres.103,104
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Fig. 30.13 In panels A1 and A2 are the scar imaging and mapping results from the left ventricle of a 48-year-old
male with ischemic cardiomyopathy and remote anteroapical myocardial infarction. His ejection fraction was
17% on magnetic resonance imaging (MRI) and 20% by echocardiography, with a left ventricular end-diastolic
volume of 330 mL on MRI. In the 2-chamber long-axis MRI view in panel A1, there is a large confluent area of
anteroapical delayed gadolinium enhancement (DGE) with complete transmural involvement. The corresponding voltage map is shown in panel A2 in the right anterior oblique (RAO) projection with a regionally matched
anteroapical zone of very low bipolar voltage (peak-to-peak electrogram amplitudes <0.5 mV). In the panels
B1 and B2 are the MRI and voltage map from a 44-year-old male patient with a remote inferoapicoposterior
myocardial infarction, with ejection fraction 26% on MRI. In this case, a matched inferoapical partial thickness
is defined by both modalities, with an inferoposterior region of subendocardial DGE extending to the apex seen
on the 3-chamber long-axis view in panel B1, whereas panel B2 shows the corresponding inferoposterior zone
of intermediate bipolar voltage (0.5–1.5 mV) with patchy areas of very low voltage.
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Fig. 30.14 Pacing responses during substrate mapping. A very long stimulus to QRS of 154 ms is demonstrated while bipolar pacing at 10 mA at 2 ms during sinus rhythm. The paced QRS morphology displays a
good match to one of the induced ventricular tachycardias (VT)s in this patient. LAO, Left anterior oblique.
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Fig. 30.15 A 69-year-old man with remote inferior myocardial infarction presented with the ventricular tachycardia (VT) displayed. Extensive endocardial mapping defined the infarct scar as shown in the top left panel,
but only outer loop sites were seen here on entrainment. Epicardial mapping disclosed central isthmus sites
at epicardial locations opposite the best endocardial sites where ablation terminated VT and rendered it noninducible. LAO, Left anterior oblique; LV, left ventricle.

Ablation lesions

Fig. 30.16 Substrate ablation strategy demonstrating extensive scar homogenization with ablation lesions
tagged as red dots. Ablation targets included sites of good pace map, sites of slow conduction in putative
ventricular tachycardia supporting channels, and isolated late potentials.
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The currently accepted end point of substrate-based ablation procedures is generally VT noninducibility, although multiple studies suggest that alternative end points such as ILP abolition may be at least as
good.88,99,102 Continued noninducibility of clinical VTs at later noninvasive programmed stimulation (via the ICD) appears to predict a
better long-term outcome.105 Because of its potential to eliminate all
VTs that can be generated by a patient’s infarct scar, complete substrate
ablation (attempting to recapitulate surgical subendocardial resection)
demonstrates better outcomes than ablation targeting only mappable
VTs.106

Noncontact Mapping
For hemodynamically unstable VT that can be induced, the noncontact multielectrode balloon array represents another mapping
option. Applying the inverse solution to almost 3000 endocavitary
unipolar noncontact electrograms, this system can project activation
and substrate maps onto a virtual geometry, theoretically within one
beat (Fig. 30.17). As LV enlargement is seen in many patients with
ICM, the accuracy of the system may be compromised by increasing
separation of the array from the endocardial surface. Segal et al. published a series of 40 patients who underwent postinfarct VT ablation
with noncontact mapping.107 They were able to visualize the diastolic
isthmus in half the 140 VTs mapped eliminated 83% of targeted VTs.
However, almost 58% of patients had recurrent VT or ventricular
fibrillation (VF) during medium term follow-up, suggesting this
technique does not achieve superior results compared with substrate
mapping.
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Mapping of Polymorphic Postinfarct Ventricular
Tachycardia

Electrical storm because of polymorphic VT or VF is an uncommon
although potentially fatal arrhythmic presentation. Unlike monomorphic VT, a mature, healed MI scar is not required to develop polymorphic VT, and this can be seen in the early postinfarct phase. Whilst
the arrhythmia itself cannot be defined by conventional activation
mapping, polymorphic VT is frequently initiated by stereotypical
endocardial Purkinje fiber triggering beats, which can be mapped and
ablated, frequently in the scar border zone.34,108,109 These are usually
manifest as premature ventricular complexes (PVCs) that exhibit preceding Purkinje-like potentials (PLP) during endocardial mapping
(Fig. 30.18). In patients with insufficient ectopy at the time of mapping,
ablation of PLPs in the scar border zone may also be an effective strategy to eliminate these arrhythmias.109

ABLATION
For reasons of both efficacy and safety, open-irrigation ablation has
become the gold standard for RF energy delivery and lesion formation.57,110 Although greater lesion size may be possible with larger
tip electrodes (8-mm) compared with standard solid-tip 4-mm electrodes, this comes at the expense of a larger bipole with consequent
lower mapping resolution. The ability to cool the electrode–tissue
interface with open irrigation allows for greater power delivery and
deeper resistive heating, even within scarred myocardium.110 In

VT circuit entrance
VT circuit exit
Fig. 30.17 Noncontact mapping to demonstrate “channels” in the ventricular tachycardia (VT) circuit. A cast
of the LV is shown with a color scheme denoting isopotential mapping. Resting tissue is shown in purple; as
sites are activated and generate negative unipolar voltage, colors from blue to white (depending on voltage)
are displayed. Two segments of an isopotential map recorded during VT in a patient with a small basal inferior
infarction (outlined by the thick black line). Conduction seems to enter (left panel) and exit (right panel) the
infarct zone in specific zones. The exit from the infarct always occurs at the onset of the surface QRS; often
there is considerable delay, perhaps because of impedance mismatch between the small mass of myocardium in the infarct and the healthy tissue outside.
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addition, the risk of coagulum and char formation (and potential
embolism) is lower when using open-irrigation electrodes.111 However, because the electrode is being cooled by irrigant flow, it is not
able to be uniformly heated by the tissue during ablation. Hence, temperature feedback is lost and RF energy application must be titrated
by other means. The temperature cutoff is typically set at 43°C to prevent excessive heating of deep tissue with the attendant risk of steampop and myocardial perforation (although this is less of a risk when
ablating within infarcted areas of the LV). Application then begins at
a power of 30 W and is smoothly titrated to as high as 50 W if necessary to achieve at least a 10 Ω impedance drop. Contact force sensing
catheters allow for a more precise titrating of power throughout an
application. Although concepts of force-time-power integrals to predict lesion adequacy have been validated in the atrium, no optimum
values for these metrics have yet been defined for ablation in the normal or infarcted ventricle.
Several end points for individual RF energy applications are commonly used. Foremost among these is the “clean” termination of a tolerated VT at a site of perfect entrainment mapping during RF delivery.
Whilst this is a good sign that an effective ablation lesion has been created at a critical portion of the VT circuit, it does not imply that the
circuit is permanently abolished, and further ablation is often required
to completely transect the diastolic isthmus and render the VT noninducible. Of course, suboptimal mapping, wide isthmuses, and deep
(intramural or epicardial) arrhythmogenic tissue may also be the cause
of failure to terminate VT despite producing a myocardial lesion, hence
other markers of lesion formation are required.
Electrogram attenuation is often used for this purpose, with the
unipolar tip electrogram being most reliable given that bipolar signal

attenuation may not be seen if the ring electrode contributes significantly to the bipolar electrogram. The thickness of ventricular myocardium means this end point is often not observed despite effective
lesion formation. Similarly, loss of late and isolated components of the
local electrogram are an encouraging sign. Loss of pace capture, or a
significant rise in capture threshold, is also seen in dense scar but may
be less frequently observed at the border zones where surrounding
myocardium may still be captured after lesion delivery. Lesion formation can be acutely visualized using ICE, but this is a relatively insensitive technique, and edema no doubt contributes significantly to the
echogenic densities seen at the catheter tip, as they frequently disappear when reimaged a few minutes later. Given the limitations of all of
these techniques, impedance drop (along with contact force monitoring where available) is the most frequently used marker of lesion formation in practice despite its less than ideal sensitivity and specificity.
Noninducibility remains the end point for most VT ablation procedures, particularly if VT was easily inducible at commencement. However, programmed stimulation is not entirely reliable for VT induction
at the conclusion of the procedure, and both perilesional edema and
anesthesia may render VTs temporarily noninducible. Frankel et al.
showed that noninducibility at delayed postprocedural noninvasive
programmed stimulation through the ICD predicted a better VT-free
medium term outcome.105 Alternative end points for substrate ablation
are needed, and potential candidates include elimination of isolated
potentials during high-density scar remapping, change in pace map
morphology after linear ablation, mitral isthmus block for some inferior infarct VTs, electrical isolation of the VT machinery containing
infarct core, and dechanneling of previously documented conducting
channels.112
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Fig. 30.18 Mapping and ablation of Purkinje triggers of polymorphic ventricular tachycardia (VT). This recording was made in a patient with frequent episodes of polymorphic VT, all preceded by right bundle branch block
(RBBB) premature ventricular complexes (PVCs). In the electrophysiology laboratory, a run of RBBB PVCs
was observed. Note the Purkinje potentials (arrows) recorded on the mapping catheter (labeled Ab d and Ab
p), present on PVC beats and during sinus. Both the Purkinje-ventricular interval and the morphology of the
PVCs change from beat to beat. Ablation of the Purkinje system trigger resulted in freedom from recurrent
polymorphic VT. d, distal; p, proximal; RVA, right ventricular apex.
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OUTCOMES
The efficacy of postinfarct VT ablation has been established in
multiple randomized trials and prospective multicenter studies.
For tolerated VTs, the historical medium-term success rates of an
entrainment mapping guided ablation procedure were variable but
reasonable overall, with 67% to 91% of VTs successfully eliminated
over 2- to 3-year follow-up.113–115 However, these older series are
generally presented with the denominator comprised of patients
enrolled with reproducibly inducible mappable VT, a subgroup
that represents the minority of real-world patients. The most contemporary outcome data from several centers using modern mapping systems and open-irrigation ablation catheters look at a larger
cross-section of often extremely unwell patients with both mappable and unmappable VTs who have additional or exclusive substrate
ablation performed.41,98,106,116 In the study by Tokuda et al., acute
ablation failure, where a clinical VT remained inducible at the end
of the procedure, occurred in only 10%.117 Although most patients
can expect freedom from VTs that were specifically targeted and
ablated, the development of new morphologies over time represents
the single biggest reason for arrhythmia recurrence. Yokokawa
et al. found that in 33 of 98 patients (34%) with postinfarct VT,

TABLE 30.2
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the arrhythmia recurred over mean 35-month follow-up following
successful ablation of all clinical VTs.118 Of the patients with recurrence, 79% had developed a new VT morphology, and these were
generally patients with a larger area of electroanatomically-defined
scar. Recent data suggest similar VT free outcomes may be achieved
after repeat ablation with comparable overall survival as long as VT
does not recur subsequently.41
The Substrate Mapping and Ablation in Sinus Rhythm to Halt Ventricular Tachycardia trial randomized 128 patients with ICM and secondary prevention ICDs to undergo prophylactic substrate-based VT
ablation versus usual medical care alone. Ablation reduced appropriate
ICD therapy from 33% to 12% over a mean follow-up of 23 months
with a strong trend to reduced mortality in the ablation group.5 The
randomized Ventricular Tachycardia Ablation in Coronary Heart
Disease trial also supported the use of prophylactic catheter ablation before ICD insertion in 110 patients, with a 13% absolute risk
reduction in VT/VF recurrence at 2 years in the ablation arm.6 More
recently, the VANISH study showed that compared with increasing
amiodarone dosage or adding mexiletine, catheter ablation reduced a
composite primary outcome of death, VT storm, and appropriate ICD
shock by 28% in ICM patients with recurrent VT despite antiarrhythmic drug use.4

Troubleshooting the Difficult Case

Problem

Causes

Solution

Hemodynamic instability
during VT

Advanced structural heart disease
and ventricular dysfunction

Hemodynamic support with inotropes, IABP, LVAD, or ECMO
Use ultrahigh-density or noncontact mapping and terminate VT after short periods
Use a predominantly substrate-based strategy in sinus rhythm

VT noninducible

Antiarrhythmic drugs
GA or sedation
Autonomically mediated
Combination factors

Cease AAD as far in advance as possible
Plan earlier ablation if possible rather than adding more AAD after VT episodes
Minimize sedation and repeat procedure awake if tolerated
Aggressive programmed stimulation on isoproterenol/dopamine or adrenaline
Accept noninducibility and execute substrate-based ablation strategy with alternate end
points

Failure of ablation despite
perfect entrainment map

Suboptimal entrainment map
Poor catheter contact
Wide isthmus
Low power delivery

Review mapping data to ensure appropriate overdrive paced cycle length, concealed fusion,
correct PPI and EGM-QRS interval measurement
Improve contact with different catheter or approach (retrograde vs. transseptal), preformed
sheath, ICE, and/or contact force sensing
Use GA with apnea or jet ventilation
Linear lesion delivery to transect isthmus
Use newer generation open-irrigation ablation catheters
Use ICE to define anatomy of trabeculae/pouches, etc.
Use newer generation open-irrigation ablation catheters

Failure of endocardial
catheter ablation

Insufficiently detailed endocardial
mapping of VT circuits or substrate
Insufficient ablation of surviving
conduction channels within scar
Critical VT circuit components are
located epicardially, intramurally
or endocavitary

Use conventional, multipolar, or ultrahigh-density mapping catheters to obtain more detailed
mapping data of VT and/or substrate
Use high power ablation with newer generation open-irrigation catheters to obtain more
complete endocardial substrate modification
Suspect early with ECG clues, diffuse early endocardial activation, or lack of mid-diastolic
activity
Percutaneous or surgical pericardial access for epicardial mapping and ablation
High power ablation with newer generation open-irrigation catheters to create deeper lesions
affecting intramural targets
Use ICE to delineate papillary muscle and preoperative imaging to define papillary muscle
involvement in scar

AAD, Antiarrhythmic drugs; ECMO, extracorporeal membrane oxygenation; EGM, electrogram; GA, general anesthesia; IABP, intraaortic balloon
pump; ICE, intracardiac echocardiography; LVAD, left ventricular assist device; PPI, postpacing interval; VT, ventricular tachycardia.
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Most patients with postinfarct VT have ICM and advanced structural heart disease. Not surprisingly, even if ablation achieves good
arrhythmia control in these patients,41 long-term mortality is high, up
to 52% at 6 years.119 Although the majority of these deaths are from
progressive cardiac failure, some are sudden and ICD therapy is clearly
indicated, even after apparently successful VT ablation.

COMPLICATIONS
The nature and severity of the underlying heart disease, as well as the
comorbidities frequently present in the postinfarct population (particularly peripheral vascular disease, cerebrovascular disease, and renal
impairment), make scar-related VT ablation a riskier undertaking
than other percutaneous procedures. Major complications occur in
5% to 8% of patients.41,43 Recognized complications include death, MI,
stroke, aortic or mitral valve trauma, cardiac perforation with tamponade, heart block, coronary artery injury, cardiogenic shock, and
vascular access site complications. Early mortality is seen in up to 5%
of patients.42 The incidence of complications is higher (up to 14%) if
epicardial mapping and/or ablation is performed with additional risks
related to pericardial bleeding, RV laceration, abdominal bleeding,
phrenic nerve palsy, and coronary artery trauma.94 Thorough procedural preparation and meticulous attention to detail during the case
are mandatory to optimizing safety. Early detection of complications
such as cardiac perforation with real-time online ICE imaging allows
for rapid intervention before end-organ damage ensues.

TROUBLESHOOTING THE DIFFICULT CASE
Catheter ablation of postinfarct scar-related VT is a complex and often
challenging undertaking, and difficulties are to be expected, even in
the ideal candidate (Table 30.2). The majority of the challenges surround unmappable VT morphologies where noninducibility and

nontolerability frequently cause problems related to safety and efficacy.
The widespread use of hemodynamic support and substrate ablation
have helped to improve both. Pleomorphic, unstable, and incessant VT
can occur during the ablation procedure, often in patients who present
with electrical storm, and repeated cardioversions may induce myocardial stunning. Antiarrhythmic drugs may be required in refractory
cases.
In the era of open-irrigation ablation catheters, inadequate power
delivery is rarely the cause of ablation failure in postinfarct VT and
suboptimal mapping or poor contact force are more often to blame.
High resolution mapping with multielectrode catheters, alternative
access routes, and contact force sensing all have a role in overcoming
these difficulties. The recognition of nonendocardial substrate and
circuit components is critical to achieving success, and sequential
attention may need to be directed to the epicardium, RV, and papillary
muscles in challenging cases.

   C O N C L U S I O N
Catheter ablation for postinfarct VT has become an established treatment option for patients with episodes of sustained VT and/or ICD
therapies. These patients are usually unwell with advanced structural
heart disease and often present with electrical storm and multiple
ICD shocks leading significant morbidity and mortality. Medical
options are limited in this context, and VT ablation often has a very
positive mid-term clinical impact. The procedure had evolved considerably over the last few decades and new mechanistic insights and
technologies continue to drive improved safety and efficacy. Later
relapse caused by the emergence of new circuits accounts for the
majority of VT recurrence following ablation and is reflective of both
the dynamic evolution of the postinfarct ventricular substrate over
time as well as the need for ICD therapy to mitigate against the ongoing risk of sudden death.
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With Nonischemic Cardiomyopathy
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KEY POINTS
Mapping
• Entrainment mapping focusing on sites with concealed
entrainment, pace mapping, electrogram-mapping focusing on
sites with fractionated electrograms and isolated potentials
Ablation Targets
• Myocardial fibers within scar tissue

Special Equipment
• Preprocedural magnetic resonance imaging to assess for presence
and location of scar tissue
• Intracardiac echocardiography to assess for intracardiac structures
like papillary muscles, location of scar or aneurysms
Sources of Difficulty
Intramural and epicardial location or the arrhythmogenic substrate

  

DISEASE SPECTRUM
The term nonischemic cardiomyopathy (NICM) encompasses a spectrum of diseases, including dilated idiopathic cardiomyopathy, cardiac sarcoidosis, and other forms of myocarditis as well as Chagas
disease, hypertrophic cardiomyopathy, amyloidosis, valvular heart
disease, and arrhythmogenic right ventricular cardiomyopathy/dysplasia (ARVC/D). Most of these disease entities result in myocardial
scar formation, thus creating a substrate for the subsequent development of ventricular arrhythmias. Ventricular tachycardias are among
the many clinical manifestations of disease in patients with NICM.
This chapter focuses on ventricular tachycardia (VT) ablation in
patients with idiopathic dilated cardiomyopathy, myocarditis, cardiac
sarcoidosis, ARVC/D, hypertrophic cardiomyopathy, and Chagas
disease.

ETIOLOGY AND CHARACTERIZATION OF THE
ARRHYTHMOGENIC SUBSTRATE
A comprehensive evaluation using multiple diagnostic modalities is
necessary to identify the etiology and to characterize the arrhythmogenic substrate in patients with NICM (Table 31.1). Commonly no
specific underlying disease process can be identified and idiopathic
dilated cardiomyopathy may be present, which can be often a sequela
of myocarditis.1 Cardiac magnetic resonance imaging (MRI) with
delayed enhancement (DE-MRI) is an important modality that can
offer key information regarding the etiology and the arrhythmogenic
substrate in NICM.2 Scar distribution in the cardiac MRI can indicate
disease-specific patterns3 of scarring that may be helpful in directing
further workup in clarifying the underlying etiology of cardiomyopathy. It must be mentioned, however, that sarcoidosis can present
diagnostic challenges and there is no test that can definitively rule out
cardiac sarcoidosis.4 The workup for sarcoidosis requires biopsies (cardiac or noncardiac) to assess for the disease-specific histology of noncaseating granulomas.4 A scar pattern in the DE-MRI with multifocal

areas of delayed enhancement in the right ventricle (RV) with basal
septal involvement suggests, but does not prove, the presence of cardiac
sarcoidosis.
It is important to keep in mind that frequent premature ventricular
complexes (PVCs) may cause a reversible form of NICM. In patients
who present with a cardiomyopathy of unclear etiology and who
have a PVC burden greater than 10% to 20%, catheter ablation of the
PVCs is appropriate and may result in improvement or even reversal
of cardiomyopathy.5 Most often, there is no delayed enhancement in
the cardiac MRI, indicating that there is no other myopathic process
present.
Most VTs in patients with NICM are caused by reentry originating
within scar tissue. DE-MRI is used as the gold standard for imaging
of scar tissue (Fig. 31.1). Exact localization of the scar is of particular
importance in patients with NICM. In patients with ischemic cardiomyopathy, the scar is typically subendocardially located giving rise
to VTs that can be reached from the endocardium. In NICM, on the
other hand, intramural VT as well as epicardial VTs are more frequent and may result in procedural failure if an endocardial approach
only is used.
Scar tissue can be differentiated from normal myocardium on
T1-weighted MR images because of delayed contrast enhancement
and the fact that gadolinium contrast agents shorten the longitudinal
relaxation time (T1). Gadolinium contrast agents (gadolinium chelates) are unable to cross the intact cell membrane, and in the normal
myocardium the tissue volume is mainly intracellular. Enhancement of
the myocardium several minutes after intravenous injection of a gadolinium chelate indicates accumulation of contrast material in areas
where the extracellular space is increased. In the setting of myocardial
necrosis or inflammation, disruption of myocyte membranes causes an
increased distribution space for gadolinium. In the setting of chronic
scar formation, collagenous scar tissue has replaced the necrotic tissue,
and the increase in interstitial tissue increases the volume of distribution for the contrast agent, resulting in hyperenhancement.
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TABLE 31.1

Catheter Ablation of Ventricular Tachycardia

Arrhythmic Syndrome Diagnostic Criteria

Idiopathic Dilated Cardiomyopathy

Cardiomyopathy without obvious etiology despite diagnostic workup

Myocarditis

Viral infection of the myocardium resulting in acute or chronic myocarditis that may
heal with or without sequelae (scar)

Sarcoid Heart Disease

Sarcoidosis involving the myocardium; can be part of systemic form or can be limited
to the heart

Arrhythmogenic right ventricular cardiomyopathy/dysplasia

Predominantly right ventricular dilation and dysfunction; task force criteria for diagnosis

Hypertrophic cardiomyopathy

Cardiomyopathy associated with hypertrophy without obvious cause

Chagas Disease

Cardiomyopathy caused by infection with the parasite Trypanosoma cruzi

Fig. 31.1 Stack of short axis views of a delayed-enhanced magnetic resonance image in a patient with nonischemic cardiomyopathy from base (right) toward apex (left). There is predominantly epicardial uptake of
gadolinium, indicative of scar tissue (yellow dotted lines) in the basolateral left ventricle.

DISEASE-SPECIFIC ARRHYTHMOGENIC
SUBSTRATE
The MRI helps to identify the arrhythmogenic substrate2 and can be
important in planning an effective ablation procedure.6

Idiopathic Dilated Cardiomyopathy
Reports focusing on the histologic findings in patients with dilated
cardiomyopathy as well as conduction studies in these patients have
demonstrated that the architecture, more than the amount of fibrosis,
impacts on conduction velocity.7 Discontinuous conduction resulting in
unidirectional block can occur, especially in the presence of long strands
of fibrosis and dense replacement fibrosis.7,8 The presence of scar by
DE-MRI has been correlated with the spontaneous occurrence of VT as
well as the inducibility of VTs, and with outcome in patients with NICM
even in the presence of preserved left ventricular (LV) function.3,9–11 The
hallmark of idiopathic dilated cardiomyopathy is the presence of midwall delayed enhancement. In a study by Neilan et al.,12 intramural scarring was present in 52% of the patients. Predominant epicardial scarring
was observed in 26%, and focal scarring involving insertion points was
seen in 20% of the patients. There is a predominance of perivalvular scarring,13 but the anteroseptal and inferolateral left ventricle have also been
involved in the arrhythmogenic substrate in these patients.14

Myocarditis
Acute myocarditis most often heals completely but can result in scarring
and the development of cardiomyopathy. Arrhythmias are uncommon
in acute myocarditis but can develop during long-term follow-up as a
result of myocardial scarring.15 In chronic myocarditis, there is intramural or epicardial scarring in addition to evidence of inflammation
by endomyocardial biopsy or positron emission tomography (PET)

imaging.16 In the majority of patients with ventricular arrhythmias, the
scar is located intramurally, whereas epicardial scarring was present
in about one fourth of patients. The scar pattern is similar in patients
presenting with VT late after myocarditis.17 It should be noted that it is
not possible to distinguish between idiopathic dilated cardiomyopathy
and healed myocarditis as the scarring pattern can be similar, with predominantly intramural and epicardial distribution.1

Cardiac Sarcoidosis
Sarcoidosis can affect the myocardium in the form of an infiltrative
cardiomyopathy with acute or chronic inflammation and subsequent
scarring. The Japanese Health and Welfare Ministry criteria have been
traditionally used to establish the criteria for cardiac involvement.18
More recently, the Heart Rhythm Society published a consensus statement including updated criteria for the diagnosis of cardiac sarcoidosis
(Table 31.2).4 A positive biopsy for the presence of noncaseating granulomas is key for making the diagnosis of sarcoidosis, and in the absence
of a positive myocardial biopsy, the presence of specific criteria can be
used to make a probable diagnosis of cardiac involvement provided noncaseating granulomas from an extracardiac source have been demonstrated. Hence, the diagnosis of isolated cardiac sarcoidosis is difficult
and requires a positive cardiac biopsy; not surprisingly, the prevalence
of isolated cardiac sarcoidosis is likely underestimated19 and requires
a heightened index of suspicion. Granulomas start within the myocardium and reach the endocardium or epicardium via extension of the
initial inflammatory lesions. In cardiac sarcoidosis, patchy, multifocal
involvement of the basal septum, but also patterns involving predominantly the LV epicardium or the RV, have all been described.20,21 Ventricular arrhythmias can arise in the acute inflammatory setting or in the
chronic state when inflammatory tissue has been replaced by scar tissue.
The location of scar determines the origin of ventricular arrhythmias.6
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Heart Rhythm Society
Diagnosis Criteria for Cardiac Sarcoidosis4
TABLE 31.2

1.	Histologic Diagnosis
Cardiac sarcoidosis is diagnosed in the presence of noncaseating
granuloma
2.	Clinical Diagnosis
Cardiac sarcoidosis is probablea if:
(a)	There is extracardiac sarcoidosis
and
(b)	One or more of the following criteria:
-	Steroid ± immunosuppressant responsive cardiomyopathy or heart
block
-	Unexplained EF <40%
-	Unexplained VT (sustained or induced)
-	Advanced AV block
-	Patchy uptake on cardiac PET (in a pattern consistent with cardiac
sarcoidosis)
-	Late gadolinium enhancement on MRI (in a pattern consistent with
cardiac sarcoidosis)
-	Positive gallium uptake (in a pattern consistent with cardiac sarcoidosis)
and
(c)	Other causes for cardiac manifestations have been excluded
AV, Atrioventricular; EF, ejection fraction; MRI, magnetic resonance
imaging; PET, positron emission tomography; VT, ventricular tachycardia.
a“Probable” indicates that there is sufficient evidence for making the
diagnosis of cardiac sarcoidosis.

The presence and extent of delayed enhancement is a known predictor
of adverse outcomes in patients with cardiac sarcoidosis.22 Similarly,
the presence of 18F-fluorodeoxyglucose (FDG) uptake in PET imaging
in patients with cardiac sarcoidosis identifies patients at higher risk of
death or VT.23 Locally increased FDG uptake in the absence of a positive
biopsy for sarcoidosis has been described, and the term arrhythmogenic
inflammatory cardiomyopathy has been coined for this condition.24

Arrhythmogenic Right Ventricular Cardiomyopathy/
Dysplasia

The Task Force Criteria for the diagnosis of ARVC/D were updated
in 2010 (Table 31.3).25 The disease process starts in the epicardial RV
where fibrofatty tissue replaces myocardial tissue, whereas DE-MRI
also demonstrates scar tissue in the RV in this cardiomyopathy26 and
its the presence correlates with inducibility of VT. Interestingly, limited
data exists on the use of MRI in defining the arrhythmogenic substrate
in patients with ARVC. Possible reasons include difficulties in imaging
the thinner wall of the RV as well as differences in optimal inversion
times of the RV if nulling is performed based on the left ventricle.27 In
a study of 23 patients with ARVC/D who underwent both DE-MRI and
endocardial voltage mapping, the DE-MRI failed to detect areas of scar
in about half of the areas with low endocardial voltage, especially in the
inferobasal RV.28 Of note, the involvement of the LV in patients with
ARVC/D has been well known and may be present in up to three-quarters of the patients. Intramyocardial LV fat as observed in multidetector
computed tomography imaging was the most sensitive imaging finding
in a recent series, but the correlation with low voltage was poor.29

Hypertrophic Cardiomyopathy
The presence of delayed enhancement in patients with hypertrophic
cardiomyopathy has been reported to correlate with the presence of
ventricular arrhythmias.30 Ventricular tachycardia mapping and ablation procedures have been reported in a few patients with hypertrophic
cardiomyopathy.31 The value of MRI for correlation of the location of
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scar tissue with the origin of ventricular arrhythmias remains to be
determined, however. Although no series of patients has been reported
in which MRI was used systematically to map VT in patients with
hypertrophic cardiomyopathy, MRI has been helpful to indicate the
arrhythmogenic substrate in a few patients32; furthermore, the finding
that many VTs have critical areas in the zone where the interventricular
septum inserts into the left–right ventricular junction31 corresponds
to prior reports from MRI data indicating that this is often an area of
fibrosis in patients with hypertrophic cardiomyopathy.33

Chagas Cardiomyopathy
The arrhythmogenic substrate in Chagas cardiomyopathy typically
involves the inferolateral left ventricle. The value of scar imaging in
identifying the arrhythmogenic substrate in this condition has not
been systematically analyzed. Limited data with the use of DE-MRI
suggest that more than two-thirds of patients have detectable myocardial fibrosis.34 In one series, in the majority of cases (53%) the scar
was endocardial, indistinguishable from postinfarction scarring. In
only 12% of patients, the scarring was limited to the epicardium, and in
35% it was intramural.35 Nevertheless, during simultaneous endocardial and epicardial electroanatomic mapping, the epicardium appears
to harbor larger low-voltage areas compared with the endocardium.36

PREABLATION WORKUP AND PROCEDURAL
PLANNING
Different mapping strategies are possible as an initial approach in patients
with NICM and VT. If endocardial mapping does not yield an effective
ablation site, a transcutaneous subxiphoid puncture to enter the pericardial space can be performed at a separate session (stepwise approach). An
alternative option to the stepwise approach is to enter the pericardial space
during the first ablation procedure, before the administration of heparin,
in all patients with NICM. Yet another approach is a substrate-oriented
approach that is guided by imaging and the location of the arrhythmogenic substrate, that is, the scar tissue. The location of the scar tissue often
corresponds to areas critical for VT circuits in these patients.6 The latter
approach has the advantage that it only exposes patients to the increased
periprocedural risk of pericardial puncture and epicardial mapping if the
arrhythmogenic substrate either involves the epicardium or the intramural
free wall. Of note, an epicardial ablation is unlikely to eliminate a focus
from the interventricular septum, and in these patients, both left and right
aspects of the septum may need to be mapped and ablated for elimination of VT. Unfortunately, most patients presenting for VT ablation have
implanted implantable cardioverter-defibrillators (ICDs), and in the past
MRIs were contraindicated (and are still not performed at many institutions) in patients with implanted cardiac devices, despite mounting evidence that MRIs can be safely performed in such patients with adequate
precautions.37,38 Mapping and ablation procedures where scar was identified with preprocedure DE-MRI in patients with implanted devices have
been carried out despite artifact generated by the ICD generator. In addition to DE-MRI, multidetector cardiac computed tomography (MDCT)
can also help in characterizing the arrhythmogenic substrate by identifying myocardial wall thinning. The feasibility of integrating DE-MRI and/
or MDCT imaging data to the electroanatomic map has recently been
demonstrated and has the potential to impact procedural management
and outcomes in scar-related VT.39
It is helpful to review all available 12-lead electrocardiograms (ECGs)
and ICD-stored electrograms of the VT(s) before the ablation procedure,
which can serve as reference for induced VTs during the ablation procedure. The 12-lead ECG has important information and may be helpful in
deciding whether an arrhythmia may have an epicardial origin40 in the
absence of a cardiac MRI. Before the ablation procedure, a LV thrombus
needs to be ruled out by transthoracic echocardiography or cardiac CT.
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Revised Task Force Criteria for the Diagnosis of ARVC/D25

Right Ventricular Dysfunction and Structural Changes
Major
Regional RV akinesis, dyskinesis, or aneurysm (echo, MRI, right ventriculography) and 1 or more criteria indicating RV
dysfunction/dilatation by
• Echocardiography:
-	PLAX RVOT ≥32 mm (corrected for body size [PLAX/BSA] ≥19 mm/m2)
-	or PSAX RVOT ≥36 mm (corrected for body size [PSAX/BSA] ≥21 mm/m2)
-	or fractional area change ≤33%
• MRI:
-	Ratio of RV end-diastolic volume to BSA ≥110 mL/m2 (male) or ≥100 mL/m2 (female)
-	or RV ejection fraction ≤40%
Minor

Tissue Characterization
Major
Minor

Regional RV akinesis, dyskinesis, or aneurysm (echo, MRI, right ventriculography) and 1 or more criteria indicating RV
dysfunction/dilatation by
• Echocardiography:
-	PLAX RVOT ≥29–<32 mm (corrected for body size [PLAX/BSA] ≥16–<19 mm/m2)
-	or PSAX RVOT ≥32–<36 mm (corrected for body size [PSAX/BSA] ≥18–<21 mm/m2)
-	or fractional area change >33%–≤40%
• MRI:
-	Ratio of RV end-diastolic volume to BSA ≥100–<110 mL/m2 (male) or ≥90–<100 mL/m2 (female)
-	or RV ejection fraction >40%–≤45%
Residual myocytes <60% by morphometric analysis (or <50% if estimated), with fibrous replacement of the RV free wall
myocardium in ≥1 sample, with or without fatty replacement of tissue on endomyocardial biopsy
Residual myocytes 60%–75% by morphometric analysis (or 50%–65% if estimated), with fibrous replacement of the RV free
wall myocardium in ≥1 sample, with or without fatty replacement of tissue on endomyocardial biopsy

Repolarization Abnormalities
Major
Inverted T waves in right precordial leads (V1, V2, and V3) or beyond in individuals. >14 years of age (in the absence of
complete right bundle branch block QRS 120 ms)
Minor

-	Inverted T waves in leads V1 and V2 in individuals. >14 years of age (in the absence of complete right bundle branch block)
or in V4, V5, or V6
-	Inverted T waves in leads V1, V2, V3, and V4 in individuals. >14 years of age in the presence of complete right bundle
branch block

Depolarization/Conduction Abnormalities
Major
Epsilon wave (reproducible low-amplitude signals between end of QRS complex to onset of the T wave) in the right precordial
leads (V1–V3)
Minor

Arrhythmias
Major
Minor

Family History
Major

Minor

-	Late potentials by SAECG in ≥1/3 parameters in presence of QRS<110 ms
-	Filtered QRS duration≥114 ms
-	Duration of terminal QRS <40μV ≥38 ms
-	Root mean square voltage of terminal 40 ms ≤20 μV
-	Terminal activation duration of QRS ≥55 ms (nadir S wave to end of QRS in V1, 2, or 3)
-	Sustained or nonsustained VT with left bundle branch block superior axis
-	Nonsustained or sustained ventricular tachycardia of RV outflow configuration, left bundle branch block morphology with
inferior axis (positive QRS in leads II, III, and aVF and negative in lead aVL) or of unknown axis
-	500 ventricular extrasystoles per 24 hours (Holter)
-	ARVC/D confirmed in first-degree relative (meeting task force criteria)
-	ARVC/D confirmed pathologically at autopsy or surgery in first-degree relative
-	Identification of a pathologic mutation during genetic testing in the patient under consideration
-	ARVC/D in first-degree relative in whom task force criteria cannot be assessed
-	Premature SCD (<35 years old) caused by suspected ARVC/D in first-degree relative
-	ARVC/D confirmed pathologically or by current Task Force Criteria in second-degree relative

ARVC/D, Arrhythmogenic right ventricular cardiomyopathy/dysplasia; BSA, body surface area; PLAX, parasternal long-axis view; PSAX, parasternal
short-axis view; PVC, premature ventricular complex; SAECG, signal average electrocardiogram; SCD, sudden cardiac death; RV, right ventricle;
RVOT, right ventricular outflow tract; VT, ventricular tachycardia.
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Fig. 31.2 A, An effective ablation site in a patient with nonischemic cardiomyopathy. The catheter is located
in the lateral left ventricular epicardium. There is concealed entrainment and a mid-diastolic potential during
ventricular tachycardia (VT). The electrogram-QRS interval matches the stimulus-QRS interval (both are 230
ms). Pacing cycle length is 500 ms, and the VT cycle length is 650 ms. B, Immediate termination of the VT
shown in Fig. 31.2A when radiofrequency (RF) energy is delivered (RF on) at this location.

SELECTION OF TARGET SITES FOR ABLATION
Reentry is the most common mechanism of VT,41 and therefore a mapping strategy similar to postinfarction VT can usually be used (Fig. 31.2).42
Entrainment mapping, however, can only be performed for hemodynamically tolerated VTs, unless hemodynamic support is provided by assist
devices. About one-third of patients have tolerated VTs that can be mapped
with entrainment mapping. During the procedure, multipolar catheters are
positioned in the high right atrium, the His bundle position, and the right
ventricular apex. It is important to have a catheter at the His position to
assess for the presence of bundle branch reentry tachycardia. The right ventricular catheter is positioned at the right ventricular apex, and the postpacing interval at this site is also helpful in diagnosing bundle branch reentry
tachycardia, especially if the His deflection is difficult to appreciate.43
Programmed right ventricular stimulation is used to induce VT.
An electromagnetic mapping system is used in combination with an
open-irrigation-tip catheter for mapping, navigation, and ablation. It is
also helpful to use an intracardiac echo probe to identify the papillary

muscles, aneurysms, or even epicardial scar to direct the mapping catheter in the correct direction.44
Endocardial activation and/or entrainment mapping (see Fig.
31.2) is performed during VT if the VT is tolerated hemodynamically
(Table 31.4). For VTs resulting in hemodynamic compromise, pace mapping
and voltage mapping are performed at the same locations. VTs originating
from an intramyocardial focus can be particularly challenging because both
entrainment mapping and pace mapping may only be helpful to get close to
the epicardial or endocardial breakthrough sites. In case of hemodynamic
compromise, percutaneous assist devices can maintain hemodynamic
stability for a period of time that may be sufficient to more precisely identify breakthrough sites.45 However, the use of hemodynamic support has
not improved outcomes and may increase periprocedural complications,
because large bore arterial access is required. As each point is collected
for the voltage map, pacing is performed at sites with low voltage (bipolar
voltage amplitude of <1.5 mV), isolated potentials, or fractionated electrograms. Isolated potentials are particularly helpful in postinfarction patients
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to guide radiofrequency (RF) ablation (Fig. 31.3). Although their prevalence is lower in patients with NICM,46 it appears that they are equally, if
not more, helpful in NICM patients.47 A good pace map (defined as ≥10/12
matching leads between the pace map and the targeted VT) at a site where
there is an isolated potential is useful for identifying a critical component
of the reentry circuit (see Fig. 31.3). A good pace map at a site without an

TABLE 31.4

Target Sites for Ablation
Target Site

During sinus rhythm

Isolated potential
Matching pace map (≥10/12 leads)

During ventricular tachycardia

Concealed entrainment
Isolated diastolic potentials
Fractionated electrograms

isolated potential is a less specific indicator of a critical site for ablation. Histologic analysis adjacent to sites where matching pace maps were identified
and where ablation was performed indicate that diffuse fibrosis patterns are
present in the area composing the arrhythmogenic substrate.
Isolated potentials reflect fixed scar tissue (see Table 31.4). They
can be identified in approximately 50% of patients undergoing mapping and ablation of VT in the setting of NICM. It is possible that
fixed scar tissue in patients with NICM plays less of a role and that
functional areas of block are more prevalent in patients in whom isolated potentials cannot be identified. This may have important implications, because focal ablation procedures are less likely to eliminate
VTs in these patients. Patients devoid of isolated potentials appear
to have a less favorable outcome with respect to ablation.47 However,
although none may be present on the endocardium, isolated potentials may be found during epicardial mapping. Some patients do not
have isolated potentials or detectable scar tissue at either endocardial
or epicardial locations. In these patients, the scar is often diffuse or
intramural in location.
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Fig. 31.3 A, At the same site as illustrated in Fig. 31.2, isolated potentials were present during the atrially
paced rhythm (arrows). B, Pacing at this location (Fig. 31.3A) during baseline rhythm showed a QRS complex
that was identical to the patient’s ventricular tachycardia, with a long stimulus-QRS interval.
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In a recent nonrandomized study of 93 patients with dilated NICM,
two different approaches for selecting ablation targets were compared:
standard ablation guided by detailed substrate, pace, and activation/
entrainment mapping versus “scar homogenization” targeting all
abnormal electrograms in the identified scar.48 The latter approach
was associated with improved acute and long-term outcome, but its
results were overall inferior compared with what has been previously
observed in patients with infarct-related VT.49 Such a difference is
likely attributable to the more complex arrhythmogenic substrate in
NICM, particularly the intramural location of the scar.

ABLATION TECHNIQUE AND END POINTS
RF energy is delivered to the endocardium using an open-irrigation
catheter. The power setting is adjusted to an impedance drop of 10 Ω,
starting with 30 to 35 W, and can be increased up to 50 W. If RF energy
is applied during VT, it is applied for 30 seconds, and if VT does not terminate, the catheter is moved to an alternate site. If VT terminates during
the energy application, the application is continued for a total of 60 to 120
seconds at this site. In the setting of nontolerated VTs, when pace mapping is used, RF energy is delivered for 60 to 120 seconds at a site meeting
ablation criteria, and then the catheter is moved to an alternate site; if an
intramural focus is suspected, longer energy applications may be required.
The same catheter is used for epicardial mapping. After locating a target site but before an epicardial energy application, a coronary angiogram is obtained to ensure a distance of at least 1 cm from
a major coronary artery. For smaller branches, a distance of 0.5 cm
from the ablation catheter is usually safe. RF energy is delivered at an
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initial power of 20 W, and the power is titrated to achieve an impedance drop of 10 Ω. The duration of the RF energy application is the
same as described previously for endocardial ablation. The effect of the
ablation lesions is assessed by pacing at an output of 10 to 20 mA at a
pulse width of 2 ms. High output pacing is also performed to assess for
phrenic nerve capture. After the ablation, the coronary angiogram is
repeated to assess for patency of the coronary arteries.
If RF energy is delivered in the coronary venous system, an irrigated
tip catheter is used with an initial power of 15 W, titrating the energy to
achieve a 10 Ω impedance drop.
The end point of the procedure is noninducibility of all the VTs for
which an appropriate target site was identified. Piers et al. showed that
in the setting of NICM elimination of all inducible VTs is superior to
targeting only the VTs that have been clinically documented.50 However, noninducibility of all VTs was only achieved in 38% of patients
in that study. In a more recent study, complete noninducibility was
achieved in 61% of patients, and these patients had significantly more
favorable long-term outcomes compared with patients with inducible
VTs at the end of the procedure.51

DISEASE-SPECIFIC CONSIDERATIONS FOR ABLATION
Idiopathic Dilated Cardiomyopathy
The arrhythmogenic substrate can be located within the endocardium, the
epicardium, or within the myocardium (intramural). An imaging guided
approach has been found to be helpful (Fig. 31.4) to determine whether or
not an endocardial or epicardial procedure needs to be performed.6,14,52
Electrocardiographic criteria have also been used to determine whether

Fig. 31.4 Shown in the top left panel is a stack of short-axis views of a cardiac magnetic resonance imaging from a patient with nonischemic cardiomyopathy. There is predominant epicardial scar in the lateral left
ventricle (yellow dotted lines). The top right panel shows the scar that was the 3-dimensional display of the
extracted scar tissue. The bottom right panel shows the 3-dimensional reconstruction of the epicardial surface (green) and the epicardial scar (red). The bottom left panel shows the epicardial electroanatomic voltage
map of the same region. Low-voltage tissue (bipolar voltage <1.5 mV) is colored in red and normal voltage
tissue is colored in purple. Three critical sites were identified in this patient; they were all located in the epicardium (yellow tags). (From Bogun FM, Desjardins B, Good E, et al. Delayed-enhanced magnetic resonance
imaging in nonischemic cardiomyopathy: utility for identifying the ventricular arrhythmia substrate. J Am Coll
Cardiol. 2009;53:1138-1145.)
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Electrocardiographic Criteria
for Epicardial Origin of Ventricular Tachycardia
TABLE 31.5

Criterion

Measure to Suggest
Epicardial Origin

Pseudodelta wave81

≥34 ms

Intrinsicoid deflection in V281
RS duration81

≥85 ms

≥121 ms

Absence of q waves in inferior leads40
Presence of q waves in lead I40
Maximal deflection index82

≥0.55

a VT originates from the epicardium (Table 31.5). Intramural septal scar
(Fig. 31.5A) is a particular problem, because endocardial ablations from
either side of the septum may be insufficient to reach the intramural scar.
In the presence of an intramural septal scar, an epicardial ablation procedure will often be unsuccessful. There are no specific electrocardiographic
criteria to suggest intramural origin of VT, but unipolar voltage mapping53
(see Fig. 31.5B) and prolonged transmural septal conduction times54 can be
helpful to identify intramural scar in the absence of a cardiac MRI. Other
indicators for an intramural substrate is arrhythmia suppression when
cold saline is injected into the great cardiac vein.55 Furthermore, dual site
pace mapping has been described where paced QRS complexes from two
breakout sites are averaged generating a better pace map compared with
pace mapping from either side of the intramural substrate.56 For targeting
intramural septal scars, RF energy is delivered at the endocardial breakthrough sites. Deeper lesions may be achieved if the mapping catheter is
positioned perpendicular to the endocardium and delivering RF energy
for more than 60 seconds. Sequential unipolar ablations from either side
of the septum may be necessary. If RF is delivered in a bipolar manner
between the tip of two ablation catheters simultaneously, even deeper
lesions can be achieved.57 Alternatively, if a perforator vein of the great
cardiac vein can be reached with an ablation catheter, cases of successful
ablation of intramural ventricular arrhythmias from within that vein have
been reported.53,58 Coiling of perforator arteries or transcoronary ethanol
ablation has also been described to reach intramural scar related VTs.59,60
Most recently, the use of an open-irrigation catheter with an extendable
needle for intramyocardial mapping and ablation has been described for
treatment of VTs with a possibly intramural origin.61
A number of recent studies have reported on the outcomes of catheter ablation in idiopathic dilated NICM.46,50,62–64 The acute success
rate (complete noninducibility of any VT at the end of the procedure)
ranged widely from 38% to 82%. Intermediate to long-term VT recurrence rates ranged from 14% to 53% in these studies. In another recent
study, the routine use of preablation substrate imaging with DE-MRI
was associated with improved outcomes of VT ablation in idiopathic
dilated NICM.52 In the imaging group, RF ablation energy was delivered to areas with intramural scarring from which VTs originated,
hence improving outcomes, compared with a control group of patients
where the precise location of intramural scarring was not known, and
ablation was performed without image guidance. It remains to be
shown whether other novel promising approaches of substrate characterization, mapping, and ablation that are currently under investigation
may improve the acute and long-term outcomes of ablation.

Myocarditis
Safety and efficacy of RF ablation in patients with myocarditis has been
described.65 In the study by Dello Russo et al. involving 20 patients with
chronic myocarditis, six (30%) required an epicardial approach to suppress VT, as endocardial ablation was ineffective. No data on results
of MRIs was provided in this study, but imaging studies have reported
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Fig. 31.5 A, Intramural septal scar (red area) shown in a stacked shortaxis view of a delayed enhanced cardiac magnetic resonance imaging
from base (left) toward apex (right). There is an endocardial area of
delayed enhancement (green) representing radiofrequency lesions after
two failed endocardial ablation attempts. B, The top left panel illustrates
a polar map of the area of delayed enhancement. Blue tags indicate
normal voltage mapping sites with a bipolar voltage ≥1.55 mV. Red tags
indicate low voltage (<1.55 mV). The corresponding electroanatomic
map of the left ventricle is shown on the top right panel. The area of low
voltage reflects the area where ablation lesions were delivered during
prior procedures. The bottom left panel shows the same polar map with
normal voltage mapping sites with unipolar voltage 6.8 mV or more.
Sites with low unipolar voltage (<6.8 mV) are displayed in red. The corresponding unipolar voltage map with a cutoff value of 6.8 mV is shown
to the right. It reflects the location of the intramural scar. (From Desjardins B, Yokokawa M, Good E, et al. Characteristics of intramural scar in
patients with nonischemic cardiomyopathy and relation to intramural
ventricular arrhythmias. Circ Arrhythm Electrophysiol. 2013;6:891-897.)

epicardial involvement in almost 40% of patients with chronic myocarditis,16 corresponding with the mapping and ablation data by Dello Russo
et al.65 In a more recent study of 23 patients with VT late after myocarditis who had bipolar endocardial and epicardial voltage mapping, most
patients had epicardial low-voltage scar (14/19) whereas endocardial
scar was uncommon (only one patient). DE-MRI data was consistent
with this finding and demonstrated predominantly epicardial and intramural scar. The ablation strategy focused on abolition of late potentials
and epicardial ablation was required in 15 patients. At median follow-up
23 months, three-quarters of patients were free of recurrent VT.17

Cardiac Sarcoidosis
In patients with cardiac sarcoidosis, catheter ablation is often reserved
for patients who have failed to respond to immunosuppressive therapy
with or without antiarrhythmic medications. Jefic et al.66 described the
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role of RF catheter ablation in patients with cardiac sarcoidosis after
immunosuppression failed to control VT. The majority of the patients
had either VT storm, defined as three or more separate VT episodes
within 24 hours, or incessant VT. A mean of 270 VT episodes were
present 3 months before the ablation procedure. Most of the VTs were
caused by a reentrant mechanism and were mapped using entrainment
mapping and pace mapping. Right ventricular involvement was present
in most patients, and differentiation of cardiac sarcoidosis from arrhythmogenic right ventricular dysplasia is important because diagnostic
criteria overlap.67 The most frequent location of the reentry circuit was
the paratricuspid area. In patients with predominant right ventricular
involvement, critical sites in the right ventricular apex have also been
described, although the entire reentry circuits were not mapped.67 In
patients with epicardial scarring, an epicardial approach was necessary
to eliminate VT. Similar to other forms of NICM, the location of scar tissue predicted the origin of VTs in these patients. Therefore an approach
that plans the ablation procedure based on the predominant location of
scarring as detected by DE-MRI is helpful in eliminating VTs in these
patients.6 In the presence of a predominantly endocardial scar, an endocardial ablation procedure eliminated the targeted VTs. In the presence
of an epicardial scar, an epicardial ablation was required to eliminate the
VTs (see Fig. 31.4). In cases with intramurally located scars, the ability to eliminate VT was suboptimal. Several, but not all, of the patients
included in this study had cardiac sarcoidosis. However, often in cardiac
sarcoidosis the areas of delayed enhancement are multifocal and involve
the right and left ventricle; it may be difficult to predict which of the areas
with delayed enhancement are arrhythmogenic based on the MRI.
Ablation outcomes in the study by Jefic et al. were favorable, and all
patients had either elimination of VT recurrences or reduction in the VT
burden. A recent study by Muser et al. of 31 patients undergoing VT ablation in the setting of cardiac sarcoidosis had similarly favorable results.68
In contrast, Kumar et al. reported recurrence of VT in most patients.69
A more extensive arrhythmogenic substrate with more advanced cardiac
disease at the time of the VT ablation may be the reason for this discrepancy because the mean reported ejection fraction was worse in Kumar’s
study as compared with the patients described by Jefic et al. and Muser
et al. studies.66,68 Earlier intervention with ablation may be beneficial,
especially in the presence of more preserved LV function.

Arrhythmogenic Right Ventricular Cardiomyopathy/
Dysplasia

In ARVC/D, the myocardium is replaced by fibrous fatty tissue. This
process often starts in the epicardium, and involves not only the
right but can also involve the left ventricle. An epicardial approach
is often necessary to eliminate all VTs70 even though it is interesting
that earlier studies reported an acute success rate in the more than
80% range when ablation was limited to the right ventricular endocardium.71,72 The recurrence rate, however, was almost 50% for long-term
follow-up71 and may be lower if all circuits including the epicardial
substrate are treated. Registry data, however, assessing efficacy of VT
ablation and recurrence of VT postablation suggested that despite
epicardial ablation procedures recurrence over a period of 5 years is
still greater than 50%.73 If an endocardial mapping procedure fails
to identify critical sites for most of the VTs, an epicardial approach
in the same session should be considered. The presence of epicardial
scarring has been assessed using unipolar mapping.74 Epicardial scar
has been found to be larger than the endocardial scar (Fig. 31.6), and
sites with isolated potentials are more frequent in the epicardium than
in the endocardium. Transmural activation to the epicardium may be
delayed at sites with scar and may result in isolating the arrhythmogenic substrate to the epicardium. Some centers perform an epicardial
approach upfront in patients with ARVC/D.75 The best results have
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Fig. 31.6 Left panel: Endocardial voltage map in a patient with arrhythmogenic right ventricular cardiomyopathy/dysplasia, shown is the right
ventricular free wall with the pulmonary artery (PA) and the right ventricular apex (apex). The epicardial voltage map shows a larger area of
low-voltage as compared with the endocardial voltage map. Several
ventricular tachycardias were ablated from both the endocardium but
also the epicardium in this patient.

been reported when all VTs can be eliminated. Increase of scar tissue
over time may play a less important role as a factor for recurrence of
VT postablation.76

Hypertrophic Cardiomyopathy
In some series, epicardial ablation was needed in more than half of
the patients with hypertrophic cardiomyopathy to eliminate targeted
VTs.31,32 Evidence of scarring was present in the epicardium more
often than in the endocardium.32 The most common sites critical
for VT were located in the LV apex and the junction of right and LV
septum.31,32

Chagas Disease
This disease process often involves the inferolateral left ventricle and
results in aneurysm formation. In a report by Sosa et al.,77 the majority of induced VTs had an epicardial origin. There may indeed be a
predominance of epicardial circuits in Chagas disease necessitating
a combined endocardial/epicardial approach. Indeed, about 50% of
VTs were eliminated from the epicardium and about 50% could be
reached78 from the endocardium, confirming the value of a combined
endo/epicardial approach in patients with Chagas disease. In a more
recent series of 17 patients who underwent combined endocardial and
epicardial procedures, results were more favorable (83.3% acute success).36 However, data on the invasive management of VT in patients
with Chagas cardiomyopathy stem from small series and achieving
sustained long-term results remains challenging. Alternative energy
sources, such as laser energy, have been suggested to improve outcomes.78 In addition, bilateral cardiac sympathetic denervation has
been suggested as a treatment option in patients with Chagas cardiomyopathy who have failed ablation or are not candidates for ablation,
although results are preliminary.79

BUNDLE BRANCH REENTRY TACHYCARDIA
Bundle branch reentry tachycardia has been described in up to onethird of patients with different forms of NICM (Fig. 31.7A).80 Although
it can occur in different forms of cardiomyopathy, it has been found to
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Fig. 31.7 A, Shown is a 12-lead electrocardiogram (ECG) of a clinical ventricular tachycardia (VT) in a patient
with cardiomyopathy. The VT cycle length was 220 ms. The VT has a left bundle branch block morphology. B,
Shown are surface ECG leads I, II, aVF, V1, and V5, and intracardiac tracings of the high right atrium (HRA), the
His position, and the right ventricular apex (RVA). The HH intervals are indicated on top of the His tracings, and
the RR intervals are indicated on top of the ventricular electrograms of the right ventricular catheter. Changes
in the HH interval precede changes in the RR intervals, although the changes are not identical. The VT was
reproducibly inducible before ablation of the right bundle and was noninducible thereafter. The patient had no
recurrent VT at 2-year follow-up.
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TABLE 31.6

Ablation of Ventricular Tachycardia Associated

541

Outcomes of Ventricular Tachycardia Ablation in Nonischemic Cardiomyopathy

Underlying Cardiac Substrate
Study/Year

N Patients/Epicardial
Access

Successful Ablation

Recurrence
Rate/Follow-Up

DCM
-	Hsia 200383
-	Soejima 200441
-	Nakahara 201046
-	Cano 200984
-	Piers 201350
-	Schmidt 201064
-	Vergara 201263
-	Muser 201662

19/0
22/7
16/12
22/22
45/30
16/15
14/11
282/90

74%
61%
44%
64%
38%
38%
79%
82%a

56%/22 months
36%/11 months
50%/15 months
32%/18 months
53%/24 months
47%/12 months
14%/13 months
21%/48 monthsb

Myocarditis
-	Dello Russo 201265
-	Maccabelli 201417

20/6
26/23

100%
38%

15%/28 months
23%/23 months

Cardiac Sarcoidosis
-	Koplan 200685
-	Jefic 200966
-	Dechinger 201267
-	Naruse 201486
-	Kumar 201569
-	Muser 201668

8/2
9/2
8/1
14/0
21/8
31/11

25%
56%
63%
n/a
43%
71%a

75%/ ?
44%/20 months
13%/6 months
43%/33 months
86%/58 months
45%/24 monthsb

ARVC/D
-	Verma 200571
-	Satomi 200672
-	Garcia 200970
-	Philips 201273
-	Dalal 200787
-	Bai 201188
-	Müssigbrodt 201589
-	Santangeli 201590
-	Souissi 201691
-	Kirubakaran 201692
-	Wei 201793

22/0
15/0
13/13
87/23
24/0
49/26
28/6
62/39
49/9
29/29
48/?

82%
88%
85%
47%
46%
100%
75%a
77% a
71%
90%a
81% a

47%/37 months
24%/26 months
23%/18 months
55%/60 months
64%/12 months
31%/40 months
46%/19 monthsb
29%/56 monthsb
63%/12 months
27%/22 months
44%/71 monthsb

HCM
-	Santangeli 201031
-	Dukkipatti 201132

22/13
10/7

86%
90%

27%/20 months
30%/37 months

Chagas Cardiomyopathy
-	Sosa 199877
-	Henz 200936

10/10
17/17

60%
83%

40%/ n/a
21%/11 months

NICM (mixed populations)
-	Kuehne 201047
-	Tokuda 201294
-	Dinov 201551
-	Kumar 201695

35/4
226/55
102/33
239/71

46%
55%
61%
56% a

40%/18 months
n/a
56%/24 months
62%/72 months

ARVC/D, Arrhythmogenic right ventricular cardiomyopathy/dysplasia; DCM, dilated cardiomyopathy; HCM, hypertrophic cardiomyopathy; NICM,
nonischemic cardiomyopathy.
aAt the end of the last of multiple procedures
bAfter multiple procedures

occur most often in myotonic dystrophy. Its hallmark characteristic is
baseline conduction abnormality with a prolonged HV interval. The
left and right bundle branches are key components of the reentrant circuit. During bundle branch reentrant tachycardia, changes in the HH
interval result in corresponding changes in the following VV intervals
(see Fig. 31.7B). Ablation of the right bundle branch usually eliminates
bundle branch reentry tachycardia.

TROUBLESHOOTING THE DIFFICULT CASE
The main problem with NICM is to identify an optimal mapping
strategy in the event that the arrhythmogenic substrate cannot be
identified with endocardial mapping. Table 31.6 indicates the percentage of patients who underwent epicardial mapping and ablation
with a subxiphoid access depending on the underlying substrate.
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TABLE 31.7

Catheter Ablation of Ventricular Tachycardia

Troubleshooting the Difficult Case

Problem

Causes

Solution

Unable to endocardially identify VT origin

Epicardial scar

Epicardial access and mapping

Unable to identify endocardial or epicardial origin

Intramural scar

Targeting of intramural scar
Ablation from endocardial/epicardial surface for free wall scar and from
LV/RV endocardium for septal scar

Inability to rule out BBRVT

Incorrect catheter position

Diagnostic catheter at His position
Entrainment pacing from RV apex to assess for PPI

Inability to rule out cusp VTs

Cusp is not mapped

Perform pace mapping in all three aortic cusps

BBRVT, Bundle branch reentry VT; LV, left ventricle; PPI, postpacing interval; RV, right ventricle; VT, ventricular tachycardia.

This can be avoided to some extent by preprocedural MRI. In the
presence of contraindications to MRI, like advanced renal failure or
a morbidly obese body habitus, unipolar voltage mapping is helpful
to identify an intramural or epicardial scar. This just identifies the
location of the scar; once the scar is adequately accessed (i.e., via
epicardial access for epicardially located scar), the critical sites for

VTs can be identified. In the presence of intramural scar, the breakthrough sites of the VT may need to be identified. Ablation from
both aspects of the intramural scar can be considered with conventional unipolar ablation, but deeper lesions can be generated when
RF ablation is performed between both tips of an ablation catheter
in a bipolar manner.57
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Ablation of Unstable Ventricular
Tachycardia and Ventricular Fibrillation
Srinivas R. Dukkipati, William Whang, Marc A. Miller, Jacob S. Koruth, Vivek Y. Reddy

KEY POINTS
• S ubstrate mapping is performed to delineate the scarred
myocardium in unstable ventricular tachycardia (VT).
• For ventricular fibrillation (VF), mapping is performed to identify
the focal origin of triggers.
• Targets for substrate ablation include VT exit sites identified by
pace mapping, sites identified by brief resetting and entrainment
mapping, late and fractionated potentials, sites with local
abnormal ventricular activity, and channels between dense
(“electrically unexcitable”) scar. Ablation to “homogenize” the scar
area is an alternative effective approach.
• Targets for focal VF are premature ventricular complex (PVC)
triggers preceded by Purkinje potentials or from the ventricular
outflow tract or papillary muscle.

• P
 reoperative imaging such as computed tomography scan or
magnetic resonance imaging may help guide the mapping
strategy. Special equipment includes an electroanatomic mapping
system, which is necessary to construct a 3-dimensional
rendering of ventricular geometry and scar location; irrigated-tip
radiofrequency ablation catheter, which is optimal for mapping
and ablation; intracardiac echocardiography, which may facilitate
transseptal access to perform transmitral left ventricular mapping
and monitoring of complications such as cardiac tamponade;
and a percutaneous left ventricular assist device to optimize
hemodynamic status.
• Sources of difficulty include epicardial and intramyocardial VT
circuits, and for VF ablation, PVC triggers that are difficult to induce.

INTRODUCTION

(post-MI). In the majority of patients with structural heart disease,
the pathogenesis of VT is reentry in the area of scarred myocardium.
Although most commonly seen in patients with a prior myocardial
infarction (MI), VT may occur in any disease process that results in
myocardial scar.4,5 Scar-related reentrant VT has been described in
patients with dilated cardiomyopathy (DCM), arrhythmogenic right
ventricular cardiomyopathy/dysplasia, hypertrophic cardiomyopathy, sarcoidosis, and following cardiac surgery such as in correction
of tetralogy of Fallot.6–12 The techniques used for catheter ablation of
scar-related VT have evolved from our understanding of post-MI VT
and the surgical experience in this population.

A parsimonious approach to catheter ablation of ventricular tachycardia
(VT) is performed using classic methods of activation and entrainment
mapping during arrhythmia to identify the critical isthmus during VT
and minimize the number of ablation lesions. However, hemodynamic
instability during VT often limits the extent to which these methods can
be used. Approximately 33% of patients will have exclusively hemodynamically stable VTs induced at the time of electrophysiology study.1,2
The vast majority (∼66%) will have at least one hemodynamically unstable VT induced, preventing detailed entrainment or activation mapping.
Even in those patients who have a mappable stable VT, it is almost invariably true that other unstable (that is, “unmappable”) VTs can also be
induced. This is not surprising when one considers that the arrhythmogenic substrate is not a simple single circuit, but rather an extensive sheet
of surviving myocardial fibers in a bed of scar tissue with multiple potential entry and exit points—allowing for different reentrant paths (that is,
different VTs) to be operative at any given time (Fig. 32.1).3 From a procedural perspective, it may be most appropriate to regard this substrate as
a mass of arrhythmogenic tissue with multiple tracts of surviving tissue
traversing through scar—many, or perhaps even all, of which might be
appropriate to target for ablation to completely eliminate VT. For other
cases, the presenting arrhythmia may be ventricular fibrillation (VF),
which is intrinsically unstable. In this chapter, we discuss techniques that
can be applied for catheter ablation of unstable VT and for VF.

PATHOPHYSIOLOGY OF SCAR-RELATED
VENTRICULAR TACHYCARDIA
The techniques for ablation of VT rely on principles developed from
studies that characterized the VT substrate postmyocardial infarction

The Anatomic Substrate of Postmyocardial Infarction
Ventricular Tachycardia

After an MI, the tissue can be broadly divided into three zones: the
dense scar, the surrounding live myocardial tissue, and the intervening “border zone.” It is important to note that this border zone is not
necessarily physically located only at the periphery of the scar, but is
rather located at any of the interfaces between the normal tissue and
dense scar. In this border zone, electrically-active live myocardial
fibrils are interspersed among the bed of infarcted, fibrotic tissue.
These fibrils are characterized by abnormal electrophysiologic properties including slower conduction velocity and decreased cell-to-cell
electrical coupling (e.g., because of altered Connexin 43 activity at the
gap junction).13,14 As with reentrant circuits located in other regions of
the heart, the initiation of VT is dependent on the development of unidirectional block and slow enough conduction to allow the recovery of
excitability of the initially blocked region to initiate a self-perpetuating
reentrant circuit. The initiators of scar-related VT are not well understood. Presumably, a well-timed premature beat or series of premature
beats arise as a result of triggered activity from discrete regions of the
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Fig. 32.1 The substrate for ventricular tachycardia (VT) in postmyocardial infarction (post-MI) patients. Instead
of a single bundle of myocardium forming the tachycardia circuit (A), surgical mapping studies of post-MI VT
have revealed an extensive sheet of surviving myocardial fibers linked in the subendocardium through multiple “entrance” and “exit” points (B, C). This accounts for multiple potential reentrant paths (that is, different
VT morphologies) at different times all originating from the same mass of infarcted tissue. (From Downar E,
Kimber S, Harris L, et al. Endocardial mapping of ventricular tachycardia in the intact human heart. II. Evidence
for multiuse reentry in a functional sheet of surviving myocardium. J Am Coll Cardiol. 1992;20(4):869-878.)

heart, and this allows for the unidirectional block and slow conduction
required to initiate reentrant VT.
Once initiated, to maintain the reentrant circuit, the wavelength of
the tachycardia circuit must be short enough, or the path of myocardial
circuit long enough such that the wave front is constantly encountering
excitable tissue. This can occur because of either (1) an anatomicallydetermined circuit of the appropriate length or (2) a partial anatomic
barrier combined with a functional barrier. For example, a functional
barrier may result from ischemia, electrophysiologic changes resulting from treatment with antiarrhythmic drugs, or electrolyte and pH
changes (Fig. 32.2). The anatomic compartmentalization combined
with altered cell-to-cell electrical coupling of the diseased tissue sets
the stage for local micro- (or macro-) reentrant circuits that result in
VT and have the potential to culminate in VF.

Surgical Experience With Postmyocardial Infarction
Ventricular Tachycardia

The approach to ablation of unstable VTs developed directly from the
extensive experience since the late 1970s with surgical modification of
the arrhythmogenic substrate in post-MI patients. Because the reentrant circuit is most often located in the subendocardium at the junction of normal and scarred myocardium, the initial surgical experience
with simple aneurysmectomy was disappointing.15,16 However, two
effective general strategies were developed over time: (1) subendocardial resection—involving surgical removal of the subendocardial layer
containing the arrhythmogenic substrate in this border zone;17–19 and
(2) encircling endocardial ventriculotomy—consisting of the placement of a circumferential surgical lesion through the border zone, presumably interrupting potential VT circuits.20,21 Because of its distinct

advantage in destroying myocardial cells without disrupting the fibrous
stroma, cryoablation has also been used both as a stand-alone intervention during surgery, and as an adjunct to subendocardial resection. Encircling cryoablation is an efficacious procedure incorporating
cryoablation into the concept of an encircling endocardial ventriculotomy.22,23 When performed at experienced centers, the long-term freedom from malignant VT/VF after surgery is more than 90% (Fig. 32.3).
It is interesting to note that in the initial surgical experience, intraoperative mapping was performed to help guide the surgical resection. After open surgical bypass, multielectrode plaques were used to
precisely identify the origin of the VT. This area of endocardium was
either surgically removed, or surgically transected using a scalpel blade.
However, VT surgery then evolved such that in many cases, equivalent
results were obtained by visualizing the scar and either simply resecting
it, or by placing surgical cryoablation or laser ablation lesions along
its border.21–23 These “empiric” lesions are thought to eliminate critical
portions of the circuit and thus render VT noninducible (Fig. 32.4).
The effect of arrhythmia surgery on the myocardial substrate was
examined in a study of 18 patients undergoing successful subendocardial resection procedures.24 These patients had all previously sustained
anterior wall MIs and manifested multiple morphologies of drugrefractory monomorphic VT. During the operative procedure, a
20-electrode rectangular plaque array was used to obtain electrical data
from the apical septum during VT as well as during normal sinus rhythm
immediately before and immediately after resection of subendocardial tissue (Fig. 32.5). Electrograms (EGMs) could be compared from
298 of 360 (83%) of the electrodes. Before resection, split EGMs were
present in 130 (44%) and late potentials in 81 (27%) of the recordings.
However, the postresection recordings revealed a complete absence of
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Fig. 32.2 The importance of the excitable gap to maintain a reentrant tachycardia circuit. A, The wave front
traverses within the scarred tissue along a surviving tract of myocardial tissue. Conduction through this
pathway is slow because of a number of potential factors including the arrangement of the myocardial fibers
(side-to-side instead of end-to-end), alterations in gap junctions between myocardial fibrils, a meandering path
of the tract, and slow conduction velocity at certain regions (e.g., areas of extreme wave front curvature).
The wavelength of the circuit is short enough that the leading edge of the wave front constantly encounters
excitable myocardial tissue. This “excitable gap” allows the circuit to perpetuate and manifest as ventricular
tachycardia (VT). B, The wavelength of the tachycardia circuit is longer than the tissue tract that it must follow.
The leading edge of the wave front encountered refractory tissue so the circuit extinguished, and VT was
not maintained. C, However, functional block can supervene in certain situations such as ischemia, increased
heart rates, administration of drugs that alter conduction velocity or ventricular repolarization, electrolyte
changes, acid-base imbalances, etc. In this situation, the combination of functional block to the preexisting
anatomical block creates an excitable gap, allowing for sustained VT.

Fig. 32.3 Surgical substrate modification to eliminate ventricular tachycardia (VT). The border between the
normal and infarcted/aneurysmal wall contains a stylized VT circuit—predominantly endocardial, and partially intramural. The surgical procedures, subendocardial resection and ventriculotomy, are thought to either
remove or transect critical endocardial portions of the VT circuit, respectively. During catheter ablation, the
border zone is mapped using the electroanatomic mapping system, the putative exit site of the VT is identified by pace mapping, and catheter-based linear lesions are placed in an attempt to interrupt the circuit.
Because mapping is performed during sinus rhythm instead of during VT, this allows for greater patient
safety and comfort. (Modified from Miller J, Rothman SA, Addonizio VP. Surgical techniques for ventricular
tachycardia ablation. In: Interventional Electrophysiology. Baltimore, Md: Williams & Wilkins; 1997:641–684.)

the split EGMs, as well as elimination of all of the previously recorded
late potentials. The mean EGM duration decreased from 112 ± 38 to 65
± 27 ms, primarily caused by the loss of these split and late potentials.
Histologic studies revealed that the subendocardial tissue removed in
this procedure contains bundles of surviving muscle fibrils separated

by dense connective tissue. These data suggest that the direct effect of
the subendocardial resection procedure is to eliminate the tissue containing these abnormal EGM components.
The surgical experience provided several important lessons that are
relevant for modern catheter ablation of VT: (1) critical portions of the
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Fig. 32.4 Electroanatomic mapping of the effect of arrhythmia surgery. A, Left ventriculography reveals
a large inferobasal aneurysm in the setting of three-vessel coronary artery disease and clinical ventricular
tachycardia (VT). During a presurgical electrophysiology study, programmed ventricular stimulation revealed
easily-inducible VT. B, Left ventricular (LV) electroanatomic mapping was performed during sinus rhythm. The
bipolar voltage amplitude maps shown in right anterior oblique caudal (left) and left lateral-caudal (right) projections reveal a large inferobasal aneurysmal scar with electrograms containing abnormal fractionated and
late potentials (not shown). C, During surgery, the LV was opened through the aneurysm, the aneurysm was
resected, cryoablation was applied to the margins of the scar, and the ventricle was closed with the support
of a patch. D, Months after the surgery, a repeat electrophysiology study revealed (1) a smaller homogeneous
scar without evidence of fractionated and late potentials (right posterior oblique and inferior projections on left
and right, respectively); (2) a more favorable ventricular geometry without an aneurysmal component; and (3)
no inducible VT with programmed ventricular stimulation. The color range is set such that purple represents
normal tissue (>1.5 mV), red the most severely disease tissue (<0.1 mV), and gray represents pure scar with
no identifiable electrical activity. AV, Aortic valve; MV, mitral valve.

VT circuit reside on the endocardial surface of the scar (allowing access
via a percutaneous endoluminal approach); (2) the majority of VTs exit
from the border of the scarred myocardium; (3) during normal sinus
rhythm, the “anatomy” of the scar can be delineated by certain criteria
distinguishing abnormal endocardial EGM—low voltage amplitude,
prolonged EGM duration, and the presence of late potentials;25 and (4)
empiric disruption of the arrhythmogenic substrate containing these
abnormal fractionated, discrete, split or late potentials in this “border
zone” area can eliminate VT.

Other Scar-Related Ventricular Tachycardias
Reentrant VT also occurs from myocardial scar in the setting of other
forms of cardiac pathology such as dilated cardiomyopathy (DCM).
Histologic studies of myocardial tissue from patients with DCM have
revealed multiple patchy areas of interstitial and replacement fibrosis
and myofibrillar disarray with variable degrees of myocyte hypertrophy and atrophy.26 A necropsy study in patients with idiopathic DCM
revealed that despite a relative paucity of visible scar (14%), a high incidence of mural endocardial plaque (69%–85%) and myocardial fibrosis
(57%) was found.27 As with post-MI VT, the mechanism of VT related
to DCM is also most commonly reentrant and is related to scarred

substrate. Unlike post-MI scar, there is no predilection for an endocardial location. Delayed contrast enhanced magnetic resonance imaging
(MRI) has demonstrated that scar in DCM may also be found in the
epicardium and midmyocardium.28–31 Therefore a combined epicardial and endocardial ablation is often necessary to successfully abolish
VT. In addition, in our experience, and that of other investigators, by
electroanatomic mapping, the scar tends to be predominantly localized to the basal regions of the left ventricle (LV) and ventricular septum.6,32–34 Clinical studies of VT mapping and ablation in the setting
of DCM have revealed that a substrate-based approach is also useful to
eliminate these arrhythmias.6,32–37

MAPPING THE VENTRICULAR TACHYCARDIA
SUBSTRATE
In translating the previous experience with models of VT and the surgical experience into clinical benefit, Marchlinski and colleagues examined the use of electroanatomic mapping in a seminal study involving
patients with drug-refractory unstable VT.38 In this study, they demonstrated that after identifying the infarcted myocardium based on bipolar voltage amplitude criteria, catheter-based radiofrequency (RF)
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Fig. 32.5 The electrophysiologic effect of subendocardial resection surgery. Recordings were made using
a 20-bipole plaque array (A) before and (B) after resection as well as after replacement of (and recording
through) the resected tissue specimen (C). The dotted line in (A) denotes the end of the QRS complex.
The split and late electrogram (EGM) components (arrows) before resection are absent in the postresection
recordings. In addition, most channels show an increase in amplitude of the remaining early EGM component, which maintains the same general morphology as before resection. After replacement of the specimen,
these early EGMs appear similar to those obtained before resection, but note the absence of split and late
electrograms (channels 5 and 20 did not record properly). (From Miller JM, Tyson GS, Hargrove WC, 3rd,
Vassallo JA, Rosenthal ME, Josephson ME. Effect of subendocardial resection on sinus rhythm endocardial
electrogram abnormalities. Circulation. 1995;91(9):2385-2891.)
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ablation lesions directed in a linear fashion were able to reduce VT
in nine post-MI patients. Since this important work, further studies
have demonstrated that (1) a substrate-mapping strategy can be used
to localize the arrhythmogenic substrate in the majority of patients
with a history of MI and sustained ventricular tachyarrhythmias and
(2) RF catheter ablation can be effectively and safely used to modify the arrhythmogenic substrate to render VT noninducible even in
the presence of multiple hemodynamically-unstable VT morphologies.39–43 Common to all of these studies is the concept of substrate
mapping—that is, delineation of the infarcted myocardium based upon
local EGM criteria.

Defining the Scar With Electroanatomic Mapping
Definition of the ventricular scar and the arrhythmogenic areas in
and around the scar with electroanatomic mapping is critical to
understanding potential sites for ablation (Table 32.1). Based on surgical mapping studies in patients with post-MI VT, there are several
EGM characteristics during sinus rhythm that help to distinguish
abnormal myocardial tissue, including low voltage amplitude, prolonged EGM duration, and fractionation with late and split potentials
(Fig. 32.6).24,25 Most electroanatomic maps today delineate abnormal

Substrate-Based Ventricular
Tachycardia Ablation
TABLE 32.1

Programmed Stimulation: Characterize Target VTs
• Obtain 12-lead ECG from spontaneous or induced VTs
• Pacing from two RV sites or RV and LV sites; 2 cycle lengths; rapid pacing
• Pacing from within the scar
• Catalogue bundle branch morphology, axis, precordial transition, and cycle
length for all VTs

ventricular tissue using a peak-to-peak bipolar EGM amplitude cutoff of 1.5 mV (Fig. 32.7). This is largely based on the study by Marchlinski et al. that measured left and right ventricular bipolar voltage
in six patients without structural heart disease (average age 37 years,
five men).38 The distribution of bipolar EGM signals measured with
a 4-mm-tip catheter showed that 95% were greater than 1.55 mV. A
subsequent study in seven patients with structurally normal hearts
that measured LV EGM amplitude with a 4-mm-tip catheter corroborated these findings.39
Bipolar voltage amplitude values lower than 0.5 mV are typically
arbitrarily defined as dense scar, and values between 0.5 to 1.5 mV as
abnormal tissue, which represents the border zone (Table 32.2). This
tissue often contains surviving fibrils that can be identified as split/
late potentials in sinus rhythm or mid-diastolic potentials during VT.
Imaging studies using contrast enhanced computed tomography (CT)
combined with positron emission tomography (PET) and MRI have
evaluated and largely validated this classification based on bipolar voltage amplitude criteria.44–50 However, it is important to keep in mind
that the commonly used threshold for abnormal bipolar EGM amplitude is empirically derived and not necessarily reflective of histologic
scar in a particular patient. Numerous factors may affect EGM features
during an individual case, including angle of the electrical wave front
compared with the catheter, electrode size, interelectrode spacing, and
signal filtering. Patient-specific factors such as ventricular hypertrophy
may call for upward adjustment of the cutoff values used for abnormal
EGMs.51 Chronic pacing could also affect bipolar EGM amplitude, and
a study in 11 post-MI patients revealed that 8% of sites had a bipolar
EGM amplitude that was “reclassified” from abnormal (≤1.5 mV) to
normal (>1.5 mV) or vice versa when alternating between ventricular
and atrial pacing.52 Although substrate maps generated using standard

Electroanatomic Mapping: Delineate Scar Substrate
• Voltage range of 0.5–1.5 mV (dense scar <0.5 mV, abnormal 0.5–1.5 mV,
normal >1.5 mV)
• Fill threshold of at least 10 mm in scar region
• Collect >150 points in the chamber (greater point density in scar region)
• Annotate sites with fractionated, late/isolated potentials, LAVA, and long
stimulus–QRS times with pacing
Targeting and Ablation
Defining Sites for Ablation
• VT exit site identification – with pace mapping at scar border with a ≥
10/12 match to VT; early activation during brief VT induction

A

• Entrainment mapping during brief VT induction
• Stimulus-QRS interval > 40–70 ms (latency)
• Late/isolated potentials, fractionated potentials, LAVA
RF Ablation
Irrigated catheter: 10–15 Ω impedance drop, power of 25–50 W, 60–120 s
duration
• VT exit sites – ablation of these sites
• Crossing lesions parallel (along scar border) and perpendicular to scar at
exit (extending into the scar)
• Conduction channels within scar – defined by brief entrainment mapping;
latency; late/isolated potentials; LAVA
ECG, Electrocardiogram; LAVA, local abnormal ventricular activity; LV,
left ventricle; RF, radiofrequency; RV, right ventricle; VT, ventricular
tachycardia.

B

C

Fig. 32.6 Abnormal electrograms (EGMs). A, An example of a normal
EGM is recorded from a catheter placed at the right ventricular apex
(RVA); it is characterized by high amplitude, short EGM duration, and no
electrical activity noted after the end of the QRS complex (red line). On
the mapping catheter, the EGM is low amplitude, fractionated, and also
has a late component that continues past the end of the QRS complex.
B, A late potential is shown on the mapping catheter. There is a sharp
component that is after the end of the QRS complex (red line). C, When
pacing from a location at which a late potential was recorded, there is a
delay between the timing of the stimulus to the beginning of the QRS
complex (red line). This latency represents the time required for the
wave front to traverse from the surviving myocardial tissue within the
infarct to the normal myocardium.
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Fig. 32.7 Substrate mapping of the left ventricular (LV) endocardium. Electroanatomic mapping of the LV in this
patient revealed a large anterior and apical myocardial infarction based on bipolar voltage amplitude. A, Right
anterior oblique projection; B, left anterior oblique; C, left lateral; and D, inferior views. The color range in the
bipolar voltage are 0.5–1.5 mV; purple and red represent normal and severely diseased tissue, respectively.

TABLE 32.2

Sinus Rhythm Electrogram Characteristics for Substrate Ablation

Feature

Definition

Dense scar

Bipolar voltage amplitude <0.5 mV

Low Voltage/Abnormal

Bipolar voltage amplitude ≥0.5 and ≤1.5 mV

Normal tissue

Bipolar voltage amplitude >1.5 mV

Fractionated

Low amplitude (<0.5 mV), long duration (≥133 ms), an amplitude/duration ratio of ≤0.005, multiple components without an isoelectric
interval.

Late or Isolated Potential

Occurs after termination of surface QRS complexes and separated from the ventricular electrogram by an isoelectric interval of >20 ms

Local Abnormal Ventricular
Activity (LAVA)

A broad category of abnormal electrograms that includes late/isolated potentials and fractionated electrograms. Also includes abnormal electrograms in which local and far-field components are merged and coincident with QRS complex. Separation and delay of the
local electrogram can often be achieved with pacing and may represent ventricular tachycardia isthmus sites.
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Fig. 32.8 Abnormal unipolar voltage map in a patient with nonischemic cardiomyopathy. A, In this patient with
nonischemic cardiomyopathy and recurrent ventricular tachycardia (VT), the endocardial bipolar voltage map
of the left ventricle (LV) (left anterior oblique view) displayed normal voltage. However, there was a location
(black point) with normal bipolar voltage and a late potential (arrow). B, The unipolar voltage map (left anterior
oblique view) shows an abnormal voltage lower than 8.3 mV over the lateral wall of the LV suggesting the
presence of intramyocardial and epicardial scar. C, Indeed the epicardial bipolar voltage shows a large anterior
and lateral wall scar. Substrate-based ablation was performed epicardially. As the phrenic nerve (blue points)
coursed through the area of scar, a balloon catheter was placed epicardially to separate the ablation catheter
from the phrenic nerve during ablation. The color range in the bipolar voltage is 0.5–1.5 mV; purple and red
represent normal and severely diseased tissue, respectively. The color range in the unipolar voltage is 0–8.3
mV; purple represents normal tissue. Black points, late potentials; pink points, fractionated potentials; green
points, pace mapping sites; red points, ablation sites; blue points, sites of phrenic nerve capture with pacing.

definitions of bipolar EGM amplitude generally provide robust representations of the infarct morphology, it is important to allow for flexibility in scar definitions based on the characteristics of a particular
case.
In some patients, scar may be mainly midmyocardial and the bipolar voltage maps from the endocardium and epicardium may underestimate the amount of scar, or on occasion may display completely
normal voltage. Endocardial unipolar EGM amplitude is helpful to
identify the presence of intramural or epicardial substrate.53–56 The
presence of intramural or epicardial scar is suggested by the presence
of an endocardial unipolar voltage lower than 8.3 mV in the left ventricle and lower than 5.5 mv in the right ventricle (Fig. 32.8). Endocardial
unipolar voltage maps may be used as a surrogate for bipolar voltage
maps to identify scar and together with pace mapping can be used to
identify VT exit sites to guide ablation (Fig. 32.9).
Mapping based on bipolar EGM duration (using the electroanatomic mapping system’s double annotation function) has also proven

to be capable of delineating the scarred myocardium (>50 ms or >100
ms in porcine and human ventricles, respectively).57 Because one must
manually annotate the points to generate an EGM duration map, the
practical utility of this approach may be limited. However, it is of interest that certain points that appear to be of artifactually-low voltage
amplitude because, for example, of poor catheter–tissue contact, are
often shown to be of normal EGM duration.57 We do not routinely perform EGM duration maps; however, the information is often used to
help determine the validity of low amplitude signals during 3-dimensional bipolar voltage mapping. It is also important to note that any
single mapped site with voltage amplitude greater than 1.5 mV (or
EGM duration <50 ms or <100 ms in porcine and human ventricles,
respectively) is not necessarily normal. However, although such a site
may be incorrectly identified as normal (or abnormal) based on EGM
criteria, constructing a map using a large number of locations has the
effect of minimizing the effects of these “outliers” and identifying the
scar and border zone in a clinically useful manner.
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Fig. 32.9 The utility of unipolar voltage maps in guiding radiofrequency ablation. A, Pacemapping identified
an area (blue point, white circle) that had a good pace match to the clinical ventricular tachycardia (VT). The
endocardial and epicardial bipolar voltage in this area was normal (left lateral views). However, radiofrequency
ablation (red points) was performed endocardially because of the good pace match and abnormal unipolar
voltage in this region B, The endocardial unipolar map (left lateral view) shows that this area was abnormal
because of the presence of a voltage lower than 8.3 mV. Presumably, the myocardial scar was intramyocardial
rather than endocardial or epicardial. The color range in the bipolar voltage are 0.5–1.5 mV; purple and red
represent normal and severely diseased tissue, respectively. The color range in the unipolar voltage are 0–8.3
mV; purple represents normal tissue. Pink points, fractionated potentials; green points, pace mapping sites;
red points, ablation sites

Pace Mapping for Ventricular Tachycardia Exit Sites
By definition, a reentrant rhythm is always depolarizing some quantity
of myocardial tissue. Because the small mass of myocardial tissue in
the protected myocardial channels within the scar contribute negligibly to the surface QRS, the QRS complex of a VT initiates when the
wave front of activation emanates from the border of the scar. Accordingly, once the myocardial scar is defined, a brief examination of the
surface QRS morphology of the target VT(s) can generally regionalize the VT exit site to a scar border.58,59 The vast majority of VTs in
the setting of structural heart disease originate from the left ventricle.
Accordingly, a left bundle branch block-like morphology in lead V1
indicates that the VT is exiting from the LV septum, or very rarely,
from the right ventricle proper.60 The remaining VTs exiting from
other regions of the left ventricle typically have a right bundle branch
block morphology in lead V1. However, it should be noted that a right
bundle branch morphology VT can still have a septal exit site—a situation in which the frontal plane axis is typically leftward (positive in
leads I and aVL).
The electrocardiogram (ECG) frontal plane axis can help differentiate an anterior versus inferior exit; the former is characterized by an
inferiorly directed QRS axis with positive complexes in leads II, III, and
aVF, and the latter is characterized by a superiorly directed QRS axis

(negative II, III, and aVF). An apical exit is characterized by predominantly negative QRS complexes in the precordial leads, while basal exit
sites tend to be predominantly positive in these leads. Although these
rules are helpful, a number of factors can influence the QRS complex
in any given patient including the size and location of the myocardial
scar, the orientation of the heart in the thorax (horizontal vs. vertical),
and intrinsic conduction system disease that can modify the wave front
of activation.
Based on the ECG morphology of the VT, pace mapping is performed at the suspected border(s) of the scar during normal sinus
rhythm to precisely localize the exit point. Unlike during VT, pacing
during sinus rhythm results in omnidirectional spread of activation—
which one may expect to result in a different paced-QRS morphology
than the VT-QRS morphology even when pacing from the proper
exit site. However, the optimal paced-QRS morphology is often only
slightly different than the target VT-QRS morphology (Fig. 32.10).
This is likely because when pacing at a scar border, activation proceeding into the scar is slower and contributes little to overall ventricular activation when compared with the “orthodromic” wave front
that rapidly emanates in the opposite direction into normal tissue.
Not surprisingly, less optimal matches of the pace map exit sites are
found when pacing along the borders of smaller scars as opposed to
larger scars.
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Fig. 32.10 Pace mapping along scar border to identify ventricular tachycardia (VT) exit sites. Electroanatomic
mapping of the left ventricular endocardium in a patient with prior anterior myocardial infarction was performed.
The bipolar voltage maps demonstrated a large anterior, septal, and apical scar (middle upper panel—superior
left anterior oblique projection, middle lower panel—left lateral projection). Pace mapping was performed
along the scar border to identify exit sites for two VTs (VT1, VT2). Pacing at the superior anteroseptal portion
of the scar identified an excellent pace match to VT1 (middle upper panel—red circle, green point). Pacing from
the lateral basal aspect of the scar yielded a good pace match to VT2 (middle lower panel—red circle, green
point). These sites were subsequently ablated as they represented exit sites for the VTs. The color range in
the bipolar voltage are 0.5–1.5 mV; purple and red represent normal and severely diseased tissue, respectively.
Black points, late potentials; pink points, fractionated potentials; red points, ablation sites.

Pace mapping is also affected by the rate, stimulus strength, and
electrode polarity during pacing. At faster pacing rates, the “antidromic” wave front of activation into the scar may contribute less to
the QRS morphology than during slow pacing. In addition, ventricular repolarization may fuse into and modify the QRS morphology
during faster pacing rates. Because it is difficult to predict the effect
of these variables, pacing is ideally performed at a rate similar to the
target VT rate. By presumably capturing more distant (that is, farfield) tissue, increasing the stimulus strength can also affect the QRS
morphology. We typically start pacing at low output and increase the
output until several QRS complexes are captured in succession. It
is interesting to note that if multiple QRS morphologies are seen at
varying outputs, this is indicative of a protected region (or channel)
of tissue. That is, at the lower output, only this region is captured
by pacing, whereas at a higher output, the far-field tissue is also
captured. In the ideal situation, pacing would be performed using
unipolar pacing so that only the distal electrode can stimulate the
myocardium and one can avoid inadvertent pacing by the proximal
electrode. But unipolar pacing typically results in a larger stimulus
artifact that can preclude accurate QRS morphology interpretation.
And from a practical perspective, it is unusual for bipolar and unipolar pacing to be of markedly different morphologies—likely because
the ablation catheter is typically not parallel to the tissue surface
resulting in the proximal electrode not being in contact with the
tissue.

Imaging to Characterize the Ventricular
Tachycardia Substrate

When using cardiac imaging to identify locations with structural characteristics that suggest sites of origin for VT, the distribution and magnitude of myocardial scar is typically the most useful information to
be gained. Cardiac magnetic resonance is well-suited to identify scar
based on its spatial, temporal, and contrast resolution. Both severe wall
thinning and greater magnitude of scar according to delayed contrast
enhancement correspond with lower voltage areas defined by electroanatomic mapping,61,62 and critical isthmus sites for VT ablation have
been shown to correlate with MRI-defined scar in ischemic cardiomyopathy63 and nonischemic cardiomyopathy.30 MRI may be especially
helpful to identify VT substrate that is mid-myocardial or epicardial. In
a study of 77 patients with scar-related VT, MRI identified septal or epicardial scar in 43% of patients with nonischemic cardiomyopathy and
in 6% of ischemic cardiomyopathy patients.64 Among the 11 patients
with subepicardial scar according to the pattern of hyperenhancement,
all underwent successful ablation at an epicardial site. A major advantage of MRI is the lack of ionizing radiation. However, its use remains
limited in many patients with implantable defibrillators, who comprise
a large proportion of patients for VT ablation. Specifying the amount
of signal intensity by contrast enhancement and the amount of wall
thinning that corresponds to scar depends on parameters set during
processing of the study, so that assessments of scar magnitude are generally not comparable between patients.65
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Multidetector computed tomography (MDCT) has outstanding spatial resolution, approximately 0.5 to 0.625 mm,66 and can be
used to delineate important landmarks such as the coronary arteries
and the phrenic nerve before ablation procedures.67 This modality
has also been applied to identification of substrate for VT ablation,
particularly among patients with implanted devices that preclude
MRI.46 Areas with wall thickness less than 5 mm detected by contrastenhanced MDCT are correlated with voltage lower than 1.5 mV by
electroanatomic mapping, especially on the endocardial surface.68
More severe wall thinning less than 2 mm is sensitive and specific for
transmurality of VT substrate, such that late and fragmented potentials
appear on the endocardium in patients with postmyocarditis cardiomyopathy and on the epicardium in patients with ischemic cardiomyopathy.69 Hybrid imaging with PET/CT has been used to augment scar
localization,44,47 and delayed-enhancement imaging may significantly
increase the sensitivity of MDCT for detection of scar according to
electroanatomic mapping.70
Intracardiac echocardiography (ICE) has a unique role during VT
ablation because it is used real-time, typically through an 8 or 10 F
ultrasound catheter positioned in the right atrium or right ventricle.71
ICE has been used to identify the location and degree of transmurality
associated with myocardial scar. One study of 17 patients with scarrelated VT showed a high correlation between scar area according to
wall motion abnormalities by ICE and areas identified with electroanatomic mapping.72 Increased echo intensity by ICE imaging has also
been shown to identify scar,73 even differentiating epicardial scar on
the LV lateral wall.74

ABLATION STRATEGIES BASED ON
SUBSTRATE MAPPING
Once the arrhythmogenic substrate has been defined, a number of
different ablation strategies can be used. These are not necessarily
mutually exclusive, although studies have generally focused on a single
approach and therefore we describe them individually.
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Linear Lesions
This approach, first described by Marchlinski and colleagues,38
involves identifying a VT exit site using standard pace mapping.
Then linear lesions are placed using one of a number of strategies:
(1) extending from the “dense scar” (defined as <0.5 mV) to anatomic boundaries or normal myocardium; (2) extending along the
borders of the scar traversing centering on these optimal pace sites
(Fig. 32.11); or (3) a pair of crossing linear lesions extending from
the exit site into the scar and the other along the border of the scar.
Lesions are typically applied at one spot until one of the following
criteria is realized: (1) a decrease of the contact impedance by 10 to
15 Ω; (2) a reduction in the EGM voltage amplitude by at least 75%;
or (3) doubling of the pace-capture threshold after ablation. The
initial clinical experience with this technique was reported in 16
patients with unmappable VT, among whom 75% were free of VT
after median follow-up 8 months.38 Soejima et al. reported on their
experience with linear lesions in 40 patients with monomorphic VT
associated with prior MI40. Abolition of inducible VT was achieved
in more than 50% of patients, and linear ablation that included the
isthmus of the scar as determined by entrainment mapping was
associated with more frequent abolition of inducible VT compared
with ablation that involved sites identified by pace mapping. The
randomized Substrate Mapping and Ablation in Sinus Rhythm to
Halt Ventricular Tachycardia (SMASH-VT) study assigned 128
patients with ischemic heart disease and defibrillators for spontaneous VT either to catheter ablation or to no study therapy.39 The
ablation strategy involved linear bisecting lesions, one extending
from the exit site as determined by pace mapping to the center of
the substrate and a second line of ablation along the scar border
perpendicular to the first. After 2 years follow-up, 12% of patients
in the ablation group and 33% in the control group received at least
one episode of appropriate implantable cardioverter-defibrillator
(ICD) therapy, defined as either shocks or antitachycardia pacing
(hazard ratio [HR], 0.35; 95% confidence interval [CI], 0.15–0.78;
P=.007).

Fig. 32.11 Ablation along scar border at ventricular tachycardia (VT) exit site identified by pace mapping. A
sinus rhythm bipolar voltage map of the left ventricle (LV) in a left anterior oblique projection is shown (left).
The patient had a large scar extending from the mid-anterior wall to the apex and septum. A hemodynamically
unstable VT was repeatedly induced that was pace terminated (right). Pace mapping was performed along the
scar border to identify the VT exit site. Pacing at the anterior and superior portion of the scar identified a site
(green point) with an excellent pace match to the VT (middle). Ablation (red points) was performed along the
scar border rendering the VT noninducible. The color range in the bipolar voltage are 0.5–1.5 mV; purple and
red represent normal and severely diseased tissue, respectively.
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may serve as VT isthmus sites. However, the specificity of conduction
channels alone predicting VT isthmus sites was low but was markedly
improved when the channels contained late potentials. Therefore any
conduction channels containing late potentials are excellent targets for
ablation.84 Ablation at the entrance of conducting channels based on
earlier late potentials has been demonstrated to eliminate remote late
potentials,85,86 and the scar “dechanneling” technique has been shown
to achieve noninducibility of VT in 101 consecutive patients with
scar-related VT.87
However, fractionated and late EGMs are underappreciated during
sinus rhythm. One potential reason is that overlapping of EGMs or a
particular orientation of a line of block with respect to the activation
wave front may preclude the identification of multiple components
during sinus rhythm. The sensitivity of identifying these components
during catheter mapping can be increased by changing the propagation
wave front during catheter mapping by right ventricular pacing or LV
pacing. From a practical perspective, this can be accomplished by pacing whenever the EGM at the site being mapped is suggestive for but
does not conclusively identify a late potential site.

Local Abnormal Ventricular Activity Ablation

A

B

Fig. 32.12 Ablation of a late potential during sinus rhythm. A, In a
patient with sustained monomorphic ventricular tachycardia (VT), mapping within an area of scar in sinus rhythm identified late potentials
(arrows) on the ablation catheter distal (ABL D) and proximal electrodes
(ABL P). The late potential is clearly seen on ABL D, but is very small
on ABL P. B, Ablation at this site abolished the late potentials on both
channels. ABL D, Ablation catheter distal electrodes; ABL P, ablation
catheter proximal electrodes.

Ablation of Late Potentials/Dechanneling
EGMs with late activation and prolonged duration are strongly
correlated with VT circuits.75,76 This criterion requires recording
low-amplitude, high-frequency EGMs with multiple components of
prolonged duration (fractionated potential) or a component recorded
after the surface QRS that is separated by an isoelectric segment (late
potential), similar to the EGMs recorded at the central common
pathways, inner loops, or adjacent bystander locations. Fractionated
potentials have a voltage amplitude lower than 0.5 mV, a duration of
133 ms or more, and an amplitude/duration ratio of 0.005 or more,
whereas late potentials have a low amplitude signal that is separated
from the ventricular EGM by an isoelectric segment of more than
20 ms (Fig. 32.12).25,77–80 Late potentials may also be referred to as
isolated potentials (see Table 32.2). These late/isolated potentials are
particularly interesting in that they are thought to represent candidate
sites for critical portions of VT circuits and are excellent targets for
ablation.42,79,81 One of the more recent studies of this approach by Vergara et al. demonstrated among 50 patients with ischemic or idiopathic
DCM and late potentials by electroanatomic mapping, that VT recurrence was 9.5% among the 42 patients who had complete abolition of
late potentials versus 75% among the 8 patients with incomplete abolition.82 Of note, the original cohort for this study included 64 patients,
but 14 had no late potentials detected during mapping.
Conduction channels within myocardial scar may also be identified
by the relatively higher voltage in these areas compared with surrounding tissue.83,84 Decreasing the bipolar voltage definition of dense scar
below 0.5 mV may delineate conduction channels within the scar that

Jaïs and colleagues described a substrate-based ablation approach based
on EGMs having local abnormal ventricular activity (LAVA).88 EGMs
demonstrating LAVA are defined as sharp high-frequency potentials
occurring during or after the far-field EGM during sinus rhythm. At
times these signals have multiple components or late/isolated potentials, but also include EGMs where local electrical activity is merged
with far-field ventricular activity or inscribed in the QRS complex.
With programmed ventricular stimulation or with ventricular pacing
at varying outputs, the local EGM can be delayed and separated from
the far-field component consistent with delayed conduction to the area
(Fig. 32.13). These areas may serve as potential conduction channels
for VT circuits and were targeted with ablation in a study of 70 patients
with structural heart disease and VT (80% ischemic). During median
follow-up of 22 months, complete elimination of LAVA was achieved in
70% and associated with a lower rate of death and recurrent VT (45%)
compared with when LAVA was partially eliminated (80%).

Substrate/Core Isolation
It is attractive to consider a catheter-based approach to achieve a similar result as with surgical encircling endocardial ventriculotomy. This
concept has been evaluated by Tilz et al. in a cohort of 12 patients
with ischemic cardiomyopathy, 10 with anterior scar and two with
inferior scar.89 A circumferential linear lesion was deployed along the
low-voltage (<1.5 mV) area border zone using irrigated RF energy
at 30 to 50 W depending on the location, for 30 to 110 seconds at
each site. Evidence of isolation included dissociated potentials within
the substrate or lack of capture during high-output pacing from
within the lesion set. Electrical substrate isolation was achieved in
six patients, five of whom (83%) were free of VT recurrence during
median follow-up 479 days.
Core isolation is based on a related concept and starts with defining
a localized area within the scar containing late potentials, sites with
good pace map characteristics, and/or isthmus sites by entrainment
mapping.90 Then isolation is pursued through contiguous ablation
lesions around the particular zone of interest such that there is exit
block to the rest of the ventricle when pacing from inside the lesion set
using a pacing output of 20 mA and pulse width of 2 ms from multiple
(≥3). Tzou et al. studied this approach in 44 patients (73% with ischemic cardiomyopathy) among whom core isolation was achieved in 37
(85%). Among the seven patients in whom isolation was not achieved,
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Fig. 32.13 Local abnormal ventricular activity (LAVA). A, During dual chamber pacing and mapping in an area
of scar, LAVA was identified on the distal electrodes of the ablation catheter (ABL D). The arrow points to a
sharp near-field electrogram that is merged with a larger far-field component. B, With pacing from the right
ventricular (RV) apex, the sharp near-field electrogram is delayed and separated from the far-field component.
C, Pacing at a faster rate from the RV apex showed entrance block to this site with intermittent disappearance
of the near-field component (arrow). Sites displaying LAVA are potential conduction channels for ventricular
tachycardia circuits and are targets for ablation. ABL D, ablation catheter distal electrodes; ABL P, ablation
catheter proximal electrodes; RVA D, distal RV catheter electrodes.

six had ischemic cardiomyopathy, five with anterior and one with inferior substrate. Core isolation was associated with significantly lower
risk of VT recurrence during average 17.5 months’ follow-up (HR 0.17,
P=.03). Of note, in this cohort, epicardial ablation was performed in
only five patients. Potential drawbacks to this approach include the
need to define a confluent area to isolate; also, septal sites are likely
more difficult to isolate especially without risk of injury to the conduction system.

Homogenization
Scar homogenization is another strategy to address all potential channels that might result in reentry from the myocardial scar. Di Biase
et al. have described an approach to substrate ablation that involves
targeting any abnormal EGMs including those with more than three
deflections, amplitude lower than 1.5 mV, and duration greater than 70
ms. The goal with ablation is elimination of abnormal EGMs or lack of

capture with high-output pacing (20-mA output at 10-ms pulse width).
The initial description of scar homogenization was a comparison of
two consecutive cohorts of patients with ischemic cardiomyopathy
and three or more defibrillator therapies in 24 hours, and suggested
lower VT recurrence with combined endocardial and epicardial access
to achieve homogenization compared with a limited substrate ablation
approach.91 Subsequently, the Ablation of Clinical Ventricular Tachycardia Versus Addition of Substrate Ablation on the Long Term Success
Rate of VT Ablation trial randomly assigned 118 patients with ischemic cardiomyopathy and VT to a scar homogenization strategy or to
a control strategy that consisted of entrainment mapping with linear
lesions through the isthmus of the clinical VT.91 VT recurrence was
lower at 1 year in the homogenization group (15%) compared with the
control group (48%) at one year follow-up. Of note, although RF time
was almost twice as long in the homogenization arm, overall procedure
time was not significantly different.
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INTEGRATING THE MAPPING AND ABLATION
STRATEGIES FOR ABLATION OF UNSTABLE
VENTRICULAR TACHYCARDIA

describe how we pursue VT ablation in our laboratory, with emphasis on unstable VT. For any VT ablation, we will attempt to gather
preprocedure imaging to assess for the presence and location of scar,
often either cardiac MRI or CT. At the onset of the ablation, we will
typically attempt to induce VT with programmed stimulation to estimate the number of VTs that will require treatment, assess for VT
tolerability, understand potential sites of origin by ECG, and assess

The relative efficacy of the various criteria to guide identification and
targeting of the “arrhythmogenic” portion of the scar is unknown
and will only be fully appreciated with comparative studies. Here, we

A

B

C
Fig. 32.14 Entrainment mapping of a hemodynamically unstable ventricular tachycardia (VT) with percutaneous
left ventricular assist device (pLVAD) support. A patient with ischemic cardiomyopathy and left ventricular ejection fraction of 20% had recurrent implantable cardioverter-defibrillator shocks for VT. The patient was taken to
the electrophysiology laboratory, and ventricular stimulation induced multiple monomorphic VTs, all of which
were hemodynamically unstable. A pLVAD was inserted (Impella CP, Abiomed, Inc., Danvers, MA) for hemodynamic support. A, The bipolar endocardial voltage map (inferior view) demonstrated a large inferior wall scar
that had a significant amount of fractionated and late potentials. Entrainment mapping was performed during
VT at a site that had a late potential (white circle, black point). B, Entrainment at this site was performed during
VT with the ablation catheter (ABLd). This site had diastolic potentials during VT and demonstrated entrainment
with concealed fusion with a postpacing interval that was equal to the tachycardia cycle length. The blood
pressure (BP 2) during VT was ∼85 mm Hg and was nonpulsatile because of the pLVAD. C, Ablation at this site
terminated VT in 9 seconds. The color range in the bipolar voltage are 0.5–1.5 mV; purple and red represent
normal and severely diseased tissue, respectively. ABL D, Ablation catheter distal electrodes; ABL P, ablation
catheter proximal electrodes; BP 2, arterial blood pressure; RVA D, distal RV catheter electrodes. Black points,
late potentials; pink points, fractionated potentials; green points, pace mapping sites; red points, ablation sites.
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inducibility as one of the possible end points of the procedure. A careful high-density ventricular map is performed to define the scar by
electroanatomic mapping and tag candidate sites for ablation including late potentials and LAVA. Mapping includes epicardial access on
a case by case basis depending on the arrhythmic substrate, the ECG
morphology of any documented VTs, and the feasibility of an epicardial approach.
In cases of hemodynamically-unstable VT, we use a number of
strategies to identify and target putative myocardial channels within
the scarred tissue including (1) resetting/entrainment mapping with
hemodynamic support as needed; (2) identification of sites displaying
latency and a QRS morphology similar to VT with pace mapping; (3)
identification of late potentials and of areas having LAVA; (4) identification of channels within scar based on relatively higher voltage
compared with surrounding tissue; and (5) pace mapping to identify
densely scarred tissue with intervening channels of activation. The
most direct and reliable means to identify a channel of activation is
to use entrainment/resetting criteria during VT. For hemodynamically-unstable VT, this can be accomplished by first performing pace
mapping at the scar border to identify the putative exit site, followed by
a brief induction of the unstable VT. In high-risk patients with severely
depressed ejection fraction, preexisting significant congestive heart
failure, or electrical storm, a percutaneous left ventricular assist device
(pLVAD) support is usually used. In our experience, this minimizes
the adverse hemodynamic effects of the stimulation protocol and may
mitigate periprocedural heart failure and cardiogenic shock. In addition, in some patients, hemodynamically unstable VT may convert to
a more stable VT with intravenous pressors and pLVAD support and
may allow mapping during arrhythmia (Fig. 32.14).92,93 Cohort studies
of VT ablation patients have demonstrated that pLVAD support allows
for greater duration of mapping during VT and results in more VT
terminations during ablation.94,95 However, the major studies to date
have not shown benefits from pLVAD use with respect to VT recurrence rates.94,96,97
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Ideally, the ablation procedure is considered complete when all
VTs inducible at the beginning of the procedure are eliminated and no
additional VTs are inducible. Because the substrate modification procedure could theoretically inadvertently create new arrhythmogenic
channels of activity, one is obligated to rule out this possibility. Inducibility at the end of the procedure should minimally include one right
ventricle and one LV site. In addition, if nonsustained monomorphic
VT is induced, we strongly consider infusion of a sympathetic agent
such as isoproterenol to determine if the VT then becomes sustained.
However, complete noninducibility is not necessarily achievable in
every patient—particularly those with severe ventricular dysfunction
in whom a sine wave-like VT (i.e., a morphologically-indeterminate
VT with no isoelectric segment) is often inducible with aggressive ventricular stimulation.39 In this situation, after all of the late potentials are
eliminated, the procedure is considered complete.

VENTRICULAR FIBRILLATION
Although VF is inherently unstable as a clinical rhythm, ablation of
VF by addressing triggering beats has yielded promising results. Haïssaguerre and colleagues were the first to demonstrate that in certain
patients, VF can be initiated with isolated premature ventricular beats
and can be treated with catheter ablation targeting these initiators.98
After being resuscitated from recurrent (10 ± 12) episodes of primary
VF, 27 patients without known structural heart disease underwent an
electrophysiology study procedure.99 This group of patients was studied because VF was initiated by isolated premature ventricular beats of
identical morphology with a short coupling interval to the prior QRS
complex (297 ± 41 ms) (Fig. 32.15). Endocardial mapping revealed that
these triggers initiated from the right or LV Purkinje system in 23/27
(85%) patients, and from the myocardium of the right ventricular outflow tract in 4/27 (15%) patients (Fig. 32.16). The interval from the
Purkinje potential to ventricular activation varied from 10 to 150 ms
during the premature beat. A Purkinje potential was also seen at these

A

B
Fig. 32.15 Catheter ablation of focal ventricular fibrillation (VF). A, In this patient with a structurally normal
heart and recurrent VF, an example of monomorphic premature ventricular contractions (PVCs) (asterisk) initiating VF is shown. B, In another patient with a structurally-normal heart and VF, catheter mapping revealed a
focal site with Purkinje potentials (arrows) preceding the initiating PVCs of the nonsustained polymorphic VT
episode. Note that at this site, Purkinje potentials are also noted during sinus rhythm—albeit with a significantly shorter interval to the local ventricular electrogram. (Images courtesy of M. Haïssaguerre.)
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Fig. 32.16 Ventricular fibrillation (VF) initiated by right ventricular outflow tract premature ventricular contractions (PVCs). A, In a young patient admitted for the evaluation of syncope, telemetry demonstrated unifocal
PVCs (asterisk) initiating VF. B, During electrophysiology study, unifocal PVCs demonstrating a left bundle
branch block and inferior axis were initially seen. Subsequently, they were only inducible during ventricular
pacing. C, Fluoroscopic images in the right anterior oblique (top left) and left anterior oblique (bottom left)
projections show the activation of the PVC in the anteroseptal right ventricular outflow tract (dashed circle).
At this site, a potential (arrow) was seen -27 ms before the onset of the surface QRS. Ablation at this site
abolished the PVCs. The patient has not had any recurrence of VF after 2 years’ postablation.

same sites during sinus rhythm but preceded the QRS by only 11 ± 5
ms. RF catheter ablation at these sites eliminated the triggering PVCs
and subsequent VF in most of these patients. The mean number of RF
ablation lesions required to eliminate these triggers was nine. Longterm follow-up was subsequently reported in a multicenter study of
38 patients who underwent catheter ablation of PVC triggers for idiopathic VF.100 During a median follow-up of 63 months, seven patients
(18%) had recurrent VF. Five of the seven patients underwent a repeat
procedure with successful ablation of PVC triggers. Different PVCs
were demonstrated in four of five patients, and a PVC that was identical to that ablated during the initial procedure was demonstrated in the
remaining patient.
Focal PVC triggers of VF have also been described in patients with
channelopathies with otherwise structurally normal hearts, and in
patients with ischemic heart disease. Regarding the former, PVC triggers amenable to catheter ablation have been found in patients with
either Long QT syndrome or Brugada syndrome.101 As with the other
idiopathic VF patients, two types of PVC triggers have been found in
both of these clinical disease states: (1) those with preceding Purkinje
potentials and (2) those originating from the right ventricular outflow

tract. Nademanee and colleagues demonstrated that in nine patients
with Brugada syndrome with type I ECG pattern and inducible VT/
VF, abnormal EGMs were present in the right ventricular outflow
tract epicardium.102 These EGMs demonstrated low bipolar voltage
(0.94 ± 0.79 mV), prolonged duration (132 ± 48 ms), and fractionated
late potentials extending beyond the QRS complex (96 ± 47 ms) (Fig.
32.17). Furthermore, ablation of these abnormal EGMs led to normalization of the ECG in 89% of patients and rendered all of them noninducible for VT/VF. During a follow-up of 20 ± 6 months, all patients
were free of recurrent VT/VF.
Unlike the scar-related reentrant VT that is seen after an MI, it has
also recently been demonstrated that certain post-MI patients with
drug-refractory primary VF (that is, VF not preceded by monomorphic VT) also have PVC triggers of the arrhythmia.103–107 These postMI patients can be divided into those with a recent MI (<1 week, Figs.
32.18 and 32.19) and those with remote MIs (>1 month, Fig. 32.20).
The PVC triggers were exclusively associated with Purkinje-like potentials and also successfully targeted for catheter ablation. In addition
to VF, the Purkinje system may also play a role in post-MI reentrant
VT that was relatively narrow (QRS complex ≤145 ms) and resembled
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Fig. 32.17 Abnormal electrograms on the right ventricular outflow tract epicardium in Brugada syndrome.
Electroanatomic mapping of the ventricular epicardial surface was performed in a patient with Brugada syndrome with type I electrocardiogram (ECG) pattern and prior cardiac arrest. The map was merged with computed tomography images (left anterior oblique projection). In the region of the right ventricular outflow
tract, there were abnormal electrograms, which are shown. These electrograms were of low voltage, long
duration, and fractionated. Ablation targeting these abnormal electrograms resulted in normalization of the
Brugada pattern on surface ECG. The electrograms from other areas on the epicardial surface were normal.
(From Nademanee K, Veerakul G, Chandanamattha P, et al. Prevention of ventricular fibrillation episodes in
brugada syndrome by catheter ablation over the anterior right ventricular outflow tract epicardium. Circulation.
2011;123(12):1270-1279. Courtesy of Nademanee K.)
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Fig. 32.18 Polymorphic ventricular tachycardia (VT)/ventricular fibrillation (VF) induced by premature ventricular contractions (PVCs) early after myocardial infarction. A 33-year-old patient developed chest pain and acute
inferior myocardial infarction, which was treated with percutaneous coronary intervention and stent placement to the right coronary artery. On hospital day 2, he developed multiple episodes of polymorphic VT and
VF, which were triggered by unifocal PVCs that were refractory to beta blockers, lidocaine, and amiodarone.
A, The patient was taken for electrophysiology study and spontaneously developed polymorphic VT and VF,
requiring defibrillation. This was triggered by PVC #1 (asterisk). The patient was noted to have very frequent
PVCs (#1), which also induced nonsustained polymorphic VT frequently. B, Electroanatomic activation mapping of the left ventricular (LV) endocardium was performed, and PVC #1 was mapped to the distal LV septum (red arrow). C, The earliest site of activation of PVC #1 (left) had a Purkinje potential (red arrow), which
precedes the PVC by –42 ms. This Purkinje potential was also seen during the sinus rhythm complex. After
ablation was performed at this early site, the morphology changed to PVC #2 (right). Activation mapping
showed the earliest activation during this PVC to be slightly more basal location on the LV septum (see
[C] – yellow arrow). Again at this site, Purkinje potentials were seen in sinus rhythm and preceding PVC (yellow arrow). This time, the Purkinje potential preceded PVC #2 by –88 ms. Ablation at this site rendered PVCs
and polymorphic VT/VF noninducible. The color range is set such that purple represents late activation and
red the earliest activation.

fascicular VT.108,109 Mapping during VT demonstrated a reentrant
mechanism with Purkinje potentials noted at the exit site. Even in
patients with VF or VT storm related to acute coronary syndromes
or acute decompensated heart failure, PVCs originating from the
Purkinje network have been implicated as triggers and successfully
ablated.110–112 Purkinje-like potentials preceding PVCs triggering VF
have been reported in other disease processes as well, such as myocarditis, aortic valve disease, DCM, and amyloidosis.111,113,114 Recently, in
addition to PVCs triggers from the RVOT and Purkinje network, Herendael et al. demonstrated that VF can be triggered by PVCs from the
left ventricular outflow tract and papillary muscles.115 In this series, 17
of 30 patients (57%) had PVC triggers from these locations. PVC triggers have also been reported from other myocardial locations demonstrating abnormal voltage or EGMs.115,116
Common to all of these patients with VF amenable to catheter
ablation is the clinical demonstration of frequent PVCs initiating the
arrhythmia (Table 32.3). Acute ablation success rates are near 100%
when PVCs are inducible during the procedure. After discharge from

the hospital, chronic success rates range from 82% to 100%. Despite
the impressive clinical success rate of this therapeutic paradigm, an
important practical limitation is the unknown frequency at which
these patients can be identified. These patients appear to represent a
highly selected cohort, thereby rendering VF ablation a rarity. Another
limitation is the fact that frequent PVCs are necessary to map and
VF may repeatedly occur during PVC mapping. If frequent PVCs are
absent, one is limited to pace mapping techniques to identify the target site (assuming that a 12-lead electrocardiogram of the pathologic
PVCs is available)—a technique inferior to activation mapping of the
pathologic PVCs.

CONCLUSION AND FUTURE DIRECTIONS
Hemodynamically unstable ventricular arrhythmias are amenable to
catheter ablation. Currently, both scar-related VTs and certain patients
with primary VF can now be effectively treated with catheter ablation.
For scar-related VT, instead of only trying to identify the pathway
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Fig. 32.19 Polymorphic ventricular tachycardia (VT)/ventricular fibrillation (VF) induced by premature ventricular contractions (PVCs) early after myocardial infarction. In the same patient as in Fig. 32.18, 2 days
postablation, the patient began having unifocal PVCs and experienced sustained monomorphic VT that
was of a similar morphology to the PVC. The patient was taken back to the electrophysiology laboratory.
A, The patient was noted to have very frequent PVC #3. This was of similar morphology to that seen in
the first procedure (Fig. 32.18, PVC #1). Activation mapping of PVC #3 demonstrated the earliest activation
to be again on the distal left ventricular (LV) septum. Again, Purkinje potentials were seen in sinus rhythm
and preceding PVC #3 by –40 ms. B, The electroanatomic activation map (shown in right anterior oblique
caudal projection) of the LV endocardium showed a broad area of early activation. Ablation at this site was
performed, and PVC morphology changed to PVC #4. C, The earliest site of activation of PVC #4 had a
Purkinje potential preceding the PVC by –53 ms. D, Electroanatomic activation mapping of PVC #4 (shown
in right anterior oblique projection) demonstrated that the earliest site of activation was noted be on the
posteromedial papillary muscle (gray structure) rather than the LV endocardial wall (mesh). Ablation was
performed on the papillary muscle and rendered all PVCs and VT/VF noninducible. This patient subsequently
underwent implantable cardioverter-defibrillator implantation and has not had any further VT/VF after more
than 3 years of follow-up. The color range is set such that purple represents late activation and red the
earliest activation.

of activation during tachycardia, the scarred myocardium is identified, and strategically placed ablation lesions are used to eliminate
potentially-arrhythmogenic tissue. Because this substrate-based ablation strategy is performed in sinus rhythm, virtually any VT can be
targeted for catheter ablation regardless of its hemodynamic effect. Irrespective of the cardiac pathology underlying the formation of the myocardial scar, a substrate-based approach to VT ablation can still be used.
The demonstration that VF can be eliminated by catheter ablation in
certain patients is an exciting option in the treatment of this sometimesintractable clinical situation. Our understanding of the role of

catheter ablation in primary VF and the role of the Purkinje network
and the ventricular outflow tract is being refined with increased clinical
experience.
Moving forward, multipolar catheters with smaller electrode
size and reduced interelectrode spacing hold promise to improve
the accuracy and speed with which substrate maps are acquired,
although studies are required to validate voltage thresholds for abnormal tissue.117 Noninvasive mapping techniques to identify rotor
areas in VF may also offer insights for ablation beyond targeting of
triggers.118
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Fig. 32.20 Polymorphic ventricular tachycardia/ventricular fibrillation induced by premature ventricular contractions (PVCs) after remote myocardial infarction. A patient with remote myocardial infarction and coronary
artery bypass grafting presented with cardiac arrest. He was noted to be in ventricular fibrillation (VF) and
underwent defibrillation. He continued to have recurrent VF, which was triggered by a unifocal PVC. Following cardiac catheterization, the patient was taken to the electrophysiology study. A, At the beginning of the
procedure, he had spontaneous polymorphic ventricular tachycardia (VT) and then VF requiring defibrillation.
This was triggered by a unifocal PVC (asterisk). The patient had very frequent PVCs of the same morphology.
B, Electroanatomic mapping of the left ventricular (LV) endocardium (right anterior oblique projection) demonstrated that the earliest site of activation was on the basal/mid-LV septum (red). C, At this site, a Purkinje
potential was seen in both sinus rhythm and preceding the PVC (arrow). Ablation at this site was performed,
and the patient did not have any more PVCs or VT/VF. The patient was discharged and has not had any VT/VF
after 1 year of follow-up. The color range is set such that purple represents late activation and red the earliest
activation.
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Study

Cardiac Pathology

No. of
Patients

Follow-Up
(Months)

Clinical
Success (%)

Haïssaguerre et al.99

Normal

27

Purkinje = 23
RVOT = 4

24 ± 28

89

Knecht et al.100

Normal

38

Purkinje = 33
RVOT = 4
Myocardium = 1

63

82

Haïssaguerre et al.101

LQTS,
Brugada

7

Purkinje = 4
RVOT = 3

17 ± 17

100

Bansch et al.103

CAD & MI

4

Purkinje = 4

15 ± 13

100

Marrouche et al.104

CAD & MI

8

Purkinje = 8

10 ± 6

88

al.105

Szumowski et

Distribution of FOCI

CAD & MI

5

Purkinje = 5

16 ± 5

100

Enjoji et al.110

CAD & MI

2

Purkinje = 2

≥12

100

Bode et al.111

CAD & MI,
Myocarditis,
Valvular

7

Purkinje = 7

10

100

Hayashi et al.112

CAD, MI

5

Purkinje = 5

33 ± 22

100

Sinha et al.113

DCM

4

Purkinje = 4

12 ± 5

100

Mlcochova et al.114

Amyloidosis

2

Purkinje = 2

<1–8

100

Herendael et al.115

Normal, MI, DCM

30

Purkinje = 9
LVOT = 9
Papillary = 8
Myocardial = 4

16

83

Syed et al.119

Mitral valve prolapse

14

Purkinje = 11
Papillary or Fascicular = 13

16

86

Santoro et al.120

Normal and DCM

6

Papillary = 6

58 ± 11

100

Sadek et al.121

Normal

7

Moderator Band = 7

22 ± 12

100

CAD, Coronary artery disease; DCM, dilated cardiomyopathy; LQTS, long QT syndrome; LVOT, left ventricular outflow tract; MI, myocardial infarction; RVOT, right ventricular outflow tract.
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Substrate-Based Ablation for
Ventricular Tachycardia
Wendy S. Tzou, William H. Sauer

KEY POINTS
Mapping
• Arrhythmogenic substrate in ventricular tachycardia (VT) in the
setting of structural heart disease is usually living but diseased
myocardium within scar, which promotes reentry. This substrate
can usually be identified and effectively targeted with ablation
in sinus rhythm. Relevant substrate features are consistent with
abnormal conduction and include (1) low-amplitude, highfrequency, bipolar signals, including late potentials in sinus
rhythm or local abnormal ventricular activities provoked with
pacing; (2) sites at which pace maps demonstrate exit or central
isthmus characteristics; (3) lowamplitude unipolar signals from
left or right ventricular endocardium. Substrate may also be
directly visualized with preprocedure imaging or periprocedural
intracardiac echocardiography (ICE).
Ablation Targets
• Ablation is targeted to regions identified on mapping, as
aforementioned, to render the substrate electrically inexcitable.
VT noninducibility following ablation is the most common end
point. Others have evolved to include demonstration of entrance

block (subsequent absence of conduction into the targeted region
following ablation) and exit block (also known as “core isolation,”
or absence of pace capture within a region that could be captured
before ablation).
Special Equipment
• Electroanatomic mapping systems are critical for effective
identification and visualization of substrate. ICE is not critical
but is extremely helpful in identifying substrate as well as in
confirming catheter location and facilitating safety. Multipolar
catheters can assist with higher-resolution and higher density
mapping. Irrigated-tip ablation catheters are essential for effective
radiofrequency delivery.
Sources of Difficulty
• Presence of midmyocardial substrate, proximity of VT substrate to
other critical anatomic structures, including coronary arteries and
proximal His-Purkinje system, each add difficulty to effective VT
control. However, at experienced centers, effective VT control can
be achieved in the majority of patients

INTRODUCTION

control in more than 90% over a mean follow-up time of more than
2 years, further validating the concepts generated from EP study and
characterization.5
The involvement of scar and associated reentry in monomorphic
VT among patients with nonischemic etiologies for structural heart
disease (SHD) has also now become well recognized.11–19 Therefore the
invasive treatment of VT in these patients has mirrored the approaches
taken for VT in the post-MI setting, focusing on modification of
arrhythmogenic substrate.
The advent of catheter ablation using radiofrequency (RF) energy
as an ablation source in the 1980s, followed by rapid advancements in
electroanatomic mapping (EAM) tools, led to several important milestones in our ability to effectively manage these patients. First, it was
now possible to “see” potentially arrhythmogenic substrate without
the need for direct visualization with open heart surgery and attendant surgical risks. Secondly, and perhaps most importantly, many
of these characteristics could be identified and ablated during sinus
rhythm, without the need for repeated and sustained VT inductions
and entrainment or activation mapping.12,20,21 Because less than one
third of patients with VT have only hemodynamically tolerated VT
that is able to be mapped with repeated entrainment maneuvers,
substrate-based ablation has become a routine part of most VT ablation
procedures among those with SHD.19,21–23 This technique has helped
to increase the proportion of such patients that can be effectively
treated and has provided incremental gains in preventing recurrent

Fibrotic tissue, and its ability to promote arrhythmogenic substrate
when incorporated into living myocardium, was recognized decades
ago among patients with prior myocardial infarction (MI) and ventricular tachycardia (VT). This concept was exemplified by the results
obtained from the early cardiac surgical experiences in invasive VT
management, which subsequently provided the framework for contemporary catheter-based strategies for substrate modification.1–7
Patients considered for treatment at that time were those with refractory VT following transmural MI that produced both left ventricular (LV) systolic dysfunction and aneurysm formation. The initial
approach for surgical treatment included resection of densely scarred
aneurysm only, sometimes with concomitant coronary arterial
bypass grafting; however, VT recurrence rates using this approach
were disappointingly high, approaching 80% in some series.8,9 Electrophysiologic (EP) data collected during the surgical era of post-MI
VT treatment provided important information regarding (1) reentry as the mechanism in most cases and (2) localization to the subendocardium (1–2 mm thickness) of the most critical VT reentry
elements, those areas of diseased but surviving myocytes contained
within channels protected by surrounding scar or other electrically inert anatomic barriers (Figs. 33.1 and 33.2).3,5,10 Guided by
data as demonstrated in Fig. 33.3, subendocardial resection among
the patients who survived the surgery led to effective arrhythmia
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Fig. 33.1 Left: A, Diagram of multipolar plaque placement in region of scar and border zone tissue before subendocardial resection (shown in B and C), for baseline, intraoperative electrophysiologic study. D, Repositioning
of recording plaque in same orientation for postresection electrophysiologic study. Right: Before subendocardial
resection (A), ventricular tachycardia (VT) is inducible, and local recordings from the endocardium demonstrate
presence of mid-diastolic potentials (open arrows) throughout the region of scar and border zone, and B, similar
signals are seen as late potentials in sinus rhythm (closed arrows). Following resection (C), late potentials are no
longer present. Acute VT noninducibility and lack of VT recurrence was achieved in most undergoing this type of
procedure. (From Miller JM, Tyson GS, Hargrove WC, Vassallo JA, Rosenthal ME, Josephson ME. Effect of subendocardial resection on sinus rhythm endocardial electrogram abnormalities. Circulation. 1995;91:2385-2391.)
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VT and implantable cardioverter-defibrillator (ICD) therapies. Given
the relative safety with which VT ablation can be performed, as well
as the relative efficacy in VT-free survival that can be achieved using
substrate-based approaches, VT ablation is no longer considered a
treatment of last resort for patients with SHD.19,22–32
This chapter aims to describe various approaches for performing
substrate-based VT ablation, among both ischemic and nonischemic
cardiomyopathies for whom the VT mechanism of reentry is demonstrated or presumed to predominate clinical episodes.

ANATOMY AND PATHOPHYSIOLOGY
Fig. 33.2 In this cross-section of the left ventricle from a patient with
prior “transmural” myocardial infection, note the heterogeneity of scar
tissue intermixed with living tissue in the majority of the distribution of
the infarction. (Modified from Tzou W and Marchlinski F. Electrophysiological evaluation of recurrent ventricular tachycardia. In Saksena S and
Camm AJ, et al. [eds]: Electrophysiological Disorders of the Heart, 2nd
ed. Philadelphia: Elsevier; 2012:336. With permission.)

The anatomic elements of a VT circuit are comprised of surviving myocardial tissue within a region of electrically inert fibrotic scar tissue.
Although scar is usually implicated as the etiology of VT in patients
with SHD, the scar tissue itself is electrically unexcitable and, in and
of itself, is not the actual target for ablation; this is the likely reason
that surgically-based resection of only dense scar had such poor efficacy in controlling VT.8,9 The true areas of interest in such patients are
the regions of surviving myocytes that are usually contained within or
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Fig. 33.3 A, Examples of different exits (colored, dashed arrows) that can result from reentry involving the
same substrate and central conduction circuit (black dotted line). Note as well that the vector of conduction
through the circuit can also occur in multiple directions. B and C, The same concept is illustrated in these
cartoons of a cross-section through scarred myocardium, with multiple potential wave fronts of activation
and exits (black arrows) using reentry circuit elements within the same substrate, but on a 3-dimensional
scale. (C, From Downar E, Kimber S, Harris L, et al. Endocardial mapping for ventricular tachycardia in the
intact human heart, ii. Evidence for multiuse reentry in a functional sheet of surviving myocardium. J Am Coll
Cardiol. 1992;20:869-878.)

are at the border zones of these areas of fibrosis (see Fig. 33.1). These
myocytes contain disrupted and reduced numbers of gap junctions,
which lead to nonuniform conduction, slowing of conduction velocity, and altered refractory periods.33,34 Differentially and abnormally
conducting tissue connected in series, or channels, then provide the
elements that allow for reentry to occur and sustain. These properties include the potential to develop unidirectional block and areas of
slowed conduction through which reentrant wave fronts can propagate
once initiated.34–37 An important feature of this substrate, especially in
the context of understanding how modification is effective, is that these
channels of conducting tissue that exist within abnormal and fibrotic
substrate are numerous and are usually not fixed in conduction velocity
or conduction vector. In other words, unidirectional block can be provoked within the same tissue in disparate directions depending on the
site and method of initiating reentry; using various pathways of conduction, several distinctive VTs based on QRS morphology and even
cycle length can thus result from varying exits or other components
of VT circuits propagating differently but within the same abnormal
substrate (see Fig. 33.3).1 Identifying areas containing potential channels of conduction and rendering them electrically inert with ablation,
functionally making existing scar tissue more electrically homogeneous, is the ultimate goal of most forms of contemporary substrate
modification.23,27,29,32
The most common method used for identifying fibrotic myocardium has been to identify regions of reduced or absent electrogram
(EGM) voltage during sinus rhythm using a roving mapping catheter.12
Use of an EAM system to record location and EGM voltage rendering
a 3-dimensional model is critical to all substrate modification strategies. Of note, identifying areas with low-amplitude bipolar signals
represents only a starting point for identification of relevant substrate.
Signals within abnormal myocardium involved in reentry typically
display other characteristics consistent with abnormal conduction,
including high-frequency, multicomponent fractionation; prolonged

duration (>80 ms); or activation continuing or occurring after global
ventricular activation has occurred, as manifested by the completion
of the surface QRS complex (see Figs. 33.1–33.3 and Fig. 33.4).10,14,20,38
The latter, so-called late potentials (LPs), have frequently been found
at critical sites within reentrant VT circuits, including 89% of isthmus
sites, 57% of entrance, and 20% of exit sites.10,20 Identification of EGMs
with reduced voltage and abnormal characteristics forms the basis for
substrate modification using catheter ablation.

Nonischemic Versus Ischemic Ventricular Tachycardia
Substrate

Most of the research discussed thus far has been based on work performed in the context of ischemic heart disease. Although these
concepts have also been demonstrated to be useful and applicable to
VT ablation in nonischemic heart disease, several important differences exist in ischemic versus nonischemic substrates that should be
highlighted.
In contrast to the fairly predictable scar distribution encountered in
patients with ischemic heart disease and VT, scar characteristics and distribution among patients with nonischemic cardiomyopathy (NICM)
can be far more heterogeneous and, relatively speaking, more 3-dimensional (Fig. 33.5). A periannular location of substrate has been identified
to be relatively common, around the mitral valve among patients with
idiopathic dilated LV cardiomyopathy and around the tricuspid valve
among those with arrhythmogenic right ventricular cardiomyopathy
(ARVC).11,14,39,40 However, there is a wide variation of other presentations, especially when taking into account other nonischemic etiologies for SHD, including prior myocarditis, cardiac sarcoidosis, or other
infiltrative cardiomyopathies.41 Notably, NICM substrates more often
involve the epicardium as well as the mid-myocardium.14,40,42–44 In some
instances, the substrate is entirely localized within the mid-myocardium
or septum (Fig. 33.6).13,45–47 Increasingly recognized is that NICM substrate for VT can be present among patients with a known history of
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Fig. 33.4 (Left) Examples of diffusely present late potentials (highlighted in yellow), with varying degrees of
conduction delay, recorded from each spline of a multipolar catheter (MPC) placed over the epicardial scar of
a patient with arrhythmogenic right ventricular cardiomyopathy and ventricular tachycardia. Note the normal
activation at the site of the catheter located in the right ventricular apex (RVa), which is essentially on time
with the activation of the global ventricular myocardium represented by the surface QRS. (Right) Posterior
projection of the inferior RV epicardial electroanatomic bipolar voltage map, showing the position of the MPC
at which site the late potentials shown on the left were recorded.

Differences in Ventricular Substrate Characteristics:
Postinfarction Versus Nonischemic
Postinfarction
Endo
Epi

Nonischemic
Endo
Mid
Epi
Fig. 33.5 Diagram of differences in ventricular substrate characteristics and distribution for ventricular tachycardia in the setting of
ischemic versus nonischemic heart disease. (Top) Scar following myocardial infarction (blue shapes) tends to be localized toward the endocardium (endo), whereas scar in nonischemic substrates (bottom) is
more heterogeneous and 3-dimensional, and can involve the endo,
the mid-myocardium (Mid, yellow shapes), and/or the epicardium (Epi,
orange shapes).

coronary artery disease and even with a known history of prior MI, at a
rate that likely exceeds a previously reported rate of 1.2%.48 Recognizing this potential in planning for ablation is important because of the
far greater challenges that are encountered in ablation of VT in NICM.
Presentations such as these confound our ability to identify substrate using conventionally accepted mapping techniques. Standard
bipolar voltage mapping, for instance, provides great detail with
respect to the tissue with which a mapping catheter’s electrodes are
in direct contact, but it provides limited information regarding tissue
that is deeper to the tip–tissue interface.43,44 Limitations in identifying such substrate may be especially enhanced when using contemporary multipolar catheters with small interelectrode spacing, as these
bipoles reflect an even narrower field of view than those with larger
interelectrode spacing.49,50 Use of unipolar mapping, during which
signals are recorded between the distal electrode (cathode) and an
anode placed at an electrically inert and remote location, for instance
at Wilson’s central terminus, widens the field of view substantially.43,44
This type of mapping compromises the ability to assess EGM detail
but may allow for gross appreciation of deeper substrate abnormalities (Fig. 33.7).
Therefore potentially epicardial or mid-myocardial substrate can
still be identified from endocardial mapping, but with assessment of
unipolar EGMs instead of bipolar signals. This concept was demonstrated to be valid among cohorts of VT patients with LV NICM and
ARVC who underwent detailed endocardial and epicardial mapping
with modest to no identifiable endocardial substrate and among whom
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Fig. 33.6 Example of substrate localized entirely within the mid-myocardium from a patient with nonischemic
cardiomyopathy and ventricular tachycardia. A, Right anterior oblique projection of the endocardial left ventricular bipolar voltage map and (B) left anterior oblique projection of the epicardial bipolar voltage map, each demonstrating lack of apparent substrate. Areas of low voltage on the epicardium correlate with expected coronary
arterial or fat distributions and are not truly indicative of abnormal substrate. C, Cardiac magnetic resonance
imaging, however, demonstrates substantial regions of delayed gadolinium enhancement, consistent with scar,
within the mid-myocardium in the interventricular septum as well as the inferior left ventricle (white arrows).
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Fig. 33.7 A, Electroanatomic left ventricular voltage maps in posterolateral projection from a patient with
structurally normal heart (top row) and a patient with nonischemic cardiomyopathy and ventricular tachycardia
(NICM+VT, bottom row), with only mid-myocardial and epicardial substrate. In the normal patient, endocardial
bipolar, unipolar, and epicardial voltage maps all are normal. In the NICM+VT patient, although the endocardial
bipolar voltage map (bottom left) shows no significant abnormality, the endocardial unipolar signal assessment using a cutoff of ≤8.3 mV (bottom middle), suggests a substantial area of abnormality in the perimitral
distribution. Epicardial abnormality is substantiated by bipolar voltage abnormality in the same distribution on
epicardial mapping (bottom right). B, Electroanatomic right ventricular voltage maps in right anterior oblique
projection from a patient with structurally normal heart (top row) and a patient with arrhythmogenic right ventricular cardiomyopathy and ventricular tachycardia (ARVC, bottom row), with predominantly mid-myocardial
and epicardial substrate. As with the example in (A), the endocardial bipolar, unipolar, and epicardial voltage
maps all are normal in the patient without structural heart disease. In the ARVC patient, the endocardial
bipolar voltage map (bottom left) shows minimal abnormality, whereas the endocardial unipolar voltage map,
using a cutoff of ≤5.5 mV (bottom middle), indicates a substantial area of abnormality throughout the right
ventricular free wall, which is confirmed on the epicardial bipolar voltage map (bottom right), throughout
which late potentials were identified (black dots). (A, Hutchinson et al. Circ Arrhythm Electrophysiol. 2011;
4:49-55. B, Polin et al. Heart Rhythm. 2011;8:76-83.)
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Fig. 33.8 Shown are electroanatomic maps (A, C, and D), intracardiac echocardiography (ICE) with example
of integration of ICE images within the electroanatomic mapping system (B and E), and cardiac magnetic resonance imaging (MRI) from a patient with nonischemic cardiomyopathy and ventricular tachycardia because
of cardiac sarcoidosis. The posterolateral projection of the endocardial left ventricular (LV) bipolar voltage map
(A) demonstrates no significant LV endocardial abnormality. However, real-time ICE images (B) clearly demonstrate a hyperechoic region (orange arrows) in the distal mid-myocardium and epicardium consistent with
fibrotic substrate; in the CARTO system, 2-dimensional contours of the region of interest are collected and
integrated into the 3-dimensional electroanatomic map (D, reconstructed 3-dimensional scar location using
ICE contours collected at different LV angles). Note that the scar location as seen on ICE correlates with the
region of unipolar voltage abnormality in the inferolateral, perimitral annular mid-myocardium to epicardium
(D). In this case, the threshold for abnormal unipolar voltage was increased, which uncovered the deeper substrate. F, Cardiac MRI demonstrates delayed gadolinium enhancement (yellow arrows) in the same regions as
observed on intraprocedural mapping. When epicardial access and mapping were performed (C), the bipolar
voltage map also corroborates prior findings. Examples of abnormal electrograms and late potentials obtained
from mapping the abnormal epicardial substrate are also shown.

endocardial unipolar voltage cutoffs could be validated with bipolar
epicardial signal analysis.43,44 Use of adjunctive imaging, for instance
with preprocedural cardiac magnetic resonance imaging (cMRI) or
with intraprocedural ICE, has also been demonstrated to be of particular value among patients with NICM and VT, based on challenges
that exist in identifying substrate using only EP mapping tools13,51,52
(Fig. 33.8).
However, even once identified or recognized, additional challenges exist in effectively penetrating to regions of interest using
standard ablation techniques, and achieving effective VT control
in such patients has been repeatedly demonstrated to be challenging in observational studies and clinical trials.19,42,53–55 Despite

challenges, scar within myocardium has been demonstrated to
produce a compartmentalization effect, delaying transmural conduction times and often disrupting intramural activation patterns
(Fig. 33.9).45,56 This compartmentalization effect can sometimes
confer an advantage; the scar tissue that provides a barrier to
transmural conduction can also sometimes be used as a reinforcing anchor for ablation lesions, assuming that the lesions can
penetrate to the scar. Often times, repeated ablations or use of
adjunctive ablation techniques (discussed later in this chapter) are
necessary to achieve success comparable to what can be achieved
with less effort among patients who have had VT related to
prior MI.42,54,55
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Fig. 33.9 A, Cartoon depicting transmural electrical activation patterns (black arrow paths) in normal right
ventricle (RV) or left ventricle (LV) (left panel), with earliest breakthrough activation on the epicardium generally immediately opposite the site of stimulation from the endocardium. In contrast, the presence of scar
(right panel) can alter and delay electrical conduction, with earliest site of epicardial activation often distant
or discordant from site of endocardial stimulation. In the latter example, the intramural scar provides relative
compartmentalization to conduction and can be used as an anchor for ablation lesions, which need only
to penetrate to the scar boundary and do not need to be transmural to effectively disrupt the potential for
reentrant ventricular tachycardias to occur. B, Shown are right anterior oblique (RAO) projections of electroanatomic LV maps obtained from a patient without structural heart disease (left panels) and with nonischemic
cardiomyopathy (NICM, right panels). The unipolar voltage map in sinus rhythm from the control patient (top
left), demonstrates absence of midseptal scar, and the earliest site of LV activation immediately opposite
the site of RV septal pacing (bottom left). In the NICM patient, however, the unipolar voltage map (top right)
demonstrates significant septal scarring (corroborated on cardiac magnetic resonance imaging) and earliest
site of LV activation (bottom right) more apical than the site of septal RV pacing, with marked comparative
delays in transmural conduction times. C, Sinus rhythm activation maps obtained from the RV endocardium
(top) and epicardium (bottom) in a patient with arrhythmogenic RV cardiomyopathy with extensive scarring
involving the epicardial RV free wall, evidenced by extensive late potentials (black dots) throughout. In contrast to smooth endocardial wave front propagation from apical anteroseptum to base within 86 ms (top),
epicardial activation of the same patient shows progressively later activation starting from the midinferior
RV toward the epicardial infundibulum. This occurs much later than corresponding endocardial activation
and with a discordant vector suggestive of independent epicardial activation rather than multisite transmural
conduction breakthrough from the endocardium. (A, Modified from Tzou WS, Frankel DS, Hegeman T, et al.
Core isolation of critical arrhythmia elements for treatment of multiple scar-based ventricular tachycardias.
Circ Arrhythm Electrophysiol. 2015;8:353-361. With permission. B, From Betensky BP, Kapa S, Dejardins B,
et al. Characterization of trans-septal activation during septal pacing: criteria for identification of intramural
ventricular tachycardia substrate in nonischemic cardiomyopathy. Circ Arrhythm Electrophysiol. 2013;6:11231130. C, From Haqqani HM, Tschabrunn CM, Betensky BP, et al. Layered activation of epicardial scar in
arrhythmogenic right ventricular dysplasia: possible substrate for confined epicardial circuits. Circ Arrhythm
Electrophysiol. 2012;5:796-803.)
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Mapping Tools

MAPPING VENTRICULAR TACHYCARDIA
SUBSTRATE
Several mapping approaches have been developed to identify relevant substrate for ablation and effective ventricular arrhythmia control, many of which have substantial overlap, and many of which
then guide subsequent ablation strategies. The following sections
and Tables 33.1 and 33.2 highlight the approaches that have come to
form the foundation of contemporary substrate modification for VT
management.

TABLE 33.1
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Tools that are essential for substrate-based VT mapping and ablation
include an EAM system and associated mapping catheter(s), which can
be comprised of a single bipolar electrode for point-to-point mapping
(typically the ablation catheter is used in this instance) or multiple electrodes.12,50,57 The advantage of mapping with the ablation catheter is
that simultaneous mapping and ablation can occur; to ablate in concert with mapping using multipolar catheters, either multiple access
sites to the chamber being mapped must be obtained (i.e., retrograde
aortic and transseptal accesses in the case of endocardial LV mapping)

Potential Substrate Sites for Ablation

Identified During Sinus or Paced Rhythm
Low-Amplitude Electrograms (EGMs) on Voltage Map
Bipolar signals:
• Endocardium: ≤ 1.5 mV
• Epicardium: ≤ 1.0 mV
• Dense scar: ≤ 0.5 mV
Endocardial unipolar signals (suggesting mid-myocardial or epicardial substrate):
• Right ventricle: ≤ 5.5 mV
• Left ventricle: ≤ 8.3 mV
Sites Demonstrating Abnormal Local Conduction
• EGMs with multiple (>3) components of high frequency or >80 ms duration (typically but not necessarily low voltage):
• Present in baseline rhythm or
• Provoked by ventricular pacing (alternate site if pacing present at baseline) or with extrastimulation mapping (also known as local abnormal ventricular activities [LAVAs])
• Late potentials: distinct bipolar EGMs inscribed after end of surface QRS, separated from the initial local ventricular EGM by an isoelectric interval
• “Channels” of conduction within dense scar: EGMs recorded within dense scar
• Elicited by decreasing color range on electroanatomic map, such that narrow channels of larger voltage surrounded by areas of extremely low voltage can be
visualized
• Often facilitated by mapping with multipolar catheters with <3.5-mm spacing between centers of adjacent electrodes
Sites With Favorable Pace Map Characteristics
One or more of the following:
• Paced QRS matches ventricular tachycardia QRS morphology in bundle branch block configuration, frontal plane axis, and precordial transition
• Long (> 40 ms) stimulus-QRS onset time
• Multiple paced QRS morphologies produced with pacing at a single site
Identified While Mapping in Ventricular Tachycardia, if Tolerated
• Sites with early, mid-diastolic activation (even if far-field)
• Sites with characteristics of isthmus components

End Points and Outcomes for Contemporary Substrate-Based Ablation
Based on Ablation Strategy
TABLE 33.2

Ablation Strategy

Ablation End Point in Addition
to VT Noninducibility

Direct Ablation at All Sites of Interest
Local abnormal ventricular
Elimination of all LAVAs, including
activity (LAVA) ablation
but not limited to late potentials

Late potential abolition

Elimination of all late potentials

Outcomes From Index Publications

Complete LAVA elimination in 70%
Median follow-up 22 months
Complete vs. incomplete LAVA elimination:
• VT recurrence 32% vs. 75%
• Mortality 19% vs. 20%
• Adjusted HR for recurrent VT or death: 0.49; 95% CI, 0.26–0.95; P=.035
Complete abolition of late potentials in 84%
Mean follow-up 13.4 months
Complete vs. incomplete late potential abolition:
•	Acute VT noninducibility (among those inducible before ablation):
65.7% vs. 5.7%; P=.005)
•	VT recurrence 9.5% vs. 75%; P<.001
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End Points and Outcomes for Contemporary Substrate-Based Ablation
Based on Ablation Strategy—cont’d
TABLE 33.2

Ablation Strategy

Ablation End Point in Addition
to VT Noninducibility

Outcomes From Index Publications

Scar homogenization

Elimination of all evidence for
abnormal local conduction (late
potentials and abnormal EGMs),
within regions of bipolar EGM
amplitude ≤1.5 mV

Ischemic cardiomyopathy:
Mean follow-up 22 months
Scar homogenization vs. “standard” ablation (linear lesions sets
targeting putative isthmus sites):
• VT recurrence 19% vs. 47%, log-rank P=.006
Nonischemic cardiomyopathy:
Mean follow-up 14 months
Scar homogenization vs. “standard” ablation
• Acute noninducibility of any VT following ablation: 69.4% vs. 42.1%; P=.01
• VT recurrence 36% vs. 61.4%; P=.031
• Adjusted HR for VT recurrence: 0.48; 95% CI, 0.27–0.96; P=.027

Selective Ablation
Scar dechanneling: Ablation
Elimination of all identified CCs into
at presumed conducting
scar following targeted ablation at
channel (CC) entrance sites
entrance sites
within scar, characterized by
Late potentials of shortest delay
following global ventricular
activation and
Bipolar signal voltage ≤ 1.5 mV

Core isolation: ablation
Elimination of evidence for
encircling sites within scar
abnormal local conduction
with VT circuit isthmus
Failure to capture the ventricle
features characterized by
with pacing from inside the
Bipolar signal amplitude
ablation lesion set using a
≤ 1.5 mV (≤ 1.0 mV when
pacing output of 20 mA
possible) and
and pulse width of 2 ms
Late potentials, abnormal EGMs,
from multiple (≥3), discrete
or dense scar regions with
sites that had previously
channels of conduction and
demonstrated capture
Pace capture with favorable
(exit block)
pace map characteristics or
Isthmus sites identified on
limited activation or
entrainment during VT

Median follow-up 21 months
Complete scar dechanneling achieved in 84.2%
Additional ablation (pace mapping +/- mapping) performed in 45.5%
26.1% with incomplete scar dechanneling
Acute VT noninducibility:
•	54.5% after scar dechanneling only
•	78.2% after scar dechanneling + additional ablation
Overall VT recurrence 26.7%
Incomplete vs. complete scar dechanneling:
•	Recurrent VT or sudden cardiac death adjusted HR 2.54; 95% CI,
1.06–6.10; P=.037
Scar dechanneling vs. scar dechanneling + additional ablation:
•	VT recurrence 20% vs. 38%, P=.013
•	Survival 95% vs. 89%, P=.013
Mean follow-up 17.5 months
Core isolation achieved in 84%
Additional ablation (pace mapping ± mapping) performed in 27%
Acute VT noninducibility:
• 73% after core isolation alone
• 82% after core isolation + additional ablation
Overall VT recurrence 14%
Core isolation achieved vs. not achieved:
• VT recurrence HR 0.17; 95% CI, 0.03–0.84; P=.03
VT-free survival based on end points:
• VT noninducible + core isolation: 90%
• VT noninducible + no core isolation: 67%
• VT inducible + core isolation: 83%
• VT inducible + no core isolation: 0%

CI, Confidence interval; EGM, electrogram; HR, hazard ratio; VT, ventricular tachycardia; Acute VT non-inducibility refers to that assessed following
ablation.

or catheter exchanges need to be performed.57 However, multipolar
mapping catheters confer the additional advantage of smaller electrode
sizes and interelectrode spacing, which allow for greater precision,
detail, and speed in mapping.50,57
Not required but usually helpful for both mapping and ablation is
phased-array ICE. ICE provides real-time imaging to confirm catheter location and contact; assess for anatomic variations and structures
such as papillary muscles that may challenge catheter movement or
alter ablation approach; assess for acute complications such as cardiac perforation and effusion or worsening systolic function; and to
reduce use of fluoroscopy. ICE is especially useful when epicardial

or mid-myocardial substrate is present. Scar often appears as regions
of increased echogenicity on ICE and can be quickly identified with
initial catheter placement and image acquisition and even before
any EP mapping has occurred.52 Hyperechoic regions within the
mid-myocardium or epicardium often correlate with unipolar voltage
abnormalities (see Fig. 33.8B) and can substantiate the need for additional mapping (and ablation) on the surface opposite to that which
has already been mapped (i.e., the epicardium or right ventricular
[RV] side of the septum). ICE can be used in conjunction with any
of the commercially available EAM systems. However, currently only
the CARTO system (Biosense Webster, Diamond Bar, CA) has the
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capability of integrating ICE images into the EAM, using the CARTO
Sound catheter (see Fig. 33.8E). This feature can be helpful in facilitating rapid 3-dimensional anatomic reconstruction of the chamber of
interest, based on fusion of 2-dimensional ICE images taken at different angles. It can also incorporate locations and anatomy of papillary
muscles or other anatomic variations directly into the map, as well as
superimpose a visual substrate reference into the map, all of which
facilitate mapping and ablation.

Ventricular Tachycardia Induction
VT induction is usually attempted at multiple junctures during a
case, even for substrate-based ablation cases. At the beginning of
the case, either before or after a substrate map is created, this is performed for several reasons: (1) to gain a gross understanding of the
number of monomorphic VTs that may need to be targeted, which is
especially relevant in the frequent instances in which 12-lead electrocardiograms (ECGs) of spontaneously occurring (“clinical”) VTs are
unavailable; (2) to estimate potential exit sites (and potential sites to
focus mapping and ablation) based on 12-lead morphology of induced
VTs and acquire 12-lead templates from which subsequent mapping
can be based; and (3) to confirm that substrate-based, reentrant VT
can account for the clinical tachycardias experienced by the patient,
thus justifying proceeding with substrate modification. At subsequent
intervals during ablation, VT induction is also often attempted to
determine the end point for ablation (discussed in greater detail later).
Programmed electrical stimulation (PES) methods can vary, but a
widely used protocol is to pace for 8 beats using constant pacing drive
cycle lengths of 600 and 400 ms followed by the introduction of one
to three extrastimuli until VT is induced or the ventricular effective
refractory period is reached. Performing PES at multiple ventricular
sites other than the RV apex, such as the RV outflow tract or the LV,
also can be useful in some patients in whom stimulation from the RV
apex fails to induce VT. The ability to induce sustained monomorphic VT increases successively with the introduction of up to three
extrastimuli. Beyond three extrastimuli, the probability of inducing
monomorphic VT increases only marginally whereas the potential to
induce polymorphic VT or ventricular fibrillation (VF) increases more
substantially.58

Voltage Mapping
Reference values for “normal” bipolar voltage were defined by mapping the right ventricle and left ventricle among six patients without
SHD and with the use of the CARTO EAM system.12 Specifically,
the nadir-to-peak amplitudes of all bipolar ventricular EGM signals
obtained with a mapping catheter comprised of a 4-mm-tip electrode,
2-mm-ring electrode, separated by 1-mm interelectrode distance
were measured from the endocardial right ventricle and left ventricle. Among normal right ventricles, the mean ± standard deviation
EGM amplitude was 3.7 ± 1.7 mV; although the range of normal values obtained varied from 0.4 to 11.5 mV, 95% or more of all signals
were higher than 1.44 mV. In normal LV endocardium, mean EGM
amplitude was 4.8 ± 3.1 mV, with a range of 0.6 to 20.5 mV; 95%
or more of all signals were higher than 1.55 mV. For ease of use, an
average normal value of greater than 1.5 mV was then generated, and
this value has persisted as the standard for identifying normal bipolar
endocardial ventricular EGM amplitude or voltage.12 Using a similar approach among eight patients with structurally normal hearts,
a reference value of greater than 1.0 mV was determined to be consistent with normal epicardial EGM amplitude, after taking care to
exclude areas of major coronary arterial distribution and associated
epicardial fat (within 1 cm of these regions), both of which can lead
to artificially low-amplitude signals because of poor contact with
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myocardium rather than reflect true abnormality of tissue.14 Abnormal endocardial bipolar signal amplitude correlating with “dense
scar” was derived from intraoperative VT mapping data and defined
as less than 0.5 mV.7,12 Remember that signal analysis based on voltage alone is insufficient for identifying relevant substrate—poor
catheter contact can produce low voltage that does not correlate with
substrate of interest. Other features indicating abnormal conduction
must also be present, including fractionation, or late or prolonged
duration of activation, as described previously in the Anatomy and
Pathophysiology section.
Interrogated sites can be color-coded based on voltage amplitude
and displayed on the EAM, producing a 3-dimensional reconstruction
of the chamber of interest with EGM information at each site sampled by
the catheter, and visually highlighting relevant substrate within which
more detailed mapping and ablation should be focused.59 Although
these values were developed and validated using the magneticbased CARTO system (Biosense Webster, Diamond Bar, CA), other
mapping systems incorporating impedance-based methods for sensing
intracardiac catheter position and visualization have also been developed and are used clinically, including EnSite (Abbott, Minneapolis,
MN) and Rythmia (Boston Scientific, Minneapolis, MN). The accuracy
in location, activation, and scar identification in each of these systems
has been validated with in vivo, imaging, or histopathologic correlation
studies.60,61
In a method similar to that which was used to determine normal
bipolar endocardial signal amplitudes, reference values for normal
LV and RV endocardial unipolar voltage were determined by assessing voltage characteristics among patients without SHD (six in the
LV endocardial unipolar validation study and eight in the RV endocardial unipolar validation study). More than 95% of unipolar endocardial EGMs acquired from normal left ventricles had an amplitude
higher than 8.27 mV (mean, 19.6 ± 6.9 mV), and more than 95% of
those acquired from normal right ventricles had an amplitude greater
than 5.5 mV (see Fig. 33.7).43,44 Using these reference values, endocardial LV unipolar voltage less than 8.3 mV accurately identified 82%
of patients with confirmed epicardial scar abnormalities as defined by
bipolar epicardial mapping. Among four patients in whom disparities
were identified with regard to extent of endocardial unipolar and epicardial bipolar abnormalities, cMRI in two identified the presence of
mid-myocardial substrate that correlated with the endocardial unipolar abnormality, thus lending support to the idea that unipolar signal
analysis may be more effective in identifying mid-myocardial substrate
compared with bipolar mapping.43,51 We have additionally found that
sometimes increasing the threshold for abnormal may be necessary to
further bring out mid-myocardial or epicardial abnormalities on unipolar voltage assessment (see Fig. 33.8). Among ARVC and RV VT
patients, endocardial RV unipolar voltage reference less than 5.5 mV in
prospective validation significantly correlated with epicardial bipolar
voltage area both with respect to size and location (r = 0.81, P=.008).44
Therefore a voltage map created in sinus (or nontachycardia
rhythm) can provide starting information with minimal hemodynamic compromise regarding presence of substrate localized toward
the ventricular endocardial surface (using bipolar voltage cutoffs of
<1.5 mV to define scar and <0.5 mV to define dense scar), epicardial
surface (bipolar signal amplitude <1.0 mV), or potentially within the
mid-myocardium (LV or RV unipolar signal amplitude <8.3 mV or
<5.5 mV, respectively).

Pace Mapping to Identify Ventricular Tachycardia
Circuit Components

VT exit sites, from which the rest of the ventricles are activated producing the 12-lead ECG morphology observed during VT, can usually
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Fig. 33.10 Favorable pace map characteristics beyond QRS morphology match are demonstrated. A, Schematic demonstrating the following concepts: (1) how pacing from a single site within scar (blue) can produce
multiple QRS morphologies based on differential wave front propagation and exit; and (2) how stimulus-QRS
times may be prolonged (>40 ms) because of underlying delayed conduction in diseased but viable tissue, as
well as may vary based on relative distance of pacing and exit sites. B, Displayed are right anterior oblique projections of electroanatomic maps of the left ventricle, with activation times displayed during ventricular tachycardia (VT) and central isthmus corridor highlighted (left), and corresponding pace map (right) in a patient with
prior anterior myocardial infarction. Note that the sites with best pace map matches, based only on degree
of 12-lead QRS morphology match (right), are closest to the exit of the VT circuit; the more proximally within
the VT circuit (i.e., from exit to entrance) that pacing is performed, the worse the pace map matches become.
See text for further detail. C, An example of multiple QRS morphologies produced pacing from the same site
within dense scar, each with long stimulus-QRS time. (A, From Tung R, Mathuria N, Michowitz Y, et al. Functional pace-mapping responses for identification of targets for catheter ablation of scar-mediated ventricular
tachycardia. Circ Arrhythm Electrophysiol. 2012;5:264-272. B, From de Chillou C, Groben L, Magnin-Poull I,
et al. Localizing the critical isthmus of postinfarct ventricular tachycardia: the value of pace-mapping during
sinus rhythm. Heart Rhythm. 2014;11:175-181. With permission.)

be reasonably and quickly localized based on ECG characteristics
(see Table 33.1).62,63 The process of pace mapping involves (1) using
12-lead ECG “templates” of spontaneously occurring or induced
VTs to approximate exit sites within areas of abnormal substrate, as
defined earlier and (2) pacing at such sites to produce a QRS complex that either mimics the QRS complex during VT (consistent with
an exit site) or has features suggestive of other central isthmus sites.
Good pace map sites, meaning sites at which pacing produces a QRS
complex that is similar to the VT QRS, have often been defined as
those where the paced QRS matches the VT QRS complex in 10 or
more leads.64 However, a more liberal definition that accounts for
limitations in this type of mapping, and described in greater detail
later, is one in which the paced QRS matches the VT QRS morphology

in bundle branch block configuration, frontal plane axis, and precordial transition (i.e., qualitatively but not exactly).65 Even using the
more liberal definition, good pace map matches are observed less than
30% of the time at sites demonstrated by entrainment to be central
isthmus sites.65
Perhaps more important is the timing of the pacing stimulus, at
which time local myocardial capture occurs, to the onset of the evoked
QRS complex, which represents the activation of the global ventricular myocardium beyond the substrate; the temporal difference, when
capturing myocardium that is relatively insulated by surrounding
scar tissue, is a marker for relative location within a potentially critical isthmus (Fig. 33.10).38,64,65 For instance, pacing at a VT exit site
should lead to more immediate activation of normal myocardium and
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Fig. 33.11 Examples of regions with local abnormal conduction (e.g., local abnormal ventricular activities, or
LAVAs), the most abnormal of which are somewhat obscured during baseline conduction but revealed with
ventricular pacing at 600 ms (A, red asterisks) or with ventricular extrastimulation (B, arrows). (B, From Jaïs
P, Maury P, Khairy P, et al. Elimination of local abnormal ventricular activities: a new end point for substrate
modification in patients with scar-related ventricular tachycardia. Circulation. 2012;125:2184-2196.)

produce a QRS complex very similar to the VT morphology with relatively short (<40 ms) stimulus-QRS time.65,66 Pacing more proximally
within a protected isthmus should produce progressively longer
stimulus-QRS times. However, the more proximally within a VT isthmus
that pacing is performed, especially when at early isthmus or entrance
sites, the less likely the paced QRS complex will match the VT QRS,
and, in fact, the more likely that multiple paced morphologies reflecting multiple potential exits may be produced.38,65,66 The reason for
this phenomenon is that pacing during sinus rhythm, in the absence
of functional unidirectional block that is present during VT, can lead
to multidirectional wave front propagation, which will produce a different ventricular activation and QRS morphology than when VT is
ongoing and wave front propagation within the same region is unidirectional. Furthermore, if high output is used for pacing capture, the
pattern of ventricular activation can change and produce a different
QRS morphology because of a greater virtual electrode size or anodal
capture, even if pacing is performed within a critical site within the
VT circuit. Nevertheless, despite these limitations, pace mapping can
approximate the exit site of VT circuits, and therefore can lead operators to the associated and more critical central isthmus components to
which the exits are adjacent.

Local Abnormal Ventricular Activity and Identification
of Late Potentials and Diseased Conduction Channels
Within Myocardial Substrate
In some cases, often in the absence of dense scar tissue, areas with diseased conduction may be obscured by higher voltage amplitudes of
myocardium to which they are directly adjacent. Areas such as these,
with so-called local abnormal ventricular activities (LAVAs), can sometimes be revealed by altering the wave front of activation of the region,
for instance with ventricular pacing, or by uncoupling their activation
from more normal tissue, for instance with ventricular extrastimuli,

which serve to provoke conduction property differences and thus
lead to more marked temporal differences in activation than are otherwise present with stimulation at a fixed cycle length (Fig. 33.11).31
Conversely, sometimes, in the presence of densely scarred or infarcted
myocardium, small channels of surviving myocytes that participate in
reentry may be obscured, especially when using standard cutoffs for
bipolar voltage defining normal and abnormal. In such cases, viable
channels of conducting myocardium may be identified by decreasing
the color range, such that tissue with larger amplitude signals can be
accentuated with respect to the larger regions of extremely low voltage that may surround it. These sites can then serve as targets for pace
mapping and ablation (Fig. 33.12).67 Alternatively, multipolar catheters
with smaller interelectrode distances also have shown utility in better
identifying regions of relative heterogeneity with higher resolution and
with faster acquisition times.50,57,68
Similar to but more straightforward than LAVA mapping, identification of regions of LPs recorded during normal sinus or paced
rhythm can be annotated on an EAM and help to highlight potentially important elements of VT circuits.23,29,32,69 LPs are defined as
bipolar EGM recordings that are inscribed after the end of the surface QRS complex, separated from the major initial local ventricular
EGM component by an isoelectric interval. In one approach, the entire
substrate-based map can be displayed as an activation map. In distinction
from activation maps created during tachycardia, during which sites of
earliest activation are sought, LP maps emphasize areas of latest activation during sinus (or nontachycardia) rhythm. A fiducial, reproducibly
identified component of the QRS complex is used for timing reference,
and with use of the typical color scale, red represents “early” and purple represents “late.” Areas with the most delay in local conduction
during sinus rhythm then appear as purple on the EAM. Conversely,
those regions without significant conduction delay appear as red, and
areas of activation with relatively intermediate slowing are color-coded
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Identification of Channels in Septal Scar
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Fig. 33.12 Septal projections of endocardial electroanatomic voltage maps of the right ventricle are shown
using standard bipolar voltage amplitude cutoffs (A) and decreasing the color scale threshold for abnormal to
accentuate regions of potentially viable conduction channels within dense scar (B). B, Evidence for residual
conduction within the channels include presence of late potentials throughout (white arrows to associated
bipolar electrograms recorded by the ablation catheter (Abl)) and ability to capture myocardium with pacing
at these sites. Pacing from the site indicated by the blue arrow produced a 12-lead QRS complex that was a
nearly identical match to the clinical ventricular tachycardia.

with respect to the color distribution in the visible spectrum (Figs.
33.13 and 33.14).32,69 Another approach for highlighting areas with
LPs is to create hybrid substrate EAMs, for instance annotating LP
points as markers or tags on a standard voltage map, individually
color-coded to represent relative timing following surface QRS
activation (Fig. 33.15).29

Limitations to Substrate Mapping Strategies
Although regions containing LPs are generally recognized to be
important, ablation at only sites demonstrating the most delayed conduction during sinus rhythm may not always be successful in suppressing recurrent VT and may incorporate potentially unnecessary
ablation.29,69 Irie and colleagues demonstrated the utility of isochronal
late activation maps (ILAMs) in identifying sites of highest potential
ablation yield among 33 patients with 47 scar-related VTs of mixed
etiologies, then prospectively evaluating the approach in 10 additional
patients.69 In retrospective, off-line analysis, LP maps were created with
categories of activation, using the surface QRS complex as reference,
distinctly divided into eight isochrones of activation following the QRS
(see Fig. 33.14). When correlating ILAMs with sites believed to be critical for reentry, based on mid-diastolic activity during VT with nonectopic termination during ablation, response to entrainment consistent
with isthmus sites, or pace mapping criteria as described earlier, only
11% of critical sites were localized to the latest activation isochrones.
The majority (64%) were localized to the second- and third-latest
isochrones; these also were often sites that demonstrated isochronal
crowding, defined as regions containing more than two isochrones
within a 1-cm radius, and consistent with regions of relatively fixed
conduction in sinus rhythm.

Further complicating the process of voltage mapping is that local
EGM signal amplitude can be affected by the wave front of activation; voltage maps displaying what are accepted to be regions of fixed
scar can therefore vary depending on whether mapping is performed
during sinus rhythm or during alternative ventricular activation, such
as RV or LV pacing70 (Fig. 33.16).
Despite limitations, however, the basic approaches described for
mapping and ablating substrate in sinus rhythm have been effective in overall management of VT in patients with SHD, as detailed
subsequently.

ABLATION OF VENTRICULAR SUBSTRATE FOR
ELIMINATION OF VENTRICULAR TACHYCARDIA
Contemporary VT RF ablation is typically performed with use of 3.5- to
4-mm, cooled-tip catheters. Although both open and closed irrigation
catheters are commercially available, we typically use open-irrigation
catheters with normal saline as the standard coolant at our institution.
Greater ablation lesion sizes as well as efficacy in arrhythmia control
and outcomes have been demonstrated using irrigated-tip compared
with standard-tip catheters.71–74 Use of force sensing irrigated catheters, including SmartTouch Thermocool, (Biosense Webster, Diamond
Bar, CA) and TactiCath (Abbott, Minneapolis, MN) have improved
ability to assess adequate catheter contact during ablation, and, by
extension associated improvement in lesion efficacy, although data
regarding improved clinical outcomes are limited with regard to their
use in VT ablation.75–77
With open-irrigation catheters, temperature-controlled unipolar
RF ablation is typically used, with a temperature limit of 40 to 45°C
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Fig. 33.13 Depicted are anteroposterior projections of electroanatomic voltage (A and E) and late potential
activation (B, C, F, G) maps, obtained from the left ventricular (LV) endocardium (top rows) and epicardium
(bottom rows) in a patient with prior anterior myocardial infarction and ventricular tachycardia (VT). The color
scale in B, C, F, and G is adjusted such that earliest (red) activation is with respect to the onset of the surface
QRS complex (D and H), and latest (red) activation is with respect to the offset of the late potential following
the QRS. Following ablation targeting late potential clusters (B and F), remapping demonstrates absence of
any significant areas of delayed conduction (C and G). (From Vergara P, Trevisi N, Ricco A, et al. Late potentials
abolition as an additional technique for reduction of arrhythmia recurrence in scar related ventricular tachycardia ablation. J Cardiovasc Electrophysiol. 2012;23:621-627.)

and power delivery of up to 50 W. Duration of individual RF applications ranges from 30 seconds to several minutes and is guided by
one or more of the following parameters used to assess acute efficacy:
(1) impedance drop of 10 Ω or more from baseline; (2) reduction in
EGM amplitude or loss of LP during ablation; (3) termination of VT
not associated with ventricular ectopy with ablation, in cases in which
ablation is performed during VT; and (4) observation of increased
myocardial echogenicity on ICE at the site of ablation. These factors
must also be weighed against the risk of excessive tissue heating that
could lead to steam formation within myocardium, subsequent vaporization and local myocardial rupture, a phenomenon known as “steam
pop” (SP). In our experience, we have found that SPs more often occur
when impedance reduction rates are rapid (1.4 Ω per second versus
0.38 Ω per second among lesions without SP, P=.032, unpublished
data); these are often associated with rapid increases in tissue echogenicity observed on ICE as well (Fig. 33.17). Other clues supporting
effectiveness of ablation lesions can be gleaned from response to pacing following ablation, including the following: (1) inability to capture the ablation site pacing at 10 mA following ablation; (2) after a
series of contiguous lesions have been applied, observing a change in
paced QRS morphology compared with pacing at the same site before

ablation, implying block along a region of prior conduction and subsequently altered exit (Fig. 33.18).78

Traditional Substrate-Based Ventricular Tachycardia
Ablation: Targeting the Putative Critical Isthmus
Identified With Pace Mapping
Historically, substrate modification was first guided by pace mapping
within regions of low voltage.12,79 Recognizing that the exit site is likely
to be spatially adjacent to other, more critical VT circuit components,
and that the critical isthmus is more likely (in >80% of cases) to be
in dense scar or deeper within the border zone, a strategy of applying ablation lesions in linear distribution through sites with good pace
map matches within scar border zone and continuing the lesions into
the lower-voltage scar adjacent to putative exit sites was used; length
of lesion sets typically was more than 4 cm.12,67,79 The concept behind
doing so was to transect or disrupt other critical circuit components
that were relevant not only to the “clinical” VT but also could subsequently neutralize substrate for other reentrant VTs (Fig. 33.19). The
initial report using this strategy included 16 patients with ischemic
(n = 9) or nonischemic (n = 7) cardiomyopathy, among whom the
median number of VT episodes in the month before ablation was 21
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Fig. 33.14 Patient with prior inferior myocardial infarction and ventricular tachycardia (VT). Shown on the left is an
activation map during VT, during which an isthmus is identified, with representative circuit superimposed demonstrating pattern of figure-of-eight activation. (Right) In sinus rhythm, an isochronal late activation map (ILAM) is
created, in which categories of late potentials are displayed based on eight equally distributed isochrones of ventricular activation. Shown on the bottom right are examples of how late-potential timing is annotated, to the offset
of the local electrogram. Note that the isochrones encompassing the latest late potential activation (blue and
purple regions) do not correlate anatomically with where the isthmus for VT was identified; in fact, the isthmus
is contained within the region where only intermediately delayed late-potential regions were identified but where
isochronal crowding is observed. (Modified from Irie T, Yu R, Bradfield JS, et al. Relationship between sinus rhythm
late activation zones and critical sites for scar-related ventricular tachycardia: systematic analysis of isochronal late
activation mapping. Circ Arrhythm Electrophysiol. 2015;8:390-399. Figure provided courtesy of Dr. Roderick Tung.)

A

B
Fig. 33.15 Examples of the scar dechanneling approach. A, Posterior view of the epicardial bipolar voltage electroanatomic map from a patient with nonischemic cardiomyopathy. Electrograms with delayed components are
classified as entrance (black dots, 1 and 5) or inner (blue dots, 2, 3, 4) conducting channel points, depending on
delayed-component lateness during sinus rhythm. Electrograms within a submitral conducting channel are shown
(1–5). Only electrograms 1 and 5 were targeted for ablation (red dots). B, Inferior view of bipolar voltage electroanatomic maps during sinus rhythm before (MAP) and after (reMAP) scar dechanneling in a patient with healed
myocardial infarction. Electrograms recorded as conducting channel entrances are again labeled with black dots
and inner sites with blue dots. Examples of bipolar electrograms at entrances (1 and 5) and inner parts (2–4) are
shown (left). Delayed components of electrograms before scar dechanneling are highlighted with arrows (left).
Elimination of delayed components of local electrograms (asterisks) are then demonstrated from the same sites
after scar dechanneling (right). LV, Left ventricular; MA, mitral annulus; RV, magnetic resonance imaging–derived
right ventricle. (From Berruezo A, Fernández-Armenta J, Andreu D, et al. Scar dechanneling: new method for
scar-related left ventricular tachycardia substrate ablation. Circ Arrhythm Electrophysiol. 2015;8:326-336.)
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Fig. 33.16 Example of differences in distribution of substrate based on bipolar electrogram voltage and origination of wave front of activation. (From Tung R, Josephson ME, Bradfield J, Shivkumar K. Directional influences of ventricular activation on myocardial scar characterization: voltage mapping with multiple wavefronts
during ventricular tachycardia ablation. Circ Arrhythm Electrophysiol. 2016;9:e004155.)

A

B
Ablation start
Ablation 5 sec
Fig. 33.17 Intracardiac echocardiography findings associated with impending steam pop during radiofrequency
ablation. Note the rapid rate of increased echogenicity of the left ventricle at the ablation catheter-tip-tissue
interface, as well as increased formation of bubbles within the blood pool on intracardiac echocardiography
(A) from the initiation of open-irrigation radiofrequency ablation to (B) 5 seconds after application using 50 W.

(range 6–55).12 Following ablation, VT-free survival was achieved in
the majority (75%) over more than 15-months’ follow-up. Importantly,
most of those with VT recurrence had isolated recurrences, and only
one patient had more frequent episodes that were amenable to pacing therapy only. Subsequent observational studies from large-volume
tertiary-referral centers have reported modest success with regard to
VT-free survival using this approach among patients with ischemic or
NICM, ranging from 67% over a median 1-month follow-up to 71%
over follow-up of more than 4 years.74,80
This strategy of linear ablation guided by pace mapping was the
first nonsurgical substrate modification strategy described to successfully ablate unmappable VT.12 It has not only predominated VT
ablation approaches in clinical practice but also in clinical trials, and

it has provided the foundation from which other substrate-based
ablation approaches have evolved over the last nearly 2 decades. See
Table 33.3 for a summary of the major prospective clinical trials in
which substrate modification was included as the ablation approach
for management of VT. Details from selected studies are further discussed later.
The Multicenter Thermocool Ventricular Tachycardia Ablation
Trial (see Table 33.3) studied this approach among 231 patients with
ischemic heart disease (median LV ejection fraction [LVEF] 25%) and
predominantly unmappable VT (69%) in nonrandomized, prospective
analysis using an externally-irrigated RF ablation catheter in conjunction with the CARTO EAM.21 The primary outcome, freedom from any
recurrent VT or incessant VT, was achieved among 53% over 6-month
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Fig. 33.18 (Right) Electroanatomic voltage map of the right ventricle reveals a large area of scar that extends
from the pulmonic valve (PV) to the conal free wall. Pace maps from the conal free wall under the pulmonic
valve and adjacent to the tricuspid valve before radiofrequency ablation are shown (outlined in red). Pacing at
the same site under the PV following ablation produces a different pace map from baseline, now resembling
that obtained from the more inferior pacing site preablation, and with longer stimulus to QRS time, suggesting that block across the ablated region has been achieved. (Modified from Bala R, Dhruvakumar D, Latif SA,
Marchlinski FE. New endpoint for ablation of ventricular tachycardia: change in QRS morphology with pacing
at protected isthmus as index of isthmus block. J Cardiovasc Electrophysiol. 2010;21:320-324.)

VT1

VT2

≥ 1.5mV

Best VT1 pace maps

≤ 0.5mV

Best VT2 pace maps

Fig. 33.19 Representative example of linear radiofrequency ablation lesions (red circles) applied to the LV
endocardium to transect arrhythmogenic substrate in a patient with prior anterior myocardial ablation guided
by pace mapping within regions of low-amplitude and abnormal local electrograms. Lesions were placed to
transect across dense scar in regions with reasonable pace map matches to 12-lead ECG morphologies of the
clinical ventricular tachycardias (VT1 and VT2).
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Summary of Prospective Clinical Studies of Ventricular Tachycardia in Patients
With Structural Heart Disease Involving Substrate-Based Catheter Ablation
TABLE 33.3

Study Name
(Year)

N

Structural
Prior
Heart Disease
Amiodarone
Type(S)
LVEF, % Treatment Treatments

Catheter Ablation Following Multiple Treatments for Recurrent VT
Cooled RF
146 ICM + NICM
31
40%
Ablation
Ablation System
(18%)
(nonrandomized)
Trial (2000)

Mean
Follow-Up, Freedom From Difference in
Months
Recurrent VT ICD Shocks Survival

8

44% (1-yr K-M
estimate)

75% (1-yr
K-M
estimate)

Multicenter
231 ICM
Thermocool
Ventricular Tachycardia Ablation
Trial (2008)

25
70%
(median)

Ablation
(nonrandomized)

6

53%

Median 11.5 vs. 0 82% (12 mo)
(6 mo pre- vs.
postablation)

Post-Approval
Thermocool
VT (2016)

249 ICM + NICM
(4.6%)

30.1

Ablation
(nonrandomized)

6

62%

Median 13 vs. 0
(6 mo pre- vs.
postablation)

VANISH (2016)

259 ICM

31.1–31.2 65% (7%
with dose
≥300 mg qd)

Ablation vs.
escalated
medical therapy

27.9

75.8% vs.
See previous
66.9% (VT
column
storm), P=.08;
62.1% vs. 57.5%
(Appropriate ICD
shocks p 30
days), P=.19

72.7% vs.
72.4%,
P=.86

HELP-VT (2014)

227 ICM +
NICM (28%)

32.7

Ablation
ICM vs. NICM
(nonrandomized)

Median
20–27

43% vs. 23%,
P=.01

91.9% vs.
87.3%,
P=.307

VISTA (2015)

118 ICM

32.0–32.6 0% (16.9% on
sotalol or
mexiletine)

Scar homogenization 12
vs. traditional
limited ablation

84.5% vs. 51.7%,
log-rank
P<.001

8.6% vs.
15%,
log-rank
P=.21

Gökoglan
et al. (2016)

93

29–32

Scar homogenization 14
vs. traditional
limited ablation

64% vs. 38.6%,
log-rank
P=.031

Ablation+
ICD vs. ICD

22.5

88% vs. 67%,
P=.007

9% vs. 31%,
P=.003

Ablation+
ICD vs. ICD

22.5

47% vs. 29%,
P=.045

Mean 0.6 vs.
91.5% vs.
3.4 per patient
91.4%,
per year
P=.677

NICM

68.3%

37%

61%

Catheter Ablation Prior to ICD Implantation
SMASH-VT
128 ICM
30.7–32.9 0

V-TACH

107 ICM

34.0 ± 9.2 35%

86.6% (1 yr)
81.2% (2 yrs)
74.6% (3 yrs)

91% vs.
83%,
P=.29

ICD, Implantable cardioverter-defibrillator; ICM, ischemic cardiomyopathy; LEVF, left ventricular ejection fraction; NICM, nonischemic cardiomyopathy; RF, radiofrequency; VT, ventricular tachycardia.

follow-up; importantly, VT frequency was dramatically reduced, from
a median of 11.5 episodes before ablation to 0 episodes in the 6 months
following ablation, with a 75% or more overall VT frequency reduction
among the majority (67%) of those with recurrences. A subsequent
postapproval study monitoring long-term safety and efficacy using
the same open-irrigation ablation catheter, EAM system, and ablation
approach was then conducted among 249 patients with predominantly
postinfarction substrate (4.6% with NICM).81 Lack of recurrent VT at 6
months was similar to the preapproval study (62%), with similar reduction in overall VT frequency (≥50% in 63.8% of patients) and dramatic
reduction in proportion of patients with ICD shocks (81.2%–26.8%).
These results also translated into improved quality of life based on the
Hospital Anxiety and Depression Scale, with marked improvements in

anxiety levels pre- and postablation, with strongest association linked
to improvement in ICD shock burden.
Several randomized clinical trials have used this strategy as a
means for preventing ICD therapy in patients with a history of
VT following prior MI. The multicenter, randomized Prophylactic Catheter Ablation for the Prevention of Defibrillator Therapy
(SMASH-VT) Trial24 compared ICD + catheter ablation with ICD
implantation and usual medical therapy among 128 patients experiencing each of the following: (1) history of MI longer than 1 month
before enrollment; (2) secondary-prevention ICD anticipated or
implanted within 6 months of enrollment for VF, hemodynamically
unstable VT, or syncope with inducible VT during invasive EP testing; or (3) patients who had undergone primary prevention ICD

Survival free from ICD therapy (%)
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Fig. 33.20 Composite of Kaplan-Meier survival analyses of major randomized clinical trials comparing catheter ablation to usual or escalated medical therapy among patients with ventricular tachycardia (VT)
following prior myocardial infarction. Survival free from any implantable cardioverter-defibrillator (ICD) therapy is displayed from the Prophylactic Catheter Ablation of the Prevention of Defibrillator Therapy
(SMASH-VT24) trial; Survival free from recurrent VT or ventricular
fibrillation is displayed from the Catheter Ablation of Stable Ventricular Tachycardia Before Defibrillator Implation in Patients with Coronary
Heart Disease (VTACH) trial;25 and survival free from composite endpoint of death occurring at any time after randomization or VT storm
or appropriate ICD shock after 30-day treatment is displayed from the
Ventricular Tachycardia Ablation versus Escalated Antiarrhythmic Drug
Therapy in Ischemic Heart Disease Trial (VANISH28)

implantation but subsequently had received appropriate ICD therapy for a single event. Importantly, patients enrolled also were not
previously treated with class I or III antiarrhythmic drugs (AADs).
Therefore invasive intervention for VT management was a first strategy for those randomized to ablation, a feature that distinguishes this
population from SHD patients that usually undergo VT ablation as
well as patients enrolled in most other trials involving VT ablation.22
With those considerations in mind, the overall ventricular arrhythmia recurrence rates were relatively low over 2-year follow-up (12%
for those undergoing ablation and 33% for those who did not), and
catheter ablation was associated with a 65% risk reduction in recurrent VT events, including both antitachycardia pacing (ATP) and
ICD shocks (P=.007), and a 73% risk reduction in ICD shocks alone
(Fig. 33.20A).24 The study was not powered to assess a mortality difference, but there was a trend toward reduced mortality among ablation patients (9% vs. 17%, P=.29), which at the very least supports
the relative safety of ablation even for those presenting with hemodynamically unstable VT or VF.
In a similarly designed trial based in Europe, the Catheter Ablation of Stable Ventricular Tachycardia Before Defibrillator Implantation in Patients with Coronary Heart Disease (V-TACH) randomized
107 patients with prior MI, reduced LVEF (≤50%), and VT to ICD +
ablation, using the linear substrate-based ablation approach described
earlier, or ICD alone.25 Important differences between this trial and
SMASH-VT were that only patients with hemodynamically tolerated
VT were included, and use of class III AADs was not an exclusion criterion; in fact more than one-third of patients enrolled were treated

with amiodarone at the time of randomization. Similar to results in
SMASH-VT, there was a significant reduction in recurrent VT or VF
among those randomized to ablation (hazard ratio [HR], 0.61; 95% confidence interval [CI], 0.37–0.99; P=.045, see Fig. 33.20B). The absolute
proportions with recurrent VT were higher in each group compared
with in SMASH-VT (53% in the ablation arm and 71% in the nonablation arm over 2 years), although in the context of arguably different
patient populations with respect to duration of arrhythmia history and
treatment. Also important is that salient results regarding arrhythmia
recurrence are often incompletely reflected in Kaplan-Meier survival
analyses; any VT or VF, including an isolated event treated successfully and asymptomatically with ATP or multiple events leading to ICD
storm, is treated equivalently among subjects even though the clinical implications of each differ substantially. In V-TACH, for instance,
despite modest improvements in VT recurrence, ablation was associated with a nearly sixfold decrease in appropriate ICD shocks per
patient per year (0.6 vs. 3.4, P=.018).
The multicenter Ventricular Tachycardia Ablation versus Escalated
Antiarrhythmic Drug Therapy in Ischemic Heart Disease (VANISH)
trial was the third major randomized controlled trial investigating
the utility of VT ablation compared with usual therapy on VT recurrence and mortality.28 In contrast to the previous randomized trials,
VANISH compared catheter ablation with escalated antiarrhythmic
drug therapy among 259 patients with ischemic cardiomyopathy and
recurrent VT that was refractory to prior treatment with Ccass I or
III AADs; nearly two-thirds had been treated with amiodarone at the
time of enrollment. Patients randomized to escalated AAD had treatment administered based on amiodarone dose at baseline as follows:
(1) those not on amiodarone had loading of 400 mg twice (bid) ×
2 weeks then 400 mg every day (qd) × 4 weeks, followed by maintenance dosing of 200 mg qd; (2) those on amiodarone of less than 300
mg qd had loading of 400 mg bid × 2 weeks and 400 mg qd × 1 week,
then maintenance dosing of 300 mg qd; (3) those on 300 mg or higher
qd amiodarone were maintained at the same dose and had mexiletine
200 mg 3 times added to the regimen. Those randomized to ablation
underwent a similar substrate-based ablation strategy as described
previously for the vast majority (88.6%) of cases; in the remainder,
more focused ablation guided by entrainment and activation were
performed. Over 4 years follow-up, primary end point events (death
or VT storm or appropriate ICD shock after 30-day treatment period)
occurred less frequently among the ablation group compared with the
escalated AAD group (59.1% vs. 68.5%; HR for ablation patients 0.72;
95% CI, 0.53–0.98, P=.04, see Fig. 33.20C); this difference was driven
by trends toward decreased ICD shocks and VT storm events. Another
important secondary outcome difference is that those randomized to
the escalated treatment arm were 73% more likely to recur with sustained VT below the programmed ICD detection limit than those who
underwent ablation (P=.02). Finally, for those who were already on
amiodarone at the time of presentation with recurrent VT, subsequent
ablation led to markedly improved rates of the primary outcome compared those randomized to escalated AAD (HR, 0.55; 95% CI, 0.38–
0,80, P=.001).
The weight of the clinical evidence thus indicates that this ablation
approach is effective in mitigating episodes of recurrent VT and ICD
shocks and improving quality of life, either when AADs have failed or
as a first approach for VT management. However, despite these important relative benefits, the absolute numbers of patients with VT recurrence following ablation (as many as 46% in ICM and as high as 80%
among NICM patients) have spawned additional efforts to improve
upon traditional ablation end points and, by extension, longer-term
VT recurrence rates.
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Ventricular Tachycardia Noninducibility as an Ablation
End Point

The most standardly used method for determining the end point for
ablation has been to attempt to reinitiate VT with PES. Inability to
induce VT using the same or more aggressive stimulation with which
VT was induced before ablation is typically considered an end point
of acute success, as it often correlates with improved VT-free survival.19,21,23,29,53 However, its predictive value is far from perfect, and
there are several limitations in relying on this end point alone. First,
the definition of VT noninducibility can and has been interpreted
variably, and, depending on which definition is used, determination of
acute success can vary significantly. Using the strictest definition, lack
of induction of any VT, may be the most straightforward, but its positive predictive value is limited; inducing very fast VTs (cycle length
[CL] <200 ms) or polymorphic VT or VF with aggressive stimulation
does not reliably predict recurrence of clinically significant monomorphic VT.19,21,23 Second, defining VT noninducibility as an inability to induce clinical VT similarly has inherent limitations, as what
defines “clinical” can also be interpreted variably. Many times 12-lead
ECGs of spontaneous VTs are not obtainable, and the only available
detail about clinical events may be from ICD EGMs, from which only
limited information may be gleaned regarding VT CLs and, to some
extent, ICD EGM morphologies.82 Finally, even when 12-lead ECGs
are available of spontaneously occurring VTs, inducing VTs of other
morphologies does not necessarily mean that the latter are “nonclinical” or potentially clinically insignificant; the site and method of VT
induction in the EP laboratory may produce unidirectional block and
reentry through the same substrate used by the spontaneously occurring VT but which differ in wave front propagation and exit compared
with that evoked by spontaneously occurring triggers. These VTs,
although they may differ in 12-lead ECG morphology, should still be
considered to be potentially clinically important. Most commonly,
failure to induce monomorphic VTs with similar 12-lead ECG morphology or within 20 ms in CL of previously observed VTs following
substrate-based ablation is considered to be an acceptable acute end
point.
Beyond defining VT noninducibility, there are other issues with this
acute ablation end point that limit its predictive value. First, lack of
inducibility before ablation confounds interpretation of noninducibility following ablation. Second, there is a known lack of reproducibility in inducing VT, especially in the setting of concomitant AAD use.
Third, changes in autonomic tone and use of general anesthesia may
affect VT inducibility. Fourth, ablation lesions may either expand as
a result of disruption of microcirculation, with consequent myocyte
loss, or regress secondary to healing and resolution of edema. Finally,
patients may be too hemodynamically unstable to tolerate additional
attempts at VT induction after ablation.19,22,23,30,37,74,83,84
Additional substrate-based ablation strategies have been developed over the last decades since the initial linear-ablation transection
approach. Each is guided by specific mapping methods, as described
previously, for identifying arrhythmogenic myocardium believed to be
of greatest importance. Each has aimed to improve upon determination
of the standard procedural end point of VT noninducibility to achieve
improved long-term outcomes. Although the mapping strategies may
differ in specific approach and focus, there is substantial overlap in the
general principles applied for ablation. Common goals among all are
to achieve the following: (1) entrance block, or elimination of apparent
conduction of excitable myocardium within targeted substrate; and (2)
VT noninducibility following ablation.
The following sections summarize ablation strategies that incorporate additional mapping approaches and ablation end points beyond
VT noninducibility, as well as associated outcomes (see Table 33.2).
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Local Abnormal Ventricular Activities and Late Potential
Elimination

Once areas containing LAVAs and LPs are identified, using mapping strategies as described earlier, subsequent ablation is performed
throughout the sites demonstrating abnormal conduction, usually
with application of relatively contiguous ablation lesions, with the goal
of elimination of targeted signals from the endocardium and epicardium when feasible. Ablation continues until these targeted signals are
eliminated, as confirmed by repeated mapping following ablation (see
Fig. 33.13 and Fig. 33.21).31,32 Favorable outcomes have been achieved
using these techniques in populations with both ICM and NICM and
VT. In the initial description of endocardial or epicardial LAVA elimination among 70 patients (20% NICM), complete LAVA elimination
(achieved among 70%) was associated with significant improvement in
survival and VT recurrence (2-year event-free rates of 55% versus 20%
among those in whom LAVA elimination could not be achieved). In
multivariate analysis, which included VT noninducibility and underlying SHD substrate, LAVA elimination was the only characteristic that
was independently associated with event-free survival (HR, 0.49; 95%
CI, 0.26–0.95; P=.035).31
An impressive 90.5% freedom from VT recurrence was observed
among patients (28% NICM) among whom complete abolition of LPs
was achieved, with better sensitivity (60.0% vs. 50.0%) and specificity (95.0% vs. 87.5%) in predicting recurrent VT compared with VT
noninducibility.32

Scar Dechanneling and Ventricular Tachycardia
Core Isolation

Knowing that the majority of the critical VT circuit components reside
within fibrotic tissue with abnormal voltage, targeting channels of
conduction within these abnormal regions and achieving electrical
isolation may result in better control of contemporarily documented
“clinical” VTs as well as subsequent VTs that may later arise from the
same substrate. Focused targeting of these putative critical elements of
the circuit through identification of the possible channels and surviving myocardium within scar is the basis for the scar dechanneling and
VT core isolation strategies.
In the scar dechanneling approach, Berruezo and colleagues identified regions with LPs, but focused specifically on identifying and focally
targeting sites with the earliest of LPs, speculating that these sites represent entrance sites of conduction into scar and could be focally targeted
to prevent subsequent reentry within the scar.29 After completion of a
standard voltage map, specific sites were annotated with color-coded
points or tags as entrance versus inner CC sites, based on degree of
delay in local activation. Specifically, sites with LPs with least delay
were tagged as entrance CC, and those with relatively later delay were
tagged as inner CC sites (see Fig. 33.17). With focal ablation delivered
to entrance-CC sites, commonly located at the periphery of identified
scar, all evidence of delayed activation within the scarred region on
remapping could be demonstrated (i.e., all LP activity was abolished
at sites in which they were demonstrated to exist before ablation) and
without directly ablating all LPs identified, thus providing evidence
for “dechanneling” and electrical homogenization. This end point
was achieved in 84.2% of 101 patients, although additional ablation
using previously described approaches was also needed to achieve the
most commonly accepted end point, VT noninducibility, which was
achieved in 78.2%.
A related but distinct strategy for substrate modification is VT
“core” isolation.23 Using this ablation strategy, critical VT circuit components are identified using mapping strategies described earlier and
summarized in Table 33.2, on either the endocardial or epicardial surface. When feasible, limited activation and entrainment techniques are
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Fig. 33.21 Endocardial (Endo) and epicardial (Epi) local abnormal ventricular activity (LAVA) recordings in a
patient with ischemic cardiomyopathy and scar-related ventricular tachycardia (VT). (Top) Fluoroscopic views
in anteroposterior (AP) and left anterior oblique (LAO) projections, showing transseptally accessed left ventricle (LV) during endocardial ablation at different sites and a PentaRay catheter lying epicardially facing the
endocardial catheter to monitor the effect of ablation on epicardial LAVAs. Bottom A, LAVA recorded on the
endocardial site is later than the latest LAVA on the epicardial site. Because endocardial LAVA earlier than the
epicardial LAVA is the target site for ablation, ablation is not undertaken at the suboptimal site shown here. B,
The ablation catheter is moved to another site where continuous LAVAs (arrows) are recorded endocardially
immediately after the end of the far-field ventricular potential. Such a site where endocardial LAVA precedes
the epicardial recordings is considered appropriate for endocardial ablation. C, Ablation at the site shown in
(B) is associated with changes in LAVA epicardially. D, Ablation is continued endocardially with an end point
of complete abolition of LAVA. Ablation results in abolition of LAVA on most of the splines of the PentaRay™.
Dissociated LAVAs can be observed on some splines. The end point is adequately reached. (From Jaïs P,
Maury P, Khairy P, et al. Elimination of local abnormal ventricular activities: a new end point for substrate modification in patients with scar-related ventricular tachycardia. Circulation. 2012;125:2184-2196.)

also used to confirm relative importance of sites mapped during sinus
rhythm. These sites of importance (Figs. 33.22 and 33.23) are annotated
on the EAM. Electrical excitability of tissue within abnormal regions
identified is confirmed at baseline with pacing and capture at standard
output. Sites with lack of electrical excitability at baseline, as defined
by extremely low voltage and inability to capture with pacing at high
output, are also annotated. Once the critical circuit elements are identified, RF energy is applied circumferentially around the entirety of these
elements, which often but does not always correlate with the circumference of scar identified by low voltage and abnormal EGM characteristics. In the original description of this technique, among 44 patients
(27% NICM, mean LVEF 31%) presenting with multiple clinical VTs
and 48% with VT storm, less than half of the substrate defined as EGM
amplitude lower than 1.5 mV was targeted for isolation, indicating

potential sparing of some regions of reduced voltage. In addition to
entrance block within the isolated region and VT noninducibility, this
technique introduced an additional procedural end point of exit block
within the isolated region. Exit block, and therefore successful core isolation, was defined by failure to capture the ventricle with pacing from
inside the lesion set using a pacing output of 20 mA and pulse width
of 2 ms from multiple (≥3), discrete sites that had previously demonstrated capture. In the setting of incomplete core isolation or persistent
VT inducibility, additional ablation was performed, either on the endocardium or epicardium, guided by subsequent mapping and VT morphology. Using this approach, we demonstrated incremental benefit
in VT-free survival when core isolation and VT noninducibility were
both achieved (90% without VT recurrence), as well as when only core
isolation was achieved (83% without recurrent VT). VT-free survival

General Approach to Core Isolation
Voltage Map
VT Induction
Unmappable VT
• Pacemapping (long stimulusQRS + pacemap match)
• Channels with LPs

Mappable VT
• Entrainment
• +/- Termination with
single ablation lesion

Core designed to incorporate critical VT circuitry elements identified
Ablation performed surrounding Core

Multi-site pacing with Core to assess
Entrance/Exit Block (Core Isolation)
Core Isolation
achieved

Core Isolation
not achieved
VT induction

Additional ablation at
suspected exit / entrance
sites until core isolated

VT inducible

VT noninducible

Additional ablation outside
of Core or on opposing
epicardium (guided by
morphology)

Case end

Fig. 33.22 Flowchart detailing the general approach for core isolation. LP, Late potential; VT, ventricular
tachycardia. (From Tzou WS, Frankel DS, Hegeman T, et al. Core isolation of critical arrhythmia elements
for treatment of multiple scar-based ventricular tachycardias. Circ Arrhythm Electrophysiol. 2015;8:353-361.)
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Fig. 33.23 Example of core isolation (CI) in a patient with ventricular tachycardia (VT) storm and a large anterior
myocardial infarction. A, Endocardial voltage map, anteroposterior view. The VT circuit core was defined by good
pace map (PM) sites (stars depict examples), as defined in the text and was isolated by contiguous ablation at
the junction between dense scar and border zone or regions without pacing capture at baseline. B, Late potential
(LP) activation map performed after CI identifying a single site of endocardial breakthrough within the isolated
area. A multipolar catheter (MPC) was positioned within the CI area, and the ablation catheter (ABL) at the site
of endocardial breakthrough. C, Ablation at the earliest breakthrough results in CI, with entrance block demonstrated by disappearance of near-field LPs from the MPC during ablation (arrows). D, After CI, dissociated potentials were recorded (arrows). E, After isolation, pacing from the MPC shows local myocardial capture (arrows)
with exit block. (From Tzou WS, Frankel DS, Hegeman T, et al. Core isolation of critical arrhythmia elements for
treatment of multiple scar-based ventricular tachycardias. Circ Arrhythm Electrophysiol. 2015;8:353-361.)
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Fig. 33.24 Electroanatomic bipolar left ventricular voltage maps obtained in sinus rhythm from a patient with
prior inferior myocardial infarction and drug-refractory ventricular tachycardia. Representative electrograms
(EGMs) obtained throughout the region of scar, based on bipolar EGM amplitude 0.5 mV or higher, are shown,
as are ablation lesions applied throughout the endocardial scar. (From Di Biase L, Santangeli P, Burkhardt DJ,
et al. Endo-epicardial homogenization of the scar versus limited substrate ablation for the treatment of electrical storms in patients with ischemic cardiomyopathy. J Am Coll Cardiol. 2012;60:132-141.)

was achieved in 86% of the patients over mean follow-up of 17.5 ± 9.0
months and was significantly better than those in whom core isolation
could not be achieved (P=.013).

Scar Homogenization
Perhaps the most straightforward as well as most extensive VT ablation
strategy described is the direct ablation and elimination of all electrically
excitable tissue within a scar. This approach was initially described among
patients with ICM and VT without prior coronary arterial bypass graft
(CABG) surgery. Comprehensive endocardial and epicardial ablation targeting substrate identified primarily using abnormal bipolar EGM amplitude was performed (Fig. 33.24), with marked improvement in VT-free
survival compared with similar patients who underwent traditional VT
ablation as described earlier (81% vs. 53%, log-rank P=.006).30 This strategy, while involving more ablation than the other strategies, is designed to
not only target all possible VT circuits but to allow for multiply redundant
lesions thereby minimizing effects from conduction recovery because of
nondurable lesions. However, prior CABG is usually prohibitive for percutaneous epicardial access and ablation, thus the generalizability of this
technique to all patients with VT following MI is somewhat limited.
In a subsequent randomized clinical trial of 118 ICM patients with
VT and in whom prior cardiac surgery was not an exclusion criterion (Ablation of Clinical Ventricular Tachycardia Versus Addition
of Substrate Ablation on the Long Term Success Rate of VT Ablation
(VISTA)), scar homogenization of the LV endocardium (and epicardium when needed and feasible) was compared with traditional VT
ablation (see Table 33.3).27 The outcomes related to more extensive
ablation and scar homogenization were encouraging, with statistically and clinically significant improvements in VT-free survival at
12-month follow-up (84.5% vs. 51.7%, log-rank P<.001, Fig. 33.25)
and without significant differences in periprocedural complications
(P=.61) or mortality (8.6% in the scar homogenization group vs. 15%
in the traditional ablation arm, log-rank P=.21).
However, although this approach is straightforward and effective
among patients with VT because of prior MI, using it among NICM
substrates, which confer the greatest challenge in terms of VT ablation
and management caused by increased complexity of substrate, has not

led to improved outcomes compared with other substrate-based strategies described (see Table 33.3).85
Regardless of which specific substrate-based mapping and ablation
approach is used, effective VT control can be achieved in the majority
of patients (70%), as demonstrated from the cumulative experiences
of 12 international tertiary-referral VT ablation centers in the International Ventricular Tachycardia Center Collaborative Group.19 In
fact, lack of VT recurrence in this largest and mixed cohort of SHD
patients undergoing VT ablation to date (n = 2061, 43% NICM) was
found to be associated with increased probability of both VT- and
transplant-free survival (Fig. 33.26), irrespective of underlying ischemic or nonischemic substrate VT ablation, or severity of heart failure.19,86 Therefore although effective VT control can be challenging to
achieve, continued progress and associated safety in substrate-based
mapping and ablation techniques have made catheter ablation a more
viable therapeutic option, even among the sickest of patients with
SHD.

COMPLICATIONS
Procedural complications associated with substrate-based VT ablation are generally higher than reported for non-VT ablation, in general because of increased comorbidities that accompany SHD. Total
complications reported from large single- or multicenter studies
experienced in substrate-based VT ablation have ranged from 4% to
10%19,21,27,42,80,81,87 and have included death in up to 3%.19,21,81,84,87
More commonly encountered complications include vascular access
complications (hematoma, arteriovenous fistula, pseudoaneurysm)
in 1.6% to 4.7%; pericardial effusion with tamponade in 1.3% to 4%;
usually treated with percutaneous drainage but in rare cases requiring
open surgical repair 0.1% to 0.7%; heart failure, cardiogenic shock, or
other hemodynamic instability necessitating ending the procedure in
0.3% to 3.2%; stroke or transient ischemic attack in 0.5% to 0.8%; complete heart block, typically anticipated and caused by targeting of basal
septal substrate, in 0.8% to 0.9%; venous thromboembolism in 0.3% to
0.6%; coronary artery injury in 0.2%; incessant VT in 0.4%; and pericarditis in 0.4%.19,21,30,42,80
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Incidence of complications varies widely depending on a number of
factors, including operator experience, hospital ablation volume, baseline patient comorbidities.88 Complexity of the anticipated procedure,
including need for epicardial access and ablation or repeated ablation,
can also be associated with higher complication risk.54,87

TROUBLESHOOTING THE DIFFICULT CASE
Several challenges may arise during a substrate-based VT ablation procedure that can increase the difficulty of the case. Most of the common
challenges and proposed methods with which to address the challenges have been discussed in previous sections and are summarized in
Table 33.4. A common reason for failure to successfully treat VT with
substrate modification is a lack of adequate mapping data in the chamber or region of interest. This can either be caused by insufficient point
acquisition or lack of substrate closest to the surface in which mapping
is performed. The former, which most often occurs in the context of
poor catheter contact and artificially produces regions of “low voltage”
and the false illusion of a greater degree of substrate than is present,

TABLE 33.4

can also lead to unnecessary and often ineffective ablation. This problem can be alleviated in several ways. Catheter reach can be optimized
by using an alternatively sized curve; this can be accomplished simply
using the other curve on a bidirectional catheter (our approach is usually to use a bidirectional catheter with curves of differing radius in
anticipation of this potential problem, e.g., F-J, D-F, etc.), or by changing the direction of the approach entirely, for instance via transseptal
rather than retrograde aortic access, or vice versa. Use of a force sensing catheter and/or ICE can also help to ensure mapping (and ablation)
with adequate contact with improved time efficiency as well as safety.
Finally, if available, remote navigation ablation systems, such as Stereotaxis (St. Louis, MO), have demonstrated utility in improving catheter
stability and shown incremental benefit, particularly in the setting of
repeated ablation.89 Conversely, sometimes mapping with a singlebipole catheter, as is the case when mapping with the ablation catheter,
may not confer sufficient resolution to detect substrate of greatest
interest—the most common scenario in which this may be the case is
in the presence of prior MI and very dense endocardial scar, in which
narrow channels of viable but diseased myocardium may be obscured

Troubleshooting the Difficult Case

Problem

Causes

Solution

Apparent lack of endocardial
Insufficient mapping catheter resolution
substrate (defined by low bipolar
Mid-myocardial or epicardial substrate
signal amplitude or signs of local
abnormal conduction, e.g.,
fractionation, LAVAs, late potentials)

Change to multipolar catheter for faster and higher-density point acquisition
Assess unipolar instead of bipolar signal amplitudes among points
already acquired
Use intracardiac echocardiography (ICE) to identify regions of increased
echogenicity in mid-myocardium or epicardium
Obtain percutaneous epicardial access for mapping or map opposite site of
septum for suspected mid-septal substrate

Apparent lack of endocardial or
epicardial substrate

Mid-myocardial substrate

Assess unipolar instead of bipolar signal amplitudes among points
already acquired
Use ICE to identify regions of increased echogenicity in midmyocardium
Attempt limited mapping during VT to identify most critical regions in which
to focus ablation, guided by abnormalities in unipolar voltage or ICE

Ineffective radiofrequency (RF)
energy delivery

Inadequate catheter contact
Inadequate ablation lesion size or depth
Inadequate mapping

Change catheter reach, either with curve of different radius, bidirectional
catheter, or direction of approach (transseptal access instead of
retrograde aortic or vice versa); use force sensing catheter and/or
ICE; consider use of remote navigation systems
Irrigated ablation (if nonirrigated ablation was initially used)
Consider use of adjunctive techniques to enhance RF lesion size
(e.g., half normal saline irrigant, bipolar ablation)
Use higher-power, irrigated-tip RF energy or lower power with longer
application durations (up to several minutes)
Continue mapping: consider alternative approach for substrate identification, access
to chamber of interest, or map alternative chamber adjacent to site of interest

Substrate of interest in close
proximity to critical anatomic
structures

Coronary arteries on epicardium or
in aortic root
Phrenic nerve on epicardium
Proximal His-Purkinje system

Use ICE to visualize os of left main coronary artery in aortic root and perform
coronary angiography before any epicardial ablation; avoid ablating with RF
energy within 5 mm of proximal major coronary artery
Consider lower-power RF energy (<30 W) or cryoablation as energy source
Ablate opposite epicardial site of interest using longer, higher-power RF
applications +/- use of adjunctive techniques
Annotate phrenic nerve course with pacing and diaphragmatic stimulation
before epicardial ablation
Mechanically insulate or displace phrenic from epicardial surface infusing
agitated saline or using peripheral angioplasty balloon within space
Avoid ablation in this region unless open conversation has occurred with
patient before procedure regarding risk of complete heart block and
need for possible device upgrade

LAVA, Local abnormal ventricular activities; VT, ventricular tachycardia.
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Simultaneous Unipolar RFA

Fig. 33.27 Cross-sections of radiofrequency ablation (RFA) lesions applied to viable bovine myocardium in
ex vivo preparation. Note that bipolar ablation application using the same energy (50 W), catheter tip orientations, and RFA duration (60 seconds) resulted in more a more densely transmural lesion than either sequential
unipolar or simultaneous unipolar RFA applications. (From Nguyen DT, Zipse MM, Tzou WS, et al. Simultaneous Unipolar Radiofrequency Ablation Lesions Have Similar Volume with Different Geometry Compared to
Bipolar Ablation. C-PO04-137. Heart Rhythm 2017;14(5):S382.)

and overlooked when mapping with a catheter with a larger field of
view. Mapping with a multipolar catheter with electrodes that are more
closely spaced, as discussed in the Mapping section, can sometimes
help reveal such areas of importance. The need to serially exchange
the multipolar mapping catheter for the ablation catheter once ablation proceeds can be eliminated by achieving two sites of access to
the chamber of interest and can also allow for simultaneous highresolution mapping and ablation, as described earlier.
The greatest challenge exists when substrate is predominantly
mid-myocardial. In addition to performing careful analysis of unipolar
EGMs or using peri- or preprocedural imaging (ICE or MRI, respectively)
to identify such regions, limited mapping during VT may be needed to
identify hone in on the region(s) of interest as guided by unipolar signal
and ICE abnormalities, to identify the most critical sites to target with
ablation with the least amount of collateral damage. Importantly, collateral damage includes ablation of sometimes substantial amounts of normal
myocardium to reach abnormal tissue within which critically important
VT circuitry may be only postulated to exist. Characteristics consistent
with sites of greatest interest include regions with mid-diastolic although
far-field activation with a diffusely early area of activation (>2 cm2 within
which earliest activation times are within 10 ms).90,91
Ablation failure can also occur because of delivery of ablation lesions
of inadequate size or depth aside from the contact issue discussed previously. Larger and deeper lesions can usually be achieved with irrigated
versus nonirrigated catheters; thus a starting point would be ensure
that ablation is performed with an irrigated-tip catheter. Assuming that
these issues have been addressed, the most common setting in which
larger lesions are necessary are in the mid-myocardial substrate scenario
already discussed. When myocytes are exposed to a nonlethal dose of
heat, the surviving cells will transiently appear to be electrically unexcitable. This hibernation period can last from minutes to weeks. The
eventual result is resumption of electrical conductivity in the previously
ablated regions. This lack of lesion durability is a common reason for
failure and often occurs at deeper levels of myocardium targeted for
ablation; it also is the likely mechanism accounting for increased VT

recurrence rates following ablation among those with mid-myocardial substrate.54,92,93 In these circumstances special, adjunctive ablation techniques such as bipolar RF delivery, use of half normal saline
(HNS) irrigant with an open-irrigation catheter, needle RF ablation, and
transcoronary arterial or venous ethanol injection may be additionally
helpful.93–97 Given that many of these techniques are not standardly used
in clinical practice, seeking assistance from an operator experienced in
use of these techniques is recommended if they are felt to be of use.
Bipolar ablation involves the use of two ablation catheters to deliver
RF energy as opposed to the standard unipolar ablation delivering RF
current from the catheter tip to a dispersive patch. High power bipolar
ablation has been demonstrated to be effective for eliminating septal
VT after previously failed ablation attempts.96,98 The use of ethanol in
coronary arteries or veins has been shown to be effective in limited
circumstances, particularly for VTs involving the mid-septum or LV
summit region. Success of these approaches, however, has been limited
and obviously also depends highly on the presence of fortuitous anatomy, that is, presence of coronary arterial or venous branches through
which myocyte-toxic ethanol can be delivered selectively to arrhythmogenic regions.93,94 Use of HNS has also been demonstrated to be
useful in achieving larger and deeper ablation lesions.95 HNS has a
higher impedance than normal saline; when a fluid with higher impedance surrounds an electrode through which RF is being delivered to
myocardium, RF delivery to tissue is enhanced and larger lesions are
observed (Fig. 33.27). This is true both for endocardial and epicardial
ablation. As an extension of the latter concept, Aryana et al. showed
that a higher amount of saline accumulating in the pericardium results
in smaller lesions compared to those delivered with continuous suction applied to the potential space.99 We have observed that infusion
of HNS into the pericardial space increases the efficacy of epicardial
RF ablation.95,100
Finally, there may be anatomic barriers that prevent the effective
delivery of RF or cryothermal energy. For example, proximity to the
normal His-Purkinje conduction system and coronary arteries may
limit the use of higher powers to critical regions targeted for ablation;
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Fig. 33.28 Intracardiac echocardiography image of the aortic cusps,
with os of the left main coronary artery (LMCA) visualized. LA, Left
atrium; LCC, left coronary cusp; NCC, noncoronary cusp; PA, pulmonic
artery; RCC, right coronary cusp.

these structures are most relevant to consider when targeting VT in
the basal septum or on the epicardium, respectively. Fat may also protect regions of interest or limit ablation efficacy on the epicardium.
ICE can be used to help identify and avoid the os of the left main
coronary artery before ablation in the aortic root (Fig. 33.28). Coronary angiography should be performed whenever the proximity of
ablation to a coronary artery is in question; this includes the endocardium and epicardium. We generally avoid ablating with RF energy
within 5 mm of a proximal major coronary artery. In circumstances
in which ablation in closer proximity to a coronary artery is considered to be important, use of lower-power RF energy (<30 W) or
cryoablation as energy source can be considered. Another consideration is to ablate opposite the epicardial site of interest from the
endocardium using longer, higher-power RF applications +/- use of
adjunctive techniques.101
In addition, although phrenic nerve injury can usually be avoided,
this structure should not be forgotten when performing epicardial

ablation. The left phrenic nerve typically courses along the lateral aspect
of the LV and can be easily identified with pacing and diaphragmatic
stimulation (assuming no paralytic agents have been administered). It
is also not adherent to the epicardial surface and thus can be potentially
moved out of the way of an ablation site. Techniques that have been
described with which this can be safely achieved include infusion of
fluid (HNS may be more ideal, as discussed previously) or air, avoiding iatrogenic tamponade, or inflating a peripheral angioplasty balloon
within the space.102,103
With advances that have been made in increasing ablation efficacy
in the setting of SHD, one can never neglect the potential for causing
collateral damage, and caution must always be exercised in minimizing
this potential. Frank discussions regarding risk of significant collateral
damage are also mandatory before consideration of ablation in such
regions, as well as weighing of relative risks and benefits associated
with higher-risk ablation.

   C O N C L U S I O N
The most common underlying mechanism for VT in the setting of
SHD, either from ischemic or nonischemic causes, is scar-based reentry. Because most ventricular arrhythmias are not hemodynamically
tolerated, strategies aimed at scar modification with substrate-based
ablation during paced or sinus rhythm have been developed. These
substrate-based approaches are enabled with electroanatomic mapping and include empiric linear ablation guided by pace mapping,
the targeting of LPs within scar, scar dechanneling and core isolation,
and scar homogenization. Regardless of the ablation strategy used,
consistent differences exist in VT-free survival outcomes based on
etiology of SHD, with recurrence rates substantially higher among
patients with NICM because of differences in scar distribution in the
epicardium and mid-myocardium. In addition, challenges remain
with regards to the safe creation of ablation lesions on endocardial,
epicardial, and mid-myocardial tissue. However, despite remaining
challenges in VT ablation, substrate-based ablation remains effective
in controlling VT refractory to medical therapy. Newer technologies
designed to overcome these challenges are in development and offer
promise for improving the safety and efficacy of substrate-based VT
ablation.
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Epicardial Approach to Catheter
Ablation of Ventricular Tachycardia
Roderick Tung

KEY POINTS
• P
 ercutaneous access to the pericardial space has improved our
ability to characterize and modify arrhythmogenic epicardial scar
substrates.
• Knowledge of pericardial anatomy and relevant surrounding
structures is important for reducing and recognizing
complications.
• Although implementation of epicardial mapping and ablation is
variable, substrates with a high likelihood of epicardial scar and
prior failed endocardial ablation are most likely to derive benefit
from this adjunctive approach.
• Understanding fluoroscopic views for both anterior and inferior
approaches optimizes the safety and efficacy of the percutaneous
puncture.
• Surgical access can safely be performed in a sterile
electrophysiology laboratory to enable catheter ablation in patients
with prior cardiac surgery or adhesions via subxiphoid window for
inferior wall substrates and by limited anterior thoracotomy for
anterior, apical, and lateral substrates.

• I ntrapericardial steroids may reduce pericarditis, although repeat
access to the pericardial space is possible in the majority of patients.
• Careful attention to the anatomic course of the phrenic nerve and
coronary arteries is important before radiofrequency delivery to
minimize complications.
• The presence of epicardial fat can confound the diagnosis of scar in
low-voltage regions and impair the penetration of radiofrequency
energy delivery into the myocardium.
• The most common complication related to epicardial access is
pericardial bleeding, which can result from right ventricular
puncture, or trauma from mechanical sheath or catheter
manipulation and ablation.
• A combined epicardial-endocardial ablation strategy
provides more comprehensive 2-dimensional modification of
3-dimensional complex scar substrates. Observational cohort
studies have demonstrated increased freedom from ventricular
tachycardia recurrence with a combined strategy when compared
with endocardial ablation alone.

The pericardial space has been historically viewed as a region accessed
only in the clinical event of a hemodynamically significant effusion to
therapeutically alleviate tamponade or sample fluid for diagnosis. In
1996, Sosa et al. described a percutaneous method similar to a pericardiocentesis to access a “dry” pericardial space.1 This innovative,
yet seemingly high-risk approach opened up a new frontier in complex ablation of arrhythmias, whereby the epicardial surface of the
heart could be mapped and ablated by catheters without the need for
sternotomy.
The presence of epicardial reentrant circuits may be an important
reason for the relatively low historical success rates (50%) of endocardial ablation for scar-mediated ventricular tachycardia (VT).2,3 As scar
is often transmural and spatially complex, epicardial ablation allows for
more comprehensive modification of arrhythmogenic substrates. Since
the advent of this percutaneous approach, electroanatomic mapping
in the pericardial space has improved our understanding and characterization of the transmural extent and anatomic propensity of scars
across a diverse range of substrates. As the complications associated
with this approach are related to collateral injury during access and
ablation, knowledge of the relevant anatomy is critical to maximize the
safety and efficacy of the procedure.

fibrous layer. Embryologically, the serous pericardium consists of a visceral layer (epicardium) and a parietal layer that is reflected onto the
outer fibrous layer (epipericardium). A physiologic amount of serous
fluid (20–60cc) between the visceral and parietal layer is contained in
the pericardial space to lubricate the movement of the epicardium on
the parietal pericardium. The normal range of pericardial thickness is
1 to 3.5 mm.4
The pericardium serves to protect the heart from trauma, adhesions, and infection. Importantly, it suspends and anchors the heart
in a fixed position in the thorax. Superiorly, the pericardium is fixed
to the great arteries, surrounding the aorta and pulmonary artery several centimeters above the heart. Inferiorly, the parietal pericardium
is attached and anchored to the central tendinous aponeurosis of the
diaphragm. Anteriorly, pericardiosternal ligaments attach the fibrous
pericardial layer to the manubrium and xiphoid process (Fig. 34.1).
The two major sinuses relevant to electrophysiologic procedures are
the transverse and oblique sinuses. The transverse sinus lies superior
to the left atrium and posterior to the ascending aorta (Fig. 34.2). The
roof of the transverse sinus is marked by the right pulmonary artery as
it courses through the aortic arch5 (Fig. 34.3). It is through the transverse sinus that crossing between the left and right side of heart can
be achieved. More commonly, access from the left to the right side of
the heart during percutaneous access procedures occurs anterior to the
great vessels.
The oblique sinus lies directly posterior to the left atrium and
anterior to the esophagus and descending aorta. It is bounded by the

PERICARDIAL ANATOMY
The pericardium is a continuous self-enclosed sac that consists of three
layers—a serous visceral pericardium, serous parietal pericardium, and
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Fig. 34.1 Porcine heart in situ after percutaneous epicardial access via anterior approach. The serous visceral
pericardium (epicardium) is seen through the puncture site. Removal of the sternum shows the parietal layer
with the fibrous outer layer peeled off. Broad diaphragmatic attachments are seen inferiorly.

course along the anterior and lateral pericardial surface outside of the
fibrous pericardium.

Superior
sinus

CLINICAL INDICATIONS FOR EPICARDIAL
MAPPING

Transverse
sinus
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RPVR

Oblique
sinus

LPVR
IAR

Fig. 34.2 Pericardial recesses and sinus posterior to the heart. The
oblique sinus lies posterior to the left atrium. The transverse sinus lies
posterior to the ascending aorta. IAR, Inferior atrial recess; LPVR, left
posterior venous recess; PCR, posterior caval recess; RPVR, right posterior venous recess. (From Lachman N, Syed FF, Habib A, et al. Correlative
anatomy for the electrophysiologist, Part I: the pericardial space, oblique
sinus, transverse sinus. J Cardiovasc Electrophysiol. 2010;21:1421-1426.)

venous reflections of the inferior vena cava and four pulmonary veins
(Fig. 34.3). As a result, manipulation in the oblique sinus is difficult
because of the numerous reflections but anatomically is not required
for ablation of VT.
Nerve fibers from the parietal layer of the pericardium transmitted
by the phrenic nerve are sensitive to pain. Inflammation of this layer
is responsible for the pleuritic pain of pericarditis. The phrenic nerves

Access to the pericardial space for epicardial mapping is clinically indicated when a high suspicion for epicardial scar and/or site of origin
is present. Currently, the indications for epicardial mapping and ablation are dependent upon the scar substrate, prior ablation history, and
electrocardiographic characteristics of the targeted VT. A European
Heart Rhythm Association/Heart Rhythm Society consensus statement reported that epicardial access was performed in 17% of VT ablation cases, based on a survey amongst tertiary referral centers although
with significant variation in practice patterns.6 With increased cumulative experience that reinforces procedural safety and efficacy, a trend
toward wider implementation is likely.
The characterization of various substrates, including nonischemic
cardiomyopathy (NICM),7–11 arrhythmogenic right ventricular cardiomyopathy (ARVC),12,13 hypertrophic cardiomyopathy (HCM),14,15 and
Chagasic cardiomyopathy16,17 with magnetic resonance imaging (MRI)
and electroanatomic mapping, has demonstrated the presence of significant epicardial scarring that is often more extensive than scar seen on the
endocardial surface (Fig. 34.4 A and B). In contrast, the scar of ischemic
cardiomyopathy (ICM) has been reported to be wedge-shaped with primary subendocardial necrosis and variable epicardial sparing depending
on the duration of coronary occlusion. This is in concert with the wave
front of necrosis theory proposed by Reimer and Jennings.18 Earlier
surgical studies that demonstrated a relative paucity of late potentials
in postinfarct scars were performed predominantly on anterior infarcts
with aneurysms.19,20 In comparison with nonreperfused infarcts, reperfused infarcts have been shown to have different structural and functional scar characteristics with a patchy pattern and variable epicardial
sparing.21 In our experience, epicardial scar is frequently more extensive
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Fig. 34.3 Anatomic dissection of the posterior left atrium and great vessels intact. The oblique sinus is
marked superiorly by black pins. A wooden rod is passed through the transverse sinus. (From McAlpine,
UCLA Cardiac Arrhythmia Center Library, courtesy Dr. Kalyanam Shivkumar.) IVC, Inferior vena cava; LA, left
atrium; LIPV, left inferior pulmonary vein; LPA, left pulmonary artery; LSPV, left superior pulmonary vein; RA,
right atrium; RCR, retrocaval recess; RIPV, right inferior pulmonary vein; RPA, right pulmonary artery; RPO,
right posterior oblique; RSPV, right superior pulmonary vein; SVC, superior vena cava.

than endocardial scar in ICM patients without aneurysms and VT termination from the epicardium is seen in 24% of cases22 (Fig. 34.5).
The implementation of epicardial mapping and ablation is highly
variable and is more commonly performed at highly experienced centers.23,24 Wider adoption of epicardial ablation is justifiable at centers
with sufficiently low risk of complications. Various practice patterns
range from using epicardial ablation only in the event of a previously
failed endocardial ablation to using it as part of a combined comprehensive initial strategy. However, randomized prospective data are
lacking. A proposed strategy for clinical decision making to assess a
patient for epicardial access is shown (Fig. 34.6).
Electrocardiographic criteria have been proposed to be suggestive
of an epicardial exit site. Delayed myocardial conduction from an epicardial exit is initially slow before accessing the subendocardial conduction system, with an “outside-to-in” activation pattern. Berruezo
et al. demonstrated several morphologic criteria that favored an epicardial exit site: (1) a “pseudo-delta” wave duration greater than 34 ms;
(2) QRS complex duration greater than 200 ms; (3) delayed intrinsicoid
deflection of greater than 85 ms; and (4) RS complex duration greater
than 121 ms.25 In NICM, a QS pattern in lead I or the inferior leads can
signify the absence of “inside-to-outside” activation of the heart from
the lateral and inferior walls.26,27 However, these criteria have significant limitations where the severity of cardiomyopathy, scar burden,
and conduction delay associated with antiarrhythmic drugs decrease
their diagnostic specificity. In the setting of structural heart disease,
these electrocardiographic criteria have been shown to lack any predictive or discriminatory value by Martinek et al.28 in ICM and Piers
et al. in NICM.
Several findings on endocardial mapping can be suggestive of an
epicardial site of origin. The absence of early activation sites (diastolic
or presystolic) or a diffuse, broad region of activation on electroanatomic mapping suggests that the site of origin or circuit is not limited to
the endocardium. In addition, poorly matched pace map sites endocardially and the inability to terminate a mappable VT with endocardial
ablation is also suggestive of an intramural or epicardial VT. A unipolar

display (<5.5 mV right ventricle, <8.27 mV left ventricle) in patients
with limited endocardial abnormalities identified by electroanatomic
mapping has been proposed to identify scar at a greater depth using a
“wider field of view” in patients with NICM and ARVC.29,30

SUBXIPHOID PERCUTANEOUS TECHNIQUE
Percutaneous puncture via subxiphoid access first described by Sosa
et al.1 uses the same approach as a pericardiocentesis. However, because
of the risk of cardiac puncture in the absence of an effusion, additional
modifications and cautionary steps are used. Importantly, fluoroscopy
with contrast imaging and use of a curved tip needle for entering the
pericardial space increase the safety and success of obtaining epicardial
access.
Surgical backup is important for ablation centers attempting epicardial interventions in the event of complications and a typed blood
sample should be obtained. Before attempting access, anticoagulant, antithrombotic, and antiplatelet agents should be discontinued
to minimize the risk of bleeding. In our experience, thienopyridines
have been associated with the highest incidence of bleeding. To optimize safety, epicardial access is obtained before systemic heparinization, which is necessary during endocardial mapping and ablation. In
addition, we often perform epicardial mapping once access is obtained
before endocardial mapping to minimize the total duration of systemic
anticoagulation during the procedure.
The choice of sedation and anesthesia is an important consideration during preprocedural planning, as general anesthesia minimizes
patient movement and regulates respiration. It is our opinion that epicardial access performed under general anesthesia optimizes patient
safety, comfort, and overall success. However, general anesthesia may
diminish the ease of VT inducibility and prolong procedural duration. This concern is more relevant when the mechanism of ventricular arrhythmia is thought to be automatic or triggered. If conscious
sedation is chosen, the sedation may be deepened for the puncture and
lightened after successful access is obtained.
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Fig. 34.4 A, Combined epicardial and endocardial electroanatomic map of patient with arrhythmogenic right
ventricular cardiomyopathy reveals more extensive epicardial scar (right anterior oblique caudal view). The red
circles indicate ablation lesions and the termination of ventricular tachycardia was achieved at the green circle. B, Electroanatomic substrate mapping of a patient with nonischemic cardiomyopathy reveals extensive
epicardial scar in relation to endocardial scar. Multiple late potentials are seen within the low voltage regions.
mLP, Moderate late potential; vLP, very late potential. (From Nakahara S, Tung R, Ramirez RJ, et al. Characterization of the arrhythmogenic substrate in ischemic and nonischemic cardiomyopathy implications for catheter ablation of hemodynamically unstable ventricular tachycardia. J Am Coll Cardiol. 2010;55:2355-2365.)

The procedure is commenced with sterile preparation of the subxiphoid region, which is then anesthetized with topical 1% lidocaine.
Antibiotics are administered at our institution to minimize any risk of
bacterial pericarditis. The location of the subxiphoid process by palpation should be carefully confirmed as an anatomic miscalculation
may increase the risk of the procedure. A 17-gauge curved-tipped needle, originally designed for epidural access to minimize trauma to the
spinal cord, is preferred as it allows an angled guidewire course away
from the myocardium when the parietal pericardium is punctured.
Two lengths of Tuohy epidural needles are available at our institution:
17-gauge × 3.5 inches (90 mm, BD Medical, Franklin Lakes, NJ) and
17-gauge × 6 inches (152 mm, Hakko, Cincinnati, OH) and should be
selected based on body habitus (Fig. 34.7).

At our center, the puncture site is performed one fingerbreadth left
of the subxiphoid process, allowing for access through Larrey’s space
(trigonum sternocostale), which has been reported to be avascular.31
A shallow entry initially directed to the left shoulder is preferred to
minimize puncture of the liver with an increase toward 45 degrees after
several centimeters. Manual pressure over the right upper quadrant
may be applied to minimize hepatic puncture.
Biplane fluoroscopy is useful to assess the approach of the needle for the two approaches: anterior and posterior (inferior). A helpful rule of epicardial access is to puncture at the site farther away
from the desired region of mapping as acute “U turns” required of
the catheter course to map the region around the puncture site are
technically challenging. If an anterior puncture is desired, the needle
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Fig. 34.5 Combined epicardial-endocardial biventricular mapping in a patient with anterior infarction. Heterogeneous epicardial scar is more extensive than dense endocardial scar. Two ventricular tachycardias were localized
to the endocardium by pace mapping and the third was terminated on the epicardium at a mid-diastolic site.
(From Tung R, Michowitz Y, Yu R, et al. Epicardial ablation of ventricular tachycardia: an institutional experience
of safety and efficacy. Heart Rhythm. 2013;10:490-498.)

Fig. 34.6 Suggested clinical decision tree to assess the indication for epicardial mapping and ablation. (From
Boyle N, Shivkumar, K. Epicardial interventions in electrophysiology. Circulation. 2012;126(14): 1752–1769.)

track is continued along a shallow course (<30 degrees), and a steep
lateral projection is helpful at assessing the needle track just posterior to the sternum as it approaches the anterior right ventricle (Fig.
34.8). A posterior approach requires steepening of the needle (>45
degrees) course to aim for the basal portion of the heart, which is
fluoroscopically marked by the coronary sinus catheter. The right

anterior oblique (RAO) projection is useful for determining a basal
versus apical approach angle. The left anterior oblique (LAO) projection is helpful to identify the right ventricular (RV) free wall, which
forms the right heart border. It is our preference to approach with an
angle that is more tangential to the inferior heart border visualized
on LAO to minimize RV puncture. However, a puncture directed too
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septally increases the risk of posterior descending artery injury (Fig.
34.9). The incidence of diaphragmatic and liver puncture with a posterior approach, but in our experience, no adverse clinical events have
resulted to date. However, the anterior approach increases the probability of puncture of the superior epigastric artery, which is the more
superficial and caudal continuation of the left interior mammary
artery. Frequently, the diaphragmatic attachments must be punctured
before accessing the pericardial space and can be misinterpreted as
the parietal pericardium.
Once the needle is advanced to the inferior heart border, cardiac pulsations, an injury current detected with alligator clips, or
ventricular ectopy can all signify contact and indentation of the
parietal pericardium onto the epicardium. For this reason, a skin
incision is often made before needle insertion to maximize tactile
sensitivity. The most sensitive period for cardiac pulsations occurs

during inspiration with inferior displacement of the heart increasing the contact with the needle. A pressure sensor may be useful to
improve safety for access.32 In an awake patient, pain signals needle contact with the parietal pericardium through the fibrous layers.
A minimal amount of contrast is injected to visualize “tenting” or
indentation of the fibrous pericardium as large quantities of contrast
injected obscure the fluoroscopic field of view (Fig. 34.10). Once the
pericardium is in contact with the needle, either constant pressure
or a swift calculated puncture can be executed until the puncture is
felt with a “pop” or more commonly, visualized with release of the
contrast-stained pericardial outer surface. A slight withdrawal of the
needle once puncture is sensed, as the pericardium releases, reduces
the risk of RV perforation as the advanced needle frequently violates
the anatomic plane of the right ventricle (Videos 34.1 and 34.2). Contrast is quickly injected to confirm layering within the pericardial
space, and then a guidewire is advanced along the lateral heart border
in the LAO projection. New tools are being tested currently that may
improve safety and efficacy of approach including different needle
designs and a pressure-sensing tip.32 A “needle-in-needle” approach
with initial micropuncture entry has also been shown to be feasible
and may improve safety.33,34
Before sheath cannulation, the guidewire must be confirmed to
reach the left heart border in the LAO view to exclude the possibility of
RV puncture with guidewire insertion into the RV outflow tract (Fig.
34.11). The optimal guidewire course for confirmation traverses several chambers and reaches the most outer portion of the fluoroscopic
cardiac silhouette (Fig. 34.12). Following this, we use a smaller soft tip
dilator (5 F) over the wire for further confirmation. The first aspirate of
pericardial fluid is obtained via this small dilator to assess for a blood
and 10 to 20 mL of contrast are injected.
Contrast pericardiography is helpful to confirm the pericardial
puncture and to assess for adhesions, which may limit the ability to
navigate the catheter and increase the probability of pericardial bleeding as these are released and dissected with the sheath and catheter
during mapping and ablation (Fig. 34.13). Once this is performed, a
long wire is placed across the transverse sinus or anterior to the great
vessels and a long sheath is advanced under LAO projection.
We have chosen a long sheath at our center to increase the distance
of the operator from the fluoroscopy tube and to minimize the risk
of losing access. A steerable sheath can be used if small adhesions are
encountered or to assist in mapping regions that are not easily accessible with a fixed sheath.35 In addition, we use a “double wire” technique

17G  6˝

17G  3.5˝

Fig. 34.7 Two lengths of commercially available epidural needles for
percutaneous access. The curved tip facilitates a wire exit course out of
the lumen slightly tangential to the epicardium.
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Fig. 34.8 Cross table lateral views on magnetic resonance imaging and fluoroscopy demonstrating the anterior approach to epicardial puncture just inferior to the sternum and superior to the liver. CS, Coronary sinus;
Xi, xiphoid process; RV, right ventricle; ST, sternum.
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Fig. 34.9 Relevant anatomy on fluoroscopic views during percutaneous access. In left anterior oblique view,
as septal approach increases the risk of posterior descending branch puncture as shown. A lateral approach
increases the risk of right ventricular puncture as the angulation is more perpendicular with the inferior surface of the heart. In right anterior oblique view, steepening the angle of entry allows the operator to adjust the
depth of puncture from apical to basal. An anteroposterior view based on 3-dimensional computed tomography reconstruction demonstrates the anatomic position of the right ventricle in relation to the xiphoid process.

LAO

LAO

Fig. 34.10 Indentation, or tenting of the pericardium with the Tuohy needle visualized on left anterior oblique
(LAO) projection. Release of the contrast-stained pericardium is seen as the guidewire is advanced superiorly
toward the lateral heart border.
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Fig. 34.11 Fluoroscopic views of the guidewire course after inadvertent right ventricular (RV) puncture. On
left anterior oblique (LAO), the wire fails to cross the septum to the lateral heart border as it travels up to the
right ventricular outflow tract (RVOT) out the right pulmonary artery. RAO, Right anterior oblique; RPA, right
pulmonary artery.

LAO

LAO

Fig. 34.12 Optimal guidewire course within pericardial space that crosses multiple chambers along the outermost cardiac border on fluoroscopy in left anterior oblique (LAO) projection. (From Boyle N, Shivkumar, K.
Epicardial interventions in electrophysiology. Circulation. 2012;126(14): 1752–1769.)
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Fig. 34.13 Contrast pericardiogram in a patient without adhesions (above) shows even distribution of contrast from base to apex in right anterior oblique (RAO) and left and right heart borders in left anterior oblique
(LAO). Loculation of contrast seen only along the course of the guidewire is shown in a patient with prior
pericarditis and unsuccessful epicardial attempted access (below).
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and retain one wire to always maintain pericardial access in the case
of inadvertent sheath withdrawal during mapping. It is important to
minimize the amount of time that a sheath does not have a catheter
protruding from it, as an exposed sheath end may lacerate coronary
vessels during normal cardiac motion. We use an angiographic catheter
as a “place holder” if an ablation catheter is not in the epicardial sheath
for mapping or ablation.

SURGICAL ACCESS
In the case of prior cardiac surgery or clinical pericarditis, dense adhesions are likely to be encountered in the pericardial space, making a
percutaneous approach less desirable. These adhesions decrease the
ability for the operator to determine if the puncture is in the pericardial
space, limits the ability to access all epicardial regions, and increases
the risk of bleeding as adhesions are bluntly dissected without direct
visualization. Sosa et al. described the feasibility of limited access to the
inferior wall in patients with prior cardiac surgery.36 Recently, Tschabrunn et al. demonstrated that percutaneous access can be obtained
in patient with noncoronary artery bypass grafting surgery, although
dense adhesions are often encountered and mappable regions remain
limited.37 It is our practice not to attempt percutaneous access on any
patient with prior surgery because of limited access and an increased
risk for complications. A recent report of subepicardial dissection
requiring emergent surgery highlights the potential risk of blind dissection in the setting of severe adhesions.38
Soejima et al. first described epicardial access by creation of a surgical subxiphoid window to enable catheter placement into the pericardial space.39 We have shown that a limited anterior thoracotomy can be
obtained in the electrophysiologic laboratory and is useful for accessing anterior, lateral, and apical regions of the left ventricle in contrast to
subxiphoid window, which is best suited for scar located on the inferior
surface of the heart40 (Figs. 34.14 and 34.15).
The rules for hybrid ablation are similar to percutaneous with the
following exceptions: (1) sterility is of increased importance; (2) selection of mapping and ablation tools requires special consideration; (3)
an open chest may increase defibrillation threshold because of the presence of air, necessitating preparation for internal defibrillation.41
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MAPPING AND ABLATION TOOLS
After access into the pericardial space is obtained, catheter movement
is typically unimpeded. The sheath can be advanced and torqued to
assist in accessing regions outside of the catheter range. Epicardial
mapping of VT follows the same principles of endocardial mapping,
where identification of late potentials, pace mapping, and entrainment
are used to localize critical isthmuses (Fig. 34.16).
Both commercially available electroanatomic mapping systems,
originally validated with endocardial mapping, may be used for epicardial mapping and ablation.42–44 There are important advantages
and disadvantages for both electrofield (NavX, St. Jude Medical,
Minneapolis, MN) and magnetic-based (CARTO, Biosense-Webster,
Diamond Bar, CA) systems. Because of the difference in impedance
in the pericardial space from the blood pool, the epicardial geometry
constructed with the electrofield system may appear less spherical. In
addition, the relationship between simultaneously displayed endocardial maps within the epicardial shell may not be as consistent as the
magnetic-based system. Registration with computed tomography (CT)
or MRI imaging can mitigate this limitation. However, when compared
with histopathologic scar, the correlation between both of these mapping systems is excellent42 (Fig. 34.17). Use of a multipolar mapping
catheter increases the sampling density and number of late potentials
identified in a shorter period of time.
d’Avila et al. have demonstrated that irrigated radiofrequency (RF)
delivery resulted in larger epicardial lesions when compared with nonirrigated technology (3.7 ± 1.3 mm vs. 6.7 ± 1.7 mm) because of the
absence of convective cooling by blood flow.45 In addition, ablation
over regions with epicardial fat (>3 mm) with nonirrigated RF failed
to create lesions, compared with 4.1 ± 2 mm lesions with irrigated RF
delivery (Fig. 34.18).
However, the use of open irrigation necessitates constant drainage
of the pericardial irrigant to prevent tamponade. Accordingly, use of
a closed-irrigation ablation system (Chilli, Boston Scientific, Natick,
MA) is advantageous. Although animal data has shown the potential
increase in the rate of char and thrombus formation with a closed-loop
system,46 this theoretical concern in the extravascular pericardial space
is less relevant. Use of this catheter requires compatibility with the
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Fig. 34.14 Subxiphoid surgical window to access postinfarct inferior wall scar that contains multiple fractionated and late potentials (green circles). Red circles indicate ablation lesions.
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Fig. 34.15 Limited anterior thoracotomy allows access to the anterior, lateral, and apical regions of the left
ventricle (red regions on cartoon). Entrainment and termination of ventricular tachycardia at a fractionated and
late potential site within patchy epicardial postinfarct scar on the anterior wall is demonstrated.
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Fig. 34.16 Identification of a late potential in the midinferolateral wall in a patient with ischemic cardiomyopathy. The late potential becomes mid-diastolic during the clinical ventricular tachycardia and nearly perfect
concealed entrainment is demonstrated before termination with radiofrequency on the epicardium. (Modified
from Tung R, Michowitz Y, Yu R, Mathuria N, Vaseghi M, Buch E, et al. Epicardial ablation of ventricular tachycardia: an institutional experience of safety and efficacy. Heart Rhythm. 2013;10:490-498.)
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Fig. 34.17 Comparable delineation of patchy epicardial scar in porcine occlusion-reperfusion circumflex artery
model using magnetic (left) and electrofield-based (right) mapping systems with late potential detection.
(From Tung R, Nakahara S, Ramirez R, et al. Accuracy of combined endocardial and epicardial electroanatomic
mapping of a reperfused porcine infarct model: a comparison of electrofield and magnetic systems with histopathologic correlation. Heart Rhythm. 2011;8:439-447.)
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Fig. 34.18 Comparison of standard radiofrequency applications (A) with cooled-tip irrigated radiofrequency
(B) in a porcine model. Irrigated technology creates greater lesions with greater diameter on the epicardium. In regions covered by epicardial fat, less attenuation of lesion depth is seen with irrigated ablation (D)
compared with standard radiofrequency (C). (Modified from d’Avila A, Houghtaling C, Gutierrez P, Vragovic
O, Ruskin JN, Josephson ME, Reddy VY. Catheter ablation of ventricular epicardial tissue: a comparison of
standard and cooled-tip radiofrequency energy. Circulation. 2004;109:2363-2369.)

electrofield mapping system. In a hybrid surgical open thoracotomy
procedure, a closed system is particularly useful to minimize irrigant
in the surgical field. Magnetic interference may also be encountered
with surgical tools required for exposure (retractors) when using the
magnetic-based mapping system.
Regardless of catheter choice, the practical power settings for
epicardial ablation tend to be more permissive than those seen for

endocardial ablation. However, the optimal power settings have not
been conclusively defined. Titrated irrigated RF with a flow rate of 10
to 30 mL per minute up to 50 W with a temperature limit of 45 to
50°C has been used for epicardial ablation.22–24 A reduced flow rate
may reduce intrapericardial fluid accumulation without compromising lesion efficacy.47 The concern for char formation and steam pops
is mitigated by less consequence in the pericardial space. In addition,
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Fig. 34.19 Epicardial ablation is withheld as coronary angiography demonstrates the obtuse marginal branch
in the targeted region for ablation (left). The chronic effects of radiofrequency ablation directly over coronary
artery in a porcine model are shown where thickening and proliferation of the tunica media and intima are
seen. (Modified from Tung R, Michowitz Y, Yu R, Mathuria N, Vaseghi M, Buch E, et al. Epicardial ablation
of ventricular tachycardia: an institutional experience of safety and efficacy. Heart Rhythm. 2013;10:490498; Viles-Gonzalez JF, de Castro Miranda R, Scanavacca M, Sosa E, d’Avila A. Acute and chronic effects of
epicardial radiofrequency applications delivered on epicardial coronary arteries. Circ Arrhythm Electrophysiol.
2011;4:526-531.)

the catheter orientation is always tangential to the epicardial surface,
and contact force is less variable when compared with a perpendicular endocardial catheter orientations, as long as there is no significant
amount of accumulated irrigant in the pericardial space. Cryoablation
has been evaluated in an animal model by d’Avila et al. and has been
shown to create lesions comparable to cooled-tip RF (6.0 ± 1.2 mm in
scar and 7.0 ± 0.7 mm in border zone tissue).48

INTRAPERICARDIAL STEROID AND REPEAT
ACCESS
The prevention of pericarditis after instrumentation (up to 30%)
serves two purposes: (1) to minimize symptomatic postprocedural
irritation and (2) to optimize the ability to reaccess the space by
decreasing adhesion formation. d’Avila et al. first demonstrated in a
porcine model that instillation of triamcinolone (2 mg/kg) was effective at preventing pericarditis. The relevance of this study to humans
is not known.
With regard to reaccessing the pericardial space after prior instrumentation, success rates have been favorable. Roberts-Thomson
reported successful repeat access in 87% (13/15) of patients, where
only four received intrapericardial steroids at the initial procedure.49 We similarly experienced successful access in 88% of
patients during a repeat procedure, where 4 of 11 received prior
intrapericardial steroids (250 mg methylprednisolone).22 Schmidt
et al. reported that repeat epicardial access was not possible in 25%
(3 of 12) because of adhesions in a cohort of 56 patients with previous failed endocardial ablation treated with systemic nonsteroidal antiinflammatory drugs (NSAIDs).50 In a series of 30 patients,
Tschabrunn demonstrated successful repeat access in all patients,
where only six received steroid administration on the initial procedure.51 Adhesions were encountered in 23%, although blunt dissection with the sheath allowed for complete mapping in all but
two patients. Although it appears from these cohorts that intrapericardial steroids are not necessary to reaccess the pericardial space,
there appears to be little risk.

CORONARY ARTERIES
Before delivering RF energy on the epicardial surface, the local
anatomy within the targeted region must be assessed to minimize
the risk of collateral damage. d’Avila et al. demonstrated acute and
chronic coronary arterial damage with RF delivered overlying and
adjacent to the vasculature in an animal model.52,53 Coronary vessel injury can range from spasm, to acute thrombosis, to extracellular matrix proliferation in the tunica media and late intimal
hyperplasia (Fig. 34.19). Susceptibility to damage is inversely proportional to vessel size, and interposed fat and coronary veins had
a protective effect on arterial injury. Of note, no coronary stenosis
greater than 70% was seen in these experiments up to 70 days after
ablation.
The consensus statement recommends more than 5 mm distance
from a coronary artery for safe ablation throughout all phases of the
cardiac cycle, although many centers implement a larger safety margin
of 1 cm.6 Angiography is the most accurate method to exclude an artery
in close proximity to a target region, and at our institution, we perform
an angiogram before any RF is delivered. If the myocardium supplied
by the artery is sufficiently scarred, discretion is necessary to weigh
the myocardium in jeopardy distal to the ablation against the clinical
arrhythmic burden of the patient. However, acute coronary injury can
result in ischemic ventricular fibrillation. Thyer et al. demonstrated
that the injection of intracoronary cold saline during ablation resulted
in lower intracoronary temperatures with lesions that spared the vessel
wall in an animal model.54
Real-time integration of CT imaging-derived coronary anatomy
with electroanatomic mapping has been shown to be feasible after
endocardial mapping.55 However, the significance of registration errors
of even 2.8 ± 1.3 mm cannot be dismissed if the target site is in close
proximity to the coronary artery. Further, opacification of smaller
branches of the main coronaries is not sufficient in many CT acquisitions. For these reasons, image registration does not obviate the need
for coronary angiography but may be a useful adjunct once relative fluoroscopic positions are known.
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Fig. 34.20 Anatomic gross pathology dissections demonstrating three courses of the left phrenic nerve over the
left ventricle: anterior, lateral, and posterior. High-output pacing before ablation along the basal lateral wall can identify regions of phrenic capture, which can be tagged on electroanatomic mapping (dark circles.) Red circles indicate
ablation lesions, green indicated late potentials, and termination of ventricular tachycardia was achieved at the
yellow circle, which was inferior to the course of the phrenic. Ao, Aorta; LAA, left atrial appendage; LB, left bundle;
LI, left inferior; LPA, left pulmonary artery; LS, left superior; PT, pulmonary trunk. (Modified from Viles-Gonzalez
JF, de Castro Miranda R, Scanavacca M, Sosa E, d’Avila A. Acute and chronic effects of epicardial radiofrequency
applications delivered on epicardial coronary arteries. Circ Arrhythm Electrophysiol. 2011;4:526-531)

PHRENIC NERVE
When ablation is performed on the lateral wall of the epicardial left
ventricle, the proximity to the left phrenic nerve should be assessed.
Diaphragmatic paralysis is uncommon but can result in significant
patient morbidity ranging from mild dyspnea, to orthopnea, to respiratory failure requiring mechanical ventilation. Bai et al. followed 17
patients with phrenic nerve palsy after ablation and reported resolution
in all 15 patients by 8.3 ± 6.6 months.56

The left phrenic nerve descends behind the left brachiocephalic vein
and courses over the aortic arch and pulmonary trunk. It then passes along
the fibrous pericardium over the left atrial appendage (LAA) and then the
lateral left ventricle. Three anatomic courses have been described by Sanchez-Quintana et al. on gross cadaveric dissection: (1) anterior (18%, over
left anterior descending); (2) lateral (59%, tip of LAA over obtuse marginal); and (3) posterior (23%, base of LAA to inferolateral wall)57 (Fig.
34.20). The right phrenic nerve lies lateral to the right brachiocephalic vein,
and the superior vena cava is not relevant to epicardial ventricular ablation.
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Fig. 34.21 Integration of multidetector computed tomography (MDCT) for registration of coronary anatomy
and fat thickness with electroanatomic mapping. A, MDCT short-axis slice with pericardial (green) and epicardial (red) contours divided into eight segments. MDCT-derived aorta with coronary arteries merged with
the color-coded epicardial fat meshes into the final fusion image. (Modified from van Huls van Taxis CF,
Wijnmaalen AP, Piers SR, van der Geest RJ, Schalij MJ, Zeppenfeld K. Real-time integration of MDCT-derived
coronary anatomy and epicardial fat: impact on epicardial electroanatomic mapping and ablation for ventricular
arrhythmias. JACC Cardiovasc Imaging. 2013;6:42-52.)

Fan et al. demonstrated the utility of high output pacing (>10 mA)
to characterize the course of the phrenic nerve on electroanatomic
mapping.58 Attention to phrenic capture is particularly relevant in
patients with NICM, who have a predilection toward basal lateral
epicardial scar. Importantly, skeletal muscle relaxants and paralytics
should not be administered after induction of general anesthesia as
diaphragmatic capture during pacing may be impossible, giving a
false indicator of being at a safe distance from the nerve.
If a targeted region is in close proximity to the phrenic nerve, separation of the epicardium from the parietal pericardium can be achieved
by several methods. Buch et al. first described balloon (Meditech, Boston
Scientific, Natick MA) displacement of the phrenic nerve in humans as
well as in an animal model.59,60 Di Biase et al. compared balloon, air,
saline, and a combination of air and saline in a series of eight patients and
demonstrated that the combination of air and saline was most effective.61

EPICARDIAL FAT
Epicardial fat presents two unique challenges for mapping and ablation of
VT. Because fat insulates myocardium during contact mapping, low-voltage regions are frequently detected and can be difficult to distinguish from
scar. In addition, when ablation is required in these regions, interposed fat
impairs the efficacy of RF delivery. Reddy et al. demonstrated an anatomic
propensity for epicardial fat distribution in the RV free wall and lateral
wall in a CT-based study of normal subjects.62 For these reasons, preprocedural imaging may be useful to identify these regions for registration on
electroanatomic mapping to understand the local epicardial anatomy of a
targeted region63 (Fig. 34.21). van Huls van Taxis demonstrated increased
epicardial fat thickness (>7 mm) was an important cause of epicardial
ablation failure where ineffective sites were significantly thicker than successful sites (16.9 ± 6.8mm vs. 1.5 ± 2.1 mm, P=.002).55
A few studies have assessed the critical thickness of epicardial fat
required to diminish underlying myocardial voltages.44,55 A thickness
of more than 5 mm was shown to influence bipolar electrogram voltage.64 In a porcine study, we demonstrated that 4 mm of fat interposed
between normal myocardium was sufficient to result in the registration
of low voltage in the region of the left anterior descending artery.65

Electrogram characteristics may improve the distinction between
scar versus epicardial fat in regions of low voltage registered by a mapping catheter. Reddy et al. showed the utility of electrogram duration
(>50 ms), where regions exhibiting preserved electrogram width under
fat demonstrated normal duration compared with localized regions
of slow conduction with wider electrograms.44 The quantification of
deflections on the electrograms as a fractionation index can increase
the specificity of scar detection, in addition to the presence of late
potentials, which is highly specific for scar65 (Fig. 34.22).
Ablation over epicardial fat results in decreased lesion depth
because of inadequate RF penetration of conductive heating. In comparison with normal tissue, the lesion depth achieved with a 4-mm
irrigated catheter over interposed fat was reduced (6.7 ± 1.7 vs. 4.1 ±
2 mm). In situations in which extensive thickness of fat is suspected
over a critical site, an open surgical approach for dissection may be
necessary. For epicardial left ventricular summit arrhythmias, a percutaneous approach is of low yield because of proximity to the left coronary arterial system and significant thickness of interposed fat. One
alternative for an open surgical technique in these situations is a totally
endoscopic robotic approach.

REPORTED COMPLICATIONS
The most common complications are related to the puncture, where the
course of the needle has the potential to pass through the liver, colon,
diaphragm, pleural space, and right ventricle. Pericardial bleeding is
the most frequent complication that results from inadvertent puncture
of the right ventricle, which can be observed in up to 20% of cases.23 A
“dry” puncture can occur without significant bleeding, in the absence
of sheath insertion. Sosa et al. reported a cumulative experience of 7%
hemopericardium (200 ± 100 cc) requiring drainage in 215 consecutive
cases.66 In two large multicenter experiences, Sacher et al. described a
5% (seven hemopericardium [>80 cc] and one coronary stenosis) incidence of acute major complications amongst 156 procedures and Della
Bella et al. observed major complications in 4.1% (eight tamponade and
one abdominal bleed) amongst 222 cases.23,24 Amongst 109 epicardial
procedures for VT at our institution over a 7-year period, we observed
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Fig. 34.22 Comparison of electrograms in regions of epicardial fat and scar in a porcine model. Fractionated
electrogram and late potentials are specific for scar. (From Tung R, Nakahara S, Ramirez R, Lai C, Fishbein
MC, Shivkumar K. Distinguishing epicardial fat from scar: analysis of electrograms using high-density electroanatomic mapping in a novel porcine infarct model. Heart Rhythm. 2010;7:389-395.)

a 6.7% incidence of hemopericardium (>80 cc), but no occurrence of
tamponade, surgical intervention, or procedural mortality was seen.22
Although the vast majority of cases of pericardial bleeding can be
managed effectively with a drain, the most adverse sequelae are those
that require emergent surgical intervention. We have found that in
cases of significant bleeding, a double drainage technique with active
suction results in the most effective evacuation of the pericardial space
and may stave off impending surgery.67 Puncture or laceration of a diaphragmatic epigastric artery or liver can result in significant intraabdominal hemorrhage. Significant hypotension in the absence of a
pericardial effusion should signal this potential complication. If significant hemopericardium develops after access is obtained, laceration of
an epicardial vessel should be suspected. As stated previously, sheaths
placed in the pericardial should be protected with a protruding catheter to minimize the potential for trauma if the relatively rigid open
tip of the sheath is left exposed (Fig. 34.23). It is not uncommon to
encounter bloody aspirate throughout the course of mapping and ablation that can be related to prolonged heparinization, small adhesions,
mild hemorrhage from ablation lesions, or epicardial blebs. If hemopericardium develops after the sheath is removed, a double puncture
or “stitching” of the right ventricle may have occurred (i.e., inadvertent
puncture of the right ventricle after entering the pericardial space, and

exit from the right ventricle through a second puncture with the sheath
reentering the pericardial space).68
In a case series from five centers, Koruth et al. reported unusual
complications including RV pseudoaneurysm, ventricular-abdominal
fistula, liver puncture with intraabdominal bleed, hepatic subcapsular hematoma, and two cases of tamponade caused by coronary sinus
branch laceration69 (Fig. 34.24). Over an 8-year period, Killu et al.
reported eight atypical complications in a single-center experience
during 116 attempts.70 These complications ranged from a broken
wire (0.025-in) in the pericardial space requiring snaring, two left lobe
hepatic punctures, an abdomino-pericardial fistula, hemothorax, and
phrenic nerve palsy. Recurrent chronic pericarditis and a delayed effusion 2 weeks after the procedure was also reported.
Symptomatic pericarditis is a common postprocedural complication
that occurs in up to 30% of patients after epicardial mapping and ablation. As stated previously, the effect of intrapericardial steroids on clinical
pericarditis is not known. Maintaining a pericardial drain postprocedurally causes mechanical irritation that can exacerbate symptoms, and we
do not routinely leave a catheter in the pericardial space if the intraprocedural bleeding is less than 100 cc and the fluid clears consistently
with irrigation. Medical management with NSAIDS is typically sufficient
although colchicine and oral steroids can be used in refractory cases.
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EFFICACY
The efficacy of epicardial access and ablation has been reported in
several single and multicenter cohorts and are specifically addressed
in other sections in this book. These experiences are summarized in
Table 34.1 later. Traditionally, the utility of epicardial mapping and
ablation has been demonstrated in patient populations referred for

ablation after a prior failed endocardial ablation. Therefore significant
selection bias toward enriched epicardial substrates may be present
when interpreting reported cohorts. The role of epicardial ablation as
a preemptive strategy, with combined epicardial-endocardial ablation,
has been evaluated in ICM, ARVC, and HCM, and it appears that this
more comprehensive strategy results in greater freedom from recurrent
VT.11,13,15,71

Fig. 34.23 Intraoperative picture of repaired laceration of coronary sinus branch secondary to sheath trauma
that required emergent surgery for hemostasis. (From Koruth JS, Aryana A, Dukkipati SR, et al. Unusual complications of percutaneous epicardial access and epicardial mapping and ablation of cardiac arrhythmias. Circ
Arrhythm Electrophysiol. 2011;4:882-888.)

Liver

Fig. 34.24 Hepatic lobe punctures during epicardial access resulting in subcapsular hematoma. (Modified
from Koruth JS, Aryana A, Dukkipati SR, Pak HN, Kim YH, Sosa EA, et al. Unusual complications of percutaneous epicardial access and epicardial mapping and ablation of cardiac arrhythmias. Circ Arrhythm Electrophysiol. 2011;4:882-888.)

Epicardial Ventricular Tachycardia Ablation Studies

Year

N

Substrate (N)

Epicardial
Ablation (N)

Ablation Parameters

Ablation Approach

Acute
Success

Follow-Up
(MO)

Intermediate
Success

Sosa73

1998

10

Chagas CM (6)

6

4 mm tip to 60°C

Pace mapping
Mid-diastolic or cont. EGMs

100%

4–9

100%

Sosa74

2000

14

ICM (14)

7

NR

Thermal mapping
Mid-diastolic or cont. EGMs

56%

14 ± 2

37%

Schweikert75

2003

30

Normal heart (20)
ICM (7)
NICM (3)

8

Closed/open tip irrigation to 50°C mean 3
±1 RF applications

Activation mapping

93%

26 ± 13

58%

Sarabanda76

2005

56

Chagas CM (56)

56

8 mm tip to 70°C

Entrainment of pace mapping
Presystolic EGMs targeted

30%

NR

NR

Cesario11

2006

20

ICM (12)
NICM (8)

6
2

8 mm tip; 40–70 W to 55°C

Pace mapping
Mid-diastolic and fract. EGMs

100

12 ± 4

75%

Daniels77
Aryana78
(magnetic
navigation)

2006

12

Normal

12

4 mm solid tip or irrigated; cryo

Activation/pace mapping

75%

NR

NR

2007

24

ICM (13)
NICM
HCM
ARVC
Sarcoidosis

3

4 mm solid tip (2) or irrigated (22)

Activation/entrainment/pace
mapping; late/fract. EGMs

97%

7±3

83%

Garcia12

2009

13

ARVC (13)

13

4 mm solid tip 50 W to 55°C; closed/open
irrigation 50 W to 42°C

Activation or pace mapping; focal or
linear RF to LPs

92%

18 ± 13

77%

Schmidt50

2010

56

Normal (16)
ICM (11)
NICM (16)
ARVC (13)
Myocarditis (3)

12
10
12
10
1

irrigation RF 50 W to 43°C; median 1–12
RF applications

Activation/entrainment mapping;
abnormal EGMs

69%
100%
76%
77%
66%

12 ± 5

47%

Sacher23 (multicenter)

2010

134

ICM (51)
NICM (39)
ARVC (14)
Other CM (13)
Normal (17)

51
39
14
13
17

4 and 8 mm solid tip; closed/open irrigation from 20–50 W; cryo

Multiple

NR

23 ± 21

71%
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PART 7

Epicardial Ventricular Tachycardia Ablation Studies—cont’d

Author And
Reference no

Year

N

Substrate (N)

Epicardial
Ablation (N)

Ablation Parameters

Ablation Approach

Acute
Success

Follow-Up
(MO)

Intermediate
Success

Nakahara9

2010

33

ICM (17)
NICM (16)

7
10

8 mm solid tip; closed/open irrigation to
50 W

LPs and fract. EGMs

82% (ICM)
50% (NICM)

12 ± 10

82%

Nademanee79

2011

9

Brugada (9)

9

Open irrigation 30–50 W to 45°C, median
35 RF applications

LPs and fract. EGMs

78%

20 ± 6

78%

Bai13 (multicenter)

2011

49

ARVC (49)

26

3.5 mm tip open irrigation

Activation or entrainment mapping;
LPs and fract. EGMs

85% (endo-only
ablation 52%)

39 ± 4

85%

Della Bella24
(multicenter)

2011

218

ICM (85)
NICM (67)
ARVC (13)
HCM (5)
Normal (48)

218

Open-irrigation tip (80% of cases);
20–40 W to 45°C or Δ impedance 20 Ω
Solid-tip RF (12% of cases)
Cryoablation (8% of cases)

Pace/entrainment mapping

72%

17 ± 18

68%

Dello Russo80

2012

20

Myocarditis

6

irrigation tip, 40 W to 43°C

Activation/entrainment/pace/ scar
mapping

100%

Median 28

90%

Tung22

2013

95

ICD (33)
NICM (45)
Idiopathic (17)

71

Open/closed irrigation 4 mm catheter,
30–50 W, 45–50°C

Activation/entrainment/pace
mapping; LPs, fract. EGMs

48% (NICM)
45% (ICM)

12

36% (NICM)
85% (ICM)

Sarkozy81

2013

56

ICM

38

Open irrigation 4 mm, 50 W to 45°C

Activation/entrainment/pace
mapping; LPs, fract. EGMs

59%

26

46%

ARVC, Arrhythmogenic right ventricular cardiomyopathy; CM, cardiomyopathy; cont., continuous; cryo, cryoablation; EGM, electrogram; endo, endocardial; fract., fractionated EGM; HCM,
hypertrophic cardiomyopathy; ICM, ischemic cardiomyopathy; LP, late potentials; mo, months; NICM, nonischemic cardiomyopathy; NR, not reported; RF, radiofrequency.
Modified from Boyle N, Shivkumar, K. Epicardial interventions in electrophysiology. Circulation. 2012;126(14):1752–1769.
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   C O N C L U S I O N
Since the first description of percutaneous access to the pericardial
space over 15 years ago, the field of VT ablation has progressed significantly into the epicardial “second dimension.” Mapping and ablation
within the previously inaccessible pericardial space without sternotomy has contributed to an improved mechanistic understanding of
scar substrates and benefited patients with VT refractory to endocardial strategies. New tools for safely accessing the pericardial space are

being developed that will broaden its use for mapping and ablation.
With an appreciation for the relevant anatomy and understanding of
potential complications, from common to uncommon, a reduction in
adverse events is anticipated. As broader adoption of this technique has
been implemented globally, future prospective studies will be needed
to evaluate the role of epicardial ablation as a first-line therapeutic
strategy in patients with recurrent VT.
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Videos
Video 34.1 Pericardial Tenting. Use of fluoroscopy and contrast to
visualize tenting and puncture of pericardium with entry into the pericardial space.
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Video 34.2 Pericardial Wire. Importance of lateral anterior oblique
view to confirm wire entry into the pericardial to the left lateral heart
border, which excludes inadvertent right ventricular puncture.

35
Ablation of Ventricular Tachycardia
With Congenital Heart Disease
Thomas Paul

KEY POINTS
Tachycardia Mechanism
• Ventricular tachycardia based upon morphologic/anatomic
variants of the congenital heart defect or ventricular incisions and
patches/scar tissue
• Best example tetralogy of Fallot: right ventricular macroreentrant
tachycardia through anatomically defined isthmuses, often
involving the right ventricular outflow tract
Mapping
• Substrate mapping combined with activation mapping and pace
mapping to localize right ventricular anatomic isthmuses
• Proof of electrophysiologic findings by concealed entrainment and
stimulus-to-QRS-delay
Ablation Targets
• Transection of anatomic isthmuses (often multiple)
• Ablation during tachycardia (if tolerated) or during sinus rhythm

• Proof of completeness of radiofrequency current lesion line
• Noninducibility of ventricular tachycardia
Special Equipment
• Three-dimensional mapping system
• Cooled tip or irrigated tip radiofrequency current ablation
catheters
• Steerable or long preshaped sheaths
• Cryoenergy catheter
Sources of Difficulty
• Complex anatomy
• Limited vascular access to target
• Unstable hemodynamics during ventricular tachycardia
• Insufficient lesion formation in thickened and fibrosed right
ventricular myocardium
• Often multiple anatomic isthmuses

  

INTRODUCTION
Ventricular tachycardia (VT) is a well-known late consequence after
surgical repair of a variety of congenital heart defects. For the purpose
of this chapter it seems appropriate to make a distinction between two
different forms of VT in this population. One type of VT is based upon
morphologic/anatomic variants of the heart defect itself or to ventricular incisions and patches that allow initiation and perpetuation of a
stable ventricular macroreentrant circuit resulting in a stable monomorphic VT. Because of the underlying electrophysiologic mechanism,
these tachycardias are amenable to endocardial mapping and catheter
ablation, which will be discussed in detail within this chapter. The best
example of this clinical entity is unoperated/native and postoperative
tetralogy of Fallot and its variants.1–4 The second type of VT mainly
occurs in severely diseased ventricular myocardium with significant
fibrosis and myocardial disarray resulting in less organized, rapid polymorphic VT and ventricular fibrillation with the risk of sudden cardiac death. Because of the underlying electrophysiologic mechanism,
these tachycardias cannot be treated sufficiently by catheter ablation.
Accordingly, implantable cardioverter-defibrillator (ICD) implantation
is the recommended therapy in these patients.4–8 Common varieties
of congenital heart defects associated with these types of ventricular
tachyarrhythmias are obstructive left ventricular outflow tract lesions,
d-transposition of the great arteries after atrial switch procedure with
failing systemic right ventricle, tetralogy of Fallot with significantly
impaired right ventricular function, and univentricular hearts with
a Fontan circulation.9,10 In selected patients, however, both types of
VT may be present. Accordingly, patients with significantly impaired
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hemodynamics after ICD implantation for fast VT may benefit from
endocardial mapping and catheter ablation with the aim to decrease
number of ICD shocks as monomorphic VT may trigger polymorphic
rapid VT and ventricular fibrillation.11,12 In selected patients, ablation
of premature ventricular beats that trigger ventricular fibrillation may
result in a significant reduction of ICD shocks.
Ventricular tachyarrhythmias are a clinical problem that is encountered in daily routine practice of all physicians involved in the care
of adult patients with congenital heart defects. In a multicenter trial
involving 793 patients with repaired tetralogy of Fallot, sustained
monomorphic VT occurred in 4.5% of the patients during a mean
postoperative follow-up of 21 years. Sudden cardiac death was noted
in another 2% of the patients.13 In a second multicenter trial covering
556 adult patients with tetralogy of Fallot ventricular arrhythmias were
prevalent in 14.6%.14
Because nowadays almost 90% of all newborns born with congenital heart defects survive with adequate quality of life into adulthood,
the number of patients presenting with congenital heart defects and
VT will increase over time.

ANATOMY
Most experience on pathophysiology and management of patients with
VT and congenital heart disease has been gathered on tetralogy of Fallot. Even in patients with a favorable result after surgical repair, VT is
often associated with significant symptoms like syncope and sudden
cardiac death. In general, annual incidence of sudden cardiac death
after repair of tetralogy of Fallot has been estimated to be 0.15% with
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Fig. 35.1 Anatomic features of tetralogy of Fallot: the subpulmonary
narrowing (arrow) is formed between the malaligned muscular outlet
septum (asterisk), which is deviated anterocephalad relative to the
limbs of the septomarginal trabeculations and the hypertrophied septoparietal trabeculations. There is a large ventricular septal defect with
overriding of the aorta, which is partly committed to the hypertrophied
right ventricle. The pulmonary valve is dysplastic and stenotic VSD, Ventricular septal defect. (From Apitz C, Webb GD, Redington AN. Tetralogy
of Fallot. Lancet. 2009,374:1462-1471.)

increasing risk in adulthood.9 Several risk factors including anatomic,
surgical, hemodynamic, and electrophysiologic parameters have been
identified, but the positive predictive value is quite low.10,13–17 For all
congenital heart defects, the combination of anatomic abnormalities,
surgical scars, and patches/conduits as well as chronic pressure/volume
overload leading to myocardial fibrosis and scarring may finally result
in formation of a substrate for the development of VT.18–20
Tetralogy of Fallot includes a spectrum of delicate morphologic
features that may serve as a substrate for a macroreentrant tachycardia even in the unoperated/native state. The muscular outlet/conal
septum is deviated anteriorly and superiorly relative to the remaining interventricular septum giving rise to a large ventricular septal
defect with overriding of the aorta, which is partly committed to
the hypertrophied right ventricle. Hypertrophied septoparietal trabeculations result in subpulmonary obstruction. The conal septum
may extend toward the ventricular–infundibular fold, a thin sheet
of muscle interposed between the inlet and outlet portions of the
right ventricle. Accordingly, a substrate for a macroreentrant circuit
incorporating the conal septum is present even in the unoperated
state1,2 (Fig. 35.1).
Surgical repair of tetralogy of Fallot should result in complete closure of the ventricular septal defect and preservation of right ventricular form and function with an unobstructed right ventricular outflow
tract incorporating a competent pulmonary valve.1 Surgical repair has
made consistent progress over the last 50 years. In the beginning, surgical techniques were restricted to palliative procedures by augmenting pulmonary blood flow through creation of systemic-to-pulmonary
artery shunts. Significant for the development of ventricular arrhythmia substrates, early repair techniques included closure of the ventricular septal defect and relief of right ventricular outflow tract obstruction
by extensive resection of right ventricular outflow tract muscle via a
large right ventriculotomy. In addition, repair after shunting was performed in childhood after long-persisting cyanosis and systemic right
ventricular systolic pressure.
Today, corrective surgery is performed early in infancy (within
the first 6 months of life) via a transatrial/transpulmonary approach

Fig. 35.2 Simple model for ventricular tachycardia after surgical repair of
tetralogy of Fallot using a right ventricular outflow tract patch. Between
the superior rim of the patch and the pulmonary artery trunk, there is a
narrow isthmus of viable ventricular myocardium allowing formation of
a stable reentrant circuit around the outflow tract patch. (From Castaneda AR JR, Mayer JE, Hanley FL. Cardiac surgery of the neonate and
infant. WB Saunders, Philadelphia, 1984.)

thereby avoiding right ventriculotomy and its associated scarring
and risk for the development of VTs.19 Closure of the ventricular
defect with an artificial patch while paying special attention to the
specialized conduction system and resection of hypertrophied right
ventricular muscle is typically performed via the tricuspid valve. Pulmonary valvotomy and resection of subpulmonary muscle bundles
is accomplished through an incision in the main pulmonary artery.
Nowadays, when relieving right ventricular outflow tract obstruction, attention is focused on preservation of the pulmonary valve
even at the expense of some residual stenosis to reduce the risk of late
pulmonary insufficiency and right ventricular outflow tract aneurysm formation. Depending on the individual anatomy, surgeons try
to avoid right ventricular outflow tract patch enlargement as well as
transannular patch augmentation because of the association with late
VTs (Fig. 35.2).1,2,19,49

PATHOPHYSIOLOGY
Electrophysiologic studies in patients with monomorphic VT after
surgery for tetralogy of Fallot have proven that the main tachycardia
mechanism is a macroreentrant circuit involving the right ventricular
outflow tract (see Fig. 35.2). Major sites involved within the circuits
are the incision in the right ventricular outflow tract, the ventricular
septal defect patch, and the tricuspid valve annulus.2,19,21–24 Transient
entrainment can often be achieved during pacing, with constant fusion
at the paced cycle length and progressive fusion at decreasing cycle
lengths. Postpacing intervals equaling spontaneous tachycardia cycle
length suggests that the pacing site in the right ventricular outflow tract
is part of the reentrant circuit25 (Fig. 35.3).
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Fig. 35.3 Sustained monomorphic ventricular tachycardia with a cycle length of 460 ms (130 beats per min) in
a 37-year-old patient after surgical correction of tetralogy of Fallot. Stimulation at the right ventricular outflow
tract (S1S1=375 ms) leads to entrainment with concealed fusion without changing the morphology of the
tachycardia QRS complex. The stimulus-to-QRS interval is prolonged (120 ms). The postpacing interval (PPI)
equals the tachycardia cycle length. RVA, Right ventricular apex; VT, ventricular tachycardia. (From Gonska
BD, Cao K, Raab J, Eigster G, Kreuzer H. Radiofrequency catheter ablation of right ventricular tachycardia late
after repair of congenital heart defects. Circulation. 1996;94:1902-1908.)

DIAGNOSIS (AND DIFFERENTIAL DIAGNOSIS)

BOX 35.1 Diagnostic Criteria

The first step during electrophysiologic study is induction of the
tachycardia by programmed ventricular stimulation to confirm the
diagnosis and to rule out supra-VT with aberrancy (Box 35.1). Monomorphic VT involving the right ventricular outflow tract in postoperative tetralogy of Fallot exhibits an inferior QRS complex frontal
plane axis and left bundle branch block morphology in the majority
of the patients,2,21–23 but QRS complex morphology may vary. It is of
note that QRS morphology of macroreentrant VT involving the right
ventricular outflow tract is influenced by the direction of the rotation
(clockwise vs. counterclockwise) around the anatomic obstacle.26 In
case of VT involving the right ventricular free wall QRS morphology
may exhibit a right bundle branch block pattern.

Pathophysiology—in tetralogy of Fallot: macroreentrant circuit often involving the right ventricular outflow tract, major sites involved: incisions in the
right ventricular outflow tract, ventricular septal defect patch, and tricuspid
valve annulus.
Arrhythmia Diagnosis and Differential Diagnosis—induction of ventricular tachycardia by programmed ventricular stimulation, rule out supraventricular tachycardia with aberrancy, typical QRS complex pattern of ventricular
tachycardia: inferior axis and left bundle branch block morphology.

MAPPING
It should be emphasized that the prerequisite for successful and safe
endocardial mapping and catheter ablation is the understanding and
knowledge of the anatomic abnormalities, the surgical details, and the
frequently encountered arrhythmogenic substrates and targets in the
individual patient studied.2,20 In this context, it is important to gather
complete information on history, anatomy, and hemodynamics as well
as previous surgical and interventional procedures and the ventricular
tachyarrhythmia encountered before starting the procedure.
Early reports used conventional contact mapping combined with pace
mapping and entrainment mapping21,26–29 (see Fig. 35.3) achieving significant success rates. Entrainment depends on the presence of an excitable gap, which may not be reproduced in tachycardias that are very rapid

and not hemodynamically tolerated. In addition, entrainment mapping
may not be precise as pacing close to the exit site from a zone of slow
conduction does not allow to satisfy any of the criteria for entrainment.
The use of the modern 3-dimensional mapping systems has proven
to be extremely useful to overcome those limitations of conventional
contact mapping. As the first step, endocardial mapping is performed
during sinus or baseline rhythm by detailed right ventricular substrate mapping with the focus on identification of anatomic markers
as the ventricular septal defect patch and the right ventricular outflow
tract patch. If monomorphic VT is hemodynamically tolerated, right
ventricular endocardial mapping is performed subsequently during
ongoing tachycardia. If the tachycardia is not tolerated, voltage mapping alone during sinus rhythm may be sufficient to gain important
information on the arrhythmia reentrant circuit.22,30,31 In the past, the
noncontact mapping system was very useful in this entity, as it particularly allows for complete activation and substrate mapping of fast and
hemodynamically unstable VT as well of nonsustained VT.2,23,24
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Fig. 35.4 Voltage maps of the right ventricle in a modified anterior (AP) view (upper panel ) and modified
posterior (PA) view (left lower panel ) in a patient with tetralogy of Fallot. Three anatomic isthmuses were
delineated (white lines). In this patient, the first isthmus is bordered by the pulmonary valve and right ventricular outflow tract (RVOT) scar. The second isthmus is highlighted between the RVOT scar and tricuspid valve
annulus (TA; upper panel), whereas the third isthmus is delineated between the ventricular septal defect
(VSD) patch and the tricuspid valve annulus. Linear ablation lesions (gray tags) transected this anatomic isthmus (left lower panel ). Activation map of ventricular tachycardia (right lower panel, AP view): activation time
is color coded. The macroreentrant circuit propagates clockwise around the RVOT scar through the second
isthmus and inferior to superior through the first isthmus. (Modified from Zeppenfeld K, Schalij MJ, Bartelings MM, Tedrow UB, Koplan BA, Soejima K, Stevenson WG. Catheter ablation of ventricular tachycardia
after repair of congenital heart disease: electroanatomic identification of the critical right ventricular isthmus.
Circulation. 2007;116:2241-2252.)

Zeppenfeld and coworkers used with outstanding expertise the electroanatomic mapping system (CARTO) for identification of the critical
right ventricular isthmuses.22 Right ventricular sinus rhythm voltage
mapping was performed and unexcitable tissue from patch material,
valve annulus, or dense fibrosis was defined as areas with voltage lower
than 0.5 mV. If pacing at 10 mA with pulse width of 2 ms failed to
capture, sites were tagged as unexcitable scar. Natural anatomic regions
as His bundle, pulmonary valve, and tricuspid valve were annotated.
Anatomic isthmuses were defined as viable ventricular myocardium
between areas of unexcitable scar (for example ventricular septal
defect patch, ventriculotomy incision or right ventricular outflow tract
patch), pulmonary valve, tricuspid valve annulus, and areas of very low
voltage (<0.5 mV, Fig. 35.4). In patients with hemodynamically stable
VT, activation and entrainment mapping was performed subsequently
(see Fig. 35.4 and Fig. 34.5). Reentry circuit isthmus sites were defined
by concealed entrainment and a difference of the postpacing interval
and VT cycle length less than 30 ms. Additional criteria included a
stimulus to QRS interval during pacing less than 70% of tachycardia
cycle length or sites with diastolic electrical activity during tachycardia and termination and prevention of reinduction of tachycardia
after radiofrequency current application. If VT was not amenable to
mapping, reentry circuit isthmuses were defined by pace mapping at
sites where the QRS morphology matched that of the VT (>10/12 leads
match) with a stimulus-to-QRS delay of more than 40 ms.
Our center and others in the past have used the noncontact mapping system (Ensite 3000, St. Jude Medical, St. Paul, MN) for mapping
of fast and hemodynamically unstable VT in postoperative congenital
heart disease patients,2,23 which is also suitable for substrate mapping

in patients with postoperative VT.32 Because this system is capable of
simultaneous acquisition of electrical activation even from a single
premature ventricular complex, it has significantly contributed to our
understanding of postoperative right VT. As with the electroanatomic
mapping system, areas with low peak negative voltage exhibiting less
than 35% of the largest unipolar deflection were noted as scar on the
virtual anatomy. Ventricular activation sequence during sinus rhythm
was studied by isopotential color-coded maps along the labelled anatomic landmarks and suspected low-voltage areas. Findings were
validated by reviewing reconstructed virtual electrograms of the noncontact mapping system in these areas of fractionated or low amplitude
signals.23
During induced monomorphic VT, right ventricular activation was
studied by analyzing color-coded isopotential maps within the endocardial geometry (Fig. 34.6). In right ventricular macroreentrant tachycardia, propagation was traced on the isopotential maps to identify the
protected zone of the reentrant circuit between surgical and anatomic
barriers. Pace mapping was performed subsequently to proof the electrophysiologic significance of these findings (Fig. 35.7).
The dynamic substrate mapping algorithm of the noncontact mapping system was also helpful to identify the critical diastolic pathway
of ventricular reentrant tachycardias in postsurgical tetralogy of Fallot
patients.24 Dynamic substrate mapping for the whole QRS complex
duration identified low-voltage myocardium as areas of less than 35% to
40% of peak negative voltage. Subsequently, maximal negative voltage
of the right ventricular myocardium from induced VT was determined
and dynamic substrate mapping was focused on ventricular electrical
diastole, when the VT wave front, the highest voltage in this setting, is
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Fig. 35.5 Voltage map of the right ventricle in a patient with tetralogy of Fallot: an anatomic isthmus is bordered by a scar adjacent to the pulmonary valve and tricuspid valve annulus (TA; panel A). During ventricular
tachycardia (VT) #1, pacing within an anatomic isthmus (site indicated by a white tag) entrains tachycardia
with concealed fusion. The postpacing interval equals the tachycardia cycle length. The stimulus-to-QRS
interval is 93 ms, suggesting a central isthmus site (panel B). VT #2 was hemodynamically unstable (12-lead
electrocardiogram shown on the left). Pace mapping demonstrates a good match of the QRS morphology at
the site marked with a blue tag. The short stimulus-to-QRS interval indicates a potential exit site of the tachycardia, suggesting a superior-to-inferior propagation of the VT wave front (panel C). PPI, Postpacing interval;
TA, tricuspid valve annulus; VTCL, ventricular tachycardia cycle length. (Modified from Zeppenfeld K, Schalij
MJ, Bartelings MM, et al. Catheter ablation of ventricular tachycardia after repair of congenital heart disease:
electroanatomic identification of the critical right ventricular isthmus. Circulation. 2007;116:2241-2252.)

moving through the low-voltage zone, thereby identifying the critical
isthmus. Analysis of color-coded isopotential maps of induced VT on
the findings derived from dynamic substrate mapping verified the electrophysiologic mechanism and critical anatomic isthmus (Fig. 35.8).

RADIOFREQUENCY CATHETER ABLATION
Radiofrequency catheter ablation using cooled-tip or irrigated-tip catheters is the preferred energy mode for ablation of VT in postoperative
congenital heart disease patients.11,12,20 In postoperative tetralogy of
Fallot patients, deeper energy penetration is often required to achieve
effective lesions in thickened right ventricular myocardium because of
chronic pressure and volume overload in case of residual right ventricular outflow tract obstruction and pulmonary insufficiency. The use
of long preshaped or steerable sheaths improves catheter stability and
allows for proper catheter steering in the right ventricular cavity. For
lesion induction in the vicinity of the His bundle cryoenergy with the
potential of cryomapping at –30° C may be used to avoid inadvertent
complete atrioventricular block.

According to the experience of several groups,19,21–24,33 four main
discrete anatomic isthmuses that support initiation and perpetuation
of VT in patients with postoperative congenital heart disease have been
identified (Fig. 35.9). Zeppenfeld and coworkers22,33 nicely delineated
the main isthmuses: isthmus 1 was bordered by the tricuspid annulus and a previous right ventricular incision/right ventricular outflow
tract patch. Isthmus 2 was located between a previous right ventricular incision and the pulmonary trunk. Isthmus 3 was bordered by
the pulmonary trunk and a patch for ventricular septal defect closure,
and isthmus 4 was bordered by the ventricular septal defect patch and
the tricuspid annulus. Depending on the presence of other underlying congenital heart defects, additional isthmuses were described.33
Catheter ablation of VT in repaired tetralogy of Fallot involving the
right ventricular septum, however, may be hampered by hypertrophied
myocardium or prosthetic material. These patients may benefit from
ablation at the left side of the ventricular septum accordingly.34
The aim of radiofrequency catheter ablation is to interrupt electrical
conduction through these anatomic critical isthmuses by transsecting
the isthmus.22,23 If VT is slow and hemodynamically tolerated, ablation
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Fig. 35.6 Noncontact mapping of ventricular tachycardia in an 18-year-old boy after surgical repair of tetralogy of Fallot: color-coded isopotential maps of induced monomorphic ventricular tachycardia; two areas of
low voltage (<35%) were identified between the right ventricular anterior free wall and the right ventricular
outflow tract and between the tricuspid valve annulus and the right ventricular apex (encircled by white
color): right ventricular activation runs from the superior aspect of the right ventricle (panel A) in an inferior and leftward direction. Subsequently, conduction moves through the two low-voltage areas toward the
anterior right ventricular wall (panel B) reaching the right ventricular apex (panel C). Subsequently, activation
runs along the right ventricular septum in a superior direction (panel D) and further travels around the right
ventricular outflow tract (panel E) finally reaching again the superior aspect of the right ventricle and completing the macroreentrant circuit within the right ventricle (panel F). Radiofrequency current lesions were
applied between the two low-voltage areas at the right ventricular anterior wall; ventricular tachycardia was
not inducible subsequently; complete conduction block along the induced radiofrequency current lesion line
was proven by differential pacing along the line. Aneurysm, Right ventricular outflow tract aneurysm; anterior, right ventricular anterior free wall; lateral, right ventricular lateral wall; RVA, right ventricular apex; TV6,
tricuspid valve annulus at 6 o’clock position; 6-10, location of virtual catheter electrograms. (From Kriebel T,
Saul JP, Schneider H, Sigler M, Paul T. Noncontact mapping and radiofrequency catheter ablation of fast and
hemodynamically unstable ventricular tachycardia after surgical repair of tetralogy of Fallot. J Am Coll Cardiol.
2007;50:2162-2168.)

during tachycardia typically results in slowing and finally termination.
In case of fast and unstable tachycardia, a lesion line is placed during
sinus rhythm. Success of the procedure is proven by noninducibility
of the tachycardia and demonstration of complete conduction block
along the ablation lesion line. Completeness of the ablation lesion line
may be demonstrated by absence of capture during pacing along the
line, presence of double potentials, and activation mapping during pacing from above or below the line.2,22,23 The same systematic approach
may be applied to any other location that has been proven to be a critical part of the reentrant circuit.
Recently, Kapel and coworkers nicely specified electroanatomic
characteristics of anatomic isthmuses related to VT in postoperative
tetralogy patients that may allow for individualized risk stratification
and tailored ablation.35 In 74 patients with repaired tetralogy of Fallot,
the presence and characteristics of anatomic isthmuses in terms of isthmus width, length, and conduction velocity index were analyzed during
sinus rhythm. It is of note, that anatomic isthmuses in patients with
inducible VT were longer, narrower, and had slower conduction characteristics than patients with anatomic isthmuses lacking inducible VT.
Finally, during midterm follow-up after catheter ablation, none of the

patients free from slow conducting anatomic isthmuses had tachycardia
recurrence in contrast to 5 of 10 patients with remaining slow conducting anatomic isthmuses. Data suggest that slow conducting anatomic
isthmuses in postoperative patients with tetralogy of Fallot identified by
electroanatomic mapping allow for individualized risk stratification and
even preventive ablation.35 Identification of the underlying substrate
and its electrophysiologic characteristics in postoperative congenital
heart patients with VT may facilitate individualized treatment.36

SUCCESS AND RECURRENCE RATES
Currently, when compared with catheter ablation of supra-VT, experience with ablation of VT in postoperative congenital heart disease
patients is still limited. In addition to a variety of case reports applying different mapping techniques,27,29,37–42 several case series have been
published on this subject with very satisfactory results (Table 35.1).
Complications were rare, but ablation was occasionally abandoned at the
operator´s discretion because of a high risk of atrioventricular block.23,28
Depending on technologies used for mapping and ablation, recurrence rates varied reaching up to 40% during midterm follow-up,28
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Fig. 35.7 Voltage and pace mapping of ventricular tachycardia in tetralogy of Fallot. A, A color-coded voltage
map of the right ventricle in sinus rhythm is shown in a patient with tetralogy of Fallot and ventricular tachycardia. Values below 0.5 mV are depicted in gray and above 1.5 mV in purple. The presumed ventriculotomy
incision and ventricular septal defect patch are indicated by the white arrows. In areas of low voltage, unipolar pacing at 10 mA with a pulse width of 2 ms was performed. Unexcitable tissue was marked by blue
spheres. Linear ablation (white circles at the double red asterisk) was performed connecting two unexcitable
areas, i.e., pulmonary annulus and ventricular septal defect patch. This site was selected for ablation after
pace mapping of the septal RVOT, shown in B. Bouts of nonsustained ventricular tachycardia were inducible,
corresponding to documented sustained events. Left- and right-hand panels capture nonsustained ventricular
tachycardia and successful 12-lead pace mapping, respectively. C, Conduction block was verified by pacing
from a decapolar catheter septal to the ablation line and mapping local activation. Local activation times are
color-coded from white to red, orange, yellow, green, light blue, dark blue, and purple. Early activation along
the midportion of the RVOT adjacent to the ablation line suggests a conduction gap. Additional ablation was
performed along the midportion of the line, until bidirectional block was achieved. RVA, Right ventricular
apex; RVOT, right ventricular outflow tract; TV, tricuspid valve; VSD, ventricular septal defect. (From Khairy P,
Stevenson WG. Catheter ablation in tetralogy of Fallot. Heart Rhythm. 2009;6:1069-1074.)

which may at least in part be caused by insufficient lesion formation
within the thickened and fibrosed right ventricular myocardium even
with the use of cooled-tip ablation technology. Facing this significant
risk of tachycardia recurrence in conjunction with the risk of sudden
cardiac death, ICD implantation has been advised also in patients

with a successful ablation procedure.20,23 With increasing experience
and expertise, however, catheter ablation of VT isthmus ablation can
be curative in patients with repaired congenital heart disease with
preserved ventricular function and isthmus-dependent reentrant
circuits.33
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Fig. 35.8 Dynamic substrate mapping in a 49-year-old man after surgical repair of tetralogy of Fallot; orientation is indicated by an upper body torso in the right upper corner. Dynamic substrate map during sinus rhythm
identified an area of low voltage reflecting the right ventricular outflow patch, which is encircled with a white
line. Dynamic substrate map during the final third of the ventricular tachycardia cycle length identified the area
between the pulmonary trunk and the right ventricular outflow tract patch was encircled with a red line, which
depicts the critical diastolic pathway. Propagation of induced ventricular tachycardia on endocardial anatomy as
established by the dynamic substrate mapping algorithm: the lower part of each panel demonstrates three channels of surface electrocardiogram and four virtual electrograms from the right ventricular endocardial surface
(green numbers). The vertical yellow line depicts timing within the cardiac cycle. Absolute voltages are displayed
on the left as color-coded bars. The lighter shades represent maximum negative voltage, white areas voltages
<–3 mV, and purple shade reflects the isoelectric endocardial surface: (Panel A) The activation wave front moved
counterclockwise around the right ventricular outflow tract, below the pulmonary trunk and valve (PV). (Panel
B) Then it proceeded anteriorly and inferiorly to move superiorly along the septum (Panel C) thereby completing
the circuit (Panel D). The critical isthmus was identified between the pulmonary valve and the right ventricular
outflow tract patch. Radiofrequency ablation lesions were subsequently successfully placed perpendicular to
the identified wave front between the pulmonary valve and the right ventricular outflow tract patch. Completeness of induced radiofrequency lesion line was verified subsequently. (From Schneider HE, Schill M, Kriebel T,
Paul T. Value of dynamic substrate mapping to identify the critical diastolic pathway in postoperative ventricular
reentrant tachycardias after surgical repair of tetralogy of Fallot. J Cardiovasc Electrophysiol. 2012;23:930-937.)
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Fig. 35.9 Critical isthmuses for ventricular tachycardia in surgically repaired tetralogy of Fallot. Isthmus 1 is
bordered by the tricuspid annulus and a previous right ventricular incision/right ventricular outflow tract patch
(panel A, numbers depict prevalence33). Isthmus 2 is located between a previous right ventricular incision
and the pulmonary trunk (panel B, numbers depict prevalence33). Isthmus 3 is bordered by the pulmonary
trunk and a patch for ventricular septal defect closure, and isthmus 4 is bordered by the ventricular septal
defect patch and the tricuspid annulus (panel C, numbers depict prevalence). PV, Pulmonary valve; RV, right
ventricle; RVOT, right ventricular outflow tract; TA, tricuspid valve annulus; VSD, ventricular septal defect.
(From Kapel GF, Reichlin T, Wijnmaalen AP, et al. Re-entry using anatomically determined isthmuses: a curable
ventricular tachycardia in repaired congenital heart disease. Circ Arrhythm Electophysiol. 2015;8(1):102-109.)
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Results of Catheter Ablation of Ventricular Tachycardia in Postoperative
Congenital Heart Disease Patients
TABLE 35.1
Study

Methods

No. of Patients

Success

Notes

Burton et al., 1993

Conventional mapping, pace mapping
and entrainment mapping, RF

2

100%

First report on RF ablation of RVOT-VT in repaired tetralogy
of Fallot

Gonska et al., 199621

Conventional mapping, pace mapping
and entrainment mapping, RF

16

94%

First case series on VT in postoperative CHD

Moorwood et al., 200428

Not specified, RF

12

83%

Zeppenfeld et al., 200722

Substrate mapping, CARTO, RF

11

100%

Landmark publication on mapping and ablation of VT in CHD

Kriebel et al., 200723

Noncontact mapping, RF

10

80%

Activation mapping of fast and unstable VT in CHD

Substrate mapping, Noncontact
mapping

7

86%

Dynamic substrate mapping and activation mapping

Kapel et al., 201434

Substrate mapping, CARTO, RF

28

100%

Left-sided RF ablation of VT dependent on septal anatomic
isthmuses

Kapel et al., 201533

Substrate mapping, CARTO, RF

34

74%

No VT recurrence in 18 patients with complete ablation
success and preserved cardiac function during 46-month
follow-up

Van Zyl et al., 201648

Substrate mapping, CARTO, RF

21

95%

High proportion of focal VT

Kapel et al., 201735

Substrate mapping, CARTO, RF

24/28 AI

64%

Slow conducting AI identified as dominant substrate for VT

165

64%–100%

Schneider et al.,

201224

Total

AI, Anatomic isthmuses; CHD, congenital heart defect; RF, radiofrequency catheter ablation; RVOT; right ventricular outflow tract; VT, ventricular
tachycardia.

As outlined in the beginning of this chapter, catheter ablation
in patients with postoperative VT after ICD implantation may be
very beneficial to reduce the arrhythmia burden and the number of
ICD shocks.

SURGICAL ABLATION
If catheter ablation was unsuccessful or the patient has a hemodynamic
indication for a repeat surgical procedure, intraoperative cryoablation
may be performed after detailed preoperative as well as intraoperative
mapping of the individual VT circuit and the critical isthmus.36 Findings from intraoperative mapping studies corresponded well with the
results from endocardial catheter mapping procedures.43–46 It needs to
be reemphasized, however, that surgical improvement of hemodynamics (i.e., pulmonary valve replacement) alone without addressing the
arrhythmogenic substrate does not reduce the risk of VT and sudden
cardiac death in these patients.47

TROUBLESHOOTING THE DIFFICULT CASE
Endocardial mapping and catheter ablation of VT in postoperative
patients has been reported in a limited number of patients from a few
experienced centers. Although results on location of the critical isthmuses and the ablation strategies corresponded well, it needs to be

BOX 35.2 Troubleshooting the Difficult

Case

Experience still limited—no “straight-forward” case
Thorough preparation by reviewing complete history
Detailed knowledge of underlying hemodynamic and electrophysiologic abnormalities
Strictly systematic approach—substrate mapping—activation mapping—
pace mapping—entrainment mapping
Goal: identification of anatomic isthmuses

mentioned again that experience in general is still limited. Therefore at
the present time, it seems quite difficult to discriminate an “easy” case
from a “difficult” case before the procedure (Box 35.2). Existence of an
“easy case” may be in doubt at all.
The key components for a successful mapping and ablation procedure are a thorough preparation with reviewing the complete history
of the patient combined with the detailed knowledge of the underlying
hemodynamic as well as electrophysiologic abnormalities. Independent from the mapping system used, a strict systematic approach is
recommended during the procedure including a meticulous substrate
mapping and proof of these findings by activation mapping and pacing
strategies.
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Ablation of Genetically Triggered
Ventricular Tachycardia/Fibrillation—
Focusing on Brugada Syndrome
Koonlawee Nademanee

KEY POINTS
• Th
 e right ventricular outflow tract (RVOT) epicardium is the
culprit arrhythmogenic substrate site of Brugada syndrome (BrS).
• Abnormal fractionated electrograms and double potential
electrograms are localized only in the anterior aspect of the RVOT
epicardium. Epicardial and interstitial fibrosis often coexists with
abnormal electrograms.
• Radiofrequency ablation by targeting the substrate areas that are
defined after ajmaline/procainamide results in normalization of
the Brugada electrocardiogram pattern and prevents ventricular
tachycardia/ventricular fibrillation (VF) recurrences. It is

recommended to use an irrigated-tip catheter with a contact
sensor to ablate epicardial arrhythmogenic substrate.
• The long-term follow-up (mean of 3 years) after ablation is
excellent and without serious complications.
• A prospective, multicenter randomized study, Ablation in Brugada
Syndrome for the prevention of VF Episodes (BRAVE study) may
confirm the hypothesis that catheter ablation alone in a subset of
patients with BrS is effective without an implantable cardioverterdefibrillator.

Genetically triggered ventricular tachycardia (VT) and/or ventricular
fibrillation (VF) could be categorized into 2 groups: (1) those caused by
genetically predisposed electrical alteration properties, primary electrical diseases without cardiac structural abnormalities; and (2) those
caused by the presence of arrhythmogenic substrates that are created
by genetically induced myopathic changes.1 The first group is also
known as inherited arrhythmia syndromes (IAS), which are primary
electrical disease including long QT syndromes (LQT), Brugada syndrome (BrS), early repolarization syndrome (ERS), catecholaminergic
polymorphic ventricular tachycardia (CPVT), short QT syndrome,
and Andersen syndrome. In the latter category, myopathic changes in
the heart lead to VT/VF; this group includes hypertrophic cardiomyopathy, dilated cardiomyopathy, and arrhythmogenic right ventricular
cardiomyopathy.
IAS is responsible for almost 10% of sudden death in Europe and
United States of America.2 It is the leading cause of sudden death in
the young especially in the East and Southeast Asia.3 Thus it is imperative to obtain better understanding of genetics and electrophysiologic
mechanisms, and risk stratification for IAS is needed so that one can
find an effective treatment and prophylactic intervention for prevention VT/VF in each of the various IAS subgroups. Among IAS subsets,
LQT and BrS are the most common. The purpose of this chapter is
to discuss the role of catheter ablation as a treatment modality for
IAS. Since at present, data and studies on catheter ablation for LQT,
CPVT, ERS, and short QT syndrome is quite scarce and only confined
to a few case reports of VF-trigger ablation during electrical storm,
the guideline statement from Heart Rhythm Society, Asia-Pacific
Heart Rhythm Society, and European Heart Rhythm Association
recommends ablation as a viable treatment only on symptomatic BrS
patients.1 Thus I will focus only on the role of catheter ablation for BrS
patients in this chapter.

The early attempt at catheter ablation in treating BrS syndrome
patients was limited to a few reported cases of patients with electrical storm.4 The initial approach was designed to target initiating PVCs
that trigger VF, which were found to come from the right ventricular
outflow tract (RVOT).4 The ablation was performed on the endocardial
site of the RVOT. However, this approach has a significant limitation
and has not been widely used largely because patients with BrS rarely
had frequent PVCs to be mapped, and therefore it was quite difficult
to identify precise targets for ablation and clearly assess the acute outcomes of the ablation. Almost a decade after the initial report of BrS
ablation for VF triggers, we reported successful arrhythmogenic substrate ablation on the anterior RVOT epicardium in symptomatic BrS
patients.5 Our findings have subsequently been confirmed by numerous reports from multiple institutions worldwide and indeed proven
that substrate ablation is effective as a treatment modality for high risk,
symptomatic BrS patients.6–10

BRUGADA SYNDROME SUBSTRATE
After its initial description in 1992, the BrS has drawn worldwide
attention as an important clinical entity that causes premature death
in young adults who are otherwise apparently healthy individuals. This
has led to an abundance of research conducted worldwide.11 However,
the pathophysiology of the BrS is not well explained and controversies
exist with ongoing heated debate about the underlying pathophysiology of the syndrome–repolarization abnormality versus depolarization
abnormality.12 Fortunately, stemming from the two opposing views is a
consensus that right ventricular outflow tract (RVOT) is the most likely
substrate site regardless of which mechanisms are responsible.
The observation that placing the electrodes of right precordial leads
at the second and third intercostal spaces (ICS)—the location where
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Fig. 36.1 A composite picture of the CARTO-merge maps shows the cardiac computed tomography of the
right ventricle, left ventricle, aorta, pulmonary artery, and coronary arteries that are merged with the electroanatomic maps of the right ventricular outflow tract epicardium. The double annotation map displays a
magnitude of prolonged electrogram duration; the purple area indicates the very prolonged duration of the
electrogram (>180 ms). The sample electrograms recorded from this area are shown (right). The bipolar electrogram recorded from the distal pair-electrodes of the ablation (roving) catheter (Abl-bi, bipolar distal) of the
NaviStar-ThermoCool catheter at the purple area of the map is low voltage (0.49 mV) and fractionated with
the electrogram width of 251 ms. The unipolar electrogram recorded from the distal electrode of the ablation
catheter (Abl-Uni, unipolar distal) is also shown, along with the right precordial leads (I, V1, V2). The red dots
represent ablation points.
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Fig. 36.2 A right lateral view of the right ventricular outflow tract (RVOT) displays the difference in ventricular
electrograms between the endocardial and epicardial site of the anterior RVOT of another patient. The left
and right insets display bipolar and unipolar electrograms recorded from the endocardium and epicardium
from the same site of the RVOT, respectively. Abl-distal bi, Ablation-bipolar distal; Abl-prox bi, ablation bipolar
proximal; Abl-distal uni, ablation unipolar distal; Abl-prox uni, ablation unipolar proximal.

there are no other cardiac structures except the RVOT—increases the
likelihood of producing a BrS electrocardiogram (ECG) pattern compared with just placing the electrodes only on the standard fourth ICS
and strongly suggests that the RVOT is a culprit substrate site.3 This contention is supported by the findings that VF-triggering premature ventricular contractions (PVCs) often emanated from the RVOT in patients
with VF storm. Ablations of these triggering PVC from the endocardial site abated VF storms.4 Similarly, in an animal model, Morita et al.
demonstrated that RVOT epicardium was the main substrate site.13 Perhaps the most compelling findings attesting that RVOT epicardium is
the primary substrate sites for BrS came from our study in patients with
frequent implantable cardioverter-defibrillator (ICD) discharges.5

We found that all our BrS patients who underwent epicardial and
endocardial mapping during sinus rhythm had abnormal low voltage, fractionated late potentials clustering in the anterior aspect of the
RVOT epicardium as shown in Fig. 36.1. Ablation at this area normalized the Brugada ECG pattern and prevented recurrent VF episodes. Of
interest, the endocardial sites juxtaposed to the corresponding epicardial sites exhibit normal voltage potentials without fractionation (Fig.
36.2). Fig. 36.3 shows epicardial electrograms recorded from various
sites of the epicardium in both the left ventricular and right ventricular
(RV) epicardium. Note that abnormal fractionated electrograms and
double potential electrograms are localized only in the anterior aspect
of the RVOT epicardium.
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Fig. 36.3 Comparison of ventricular electrograms recorded from different sites in both the left ventricle and
right ventricle of one of our Brugada syndrome patients who underwent mapping and ablation of the right
ventricular outflow tract substrate for recurrent ventricular fibrillation episodes.

During the first decade after BrS was described, most believed that
BrS is a primary electrical disease and was one of ion-channelopathy
IAS subgroup with repolarization abnormalities.3,11 However, our
collaborative multicenter study demonstrated epicardial and interstitial fibrosis and reduced gap junction expressions in the RVOT of
sudden cardiac death victims with BrS family history and negative
routine autopsy.14 In the same study, we also found fibrosis from the
biopsies taken from RVOT epicardial sites with abnormal, fragmented,
and delayed conduction in all six BrS patients who underwent open
heart surgical ablation of the Brugada substrates. Fig. 36.4 shows an
RVOT anatomic grid generated by computed tomography of the heart;
the biopsy site demonstrates that both abnormal fractionated electrograms and fibrosis coexist. After open heart ablations at these fibrosis
sites, ECG patterns normalized, and patients no longer had recurrent VF. Interestingly, the in vivo cases all had normal cardiac images
on computed tomography/magnetic resonance imaging, as well as a
normal-appearing heart on direct visualization during thoracotomy.

Investigators from the Academic Medical Center of Amsterdam also
reported similar findings from the explanted heart of a BrS patient
who had SCN5A mutation with medically treated failure from VF
storms, necessitating heart transplantation surgery. The explanted
heart showed no evidence of repolarization abnormality.15 Instead, the
investigators found evidence of interstitial fibrosis causing conduction
delay. Thus one can reasonably conclude that interstitial fibrosis and
reduced gap junction expression on the epicardial surface of the RVOT
is the abnormal myocardial structure that underlies the arrhythmogenic substrate, as detected by abnormal fractionated low-voltage late
potential. Similar observations were found in all of our study patients,
and these findings clearly provide the strongest clinical evidence that
the delayed depolarization at the anterior aspect of the RVOT is the
most likely underlying electrophysiologic mechanism underlying BrS.
These findings also suggest that BrS is not the primary electrical disease
without structural heart disease, but the IAS category that has subclinical myopathic changes in the right ventricle.
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Fig. 36.4 Computed tomography scan of the heart (center) of a symptomatic Brugada syndrome patient
V2 showing anatomic grid over the anterior right ventricular outflow tract. Electrocardiogram Lead II and a
distal bipolar (0.4 mV/cm voltage scale at the filter 30–300 Hz) and unipolar electrogram (5 mV/cm voltage
scale at the filter 0.05–300 Hz) at labeled sites given in surrounding panels, with abnormal fractionated
electrograms. The abnormal electrogram sites were biopsied and histology (picrosirius red staining) at site
of abnormal electrogram (B) shows epicardial fibrosis (arrow) with focal finger-like projections of collagen
into myocardium [C].

MAPPING OF THE BRUGADA SYNDROME
SUBSTRATES16
Knowing that the right ventricular epicardium is the predominant site
of arrhythmogenic substrate in BrS, as well as its electrogram characteristics and location, mapping is quite straightforward but requires the
skill of gaining access into the pericardial space for epicardial mapping.

An anterior pericardial puncture is preferred to the posterior approach.
However, either approach can be used for both mapping and ablation.
Endocardial and epicardial electroanatomic mapping of the right ventricle as well as epicardial mapping of the left ventricle can then be performed. The choice of mapping catheters and electroanatomic systems
can be left to operator’s discretion, including ones that can carry out
high-density electroanatomic mapping such as multielectrode catheters.
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Fig. 36.5 Example of the large Brugada syndrome substrate areas of a patient with multiple implantable
cardioverter-defibrillator shocks caused by recurrent ventricular fibrillation. A, The anterior view of the electroanatomic map of the right ventricular (RV) epicardium combined with the RV angiographic image using
CartoUnivu software displaying a large area of the RV outflow tract and RV proper with abnormal fractionated
late potentials. Abnormal electrograms are shown in the right panel (pink dots). B, The lateral view of the
RV epicardial map highlighting abnormal substrate areas involved at the inferior wall RV epicardium where
fractionated late potentials are also recorded after ajmaline, shown in the left panel. V1 ICS3, lead V1 at the
ICS3; V2 ICS3, lead V2 at ICS3.

In my laboratory, a 3.5-mm-tip NaviStar ThermoCool SmartTouch
catheter and CARTO system (Biosense Webster, Inc., Dia-mond Bar,
CA) were used for mapping and ablation. Image integration tools
such as CARTO-Merge, CartoUnivu for fluoroscopic/angiographic
image integration, and 2-dimensional-Realtime Integration with
electroanatomic mapping are very helpful to create detailed epicardial
and endocardial electroanatomic map. Such maps can be displayed
based on either voltage or duration of local potentials. Abnormal
electrograms are defined as electrograms that have low voltage (≤1
mV); split electrograms or fractionated electrograms with multiple
potentials with two or more distinct components, with more than 20 ms
isoelectric segments between peaks of individual components; and long
duration (>80 ms) or late potentials (distinct signals extending beyond
the end of the QRS complex). These abnormal electrograms are tagged
as target sites for ablation.

Role of Sodium Channel Blocker in Identifying Subtle
Substrate Sites

In the initial report of mapping and ablation of BrS substrate, from
my group a sodium channel blocker such as ajmaline, procainamide,
or flecainide was not used during the mapping. As mentioned in the
subsequent publication,16 the BrS substrates in some patients remained
present after ablations because the initial ablations did not include all
the substrate sites, as evidenced by the appearance of Brugada ECG
pattern after an ajmaline provocative test. Some of these patients
with incomplete substrate ablation had VF recurrences, necessitating
a repeat ablation. During the repeat procedure, it revealed that the
substrate sites were much larger than those found at the first ablation
session, especially after ajmaline. Over the past 5 years, my group has
modified the mapping protocol to better define the BrS substrate sites
by a compulsory mapping of the RV epicardium after the administration of sodium channel blocker with either ajmaline (50–80 mg over 5
minutes) or procainamide (750–1000 mg over 20–30 minutes).
Fig. 36.5 shows an example of a map after ajmaline administration of
one of our patients with symptomatic BrS with frequent ICD discharges.
The substrate sites were located at the epicardial aspect of the anterior
RVOT, body of the right ventricle, and inferior-lateral aspect of the right
ventricle. Ablations at these sites as shown in pale small dots yielded no

Substrate Area
= 14.3 cm2

Substrate Area
= 20.4cm2

Baseline
Ajmaline
Fig. 36.6 An effect of ajmaline on the epicardial substrate of a Brugada
syndrome patient with multiple implantable cardioverter-defibrillator
discharges. A composite of the electroanatomic maps of the right ventricular epicardium, integrated with a fluoroscopic image of the heart
using CartoUnivu software, displays and compares the substrate area
at baseline and after ajmaline. On the left panel, the baseline abnormal substrate areas were tagged along the boundary with pink dots.
On the right panel, the substrate areas were expanded after ajmaline
administration (50 mg). Blue dots were used to tag the boundary of the
abnormal areas that harbor fractionated late potentials after ajmaline.

recurrent VF over the 2 years of follow-up. In most patients, sodium
channel administration significantly broadens the substrate areas, which
could be quite large. The involved area (up to 20 cm2) can cover almost
the entire RVOT epicardium and extends to the body of the RV and inferior wall arrhythmogenic substrates in about 50% and 25% respectively.
Ajmaline (the best drug for unmasking the substrates because of its
rapid onset of action and a relatively short half-life) caused a twofold
increase in the substrate areas, from 10.3 + 8 at baseline to 19.5 + 5.6
cm2 (P< .01); procainamide also increased the substrate site, but to a
lesser degree. Fig. 36.6 shows an example of the CARTO electroanatomic map before and after ajmaline infusion (50 mg) of another symptomatic patient with BrS. The drug increased the targeted area of BrS
substrate from 14.3 cm2 to 20.4 cm2, which covers the main part of the
anterior RVOT epicardium to the body of the RV epicardium proper.
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We performed radiofrequency (RF) ablation by targeting the substrate
areas that were defined after ajmaline/procainamide. This resulted in
normalization of the Brugada ECG pattern in all patients with standard
ECG lead placement.

ABLATION PROTOCOL AND END POINTS
It is essential to use an irrigated-tip catheter to ablate epicardial arrhythmogenic substrate. We recommend the irrigated tip catheter that has
a contact sensor, that is, a SmartTouch NaviStar catheter. This is based
on our experience that before the contact force catheter became available, some of our patients needed to have a redo procedure in the same
area because we did not achieve the permanency of ablative lesions.
Also one should recognize the desirable acute effect of ablation on the
substrate site. As shown in Fig. 36.7, if RF energy is effective in creating the lesion, the recorded electrogram voltage amplitude should be
drastically reduced and the mid and late fractionated potentials should
disappear, indicating the elimination of the intramyocardial substrate,
which generated prolonged and late potential of the recorded signals.
As discussed previously, our mapping protocol has been modified
by adding a sodium channel blocker as part of defining the targeted
substrate areas for ablation. Likewise, we no longer use our old ablation
end points from the original publication—either noninducible VT/VF
or normalization of the Brugada ECG pattern during the ablative procedure. We believe that the best and only end point is to eliminate all
substrate areas that harbor abnormal low-voltage fractionated signals
detected after sodium channel blockade, as described earlier.

LONG-TERM OUTCOMES
Thus far, long-term follow-up in the aforementioned 50 patients has been
excellent, with a mean follow-up of 3 years (range 6 months–9 years).
Full analyses of long-term outcomes are being conducted via multicenter
registry data worldwide and is not in the scope of this chapter. However,
based on the experience of the aforementioned 50 patients, it is quite clear
that if the Brugada ECG pattern remains normalized including using
higher ICS lead positioning and after sodium channel blockade challenge
in patients with pure BrS, we have not observed VF recurrence, suggesting that indeed the arrhythmogenic substrate has been eliminated.

COMPLICATIONS
Fortunately, thus far, based on a total of 50 patients including those
from the original publication, we have not experienced any major complications except for one patient who had hemopericardium during the
procedure, but did not preclude completion of the study. Mild pericarditis pain was experienced in about 35% of the patients, but it did not
prolong hospitalization. There were no major groin complications that
required blood transfusion or surgical intervention. In addition, thus
far, none of our patients have had chronic pericarditis.

CONCLUSION AND FUTURE DIRECTION
Epicardial substrate ablation for BrS is effective and a welcome addition to the therapeutic armamentarium for the syndrome. It is compelling to hypothesize that a subset of BrS patients, symptomatic or
otherwise, could be treated with catheter ablation without the need for
an ICD.17,18 For the time being, this must be confined to only the subset of BrS patients who had no overlapping syndrome with combined
BrS and ERS, that could be treated with extensive substrate ablations
alone, provided that the procedure yielded normalization of the right
precordial ECG at the higher ICS lead positioning after sodium channel blocker challenge.
To test this hypothesis, a multicenter randomized study, Ablation in
Brugada Syndrome for the prevention of VF Episodes (BRAVE study,
Clinical Trials NCT02704416), has been launched. If the study results
confirm this hypothesis, we should be able to more confidently treat
this subset of patients with catheter ablation alone without an ICD.
Of course, one has to balance the benefit of epicardial ablation with
the risks of the procedure, both acutely and after long-term follow-up.
One must raise these questions: Would extensive ablation of the RVOT,
part of the body, and inferior aspect of the RV affect RV function? Or
would the scar from the ablation cause monomorphic VT? The answer
to these questions remains elusive and awaits further studies, such as
the newly launched BRAVE study.
Nevertheless, we can confidently conclude that, for patients with
BrS who have suffered from recurrent VF episodes necessitating multiple ICD shocks, epicardial ablation of the BrS substrate should be the
treatment of choice.

II
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Fig. 36.7 Example of desirable acute ablation effect on the electrogram. The left panel shows a fractionated
electrogram recorded from the distal pair of ablation catheter. After ablation for 20 seconds at 40 W, the electrogram continuously recorded from the distal pair of the ablation catheter recorded from same site is now
drastically reduced in the amplitude with disappearance of the mid and terminal complex of the fractionated
signals recorded before the ablation, suggesting that the radiofrequency energy eliminated the intramyocardial substrate site below the epicardial surface. V1 ICS3, lead V1 at the ICS3; V2 ICS3, lead V2 at ICS3.
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Ablation of Ventricular Tachycardia With
Percutaneous Hemodynamic Support
Marc A. Miller, Mohit K. Turagam, Srinivas R. Dukkipati, Vivek Y. Reddy

KEY POINTS
• H
 emodynamic instability precludes detailed activation and
entrainment mapping in a significant percentage of patients
presenting for scar-related ventricular tachycardia (Sc-VT)
ablation. As a result, ablation of Sc-VT is often limited to substrate
mapping and ablation performed in sinus rhythm.
• Substrate-based ablation is thought to be less effective in
certain patient populations, such as those with nonischemic
cardiomyopathy—because of the paucity of targets (late potentials,
fractionated electrograms, etc.) in sinus rhythm.
• Percutaneous hemodynamic support devices are being
increasingly used during Sc-VT ablation to maintain cardiac

output and systemic perfusion to allow for extensive mapping
during VT and unload the left ventricle during periods of
sinus rhythm.
• To date, the cumulative data suggest that percutaneous left
ventricular assist extends the duration of mapping during unstable
VT and allow for mapping and ablation of a greater number of
unstable VTs (per patient). However, whether percutaneous left
ventricular assist devices (pLVADs) will improve acute or longterm procedural success remains to be seen.

In patients with structural heart disease, scar-related ventricular tachycardia (Sc-VT) is often associated with hemodynamic instability.1–3
During catheter ablation of VT, this instability frequently precludes
detailed entrainment and activation mapping during ongoing VT,
and often limits procedural success.2,4 Indeed, in up to one-third of
patients presenting for VT ablation, all inducible VTs are hemodynamically unstable and frequently termed unmappable.5 Even when
brief episodes of entrainment and activation mapping can be achieved
with repetitive VT inductions and terminations, this strategy can have
a detrimental cumulative effect and exposes patients to progressive
hemodynamic compromise, congestive heart failure, and end-organ
hypoperfusion, without necessarily improving the ability to identify
successful ablation targets. In addition, even well-tolerated prolonged
episodes of induced VT may induce venous congestion and acute heart
failure exacerbations, increasing the short-term morbidity and mortality of the procedure.6,7 In fact, in patients with Sc-VT, heart failure
is a major cause of morbidity and mortality during late follow-up.6
As a result, ablation strategies in patients with unstable VT are often
limited to substrate mapping and ablation performed in sinus rhythm,
an approach that limits the ability to differentiate and target clinically
relevant VT substrate.8–10 Furthermore, recent evidence suggests that
only a minority of scar-related potentials (fractionated electrograms
and late potentials) participate in the channels that support VT.11 The
impact of a substrate-based mapping and ablation strategy is further
limited in patients with nonischemic cardiomyopathy (NICM) because
of the fewer number of putative channels in this increasingly prevalent
population (≈35% of all Sc-VT ablation patients).12 In fact, the inability to achieve complete procedural success (i.e., persistent inducibility
of any VT at the end of the procedure) in NICM is a strong predictor
of VT recurrence.13 In addition, there are situations in which a pure
substrate-based ablation is not technically feasible. Fig. 37.1 is an example of a patient with NICM whose putative channel sites were directly

adjacent to critical structures (coronary artery, phrenic nerve) and in
which minimization of ablation was necessary to achieve the proper
balance between safety and efficacy. To avoid the adverse hemodynamic effects associated with prolonged VT episodes, and permit safe
detailed entrainment/activation mapping during ablation, increasing
focus has been placed on using temporary mechanical cardiac support
in the electrophysiology laboratory.
Intravenous vasopressor and inotropic agents are often used to support cardiac output and maintain systemic blood pressure during ablation; however, they are typically unable to assist cardiac output to the
extent necessary to provide sufficient hemodynamic support during
prolonged episodes of VT.14 Furthermore, prolonged use of these
agents can result in cardiotoxicity, multiorgan dysfunction, and acute
and long-term morbidity and increased mortality.15

OPTIONS FOR INTRAPROCEDURAL CARDIAC
MECHANICAL SUPPORT
Mechanical hemodynamic support during VT ablation is designed to
maintain cardiac output and mean arterial pressure in the setting of
suboptimal contractile properties present during VT, while promoting diuresis, preventing significant increases in pulmonary artery
pressures, reducing the incidence of acute heart failure and multisystem organ failure, and perhaps improving safety and permitting more
rapid recovery following the procedure. During periods of induced
VT, the goals of strategies for hemodynamic support are to maintain
acceptable systemic perfusion allowing for prolonged arrhythmia
mapping and preventing rapid hemodynamic deterioration. The percutaneous support devices that have been used during VT ablation are
intraaortic balloon pump (IABP) counterpulsation, the TandemHeart
left atrial-to-iliac artery bypass (CardiacAssist Inc, Pittsburgh, PA),
and percutaneous left ventricular assist devices (pLVADs), which are
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Fig. 37.1 Example of a patient with nonischemic cardiomyopathy and scar ventricular tachycardia (VT) with
extensive epicardial scar and multiple substrate-ablation targets (black circles represent late potentials; white
circles represent fractionated electrograms), but who was a suboptimal candidate for extensive substratebased ablation, because the putative channels (in sinus rhythm) were adjacent to sites of phrenic nerve capture (mustard circles). A, Left anterior oblique (LAO) fluoroscopy of the ablation catheter (located in pericardial
space), the balloon (located in epicardial space), and the Impella percutaneous left ventricular assist device
(pLVAD). B, Epicardial bipolar voltage map. C, The site of the VT isthmus, with a mid-diastolic potential and
stable hemodynamic profile. D, Intracardiac ultrasound image (which in this case, was in the left atrium) of the
pLVAD traversing the aortic valve. In this case, the extended duration of mapping during VT facilitated by the
hemodynamic support of the pLVAD was necessary to avoid damage to critical structures. d, Distal; p, proximal.

impeller-driven axial flow pumps placed temporarily through the aortic valve to pump blood directly from the left ventricle to the ascending
aorta (Impella; Abiomed, Danvers, MA).
Most clinical experience with temporary mechanical support has
been with IABPs, which are routinely implanted percutaneously by
cardiac interventionalists. As the IABP augments diastolic pressure
and diminishes afterload, its greatest benefit is in support of coronary blood flow in patients with active myocardial ischemia. However, IABPs are only able to augment cardiac output by 0.5 L per
minute, and the increases in mean arterial pressure and stroke volume afforded by the IABP may not be sufficient to meet the hemodynamic demands of patients in ongoing VT. Furthermore, the IABP is
dependent on timing of balloon inflation and deflation to pressure- or

electrocardiogram-based triggers, and thus its optimal function
requires a stable, regular, and nontachycardic rhythm, and thus is not
ideally suited for patients undergoing VT ablation.16,17 Although the
IABP is likely the most common percutaneous support device used
during VT ablation, there is limited published experience demonstrating its safety or effectiveness.18 The benefits of the IABP are its (1)
relatively small arterial sheath size (7 F); (2) ease of insertion; and (3)
familiarity to most operators and laboratory personnel.
The TandemHeart device is a percutaneous left atrial to iliac artery
bypass system, which uses an external centrifugal pump that provides
up to 3.5 to 4 L per minute of forward flow. It received approval from the
Food and Drug Administration in the United States for extracorporeal
circulatory support of procedures not requiring full cardiopulmonary
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Select Studies of Percutaneous Hemodynamic Support During Scar-Related
Ventricular Tachycardia Ablation
TABLE 37.1

Design

Device

Substrate

No. Patientsa

Follow-Up

Outcome Assessed

Retrospective

Impella 2.5

Nonischemic
and ischemic

3

6–9 months

Acute procedural success and VT recurrence

Miller et al.14

Retrospective

Impella 2.5 and IABP

Nonischemic
and ischemic

22

3 months

Acute procedural success and VT recurrence

Bunch et al.24

Retrospective

TandemHeart

Nonischemic
and ischemic

31

9 months

Acute procedural success and VT recurrence

Lu et al.35

Retrospective

Impella 2.5, CPB and
surgical LVADs

Nonischemic
and ischemic

16

3 months

Acute procedural success and VT recurrence

Miller et al.23

Prospective

Impella 2.5

Nonischemic
and ischemic

20

1 month

Acute procedural success, VT recurrence,
hemodynamics during simulated VT, effects
on end-organ perfusion

Aryana et al.25

Retrospective

Impella 2.5
Impella CP

Nonischemic
and ischemic

68

19 months

Acute procedural success, VT recurrence,
hospital LOS, 30-day rehospitalization, redo
VT ablation, recurrent ICD therapies, 3-month
mortality

Reddy et al.18

Retrospective

Impella 2.5
Impella CP
TandemHeart

Nonischemic
and ischemic

66

12 months

Acute procedural success, VT recurrence,
mortality

Kusa et al.26

Retrospective

Impella 2.5
Impella CP

Nonischemic
and ischemic

194

7 months

Acute procedural success, heart transplantation, and recurrent VT

Aryana et al.33

Retrospective

pLVAD
IABP (based on ICD 9
codes)

Nonischemic
and ischemic

345

12 months

In-hospital cardiogenic shock, acute renal
failure, hospital LOS, 30-day readmission,
mortality, redo VT ablation

Mathuria et al.36 Retrospective

Impella
TandemHeart

Nonischemic
and ischemic

93

3 months

30-day mortality, 3-month freedom from VT

Turagam et al.27

Impella 2.5
Impella CP
TandemHeart
ECMO

Nonischemic
and ischemic

1655

17 months

Acute procedural success, in-hospital mortality,
12-month mortality, VT recurrence

Study
Abuissa et

al.34

Retrospective

CPB, Cardiopulmonary bypass; ECMO, extracorporeal membrane oxygenation; IABP, intraaortic balloon pump counterpulsation; ICD, implantable
cardioverter-defibrillator; LOS, length of stay; LVAD, left ventricular assist device; VT, ventricular tachycardia.
aNo patients refers to the total number of patients included within the study, but not necessarily the total number in which a percutaneous
hemodynamic support device was used.

bypass for up to 6 hours, and longer durations of use have been tolerated
in clinical trials. As hemodynamic benefit tracks directly with the degree
of continuous flow provided, the TandemHeart appears to achieve
greater hemodynamic support than that provided by the smaller Impella
2.5 pLVAD.16 However, the TandemHeart requires a relatively complicated insertion technique including both arterial and venous access at
the level of the femoral vessels. To access the left atrium, venous access is
obtained followed by transseptal puncture and dilation to accommodate
the 21 F inflow cannula in the left atrium, and a separate arterial access is
necessary to place the outflow cannula in the iliac artery. Potential complications of this system are cardiac tamponade, major bleeding, critical
limb ischemia, sepsis, arrhythmias, and residual atrial septal defects.16
Bleeding complications in particular range from 40% to 90%.19,20
The Impella pLVADs use a miniaturized axial flow pump to deliver
blood directly from the left ventricle to the atrium. An advantage
of this device is its relatively simple implantation technique, which
requires a single femoral arterial access and retrograde placement
across the aortic valve. Three Impella devices with different pump flow
capabilities currently exist: the Impella 2.5, placed through a 13 F introducer sheath in the femoral artery and allowing a maximal flow rate
of 2.5 L per minute; the more recently introduced Impella CP, capable

of delivering approximately 3.5 L per minute of flow placed through a
14 F access sheath; and the Impella 5.0, which is capable of providing
a maximal support of approximately 5.0 L per minute, although this
latter device has a larger maximal catheter diameter (21 F) that requires
a surgical cutdown for arterial access. Most clinical experience thus far
with pLVAD-assisted VT ablation has been with the Impella 2.5 device.
Table 37.1 includes selected case series and studies of percutaneous
hemodynamic support during Sc-VT ablation.
Compared with the TandemHeart, the percutaneously implanted
pLVADs have smaller catheter diameters and avoid additional venous
access and transseptal puncture, circumventing related complications
and permitting shorter implantation times. As the Impella device
directly unloads the left ventricle, it efficiently reduces myocardial
oxygen demand and consumption, augments mean arterial pressure,
and decreases left ventricular end-diastolic pressure, likely to a greater
degree than the TandemHeart at comparable flow rates, particularly
in conditions of low cardiac output.16 Most clinical experience with
the Impella thus far has been in patients undergoing high-risk percutaneous coronary intervention with or without cardiogenic shock,
in which cases the Impella 2.5 has provided greater augmentation of
cardiac index and mean arterial pressure, and greater improvements
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Comparison of Percutaneous Hemodynamic Support Devices That Have Been
Used During Scar-Related Ventricular Tachycardia Ablation
TABLE 37.2
Insertion
Technique

Major
Complications

Effect On Circulation

Advantages

Limitations

Contra-Indications

IABP
Percutaneous or
surgical

Limb ischemia (minimal
risk)

Augment CO by up to
0.5 L/min

Allows longer duration of
support

Requires stable rhythm

Moderate to severe AI
Aortic disease

Single arterial

Stroke

—

Indirectly unloads LV

Lowest level of support

Uncontrolled sepsis
Coagulopathy

8 to 9 F

—

—

Familiarity
Ease of insertion

—

—

TandemHeart
Percutaneous or
surgical

Cardiac tamponade

Augment CO by up to
3.5 L/min

Prolonged support
duration

Large arterial cannulas

VSD
PAD

Transseptal puncture
required

Aortic puncture
Limb ischemia (most risk)

—

Partial LV support
Indirectly unloads
LV

Requires transseptal
puncture

RV failure

21 F inflow (venous)

Bleeding and transfusion
(most risk)

—

—

Requires two access sites

—

15 F outflow (arterial)

Residual ASD

—

—

—

—

Impella 2.5
Percutaneous or
surgical

Limb ischemia (moderate
risk)

Augment CO by up to
2.5 L/min

Prolonged support
duration

Relatively large arterial
cannulas

LV thrombus
VSD

Single arterial access Bleeding (minimal risk)

—

Partial LV support

Interference with mapping Severe aortic stenosis
catheter

13 F

—

Directly unloads
LV
Ease of use

—

—

RV failure

AI, Aortic insufficiency; ASD, atrial septal defect; IABP, intraaortic balloon pump counterpulsation; LV, left ventricle; LVAD, left ventricular assist
device; PAD, peripheral arterial disease; RV, right ventricle; VSD, ventricular septal defect.
Modified from Naidu SS. Novel percutaneous cardiac assist devices: the science of and indications for hemodynamic support. Circulation.
2011;123:533-543. With permission.

in left ventricular ejection fraction (LVEF), than in procedures supported by IABP.21,22 Contraindications to Impella placement are any
mechanical aortic valve, aortic valve stenosis/calcification (with aortic valve area ≤1.5 cm2), moderate or greater degrees of aortic insufficiency, and significant vascular disease precluding percutaneous
implantation, such as aneurysms and extreme tortuosity or calcifications. Vascular access complications are less common with the smaller
Impella 2.5 device than with the larger Impella 5.0.22 For interventional procedures in which patients are typically hemodynamically
stable at the start of the procedure, the Impella 2.5 may be particularly
attractive given its ease of use, small profile, and minimal access site
trauma, coupled with its superior ability to improve systemic perfusion and relieve elevated venous pressure. By contrast, in patients with
severe heart failure and for those in cardiogenic shock, the greater
degree of hemodynamic support provided by the Impella 5.0 or the
TandemHeart may be required despite associated higher complication
rates and longer times to implantation.16 Table 37.2 is a comparison of
commonly used percutaneous hemodynamic support devices.

HEMODYNAMIC SUPPORT DURING VENTRICULAR
TACHYCARDIA ABLATION
For catheter ablation of Sc-VT, preferred ablation strategies generally combine substrate modification during stable sinus rhythm with

complete mapping of the VT circuit. Activation and entrainment
mapping require VT induction and maintenance to identify and target critical sites for ablation accurately. However, most patients with
Sc-VT have significant left ventricular dysfunction and other associated comorbidities that contribute to the development of hemodynamic instability during prolonged episodes of VT. Therefore in the
absence of adequate intraprocedural hemodynamic support, extended
periods of activation and entrainment mapping are often difficult, if
not impossible, to achieve.
Although IABP involves relatively simple percutaneous implantation, its ability to provide hemodynamic support during VT is limited
by the associated high heart rates and need for accurate synchronization
with the cardiac cycle. Therefore enthusiasm has grown for the use of
pLVADs for temporary cardiac support during ablation of unstable VT,
but experience with this technique has been limited up until recently.
In a small single-center retrospective analysis of VT ablations performed in patients with structural heart disease and hemodynamically
unstable VT,14 ablations supported by a pLVAD (Impella 2.5) allowed
a nearly 2.5-fold increase in the total duration of VT maintained per
procedure (66.7 vs. 27.5 min, P = .03) with fewer early arrhythmia terminations for hemodynamic instability during entrainment/activation
mapping (0.9 vs. 3.9 terminations/procedure, P ≤ .001) compared with
ablations using IABP or no mechanical support. By increasing the time
available for extensive mapping in VT, 9 of 10 ablations supported by
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pLVAD had at least one VT termination by energy delivery during
ongoing VT, whereas this acute outcome was possible in only 5 of 13
(39%) of patients ablated without pLVAD support. Regarding relative
safety, this study found no significant differences in evidence of tissue
hypoperfusion or end-organ damage despite the greater total duration
of VT in the pLVAD group.14
In a multicenter, observational study including 66 patients undergoing VT ablation, IABP (n = 22) was compared with pLVAD (Impella [n =
25]/TandemHeart [n = 19]).18 There was no significant difference in baseline comorbid conditions, including number of prior VT ablations, failed
antiarrhythmic medications, and implantable cardioverter-defibrillator
(ICD) therapies between both groups. Activation and entrainment mapping was attempted in all patients in whom VT was hemodynamically
tolerated. VT was prematurely terminated if there was a decrease in
mean arterial blood pressure to lower than 45 mm Hg. Pace mapping
and substrate ablation was performed in patients who could not tolerate
VT despite maximal circulatory support. In the pLVAD group, higher
percentage of patients underwent activation and entrainment mapping
of unstable VTs (82% vs. 59%, P = .04), more unstable VTs were mapped
and ablated per patient (1.05 ± 0.78 vs. 0.32 ± 0.48; P < .001), more VTs
were terminated during ablation (1.59 ± 1.0 vs. 0.91 ± 0.81; P = .007)
with fewer rescue shocks (1.9 ± 2.2 vs. 3.0 ± 1.5; P = .049) when compared with patients who received circulatory support with IABP. There
was also no significant difference in total fluoroscopy and procedure time
between both groups. Despite having numerically higher complications
in the pLVAD group that did not reach statistical significance (32% vs.
14%, P = .14), there was no significant difference in acute procedural
success between both groups. Fig. 37.2 is an example of a patient with
NICM and limited substrate-based ablation targets who benefited from
the extended duration of entrainment mapping afforded by a pLVAD.
A prospective clinical study in 20 consecutive patients undergoing ablation for unstable VT using pLVAD (Impella 2.5) support
(PERMIT1)23 performed to assess the safety and short-term efficacy
of this strategy systematically. In this study, entrainment mapping/
ablation was used as the first-line approach in all patients inducible
for sustained monomorphic VT, with additional substrate modification performed at the operator’s discretion. Sustained VT was tolerated
for nearly 1 hour of mapping and ablation per procedure in this study,
permitting VT termination during ablation in two-thirds of patients;
at 1 month follow-up, 80% of patients were free of clinical recurrence
(including appropriate ICD therapy). Importantly, despite extended
periods of mapping during VT, there were no instances of advanced
kidney injury or cognitive dysfunction/deficit. This study was also the
first to evaluate the use of a noninvasive neuromonitoring modality to
assess the hemodynamic effects of VT in this setting.
Subsequent retrospective comparisons from other centers have
had similar findings. One such study compared 13 consecutive
pLVAD-assisted VT ablations with purely substrate-based mapping
and ablation in 18 matched patients with unstable VT; this study,
which used mean arterial blood pressure of 60 mm Hg or higher to
determine the adequacy of hemodynamic support provided by the
pLVAD, identified longer procedural times with more VTs ablated in
the pLVAD group, but no associated differences in acute procedural
success or event-free survival on follow-up.24
In a retrospective, nonrandomized study including 68 patients who
underwent Sc-VT ablation with hemodynamic support, pLVAD was
used in 34 patients.25 Hemodynamically unstable VT was defined as a
decrease in mean arterial blood pressure of lower than 50 mm Hg. There
was no significant difference in baseline characteristics including age,
type of cardiomyopathy, LVEF, New York Heart Association (NYHA)
class, antiarrhythmic medications, and electrical storm between both
groups. Detailed entrainment and partial activation mapping was
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performed in the pLVAD group but not in the control group because
of hemodynamic instability. Pace mapping and substrate modification was performed in both groups. Patients in the pLVAD group had
longer times in sustained VT (27.4 ± 18.7 vs. 5.3 ± 3.6, P < .01), and
duration of VTs of 20 seconds or more was maintained in 44% versus
3% in the control group. In addition, a greater number of VTs were
terminated with ablation (1.2 ± 0.9 vs. 0.4 ± 0.6, P < .01) in the pLVAD
patients compared with control. Despite the greater number of VTs
terminated in the pLVAD group, there was no significant difference in
acute procedural success between the groups. Procedural success was
significantly higher in patients with ischemic cardiomyopathy than
those with NICM (89% vs. 53%, P = .001) likely because of difficulty in
adequately dechanneling the VT circuit with substrate-based ablation.
Complications were minimal and occurred in two patients receiving
pLVAD and none in the control group.
We recently reported our experience in 194 consecutive ablation procedures for unstable VT of which 109 received hemodynamic support
with pLVAD and 85 no-pLVAD.26 Patients who received pLVAD were
sicker with greater proportion of dilated cardiomyopathy (33% vs. 13%,
P = .001), NYHA class III or higher (51% vs. 25%, P < .001), electrical
storm (49% vs. 34%, P = .04), amiodarone use (72% vs. 53%, P = .01),
and lower LVEF (26 ± 10% vs. 39 ± 16%; P < .001). Entrainment and
activation mapping-guided ablation was the first-line approach and was
attempted in all patients if VT was hemodynamically tolerated. In addition, pace mapping with substrate-based ablation was performed at the
discretion of the operator when VT could not be tolerated. Unstable VT
was defined as a decrease in mean arterial pressure of 50 mm Hg or less
on maximum circulatory support including vasopressors and inotropes.
pLVAD group had a larger number of VTs induced (3.3 ± 2.1 vs. 2.4 ±
2.1, P = .004) and had higher proportion of patients with at least one
hemodynamically mappable VT (80% vs. 68%; P = .06), but there was no
significant difference in VTs terminated with ablation (1.4 ± 0.8 vs. 1.4 ±
0.7, P = .96) between groups. Ablation time was similar between groups,
but total procedure time was longer in the pLVAD group with no significant difference in postablation VT inducibility or postprocedure length of
hospitalization between groups. There was also no significant difference
in complications between groups (17% vs. 9%, P = .15). In addition, we
performed a propensity score-match analysis to account for underlying
bias created by any confounding factors. The analysis demonstrated no
difference in acute procedural success, complications, or postprocedural
length of hospitalization between groups.
In the large multicenter study from the International Ventricular
Tachycardia Collaborative Consortium (IVTCC) including 1655 consecutive patients who underwent VT ablation, 105 patients received
hemodynamic support with a pLVAD (Impella 2.5, extracorporeal
membrane oxygenation and TandemHeart).27 Similar to the prior published experience, patients who received pLVAD were sicker with multiple comorbid conditions including lower LVEF, higher VT storm, ICD
shocks, higher NYHA class, and greater use of amiodarone than compared with those with no-pLVAD. Patients who received pLVAD had a
greater number of VTs induced (2.4 ± 1.4 vs. 1.9 ± 1.6, P = .001), fewer
percentage of patients with unmappable VT (16% vs. 34%, P < .001), and
received more ablation (2730 ± 2214 vs. 2104 ± 1627, P = .01) when
compared with no-pLVAD patients. However, acute procedural success
was lower (71.8 % vs. 73.7%, P = .04), and complications (12.5% vs.
6.5%, P = .03) and in-hospital mortality (21% vs. 2.3%, P < .001) were
significantly higher in patients who received pLVAD compared with
controls. In a subgroup analysis in patients with LVEF 20% or less and
NYHA class III-IV, unmappable VTs were less prevalent with no difference in number of VTs induced, acute procedural success, and complications. The aforementioned trials demonstrated safety and feasibility
of pLVAD support in patients with unstable VT undergoing ablation.
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C
Fig. 37.2 Example of a patient with nonischemic cardiomyopathy and unstable ventricular tachycardia (VT)
with limited substrate-based ablation targets who benefited from extended duration of entrainment/activation. A, Epicardial bipolar voltage (scar) map demonstrating a small area of scar in the basal lateral wall, and
the paucity of putative channel sites. B, Endocardial bipolar voltage (scar) map demonstrating a corresponding
small area of scar, again with limited substrate-based ablation targets. C, Entrainment mapping (which lasted
for >20 minutes) of the endocardial surface, which eventually identified an exit site, followed by early termination (<10 seconds) of VT with ablation. LAO, Left anterior oblique; LL, left lateral pulmonary vein; MV, mitral
valve; PA, posteroanterior; RL, right lateral pulmonary vein.

HEMODYNAMIC ASSESSMENT DURING ABLATION
Blood pressure and pulse oximetry monitoring are not ideally suited
for hemodynamic monitoring during VT ablation, particularly in
patients receiving continuous flow mechanical assist devices such as
the Impella. Pulse oximetry requires both pulsatile flow and adequate

peripheral perfusion and is a relatively late warning sign of deoxygenation.28 Moreover, the optimal blood pressure necessary to maintain
end-organ perfusion during VT is unknown, and while the lower limit
of cerebral autoregulation is approximately 50 to 60 mm Hg, actual
pressure levels required to maintain cerebral perfusion during VT
are subject to interpatient heterogeneity and vary further based on
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Fig. 37.3 Incremental benefit of cerebral oximetry monitoring. When a cerebral oximetry desaturation threshold of 55% was used as an arbitrator of hemodynamic stability during percutaneous left ventricular assist
device support, rather than the standard mean arterial pressure (MAP) criteria of less than 50 mm Hg, ventricular tachycardia (VT) was maintained for significantly longer periods. Left, Mean duration of each individual
episode of sustained VT (which lasted at least 3 minutes). Right, total duration of VT on a per patient basis.
(From Miller MA, Dukkipati SR, Chinitz JS, et al. Percutaneous hemodynamic support with Impella 2.5 during
scar-related ventricular tachycardia ablation (PERMIT 1). Circ Arrhythm Electrophysiol. 2013;6:151-159.)

intraprocedural use of anesthesia and vasopressors. The definition of
unstable VT is even less clear in the setting of pLVAD support, as the
continuous flow pump results in lower systolic blood pressures and
higher diastolic blood pressures.14,29–31 Other markers of adequate systemic perfusion such as arterial lactate levels are not dynamic enough
to guide safe ablation. Therefore monitoring of patients undergoing VT
ablation with pLVAD support can be confusing, making it difficult to
determine which VTs are unstable despite mechanical support.
Cerebral tissue oxygen saturation (SctO2) recorded with an absolute cerebral oximeter (FORE-SIGHT; CASMED, Branford, CT) has
been proposed as a noninvasive method to evaluate cerebral perfusion during pLVAD-supported ablation. This method, which does not
require pulsatile flow for accurate measurement, uses the brain as an
index organ and as a marker of global tissue perfusion, and continuously measures regional SctO2.32 During prolonged periods of nonpulsatile flow, such as during pLVAD-supported VT ablation, cerebral
oximetry may therefore be a better and earlier marker of hemodynamic
stability than other noninvasive methods. Although safe lower limits
of SctO2 in this setting have not been clearly defined, SctO2 values less
than 50% to 55% have been predictive of short- and long-term mortality and morbidity in other clinical settings such as patients undergoing cardiac surgery and carotid endarterectomy. Furthermore, because
cerebral oximetry is an indirect measure of cerebral perfusion pressure,
which is calculated as the mean arterial pressure minus central venous
pressure, the SctO2 value may provide clinically relevant information
beyond just end-organ perfusion during ongoing VT. Anecdotally,
there appears to be good correlation between the SctO2 value at the
end of the procedure and the left atrial filling pressures. As such, in the
authors’ laboratory, the relative SctO2 value is used (as compared with
the value at the start of the procedure) to guide the use of inotropic/
diuretic support, as well as the timing of endotracheal extubation.
PERMIT123 was the first prospective study to evaluate the safety
of using cerebral oximetry to guide hemodynamic monitoring during
VT mapping and ablation. During pLVAD-assisted mapping and ablation, VT was allowed to continue as long as the SctO2 remained 55%
or more, regardless of the arterial blood pressure, which was possible
in 83% (57/69) of inducible VTs; the remaining 17% of VTs induced
during the procedure required premature terminations (either pace
termination or external defibrillation) because of cerebral desaturation
despite mechanical support. Furthermore, using an SctO2 threshold of
55% to determine adequate perfusion, patients were maintained in VT

over 60% longer than they would have been had arterial blood pressure
been monitored alone and VT terminated for mean arterial pressures
less than 50 mm Hg. Fig. 37.3 is an example of the incremental benefit
of cerebral oximetry monitoring (during VT), compared with standard
blood pressure criteria. As discussed in detail in the following section,
no significant adverse events or laboratory findings related to endorgan hypoperfusion, left atrial hypertension, congestive heart failure,
or neurocognitive dysfunction were noted despite extensive maintenance of VT above this SctO2 threshold.23
To assess the efficacy of pLVAD support on cerebral perfusion during
tachycardia in a controlled experimental manner, ventricular pacing to
simulate VT at various cycle lengths was performed with and without the
pLVAD turned on in all patients in the PERMIT1 study, while monitoring
the effects on SctO2 and mean arterial blood pressure. While pacing at
cycle lengths of 400 ms or more, no patients developed significant cerebral desaturation when the pLVAD was maintained at full support, and
the mean extent of cerebral desaturation was significantly greater when
pLVAD support was turned off. During more rapid simulated VT (cycle
length = 300 ms), the benefit of pLVAD support on maintenance of adequate cerebral saturation was the greatest, as only one patient (5% of the
cohort) developed significant cerebral desaturation with pLVAD support,
whereas over half (53%) of patients developed cerebral desaturation below
threshold when pLVAD support was turned off. At this fastest cycle length,
the average reduction in SctO2 levels was markedly greater in patients
without pLVAD support (14.1% ± 6.1% vs. 6.3% ± 4.3%, P < .001).23 Fig.
37.4 is an example of the effects of pLVAD support during simulated VT.
Although other factors besides rate, such as VT origin and adjuvant pharmacologic therapy, can affect the hemodynamic stability of
VT, this experiment demonstrates that the pLVAD can reduce the incidence of profound cerebral desaturations in a controlled setting, particularly for fast VTs with cycle lengths of 300 ms or less. Based on the
preliminary findings demonstrated in these studies, a cerebral desaturation threshold of 55% appears as safe as using standard blood pressure criteria in determining when unstable VT requires termination,
with an incremental benefit in terms of prolonging time for VT mapping, confirming neuromonitoring as an important complimentary
modality during pLVAD-assisted VT ablation. Cerebral desaturation
thresholds other than 55% have not been systematically evaluated, and
it is unknown whether a higher value (e.g., 60%) would be even safer
or if a lower value would afford a similar safety profile while permitting
even greater durations of mapping during VT.
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Fig. 37.4 Comparison of blood pressure and end-organ perfusion (cerebral oximetry, cerebral tissue oxygen
saturation [SctO2]) during an episode of simulated ventricular tachycardia (VT; pacing from the right ventricular
[RV] apex for 1 minute) at 200 beats per minutes in the same patient under the same clinical and anesthetic
conditions. With percutaneous left ventricular assist device (pLVAD) support, the blood pressure is higher and
the absolute and relative reductions in cerebral oximetry values are less. D, Distal.

OUTCOME OF VENTRICULAR TACHYCARDIA
ABLATION WITH MECHANICAL SUPPORT
In a single-center retrospective comparison between pLVAD and IABP
or no mechanical support, despite greater procedural success in terms
of VT termination during ablation in patients receiving pLVAD support, there was no difference in the frequency of early recurrence and/
or appropriate ICD therapy (approximately 30% at 3 months in each
group), regardless of the type of support used.14 Similarly, other retrospective studies have also failed to identify any difference in acute procedural success or clinical VT recurrence in procedures using pLVAD
support, despite prolongation of entrainment mapping and more successful ablation during ongoing VT.18,24,26,27
In the study by Aryana et al., there was no significant difference in
acute procedural success, 3-month mortality or VT recurrence between
patients who received pLVAD when compared with no-pLVAD. Interestingly, the combined secondary end point of 30-day rehospitalization,
recurrent ICD therapies, redo VT ablation procedure, and 3-month allcause mortality was significantly lower in those who received pLVAD
(12% vs. 35%, P = .043).25
Another retrospective analysis from the Medicare Inpatient database33 included 345 patients (pLVAD = 230, IABP = 115) who underwent
VT ablation in 102 centers across the United States. Patients who received
pLVAD had increased prevalence of history of heart failure compared
with those who received IABP. pLVAD significantly reduced several
hospital and posthospitalization quality benchmark measures including in-hospital cardiogenic shock, acute renal failure, hospital length of
stay, and 30-day heart failure hospital readmissions. In addition, pLVAD
reduced all-cause mortality (27.0% vs. 38.7%; P = .04), but there was no
difference in redo VT ablation (10.2% vs. 14.0%; P = .34) at 1 year.
In the IVTCC series, acute procedural success was lower (71.8% vs.
73.7%, P = .04), and in-hospital (21% vs. 2.3%, P < .001) and 1-year mortality
(34.7% vs. 9.3%, P < .01) was higher with no difference in VT recurrence
(29.6% vs. 25.4%, P = .4) and in patients receiving pLVAD.27 In our
experience26 in patients undergoing ablation for unstable VT, after a

median follow-up of 215 days, there was no significant difference in the
primary end point including death, heart transplantation, and recurrent VT between groups (32% vs. 29%, P = .80).
In the prospective PERMIT1 study, a primary strategy of entrainment mapping/ablation with additional substrate modification using
pLVAD support resulted in VT termination during ablation in 67% of
inducible patients, and in 75% of patients, sustained VT was rendered
noninducible after ablation. Complete procedural success (defined as
termination of the clinical VT during ablation and noninducibility
of any form of sustained VT after ablation) was achieved in 50% of
patients, and partial procedural success (defined as either termination
of the clinical VT during ablation but persistent inducibility, or no termination of the clinical VT but no longer inducible for VT after ablation) was achieved in an additional 37%.
The data support the concept that VT ablation facilitated by pLVAD
allows a substantially longer duration of VT maintenance and therefore more detailed entrainment and activation mapping to identify the
critical VT isthmus(es) associated with the patient’s VT. However, the
fundamental question regarding whether such an approach is superior to substrate modification alone is still unanswered, and thus it is
unclear whether these improvements in acute procedural success will
translate into long-term clinical benefits. Both pLVAD implantation
and removal require additional procedural time (approximately 10 to
30 minutes) as well as cost, and therefore the net benefits and cost effectiveness of pLVAD support for VT ablation need to be determined by
appropriately powered prospective randomized trials.

SAFETY OF PERCUTANEOUS LEFT VENTRICULAR
ASSIST DEVICES-SUPPORTED VENTRICULAR
TACHYCARDIA ABLATION
Potential complications associated with pLVAD placement during
VT ablation are vascular injury at the point of insertion into the femoral artery, hematoma, pseudoaneurysm, or retroperitoneal bleeding
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after device removal, aortic valve injury/avulsion during device placement, stroke/transient ischemic attack or systemic embolism, iatrogenic induction of nonspecific arrhythmias, development of heart
block, difficulty with catheter manipulation, and thrombus formation.34,35 In published reports and limited clinical experience thus
far with pLVAD-assisted VT ablation, however, prior studies have
demonstrated conflicting results regarding these major complications.14,18,23,26,27 In our series comparing VT ablations performed with
and without pLVADs, there was no statistically significant difference in
major complications (11% vs. 3%; P = .18).26 However, another large
series reported significantly higher complications in patients receiving
pLVAD compared with those not receiving pLVAD (12.5% vs. 6.5%,
P = .03).27 Operator experience and greater familiarity with these
devices are important in decreasing risk of complications during insertion and postprocedural management of these devices.

ELECTROMAGNETIC INTERFERENCE
Electromagnetic interference (EMI) between the pLVAD and the electroanatomic mapping system is frequently observed to a mild extent
but does not appear to be prohibitive in most cases. EMI is most
commonly appreciated by a temporary inability to acquire mapping
points or distortion of the catheter position on the mapping system,
although the frequency and severity of EMI are related to both the output/performance level of the pLVAD as well as the distance between
the pLVAD motor and the magnetosensor of the mapping catheter.
Thus EMI is typically greatest during mapping in the ventricular outflow tract regions (during endocardial ablation) or the anterior base of
the heart (during epicardial procedures) because of the proximity of
the ablation catheter to the magnetic motor of the pLVAD. Additional
EMI is to be expected when mapping the left ventricle by a retrograde
approach, and for this reason a transseptal approach is preferable for
left-sided ablation when the pLVAD is in place. Among the more than
100 pLVAD-supported ablations performed at the authors’ institution,
most cases of EMI noted by the mapping system did not require any
corrective intervention, aside from reducing the pLVAD performance
level (reducing the revolutions/minute of the motor). However, the
minimal impact of magnetic interference is likely caused by the transseptal approach used during VT ablation. The magnetic interference is
likely to be more pronounced with a retrograde approach.

PATIENT SELECTION
The incremental hemodynamic benefits provided by pLVADs over
IABP during induced VT, as detailed earlier, in combination with its
ease of implant compared with the TandemHeart device, have established pLVADs as a useful cardiac support tool for Sc-VT ablation.
Recently, Santangeli et al.3 developed a risk score to identify patients
who might experience acute hemodynamic collapse during VT ablation
and select patients who may be better served with pLVAD. The score
was called the PAINESD score and included the following variables:
Pulmonary disease (5 points); Age older than 60 years (3 points); general Anesthesia (4 points); Ischemic cardiomyopathy (6 points); NYHA
class III or higher (6 points); LVEF less than 25% (3 points); electrical
Storm (5 points); and Diabetes (3 points). A score of 17 points or more,
10 to 16 points, and lower than 10 points increased the risk of acute
hemodynamic collapse by 24%, 6%, and 2%, respectively.
The role of pLVAD support as a “rescue” in patients who suffer clinical deterioration was recently evaluated.36 This was an observational,
retrospective study including 93 pLVAD (Impella or TandemHeart)
patients that included 12 with rescue pLVAD, 24 with preemptive
pLVAD, and 57 with no pLVAD, respectively. Patients who developed
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refractory VT/ventricular fibrillation/pulseless arrest, cardiogenic
shock, or persistent hypotension with mean arterial blood pressure 50
mm Hg or lower despite vasopressors during VT ablation were considered hemodynamically unstable and received rescue pLVAD to maintain circulatory support. Mortality at 30 days was strikingly higher
in those who received rescue pLVAD (58.3%) when compared with
preemptive pLVAD (4%) and those with no pLVAD (3.5%). Notably,
the PAINESD score in the “rescue” pVAD (17.8 ± 3.8) and preemptive
pLVAD (16.5 ± 5.4) were significantly higher than no-pLVAD group
(13.4 ± 5.4) but similar when compared with each other. There was no
significant difference in VT recurrence (17/23 vs. 31/55, P = .15) or
mortality (1/24 vs. 2/57, P = .89) between preemptive pLVAD and nonpLVAD groups. In this study, the PAINESD score reliably estimated
risk of acute hemodynamic deterioration and poor clinical outcomes
in patients who received “rescue” pLVAD and supports the role of preemptive pLVAD in these high-risk patients. Although it appears to be
a promising tool, the PAINESD score needs further validation in independent cohorts.
The associated cost and potential for complications highlight the
importance of careful patient selection for the use of pLVAD, including
consideration of patient, electrophysiologic, and procedure-specific
variables. Specifically, the decision regarding the need for mechanical
support should be based on the patient’s cardiac status, including functional class and systolic function, the hemodynamic status during and
cycle length of clinical and inducible VTs, baseline organ (in particular
renal) function, myocardial substrate for VT, prior catheter ablations
and reasons for prior ablation failure (such as inadequate activation/
entrainment mapping because of hemodynamic intolerance), and the
depth of anesthesia, all of which can contribute to hemodynamic instability and end-organ hypoperfusion during VT.
Although patients with ischemic cardiomyopathy and NICM may
both benefit from hemodynamic support, the benefit of prolonged
activation and entrainment mapping may be even greater in patients
without prior myocardial infarctions and thus fewer subendocardial
targets for substrate-based modification. By contrast, patients with
low-to-normal end-diastolic volumes or significant left ventricular
hypertrophy may be less likely to benefit, either as a result of lower
preload conditions (that in turn reduces pump flow, which is inversely
related to the pressure differential between the left ventricle and the
aorta) or caused by intermittent obstruction of the inflow cannula by
the ventricular walls.37 In addition, in patients with disproportionately
severe right ventricular dysfunction, such as those with advanced pulmonary hypertension or severe right ventricular cardiomyopathy, the
accelerated left ventricular unloading provided by the pLVAD may
potentially worsen the hemodynamic profile, and pLVADs should generally be avoided in these patients.30

PERCUTANEOUS LEFT VENTRICULAR ASSIST
DEVICES IMPLANTATION TECHNIQUE
The percutaneous pLVADs are introduced from a femoral artery puncture and implanted in a retrograde fashion through the aortic valve.
Before the administration of anticoagulants, percutaneous vascular
access in the (usually left) common femoral artery is obtained with care
to ensure that the puncture is above the level of common femoral artery
bifurcation. Contrast administration in the femoral artery at this point
can also ensure that there is no severe iliac obstruction and that there
is adequate distal flow. The arteriotomy tract is then dilated with a 6 to
8.5 F sheath, before upsizing to the larger sheath (13 F for the Impella
2.5) needed to accommodate the pLVAD system. Use of a preclosure
suture-based technique is recommended to achieve rapid hemostasis
after removal of the large-bore arterial cannulation system at the end
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of the procedure. The preclosure of the arteriotomy is performed using
two orthogonally placed 6 F vascular closure devices (Perclose; Abbott
Vascular Devices, Abbott Park, IL). To accommodate this system, blunt
dissection of the subcutaneous tissue with a mosquito clamp can be
performed along the arteriotomy tract with the wire in place before
insertion of the Perclose.30 At this point, the sheath is upsized to the
final large-bore introducer needed to accommodate the pLVAD system, and anticoagulation may be started with intravenous heparin.
The pLVAD is inserted retrogradely through the aorta and across
the aortic valve such that the inlet of the device is positioned in the
left ventricle approximately 4 cm below the aortic valve annulus, with
the outlet in the aortic root. The device can either be guided across the
aortic valve over a wire, or directly using a wireless approach. If the
over-the-wire technique is used, a 0.018-in guidewire is inserted into
the left ventricular cavity using standard JR4 or pigtail diagnostic coronary catheters to cross the aortic valve, and the pLVAD is backloaded
onto the wire and advanced into the left ventricle using a monorail
technique. Alternatively, a wireless approach is usually possible using
the pigtail catheter at the tip of the device to cross the aortic valve with
fluoroscopic and intracardiac echocardiographic guidance. When the
device is properly situated in the left ventricular cavity, the pLVAD is
turned on and titrated up to its full-support capability. Proper device
positioning should then be reconfirmed using the positioning waveform on the console, fluoroscopy, and intracardiac echocardiography. As the pLVAD position may change during episodes of VT or
after abrupt termination of tachycardia, the positioning of the device
should be monitored throughout the procedure and can typically be
corrected with minor manipulation of the shaft at the level of the femoral access sheath.30

ANTICOAGULATION CONSIDERATIONS
The pLVAD system requires maintenance of systemic anticoagulation
to an activated clotting time of 160 to 180 seconds, which is below the
level typically targeted for left ventricular endocardial mapping and
ablation; therefore a higher activated clotting time target (250–300 seconds) is typically maintained throughout the VT ablation procedure.
The timing of anticoagulation initiation is dictated by whether pericardial access and epicardial ablation are planned. When only endocardial
mapping and ablation are performed, the pLVAD is usually inserted
after transseptal puncture, as systemic anticoagulation may be maintained once the lack of pericardial effusion is confirmed. If retrograde
left ventricular endocardial mapping is preferred, the pLVAD can be
inserted (and anticoagulation initiated) earlier. If a primary strategy of
epicardial mapping is undertaken, epicardial access may be obtained at
the start of the procedure and the pLVAD implantation withheld until
pericardial access is obtained and the lack of pericardial bleeding is
confirmed. If there is evidence of pericardial bleeding after pericardial
access that can be easily drained and controlled, epicardial mapping
may be performed to allow tissue healing before initiating systemic
anticoagulation and pLVAD insertion. Alternatively, if epicardial
access is considered after initial endocardial mapping and/or ablation,
the pLVAD must be withdrawn from the left ventricle and anticoagulation reversed before pericardial access, after which anticoagulation
can be reinitiated and the pLVAD is repositioned once the absence of
pericardial bleeding is confirmed. In this latter scenario, the pLVAD
may either be completely removed or temporarily withdrawn into the
descending aorta with the purge solution and a P2 performance level
maintained to avoid clot formation.30

   C O N C L U S I O N
The use of mechanical support during ablation of unstable VT in
patients with structural heart disease appears safe and feasible. The
pLVADs have demonstrated efficacy in extending the time available
for detailed activation and entrainment mapping by maintaining
end-organ perfusion during prolonged VT episodes, and may additionally improve the safety of the procedure by unloading the left
ventricle during periods of sinus rhythm. Neuromonitoring using
cerebral oximetry is an important complimentary modality during
pLVAD-supported VT ablation and appears to have incremental benefit over other hemodynamic monitoring strategies in safely increasing
the duration of VT tolerated during ablation. In prospective evaluation, this combined strategy of pLVAD support and monitoring with
cerebral oximetry has permitted a high rate of successful VT termination during ablation, an achievement considered to be an important

marker of procedural success. The Impella 2.5 pLVAD improves the
hemodynamic tolerability of most VTs, and the hemodynamic benefit
of pLVAD support is likely greatest in the setting of the fastest, most
unstable VTs. Nevertheless, some VTs in experimental and clinical
studies were associated with significant cerebral desaturation despite
maximal support from this device, indicating a selected role for the
newer generation Impella pLVADs with higher flow capacity, or the
TandemHeart, neither of which have been adequately evaluated in
this context. Whether the ability to maintain VT safely and prolong
entrainment and activation mapping will translate into improved
long-term outcomes of Sc-VT ablation compared with conventional
approaches (substrate-based ablation alone or with repetitive inductions and brief VT circuit mapping) is thus far unknown and remains
to be evaluated by dedicated studies.
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Complications Associated With Radiofrequency
Catheter Ablation of Arrhythmias
Takumi Yamada, G. Neal Kay
KEY POINTS
• C
 omplications can occur in any aspect of catheter ablation
procedures.
• Common and specific risks and complications of catheter ablation
procedures are well established.
• New risks and complications associated with catheter ablation of
new target cardiac tachyarrhythmias such as atrial fibrillation and
epicardial ventricular tachycardias are still being recognized.
• Extracardiac complications can also occur as collateral damage
during or after catheter ablation of atrial fibrillation and epicardial
catheter ablation.

• Th
 e presence of structural heart disease, multiple ablation targets,
and a low left ventricular ejection fraction may increase the risk of
complications.
• Electrophysiologists who attempt catheter ablation should
understand the potential complications associated with this
technique, how to minimize their occurrence, and how to rapidly
recognize and treat the complications they encounter.
• If these complications are managed appropriately, the outcome is
usually excellent.

INTRODUCTION

remedy, or prolong the duration of hospitalization. All other complications are generally referred to as minor. Periprocedural death associated with catheter ablation is very rare, but it can occur in the catheter
ablation of any kind of cardiac tachyarrhythmia.
Complications can occur in any aspect of the catheter ablation procedure, including (1) placement of a peripheral intravenous catheter;
(2) intravenous sedation and/or anesthesia; (3) radiation exposure
from fluoroscopy; (4) vascular access; (5) intravascular and intracardiac catheter manipulation; (6) obtaining pericardial access; (7) intrapericardial catheter manipulation; (8) cardioversion; and (9) delivery of
radiofrequency (RF) energy. Any specific complication that can occur
in each aspect of the procedure should be well understood to prevent
and immediately recognize its occurrence.

Catheter ablation has played an increasingly important role in the management of cardiac tachyarrhythmias. As the mechanisms of cardiac
tachyarrhythmias have become better understood, and new techniques
and technology of catheter ablation have been developed, the targets
of catheter ablation have increasingly extended to more types of cardiac tachyarrhythmias. As these techniques have developed, common
and specific risks and complications of catheter ablation procedures
treating cardiac tachyarrhythmias have become well established.1–5 In
addition to these well recognized risks, novel complications of catheter
ablation continue to be reported especially as ablation is applied to new
target cardiac tachyarrhythmias.6–14 The risk of a specific complication
from catheter ablation differs when applied to different cardiac tachyarrhythmias,1–5 and depends on the experience and skill of both the
operator and the institution.10 The presence of structural heart disease,
multiple ablation targets, and a low left ventricular ejection fraction
may increase the risk of complications. As the techniques of catheter
ablation become well established, and the knowledge and experience
have accumulated, the incidence of the complications has decreased.1–5
However, as more centers begin to offer catheter ablation, the number
of lower volume centers is likely to increase, and may be associated
with a higher risk of complications.10 This chapter provides an update
regarding the current understanding of the risks and complications
that can occur during catheter ablation procedures, and discusses their
prevention, recognition, and treatment.

TYPES AND CLASSIFICATION OF COMPLICATIONS
There is a variety of potential complications that may occur during or
after a catheter ablation procedure. These may be classified as major
and minor complications.5 Major complications are defined as those
that result in permanent injury or death, require an interventional

GENERAL COMPLICATIONS
Table 38.1 presents a list of general complications.

Vascular Access Complications
The possible complications associated with vascular access include
bleeding, hematomas, pseudoaneurysms, retroperitoneal bleeding,
arteriovenous fistulae, venous thrombi, air emboli, and arterial dissections. A pneumothorax, hemothorax, and airway compression are
additional complications associated with subclavian or internal jugular
venous access. Among these vascular access complications, an arterial
pseudoaneurysm, arteriovenous fistula, and retroperitoneal hematoma
are most common with a reported incidence of 0.28% to 1%, 0.1% to
0.86%, and 0.2% to 0.5%, respectively.15–18 A study using a routine ultrasound assessment after a vascular access reported an even higher incidence (2.2%–2.9%) of these complications, suggesting that these risks
may not always be detected by a routine physical examination.17 Vascular access complications can be minimized by proficiency and care
during vascular access. A vessel puncture with ultrasound guidance
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4.	Atrioventricular fistula

of stopping arterial blood flow into a pseudoaneurysm. If this least
invasive method is not successful, a covered arterial stent placement
or surgical repair should be considered. Retroperitoneal bleeding often
results in orthostatic hypotension and/or anemia caused by unknown
bleeding. A definitive diagnosis of this complication is made by abdominal computed tomography (CT). Retroperitoneal bleeding can usually
be managed by conservative treatment but may sometimes require an
arterial embolization or surgical repair.

5.	Pseudoaneurysm

Pericardial Effusion and Cardiac Tamponade

General Complications
Associated With Catheter Ablation
TABLE 38.1

During Vascular Access and Catheter Manipulation
1.	Pneumothorax
2.	Perforation, pericardial effusion and cardiac tamponade
3.	Puncture site bleeding and hematoma

6.	Retroperitoneal bleeding
7.	Arterial dissection
8.	Air embolism
During Energy Delivery
1.	Atrioventricular block
2.	Thromboembolism
3.	Pericarditis
4.	Vessel injury
Others
1.	Infection
2.	Radiation exposure

A pericardial effusion, with or without a tamponade, is a welldocumented complication even in the most experienced centers.20–22
Cardiac tamponade may complicate any ablation procedure, but the
incidence is somewhat higher with atrial fibrillation (AF) ablation
(0.8%–2.9%).6,7 This is because of the complexity of the procedure, the
thin walled left atrium (LA), extensive ablation, and the high level of
systemic anticoagulation. Because cardiac tamponade is potentially
life threatening, prompt recognition and management is essential. In
the vast majority of situations, if the complication is recognized and
managed expeditiously, the outcome is excellent; however, a delay in
the diagnosis and treatment can lead to catastrophic results. Thus all
electrophysiologists who perform catheter ablation must be prepared
to immediately diagnose and treat cardiac tamponade.

Mechanism of Cardiac Tamponade
may be recommended to prevent these complications. When heparin
is administered for left-sided procedures, sheaths should be removed
only after the activated clotting time (ACT) is less than around 170 seconds. Reversal of anticoagulation with protamine should be considered
in most of these cases. Adequate hemostasis following sheath removal
is essential and may be best accomplished by specialized nursing units.
Low molecular weight (LMW) heparin, if used, should not be started
for at least 4 to 6 hours following the sheath removal. Most hematomas
can be managed conservatively. An arteriovenous fistula complicated
with a 7 F or smaller sheath may close spontaneously within a year.
Therefore smaller sheaths should be used to minimize the sequelae of
this complication. However, arteriovenous fistulae usually cannot be
closed by an ultrasound probe compression and often require a surgical
repair. An arterial pseudoaneurysm is usually associated with a large
hematoma and pain usually accompanied by a bruit on examination
and diagnosed by an ultrasound assessment. In general, a pseudoaneurysm is the result of inadequate compression following a sheath
removal, and most common when systemic anticoagulation has been
used. Pseudoaneurysms can be managed by an ultrasound-guided
manual compression of the neck of the pseudoaneurysm or thrombin
injection into the extravascular space.19 The “neck” of the pseudoaneurysm is the narrow path of blood flow between the artery, through
the arterial wall, and into the pseudoaneurysm cavity. The ultrasound
probe can be pushed firmly against the patient’s skin to compress the
neck of the pseudoaneurysm usually for about 20 minutes. During this
time, the blood within the pseudoaneurysm clots. After the probe is
removed, the pseudoaneurysm will usually remain clotted especially
if anticoagulation has been stopped or reversed. The procedure may
require intravenous analgesia if there is significant patient discomfort.
Compression is less successful if the patient is obese, because there is
more fatty tissue between the skin and the neck of the pseudoaneurysm. It is also less successful if the neck of the pseudoaneurysm is
wider, because it is less likely to clot during the period of compression.
Finally, it is also much less successful if the patient is taking aspirin,
warfarin, or another anticoagulants because these agents prevent clotting of the blood within the pseudoaneurysm. Advantages of ultrasound guided compression are that this is the least invasive method

The heart lies within the pericardium, a sac composed of two layers: the
visceral pericardium formed by a single layer of cells which covers the
epicardium, and the thicker fibrous parietal pericardium. The pericardial space between the two layers is normally filled with a small amount
of fluid, which reduces the friction from the normal torsion during cardiac contraction and relaxation. Importantly, the normal pericardial
space has a significantly lower pressure than any of the cardiac chambers. Thus any breach in the myocardial wall and visceral pericardium
allows blood to leak into the lower pressure pericardial space and form
an effusion. The accumulation of fluid elevates the pressure within the
pericardial space and impedes ventricular filling. A small amount of
pericardial fluid can cause a cardiac tamponade if the pericardium is
less compliant, whereas a large amount of pericardial fluid is necessary
to cause tamponade when the compliance of the pericardial space is
greater.
Other factors may affect the hemodynamics including the rate and
volume of pericardial fluid accumulation. The occurrence and time
course of cardiac tamponade therefore will vary, with tamponade physiology occurring acutely during the procedure, particularly when the
area of injury is large or when a high-pressure chamber is perforated.
Alternatively, some cases of cardiac tamponade develop as a slower
accumulation of fluid over time and are only recognizable several
hours after the procedure.23

Potential Risk of a Cardiac Perforation Relevant to the
Cardiac Anatomy

Cardiac tamponade is most commonly caused by a cardiac perforation occurring during catheter manipulation. Therefore it is important
to understand the potential risks of a cardiac perforation relevant to
the cardiac anatomy to recognize and treat, or perhaps avoid, cardiac
tamponade. With respect to standard electrophysiologic procedures,
the right ventricular apex is a particularly thin area of the heart rendering it prone to perforation. When placing a catheter in the right
ventricle (RV) for the purpose of an electrophysiology (EP) study, it
may be preferable to position the catheter in the middle of the RV
near the septum, thereby avoiding the apex. The RV outflow tract is
also a relatively thin area, particularly in the free wall. Care should be
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taken when placing catheters in this region for mapping and ablation
of outflow tract tachycardias. It may be advisable to use a 4-mm-tip,
nonirrigated ablation catheter in this region rather than a larger tip or
externally irrigated catheter where the risk of a steam pop during RF
energy delivery is higher.
The transseptal puncture is one of the most common causes of tamponade. If the transseptal needle is inadvertently exposed in the superior vena cava or right atrium, perforation can occur. If the tip of the
shaped transseptal sheath is directed anteriorly while pulling it from
the superior vena cava down to the fossa ovalis, it may perforate the
right atrial appendage. Once the transseptal sheath is well engaged in
the fossa ovalis, the potential for peril still exists. A puncture with the
needle directed too posteriorly can result in a direct perforation of the
posterior LA, whereas directing the needle too anteriorly can result in
injury to the base of the LA appendage or root of the aorta. The damage
to the base of the LA appendage usually results in tearing of this structure and often requires prompt surgical intervention.
Manipulation of catheters within the LA can also give rise to a cardiac perforation. As the ablation technology has advanced, the sheath
and catheter sizes have increased. This equipment is more rigid and
less forgiving when manipulating it within the heart. If any catheter
or sheath is located within the LA appendage and clockwise torque is
applied, there is a risk of tearing the base of the LA appendage. Likewise, there is often an invagination in the roof of the atrium that can be
subject to similar trauma with manipulation of equipment within the
superior aspect of the LA (Fig. 38.1).
RF ablation is another potential cause for a cardiac perforation. Lesions associated with overheating with the development of
steam pops are often extensive and may lead to myocardial rupture.
Because multiple factors influence lesion formation, no set of ablation
parameters can be considered absolutely safe. Nevertheless, limiting
the power to less than 30 W and avoiding higher power applications
with 8-mm-tip electrodes or irrigated electrodes minimizes the risk
of steam pops. Intracardiac echocardiography (ICE) may be used to
recognize overheating with the development of steam bubbles during
nonirrigated RF applications. However, the value of ICE monitoring
during open-irrigation RF applications is more challenging because the
irrigated saline may obscure steam bubble detection.

Detection of a Pericardial Effusion and Cardiac
Tamponade

A pericardial effusion may be suspected to occur during the procedure
if there is rapid unexpected movement of a catheter that can puncture
or tear the heart or if a catheter travels to a location not felt to be endocardial. Often, however, a pericardial effusion is not suspected until
it has progressed to cardiac tamponade and the patient experiences
a decrease in the blood pressure. Decreases in the blood pressure are
not uncommon in the EP laboratory and are most often attributable
to the dosing of medications for sedation or induced arrhythmias. It is
important for the electrophysiologist to maintain a dialogue with those
tasked with administering sedation. In the absence of such communication, administration of drugs to support the blood pressure can lead
to a delay in the diagnosis of a cardiac tamponade as the underlying
etiology of hypotension. When cardiac tamponade presents later following the procedure, patients often complain of a diffuse chest discomfort and shortness of breath. The chest discomfort is often similar
in character to the pericardial pain some patients feel with ablation,
but it is of greater intensity. If these symptoms arise, a prompt evaluation is critical. Although in these patients the effusion collects more
gradually, the end hemodynamic effect is the same. Sinus tachycardia is
known to be a common clinical sign of a cardiac tamponade that gradually develops. On the other hand, sinus bradycardia may be caused

LSPV

RSPV

CS

Fig. 38.1 Fluoroscopic image exhibiting a left anterior oblique projection of the left atrium with contrast injected via the transseptal sheath.
Notice the invagination of the left atrium in the roof between the right
superior (RSPV) and left superior pulmonary veins (LSPV) (arrow). Care
must be taken when positioning catheters not to cause trauma at this
location. CS, Coronary sinus.

by a vagal reflex if cardiac tamponade rapidly develops.24 The absence
of tachycardia thus does not exclude cardiac tamponade. Likewise,
patients with sinus node dysfunction or who are pacemaker-dependent
will not manifest sinus tachycardia.
An early diagnosis is essential to a successful management of this
condition and should be made, whenever possible, in the EP laboratory so that treatment can be delivered urgently. It is preferable to
recognize a developing pericardial effusion before the progression to
a cardiac tamponade. The symptoms of a tachycardia, tachypnea, and
hypotension are findings after the tamponade physiology is present.
There are a number of techniques to document a pericardial effusion
and tamponade, and fortunately several are readily available in the EP
laboratory. The first detectable sign of a significant pericardial effusion
is the decrease in the motion of the left heart border in the left anterior oblique (LAO) projection ( Video 38.1).25 This finding is because
the thin layer of pericardial fluid and the negative pericardial pressure
usually present in the pericardial space draws the parietal pericardium
inward with the visceral pericardium during systole, leading to the
normal fluoroscopic excursion. This surface tension effect is similar to
two glass slides with a layer of water between them. When fluid accumulates and the intrapericardial pressure becomes positive, the parietal
pericardium is no longer pulled in the same direction as the visceral
pericardium during systole. The decreased excursion followed by the
absence of excursion usually precedes a decrease in the arterial blood
pressure. Thus the operator should always note the motion of the left
heart border before placement of intracardiac catheters and examine
this periodically throughout the procedure. Routine fluoroscopic monitoring of the left heart border allows for the detection of a pericardial
effusion before it progresses to tamponade physiology. We have found
it best to have a baseline LAO cine image at the onset of the procedure to serve as a reference for a comparison during the procedure.
If an effusion is detected by this method, then immediate ultrasound
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imaging and preparation for a pericardial drainage in the EP laboratory
should be initiated.
ICE is another useful tool for a rapid diagnosis of a pericardial effusion. When using ICE, it is preferable to obtain views from the right
atrium and ventricle to evaluate the presence of a pericardial effusion
at baseline. Any significant accumulation of fluid within the pericardial
space during the procedure is abnormal and should lead to the reevaluation of the patient’s hemodynamic stability.
Transthoracic echocardiography is a very valuable tool for the diagnosis and management of cardiac tamponade. Reliance on transthoracic echocardiography should not, however, lead to an unnecessary
delay in the diagnosis or therapy. Because the time delay to obtain a
standard echocardiogram is often unacceptable, all EP laboratories
should have a portable ultrasound machine immediately available to
the operator. Right ventricular diastolic collapse is diagnostic of cardiac tamponade. Earlier signs of an increased intrapericardial pressure
include a plethora of the inferior vena cava and right atrial collapse.26
If there still exists a question as to whether an effusion is hemodynamically significant, then right heart catheterization remains the gold
standard. This is often easily accomplished as venous access is typically
already present in patients undergoing electrophysiologic procedures.
Elevation and equalization of the central venous, right ventricular end
diastolic and pulmonary capillary wedge pressures as well as an attenuation in the Y descent of the right atrial pressure waveform are the
hallmark findings of tamponade.27

Specific Considerations
If a perforation is a focal lesion in a low-pressure chamber such as the
superior vena cava or right atrium during the transseptal puncture,
then conservative management with termination of the procedure
and avoidance or reversal of systemic anticoagulation may be all that
is required. However, a tear in the heart or great vessels necessitates
urgent surgical repair.

Patients with prior cardiac surgery that have previously had their
pericardium opened are at a greatly reduced risk for cardiac tamponade. Once the pericardium has been opened, the layers of the pericardium tend to form dense adhesions and the potential space between
the visceral and parietal pericardium is eliminated. Although this
decreases the risk of a cardiac tamponade, it does not eliminate the
potential for a perforation.

Management of Cardiac Tamponade
A flow diagram of the management of a cardiac tamponade is shown
in Fig. 38.2. The first step in the management of a cardiac tamponade is blood pressure support with volume and, if necessary, pressors.
An intravenous bolus injection of atropine may help to improve the
hemodynamics by blocking increased vagal tone.24 The accumulation
of fluid within the pericardial space depends on the pressure gradient
between the pericardial space and perforated structure. Rapid elevation in the blood pressure should be avoided, especially if the source
of the bleeding is from the left ventricle (LV). Maintenance of a relatively low normal blood pressure is desirable to minimize this gradient.
Anticoagulation should be reversed. If the patient has been administered heparin, then this can be treated with protamine (1.5 mg per
1000 units of heparin given, maximum dose 50 mg, typically after a
1 mg test dose). Likewise, if the international normalized ratio (INR) is
elevated, this can be treated with vitamin K, fresh frozen plasma, and
recombinant factor VII. Currently, for those patients treated with new
oral anticoagulants, a specific reversal agent (idarucizumab) is available for dabigatran, a direct thrombin inhibitor, and usually results in
prompt normalization of coagulation. The factor Xa inhibitors, such as
apixaban, edoxaban, and rivaroxaban, can be reversed with andexanet,
although this antidote has not received U.S. Food and Drug Administration approval at this time.28 The patient should be typed and
crossmatched for blood as well. These interventions should take place
simultaneously with preparation for pericardiocentesis.

Recognition of Cardiac tamponade
Medical intervention
STEP 1: Blood pressure support
Volume, atropine and pressors

Procedural intervention

Heparin
High INR

Preparation

Off

STEP 1: Pericardiocentesis

STEP 2: Reversal of anticoagulation
protamine
recombinant factor VII
FFP
Typing and crossmatching for blood

Subxyphoid approach
(Intercostal approach)
(Transcardiac approach)
STEP 2: Evacuation of fluid
Resolution of hypotension

STEP 3: Control of pericardial pain
and inflammation
Intrapericardial steroid
Intravenous narcotics
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Bleeding resolved

Active bleeding

Observation
(12 to 24 hrs)
STEP 3: Removal of drain

STEP 3: Surgical repair

Fig. 38.2 Flow diagram of the management of cardiac tamponade. FFP, Fresh frozen plasma; INR, international normalized ratio.
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The subxiphoid technique described by Sosa and colleagues10 is
a preferred method of pericardial access. A pericardiocentesis kit
should be located in the procedure room so that it is immediately
available. When performing an urgent pericardiocentesis in this situation, because both the pericardial space and cardiac chambers are
filled with blood, aspiration of the blood does not establish the location of the needle tip. The exact location of the pericardiocentesis
needle may be easily confirmed by a contrast injection into the pericardial space on fluoroscopy and/or the presence of bubbles in the
pericardial effusion by echocardiography. When passing the guidewire through the needle, its location within the pericardial space
must be confirmed. Typically, this is done by observing the wire travel
along the left heart border in the LAO projection. A pericardial drain
with multiple side holes for aspiration of fluid should be placed over
the guidewire.
In certain situations, such as an obese patient, a subxiphoid pericardiocentesis may be impossible. Another option that is available is
an intercostal puncture. This is easiest to accomplish if there is a clear
anterior effusion, which can be located with transthoracic echocardiography. The pericardiocentesis needle is directed between the ribs
for the collection of fluid under echocardiogram guidance. Similar to
a thoracentesis, the needle is inserted near the superior aspect of the
rib to avoid damage to the intercostal nerve, artery, and vein, which
travel along the inferior margin of the rib. If this condition does not
exist and the patient is hemodynamically unstable, then transcardiac
decompression may be performed. This is accomplished by deliberately
perforating a cardiac chamber to gain access to the pericardial space.29
Once access to the pericardial space is attained, the fluid should
be evacuated. For low-volume effusions, this fluid can be discarded. If
blood continues to accumulate in the pericardial space, the patient can
be autotransfused. This is best done with an autologous blood recovery
system, as a direct autotransfusion can result in a systemic inflammatory response that can result in disseminated intravascular coagulation.
An allogenic blood transfusion may involve risks including transfusion
reactions. A surgical repair will be required in the event the bleeding
fails to stop.
Once fluid is evacuated from the pericardial space, the hypotension
should resolve immediately. It is our practice to accurately measure the
volume of blood aspirated every minute following initial evacuation
of the effusion with pericardiocentesis. If the rate of bleeding does not
decrease within the first 15 minutes, it is likely that a surgical repair
will be required. If hypotension persists, other etiologies should be
explored. Medications used to support the blood pressure can typically
be discontinued. Patients may have a significant amount of chest discomfort because of inflammation and irritation of the pericardium. It
is well treated with intrapericardial steroids (triamcinolone 20 mg). It
may also be necessary to treat the patient with intravenous narcotics
as well. The presence of pericardial pain is a useful indicator that the
effusion has not recurred. If the patient is stable and bleeding seems
to have stopped, the patient is monitored with a portable echocardiogram every 30 minutes for 2 hours and then every 4 hours. The pericardial drain is left in place for 12 to 24 hours after no further drainage is
observed and removed if there is no sign of significant reaccumulation
of the effusion.
For patients who continue to have active bleeding into the pericardial space, surgical management is required. Patients managed in this
fashion, avoiding prolonged hypotension, have excellent long-term
outcomes. If cardiac tamponade occurs during catheter ablation to
treat AF, surgical repair can be combined with an epicardial MAZE
procedure with or without exclusion of the LA appendage.
When a cardiac perforation occurs in the LV, the systemic blood
pressure drops immediately, resulting in cardiogenic shock. In such a

situation, percutaneous cardiopulmonary support should be deployed
before a pericardiocentesis.

THROMBOEMBOLISM
A thromboembolism is one of the most serious complications resulting from catheter ablation procedures, although its risk for most cardiac arrhythmias has been small.1–5,30–32 The risk of thromboembolism
is overall 0.6%, but it is higher in left-sided procedures (1.8%–2.0%).1–5
Thrombi can form on intravascular sheaths, RF lesions can be intrinsically thrombogenic, and preexisting thrombi can be dislodged. Most
events occur within 24 hours of ablation with a high-risk period extending to 2 weeks following ablation.30,32 Although cerebral thromboembolism is most commonly detected clinically, emboli can also involve
the pulmonary artery, coronary artery, or abdominal or peripheral
vascular circulation. A cerebral embolism can be managed conservatively or with thrombolytic therapy or percutaneous intervention.
A thromboembolism associated with catheter ablation procedures can
be prevented by appropriate anticoagulation,33 appropriate settings
of RF energy delivery, the use of an external irrigation catheter, and
frequent or continuous irrigation with heparinized saline through the
sheaths.34 Anticoagulation should be mandatory during any left-sided
procedure, and it may be recommended during right-sided procedures
in cases with a patent foramen ovale. In general, intravenous heparin is
administered at 60 units/kg as an initial dose and added with 12 units
per kg per hour continuously or a bolus of 500 to 2000 units to maintain an ACT of 250 to 300 seconds throughout the procedure.33 The
ACT should be maintained at more than 300 seconds when a basket
catheter is used, and the cases are at high risk for a thromboembolism,
and at 350 to 400 seconds during LA ablation procedures for AF and
flutter.35
Catheter ablation of AF and atrial flutter (AFL) may potentially be
the most thromboembolic. Therefore the patients with AF and AFL
should be anticoagulated throughout the periablation period. Most
operators systemically anticoagulate patients for a period of at least
30 days before and 6 to 8 weeks after the procedure.32 Two approaches
can be used in the periablation period: warfarin or new oral anticoagulants such as dabigatran, apixaban, and rivaroxaban, can be continued
throughout this period without interruption; or warfarin and the new
oral anticoagulants may be stopped 3 days before the procedure with
subcutaneous LMW heparin (1 mg/kg) used as a bridge. With the latter
approach, warfarin is reinitiated the night of the ablation, and LMW
heparin is started 6 hours following the sheath removal (0.5 mg/kg)
and continued for 2 to 3 days. With either approach, warfarin should
be continued for at least 6 to 8 weeks following the ablation.
Currently, it may be considered more preferable in most experienced
centers to continue oral anticoagulation throughout the periprocedural
period and to perform catheter ablation with a target INR of 2.0 to 3.5
on the day of the procedure.36,37 If the INR is above 3.5 on the day of the
procedure, vitamin K can be administered to reduce the INR to a target range. Such a strategy has been shown to be associated with a very
low risk of systemic emboli and a lower risk of vascular access bleeding
complications than with the use of LMW heparin bridging.36 In addition to the lower risk of groin complications, this strategy is less costly
and more convenient for both the patient and the operator. Preferably
all patients (with the possible exception of those with paroxysmal AF
and a CHADS2 score of 0) should undergo transesophageal echocardiography on the day of the procedure to exclude any LA thrombus.30,31
A thrombus formation at the tip of the ablation catheter during the
RF energy delivery is known to be related to a rise in the impedance.
When an impedance rise of greater than 10 to 20 Ω is observed, the
RF energy delivery should be terminated, and the tip of the ablation
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catheter should be inspected. Thrombus formation is also related to a
rise in the temperature of the tip of the ablation catheter.38 Therefore an
aggressive setting of the temperature and RF energy should be avoided.
It may be helpful for preventing thromboembolism to observe for bubble formation during the RF energy delivery, which may suggest a risk
of a thromboembolism, by the use of ICE.39

AIR EMBOLISM
Air can be introduced into a long sheath through infusion lines or
by suction when catheters are removed.30,31 A larger diameter sheath
is associated with the higher risk of an air embolism. A cerebral air
embolism can result in an altered mental status, seizures, or focal neurologic signs. Magnetic resonance imaging (MRI) or CT may reveal
serpiginous hypodensities in the cerebral vasculature. A coronary air
embolism typically involves the right coronary artery and can present as acute inferior ischemia, ventricular fibrillation, and/or heart
block. The air in the coronary artery will usually disappear soon, but
it can be flushed out by a contrast injection. The pooled air should be
aspirated through the sheath if possible. A massive air embolism can
cause shock, and treatment of the shock should be initiated first. It is
especially important to suspect and recognize a cerebral air embolism
and to initiate prompt treatment. The patient should be placed in the
Trendelenburg position and be administered intravenous fluids and
supplemental oxygen. Hyperbaric oxygen and heparin could also be
considered. To prevent an air embolism, all infusion lines should be
monitored for bubbles, all sheaths must have side-holes, and catheter
withdrawal should be slow and always followed by aspiration of the
sheath. It is especially important to aspirate and flush long sheaths in
the LA on initial entry (i.e., after removal of needle and dilator) and
before inserting a new catheter after one has been removed.

ATRIOVENTRICULAR BLOCK
Inadvertent atrioventricular (AV) block can occur during catheter
ablation of AV nodal reentrant tachycardia, septal accessory pathways,
and even ventricular tachycardias arising from the ventricular septum
with an incidence of 1% to 3%.1–5 The risk of AV block is reported to be
the highest in cases with a midseptal accessory pathway.
To reduce the likelihood of inadvertent AV block, RF energy should
not be applied near the compact AV node. The His bundle is less likely
to be damaged than either the AV node or right bundle branch. His
bundle and coronary sinus catheters are helpful as landmarks for
understanding the Koch’s triangle. Looking at both the LAO and right
anterior oblique (RAO) projections is important to understand the distance between the His bundle catheter and ablation catheter. Anatomically, the compact AV node is located inferior and slightly posterior to
the His bundle. Therefore an RF energy application may be safer on the
ventricular side as noted by a large ventricular and a very small atrial
electrogram when it is delivered below the His bundle region. AV block
has been reported even when the RF energy was delivered at the level
of the coronary sinus. It is critical to monitor AV conduction during
RF energy delivery. If AV block or PR interval prolongation occurs, RF
energy application should be terminated immediately. If a junctional
rhythm develops during an RF energy application, the ventriculoatrial
(VA) conduction should be monitored. The development of VA block
during the junctional rhythm may suggest damage to the fast AV nodal
pathway and should prompt immediate termination of the application.
When junctional rhythm develops during an RF energy application,
deployment of rapid atrial pacing faster than the junctional rhythm
may be an alternative to assure that the conduction is intact via the fast
AV nodal pathway. When a patient has a hemi-bundle branch block
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at baseline, catheter ablation around the other bundle branch may
result in AV block. Therefore in such a case, the risk of inadvertent
AV block should be considered even when a peripheral catheter ablation away from the AV node and His bundle is performed. Back up
ventricular pacing should be prepared in cases when a risk of inadvertent AV block is expected. The incidence of inadvertent AV block
during catheter ablation of a cavotricuspid isthmus dependent AFL has
been reported.5 This is usually the result of ablation more septal than is
desired. Thus the cavotricuspid isthmus should be initially approached
at its midpoint (6 o’clock in the LAO view) safely away from the normal
conduction system. However, if too much clockwise torque is given to
the ablation catheter to keep it on the septal side of the cavotricuspid
isthmus, the ablation catheter may flip up to the site of the normal conduction system, resulting in inadvertent AV block. This potential risk
should be understood during the AFL ablation. Late inadvertent AV
block can occur, which likely results from expansion of the RF lesions,
development of edema, and local ischemia. When transient inadvertent AV block is observed during catheter ablation, the patient should
be monitored overnight. Patients with late AV block may develop syncope, acute heart failure, and fatigue.
Cryoablation may be an alternative to RF ablation during catheter
ablation around the AV node and His bundle region. Ice mapping by
cooling the tissue to mild temperatures (0 to –10°C) allows testing the
results of a potential ablation site before a permanent lesion is created.
Even if inadvertent AV block occurs during ice mapping, it should be
reversible. A lesion expansion after the application is less likely to occur
with cryoablation than with RF ablation. Cryoablation may more often
be used in pediatric patients. Despite these potential safety advantages,
cryoablation seems to produce less durable efficacy for AV nodal reentrant tachycardia or AFL than RF energy.

PERICARDITIS
Symptomatic pericarditis is a common complication of catheter ablation. The clinical symptoms and signs suggesting this complication are
precordial distress during inspiration and a pericardial friction rub.
This complication is usually mild, self-limited, and often responds well
to nonsteroidal antiinflammatory medications or colchicine.

RADIATION EXPOSURE
Although the acute risks associated with catheter ablation procedures
are well discussed, the long-term risks resulting from radiation exposure that patients as well as electrophysiologists receive may not be well
recognized. It has been reported that subacute serious x-ray-induced
skin injuries can occur in patients after fluoroscopy-guided interventional procedures.40 Because radiation is not visible, and it may take
decades for its detrimental effects to emerge, these hidden risks of
catheter ablation are often not noticed. The risk of a fatal malignancy
resulting from the radiation received during catheter ablation procedures has been estimated to be appropriately 1 per thousand patients
per hour of fluoroscopy.41,42 The significance of this risk must be considered in terms of the baseline 20% lifetime risk of a fatal malignancy
in the general population. Children receive less radiation exposure
than adults, and women receive less than men. However, because the
risk of a fatal malignancy resulting from radiation exposure is age
dependent, being greater in children than in adults; the risk for a child
younger than 14 years of age is approximately twice that of a 35-yearold patient. The risk of a genetic disorder resulting from 1 hour of
fluoroscopy was estimated to be 5 per 1 million live births for men and
20 per 1 million live births for women.41 The risk of cancer development must be considered whenever radiation is applied. The organs
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that contribute most to the total risk are the lungs, stomach, and active
bone marrow, as well as breast tissue in females. As the number, complexity, and duration of catheter ablation procedures increase, the
radiation-related risks of these procedures become increasingly more
serious. Radiation exposure can be significant with AF ablation from
prolonged fluoroscopy and obese patients.43 The increasing familiarity
with 3-dimensional mapping systems and ICE should reduce the fluoroscopy time.
The risk of radiation exposure to the ablation operators should
also be discussed. The amount of radiation that the operators receive
during RF catheter ablation procedures is considered to be small and
well below the occupational radiation exposure limits, which have
been established by the National Council of Radiation Protection.41,44
However, the incidence of left-sided brain and neck tumors in the
interventional physicians with sustained practices involving radiation
has been reported.45 Given that the brain is relatively unprotected,
and the left side of the head is known to be more exposed to radiation than the right, these findings of disproportionate reports of the
left-sided tumors may suggest the possibility of a causal relation to
occupational radiation exposure. A radiation protection cabin that
completely surrounds the operator has been developed, and its use
may allow performing catheter ablation procedures without compromising catheter manipulation, and with negligible radiation exposure
for the operator.46

SPECIFIC COMPLICATIONS
See Table 38.2 for specific complications. It is also important to recognize complications associated with catheter ablation procedures of
specific tachyarrhythmias. Specific concerns and considerations are
required to prevent these complications.

Specific Complications
Associated With Catheter ablation of Atrial
Fibrillation
TABLE 38.2

During Catheter and Sheath Manipulation
1.	Tear of the left atrium
2.	Mitral valve trauma and avulsion
Collateral Damage to Adjacent Structures During Energy
Delivery
Cardiac
1.	Bezold-Jarisch-like reflexes causing bradycardia and hypotension
2.	Sinus node injury

ATRIOVENTRICULAR JUNCTION ABLATION
It was reported that patients who underwent an AV junction ablation developed polymorphic ventricular tachycardia (VT) or cardiac
arrest. Therefore an AV junction ablation may be proarrhythmic. It
was suggested that an increase in sympathetic nerve activity, along
with prolongation of the action potential duration, might play a role
in the pathogenesis of ventricular arrhythmias that occur after AV
junction ablation.47 However, several studies demonstrated that this
risk was reduced when pacing rates were programmed to 90 beats per
minute for the first 1 to 3 months and subsequently reduced to 70
beats per minute.5,47,48 Based on the results of these studies, it is generally recommended that patients undergoing an AV junction ablation
should be paced at 90 beats per minute for at least 1 month after the
ablation.

ATRIAL FIBRILLATION
Complications During Catheter and Sheath Manipulation
A tear of the LA, especially of the appendage or roof of the LA near
the junction of the right superior pulmonary vein (PV), is possible
during catheter and sheath manipulation. Mitral valve trauma and
avulsion can occur when a circular mapping catheter is trapped in the
mitral valve apparatus from inadvertent positioning in the ventricle
and applying counterclockwise rotation.30 The diagnosis should be
confirmed by echocardiography if this is suspected. It may be possible to free the catheter with gentle manipulation and advancement of
the sheath into the ventricle, but surgical removal may be necessary.49
To prevent this, the circular catheter should always be positioned in
the posterior LA, and clockwise torque should be maintained while
advancing the catheter from the sheath.

Collateral Damage to Adjacent Structures During Energy
Deliveries
Cardiac

Bezold-Jarisch-like reflexes causing bradycardia and hypotension can
occur during ablation (Fig. 38.3).50 These are typically transient and
resolve with termination of the energy delivery. Sinus node dysfunction
can occur with sinus node injury by ablation at the superior vena cava/
right atrium junction,51 and also with an injury of the left sinus node
artery during LA roof ablation.52 AV node damage is a risk with ablation
in the anteroinferior portion of the LA septum. Myocardial rupture can
occur during an RF delivery leading to tamponade. Complications associated with the circumflex coronary artery, such as an occlusion, stenosis,
and coronary artery to LA fistula, can occur with mitral isthmus ablation
especially when energy is delivered within the coronary sinus.53,54

3.	Atrioventricular node damage

Extracardiac

4.	Acute occlusion of the circumflex coronary artery

These include PV stenosis, esophageal injury, periesophageal vagal
injury, and phrenic nerve injury, which are discussed subsequently.
In addition, a cough can occur from involvement of the left recurrent
laryngeal nerve, and superior vena cava narrowing or an occlusion can
occur from ablation within this structure.

Extracardiac
1.	Pulmonary vein stenosis
2.	Esophageal injury and atrioesophageal fistula
3.	Periesophageal vagal injury
4.	Phrenic nerve injury
5.	Superior vena cava stenosis
Others
1.	Left atrial edema leading to heart failure
2.	Iatrogenic left atrial tachycardia

Pulmonary Vein Stenosis
First described in 1998, PV stenosis was more frequent when ablation
targeted focal triggers within the PVs.55 With the evolution of the current strategy of ablation at the PV ostia and antra, its incidence has
decreased significantly (0.4%–3.4%).6–8,56,57 Stenosis results from a vascular reaction consisting of intimal proliferation, thrombus formation,
endovascular contraction, and elastic lamina proliferation.58
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Fig. 38.3 Cardiac tracings exhibiting a Bezold-Jarisch-like reflex causing a prolonged sinus pause during the
pulmonary vein isolation. Right ventricular pacing was initiated immediately after the sinus arrest. ABL, Ablation catheter; CS, coronary sinus; LS, circular catheter positioned at the left superior pulmonary vein ostium;
RV, right ventricle; Xd(p), distal (proximal) electrode pair of the relevant catheter.

Patients with severe (>70%) stenosis of one or more of the PVs
may present with a cough, dyspnea, chest pain, hemoptysis, or recurrent pneumonia.57,59 These manifestations can be insidious, with
most symptomatic patients presenting within 2 to 6 months. Patients
with severe stenosis of one vein or even two contralateral veins may
remain asymptomatic. CT and MRI are precise methods for detecting PV stenosis. Transesophageal echocardiography with Doppler can
also be used. Ventilation-perfusion (V/Q) scanning reveals a perfusion defect (with normal ventilation) in the involved segments. Selective pulmonary venography can confirm the stenosis (Fig. 38.4), and
hemodynamic evaluation can quantify the gradient across the stenosis. Symptomatic patients with severe (and flow-limiting moderate,
50%–70%) PV stenosis should be offered pulmonary venoplasty and/
or stenting59,60 (see Fig. 38.4). However, the risk of recurrent stenosis
with either venoplasty or stenting is very high, and repeated imaging is
essential for these patients.
Because the most significant risk for PV stenosis is energy delivery within the PVs, this should be avoided. Biplane fluoroscopy
during ablation in conjunction with selective pulmonary venograms
performed before ablation can help define the PV ostia and ensure
energy delivery proximal to them. A circular mapping catheter
placed at the PV ostia can further facilitate this. Other methods for
imaging and monitoring include ICE (including Doppler estimation
of PV flow velocities), CT or MRI imaging information integrated
into 3-dimensional mapping systems, impedance measurements,
and electrogram analysis/pacing techniques. Whether one modality of the energy delivery is more or less prone to cause PV stenosis
remains to be seen.
Routine screening of asymptomatic patients for the development of
PV stenosis is probably not warranted. However, all patients undergoing repeat ablation should have their PVs assessed for stenosis before
delivery of new applications. Also routine screening may be indicated for newer techniques/energy modalities and for inexperienced
operators.30

Esophageal Injury and Atrioesophageal Fistulae
Atrioesophageal fistulae are perhaps the most dreaded complication of
AF ablation. First reported in 2001 after an endocardial surgical RF ablation for AF, it has been reported after percutaneous AF ablation since
2004.61 The incidence is estimated to be less than 0.25%. Most cases have
involved the use of an 8-mm-tip electrode, although it has also been
reported with the use of smaller tip catheters. Patients typically present with symptoms 2 to 4 weeks following the ablation. Clinical signs
and symptoms include dysphagia, odynophagia, massive gastrointestinal bleeding, a persistent fever and chills, recurrent neurologic events,
and septic shock.30,61 Most patients have died; those that survive have
a significant residual disability. Surgical intervention to prevent death
requires a rapid recognition and diagnosis. A CT of the head or chest
revealing intravascular air should immediately arouse suspicion. A CT
or MRI can reveal the fistula. A barium swallow is not sensitive. Endoscopy should be avoided if this condition is suspected because esophageal
insufflation during the procedure may introduce air into the LA through
the fistula. Esophageal stenting has also been reported to be effective.30
The esophagus is in close proximity to the LA posterior wall,62 and
esophageal injury is believed to result from direct thermal damage to
the esophageal wall, although the innervation and blood supply can
also be affected. Esophageal mucosal injury is believed to be more
common than esophageal perforation and fistula. Esophageal hematomas have also been described.63
Several static and real-time methods for imaging the esophagus have
been developed.64,65 Static methods, such as a preprocedural CT or MRI,
or tagging the esophageal position with 3-dimensional mapping systems
do not account for movement of the esophagus during the procedure.66
Repetitive fluoroscopy following a barium paste ingestion, esophageal
catheters recognized by 3-dimensional mapping systems, or ICE can
provide real-time visualization of the esophagus. With the exception of
ICE, these methods do not provide accurate information about the true
width of the lumen and of the thickness of the esophageal wall. ICE,
on the other hand, is limited by the technical difficulty of maintaining
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Fig. 38.4 Fluoroscopic images exhibiting selective venograms (upper panels) and stent placement (lower
panels) of the left superior pulmonary vein with a severe stenosis occurring after the pulmonary vein ablation.
A, Balloon angioplasty; B, Venogram after the balloon angioplasty; C, Stent placement; D, Venogram after the
stent placement. AP, Anteroposterior; LAO, left anterior oblique.

the orientation of the 2-dimensional imaging plane to simultaneously
visualize the catheter tip and esophagus. Real-time 3-dimensional ultrasound could potentially address this limitation. It should be recognized
that these current techniques cannot provide reliable information about
the real-time orientation of the entire lumen and wall of the esophagus
with respect to the LA. Methods to minimize esophageal injury during
ablation that depend on this imaging information, such as avoiding ablation over the esophagus or using esophageal luminal devices to displace
the esophagus, are therefore inherently unreliable. An additional risk
with luminal devices is the unintentional displacement of the esophagus
toward the LA that enhances heat transfer to the esophagus.
Luminal esophageal temperature monitoring and ICE have been
proposed as methods to monitor for thermal injury of the esophagus
during ablation.64,67 Although a rapid elevation of luminal temperature
is specific for mural esophageal heating, the sensitivity is poor perhaps
because of the variable orientation of the probe within the lumen. Atrioesophageal fistulae have been known to occur despite continuous
intraprocedural esophageal temperature monitoring showing no evidence of significant esophageal heating.65
Recognizing these limitations, one should assume that the esophagus is in potential danger whenever ablation is performed at any site on
the LA posterior wall. Therefore to prevent this complication, it will be
important to follow several recommendations such as never using an
8-mm-tip ablation catheter in this region, limiting the power to 30 W
with irrigated RF, avoiding excess tissue contact pressure, and moving
the ablation catheter every 15 to 20 seconds during ablation anywhere
on the LA posterior wall. A hybrid therapy using a combination of
cryoablation and RF has been used by some centers,65 although fistulae
have been reported with cryoballoon ablation in pulmonary veins.

Injury to the Vagus Nerve
Damage to the periesophageal vagal plexi from an RF delivery can result
in pyloric spasms, gastric hypomotility, and a markedly prolonged

gastric emptying time.68 This can result in abdominal bloating and discomfort occurring hours to days after the procedure. The incidence is
around 1%. Barium contrast imaging is diagnostic. Spontaneous recovery typically occurs but may require up to 12 months. Refractory cases
have been treated with botulinum toxin injection or esophagojejunal
anastomosis.68 Prevention involves the same strategy as with prevention of esophageal injury.

Phrenic Nerve Injury
Damage to both the right and left phrenic nerves has been described
after AF ablation, likely from direct thermal injury. The right phrenic
nerve can be affected during ablation near the right superior PV or
within the superior vena cava, whereas the left phrenic nerve is susceptible during ablation within the LA appendage. The incidence of
phrenic nerve injury varies from 0% to 0.48%.30,31,69 Phrenic nerve
injury has been described after RF, cryoablation, ultrasound, and laser
ablation. The right phrenic nerve is especially prone to injury from
delivery of cryoablation or ultrasound using balloon catheters at/
within the right superior PV. Affected patients may remain asymptomatic or present with dyspnea, hiccups, a cough, pain, a pleural effusion, or atelectasis. Unilateral diaphragmatic paralysis on fluoroscopy
confirms the diagnosis. In most cases, phrenic nerve function recovers
after a variable period, typically within 6 to 12 months, but may rarely
be permanent. Several strategies can be used to minimize the risk of
phrenic nerve damage. Preablation techniques include high output
pacing at vulnerable sites, avoiding ablation at the sites that stimulate
the phrenic nerve, or electroanatomic mapping of the phrenic nerve
by pacing along the superior vena cava. During ablation, the integrity
of the phrenic nerve can be ascertained by pacing from the superior
vena cava above the ablation site to ensure continuous capture during
ablation, monitoring the compound motor action potential of the diaphragm, or by fluoroscopic monitoring of diaphragmatic excursion
during spontaneous breathing (not mechanical ventilation). Energy
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delivery should be promptly stopped at the first sign of phrenic nerve
dysfunction. Maintaining a proximal/antral location during ablation
near the right superior PV is essential.

collateral damage, and simultaneous left or right coronary angiography
should be performed in the same way and with the same attention as
during catheter ablation in the ASCs.84,85

Other Unintended Effects of Radiofrequency Delivery

Heart Failure

The acute development of pulmonary edema has been reported following AF ablation and can be triggered by administration of large
amounts of intravenous fluids with irrigated RF or by an alteration in
the atrial natriuretic peptide secretion because of ablation. LA edema
can occur as a direct result of ablation, resulting in LA wall stiffness,
which can cause congestive heart failure.70 It usually resolves rapidly,
but diuretics are sometimes required to manage this complication.

Scar-related VTs often occur in patients with congestive heart failure
associated with ischemic and nonischemic cardiomyopathy. During
catheter ablation of scar-related VTs, frequent inductions of VT and
prolonged mapping during the VTs may be attempted, and multiple cardioversions may be required to terminate unstable VTs. These
factors can worsen heart failure.86 In addition, when an externally
irrigated catheter is used, attention should be paid to the volume
infused to prevent volume overload during prolonged procedures.
When the patients have concomitant chronic kidney disease, the
potential risk of a heart failure exacerbation increases.87 Deployment of hemodynamic support systems may be helpful for preventing a heart failure exacerbation during or after catheter ablation of
scar-related VTs.88

Iatrogenic Tachycardias
New onset organized LA tachycardias are common after AF ablation
with a reported incidence between 5% to 25%.30,31,71 The incidence
of these arrhythmias is higher following circumferential PV ablation
compared with segmental PV isolation and is even higher when linear
ablation is performed within the LA.72 Focal atrial tachycardias typically occur following segmental PV isolation from reconnected PVs
or the LA roof, and appear to be predominantly caused by microreentry.71,73 Gaps in circumferential or linear lesions serve as the ideal
substrate for macroreentrant tachycardias (flutters), which typically
occur around the mitral annulus or ipsilateral PVs or the fossa ovalis.71,74 Organized atrial tachyarrhythmias typically manifest early
postablation, and patients are frequently symptomatic because of a
faster ventricular rate than what they had experienced in AF. Many of
these are self-limited and spontaneously resolve in 3 to 6 months. The
initial strategy should therefore involve AV node blocking agents and
cardioversion. Antiarrhythmic drugs are typically ineffective. Ablation
should be deferred for at least 3 months in most cases, because the
majority of these that resolve will do so by that time. For patients with
persistent arrhythmias after this period, ablation is quite effective, with
long-term success rates greater than 80%.
To minimize the occurrence of iatrogenic organized tachycardias,
careful attention must be paid to ensure PV isolation. It is important
to avoid linear ablation unless indicated. If mitral isthmus or roof lines
are made, bidirectional block across these ablation lines should be
confirmed.

VENTRICULAR TACHYCARDIA
Coronary Artery Injury
Some VTs can be successfully ablated within the aortic sinus cusps
(ASCs),75–78 coronary venous system,79 or on the epicardial surface of
the ventricles.80,81 When an RF application is delivered close to the coronary arteries, the coronary arteries will be susceptible to heat damage
which may result in spasm, stenosis and an occlusion82 of the coronary
arteries, and thrombus formation. To prevent this complication during
catheter ablation within the ASCs, selective angiography of the coronary artery and/or aorta should be performed before the ablation to
assess the anatomic relationships between the coronary arteries and the
location of the ablation catheter. Calcifications of the coronary arteries
in older patients may also facilitate delineation of the ostium of the
coronary arteries. RF ablation should be applied under continuous fluoroscopic observation with an angiographic catheter positioned within
the ostium of the coronary artery.76,77,83 The outline of the ASCs and
flow in the coronary artery are observed by hand injections of contrast
every 15 seconds during RF applications. An RF application should
never be delivered within 5 mm of the coronary artery.84,85 During
epicardial catheter ablation using either the transvenous or intrapericardial approach, there is also a potential risk of coronary injury as

EPICARDIAL CATHETER ABLATION
Potential complications associated with epicardial catheter ablation
procedures are relatively rare, and the procedures are generally
safe.10–13,80,81,89–96 However, epicardial access and ablation can result
in a variety of uncommon complications.14 The electrophysiologists
should be aware of these potential complications and know how to
minimize their occurrence and how to rapidly recognize and treat any
complications that they encounter. Therefore these procedures should
be done at well-experienced heart rhythm centers.

Complications Related to the Pericardial Access
Most critical complications can occur during the pericardial access.
During transthoracic epicardial access,10–13 an inadvertent puncture of
a cardiac vessel or chamber may sometimes occur with a “dry” puncture when there is only a few milliliters of normal pericardial fluid.
Careful preparation and detailed knowledge of the underlying anatomy may be the key to prevent these complications. The subxiphoid
approach involves blindly passing a needle from the skin, through the
subcutaneous fat, rectus muscle, and usually the diaphragm. In patients
with congestive heart failure, the left lobe of an enlarged liver may also
be punctured.14 Arterial vessels in any of these structures may be punctured. To minimize these complications, systemic anticoagulation with
heparin should not be administered or its effects must be reversed if
already administered before attempting epicardial access.
Inadvertent puncture of the RV is relatively common. However,
in patients who are not anticoagulated, RV perforations are usually
benign if only the needle or guidewire has entered the chamber. Therefore it is important to recognize the RV perforation before introducing the pericardial sheath. RV perforations may be easily recognized
with a contrast injection. If the needle is within the RV, it should be
slightly retracted until contrast is seen surrounding the heart within
the pericardial space. At this point, an attempt to feed the guidewire
into the pericardial space may be made rather than withdrawing the
needle completely and starting anew. However, even with this precaution, the guidewire may still be introduced into the RV through the
needle. The first sign suggesting this may be arrhythmias and is usually
a run of premature ventricular complexes coming from the RV outflow
tract while the guidewire is advancing through it. The second sign may
be the lack of a typical appearance of the guidewire in the pericardial
space on the fluoroscopic images as more guidewire is advanced.97 It
is essential to observe the guidewire in the LAO projection, and that
it hugs the left cardiac silhouette, crosses more than one chamber, and
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is circumferential to both the right and left heart. Observation in the
RAO or anteroposterior projection alone can be misleading.
With a transthoracic pericardial approach, approximately 10% to
30% of patients experience some degree of pericardial bleeding that
can be managed with percutaneous drainage from the pericardial catheter. It is not uncommon to aspirate 10 to 30 mL of bloody drainage
from the pericardial catheter early in the procedure. However, if a large
amount of blood is present in the pericardial space, it can be autotransfused through a venous sheath. In general, bleeding ceases within 5 to
10 minutes and is self-limited. If hemostasis cannot be obtained in this
way, surgical repair should be considered without delay. In case the
sheath had been introduced into the RV by mistake, a second attempt
to obtain the correct pericardial access while leaving the first sheath in
place should be performed. The sheath may be surgically removed after
the epicardial catheter ablation has been completed.
Infrequently (0.5% in one case series10–13), intraabdominal bleeding
may occur during the pericardial puncture, resulting in a hemoperitoneum, which may require a blood transfusion and surgical hemostasis. Bleeding within the liver may occur when the needle penetrates an
enlarged liver, which covers the course of the puncture needle in heart
failure patients.14 Abdominal pain or hypotension should prompt a
search for intraabdominal bleeding. Blumberg’s sign (rebound abdominal tenderness) may lead to the diagnosis of this complication. Therefore conscious sedation may be preferred so that this finding may be
detected early.
When positioning the pericardial sheath and introducing a mapping catheter through the sheath, air may be inadvertently introduced
into the pericardial space (Fig. 38.5).98 Pericardial air may be easily
recognized in the apex on the fluoroscopic images and rarely causes
cardiac tamponade. However, it may elevate the defibrillation threshold, especially for a transthoracic defibrillator, because the air is likely
to stay in an apical site that is most anteriorly located in the supine

position.98 In VT ablation, cardioversion is often required for rescue
from VT or ventricular fibrillation. Therefore during an epicardial
catheterization via a pericardial puncture, careful attention should be
paid to prevent entry of significant amounts of air into the pericardial
space and any air thus introduced should be evacuated from the pericardial space.
Other complications from the pericardial access include retained
intrapericardial guidewires, left pleural puncture with hemopneumothorax, abdominopericardial fistulae, and gastric-pericardial fistulae.99
It has been suggested that a 0.025 in a guidewire should be avoided to
minimize the risk of guidewire fracture within the pericardium.

COMPLICATIONS DURING MAPPING AND
ABLATION
Pericardial Effusion
The use of an externally irrigated ablation catheter requires attention
to the amount of pericardial fluid that is instilled within the closed
pericardial space because cardiac tamponade may result. Therefore
the pericardial fluid should be continuously aspirated through the
sheath.97 Use of lower external irrigation flow rates, such as 1 mL per
minute during mapping and 10 to 17 mL per minute during ablation,
may help to control the fluid accumulation in the pericardial space
where thrombus formation does not pose a risk of embolization.

Damage to the Epicardial Vessels
Epicardial mapping and ablation may damage the epicardial vessels,
coronary artery, or coronary venous system. This damage includes
laceration of vessels,14 acute coronary artery spasms,14 and coronary
artery occlusions. The susceptibility to coronary artery damage by the
RF ablation is inversely proportional to the proximity of the ablating
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Fig. 38.5 A 12-lead electrocardiogram of the ventricular tachycardia that was ablated (left panel), fluoroscopic
image demonstrating air aspirated into the pericardial space (arrowheads) (upper right panel), and cardiac tracings exhibiting induction of ventricular fibrillation by programmed ventricular stimulation and multiple extrathoracic cardioversions (lower panels). ABL, ablation catheter; CS, coronary sinus;RAO, Right anterior oblique;
RV, right ventricle. The other abbreviations are as in the previous figures.
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electrode and vessel size.79 It is important to maintain a distance of
more than 5 mm between the coronary artery and distal electrode of
the ablating catheter at all times throughout the cardiac cycle to reduce
the risk of the coronary artery damage during RF ablation. Coronary
angiography must be performed to determine a safer area for the RF
ablation. Because the base and anterior and posterior septal areas
are considered more dangerous zones, coronary angiography should
be performed before and during RF ablation in these areas. Chronic
damage can occur to the coronary arteries despite the absence of acute
effects. When the target ablation site is located adjacent to the coronary
arteries, cryothermal ablation may be an alternative.

Phrenic Nerve Injury
Injury to the right and left phrenic nerves and consequent diaphragmatic paralysis is a well-recognized complication of epicardial ablation. This is especially relevant to epicardial ablation for VT associated
with nonischemic cardiomyopathy because the proximity of the left
phrenic nerve is often adjacent to the VT substrate. The course of the
left phrenic nerve is in the vicinity of the LA appendage and high and
posterolateral wall of the LV at the level of the mitral valve annulus, and
variable along the basal border of the LV.33 The phrenic nerve is vulnerable to heat as well as cold and cryothermal ablation seems unlikely to
prevent this complication.35
Pacing maneuvers can assist in identifying the phrenic nerve course
as well as ensuring an apparent safe distance for ablation. Before epicardial ablation in the dangerous areas described above, pacing is usually
performed at a high output of 20 mA at a pulse width of 2 ms to ensure
the lack of phrenic nerve capture. If patients are paralyzed under general anesthesia, diaphragmatic motion with phrenic nerve stimulation
during pacing cannot be used to assess the likelihood of phrenic nerve
injury. Therefore conscious sedation may be a better choice during epicardial ablation with an expected risk of phrenic nerve injury (or at
least avoidance of paralytic agents at this time in the procedure).
When catheter ablation has to be performed adjacent to the right
and left phrenic nerves, phrenic nerve injury may be avoided by interposing a sheath, balloon,100 or even air101 and saline102 in the pericardium between the ablation site and the nerve. Air and/or saline should
be gradually injected via a hemostatic sheath into the pericardium until
loss of phrenic nerve capture with careful monitoring of the blood
pressure to prevent any iatrogenic cardiac tamponade. In the technique
using a balloon catheter in the pericardial space to mechanically separate the left phrenic nerve from the ablation catheter, a steerable outer
sheath may be helpful for guiding the balloon placement and providing
additional support and stability.
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avoidance of ablation over the esophagus may help to eliminate inadvertent injury around the esophagus. Although small pulmonary lesions
can be anticipated, no clinical significance has been reported.

POSTPROCEDURAL COMPLICATIONS
Pericarditis
Symptomatic pericarditis is a common complication of epicardial ablation. The clinical signs suggesting this complication include precordial
distress and a pericardial friction rub. This complication is usually
mild, of a limited duration, and often responds well to oral nonsteroidal antiinflammatory medications. However, the intensity of the
pericardial inflammatory reaction varies considerably,106 and chronic
drug-refractory pericarditis has been reported.99 In general, the longer the procedure and larger the number of epicardial applications,
the more severe the epicardial inflammatory reaction. To prevent pericarditis, several measures may be recommended. First, all pericardial
sheaths should be removed at the end of the procedure unless there is
continued bleeding. Second, 0.5 to 1 mg per kg of methylprednisolone
or 2 mg/kg of an intermediate-acting corticosteroid (triamcinolone)
should be injected intrapericardially. This treatment may prevent the
postprocedural inflammatory adhesion formation especially if a repeat
procedure is necessary.

Pleuritis
Symptomatic pleuritis may occur after the procedure. The clinical
sign suggesting this complication may be dyspnea and a pleural friction rub. This complication may be similar in its clinical course to
pericarditis and respond well to oral nonsteroidal antiinflammatory
medications.

INAPPROPRIATE SINUS TACHYCARDIA
In the catheter ablation of an inappropriate sinus tachycardia, the sinus
nodal function is modified by ablation targeting the upper part of the
sinus node where automatic cells with the most rapid rates are located.
Complete destruction of the sinus node by the ablation can result in sick
sinus syndrome. Another specific complication in this ablation procedure is right phrenic nerve palsy because anatomically, the right phrenic
nerve is a pericardial structure running beside the sinus node. A strategy
to prevent this complication is discussed in the previous sections of AF
and epicardial catheter ablation. An occlusion of the superior vena cava
has been reported with a sinus node modification as well.107

Damage to the Esophagus, Vagus Nerve, and Lungs

   C O N C L U S I O N

During epicardial ablation, there is also a potential risk of collateral damage to structures that surround the heart such as the esophagus, vagus
nerve, and lungs. Ablation of the left atrial posterior wall may damage
the esophagus and left branch of the vagus nerve, which runs along the
esophageal anterior wall toward the stomach, resulting in critical complications such as an atrioesophageal fistula formation61 or delayed gastric emptying.68 Real-time visualization of the esophagus with barium103
or a radio-opaque marker104 esophageal temperature monitoring105 and

Complications associated with catheter ablation of cardiac tachyarrhythmias can occur during and after this procedure. Electrophysiologists who attempt catheter ablation should understand the potential
complications associated with this technique, how to minimize their
occurrence, and how to rapidly recognize and treat the complications
that they encounter. If these complications are managed appropriately,
the outcome is usually excellent.
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Video
Video 38.1 A, Significant pericardial effusion before the drainage.
Notice that the heart is seen moving within the cardiac silhouette,
but the left heart border does not travel inward with systole. B, Same
patient after the evacuation of the pericardial effusion. Notice the left
heart border now moves inward with systole.
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Atrial Transseptal Catheterization
Pasquale Santangeli, Mathew D. Hutchinson

KEY POINTS
• A
 detailed understanding of the anatomy of the atrial septum and
its relationship with critical structures such as the aortic root and
the posterior atrial wall is crucial to safely perform transseptal
catheterization.
• A biplane fluoroscopy-guided technique using conventional
fluoroscopic landmarks guided by diagnostic catheters in
standard positions (e.g., coronary sinus, His bundle, noncoronary
sinus of Valsalva) is the historical standard for atrial transseptal
catheterization.

• I ntracardiac echocardiography and other specialized tools,
such as radiofrequency-assisted transseptal needles, have
significantly improved the efficacy and safety of atrial transseptal
catheterization. These tools greatly facilitate transseptal
catheterization in patients with challenging anatomy, such as a
thickened or aneurysmal interatrial septum or the presence of an
atrial septal closure device.

INTRODUCTION

screen in the right anterior oblique (RAO) projection. Although the septal RA and LA walls are large structures, the true septum suitable for TSC
is considerably smaller and coincides with the fossa ovalis and its limbus
or muscular rim.16 In a transesophageal echocardiography (TEE) study,
Schwinger et al. showed that the muscular rim around the fossa ovalis is not
always a distinct and prominent structure, and a gradual thinning without a clear muscular rim can be found in up to 20% of cases15 (Fig. 39.1).
This is particularly important for the TSC technique, because most operators rely on the tactile and visual feedback of a “jump” when withdrawing
the transseptal sheath and needle from the superior vena cava (SVC) to
the fossa ovalis, corresponding to the passage between the limbus (superior) and the fossa ovalis (more inferior) (see Section 5.2). It is important
to emphasize, to avoid complications such as intramural septal hematoma, particularly in fully anticoagulated patients. That although the
muscular rim is a part of the true septum, it should not be routinely targeted for TSC (Fig. 39.2, Video 39.1). The fossa ovalis, the only structure
that should be targeted for TSC, is a fibromembranous structure with a
thickness ranging from 0.5 to 1.5 mm. When viewed from within the RA,
the fossa ovalis appears as a crater-like translucent depression.15,17 The
normal fossa ovalis is an oblong structure; its superior-inferior diameter ranges from 10 to 31 mm, whereas the anterior-posterior diameter
measures 5 to 14 mm.18 The larger superior-inferior diameter of the fossa
ovalis has relevant implications when double TSC is required. In these
cases, it may be easier and safer to accommodate the transseptal sheaths
obtaining accesses at different “heights” (one more superior and one
more inferior), rather than at different planes in the anterior-posterior
dimension (see Fig. 39.1).
The RA septum located anterior to the fossa ovalis (which extends
to the septal leaflet of the tricuspid valve) overlies the transverse pericardial sinus and the aortic root; this invaginates the RA at the level
of the noncoronary sinus of Valsalva. The RA septal wall posterior to
the fossa ovalis is in continuity with the pericardial space. Therefore
puncturing the RA septum outside the fossa ovalis is associated with
high risk of cardiac perforation and/or puncture of the aortic root, with
potential for catastrophic complications (see Fig. 39.1).

Access to the left heart via the atrial transseptal catheterization (TSC)
was first described in 1959 by Ross and colleagues as an alternative
technique to the conventional transaortic approach to obtain leftsided hemodynamic measurements.1,2 Notwithstanding subsequent
technical refinements pioneered by Braunwald,3 Brockenbrough,4 and
Mullins,5 TSC for hemodynamic studies was initially adopted only by
few highly specialized institutions, because of the higher risk of potentially life-threatening complications such as cardiac perforation. The
development and widespread implementation of radiofrequency (RF)
catheter ablation for the treatment of cardiac arrhythmias in the 1990s
renewed interest in the transseptal approach to gain access to left heart
chambers for mapping and ablation.6,7 After the pivotal demonstration
by that focal discharges from the pulmonary veins (PVs) are implicated
in the initiation of human atrial fibrillation (AF),8 TSC became critical for catheter-based procedures to eliminate arrhythmogenic triggers
from the PVs,9 and is now considered a fundamental skill for any interventional electrophysiologist.10 Although the general technique of TSC
has not changed substantially over the years, important technologic
advances have made the procedure significantly easier and safer.11–14
This chapter will review the indications, techniques, and outcomes for
atrial TSC for invasive electrophysiologic procedures.

ANATOMIC CONSIDERATIONS FOR TRANSSEPTAL
CATHETERIZATION
A detailed understanding of the anatomy of the atrial septum is crucial
to safely perform TSC. When the heart is viewed from an attitudinal perspective, the right atrium (RA) is rightward and anterior, whereas the left
atrium (LA) is a leftward and posterior structure. As a result, the plane of
the interatrial septum (IAS) is not described by the anteroposterior sagittal plane, but is instead slanted from left anterior to right posterior.15 Fluoroscopically, the IAS is almost perpendicular to the plane of the screen
in the left anterior oblique (LAO) projection and faces the plane of the
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Fig. 39.1 Left: Autopsy specimen with the right atrial free wall removed. The fossa ovalis (FO) is visualized
with its muscular rim (MR). The fossa is located inferior and posterior relative to the noncoronary aortic cusp
(NCC), and posterior to the triangle of Koch. Right: A 3-dimensional reconstruction of a contrast computed
tomography is coregistered with an electroanatomic mapping system. Projections in the right (left image) and
left (right image) anterior oblique projections are shown. A quadripolar reference catheter is positioned along
the septal aspect of the tricuspid annulus to the distal poles recording a His bundle electrogram (not shown).
These images highlight the relative size and position of the fossa ovalis (red stippled circle) compared with the
adjacent structures. Image in right panel courtesy of John M. Miller, MD. Ao, Aorta; CS, coronary sinus; ER,
Eustachian ridge; LA, left atrium; LAO, left anterior oblique; MR, muscular rim; RA, right atrium; RAO, right
anterior oblique; SVC, superior vena cava; T, tendon of Todaro; TV, tricuspid valve.

Fig. 39.2 Left: A phased array intracardiac echocardiography (ICE) image shows a large intramural hematoma (H) contained within the inferior muscular rim of the interatrial septum. Both free fluid and organizing
thrombus are visible. This complication can occur with inadvertent puncture through the muscular rim. Right:
An ICE image shows an intramural hematoma along the posterior left atrial (LA) wall. This complication may
occur when the transseptal needle crosses too posteriorly.

INDICATIONS FOR ATRIAL TRANSSEPTAL
CATHETERIZATION
The location of septal crossing can be optimized for the specific procedure performed (Fig. 39.3, Video 39.2). In general, a posterior crossing is optimal when targeting posterior LA structures (e.g., the PVs
during AF ablation). For patients undergoing AF ablation with either
magnetic navigation or balloon technologies, it may be more favorable

to puncture the fossa in a more anterior and inferior location. The
magnetic navigation catheter requires a greater working length within
the LA to allow full deployment of the catheter-based magnets. An
anterior and inferior fossa approach for balloon PV ablation greatly
facilitates access to the right inferior PV. An anterior approach is also
more favorable to access the left atrial appendage (LAA) (e.g., to place
percutaneous LAA closure devices) or the mitral valve annulus (e.g., to
gain access to the left ventricle (LV) for mapping and/or ablation, for
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Fig. 39.3 Phased array intracardiac echocardiography (ICE) (right), right anterior oblique (left), and left anterior
oblique (LAO; middle) fluoroscopic images taken during transseptal catheterization. Each of the four rows of
images is taken simultaneously with the transseptal apparatus positioned at different locations. In the first row,
the transseptal needle is directed toward the aortic root at the level of the sinotubular junction; note the anterior
and superior fluoroscopic appearance obtained from this location (relative to the coronary sinus [CS] catheter).
In the second row, the transseptal needle has been withdrawn and rotated in a clockwise manner; the needle
is now directed toward the left atrial appendage (LAA) and mitral valve. This angle of crossing is often favorable
to facilitate: (1) left ventricular access for ventricular tachycardia ablation; (2) mapping the mitral annulus during
accessory pathway ablation; or (3) placement of a LAA closure device. In the third row, the transseptal needle
has been rotated further in a clockwise manner; now the needle is directed toward the left-sided pulmonary
veins. Note the relatively parallel alignment of the transseptal sheath and the CS catheter. This is the optimal
angle of crossing for pulmonary vein isolation. In row four, the transseptal apparatus has been rotated further
clockwise posteriorly. The needle is now directed toward the posterior left atrium wall (P); inadvertent puncture
of the atrial wall can occur with this approach. ICE is particularly helpful at illustrating the distance available for
crossing at in each orientation. Note the similarity in transseptal sheath position in the LAO projection for positions 2–4. Ao, Aorta; LA, left atrium; LI, left inferior pulmonary vein; LV, left ventricle; RA, right atrium.
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placement of endocardial pacing leads, or to target a left-sided accessory pathway).
A transseptal approach is also recommended when there are contraindications to retrograde transaortic approach to the LV, such
as the presence of severe aortic valve disease, a mechanical aortic
prosthesis, significant aortic atherosclerosis, and/or an aortic aneurysm. For all the other left-sided procedures, such as mapping and
ablation of accessory pathways or ventricular tachycardia (VT), TSC
is alternative to the conventional retrograde transaortic approach,
with different relative merits and limitations. For instance, the TSC
has the advantage of avoiding arterial access, thus minimizing the
time needed for complete postprocedural vascular recovery. In our
experience, mapping the circumference of the mitral annulus is more
easily performed via a transseptal approach; this is particularly evident during catheter mapping of left-sided accessory pathways. These
two approaches were compared in a series of 106 patients undergoing catheter ablation of a left-sided accessory pathway. A transseptal
approach was adopted as a first-line method in 51 (48%) subjects;
the remaining patients underwent ablation with a conventional retrograde approach. The authors reported no difference in total procedure time (220 ± 12.8 min vs. 205 ± 12.5 min) or fluoroscopy time
(44.1 ± 4.4 min vs. 44.7 ± 5.1 min). Of note, the retrograde approach
was associated with higher incidence of periprocedural complications
or crossover to the other technique (42% vs. 11%, P <.01).19 Similar
results have also been reported in another series.20 Although the retrograde approach is often preferred to TSC for mapping and ablation
of VT, certain structures (e.g., papillary muscles) may be more easily
sampled with a TSC approach in selected patients. The presence of left
atrial thrombus or mobile mass constitutes a relative contraindication
to TSC. In addition, TSC should be avoided for patients in whom persistent right-to-left shunting would be unfavorable (e.g., concomitant
LV assist device).

INTRAPROCEDURAL PATIENT MANAGEMENT:
SEDATION, ANTICOAGULATION STATUS
Proper procedural sedation is important to avoid unpredictable patient
movements and/or respiratory excursions during the TSC, which
might result in significant shifts of the transseptal sheath and needle
positioning once the fossa ovalis is engaged. A recent study evaluated
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the impact of the phase of respiration on catheters positioned in the
central venous system using computed tomography (CT).21 This study
showed that, during inspiration, a catheter positioned in the RA might
shift superiorly by an average of 9 mm. Such an inspiratory shift during
TSC could result in inadvertent puncture of the muscular rim of the
septum or the roof of the LA.
The practice of uninterrupted warfarin during AF ablation is
commonly used. A recent metaanalysis including more than 27,000
patients undergoing catheter ablation of AF showed a significant
reduction in periprocedural thromboembolism with an uninterrupted warfarin strategy compared with low-molecular-weight heparin bridging (odds ratio [OR], 0.10; 95% confidence interval [CI],
0.05 to 0.23; P <.001).22 Although the incidence of major bleeding
complications did not differ between the two anticoagulation strategies, minor bleeding was significantly less common in patients undergoing ablation procedures during uninterrupted warfarin therapy
(OR 0.38; 95% CI, 0.21–0.71; P=.002).
Before the widespread implementation of intraprocedural imaging with intracardiac echocardiography (ICE) to guide the TSC, systemic anticoagulation was typically withheld until the achievement
of LA access to minimize the risk of major bleeding (e.g., in case of
inadvertent puncture of the aorta or cardiac perforation). Delaying
the initiation of systemic anticoagulation until after TSC may increase
the risk of sheath-associated thrombus formation detected with ICE
imaging; thus we routinely initiate anticoagulation before insertion of
the transseptal sheaths23 (Fig. 39.4, Video 39.3). In a subgroup analysis
of eight studies included in the metaanalysis by Santangeli et al.,24–31
four prescribed heparin administration before TSC.24,29–31 The composite end point of major bleeding and periprocedural systemic thromboembolism occurred in 75/4257 (1.76%) patients in whom heparin
was administered before left atrial access, as compared with 16/436
(3.67%) of those in whom heparin was administered immediately after
the transseptal access (TSA) (OR, 0.47; 98% CI, 0.27–0.81; P = .007).
These results strongly support the administration of heparin before left
atrial access, particularly when ICE imaging is available to optimize
the puncture site. In addition, lower levels of anticoagulation (activated clotting times 250–300 seconds) are associated with an increased
incidence of both sheath-associated and in situ thrombosis in patients
undergoing AF ablation; using a higher target activated clotting time
(ACT; 300–350 seconds) may decrease this occurrence.32

RA

LA

Fig. 39.4 Left: Intracardiac echocardiography (ICE) image showing a large thrombus (arrows) adherent to the
junction of the transseptal sheath and dilator during fossa tenting. This thrombus occurred despite therapeutic systemic anticoagulation (international normalized ratio, 3.0; activated clotting time, 360 seconds). ICE
allows the operator to identify such thrombi before passing the sheath into the systemic circulation. Right: A
3x2 mm thrombus aspirated from the transseptal sheath in the left panel.
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TECHNIQUES AND TOOLS FOR TRANSSEPTAL
CATHETERIZATION
General Considerations
The basic tools for TSC are the transseptal sheath and needle (Fig.
39.5). Standard nonsteerable transseptal sheaths (e.g., LAMP series or
SL series, St. Jude Medical, St. Paul, MN) are available in two sizes (8 F
and 8.5 F) and different lengths ranging from 63 to 81 cm with built-in
67 to 85 cm dilators; the system can accommodate a 71- to 89-cm
Brockenbrough needle or a standard 0.032-inch guidewire. Steerable
sheaths (e.g., Agilis™, St. Jude Medical, St. Paul, MN) are usually available in only one size (8.5 F) and two lengths (61 cm or 71 cm), and can
also accommodate a 71- to 89-cm transseptal needle or a 0.032-inch
guidewire.
The design of the transseptal needles is standardized and consists of
a proximal hub containing a flange with a flat and a pointed end (arrow,
indicating the plane of the needle curvature) and a distal end. The
great majority of transseptal punctures are performed with the standard needle curvature (BRK, St. Jude Medical, St. Paul, MN), although
different curvatures might be needed for large (BRK-1) or very small
(BRK-2) atria. The choice of transseptal sheath and needle can be tailored to the operator’s preference and/or individual patient anatomy;
however, for AF ablation procedures, the use of steerable sheaths has
been shown to improve procedural outcomes.33,34 A recent prospective
randomized trial evaluated the benefit of a steerable sheath compared
with a conventional nonsteerable one.33 Freedom from recurrent AF/
atrial tachycardia after a single procedure was significantly higher in
patients undergoing ablation with a steerable sheath (76% vs. 53% after
6 months, P = .008); in addition, fluoroscopy time was lower when a
steerable sheath was used (33 ± 14 min vs. 45 ± 17 min, P < .001).33 In a
recent study by our group including 300 consecutive patients undergoing AF ablation, the use of steerable sheaths was also shown to improve
long-term arrhythmia-free survival as well as rates of both acute and
chronic PV reconnection.34 Therefore the available evidence largely
supports the use of steerable sheaths in the setting of AF ablation. The
use of a larger diameter curve for the steerable sheath is quite useful
in AF ablation patients with dilated atria or when ablation at the valve

annuli is required (e.g., mitral or tricuspid flutter ablation, LV ablation). In the following section, the specific techniques to obtain TSC
will be reviewed.

Fluoroscopy-Guided Transseptal Catheterization
The fluoroscopy-guided technique is still commonly used for atrial
TSC. A correct understanding of the fluoroscopic anatomy based on
conventional landmarks is crucial to safely perform the TSC (Fig.
39.6). To locate the approximate region of the fossa ovalis, it is important to validate the position of the IAS and of other critical anatomic
structures, such as the aortic root. For this purpose, diagnostic catheters are usually positioned in standard locations, such as the coronary
sinus and/or the His bundle region, to define the plane of the posterior
atrioventricular groove and the anterior septum. The LAO fluoroscopic
angle should be adjusted to have the His bundle, which marks the anterior septal plane, perpendicular to the plane of the screen; the RAO
projection is then adjusted to be perpendicular to the LAO projection,
with the coronary sinus catheter foreshortened. As mentioned, the His
bundle catheter is an important reference to mark the site of the aortic
root; alternatively, some investigators position a pigtail catheter in the
aortic root as a fluoroscopic landmark. The pigtail catheter is usually
positioned within the noncoronary sinus of Valsalva (the most posterior portion of the aorta).
When the transseptal approach is obtained via the standard route
from the femoral vein, a long guidewire is typically inserted from the
femoral vein into the SVC. The transseptal sheath-dilator assembly is
then advanced over the guidewire until the dilator’s tip reaches the level
of the tracheal carina (see Fig. 39.6). The guidewire is then withdrawn,
the transseptal dilator is flushed with heparinized saline, and the transseptal needle (flushed with heparinized saline and connected to a small
syringe with contrast) is inserted into the sheath-dilator system. As
mentioned, the standard Brockenbrough needle has a pointer on the
proximal hub, which indicates the direction of the needle; the transseptal needle should be advanced under fluoroscopy and positioned
when the tip is just inside the distal end of the dilator. The proper orientation of the pointer hub (and needle tip) largely depends on the
individual patient’s anatomy, although a position between 4 o’clock and

Fig. 39.5 A variety of transseptal sheath shapes and lengths are available, and their selection is based upon
operator experience and the specific procedure performed. These sheaths all have small side holes for infusion, as well as radiopaque markers for fluoroscopic visualization. Because of their rigidity and navigability, we
find deflectable sheaths (left panel ) to be useful for a variety of applications. The degree of curvature of the
transseptal needle (right) can be tailored to individual patient anatomy.
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Fig. 39.6 Stylized sequential right anterior oblique (RAO; left) and left anterior oblique (LAO; right) fluoroscopic images taken during transseptal puncture. A decapolar catheter is placed within the coronary sinus
(CS) to define the atrioventricular valve plane. A quadripolar catheter is positioned at the atrioventricular (AV)
junction (i.e., His bundle electrogram recording) to define the superior aspect of Koch’s triangle and the inferior margin of the noncoronary aortic sinus of Valsalva. As the transseptal sheath is withdrawn in the RAO
projection (left: upper, middle, lower), the dilator tip is maintained between the posterior cardiac border and
the AV groove (defined by the CS catheter). In the LAO projection, there are two distinct rightward deviations
of the transseptal apparatus: (1) the superior vena cava (SVC)-right atrial junction (note right upper and middle
panels); and (2) the muscular rim of fossa (note right middle and lower panels). Ao, Aorta.

6 o’clock is typically adequate to maintain the needle perpendicular to
the plane of the fossa ovalis. At this stage, the transseptal sheath/dilator
and needle system are slowly withdrawn; when crossing the SVC-RA
junction, the tip dives inferiorly and posteriorly (i.e., rightward in the
LAO projection) (see Fig. 39.6, Video 39.4). Once in the RA, its characteristic pressure waveform is recorded. At this point, before further
withdrawing the system, the orientation of the dilator tip should be
confirmed in the RAO and LAO projections. In RAO, the orientation
of the dilator tip should be posterior to the His bundle (or pigtail catheter positioned within the noncoronary sinus of Valsalva) catheter and

parallel or slightly posterior to the plane of the coronary sinus catheter. Once appropriately oriented in the RAO projection, the system is
further withdrawn in the LAO projection. A second drop is typically
seen when passing from the muscular IAS into the fossa ovalis (see
Fig. 39.6, see Video 39.4). Once the fossa ovalis is engaged, the direction of the dilator tip is reconfirmed in the RAO projection. Once the
proper orientation of the dilator tip is achieved, the needle is advanced
slowly into the fossa ovalis in the LAO projection. In the absence of
pressure transduction, small quantities of dye may be injected through
the transseptal needle (Fig. 39.7, Video 39.5). If correctly positioned,
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Fig. 39.7 Fluoroscopic images in the right anterior oblique (left upper) and left anterior oblique (right upper)
projections during transseptal catheterization under fluoroscopic guidance. Contrast is injected through the
Brockenbrough needle to demonstrate tenting of the interatrial septum (arrows). A decapolar catheter is
placed at the septal tricuspid annulus to record a His bundle electrogram; this gives a fluoroscopic landmark
for the posterior and inferior aspect of the aortic root. Note permanent pacing leads in the right atrium (RA)
and right ventricle. Alternatively, continuous pressure transduction can be performed through the transseptal
needle. The bottom panel shows characteristic right atrial pressure tracing; dampening of the waveform is
noted when tenting of the fossa ovalis occludes the needle lumen. After crossing, the left atrial (LA) waveform is obtained.

the contrast stains the fossa in a curtain-like fashion, highlighting the
tenting of the fossa ovalis. If no tenting is observed or if contrast injection results in diffuse staining of the septum, the needle is likely at the
level of the muscular septum. To avoid complications such as cardiac
perforation or intramural hematoma, when appropriate positioning
cannot be confirmed, it is advisable to repeat the whole maneuver to
engage the true fossa ovalis. This requires withdrawing the needle from
the body, reintroducing the guidewire into the sheath-dilator system,
readvancing the system to the level of the tracheal carina, and repeating
the process of engaging the fossa ovalis. Sometimes, when pushing the
needle against the fossa ovalis, the whole system moves up toward the
muscular rim instead of tenting the fossa ovalis;18 this typically indicates that the curve on the transseptal needle is insufficient and should
be manually adjusted, by bending the mid-distal shaft of the needle to
better reach the septum. Once the needle is appropriately tenting the
fossa ovalis, the needle is advanced against the fossa ovalis and gently
pushed forward until it enters the LA. An additional contrast injection
confirms the correct positioning within the LA (the contrast dilutes
within the LA and enters the LV) (see Video 39.5). Correct positioning

of the needle in the LA may also be obtained by confirming an appropriate LA pressure tracing (see Fig. 39.7). If the injected contrast passes
upward or a systemic arterial pressure tracing is recorded from the
transseptal needle, puncture of the aortic root is likely. It is imperative
that inadvertent aortic puncture is recognized to avoid introducing the
transseptal dilator and/or sheath into the aorta. Once the transseptal
needle is within the LA, counterclockwise torque may be applied to
the whole system to prevent inadvertent puncture of the LA posterior
wall (see Fig. 39.2, Video 39.6). It is useful to then gently advance the
entire system into the LA with the needle exposed until the dilator
passes through the fossa ovalis. In this manner, the tented needle serves
to stabilize the fossa and thereby facilitates the crossing of the larger
diameter dilator. Once the dilator is positioned within the LA, the needle is withdrawn just inside the tip of the dilator. It is very important
that the needle remains “covered” by the dilator to prevent inadvertent
puncture of the LA wall; however, the needle should remain within
the LA near the tip of the dilator (i.e., on the left atria side of the septum) to provide support for the subsequent crossing of the transseptal
sheath. Failure to maintain adequate support from the dilator/needle
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Fig. 39.8 Tenting of the fossa ovalis with the transseptal needle (arrows) as visualized by mechanical (left)
and phased array (right) intracardiac echocardiography (ICE). Note the superior far-field imaging achieved
with phased array ICE. LA, Left atrium; LI, left inferior pulmonary vein; LS, left superior pulmonary vein; RA,
right atrium.

combination within the LA will often result in failure to cross with the
transseptal sheath and possibly the loss of LA access. When the transseptal sheath crosses into the LA, the TSC apparatus is seen to dive posteriorly (i.e., rightward in the LAO projection) toward the lateral LA
wall; tactile feedback also typically accompanies sheath crossing. Once
the sheath enters the LA, the operator should reflexively withdraw the
dilator and needle into the sheath to minimize potential trauma to the
atrial wall (Video 39.7). If tip pressure monitoring is used, as long as a
clear LA waveform is recorded, the tip is in the body of the LA (or in a
PV) and not against a wall. The dilator and needle are then withdrawn
together under continuous aspiration to prevent entrainment of air
within the transseptal sheath and subsequent air embolism.

Intracardiac Echocardiography Guided Transseptal
Catheterization

There are two commercially available ICE transducers: mechanical
(i.e., radial) and phased array systems. The radial ICE transducer is
mounted on a 9 F, nonsteerable catheter and emits an imaging beam
at a 15-degree forward angle, perpendicular to the long axis of the
catheter (Ultra ICETM, Boston Scientific, San Jose, CA). The transducer
rotates at 1800 rpm and produces a 360-degree imaging plane. The
fixed, 9-MHz transducer frequency provides excellent near-field resolution; however, far-field structures are poorly visualized with radial
ICE necessitating imaging proximate to the structure of interest (Fig.
39.8, Video 39.8).
The phased array ICE transducer contains 64 elements with frequencies ranging from 5 to 10 MHz (AcuNav™, Siemens Medical,
Mountain View, CA; View; View Flex Xtra, St. Jude Medical, St. Paul,
MN). This platform provides greater flexibility in imaging both adjacent and remote structures (imaging depth of up to 15 cm) (see Fig.
39.8, Video 39.9). The transducer is mounted on an 8 or 10 F catheter
that can be deflected in four directions (anterior, posterior, right, and
left) in addition to 360-degree axial rotation. Its steerability and low
profile allow the transducer to be navigated throughout any cardiac
chamber of interest. The phased array transducer is also capable of full
spectral and color Doppler measurements, greatly enhancing the physiologic data achievable.
The relevant ICE views to facilitate TSC are obtained with the
imaging transducer positioned in the mid-RA. To provide consistency
between patients in imaging technique, we initially position the transducer facing the tricuspid annulus, the so-called “home view.” From
the “home view,” gentle clockwise rotation to the ICE catheter brings

into sequential view: the anterior LA; the mitral valve and LAA; the left
PVs; the posterior LA wall; and the right PVs (Fig. 39.9, Video 39.10).
The aforementioned structures are all visualized in the far field through
the fossa ovalis. Occasionally the transseptal imaging resolution is
compromised by entrapment of the ICE catheter within the septum or
a suboptimal imaging plane (e.g., imaging through the thick superior
limbus of the septum). These limitations can often be easily overcome
by repositioning the imaging transducer.
One of the main advantages of ICE-assisted TSC is the possibility
to determine the optimal site of the septum through which to obtain
access (detailed in section 3); individualizing the puncture site
is very difficult using a fluoroscopy-only approach (see Fig. 39.3).
When applying clockwise torque to the ICE catheter, it can be easily
appreciated that the distance between the IAS and the LA posterior
wall and roof progressively shortens; therefore particular caution
should be exercised when using a posterior transseptal approach to
avoid cardiac perforation (see Video 39.2). Once the optimal plane
of the IAS has been determined, the TSC can be obtained with the
same methodology used for fluoroscopy-guided access, with the
additional advantage that ICE monitoring allows for direct visualization of the relationships between the fossa ovalis, the needledilator-sheath system, and the LA wall. Experienced operators can
use ICE as the only modality to guide the TSC, thus eliminating the
need for fluoroscopy.

Other Techniques and Imaging Modalities
Many operators perform AF ablation with two dedicated sheaths in
the LA. There are three commonly used techniques to obtain double
TSC: (1) dedicated punctures for each sheath; (2) a single puncture
through which two sheaths are placed with a double wire technique;
and (3) a single puncture after which the ablation catheter is advanced
into the LA alongside the original sheath through the original puncture site. In our experience, using separate puncture sites minimizes
interaction between the two transseptal sheaths, thereby facilitating
AF ablation. The relative merits of single versus dual TSC have not
been systematically evaluated, and therefore the choice is largely based
on operator preference.
TEE has also been used to guide TSC, with an incremental benefit compared with a fluoroscopy-based approach.35 The major limitations of intraprocedural TEE include the requirement for an additional
operator to manipulate the probe and the risk of esophageal trauma
from probe passage (particularly relevant given the extent of systemic
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Fig. 39.9 Phased array intracardiac echocardiography images obtained by placing the imaging transducer in
the mid right atrium. The “home view” is shown in the upper left frame. Sequential imaging planes (clockwise, upper left to middle left) are obtained by rotating the catheter in a clockwise fashion; all of the relevant
anatomy to guide transseptal puncture are visualized. Ao, Aorta; E, esophagus; LA, left atrium; LAA, left atrial
appendage; LI, left inferior pulmonary vein; LS, left superior pulmonary vein; MV, mitral valve; PA, pulmonary
artery; RA, right atrium; RI, right inferior pulmonary vein; RS, right superior pulmonary vein; RV, right ventricle.

anticoagulation during left atrial access). The widespread implementation of ICE imaging has greatly diminished intraprocedural TEE.
Novel imaging modalities, such as intraprocedural real-time magnetic
resonance imaging (MRI) or CT, are under active investigation.36,37

Fluoroless Transseptal Catheterization
A completely fluoroless technique to achieve TSC using a 3-dimensional
nonfluoroscopic mapping system has been recently described.38,39
This approach typically involves a combined use of ICE and the 3dimensional mapping system in lieu of the standard fluoroscopic RAO
and LAO projections. In brief, the right atrial anatomy is reconstructed
with a mapping catheter or with ICE, and the location of the fossa

ovalis is marked. The transseptal sheaths and coronary sinus catheter
are positioned without the aid of fluoroscopy under direct ICE guidance. For the transseptal access, either the standard Brockenbrough
needle or the RF needle (NRG RF Transseptal Needle, Baylis Medical,
Montreal, Canada) can be used; the latter can also be directly visualized
on the mapping system owing to its exposed electrode on the needle
tip. The challenges with this approach include the inability of directly
visualizing the location of the temperature probe for esophageal temperature monitoring, and the need for optimal acoustic windows to
fully rely on ICE imaging. The advantages consist of the lack of fluoroscopic exposure for the patient, the operator, and the laboratory staff,
as well as the benefit of not wearing lead aprons.
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APPROACH TO THE DIFFICULT TRANSSEPTAL
CATHETERIZATION
Anatomic Variants of the IAS
Morphologic variations in the structure of the IAS are common and
present unique challenges for TSC. The distortion of the intracardiac
anatomy may alter the reliability of the standard fluoroscopic technique
in these cases. The most common abnormality of the IAS is the patent
foramen ovale (PFO), an embryologic remnant that is encountered
in 20% to 30% of patients.40,41 The identification of inadvertent PFO
access may be difficult when using fluoroscopy alone in light of significant variability in septal anatomy; however, ICE imaging can readily
identify this occurrence (Fig. 39.10, Video 39.11). Fluoroscopic clues
of inadvertent PFO cannulation include septal crossing without needle deployment and a relatively superior and anterior site of crossing.
A PFO-based transseptal access greatly impedes catheter navigability
during AF ablation, particularly when targeting the right inferior PV.
Increased procedure times have also been reported during AF ablation
when accessing the LA through a PFO.42 It is our standard practice
to deliberately avoid PFO access when possible; ICE is invaluable in
this process. Other septal defects (e.g., secundum, primum, sinus venosus) are less common, present in 1.6 per 1000 live births.43 Secundum
defects account for 70% of all septal defects and are typically easily
accessible for TSC because they are located within the fossa ovalis (see
Fig. 39.10, Video 39.12).
The presence of an interatrial septal aneurysm, defined as a greater
than 10-mm excursion of the septum during the respiratory cycle,
is particularly prevalent in patients with a PFO44 (Fig. 39.11, Video
39.13). The common fluoroscopic manifestation of an IAS is excessive
tenting of the IAS into the LA in (seen in the LAO projection) without
needle deployment; however, the identification of an IAS aneurysm can
be difficult using fluoroscopy alone. In many cases, the degree of septal
tenting can be dramatic, extending to the lateral LA wall. In such cases,
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a relatively small distance is available for sheath crossing and the risk
of cardiac perforation is increased. ICE can be useful to fine-tune the
direction of needle crossing, thereby maximizing the space available
for crossing (see Fig. 39.11, Video 39.14).
Less common congenital IAS malformations such as the double IAS
or cor triatriatum pose specific challenges during TSC. The double IAS
may have direct communication with the right and/or LA, and because
of alterations in blood flow within the lumen may predispose to thrombus formation. In these rare cases, ICE may help to identify a fused
region of the septum (often the superior or inferior fossa adjacent to
the muscular rim) that avoids instrumentation and potential embolization of materials present in the interatrial channel45 (Fig. 39.12, Video
39.15).
Lipomatous hypertrophy of the IAS is found in up to 2.2% of
patients, and its presence is associated with advancing age, obesity, and
atrial arrhythmias.46 The fatty infiltration characteristically involves the
muscular rim but spares the fossa ovalis, thereby producing the classical “dumbbell” shaped IAS (see Fig. 39.12). The residual fossa may be
quite small, thus limiting the surface area available for sheath crossing.
Thickening of the IAS poses the biggest challenge in TSC for experienced operators. A thick IAS may be present without prior cardiac
instrumentation, however, is more common after repetitive TSC (e.g.,
repeat ablation procedures) or prior cardiac surgical procedures.47
These cases require the operator to exert significantly more forward
pressure to cross the septum, with the resultant potential for inadvertent puncture of the LA wall once the needle crosses the IAS (Video
39.16). In these cases, a detailed survey of the IAS with ICE may identify
heterogeneity in the degree of thickness, thereby permitting catheterization in a more favorable location (Fig. 39.13, Video 39.17). Septal
crossing may also be facilitated in these cases by minimizing the diameter of the transseptal sheath. Steerable sheaths (e.g., Agilis™) have larger
outer diameters and a greater step-up in diameter between the dilator
and sheath, thereby providing two barriers to septal crossing. In our

Fig. 39.10 Phased array intracardiac echocardiography images taken from patients with a patent foramen
ovale (PFO; left) and an ostium secundum atrial septal defect (ASD; right). Corresponding color Doppler
images are shown in the lower panels. The relatively superior and anterior location of the PFO makes catheter
manipulation challenging when used for transseptal access. In contrast, the relatively posterior location and
large size of the secundum ASD is favorable for direct left atrial (LA) access.
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Fig. 39.11 Phased array intracardiac echocardiography (ICE) images taken from two patients with an interatrial
septal aneurysm. The type of billowing fossa (arrows) pictured in the left panel often impedes catheter manipulation in the right atrium (RA). When the transseptal needle is advanced into the fossa ovalis (right panel), the
hypermobile and redundant septal wall often tents far into the left atrium (LA). Using ICE to fine tune the transseptal needle position to maximize the distance available for sheath crossing may avoid inadvertent perforation
of the LA wall. LI, Left inferior pulmonary vein; LS, left superior pulmonary vein; RV, right ventricle.

Fig. 39.12 Phased array intracardiac echocardiography (ICE) images taken from two patients with abnormalities of the interatrial septum. The left panel shows a double interatrial septum; the two layers of the septum
are marked with opposing arrows. In this case, ICE was useful to guide transseptal access through the inferior aspect of the fossa where the septum was fully fused. The right panel illustrates lipomatous hypertrophy
of the septum. LA, Left atrium; RA, right atrium.

Fig. 39.13 Phased array intracardiac echocardiography (ICE) images taken from two patients during transseptal
access, highlighting the value of ICE in optimizing the location of septal crossing. In the left panel, significant
heterogeneity in fossa thickness is seen; the superior aspect of the fossa is 5 mm (large arrow ) and the inferior
aspect is 2 mm (small arrow). Crossing a thicker aspect of the septum requires more force and may increase the
risk of procedure complications. The right panel is taken during an atrial fibrillation ablation procedure. Although
the orientation of crossing is typically quite favorable, this patient has an abnormal atrial morphology and relatively
mobile atrial septum. This results in only 5 mm of distance between the transseptal needle (arrow) and the posterior wall of the left atrium (LA). An inferior approach was challenging in this case because of the relative thickness
of the fossa. LA, Left atrium; LI, left inferior pulmonary vein; LS, left superior pulmonary vein; RA, right atrium.
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Fig. 39.14 Fluoroscopic (right anterior oblique, left; left anterior oblique [LAO] middle) and phased array intracardiac echocardiography (ICE; right) images taken during transseptal catheterization of a patient with a
percutaneous septal occlusion device (D). Septal crossing can be performed either around or through the
device (see text for details). In this case, ICE identified an intact segment of the fossa present below the
device. The position of the sheath during fossa tenting (arrow) is seen in the LAO and ICE images. LA, Left
atrium; LI, left inferior pulmonary vein.

experience, it is easier in these cases to perform the initial crossing with
a small diameter sheath, then exchange for the steerable sheath using
a stiff 0.032” exchange-length guidewire stabilized by placing its distal J-curve within the left PV (Video 39.18). Specialized techniques to
facilitate TSC in discussed further in Section 6.

Transseptal Catheterization in the Presence of an
Interatrial Septum Closure Device

Transcatheter closure with implantable devices is currently preferred to
surgical repair of atrial septal defects because of the significantly lower
risk of procedure-related morbidity, lack of requirement for cardiopulmonary bypass, and higher cost-effectiveness.48,49 Traditionally, the
presence of an IAS closure devices was considered a contraindication
to TSC, because of a perceived risk of trauma to the device, potential
device dislodgement, and postprocedural shunt. A recent study evaluated the feasibility and safety of TSC in the presence of an IAS closure
device in a series of 39 patients (82% with an Amplatzer® device, 18%
with a Cardioseal® device).50 Using ICE guidance, TSC was performed
either via a portion of the native septum not covered by the device
(90%) or through the device itself (10%) (Fig. 39.14, Video 39.19).
All direct device punctures were Amplatzer® devices implanted > 18
months; double TSCs were performed in all patients. Direct punctures
were achieved by progressive dilation of the TSC to 11-F using a stiff
exchange guidewire; the double TSC access required significantly more
time than puncturing the native septum (73.6 ± 1.1 vs. 4.3 ± 0.4 min,
P<.001).50 No procedure-related complications were encountered, and
contrast-enhanced echocardiographic study with the Valsalva maneuver between 3 and 6 months after the procedure showed no residual
shunt in any patient. More recently, Chen et al. reported a successful
case of TSC through an Amplatzer® device without ICE guidance.51 In
this case, the authors dilated the site of access within the device with an
angioplasty balloon (4 mm x 15 mm, Voyager NC; Abbott Vascular),
which was inflated to 16 atm. Also in this case, no procedural complications occurred and neither residual shunt nor device malformation
was observed at follow-up.

The Superior Approach to Transseptal Catheterization
A superior transseptal approach has been described for the placement
of endocardial LV pacing leads,52 as well as in patients with interruption of the inferior vena cava undergoing AF ablation procedures.53,54
In a case series of three patients with interruption of the inferior vena
cava, TSC was performed via the right internal jugular vein using
either a large curve 8 F sheath (Mullins or SL-3, St. Jude Medical,

St. Paul, MN) and a Brockenbrough needle manually bent to achieve
a 150-degree angle. The dilator-sheath system was initially placed over
a long guidewire at the level of the lower RA, close to the ostium of
the coronary sinus. At this stage, the guidewire was removed, the needle was inserted, and the system was gently pulled back and rotated in
a counterclockwise fashion to engage the fossa ovalis. Once the fossa
ovalis has been engaged, the basic methodology used for the TSC is the
same as when using a standard approach from the right femoral vein.
It is important to emphasize that, when adopting a superior approach,
the catheter movements are reversed and counterclockwise torque to
the needle-dilator-sheath system is necessary to maintain a posterior
orientation within the fossa ovalis.
More recently, a needleless technique to achieve TSC from a superior
approach has been described.55 With this approach, TSC is obtained
from the right internal jugular vein, using a steerable sheath (AgilisTM
40 cm length, St Jude Medical, St Paul, MN) advanced to the RA and
deflected to engage the IAS, as visualized by ICE. A 0.035-inch endovascular RF wire (PowerWireTM, Baylis Medical Inc., Montreal, Canada) is
then used to cross the IAS applying RF energy at the tip of the wire (10
W for 2 s). The dilator is then advanced into the LA over the RF wire.
To facilitate the advancement of the transseptal sheath over the dilator,
the RF wire can be exchanged for a 0.025-inch pigtail wire (ProTrackTM,
Baylis Medical Inc.). A novel pigtail RF wire (SupracrossTM, Baylis Medical Inc.) is now commercially available to allow superior transseptal
access minimizing the need for wire exchange (Fig. 39.15).

Transseptal Catheterization for Left Atrial Appendage
Occlusion Device Procedures

LAA occlusion is emerging as an effective device-based therapy for
stroke prevention in patients with nonvalvular AF.56,57 Percutaneous
LAA occlusion is typically performed under TEE guidance. ICE has
been previously described to guide LAA closure, although this has been
limited to small case series.58,59 A proper TSC technique is key for a
successful LAA occlusion device placement. In particular, to deliver the
occlusion device properly, it is important to have adequate space and
angle of attack for the LAA. Given the anterior and superior takeoff of
the appendage orifice, a posterior and inferior transseptal puncture location is optimal in most cases of LAA occlusion. The preformed delivery
sheaths for the WatchmanTM device are then advanced to the LAA orifice
by inserting and applying counterclockwise torque. Given the isodiametric nature of the WatchmanTM device, failure to approach the LAA orifice
along its longitudinal axis may both limit the working depth available for
device deployment and increase the likelihood of perforation.
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Fig. 39.15 Transseptal catheterization using a superior approach. In the left panel, a left anterior oblique fluoroscopic image demonstrates transseptal access using a superior approach. A deflectable sheath (AgilisTM
small curl, St. Jude Medical) is positioned in the right atrium via the right internal jugular vein and deflected
superiorly to engage the fossa ovalis. Direct visualization is achieved with intracardiac echocardiography (middle panel ). The access is performed with a dedicated radiofrequency wire and an exchange pigtail wire (ProTrackTM, Baylis Medical, right panel ). The pigtail wire is advanced in the left atrium to favor advancement of
the dilator and sheath in the left atrium.

Fig. 39.16 Transseptal catheterization in a patient with a lateral tunnel Fontan repair. In the left panel, contrast
injection shows flow from the inferior vena cava (IVC) and hepatic veins through the lateral tunnel Fontan
baffle to the branch pulmonary arteries. Of note, there is a stent in the left pulmonary artery (LPA), epicardial
pacemaker leads, and multiple embolization coils and vascular plugs from prior interventions. In the middle
panel, the transseptal needle and sheath, positioned in the mid-portion of the Fontan baffle, have passed
into the physiologic left atrium after transseptal puncture. Note the calcification in the medial portion of the
baffle. In the right panel, contrast injection through the dilator of the AgilisTM sheath confirms position in the
physiologic left atrium (LA).

Transseptal Catheterization in Patients With Congenital
Heart Disease

Patients with surgically-repaired congenital heart disease (CHD) are
encountered with increasing frequency in clinical practice. Many of
these patients have complex arrhythmias related to their postsurgical
substrate. Further complicating arrhythmia management for a specific
diagnostic entity are (1) heterogeneity in the specific surgical technique
used and (2) the presence of additional congenital abnormalities. Thus
comprehensive preprocedural evaluation is critically important in
CHD patients, with specific attention to obtaining (1) records from
prior corrective surgical procedures; (2) previous cardiac catheterization procedures and/or vascular imaging to ensure adequate lower
extremity access to the heart; and (3) tomographic reconstructions of
the heart to delineate the atrioventricular and ventriculoarterial relationships and potential atrial access routes.

The most common congenital abnormalities that provide challenging atrial access are (1) d-transposition of the great arteries repaired
with an atrial switch procedure (e.g., Mustard or Senning repairs) and
(2) Fontan patients (i.e., total cavopulmonary artery anastomosis). In
both of these clinical scenarios, patients commonly present with atrial
flutter circuits; however, in both situations some portion of atrium is
excluded from the systemic venous circulation by a variety of surgical graft materials. Thus the most efficient route to access the atrium
for mapping and ablation is to puncture through the surgical graft.
Whether these grafts are composed of native atrial tissue or synthetic
materials, their relative thickness can impede crossing with conventional TSC tools. A recent publication provides an excellent review and
stepwise approach to performing TSC in CHD patients.60 These procedures are facilitated by a combination of contrast angiography and
real-time ultrasound imaging (Figs. 39.16 and 39.17; Video 39.20).
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Fig. 39.17 Transseptal catheterization is performed in a patient with atrial situs inversus and D-looped ventricles. In this patient, the right-sided morphologic left atrium (LA) drains into a right-sided morphologic right
ventricle (systemic ventricle- SV); the left-sided morphologic right atrium (RA) drains into a left-sided morphologic left ventricle (pulmonic ventricle- PV). The cardiac apex points to the left. A 2-dimensional transverse
computed tomography slice, shown in the left upper panel, demonstrates the atrioventricular relationships.
Fluoroscopic images in the right (middle panel ) and left (right panel ) anterior oblique projections are shown
during transseptal catheterization. Note the presence of pacing leads in the RA and pulmonic ventricle, as
well as a mechanical prosthesis in the mitral position. An electroanatomic map (left lower panel ) shows an
activation pattern consistent with clockwise perimitral flutter; note reversal of the normal atrial relationship.
LAO, Left anterior oblique; RAO, right anterior oblique.

PROCEDURAL COMPLICATIONS AND TOOLS TO
LOWER THEIR RISK
There is a lack of contemporary prospective data regarding the rate
of procedural complications in patients undergoing TSC. For experienced operators, the anticipated rate should be less than 1%, especially
when real-time echocardiographic imaging is used. The most common
complication from TSC is cardiac perforation, which can occur within
the RA, the LA, the aortic root, or the LV septum. As described earlier,
the use of real-time imaging and/or fluoroscopic landmarks are critical
to avoid perforation. Contrast opacification of the fossa ovalis and or
intracardiac catheter landmarks can help define the appropriate plane
of crossing when ultrasound is not available. The use of continuous
pressure transduction through the transseptal needle can identify inadvertent LV or aortic puncture, thereby avoiding subsequent dilation
and sheath crossing. Less common complications include pulmonic or
systemic embolism with either air or thrombus. Diligent sheath and
wire management should greatly mitigate or eliminate the possibility
of inadvertent air embolism. After removal of needle and dilator, or
when exchanging electrode catheters, slow aspiration of sheath contents until all air is withdrawn from sheath and/or side port/hub chamber followed by flushing of the sheath with heparinized saline should
effectively preclude introduction of air into the LA. As mentioned previously, the administration of heparin before TSC has been shown to
reduce the incidence of catheter associated thrombus.
Novel technologies have been developed to facilitate TSC in patients
with difficult anatomic barriers. The SafeSept™ transseptal guidewire
(Pressure Products, San Pedro, CA) is a 0.014 inch x 135 cm “J” shaped
nickel titanium (nitinol) guidewire with a sharp tip that has been specifically designed to perforate the fossa ovalis with minimal applied pressure. Introduced through a standard Brockenbrough transseptal needle
while tenting the fossa, the wire assumes a J shape after it pierces the
fossa thus allowing for advancement within the LA with minimal risk of
perforation (Fig. 39.18; Videos 39.21 and 39.22). The wire is equipped
with a radiopaque coil on the shaft that allows for visualization under
fluoroscopy. The SafeSept™ wire was evaluated in 210 consecutive

patients undergoing left-sided electrophysiologic procedures; access
was achieved in 97.6% of patients, and 81% with a single pass.61 Conventional TSC was unsuccessful in 6% of patients from this series; all
were subsequently achieved successfully with the SafeSept™ wire.
The RF transseptal needle (NRG RF Transseptal Needle, Baylis Medical, Montreal, Canada) has been designed to facilitate the TSC. Available
in 56 to 91 cm lengths, the system can be used with a full spectrum of
transseptal sheaths. The NRG RF needle is 18 gauge proximally and 21
gauge distally, and it has a blunt noninsulated electrode tip (1.5 mm long,
1.3 F diameter) with two distal side ports for measuring pressure and
injecting contrast and fluids. The rest of the needle is covered by insulation material; the RF energy is delivered through a dedicated generator,
with a power setting of 10 W for 2 seconds (unipolar mode) (Fig. 39.19;
Video 39.23). This system was prospectively evaluated in 1167 unselected
patients undergoing AF ablation; both the failure to achieve TSC (0.17%
vs. 1.23%, P = .039) and the rate of pericardial effusion (0% vs. 0.92%,
P = .031) were lower in the RF needle group compared with the standard needle.11 Similar results were reported in a more recent singlecenter randomized trial in 72 patients undergoing LA access with either
a standard Brockenbrough needle or the NRG RF needle. In addition to
a lower TSC failure rate with the NRG RF needle (0% vs. 27.8%, P <.001),
the authors found grossly visible plastic shavings within the dilator after
needle advancement in one-third of cases with the conventional needle
compared with none of the NRG RF needle cases.62 In our experience,
and as acknowledged by the authors, advancement of the transseptal
needle into the dilator without its inner stylet is a likely mechanism for
the presence of shavings in these patients (Fig. 39.20). An RF-assisted
puncture can also be performed by applying RF energy from a surgical
electrocautery system to the proximal hub of a standard Brockenbrough
needle, with the generator programmed to 20 W in the cut mode.
More recently, a pigtail RF wire (SupracrossTM, Baylis Medical,
Montreal, Canada) has been released to facilitate TSC from a superior
approach. The wire has 180 cm length and 0.035 in diameter, and it is
insulated to the tip allowing delivery of RF energy to cross the IAS. The
distal portion of the wire forms a 2.5-cm diameter pigtail shape, which
facilitates tracking of the dilator/sheath transseptal apparatus.
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Fig. 39.18 Transseptal access using the SafeSept™ transseptal guidewire (Pressure Products, San Pedro,
CA). This 0.014 inch x 135 cm “J” shaped nitinol guidewire is equipped with a radiopaque coil on the shaft
that allows for visualization under fluoroscopy (red arrows). The wire assumes a J shape after it pierces the
fossa (upper right, white arrows), thus allowing for advancement within the left atrium with minimal risk for
perforation. After crossing, the J wire is advanced into the left pulmonary veins and provides support for
sheath crossing. See text for details.

Fig. 39.19 Transseptal access using the NRG radiofrequency transseptal needle (Baylis Medical, Montreal,
Canada). The needle hub is shown in the left panel. The side port is connected to the radiofrequency (RF)
generator, and the distal port can be used for pressure transduction. A phased array intracardiac echocardiography image is shown in the right panel. Note both the characteristic echo artifact and microbubble formation
(arrows) during RF application. LA, Left atrium; RA, right atrium.
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Fig. 39.20 Advancing the Brockenbrough needle without its stylet through the sheath dilator may traumatize
the lumen of the dilator. This can result in the liberation of small particles that are embolized with saline infusion (left), or passage of the needle through the wall of the dilator/sheath apparatus (right). Images courtesy
of Joshua M. Cooper, MD

   C O N C L U S I O N
Atrial TSC represents a fundamental skill for any interventional electrophysiologist. Its basic technique has not substantially changed over
the last 50 years, although important technical advancements have
refined the safety and efficacy of the procedure. Chief among these
advancements is the integration of ICE (1) to visualize the relevant

anatomy and its adjacent structures in real time; (2) to recognize variations in IAS anatomy; (3) to tailor the site of TSC for the specific procedure performed; and (4) to monitor for procedural complications. In
patients with anatomic variants of the IAS, the use of real-time imaging
and specialized tools are of particular value.
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Troubleshooting the Difficult Case
Problem

Possible Risk

Solution

Patent foramen ovale (PFO)

Inadvertent access through PFO, difficult
catheter manipulation

Use fluoroscopy or imaging to avoid fossa cannulation and to puncture the fossa in a conventional
location

Atrial septal aneurysm

Inadvertent puncture of the posterior left
atrial wall

Use of intracardiac echocardiography; guidewire-
based transseptal apparatus

Thickened interatrial septum (e.g., postsurgical,
prior transseptal catheterization)

Inability to obtain left atrial access, inadvertent cardiac perforation

Intracardiac echocardiography to target the thinnest
part of the septum; radiofrequency-assisted transseptal needle

Presence of an atrial septal closure device

Inability to obtain left atrial access, device
dislodgement

Intracardiac echocardiography to visualize the native
septum suitable for puncture or to guide access
when direct puncture of the device is necessary
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Videos
Video 39.1 Phased array intracardiac echocardiography image obtained
from the mid right atrium. The imaging sector is rotated in a clockwise
manner and reveals a large interatrial septal hematoma. See text for
details.
Video 39.2 Sequential phased array intracardiac echocardiography clips
demonstrating different orientations of the transseptal apparatus. See
text for details.
Video 39.3 Phased array intracardiac echocardiography image showing
a large thrombus attached to the transseptal sheath during tenting of
the fossa ovalis.
Video 39.4 Fluoroscopic cine loops in the right anterior oblique and left
anterior oblique projections demonstrating the characteristic movement
of the transseptal apparatus from the superior vena cava to the fossa
ovalis during transseptal catheterization.
Video 39.5 Fluoroscopic cine loops in the right anterior oblique and left
anterior oblique projections demonstrating transseptal catheterization
under fluoroscopic guidance. Contrast is injected through the Brockenbrough needle to demonstrate tenting of the interatrial septum. Contrast washout within the left atrium is shown after needle crossing. See
text for additional detail.
Video 39.6 A large intramural hematoma of the posterior left atrial wall
is visualized with phased array intracardiac echocardiography.
Video 39.7 Fluoroscopic cine loops in the right anterior oblique and left
anterior oblique projections taken during double transseptal catheterization. The video highlights the characteristic fluoroscopic movements
visualized during sequential needle, dilator, and sheath crossing.
Video 39.8 Mechanical or radial intracardiac echocardiography clip taken
during transseptal catheterization. Tenting of the fossa ovalis is seen.
Video 39.9 Tenting of the fossa ovalis during transseptal catheterization
as visualized with phased array intracardiac echocardiography.
Video 39.10 A baseline survey of the atrial anatomy is routinely performed before transseptal catheterization. The phased array intracardiac
echocardiography catheter is rotated in a clockwise fashion from the
initial mid right atrium (i.e., “home” view).
Video 39.11 Phased array intracardiac echocardiography clip showing
a patent foramen ovale. The corresponding color Doppler clip is shown
in the right panel.
Video 39.12 Phased array intracardiac echocardiography clip showing a
secundum atrial septal defect. The corresponding color Doppler clip is
shown in the right panel.
Video 39.13 Phased array intracardiac echocardiography clip demonstrating a large aneurysm of the interatrial septum.
Video 39.14 A phased array intracardiac echocardiography clip highlighting the dramatic tenting of the fossa ovalis toward the lateral left
atrial wall that occurs with an aneurysmal interatrial septum.

Video 39.15 A double interatrial septum imaged with phased array intracardiac echocardiography. Note the echodense substance present
within the lumen bounded by the two surfaces of the septum.
Video 39.16 Phased array intracardiac echocardiography clip taken
from a patient with thickening and fibrosis of the fossa ovalis resulting
from three prior transseptal punctures. Significant force was required to
pass the dilator through the septum. This resulted in minimal distance
between the exposed transseptal needle and the posterior left atrial
wall.
Video 39.17 Phased array intracardiac echocardiography clip from a
patient with a prior transseptal catheterization for atrial fibrillation ablation. Note the heterogeneity in thickness of the fossa ovalis, which
tapers significantly toward its inferior margin.
Video 39.18 Fluoroscopy cine loops (right anterior oblique and left
anterior oblique projections) taken during transseptal catheterization in
which a steerable sheath was unable to be passed into the left atrium.
A smaller diameter sheath was used for the initial crossing. This sheath
was then exchanged for a steerable sheath using the support of a stiff
guidewire.
Video 39.19 Phased array intracardiac echocardiography clip taken from
transseptal catheterization in a patient with a septal occlusion device.
Note the region of intact fossa ovalis at the inferior margin of the device.
Tenting of the transseptal sheath is seen in this region.
Video 39.20 Contrast venography shows flow from the inferior vena
cava and hepatic veins through the lateral tunnel Fontan baffle to the
branch pulmonary arteries. There is calcification in the medial portion of
the Fontan baffle. Flow is sluggish as is typical in this anatomy. Contrast
injection in the superior vena cava (SVC) shows flow through the Glenn
(SVC to pulmonary artery connection) to both branch pulmonary arteries. A small venous collateral to the right-sided pulmonary veins fills
late. The transseptal needle is within the Agilis TM sheath against the
Fontan baffle and is advanced across into the physiologic left atrium.
Injection of contrast through the dilator of the AgilisTM sheath confirms
position in the physiologic left atrium.
Video 39.21 Fluoroscopy cine loops (right anterior oblique and left anterior oblique projections) taken during transseptal catheterization facilitated by the SafeSept™ transseptal guidewire (Pressure Products, San
Pedro, CA). See text for details.
Video 39.22 Phased array intracardiac echocardiography clip taken
during puncture of the interatrial septum with the SafeSept™ transseptal guidewire (Pressure Products, San Pedro, CA). Note the J shape
assumed by the guidewire immediately after septal crossing.
Video 39.23 Phased array intracardiac echocardiography clip taken from
transseptal catheterization facilitated by the NRG radiofrequency transseptal needle (Baylis Medical, Montreal, Canada). Note the characteristic echo
artifact and microbubble formation during radiofrequency application.
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40
Special Considerations for
Ablation in Pediatric Patients
J. Philip Saul

KEY POINTS
• C
 hildren have the same variety of arrhythmia mechanisms as
adults, but with a different distribution and often in different
clinical settings.
• Despite physical similarities of older children to adults, children
are not just little adults when it comes to the choice to proceed
with and techniques for performing ablation; however, virtually all
the techniques used in adults, including epicardial approaches, can
be performed in pediatric patients.
• Ablation in infants and very small children carries a variety of
special risks and should be undertaken only after failure of medical
therapy and in the most experienced hands.
• The presence of structural congenital heart disease significantly
complicates any ablation procedure, demanding that the operator be
familiar with both the structural and electrophysiologic (EP) issues
at hand, particularly if atrioventricular discordance is present.
• Atrial flutter and fibrillation are rare arrhythmias in the pediatric
population in the absence of congenital heart disease but may be
amenable to catheter-based therapies.
• Atrial ectopic tachycardia, junctional ectopic tachycardia, and
the permanent form of junctional reciprocating tachycardia
can all manifest as incessant tachyarrhythmias with a dilated

The explosion in understanding and management of most arrhythmias
in adults over the last 30 years is both reflected and amplified in the
field of pediatrics. The application of procedures or devices commonly
used in the management of arrhythmias in adults remain somewhat
delayed in children because of technical issues related to size or lack of
regulatory approval. Other issues, such as a smaller number of patients
and a higher diversity of clinical characteristics and age, have limited
the ability to perform controlled therapeutic trials, even multicenter
ones. Despite these limitations, a combination of continued technical
developments in the miniaturization of devices, multicenter retrospective reviews2,3 and registries,4–7 occasional controlled clinical trials, and
the use of pharmacologic agents approved by the U.S. Food and Drug
Administration for adults8,9 has resulted in an equivalence in the armamentarium of adult and pediatric electrophysiologists. However, as is
reviewed in this chapter, the parity of tools does not necessarily imply
parity of disease and its management.
This chapter concentrates primarily on two categories of rhythm
disorders: arrhythmias that are mechanistically similar or identical to
those in adults, but whose presentation and management is complicated by the presence of young age or congenital heart disease (CHD),
and arrhythmias that are either unique to pediatric patients or are
observed only rarely in adults (Table 40.1). Some arrhythmias and their
presentations are covered in other chapters and are mentioned here

•

•

•
•

cardiomyopathy in children. Ablation therapy may be particularly
helpful in such cases, if it can be performed safely.
Coronary injury from radiofrequency (RF) ablation can occur
when the ablation site is in close proximity to a small coronary
artery and is probably unrecognized in most cases where it occurs.
Consequently, coronary angiography should be considered
before the use of RF ablation of some posteroseptal substrates,
particularly in smaller children.
Minimization of fluoroscopy exposure with the use of
nonfluoroscopic and lower dose fluoroscopic techniques is feasible
and seems prudent during all catheter-based EP procedures in
children.
For ablation in children, safety should always take precedence over
efficacy. Consequently, when cryotherapy can be effective, it is
often the technology of first choice.
The 2016 Pediatric and Congenital Electrophysiology Society/
Heart Rhythm Society (PACES/HRS) Expert Consensus Statement
on the use of Catheter Ablation in Children and Patients with
Congenital Heart Disease1 is a useful guide for procedural
indications and general recommendations in these patient
populations.

only briefly in the context of differences from the typical adult patient.
Although many patients with CHD and arrhythmias are in fact adults,
for the purposes of this chapter, the term adult will be used to refer to
patients over the age of 18 years, without CHD, and who are not usually
cared for by a pediatric cardiologist.

ARE CHILDREN JUST LITTLE ADULTS?
The notion that children are simply small adults is not entirely inaccurate, particularly when it comes to catheter ablation for some arrhythmias in relatively older and larger children, perhaps after 10 to 12 years
of age. However, for many procedures, what seems like only a difference of scale can have dramatic implications, which begin with the
diagnosis,10 extend from the initial recommendation for an ablation to
the technical performance of the procedure,11 and end with the longterm risks of producing radiofrequency (RF) lesions in developing
myocardium12,13 and near coronary arteries.14–16 In addition, the 2016
Consensus Statement on the use of Catheter Ablation in Children and
Patients with Congenital Heart Disease1 included a number safety
recommendations that define institutional, procedural, and personnel
recommendations for performing catheter ablation in children based
on age and patient size. These will be reviewed in detail in the relevant
sections of this chapter.
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Comparison of Arrhythmias/
Conditions in Children and Adults
TABLE 40.1

Alternative Presentations of Arrhythmias/
Conditions Commonly Observed in Adults
Atrioventricular nodal reentrant tachycardia (AVNRT)
Preexcitation syndromes in infants
Preexcitation syndromes with congenital heart disease
Ventricular tachycardia with tetralogy of Fallot
Atrial reentry with congenital heart disease
Arrhythmias/Conditions With Similar
Management in Adults and Children
Preexcitation syndromes after infancy
Congenital long QT syndrome
Right ventricular outflow tract (RVOT) ventricular tachycardia
Arrhythmogenic right ventricular dysplasia
Benign accelerated idioventricular rhythm

On average, children are obviously smaller than adults, resulting
in smaller cardiac chambers, thinner and perhaps more fragile tissues,
smaller coronary arteries, and smaller distances between structures,
such as the posterior septum and the atrioventricular (AV) node, or
the AV ring and the coronary arteries.17 Not so obviously, children
may be dissimilar from adults in ways other than size. Arrhythmia
mechanisms overlap but are proportionately very different.10,18–20
Incessant arrhythmias are much more common,21–23 probably based
on lack of symptom recognition in infants and small children, better early tolerance, and late morbidity and mortality if left untreated,
which ensures that most patients will not reach adulthood with their
arrhythmias. Accessory pathway (AP) locations are skewed toward
the right side,23,24 at least partially related to the simultaneous presence of structural CHD.25–28 In addition, developing myocardium
appears to have the potential for spontaneous cure of an arrhythmia3
but also the potential for both RF and cryothermal lesion growth with
time.13,29 Finally, children are generally less cooperative and tolerant
than adults, a feature that necessitates special attention in all aspects
of the ablation procedure.1 These issues are discussed in detail in this
chapter, along with a review of possible solutions and the implications
for management of arrhythmias treatable by catheter ablation in both
children and adults.

Arrhythmia Mechanisms
The arrhythmias seen in pediatric patients are typically the more
treatable varieties. Ventricular tachycardia is relatively rare in children, accounting for less than 5% of all tachycardias and only 20% of
wide-complex tachycardias.30 In addition, when ventricular tachycardia does occur in a child without structural heart disease, it is more
likely than in an adult to have one of the ablatable mechanisms.31–33
Supraventricular tachycardia (SVT), which accounts for the vast majority of arrhythmias in children, is most likely to result from a concealed
or manifest accessory AV pathway (Fig. 40.1),10 again portending well
for possible catheter ablation therapy. In the absence of a history of
surgery for structural CHD, APs probably underlie about 75% of all
SVTs in children10 and account for about 95% of SVTs in neonates,34,35

SVT using accessory connection
Reentry within AV node
Primary atrial tachycardia

1.0

Relative probability

Arrhythmias/Conditions Not Typically Observed in Adults
Ectopic atrial tachycardia
Junctional ectopic tachycardia
Permanent junctional reciprocating tachycardia (PJRT)
Double atrioventricular nodes
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Fig. 40.1 Distribution of supraventricular tachycardia mechanisms as
a function of age in pediatric patients. The percentage of patients with
primary atrial tachycardias remains relatively constant, while there is a
shift from accessory pathway mediated tachycardias to atrioventricular
nodal reentry from infancy to adolescence. (From Ko JK, Deal BJ, Strasburger JF, Benson DW Jr. Supraventricular tachycardia mechanisms and
their age distribution in pediatric patients. Am J Cardiol. 1992;69:10281032. With permission.)

compared with 30% to 40% of SVTs in adults.19,20 Atrioventricular
nodal reentrant tachycardia (AVNRT) and primary atrial tachycardias (both reentrant and automatic) each appear to account for about
half of the remaining SVTs (see Fig. 40.1).10 Atrial fibrillation is seen
uncommonly in pediatric patients in the absence of structural or CHD
(so-called “lone” AF) and only rarely is problematic enough to justify
catheter ablation with pulmonary vein (PV) isolation. However, there
are circumstances under which either ablation of an isolated ectopic
PV focus or full wide area PV isolation are reasonable approaches.36,37
Further, an increasing number of older patients with CHD are developing atrial fibrillation as a consequence of aging and left ventricular dysfunction, leading to a need for more invasive approaches to
management.38,39

The Decision to Ablate: Safety Versus Efficacy
One overriding theme in the management of arrhythmias in children
compared with adults is an emphasis on safety over efficacy. Although
there are few cases at any age in which safety is not an important
concern, the relatively benign course of many arrhythmic conditions
in childhood, the potential disruption that therapies such as permanent pacing cause for a child, and the fact that parents are usually the
decision-making surrogate for the child often lead to a different decision tree for children than for adults. Further, for some situations and
technologies (e.g., the potential for coronary damage with RF energy
application at the AV groove), the size of the patient and of the heart
may be important.
Ablation in patients with Wolff-Parkinson-White (WPW) syndrome is an excellent example of how decision making may be highly
age dependent.40 In this chapter, the term WPW will be used to describe
the condition of preexcitation on the surface electrocardiogram (ECG),
with or without coexisting tachycardia. Because of a variety of concerns, even the most symptomatic infant with WPW and paroxysmal
SVT is only rarely a candidate for ablation.1,41,42 Myocardial injury29
and potentially severe coronary injury14–16,43 are more likely with RF
ablation in this age group. Although the introduction of cryoablation
has changed this situation somewhat, there remain a number of reasons
to be cautious in managing infants with ablation procedures.41,44 Perhaps most important is that about 40% of APs in infants spontaneously
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Fig. 40.2 Successful cryoablation at location with His potential in a patient with junctional ectopic tachycardia.
A, Identical His potentials are clearly seen from the ablation catheter (retrograde approach through the aortic
valve) and from the His catheter (in a usual position) just before initiation of cryomapping (CM). B, Fluoroscopic images in the anteroposterior view shows the cryoablation catheter overlapping the image of the His
position catheter. ABL, Ablation; HBE, His bundle electrogram; HRA, High right atrium.

stop functioning during the first year of life,3,45 and an additional
third of patients are unlikely to have symptoms between infancy and
early childhood.46 In children larger than 15 kg who have symptomatic arrhythmias, the balance between risks and benefits clearly shifts
toward ablation therapy, but usually only if the ablation can be performed safely.1,40 In contrast to the situation in infants, even asymptomatic WPW patients between the ages of 10 and 18 years may be
managed more aggressively than adults.47 Unlike asymptomatic adults
older than age 28 years, who are unlikely to ever have symptoms,48,49
the older child with a high-risk pathway is exactly the type of patient
who may present with sudden arrhythmic death as their initial symptom, leading to the recommendation that such patients should undergo
risk stratification, with those who are high risk being offered catheter
ablation as a therapeutic option.47,50 Further, the guidelines for sports
participation in patients with WPW recommend considering risk
stratification before approval for this age group.47 Other age-dependent
differences in management decisions are addressed in the discussions
of individual arrhythmias.

Use of Cryoablation in Children
Catheter-based cryotherapy was approved for use in the United States
in 2003 for ablation of a variety of cardiac arrhythmias.51–57 Since then
there have been a variety of reports in children, primarily focused on
its use in AVNRT and other septal substrates.13,55,56,58–92 Cryoablation
has several potential advantages over RF ablation, including (1) reversible cryomapping before the production of a permanent lesion;54,93–95
(2) adherence of the catheter tip to the endocardium upon freezing; (3)
a well-defined edge of the cryolesion; (4) minimal effects on adjacent
coronary arteries;65,67,96,97 and (5) a lower incidence of thrombus.98
The first four of these issues are particularly relevant to small children
because of the close proximity of a variety of critical cardiac structures
to the ablation target and the reported potential for RF lesion growth
in immature myocardium.29 In fact, the most common major complication during RF ablation in pediatric patients is AV block,6,44,99 and
there appears to be a higher potential for coronary artery injury in this
patient group,14–16,100,101 even during slow pathway modification15 (see
full discussion later under AVNRT).
Typical cryotherapy systems allow for both ice mapping at a tip
temperature of –30 to –40°C where the catheter adheres and nearby
tissue loses electrical activity but few cells are killed, and ablation at
a tip temperature of less than –65°C where a lesion will be formed.

Once cells freeze, they expand and burst. After 4 minutes at the ablation temperature, a typical lesion size is 3 to 6 mm in diameter, smaller
than those seen for RF. One of the contrasting features of cryoablation
compared with RF is that there is a much larger zone of reversibility
as the lesion expands because tissue cooling above the freezing point
will lead to loss of electrical activation well before the loss of viability. This feature has dramatically enhanced the safety profile in clinical
trials to date. In fact, despite frequent use of the technology for septal
tachycardia substrates, there are no reports of AV block with cryoablation,54–57,80,87–89,91,102,103 even in children as small as 20 kg,70 in the
presence of a His potential (Fig. 40.2).60,87,88,92
The primary disadvantage of cryoablation is that inherent in its high
level of safety is a smaller lesion size than for RF ablation. For ablation
of septal tachycardia substrates (AV node modification, anterior and
posterior septal pathways), cryoablation success rates have been statistically similar to those for RF techniques.54–57,90,102 However, most
operators are less aggressive with RF in septal areas and have had to be
highly aggressive with cryotherapy to achieve success. Further, with few
exceptions,63 even aggressive application of cryoenergy has not yielded
similar success rates to RF for ablation of nonseptal accessory pathways. Although the data is limited in very small children and infants,
anecdotal evidence suggest that cryoablation may be effective for all
accessory pathway locations in these unique patient groups.103 Given
the aforementioned considerations, as discussed later for individual
arrhythmia substrates, the use of cryoablation is most important for
septal substrates, small children, and patients with abnormal anatomy
where the precise location of the AV conduction system is not known.

ALTERNATIVE PRESENTATIONS OR MANAGEMENT
OF ARRHYTHMIAS COMMONLY OBSERVED IN
ADULTS
The complexity of an arrhythmia and its management may result from
either the nature of the abnormal rhythm or the setting in which it
occurs. The latter aspect is addressed in this section of the chapter,
including AVNRT in the child, preexcitation syndromes in the infant
and small child, preexcitation syndromes in the patient with CHD,
and atrial reentry (flutter or fibrillation) in the pediatric patient without CHD. Atrial and ventricular tachyarrhythmias in the patient with
CHD are addressed in Chapters 13 and 35, respectively.
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Atrioventricular Nodal Reentry Tachycardia in the Child
The issue, addressed earlier, of rebalancing safety and efficacy in the
decision-making process for a child is particularly important in the
management of AVNRT. A number of factors that are distinctly different in children compared with adults must be considered. These factors
are related to particular risk in children that may affect the decision to
ablate, the diagnosis of dual AV nodal physiology and AVNRT, and the
technical aspects of the ablation procedure.

Medical Management
No natural history data exist for the medical management of AVNRT
presenting in childhood. However, at presentation AV node reentry
appears easier to manage medically in children than in adults, and particularly in infants.104

Atrioventricular Node Physiology in Children
Based on the classic definition for dual AV node physiology—a 50-ms
increase in the atrium-to-His bundle (AH) interval for a 10-ms decrement in the atrium-to-atrium (A-A) interval—many fewer pediatric
42,105,106 than adult107 patients with inducible AVNRT have demonstrable dual AV nodal physiology (about 60% vs. 90%–100%, respectively).
Because the mechanism of AVNRT induction is similar in children
with or without demonstrable dual AV nodal physiology, the presence
of two pathways must be assumed. The notion is that the difference in
the baseline conduction properties of the two pathways does not reach
the threshold for dual physiology in about 40% of children, suggesting
that less stringent or more specific criteria may be necessary to define
dual AV nodal physiology in children. For instance, the transition from
fast to slow pathway conduction may occur with a change in the slope
of the AH response to a change in A-A interval,108 but without a change
in AH interval that meets the 50-ms criterion.109 In fact, a change in
conduction pathway could theoretically take place without any change
in the AH interval. One might speculate that the magnitude of the
AH change at the transition from the fast to the slow pathway would
indeed be related to heart size and therefore to age, because normal AV
nodal conduction times, expressed as either the AH or the PR interval, increase with age. Younger children have also been shown to have
faster conduction in the slow pathway than older children and adults.42
Consequently, in children, the slope change of AH versus A-A is probably a more reliable and specific measure of the transition between the
fast and slow pathways than AH jump criterion alone.

Decision to Ablate and Safety Issues
Once a decision has been made to perform slow pathway modification
in a child, identification of appropriate locations for modification is not
particularly different from that in adults. Further, the ablation technique
and end points for either RF ablation or cryoablation do not vary significantly in children and adults, with the exception that a smaller catheter
should generally be used in smaller children (<20 kg or so) to minimize
the lesion size. With the use of such techniques, it appears that more
than 95% of AVNRT can be eliminated in adults or children.23,24,105
However, two safety issues and their implications should make a significant difference between adults and children in the decision to use RF
ablation: the risk of AV block and the risk of coronary damage.
Atrioventricular Block. The possibility of ablation-induced complete
heart block deserves special attention in the pediatric patient for two
reasons. First, the risk of heart block is theoretically higher in smaller
patients, simply because of a number of geometric differences. Because
the size of an average RF lesion does not depend on patient size,29,110,111
the typical lesion is relatively large compared with the size of the heart
in a smaller patient. The smaller the patient, the closer the AV node is to
the area of the slow pathway and to the posterior and anterior septum,
common locations for APs. Further, the AV node itself is smaller in small
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hearts and therefore can be included in a typically sized lesion more easily
than in an adult heart. Despite these potential problems, the reported
incidence of ablation-induced complete heart block does not appear to be
significantly higher in infants and children than in adults.11,24,99,105,112–115
However, a second consideration is the technical details of pacing if heart
block occurs. Superior vena cava thrombosis complicating transvenous
pacing can occur with both single and dual chamber systems, leading
most clinicians to place epicardial pacing systems in children who weigh
less than 10 to 20 kg, and only single-chamber transvenous systems in
patients weighing under 20 to 25 kg. For this reason, pacing may require
chest surgery for epicardial lead placement and may leave the patient
physiologically compromised by asynchronous pacing. In addition, the
pacing system in a child may need to be maintained for as many as 70
to 80 years, and its presence will almost certainly restrict the child from
many competitive sports, thereby setting lifestyle limits that are of less
concern for most adult patients. These issues should affect both the
decision to ablate and the energy choice for the procedure itself when
ablating near the normal AV conduction system, if either the AV node
or an AP is targeted. In particular, there are still no reported cases in the
literature of permanent AV block with the use of cryoablation; however,
a theoretical risk still exists.
Coronary Artery Damage—General Considerations for
Atrioventricular Nodal Reentrant Tachycardia and Accessory
Pathway Ablation. Acute and late coronary artery injury has been
reported after RF ablation for AP-mediated tachycardias in children,
adults, and animals.14,16,43,116–119 These cases have involved both
left- and right-sided coronary arteries,16,116,119 as well as a posterior
descending branch of the right coronary artery during ablation of a
right posteroseptal AP.118
In 2004 we reported a case of coronary damage during slow pathway
modification in a 30-month-old, 15.5 kg child with recurrent AVNRT
resistant to drug therapy.15 Approximately 100 seconds after a fourth
application of RF energy, ST elevation was noted (Fig. 40.3); it lasted
about 15 minutes and was not accompanied by hemodynamic compromise or echocardiographic abnormalities. Selective coronary angiography revealed a dominant right coronary artery giving off a posterior
left ventricular branch artery that had an 80% stenosis (Fig. 40.4). The
vessel course was within 2 to 3 mm of where the catheter tip had been
placed during the last RF application ablation. Acute management
was conservative, and after 2 days, repeat angiography revealed some
improvement, with an approximately 50% stenosis. Repeat selective
right coronary angiography 2 months later revealed complete resolution of narrowing (see Fig. 40.4), and repeat electrophysiology studies
with and without isoproterenol failed to induce any AVNRT. ST segments remained normal with the isoproterenol infusion. Follow-up off
medical therapy has been unremarkable.

I
II
aVF
V1
V6
Fig. 40.3 ST segment elevation occurring approximately 100 seconds
following the last radiofrequency application for slow pathway modification in a 2.5-year-old child with atrioventricular nodal reentrant tachycardia. (From Blaufox AD, Saul JP. Acute coronary artery stenosis during
slow pathway ablation for atrioventricular nodal reentrant tachycardia in
a child. J Cardiovasc Electrophysiol. 2004;15:97-100. With permission.)
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Fig. 40.4 A, Left anterior oblique (LAO) projection of right coronary angiogram a few minutes after the ST
segment changes in Fig. 40.2 had spontaneously normalized. An approximately 80% stenosis (arrow) is seen
in a posterior left ventricular branch off a dominant right coronary. Ablation catheter was moved away from
the septum at the time of angiogram but had been immediately adjacent to the stenosis during the radiofrequency application. B, Similar LAO projection of right coronary angiogram 2 months following ablation. Arrow
marks are of prior stenosis, which is now resolved. (From Blaufox AD, Saul JP. Acute coronary artery stenosis
during slow pathway ablation for atrioventricular nodal reentrant tachycardia in a child. J Cardiovasc Electrophysiol. 2004;15:97-100. With permission.)

Although this case is anecdotal, it reveals several important issues
regarding the potential for coronary artery injury during RF ablation
in children. First, coronary artery injury may occur with slow pathway ablation for AVNRT. Second, acute coronary artery injury has the
potential to be missed and is probably an underreported phenomenon. Third, infants and young children may be at particular risk. The
inflammatory component of tissue injury caused by RF energy has
been shown to invade layers of the right coronary artery, leading to
acute narrowing, when RF energy is applied to the atrial side of the lateral tricuspid annulus in pigs.43 Further maturation of this injury can
result in significant late coronary stenosis.101 Therefore with RF energy
application, coronary stenosis may occur acutely or be delayed. Our
patient’s injury was almost missed because ST segment changes did
not occur until 100 seconds after the last RF application and resolved
spontaneously within minutes, despite a significant persistent stenosis
of the involved artery. Other instances of coronary artery injury after
RF ablation were also nearly missed because of this delay.16,119 In large
retrospective and prospective studies in which there were no coordinated attempts to investigate coronary injury after RF ablation, the
reported incidences of injury were 0.03% in children24 and 0.06% to
0.1% in adults.114 However, in a study in which coronary angiography
was performed before and after RF ablation for AP-mediated tachycardias, Solomon et al.117 reported a 1.3% incidence of coronary artery
injury in 70 patients. In fact, we have had an unreported case of 95%
occlusion of the posterior descending artery in a 41-kg, 10-year-old
patient undergoing ablation of a left posteroseptal AP in the proximal
coronary sinus. The stenosis was completely asymptomatic without
ECG changes and was discovered only because we performed routine
coronary angiography pre- and post-RF ablation for posteroseptal
AP locations. Therefore unless evidence for coronary artery injury is
actively sought, it will go undiagnosed and underreported.
Smaller children may be at particular risk for coronary injury,
because the distance between the ablation catheter and the coronary
arteries is significantly less than in adults.17 Although coronary blood
flow probably helps reduce this risk, the flow in small coronaries in any
patient may be inadequate to prevent damage. Understanding these
factors is critical to preventing injury.
Ablation Energy Cryo Versus Radiofrequency. Although RF energy
is the time-honored ablation technology for slow pathway modification
to treat AVNRT, over the last 5 years, since the publication of the first

edition of this book, the use of cryothermal energy has gained gradual
acceptance, particularly in the pediatric population for AVNRT. This
growth in acceptance has come from a combination of the safety
features of cryoablation discussed in the introductory aforementioned
sections, and increasing evidence of equivalent acute success and
recurrence rates compared with RF. Earlier reports did find lower acute
success rates and higher recurrence rates for AVNRT therapy in both
children and adults.60,120,121 However, as experience has accumulated
and technology has progressed53 both acute and long-term results have
improved to the point that multiple authors have reported acute success
rates above 95% and recurrence rates below 5% with cryoablation,
equivalent to those with RF energy.58,63,66–69,71,72,75,77,79,90,122–126 This
improvement in outcomes has been caused in part by additional
experience with cryo techniques, which appear to have a longer learning
curve than that for RF techniques, but also to further refinements in
the use of cryothermal energy with the use of additional freeze-thawfreeze cycles and larger catheter tips.75,81 Further, as noted earlier, there
are no reports of permanent AV block with cryoablation, despite its
most common use being for ablation of septal arrhythmia substrates.
The data discussed previously have led to multiple debates at scholarly
meetings and conferences on the use of RF versus cryo energy for slow
pathway modification in children. Consistent with a formal survey in
the literature from 2011,71 informal surveys at these meetings suggest
that despite the higher safety of cryo, because of longer procedure
times with cryo and an excellent safety experience with RF, about half
of the operators queried continue to use RF as first choice in all larger
patients and reserve cryo for smaller patients or specific concerns with
RF safety during individual procedures.
Optimal End Point for Slow Pathway Modification in Children. The
optimal end point for slow pathway modification ablation in children is
not particularly different from that in adults when RF energy is used—a
maximum of single AV nodal echo beats. However, when the same end
point was used in a large multicenter prospective trial comparing RF to
cryoablation in adults, the recurrence rate for cryoablation was more
than double that seen in the RF group (9.4% vs. 4.4%, P = .029).127
Despite some cryoablation studies showing similar recurrence rates
with and without complete slow pathway ablation128 and elimination
of dual AV node physiology as a procedural end point,129,130 many
clinicians do use complete slow pathway ablation as an end point to
reduce recurrences.131 Eliminating sustained SP conduction when
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it is present before ablation also appears to reduce recurrences.130 In
summary, following RF or cryoablation, the presence of single AVN
echo beats in the absence of sustained slow pathway conduction
is an acceptable endpoint. My interpretation of available literature
along with my personal experience suggest that eliminating all slow
pathway conduction as an endpoint, which is safely achievable with
cryoablation, helps prevent recurrences.130,131
It is not uncommon that during EP studies performed under general anesthesia in pediatric patients with clinical ECG documented
SVT, or palpitations consistent with SVT but without documentation, it is not possible to induce SVT during the procedure. Further,
although AVNRT is strongly suspected, it may be difficult to conclusively demonstrate dual AV nodal physiology or AV nodal echo beats.
Thus, when indicators of SP conduction are subtle or absent at the start
of the case, determining when to terminate the procedure becomes
much more challenging. As an example, a single AV nodal echo beat at
the end of a case is a much less tolerable end point when this was the
only positive finding at the start of the procedure. Multiple reports have
demonstrated that anatomic slow pathway modification or complete
elimination of all slow pathway conduction are end points that predict
clinical success in eliminating recurrences of either documented SVT
or sustained palpitations.132–134 In such cases, voltage mapping of the
AV node region to identify the slow pathway may be useful.135
Atrioventricular Nodal Reentrant Tachycardia in Children—
Summary and Recommendations. Based on many of the aforementioned
discussion points, as of the 2016 Consensus Statement,1 the indications
for ablation to treat AVNRT in larger patients, defined as greater than 15
kg, are very similar to those in adults. In particular, for patients greater
than 15 kg, the guidelines provide a class I recommendation: “ablation
is recommended for documented SVT, recurrent or persistent, when
the family wishes to avoid chronic antiarrhythmic medications” with
a Level of Evidence C.1 However, in smaller patients less than 15 kg,
the recommendation is class III if the SVT can be controlled with
medication, and only becomes class I after failure of multiple VaughanWilliams classes of antiarrhythmic medications.
When AVNRT is not inducible at the ablation study, the recommendation is class IIa for slow pathway modification, if there has
been clinically documented SVT and there is evidence of dual AV
nodal physiology during the study. However, it is class IIb if there
are similar findings but without a history of clinically documented
SVT. In both of these cases, it is recommended that cryotherapy be
considered as first choice for the ablation.1 These recommendations
are based on the data presented earlier that if an operator wishes to
absolutely minimize the chance of coronary injury and AV block in
children undergoing slow pathway modification for AVNRT, cryoablation is the preferred ablation methodology. Although RF energy is
a reasonable choice for patients over 15 kg because of its high safety
experience in many centers, cryoablation is strongly recommended
for patients under 15 kg. In addition, if RF energy is to be used for
children who weigh less than 15 kg (Table 40.2), selective coronary
angiography of the artery supplying the posterior septum should be
considered before ablation. If a small coronary artery is within 2 to 3
mm of the expected ablation location, RF energy should not be delivered, and if any RF energy is delivered, acute follow-up angiography
should be performed after ablation.

Preexcitation Syndromes in Infants
There are three special considerations in infants that make management of symptoms secondary to an AP different from those in an older
child or adult. First, the risk of a sustained reentrant primary atrial
tachycardia, such as atrial fibrillation, is very close to zero in the small,
structurally normal heart, making the risk of sudden death in infants
with WPW very low.3,136 Second, as noted earlier, AP function may
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Precautions for Ablation of
Atrioventricular Nodal Reentry Tachycardia
in Children
TABLE 40.2

Cryoablation is the safest energy modality.
For children weighing <15 kg:
Before radiofrequency (RF) ablation, coronary angiography of the artery
supplying the posterior septum should be c onsidered.
If a small coronary artery is <2–3 mm from an RF ablation site, delivery of RF
energy should be used with a high level of caution.
After RF delivery, postablation coronary angiography should be considered.

spontaneously disappear by 1 year of age.3,45 Finally, the known risks of
any catheterization, combined with the specific risks of catheter ablation in this age group,24,44,137–139 suggest that pharmacologic control
should be aggressively pursued before ablation is attempted. This last
issue deserves further discussion.
In humans, myocardial cell division probably occurs through
approximately 6 months of age.140 Although this finding could potentially protect the myocardium from long-term complications secondary to early injury, ventriculotomy scars produced in newborn
puppies,141 RF ablation lesions in immature lambs,29 and cryoablation
lesions in infant swine13 appear to increase in size during subsequent
development. In addition, in contrast to mature ablation scars from
adult animals, late lesions from the neonatal lambs were often histologically invasive and poorly demarcated from the surrounding tissue.29 The potential clinical importance of these results is underscored
by a reported sudden death 2 weeks after an AP ablation in a 5-weekold, 3.2 kg infant.11,137 An echocardiogram from the infant at the time
of a brief resuscitation, as well as autopsy findings, revealed relatively
large lesions extending into the left ventricle from the intended mitral
groove ablation site (Fig. 40.5). Another heightened risk in infants is
coronary artery damage because of the potentially close proximity
of the coronaries to the ablation catheter and the reduced capacity
for protective cooling during RF application in any small coronary
artery. Although most reports of coronary damage in the literature
have been limited to the posterior septum or a nondominant right
coronary artery,15,16,43 complete occlusion of the left circumflex artery
was reported in a 5-week-old, 5.0 kg infant undergoing RF ablation of
a left lateral AP.14
Despite these disturbing cases, nonpharmacologic therapy will
be necessary in a small subset of infants with AP-mediated tachycardia.138,142 Until accurate methods are available to assess lesion size in
real time, alternative methodologies should be used in all infants. As
discussed previously, data on the effects of cryotherapy suggest that
this form of energy is at least less harmful to coronary arteries, even
when they are in very close contact,61,65,67,70,94,96,97,143,144 because of
the differing effects of cold and heat on connective tissue and the vascular inflammatory response. Coronary artery flow also protects the
vessel through local warming during cryotherapy, similar to the way
in which blood flow protects through local cooling during RF energy
application.
Cryotherapy may offer other advantages for small children. Cryolesions are smaller than RF lesions, contributing to the ability to safely
create cryolesions even adjacent to the His bundle.98 In addition,
cryoablation allows for reversible loss of tissue function.145,146 In the
largest cryoablation clinical study in small children, defined as children
less than 15 kg or younger than 5 years of age, cryoablation was found
to have a success rate of 74% and recurrence rate of 20%,70 whereas
RF, which was used after failed cryoablation, had a success rate of 81%
and a recurrence rate of 30%. Regardless of technique, these outcomes
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Associations of WolffParkinson-White Syndrome and Congenital
Heart Lesions
TABLE 40.4
LV

Lesion 1

Lesion 2

Fig. 40.5 Short axis echocardiogram of an infant who died suddenly 2
weeks after an ablation procedure for two left-sided accessory pathways. Immediately after resuscitation, two large echo dense regions
were seen in the left ventricle (LV) despite radiofrequency applications
being placed from an atrial approach. These echo dense lesions correlated with the findings on post mortem examinations. (From Erickson
CC, Walsh EP, Triedman JK, Saul JP. Efficacy and safety of radiofrequency ablation in infants and young children <18 months of age. Am J
Cardiol. 1994;74:944-947. With permission.)

Precautions for Ablation of
Accessory Atrioventricular Connections in
Infants
TABLE 40.3

Cryoablation is the preferred technique.
When radiofrequency (RF) ablation is necessary:
Deliver energy as far on the atrial side as possible.
Use a 5 F RF ablation catheter.
Perform a test application with low-temperature RF delivery (50–55°C) before
high-temperature delivery.
Limit maximal target temperature to 60°C.
Use short-duration RF delivery of 7–10 × time to effect with 30–40 second
maximal delivery.

are not as good as in older children; however, importantly no complications were found in the cryoablation alone group, which was statistically lower than the 12.5% major complication rate for the RF after
failed cryoablation group.
If technical or other considerations require the use of RF energy,
considerable caution should be used. RF lesion size is related to catheter
tip size, RF power, tip temperature, and lesion duration.110,111 Therefore
the following technical modifications should be adopted (Table 40.3):
(1) deliver energy in as atrial a location as possible; (2) use a 5 French
(5 F) catheter tip; (3) use low temperature mapping (50–55°C) to identify
the correct location before higher-temperature RF application;147 (4)
use a lower temperature set point of 60°C for the ablation lesion; and
(5) use lesions of shorter duration (7–10 times the time to effect, with
a maximum of 30–40 seconds). The future development of real-time
ultrasonographic or other modality monitoring of lesion size may also
help reduce the procedural risks.148
The 2016 Consensus Statement1 provided multiple recommendations related to ablation in infants and small children. Most importantly, based on a variety of data, the document recommends an
approximate cutoff of 15 kg to differentiate indications for ablation,
recognizing that an exact size or age should not be specified for individual patients. Further, it specifies that catheter ablation in the very
smallest children (3–7 kg and <6 months of age) should be reserved
for life-threatening arrhythmias, or refractory ones after multiple failed
attempts at medical management, which may include various combination therapies. Some of the general recommendations are that ablation

Lesion

No. of
Patients

No. of Patients
with WPW
Syndrome
Prevalence (%)

Ebstein

234

21

8.97a

l-TGA

588

8

1.36a

HCM

300

3

1.00a

Pulmonary valve
disease

424

2

0.47

Tricuspid atresia

458

2

0.44

VSD-membranous

2659

10

0.38

DORV

955

3

0.31

HLHS

666

2

0.30

MVP

1096

3

0.27

Dextrocardia

427

1

0.23

Trisomy 21

916

2

0.22

TOF-pulmonary
atresia

556

1

0.18

TOF

2520

3

0.12

AV canal defect

2058

2

0.09

d-TGA

2156

2

0.09

Coarctation

2862

1

0.04a

d-TGA/IVS

704

0

0.00

Mitral atresia

417

0

0.00

Total

20,303

66

0.33

(all)

aP

< .01 compared with general population estimate of 0.30%.
AV, Atrioventricular; DORV, double-outlet right ventricle; HCM,
hypertrophic cardiomyopathy; HLHS, hypoplastic left heart syndrome;
IVS, intact ventricular septum; MVP, mitral valve prolapse; d-TGA,
transposition of the great arteries with d-looped ventricles; l-TGA,
“corrected” transposition of the great arteries; TOF, tetralogy of Fallot;
VSD, ventricular septal defect.
From Children’s Hospital, Boston, and New England Infant Regional
Cardiac Program Computer Records.

should be performed by an experienced pediatric electrophysiologist
who undertakes the various strategies to reduce risk described earlier.
Further, the use of alternate sources of energy like cryoablation before
RF should be strongly considered.

Preexcitation Syndromes in Patients With Structural
Congenital Heart Disease

Although it is not strictly a pediatric issue, the combination of structural heart disease and arrhythmia is clearly encountered more often
by pediatric electrophysiologists than by others. In agreement with
previous studies,27,149 a review of this issue in unselected patients with
CHD at the Children’s Hospital in Boston found that preexcitation
syndromes are statistically increased in patients with Ebstein’s malformation, l-transposition of the great arteries, or hypertrophic myopathy
(Table 40.4).25 Of course, preexcitation also occurs in other patients
with CHD, but with an incidence not statistically higher than in the
general population.

Anatomy
The association of WPW with Ebstein’s anomaly and with the leftsided tricuspid valve in l-transposition probably has its basis in the
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embryology of tricuspid valve formation.150–152 The leaflets of the AV
valves normally develop through a process of undermining or delamination of the interior surface of the embryonic ventricular myocardium.
Separation of the atrium from the ventricle occurs through completion
of this process and encroachment of fibrous tissue from the AV sulcus.
The mitral valve and the anterior leaflet of the tricuspid valve are fully
delaminated early in development; however, the posterior and septal
leaflets of the tricuspid valve are not even fully formed by 3 months’
gestation.152 Ebstein’s anomaly appears to occur when there is arrested
development of tricuspid valve formation sometime between delamination of the anterior and of the posterior leaflets. The high prevalence
of preexcitation combined with anatomic findings of accessory connections in a number of selected cases of Ebstein’s anomaly150,153 suggests
that the arrested valve development results in remnants of muscular or
specialized tissue connections that cross the AV groove. In fact, multiple pathways are common in these patients, often with a combination of
a posteroseptal pathway and one or more additional free wall pathways.
1.

Pathophysiology
The electrophysiology of the APs in patients with CHD is not particularly
unique. Bidirectional, anterograde-only, and retrograde-only APs have
been reported. Further, these patients have the same range of tachyarrhythmias found in patients with structurally normal hearts: orthodromic and
antidromic AV reciprocating tachycardias and other SVTs (e.g., AVNRT,
atrial flutter/fibrillation) with bystander participation of an anterogradely
conducting AP. However, the physiologic and clinical implications of the
tachycardia may be markedly different in patients with CHD.
Abnormal hemodynamics, increased incidence of isolated atrial
and ventricular ectopy, sometimes poor tolerance of antiarrhythmic
therapy, and the need for surgical repair that accompanies CHD all
contribute to an increased need for aggressive arrhythmia management
in this patient population. However, abnormal anatomy and atypical conduction systems may also enhance the difficulty and risks of
either surgical or catheter ablation (Fig. 40.6). Although RF catheter
ablation is difficult in these patients, results have been good enough

2.
TV

3.
TV

MV

DORV {I, D, A}, situs inversus,
pulmonary stenosis, PAPVC,
dextrocardia

MV
MV

TGA {I, D, D}, situs inversus,
subpulmonary stenosis

TV

DORV {S, L, L}, situs inversus,
pulmonary stenosis,
straddling mitral valve

HIS bundle
Accessory pathway

A

B
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C

Fig. 40.6 A, A cartoon demonstrating the locations of the mitral valve (MV), tricuspid valve (TV), the His
bundle, and accessory pathways in three patients with preexcitation syndromes and atrioventricular discordance. Patient 1 corresponds with B and C. The angiogram in the anteroposterior projection (C) illustrates
the importance of defining the anatomy of the atrioventricular (AV) valves. The decapolar catheter (bottom
white arrow in C) was advanced from the left-sided inferior vena cava across the MV and positioned with the
second pair of electrodes at the His bundle. The mapping catheter (black arrow in B, upper white arrow in C)
was advanced from the inferior vena cava across the atrial septum to the right-sided (anatomic) left atrium
and positioned at the location of the accessory pathway, which in this case was at the superior and anterior
portion of the left-sided TV. The unmarked catheter is an atrial pacing catheter in the left-sided right atrium.
DORV, Double outlet right ventricle; PAPVC, partial anomalous pulmonary venous connection; TGA, transposition of the great arteries. (From Saul JP, Walsh EP, Triedman JK. Mechanisms and therapy of complex
arrhythmias in pediatric patients. J Cardiovasc Electrophysiol. 1995;6:1129-1148. With permission.)
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to recommend the procedure in all patients who require subsequent
surgical repair to avoid postoperative arrhythmias as a complication,
and in most symptomatic patients older than 1 year of age who have
significant structural lesions.
A review of the reported cases of RF ablation in patients with CHD
revealed that most of the patients had Ebstein’s malformation of a
right-sided tricuspid valve.26,114,115,154,155 However, a significant proportion had more complex anatomy, with AV valve discordance (right
atrium to left ventricle, left atrium to right ventricle—S,L,L or I,D,D)
and often heterotaxy. Multiple pathways are extremely common in this
group, occurring in 30% to 80% of patients,26,115,153,154,156 compared
with 5% to 10% of patients without CHD.113–115,157,158 Like the patients
with Ebstein’s malformation, those with AV discordance had all of their
APs associated with the tricuspid valve regardless of atrial situs, AV
relationship, or valve function. This finding is in contrast to the more
random location of APs reported for patients without CHD.113–115,157–161
Hypertrophic cardiomyopathy is the exception: APs are more likely to
be on the normal left-sided mitral valve.

Mapping and Ablation in Patients With Ebstein’s Anomaly
Some aspects of the procedure in patients with Ebstein’s malformation are of special note. First, differentiation of atrial and ventricular signals and precise localization of the AV groove can be difficult,
leading to a lack of specificity for what appear to be excellent signals
in predicting a successful ablation site. In fact, very early ventricular activations, which might be termed “pseudo” AP potentials can
often be seen near the AV groove (Fig. 40.7). This issue is particularly important for older patients who have large hearts with poorly
defined AV grooves. The true AV groove is best identified by the right
coronary artery. Use of a right coronary electrode wire or guidewire
can be considered113,162 but may be difficult because of a diminutive
right coronary artery, and the wire may need to be in place for long
periods if multiple pathways are present. A safer and recommended
alternative is continual display of the relevant coronary angiogram
using a real-time biplane image storage and display system. As with
any AP, searching for balanced atrial and ventricular electrograms
during mapping is important. Despite these maneuvers, it may still be
very difficult to define the AV groove in these patients, necessitating
more test applications of the ablation modality to identify the correct
location. Catheter stabilization for free wall pathways in the largest
hearts is difficult and is not sufficiently improved through the use of
a long sheath or a variety of approaches.11 The overall issue of patient
size is addressed later.
As expected, it appears to be impossible to approach the ventricular side of the tricuspid valve in patients with Ebstein’s malformation. No specific reports have noted the use of nonstandard ablation
technologies for these patients, but a few observations can be made.
Coronary damage has been reported on multiple occasions in patients
with Ebstein’s anomaly, probably because of the thin RV wall and often
diminutive right coronary artery. Consequently, despite the tendency
to use higher power ablation systems with active or passive cooling for
difficult cases, such technologies should be used only if an adequate
distance between the catheter tip and the artery has been documented.
The definition of adequate here depends on the size of the nearby coronary artery: the larger the size, the safer the ablation. Further, strong
consideration should be given to the use of cryotherapy, at least as a
mapping tool. Safety is enhanced, and the adhesion of the catheter may
be particularly useful in larger patients.
If multiple pathways are present, persistence may be the electrophysiologist’s best weapon for successful ablation. In general, 80% to
90% of patients can be rendered arrhythmia free by the procedure,
with relatively infrequent major complications such as permanent AV
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MAP 1
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HIS

Fig. 40.7 Electrograms near the accessory pathway in a patient with
Ebstein’s malformation. Electrograms A through F were recorded with
the distal pair of an ablating catheter very near the point of successful
ablation shown in F. Note early ventricular activation in A through D,
despite lack of success. Electrograms in D and E were not significantly
different, but E had transient success. F, the point of permanent success, probably has the earliest activation; however, the differences are
much more clear in retrospect. The dark vertical line marks the point of
earliest surface QRS activation for all electrograms. G shows the position of the atrial and HIS electrograms. Pathway location was posterior
septal. (From Saul JP. Ablation of atrioventricular accessory pathways in
children with and without congenital heart disease. In Huang SK (ed.):
Radiofrequency Catheter Ablation of Cardiac Arrhythmias: Basic Concepts and Clinical Applications. Mt. Kisko, NY: Futura;1994:365–396.
With permission.)

block.23,26,115,154 However, recurrence rates have been reported to be
as high as 40%, particularly if multiple pathways are present.23,26,115,154

Atrioventricular Discordance
Ablation procedures in patients with heterotaxy and/or AV discordance require special considerations. First, detailed echocardiography
and angiography are instrumental in defining the complex anatomy of
the atria, the AV ring, and the coronary sinus, so that the cameras and
catheters can be positioned appropriately (see Fig. 40.6). Second, careful
attention must be given to locating the normal conduction system. In
virtually all patients with AV discordance, the AP has been associated
with the tricuspid valve, whereas the His bundle has been associated
more closely with the mitral valve. As predicted by Ho and Andersen,163
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the normal conduction axis is often located at an anterior position along
the AV groove. Once the “normal” and abnormal conduction fibers are
located, electrophysiologic study and RF ablation of the APs can proceed with less risk of damage to the normal conduction system.
Mapping and ablation require detailed knowledge of the anatomy and often innovative approaches. For instance, in cases of atrial
inversion (right atrium on the left, or vice versa) with AV discordance
(I,D,D), an atrial approach to the right-sided tricuspid valve may
require a reverse transseptal procedure from the left-sided inferior
vena cava and right atrium to the right-sided left atrium. If present,
the coronary sinus in such cases will also be reversed. AVNRT may
also be present in these patients, requiring identification of the slow
pathway of an AV node that is typically along the anterior mitral annulus. Clearly, the need for a detailed understanding of the anatomy in
these cases cannot be overemphasized. Ablation technologies similar
to those recommended for patients with Ebstein’s anomaly are applicable to patients with AV discordance as well. Cryoablation may be the
referred modality for slow pathway modification to treat AVNRT in
these patients.

Ant. bundle
RBB

R. auricle
Ao

Left

Ant. node
Right

PA
Lavc

LBB
Ravc
Post. node

Defect

A

Right atrium

Double Atrioventricular Nodes
In hearts with normal or inverted atrial situs, but discordant AV connections (S,L,L or I,D,D), the anterosuperior ventricle is a morphologic left ventricle that carries with it the mitral valve.164 When all four
valves are well formed in such hearts, the condition is often referred to
as corrected transposition, because the physiologic connections are all
correct (i.e., systemic venous return flows to the lungs and pulmonary
venous return flows to the aorta). As Anderson and others151,163 have
described, the AV node in corrected transposition is typically situated
superior and anterior in the atrial wall, near the anterolateral quadrant of the mitral valve (Fig. 40.8A). The penetrating bundle then runs
in the fibrous continuity between the right-sided mitral valve and the
anterior cusp of the posterior great artery, eventually linking to the left
bundle branch on the right side of the ventricular septum. The right
bundle branch then penetrates the ventricular septum to emerge in
the inferior left-sided right ventricle. A second AV node that is often
present more inferiorly, in the normal area of the triangle of Koch, can
also link to the ventricular conduction fibers posteriorly, usually inferior to a ventricular septal defect. If the posterior and anterior ventricular bundle branches link together, a conduction sling (Fig. 40.8B),
sometimes referred to as a Monckeberg sling, is formed.150,152,153 These
anatomic findings provide the substrate for a host of different modes
of ventricular excitation or preexcitation and AV reciprocating tachycardias. However, before the publication of a 1994 report,165 there had
been no electrophysiologic documentation of this phenomenon.
In 2001 we reported on seven of these patients, all of whom had AV
discordance (2-S,L,L and 1-I,D,D) and characteristics consistent with
the diagnosis of two separate AV nodes (twin or double).166 Five of
the seven patients also had a malaligned AV canal defect. The electrophysiologic findings included (1) the existence of two discrete, nonpreexcited QRS morphologies, each with an associated His-bundle
electrogram and a normal His-to-ventricle (HV) interval; (2) decremental as well as adenosine-sensitive anterograde and retrograde
conduction; and (3) inducible AV reciprocating tachycardia with
anterograde conduction over one AV node and retrograde conduction
over the other. Ventricular premature beats placed into tachycardia
while the His was refractory could preexcite the atrium, indicating that
the tachycardia involved two AV connections. In all cases, applications
of RF energy at the site of the bidirectional pathway resulted in transient junctional acceleration with an identical QRS morphology to that
generated by anterograde conduction over the targeted AV node, and
modified or eliminated both anterograde and retrograde conduction at
that site. Although there is a possibility that one or the other of these
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AV bundle

VSD
AV bundle
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Morph. left ventricle

(RB branch)
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Fig. 40.8 A, Diagram of the base of the heart and the atrioventricular (AV)
conduction system in l-transposition of the great arteries (corrected) as
seen from above. Note the bicommissural mitral valve on the right and
the tricommissural tricuspid valve on the left. The AV node may either lie
posteriorly (Post. Node) in the septum in a somewhat normal location,
anteriorly on the right-sided mitral valve (Ant. Bundle), or in both places.
LBB, Left bundle branch; RBB, right bundle branch. (From Anderson RH,
Arnold R, Wilkinson JL. The conducting system in congenitally corrected
transposition. Lancet. 1973;1:1286-1288. With permission.) B, Diagram
of the conduction system from a patient with corrected transposition in
a criss-cross heart, with AV valve anatomy similar to that shown in (A).
Note the dual conduction system with both the posterior and anterior AV
nodes penetrating into the ventricles, and near connection of the conduction systems within the ventricle. (From Symons JC, Shinebourne
EA, Joseph MC, et al. Criss-cross heart with congenitally corrected
transposition: report of a case with d-transposed aorta and ventricular
preexcitation. Eur J Cardiol. 1977;5:493. With permission.)
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pathways was a Mahaim-type AV fiber, their locations and the presence
of near-normal HV intervals, retrograde conduction, orthodromic
tachycardia, and junctional-type acceleration during RF ablation all
favor a second AV node. The precise etiology may make little difference for the medical management of such patients but is important if
damage to the better of the two conduction systems is to be avoided
during ablation procedures performed before surgery in these patients
with complex anatomy.
One patient with AV discordance and complete common AV
canal was particularly illustrative of the features described. Two QRS
morphologies were seen during normal rhythm, each with a normal
PR interval (Fig. 40.9). One of the QRS morphologies (#1) was more
typical of an endocardial cushion defect with a superior axis. At electrophysiology study, QRS morphology #1 could be produced by posterior atrial pacing and had an HV interval of about 50 ms with the
His potential found posteriorly in the ventricle (Fig. 40.10). The other
QRS morphology (#2) could be produced by anterior atrial pacing and
had an associated HV interval (from the posterior His) of only 20 ms,
but the QRS appearance did not strongly suggest preexcitation (see
Fig. 40.10). The anterograde effective refractory period (ERP) of this
anterior pathway was approximately 200 ms. Earliest ventricular activation was near the septal remnant regardless of QRS morphology. A
regular tachycardia involving (1) QRS morphology #1 (see Fig. 40.10);
(2) a 1:1 A/V relation; (3) a minimum ventriculoatrial (VA) interval of

70 ms; and (4) earliest retrograde atrial activation at the left anterior
AV groove near the midline (tricuspid side of common valve) could
be reproducibly induced with ventricular pacing. Ventricular premature beats placed into tachycardia while the His was refractory could
preexcite the atrium, indicating that the tachycardia involved two AV
connections. Retrograde VA conduction was all via the anterior pathway, was decremental, and had an ERP of 230 ms. Application of RF
energy near the point of earliest retrograde conduction (anterior and
to the left) resulted in transient junctional acceleration of QRS rhythm
#2, followed by a sudden change to a regular slower rhythm of QRS #1
(Fig. 40.11). After RF application, VA conduction was eliminated and
tachycardia was noninducible. These findings illustrate the following
important features (1) there were two anterograde conduction pathways, one posteroseptal and one anteroseptal; (2) both pathways were
on the left (tricuspid) side of the common AV ring; (3) both pathways
had slow conduction properties; (4) retrograde conduction occurred
over only the anterior pathway; and (5) tachycardia was orthodromic,
anterograde posterior, and retrograde anterior.
Clearly, an extensive understanding of the anatomy and electrophysiology should be obtained in such patients before proceeding to
mapping and ablation. Further, lack of clarity in defining the anatomy of AV conduction in these patients suggests that ablation should
first be undertaken using cryotherapy, proceeding to RF energy only
if cryotherapy is unsuccessful or after a recurrence. The one caveat to
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Fig. 40.9 Six lead electrocardiogram in a patient with L-looped ventricles and common atrioventricular (AV)
canal. Note spontaneously changing QRS morphology without obvious changes in the PR interval (arrows).
The first morphology has a superior axis consistent with nonpreexcited rhythm from a posterior location as
in common AV canal. The other morphology was presumed to be from a second anterior AV node as per the
electrophysiologic study findings (see Fig. 40.7 and text). (From Saul JP. Ablation of atrioventricular accessory
pathways in children with and without congenital heart disease. In Huang SK (ed.): Radiofrequency Catheter
Ablation of Cardiac Arrhythmias: Basic Concepts and Clinical Applications. Mt. Kisko, NY: Futura;1994:365-396.
With permission.)
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Fig. 40.10 Intracardiac recordings in same patient as Fig. 40.8 with L-loop ventricles and common atrioventricular (AV) canal. Note HV interval of 50 ms during the tachycardia and the first sinus beat after spontaneous
termination. QRS morphologies for the tachycardia and this beat were identical. Also note shorter His-to-ventricle
interval of 25 ms during the last beat, which is the anterior AV node QRS morphology. (From Saul JP. Ablation
of atrioventricular accessory pathways in children with and without congenital heart disease. In: Huang SK
(ed.): Radiofrequency Catheter Ablation of Cardiac Arrhythmias: Basic Concepts and Clinical Applications. Mt.
Kisko, NY: Futura;1994:365-396. With permission.)

this recommendation is that low-power RF application may be helpful in identifying the location of the anterior and posterior AV nodes
through their acceleration response when heated.

Patient Size and Structural Disease
One observation that is difficult to prove statistically but seems clear
from our own experience is that the smaller chamber size in smaller
patients with structural heart disease is a technical asset in catheter
ablation. In our initial series,26 a total of seven procedures lasting an
average of 4.1 hours were required to ablate seven of nine accessory
connections in six patients weighing less than 40 kg, whereas seven
procedures lasting an average of 6.5 hours were used to ablate only
three of seven connections in four patients who weighed more than
40 kg. Although larger patient size may be useful when the retrograde
approach to left-sided accessory connections is used, smaller patient
size appears to be helpful for catheter stabilization during an atrial
approach, particularly in patients with structural heart disease and
potentially very large hearts. Consequently, earlier intervention during
childhood is preferable to waiting for near-adult size.

Recurrence Risk
The incidence of recurrence of tachycardia or preexcitation in patients
who were initially successfully ablated has been reported to be as high

as 40%. Although this recurrence risk is higher than the range of 8% to
12% reported in other large series,24,114,115,157,167 the authors did note an
increased risk of recurrence with right-sided pathways and with multiple pathways.24,157,167 Both of these conditions occur with increased
frequency in this patient population, and, in combination with the
complex anatomy, this probably accounts for the high recurrence rate.

Summary
The 2016 Consensus Statement1 classified ablation as a class I indication
for recurrent or persistent SVT related to accessory AV connections or
twin AV nodes in CHD patients, as an alternative to medical therapy
in patients larger than 15 kg, and when medical therapy is either not
effective or associated with intolerable side effects in any patient. The
Level of Evidence was B. Ablation for AVNRT was considered class IIa
for these patients because of the added risk and consequences of creating inadvertent AV block. Ablation of any tachycardia substrate before
planned surgical intervention for CHD was also considered as a class
IIa recommendation.
Based on our own observations, the 2016 Consensus Statement1
and the literature reviewed previously, a few procedural recommendations for catheter ablation in patients with CHD can be made: (1)
an attempt should always be made to carefully identify the location
of the normal AV conducting system, particularly in patients with AV
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Fig. 40.11 Response to radiofrequency (RF) ablation at the location of the anterior atrioventricular (AV) node
in the same patient as Figs. 40.8 and 40.9. Within 1 second after application of RF energy, the PR interval shortened, presumably because of junctional acceleration. Approximately 1 second later, the junctional
acceleration stopped, and the PR interval lengthened with a change in QRS morphology consistent with
loss of the morphology associated with the anterior AV node that had a shorter His-to-ventricle interval.
MAP, monophasic action potential. (From Saul JP. Ablation of atrioventricular accessory pathways in children
with and w
 ithout congenital heart disease. In: Huang SK (ed.): Radiofrequency Catheter Ablation of Cardiac
Arrhythmias: Basic Concepts and Clinical Applications. Mt. Kisko, NY: Futura;1994:365-396. With permission.)

discordance; (2) the anatomic tricuspid valve is the most likely location for accessory connections; (3) smaller patient size may be an asset;
(4) an atrial approach should probably be attempted first for connections around the tricuspid annulus (right- or left-sided); (5) the true
AV groove should be well identified, using either atrial and ventricular
electrogram balance, a coronary angiogram, or, if available, a coronary
mapping wire in larger patients; and (6) consider double AV nodes as
the substrate for reentrant tachycardia in patients with AV discordance
and malaligned AV canal defects who have two distinct QRS morphologies that both have normal PR intervals. With these caveats in mind,
it appears that, despite the difficulties of unusual anatomic landmarks
and abnormally positioned conduction systems, most APs in patients
with structural CHD can be safely and effectively ablated.

Atrial Flutter or Fibrillation in the Absence of Other
Heart Disease

In the pediatric patient, atrial reentry tachycardias are relatively rare in
the absence of either structural or functional heart disease. The term
lone atrial flutter or fibrillation has been applied here, referring to the
isolated nature of the arrhythmia findings. However, both of these tachyarrhythmias are occasionally observed in pediatric patients. There are
two age ranges for presentation. Perhaps the most common is during
the third trimester of fetal life, when atrial flutter accounts for up to one
third of fetal tachycardias,10 often lasting through delivery and leading
to ventricular dysfunction. Neonatal atrial flutter almost universally
resolves without recurrence if it can be managed successfully during
fetal and early neonatal life.168 Consequently, ablation therapy for such
infants should not be necessary and has never been reported.

A second presentation peak occurs during adolescence, when
both atrial flutter and fibrillation may occur in the absence of any
identifiable gross structural, hormonal, or chemical cause. However,
in one multicenter series of 18 patients ≤ 21 years of age, presenting with atrial fibrillation, seven patients (39%) were noted to have
inducible AVNRT or AV reentrant tachycardia involving a concealed
AP, all of whom were successfully ablated with no recurrences over
a mean follow-up of 1.7 years.169 Based on this observation, an electrophysiology study with possible ablation should be strongly considered in pediatric patients with lone atrial fibrillation, particularly
when recurrent and the initiation has not been documented. In contrast to the case in infants with atrial flutter, fibrillation in this group
is likely to recur, 39% of the time in another multicenter study of 42
patients.36 Consequently, although initial management should be
conservative, multiple recurrences in this age group despite medical
therapy may lead to a need for ablation therapy similar to the scenario
in adults. The use of catheter ablation has been reported for both flutter and fibrillation in young patients. Success rates were greater than
90% for the flutter subgroup in a relatively large series of patients in
the Pediatric Ablation Registry.6 Acute success has also been reported
in a few small series of pediatric patients. In one series, seven of eight
pediatric patients with paroxysmal fibrillation were managed successfully with either ablation of a single ectopic atrial focus or PV electrical isolation.37 Further, one of the cases that we included in a series
of ablations for patients with ectopic atrial tachycardia (EAT or AET)
in 1992170 was a 12-year-old boy who presented with recurrent atrial
fibrillation that was permanently eliminated after ablation of a single
left PV ectopic focus.
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Specific technical details for ablation of either atrial flutter or fibrillation in the larger child are not particularly different from those in
adults and are not repeated here; however, there are some differences
in decision making and approach that may be important. Most importantly, the decision of when to ablate can be quite different, particularly
for fibrillation. After conversion from a first episode of one of these
arrhythmias, and a paroxysmal SVT substrate is either ruled out or not
suspected, either no therapy or a drug to block the AV node response is
adequate. After recurrences, the threshold for ablation of atrial flutter
can be similar to that in adults.
The use of ablation therapy for the rare cases of atrial fibrillation
in pediatric patients is also appealing, but the high emphasis on safety
over efficacy for all children mandates that a decision to use RF ablation in this age group be considered only after failure of multiple antiarrhythmic agents. Further, the technique chosen should be the most
conservative in terms of safety, because complications such as PV
stenosis and stroke can be devastating to a child. Finally, an operator
experienced with ablation for atrial fibrillation should be included in
the procedure. There are no large reports of such patients, but a reasonable more conservative approach would be to consider looking for
single ectopic foci first in individual PVs and limiting the procedure
to a minimal wide area circumferential PV isolation with either RF or
a cryoballoon. This is a population where coming back for a second
procedure should take precedence over a higher risk first procedure.
These general recommendations were formalized in the 2016 Consensus Statement1 where there were no class I indications for ablation of lone
atrial fibrillation in the pediatric age group. Even ablation of a paroxysmal SVT substrate was made class IIa, but a reasonable argument could be
made for ablation being first-line therapy in this age group when SVT is the
initiating substrate. Empiric wide area circumferential isolation of all PVs
in the absence of a documented triggering focus or arrhythmia was considered class IIb, and only if the arrhythmia is multiply recurrent, requiring
repeated cardioversion, and medical therapy is either not effective or associated with intolerable side effects. Empiric wide area PV isolation is not
recommended (class III) for rare episodes of paroxysmal fibrillation, not
requiring cardioversion or well controlled on medical therapy.
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in adult series.170,176 It involves abnormally rapid impulse generation
from a single atrial focus outside the sinus node. Because the tachycardia is frequently incessant, the presentation is accompanied by a
functional left ventricular myopathy in 50% to 75% of cases.173,174,177
Although EAT may resolve spontaneously in some patients, particularly those younger than 6 months of age,52,178,179 in many cases neither
conventional antiarrhythmic drug therapy21,170,177,180 nor arrhythmia
surgery has been highly successful21,161,181,182 (Table 40.5). The fact that
ventricular function usually returns to normal if the arrhythmia can
be controlled173,174 has led to an aggressive search for other therapies,
most notably catheter ablation.

Mechanism

A variety of issues may account for differences between adults and children in the incidence or prevalence of an arrhythmia (see Table 40.1).10
For the arrhythmia labeled congenital junctional ectopic tachycardia
(JET), the issue is definitional, because its congenital nature has been
presumed based on presentation with incessant junctional tachycardia before 6 months of age and familial tendencies.171,172 Patients with
other incessant tachycardias, including EAT and the permanent form
of junctional reciprocating tachycardia (PJRT), may present as children because they are unlikely to reach maturity with their arrhythmia
because of a tendency to develop ventricular dysfunction and congestive heart failure secondary to the tachycardia.173,174 Finally, the cardiac
substrate for arrhythmia is clearly age dependent, in terms of both myocardial cellular development175 and the presence of structural CHD.

Although a precise cellular mechanism of EAT has not been determined, a variety of clinical and electrophysiologic data, as well as intracellular recordings from a single operative specimen, strongly suggest
a disorder of automaticity.180,183 EAT is a nearly incessant tachycardia
with wide fluctuations in atrial rate, which often parallel the autonomic
state and respond to isoproterenol in a similar way to sinus rhythm (Fig.
40.12A and B).177 Typically, the ectopic focus rate changes gradually
with a “warm-up” at initiation, and a “cool-down,” sometimes associated with exit block, at termination. Programmed atrial stimulation is
usually of little value in initiation of EAT, and neither atrial stimulation nor direct current (DC) cardioversion is useful for terminating it.
Finally, the reset response of the EAT focus to single premature atrial
stimuli can be almost identical to that of the normal sinus node (Fig.
40.12C).177 These characteristics virtually rule out reentry as the underlying mechanism, but they do not absolutely exclude triggered activity.
However, microelectrode recordings from left atrial appendage tissue
obtained at the time of surgical excision of an EAT focus revealed a high
resting membrane potential and spontaneous phase 4 automaticity.177
Therefore although it remains possible that the clinical condition of
EAT may include cases caused by a triggered mechanism, at least some
characteristic ones are the result of automaticity. Alternatively, the characteristics of many EATs in adults are distinctly different, with features
favoring a triggered mechanism in many patients.184,185 These forms of
EAT are often called “nonautomatic focal atrial tachycardia” or NAFAT.
The underlying cause of EAT in the pediatric patient has not been
elucidated. Most cases are not associated with specific pathologic
abnormalities of either noninvolved cardiac or skeletal muscle,177 nor
with resected atrial tissue near the focus.21 Pathologic findings have
been either normal or limited to nonspecific fibrosis, cellular hypertrophy, and patchy fatty infiltrates, all of which may be secondary to
the tachycardia-induced myopathy.186 Other clues to the etiology of
EAT may come from the use of RF catheter therapy. First, it has been
observed that EAT almost always involves a small area of tissue or a single cell, because it is eliminated within a few seconds after application of
RF energy.170,187 Second, just before successful elimination of the foci,
the ectopic rate often accelerates, consistent with enhanced automaticity observed in response to RF energy in other tissue (Fig. 40.13).188
Finally, the foci seem to cluster in a few specific areas of the right and
left atrial appendages, and near or within the pulmonary venous ostia
(Fig. 40.14). Of note, one of the primary differences between EAT in
adult versus pediatric patients is a propensity for right-sided foci in
adults,184,185 whereas both left- and right-sided ones are seen in children (see Table 40.5).21,170 These findings all suggest that EAT involves
subtle electrical changes in otherwise normal tissue from trabeculated
atria or connections between the primitive atria and the systemic veins.

Incessant Ectopic Atrial Tachycardia in the Child

Therapy

EAT is an uncommon rhythm disorder that accounts for 5% to 20%
of SVTs in children170,176 (see Table 40.1) but less than 2% of SVTs

Virtually every class of antiarrhythmic agent has been used as pharmacologic therapy for EAT. Although no single class or agent appears to

Atrial and Ventricular Tachycardias in Patients With
Congenital Heart Disease

Atrial and ventricular tachycardias in patients with CHD are covered
in Chapters 13 and 35.

ARRHYTHMIAS UNIQUE TO THE PEDIATRIC
PATIENT
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99

focus location by either electrocardiogram or electrophysiology study for patients reported.
or partial response considered clinically successful by authors.
cNo tachycardia seen on 24-hour Holter monitoring without drug therapy.
dMedian.
CHD, Congenital heart disease; LA, left atrium; Pres, presentation; RA, right atrium.
bFull

Miscellaneous Topics

Downloaded for Medic UPM, FMHS (medic@upm.edu.my) at Putra Malaysia University from ClinicalKey.com by Elsevier on June 12, 2019.
For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.

Single Focus Ectopic Atrial Tachycardia

TABLE 40.5
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Fig. 40.12 Surface electrocardiogram in patient with ectopic atrial tachycardia (EAT) at rest (A) and after mild
exertion (B). (C) demonstrates the effect of single atrial premature stimuli (A1-S1) on the timing of ectopic
atrial tachycardia focus discharge (S1-A2). The curve is similar to data generated for measurement of sinoatrial
conduction time and demonstrates a clear reset zone. (From Walsh EP. Ablation of ectopic atrial tachycardia
in children. In Huang SK (ed.): Radiofrequency Catheter Ablation of Cardiac Arrhythmias: Basic Concepts and
Clinical Applications. Mt. Kisko, NY: Futura;1994:421-443. With permission.)
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Fig. 40.13 Ectopic atrial tachycardia (EAT) ablation. A, Note how ectopic P waves (arrows) terminate after a
brief period of acceleration. In (B) EAT slows briefly, then terminates. In both cases, the changes occur soon
after radiofrequency (RF) application. In other cases, the ectopic focus may stop immediately at the onset of
application of RF energy.
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In contrast to pharmacologic therapy, RF catheter ablation for EAT
arising from a single focus has been acutely successful in 90% to 100%
of cases without significant complications.24,170,185,187 Because of the
high success rates of RF catheter ablation and the morbidity of drug
therapy, the question of drug therapy has generally been reduced to one
of whether it should be attempted at all in patients with severe ventricular dysfunction—and, if so, for how long—while waiting for spontaneous reversion to sinus rhythm. Consistent with this assessment, the
2016 Consensus Statement1 included both EAT and NAFAT with other
forms of SVT, providing a class I indication for patients larger than 15
kg, and the same guidelines for the other indication classes as AVNRT
or AV reentrant tachycardia.

Mapping
PV

CS

IVC
Fig. 40.14 Location of ectopic atrial tachycardia foci in the first 25 patients
ablated at Children’s Hospital in whom detailed mapping was possible.
Closed circles (n = 23) indicate sites of successful ablation, and open circles
(n = 2) indicate foci that could not be eliminated, in one case because of a
broad area of fibrous dysplasia, which was resected at surgery, and another
patient because of multiple atrial foci of which this was only one. IVC, Inferior vena cava; LAA, left atrial appendage; PV, pulmonary vein; RAA, right
atrial appendage; SVC, superior vena cava. (From Walsh EP. Ablation of
ectopic atrial tachycardia in children. In: Huang SK (ed.): Radiofrequency
Catheter Ablation of Cardiac Arrhythmias: Basic Concepts and Clinical
Applications. Mt. Kisko, NY: Futura;1994:421-443. With permission.)

be universally effective, the best results have been observed with class
Ic and class III agents,21,178,189,190 with amiodarone perhaps the most
effective. Occasional successes have also been reported with phenytoin and beta-blockers; however, in a large series of 54 young patients,
a fully effective drug was found for only 50% of cases.21 Ventricular,
but rarely atrial, rate control may occasionally be achieved with either
digoxin or verapamil. Also adenosine may be useful diagnostically by
inducing transient AV block, and it may cause transient EAT slowing
and termination. There is one case report of using the relatively new
agent ivabradine, which blocks the ifunny current and slows spontaneous Phase 4 depolarization,191 to effectively slow but not eliminate
EAT in an 18-year-old patient before ablation,192 and one case report
of its successful use for JET.193 Spontaneous resolution of EAT has
also been reported after successful pharmacologic control, with rates
ranging from 90% in a group of infants younger than 6 months of
age176,179 to 0% in a group of mostly older patients194 and an average
resolution rate from eight contemporary studies of 30% (see Table
40.5).21,178,179,181,194–197 The wide variation in these rates appears to be
caused by a combination of factors but is probably most influenced by
age at presentation, with 72% of the spontaneous resolutions occurring
in patients who presented before 6 months of age. Low spontaneous
resolution rates were not associated with shorter follow-up duration
among the eight studies (see Table 40.5). In fact, our initial experience
at the Children’s Hospital, Boston,194 included no spontaneous resolutions, with a median follow-up before catheter ablation therapy of
longer than 24 months, and longer than 4 years in eight patients.

Most incessant EATs can be successfully mapped using a bipolar signal
from the distal electrode pair of a single map/ablation catheter referenced to a single fixed intraatrial signal. Comparison with the beginning of the surface P wave, when it can be identified, is very useful to
identify timing in relation to some known measure of early atrial activation. Map signals that precede the surface P wave by more than 20 ms
are most likely to indicate a successful location.177 Although virtually
all early ablation series were done with such basic mapping techniques,
there are many situations in which more sophisticated mapping is useful or even necessary. Multipoint mapping can be performed with a
variety of technologies and levels of sophistication.
A simple decapolar catheter, which provides four or more nearby
timing points to the distal bipole, yields a great deal of directional
information. Early distal timing with sequentially later timing of the
proximal pairs suggests that the tip is indeed near the ectopic focus.
However, even very early timing of the distal bipole when proximal
timing is equivalent indicates that activation is approaching the catheter from a different location. This situation often arises when an
anterior right upper PV focus is being mapped from within the high
posterior right atrium. Timing may be early all along the catheter in the
right atrium, but it will be earlier and sequential when the tip is in the
right upper PV. In such a case, ablation will be successful only when it
is applied on the left atrial/PV side of the atrial wall.
This example also highlights the value of 3-dimensional multipoint mapping. There are a few considerations when choosing the best
3-dimensional technology for EAT mapping, including the following:
(1) some foci are intermittently active, particularly under sedation
or anesthesia, making sequential activation mapping frustrating or
impossible; (2) the location of right PV and near-septal foci may not
be discernible from either the surface ECG or preliminary mapping,
necessitating mapping in both the left and the right atrium; (3) some
patients have multiple foci; and (4) some pediatric patients are too
small for certain mapping technologies, particularly if remote areas of
the left atrium must be accessed. Given these considerations, we have
found that for clearly incessant EATs sequential mapping technologies
that allow simultaneous display and comparison of both the atria work
well and provide the most flexibility. The CARTO (Biosense Webster,
Johnson & Johnson) and NAVX (Endocardial Solutions, St Jude Medical, Minneapolis, MN) systems both have all these characteristics.
However, for intermittent or potentially multiple foci, sequential mapping technologies may be frustrating, particularly if the focus activity
is sensitive to catheter tip pressure. In such cases, a technology that
allows for simultaneous single-beat mapping, such as the Endocardial
Solutions ESI balloon (St Jude Medical) may work best. However, the
ESI system does not lend itself to easily changing the mapping chamber. Consequently, no existing system deals with all four of the considerations noted earlier. Regardless of the technology used, if foci are
intermittently active and either multi-lead P wave morphologies or
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multipolar intraatrial activations have been recorded during EAT, pace
mapping may also be a useful adjunct to identify the focus site.

Fortunately, in the pediatric population, most cases of EAT are caused
by a single nonsinus focus.

Ablation

Complications

In general, failure to eliminate EAT through catheter ablation is less
dependent on the ablation technology than on obtaining a good map
with early activation, and the number of foci present. Because the normal atria are rarely more than 3 to 4 mm thick, most ablation technologies can easily create transmural lesions using standard settings.
Therefore techniques for creating larger lesions, such as active and passive tip cooling and high-powered generators, should rarely, if ever, be
necessary. In fact, because most pediatric EAT foci are in the left atrium
and often near the ostium of a PV, less destructive ablation technologies (using lower temperature, power, and duration) or cryotherapy
may be most appropriate in the child. To that end, we have now used
cryoablation to successfully ablate both left and right atrial EAT foci in
younger children.
Initial procedure failure and late recurrence tend to be associated
with the presence of multiple foci or intermittent EAT during the procedure. Multiple foci portend poorly for long-term success,21 both
because of the increased difficulty in differentiating the foci during
mapping and because presence of more than one focus seems to be
predictive of the emergence of other foci after the ablation procedure.

Beyond the usual complications of any ablation procedure, there
are few unique complications to EAT ablation. Both of these topics
are covered elsewhere in this textbook. Although, as noted earlier,
some EAT foci in children are near or within a PV (see Fig. 40.14),
eliciting concerns about stenosis, clinically significant stenosis has
not been reported for a pediatric case. The potential for damage to
the sinus node or to the right phrenic nerve for foci that occur along
the crista terminalis should be considered, and the phrenic nerve
should be well mapped-out before delivering ablation energy along
the right atrial free wall. This is particularly important in patients
who have had prior heart surgery because the phrenic nerve and
pericardium are often fixed in place on the atrial surface. Most
other EAT foci are not near vital structures, such as the AV node or
a coronary artery.

Junctional Ectopic Tachycardia
In the pediatric population, unlike in adults, JET is seen in two relatively distinct settings: postoperative and congenital (Fig. 40.15).172,198
The electrophysiologic characteristics of both varieties are similar to
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Fig. 40.15 Junctional ectopic tachycardia in a 6-week-old infant at presentation (A), 24 hours after intravenous
amiodarone was begun (B), and when controlled on oral amiodarone (C). Note the ventricular rate of over 300
beats per minute with ventricle-to atrium (VA) Wenckebach before amiodarone (A). After 24 hours of intravenous amiodarone, the ventricular rate decreased to approximately 260 beats per minute and there was occasional VA block (B). After control on amiodarone, the ventricular rate was normal at about 120–130 beats per
minute (C). Over 24 hours (D), there was “normal” rate variability, but there was still junctional rhythm with
occasional sinus capture throughout, as shown in (C). (From Saul JP, Walsh EP, Triedman JK. Mechanisms
and therapy of complex arrhythmias in pediatric patients. J Cardiovasc Electrophysiol. 1995;6:1129-1148.
With permission.)
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those of EAT,172 suggesting they are also caused by abnormal automaticity, in this case arising from either low in the AV node or high in the
His-Purkinje system. However, direct intracellular recordings have not
been obtained.
The postoperative and congenital forms of JET differ primarily in
their duration and response to therapy.195 199–201 Postoperative JET is
(1) strongly associated with ventricular septal defect repair, either alone
or at the time of repair of more complex anomalies (Table 40.6);202
(2) usually transient, lasting between 1 and 4 days; and (3) responds
well to cooling and intravenous propafenone.195,199–201 These observations strongly suggest that the tachycardia is a response to trauma and
inflammation induced at the time of the repair. In contrast, congenital JET is (1) typically not associated with structural CHD; (2) incessant (see Fig. 40.15D); (3) has a positive family history in as many as
50% of cases; (4) anecdotally does not respond to cooling; (5) is associated with the maternal lupus anti-SSA and anti-SSB antibodies in
some cases;203 and (6) may spontaneously resolve, but over a period of
months to years.204 Both JET types may result in severe hemodynamic
compromise and appear to be exacerbated by both endogenous and
exogenous adrenergic stimulation,172,201 and both arrhythmias seem to
respond well to amiodarone (see Fig. 40.15C).205
The etiology of the congenital type, other than being “familial,” is
unclear. An extensive histologic evaluation was performed by Bharati
et al.201 in two patients who presented at or before 6 months of age. In
one case, there were acute inflammatory changes at the summit of the
ventricular septum and more chronic changes throughout the heart,
including fibroelastosis, suggesting myocarditis. In the other, there
were a variety of abnormal anatomic findings in the area of the AV
node, including leftward displacement of the node and an abnormal

Association of Postoperative
Junctional Ectopic Tachycardia and
Congenital Heart Lesions
TABLE 40.6

Lesion

No. of
patients

No. of patients Prevalence
with Jet
(%)
P Value

TOF

378

28

7.4

.00005

VSD

285

9

3.2

.004

57

9

15.8

.23

Fontan

266

6

2.3

.997

Truncus

33

4

1.2

.824

CCAVC

177

4

2.3

.999

PAB

111

2

1.8

.999

HLHS

94

1

1.1

.999

MVR

50

1

2.0

.999

TGA/IVS

261

—

—

.02

Coarct/Arch

375

—

—

.0001

ASD

273

—

—

.001

PDA

201

—

—

.009

192

—

—

.015

2753

64

2.3

—

TGA/VSD

Systemic-PA
shunt
Total

ASD, Atrial septal defect; CCAVC, complete common atrioventricular
canal; coarct, coarctation; HLHS, hypoplastic left heart syndrome; IVS,
intact ventricular septum; JET, junctional ectopic tachycardia; MVR,
mitral valve replacement; PA, pulmonary artery; PAB, pulmonary artery
band; PDA, patent ductus arteriosus; TGA, transposition of the great
arteries; TOF, tetralogy of Fallot; VSD, ventricular septal defect.
From Children’s Hospital, Boston, for years 1989–1994.

central fibrous body. Multiple Purkinje-like tumor cells were found by
Rossi et al.206 in a third patient who did not present until 13 months of
age, differentiating him slightly from the congenital group. Together
these findings remain somewhat unsatisfying, because they fail to
provide a unifying etiology consistent with the familial tendencies,
and most patients do not present with findings of myocarditis. Dubin
et al.203 described a patient with both congenital AV block and JET,
suggesting a link between the two diagnoses. The mother had Sjögren
syndrome and was strongly positive for anti-SSA and anti-SSB antibodies. Although two other families with congenital JET and positive
antibodies were identified,203 this interesting finding has not turned
out to be a unifying etiology for other cases. Thus for most cases, JET
remains an idiopathic diagnosis.

Therapy
The propensity for JET to eventually resolve spontaneously and the
high theoretical risk of AV block from either catheter207 or surgical172
ablation of the JET focus in the AV junction suggest that JET may initially be best treated medically by minimizing adrenergic stimulation
and beginning either intravenous or oral amiodarone,8,172,208 particularly in infants. As noted earlier, there is one case report of successful treatment of JET with ivabradine,193 suggesting with its low side
effect profile that it is worth trying in new patients and patients not
adequately managed with other agents or experiencing side effects.
Now, there are also a number of case reports,209–214 a recent case series
mostly in noninfants80 and a single multicenter series in 44 patients,62
which demonstrate that with both RF and cryoablation, it is possible to
eliminate the JET in about 85% of patients while preserving AV conduction. Importantly, despite similar success rates in the multicenter
series, AV block did occur in three of 17 patients (18%) undergoing RF
ablation and 0 of 27 undergoing cryoablation.62 The 2016 Consensus
Statement recommendations were based on many of these findings. If
the JET is either resistant to medical therapy, persistent after a prolonged period of control, or producing intractable hemodynamic compromise or ventricular dysfunction, ablation has a class I indication in
any size patient, but the initial use of cryoablation was also included as
class I. In patients more than 15 kg, class IIa and IIb indications were
provided for less severe cases. Ablation of postoperative JET or well
controlled congenital JET in patients less than 15 kg were considered
class III. Because of anecdotal reports of sudden death and one case of
AV block with JET, some investigators have recommended ventricular
demand pacing in all patients with congenital JET,172 but the multicenter study of Collins et al.62 also included 50 JET patients who did
not undergo ablation and demonstrated that this recommendation is
no longer appropriate.

Mapping and Ablation
The multicenter series of 44 patients undergoing ablation62 did provide
evidence that cryoablation is equally successful to and much safer than
RF ablation for JET; however, it did not provide specifics on exactly
how the ablations were performed. The specific details in the small
number of reported cases of successful JET ablation and the case series
in mostly older patients80 provide a few overarching recommendations
to use when approaching these patients. In most younger patients with
incessant JET, the region of interest has ended up in the anterior septum near the bundle of His. In older patients, successful ablation has
been reported in the posteroseptal region,80 with the site sometimes
identified by the use of retrograde atrial activation as a guide.210 This
region corresponds to the site used for slow pathway modification and
should be associated with a low incidence of permanent AV block.
However, the data presented may be most consistent with frequent
paroxysms of AVNRT triggered by junctional escape beats, and other
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reports have not found mapping of earliest retrograde activation to be
useful.212–214 Nonetheless, because this area is generally “safe,” initial
attempts at ablation may be applied in the posterior septal region. If
they are unsuccessful, mapping should focus on identifying the site
of the earliest His potential during JET. Before ablation, the catheter
should be moved very slightly posterior to that site, attempting to
increase the atrial electrogram size and minimize the His activation
from the distal ablation tip, similar to the methodology used in the
past for fast pathway ablation. Most prior reports of successful elimination of JET without subsequent AV block have used this technique with
brief, lower-power applications of RF energy. However, there is clearly
a risk of AV block in children with this technique. We have had the
opportunity to use cryotherapy in two patients for ablation of JET. In
one 10-year-old child with intermittently incessant tachycardia, earliest
His activation during tachycardia was found with retrograde mapping
just under the aortic valve (see Fig. 40.2). The high degree of safety
of this methodology around the AV conduction system makes it ideal
for both cryomapping and cryoablation, with successful elimination of
the JET and preservation of the AV node, despite a catheter signal and
location suggesting very close proximity to the His bundle. Our cases
and the literature clearly indicate that when ablation is attempted for
JET, cryotherapy should be the first choice of energy used, consistent
with the 2016 Consensus Statement.1

Permanent Form of Junctional Reciprocating
Tachycardia

Like EAT and JET, PJRT is an often-incessant tachycardia that is
typically recognized in infancy or childhood, either by detection of
a rapid heart rate on a routine examination or because of the accompanying myopathy observed in many patients. First described by
Coumel et al.,215 the tachycardia is characterized by a narrow
QRS rhythm with variable rates, a retrograde P wave axis, and an
RP interval that is longer than the PR interval. PJRT represents
approximately 4% of the SVTs seen in infants,176 and in the past
accounted for 10% of pediatric patients referred for catheter ablation.23 Because of its incessant nature, there were relatively more
cases seen in the early days of RF ablation, whereas now only new
cases of this rare condition are seen.
As is now clear from the results of electrophysiology studies,
surgical216,217 and catheter ablation results,55,218–220 and anatomic
data,221,222 PJRT is caused by an orthodromic reciprocating tachycardia involving a slowly conducting concealed AP, making the name a
misnomer. It is the slow and decremental retrograde conduction in
the AP that leads to both the ECG characteristics and the incessant
nature of the rhythm.

Therapy
Similar to other tachycardias caused by APs,3 PJRT may resolve
spontaneously in some patients.196 However, in many patients,
PJRT is notoriously difficult to control medically. Before the era of
RF catheter ablation, both surgical ablation161,216,217 and DC catheter ablation223–225 techniques had been used to treat PJRT, but both
techniques resulted in a significant risk of AV block, as well as other
complications. In addition, a false belief that the anatomic location
of these APs was always posteroseptal led to a maximum success rate
of only about 75%. Catheter ablation has now proven to be a highly
effective technique for eliminating these fibers with minimal risk of
AV block.55,218–220,226 Also, the precise AP localization provided by
current mapping techniques and the demonstrated points of successful ablation have elucidated the fact that these APs are not always
posteroseptal but can occur in almost any location along the AV
groove (Fig. 40.16).

683

PA

Ao

TV
MV

Fig. 40.16 Schematic diagram of accessory pathway locations in
patients with permanent form of junctional reciprocating tachycardia (PJRT) as identified by radiofrequency ablation. Circles represent
accessory pathways causing the tachycardia. Eleven pathways were in
the typical location either within or just outside the mouth of the coronary sinus, four were elsewhere along the tricuspid annulus, and four
along the mitral annulus. Ao, Aorta; MV, mitral valve; PA, pulmonary
artery; TV, tricuspid valve. (From Ticho BS, Walsh EP, Saul JP. Ablation
of permanent junctional reciprocating tachycardia. In: Huang SK (ed.):
Radiofrequency Catheter Ablation of Cardiac Arrhythmias: Basic Concepts and Clinical Applications. Mt. Kisko, NY: Futura;1994:397-409.
With permission.)

Mapping and Ablation
As with any other AP, the methodology for ablation of PJRT pathways
depends on their location. Because many of the pathways are posteroseptal, ablation within the mouth or veins of the coronary sinus
is often necessary. Mapping should virtually always be performed
during tachycardia. Electrogram characteristics, electrophysiologic
techniques, and mapping techniques are somewhat different for PJRT
pathways than for typical nondecremental APs. First, it is often impossible to confirm an AP as the retrograde conduction pathway using
the standard technique of atrial preexcitation by a ventricular premature beat while the His is refractory, because the retrograde conduction decrements after premature ventricular stimulation. Further, the
VA interval is usually long, with a long isoelectric segment between
the ventricular and atrial signals, and an AP potential may be present
in as many as 75% of cases (Fig. 40.17).227 Finally, the pathways must
usually be mapped and ablated in tachycardia (Fig. 40.18) because it is
often not possible to achieve reliable exclusive AP conduction during
ventricular pacing. This is the result of either competitive retrograde
AV node conduction or retrograde block at any cycle length longer
than that of the tachycardia. Given these constraints, more than 95%
of pathways can still be ablated successfully, but recurrence rates are
higher than for typical APs, and some patients may require more than
one procedure for initial success.23,218–220,223,227

Complications and Recommendations
Despite the proximity to the AV node, AV block has not been
reported in the larger series of patients who have undergone RF ablation.218–220,227 However, it is now clear from both animal54,144 and
patient data that if RF energy is used to ablate posteroseptal pathways
inside the coronary sinus, there is a significant risk of coronary damage, particularly if ablation is performed near a terminating branch of
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Fig. 40.17 Electrophysiologic recordings of a single cycle of tachycardia in eight patients with permanent
form of junctional reciprocating tachycardia. Probable accessory pathway (AP) potentials (arrows) are present
in strips 1 through 6 and are identified as a rapid deflection that immediately precedes the atrial deflection.
Strips 7 and 8 do not show such a potential. All recordings were made from the ablation catheter just before
and at the location of successful ablation. After ablation, the AP potential was not present and the ventricular
signal did not change. Electrogram 7 was recorded with a catheter on the ventricular side of the tricuspid
valve. A, Atrial activation; V, ventricular activation. (From Ticho BS, Saul JP, Hulse JE, et al. Variable location of
accessory pathways associated with the permanent form of junctional reciprocating tachycardia and confirmation with radiofrequency ablation. Am J Cardiol. 1992;70:1559-1564. With permission.)

the right coronary or left circumflex artery.15 This issue and the possibility that subclinical coronary damage occurs much more often than
has been previously recognized were discussed earlier in the section on
AVNRT and are probably most applicable in the setting of posteroseptal PJRT pathways. In fact, Dr. Warren Jackman has often presented
the unpublished case of a 15-year-old boy who was referred to him
after a failed attempted ablation of a posteroseptal pathway within
the mouth of the coronary sinus. A coronary angiogram performed
demonstrated complete occlusion of the terminal portion of a nondominant left circumflex artery, despite the absence of any clinical
or ECG changes during the first ablation attempt. Fig. 40.19 is from
a case of ours in a 10-year-old girl with a posteroseptal AP in which
a preablation coronary angiogram demonstrated a nearby small posterior descending coronary from the left circumflex that was thought
to be 2 to 3 mm from the intended ablation site (arrow). However,
despite the lack of any ST changes during ablation, postablation angiography demonstrated 90% stenosis of the nearby artery. Two months
post procedure, the artery was still stenotic, but collateralization had
taken place around it in the same region. Given the numerous anecdotes now available indicating high risk when RF energy is applied in
close proximity to small coronary arteries,14–16,100 we recommend the
following for all pediatric patients undergoing posteroseptal ablation of
an AP: (1) coronary angiography should be considered before application of RF energy along the posterior AV groove, particularly near the
septum, or within the coronary sinus; (2) if a small coronary artery is
within 2 to 3 mm of an ablation site, cryotherapy is the preferred initial

ablation choice; (3) if cryotherapy is either unavailable or ineffective,
RF energy application should be minimized by reducing either catheter
size, the temperature set point, or maximum power and/or duration;
and (4) high energy RF application with active or passive cooled-tip
technology should be avoided or used with extreme caution.
Despite these safety concerns, the high efficacy and relative safety of
ablation for PJRT, combined with the fact that pharmacologic therapy
is often ineffective, have led to PJRT being included with most other
SVT categories in the 2016 Consensus Statement, where ablation is
considered as a class I recommendation for patients over 15 kg or any
patient with ventricular dysfunction.

OTHER GENERAL CONSIDERATIONS IN THE
PEDIATRIC PATIENT
Complications
A distinct risk of vascular injury, secondary to thrombus or embolus
formation, exists with any catheterization in smaller children but
is particularly present with any interventional or prolonged diagnostic catheterization.228 Therefore it is not surprising that vascular
complications, including microembolism to the foot226 and arterial
occlusion,229 have been reported with catheter ablation. Of note,
however, the incidence of these problems appears to be quite low,
even in the smallest patients, probably because of meticulous heparinization, a tendency not to use the retrograde arterial approach in
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Fig. 40.18 Electrophysiologic recordings before and during transcatheter radiofrequency (RF) ablation of permanent form of junctional reciprocating tachycardia. The recording on the left was made during tachycardia
and shows a probable accessory pathway potential (arrow). The recording on the right shows conversion to
sinus rhythm within 2 seconds of RF energy application. Ablat, RF ablation; CL, cycle length in ms; VA, ventriculoatrial interval in ms. (From Ticho BS, Saul JP, Hulse JE, et al. Variable location of accessory pathways
associated with the permanent form of junctional reciprocating tachycardia and confirmation with radiofrequency ablation. Am J Cardiol. 1992;70:1559-1564. With permission.)
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Fig. 40.19 A, Left coronary angiogram in a 10-year-old patient with a posteroseptal accessory pathway. Earliest activation was mapped to within the mouth of the coronary sinus at the location of the red arrow. Despite
the lack of ST changes during ablation, after radiofrequency ablation with a 4-mm-tip catheter, repeat angiography (B) revealed 90% stenosis of the nearby posterior descending coronary artery.
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most pediatric centers, and the current availability of smaller diagnostic and ablation catheters. Production of new,230 or increased18
valvar regurgitation has been reported in pediatric patients after
use of the retrograde arterial approach, providing an additional reason to avoid this approach in smaller patients. The risk of acute
coronary damage has been addressed extensively, but it should also
be noted that only limited data in humans are available, and no data
on late coronary function have been reported in animals, children,
or adults.

Sedation and Anesthesia
The pain and discomfort of an RF ablation procedure do not appear
to be very much higher than for a typical diagnostic catheterization,
even accounting for the pain some patients feel during the actual
RF application. Therefore general anesthesia is by no means necessary. However, we began using general or near-general anesthesia
for most patients early in our experience, for two reasons. First and
foremost, uncontrolled patient movement that dislodges the catheter may inadvertently occur at a critical point in the procedure, particularly if the RF application produces pain. In fact, our only case
of complete heart block occurred in part as the result of untimely
movement of an uncooperative patient during ablation of a midseptal AP, leading us to replace heavy, often disorienting sedation with
general anesthesia for most younger patients. Second, after beginning the use of general anesthesia, we found that even older, cooperative children and young adults find the procedure much more
tolerable and are more willing to return for follow-up procedures,
if needed. For similar reasons, virtually all pediatric programs use
general anesthesia for ablation cases and most nonelectrophysiologic catheter interventions.
The 2016 Consensus Statement1 includes formal recommendations
for both the Safety and Procedural areas. Included within the Safety
ones is a class I recommendation for patients 12 years of age and
younger, and patients with moderate or complex CHD to have the procedure performed in collaboration with an anesthesiologist who has
expertise with pediatric and/or CHD patients, as appropriate.

Fluoroscopic Exposure
Fluoroscopy as a risk factor for malignancy is an issue at every age but
may be of more theoretical concern in children and young adults for
a variety of reasons. The most obvious of course is that the malignant
potential of radiation exposure generally manifest itself after many years,
so the risk in any population or individual will be related to the number
of life years expected after the procedure, a number which increases with
decreasing age of the exposure. A second factor is that radiation exposure in children who are still growing and have more cell divisions is generally considered to have more malignant potential than adults. Third,
some of the longest and most complicated cases occur in adolescents and
young adults with complex CHD, a group already subject to excess radiation exposure because of multiple prior catheterization for nonarrhythmia indications. Finally, as with all the other safety concerns addressed
previously, a general principle in the care of children with most arrhythmias is that safety concerns generally outweigh efficacy concerns because
most tachyarrhythmias in children have a relatively benign long-term
outcome.
For all these reasons, a variety of pediatric investigators have
focused on techniques to reduce radiation exposure during catheter ablation procedures.92,231–246 As with all diagnostic radiation, a
variety of basic technical modifications can be performed to strive
for exposure, which is as low as reasonably achievable (ALARA).247
These techniques include lower frame rate, field reduction, reduced

output, last image hold, and of course minimizing the use of fluoroscopy to when absolutely necessary. One study focusing on
ALARA techniques alone was able to produce significantly lower
radiation exposure than historical controls.247 However, the alternative approach has been to use nonfluoroscopic techniques, which
depend on impedance or magnetic based localization to define the
relevant chamber anatomy and the location of ablation applications.
Numerous studies have now demonstrated the feasibility of these
techniques to significantly and dramatically reduce fluoroscopy
for ablation of any arrhythmia, and to even eliminate fluoroscopy
exposure entirely for simpler procedures like AV node modification and AP ablation.92,231–246 Although theoretically any radiation
exposure elevates the risk of late neoplasm, the ancillary use of
these nonfluoroscopic techniques to reduce radiation exposure has
lowered fluoroscopy times to levels below those of most diagnostic
catheterizations.
The 2016 Consensus Statement1 included recommendations
for the use of nonfluoroscopic techniques both to reduce radiation
exposure and improve outcomes in its Procedural section. Specifically, the use of 3-dimensional nonfluoroscopic, electroanatomic
mapping system was considered: class I for assisting mapping and
ablation of postoperative tachyarrhythmias in patients with moderate or complex CHD; and class IIa as a primary tool or adjunct to
fluoroscopy during ablation procedures in all pediatric patients to
reduce radiation exposure in accordance with the ALARA principle and provide electroanatomic mapping for more complex procedures. Both of these recommendations were considered to have
Level of Evidence B.

Ablation on Extracorporeal Membrane Oxygenation
The need for extracorporeal membrane oxygenation (ECMO) for the
management of physiologically malignant arrhythmias is not unique
to pediatric patients, but in the literature seems to be reported much
more often for children than adults.248–253 In addition to the use of
ECMO for acute management in patients with hemodynamic compromise, a variety of reports have described ablation procedures
performed successfully on ECMO.248–253 We have performed three
of these procedures, one for a 3-month-old with ventricular tachycardia, one for a 14-year-old with ectopic atrial tachycardia, and one for
a neonate with multiple accessory pathways. The relevant technical
issues include transporting the patient on ECMO from the intensive
care unit to the catheterization laboratory, avoiding the ECMO cannulae with the electrophysiologic and ablation catheters and possibly
adjusting flow temporarily to avoid overcooling of an RF catheter or
heating of a cryocatheter when the target site is in the flow path of an
ECMO catheter.

Epicardial Ablation Techniques
Epicardial techniques have taken a more and more consistent role
in ablation of ventricular tachycardia in adult patients,248,254–263
and are covered elsewhere in this textbook. In addition, the technique has had limited use for a variety of arrhythmias in pediatric patients.76,248,257,259 We recently reported 10 procedures in nine
patients with ectopic atrial tachycardia (n = 1), WPW (n =3), and
ventricular tachycardia76 (n = 5), with a 70% success rate and no significant complications. Patient ages ranged from 8 to 19 years, and
none had previous operations for CHDs. The primary conclusion is
that the technique can be performed safely and effectively in pediatric
patients, and can be considered in selected cases when endocardial
ablation has been unsuccessful.
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   S U M M A R Y
Children are usually smaller than adults, but in general, ablation techniques used in adults should not simply be miniaturized to fit the size
of the pediatric patient. Multiple factors, including the distribution
of arrhythmia mechanisms, ongoing myocardial development, and
potentially increased risk of vascular injury and AV node damage,
as well as the effects of smaller cardiac size, should all influence the
ablation technique. An overriding theme in the child should be that
safety takes precedence over efficacy. Therefore variations of technique
should be applied to the decision to ablate, the energy source and its
delivery, the catheter approach to the heart and the AV ring, the use of
fluoroscopy, and the follow-up. For instance, because of its strong
safety profile, despite lower efficacy, the use of cryotherapy is probably

better suited to ablation in children than in adults and has been suggested or recommended as a first choice for many of the scenarios in
this chapter. Attention to these factors is probably most important in
infants, a group who differ both quantitatively and qualitatively from
adults. In addition, the pediatric patient is obviously more likely than
an adult to have the simultaneous presence of structural CHD, which
in itself has a variety of implications for the decision to ablate and the
procedure technique. On the other hand, there are numerous similarities between adult and pediatric patients. Specifically, regardless of age,
it seems clear that a variety of techniques and approaches are necessary
to successfully ablate substrates in all locations of the heart, including
the AV groove.
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upper loop reentry, 195–196, 198f
Autonomic system, 73, 73f
AVNRT. See Atrioventricular nodal reentrant
tachycardia

B

Bachman bundle, 58
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Electrocardiography. See also Surface
electrocardiography.
of atriofascicular accessory pathway, 411, 415f
for basal left ventricle localization, 455
of outflow tract tachycardias, 451–460

694

INDEX

Electrode. See also Catheters.
contact force, lesion formation and, 15
dispersive, 7–9
distance from, and current density, 2
material, 16
orientation, lesion formation and, 15
radial temperature gradient and, 2–3
radius of, and radius of the lesion, 3, 5f
size, 15
temperature, lesion formation and, 15
Electrode–tissue interface
power dissipation in, 7–8, 8f
temperature monitoring at, 7
Electrogram
bipolar signals of, 18–19, 20f–21f, 24t
characteristics of, 19–23
in presence of structural heart disease, 20,
24f–25f, 25t
for left free wall APs, 367, 367f
morphologies, abnormal, 25t
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Idiopathic ventricular tachycardia (IVT), 448
Image integration, with computed tomography
scan, magnetic resonance, and intracardiac
echocardiography, 103, 103f–105f
Impella pLVADs, 627, 628t
Implantable cardioverter-defibrillator (ICD)
periprocedural considerations for, 512–514
ventricular tachycardia (VT) ablation and, 510
Inaccurate pathway localization, accessory
pathways, 430–431, 431f
Inappropriate sinus tachycardia (IAST), versus
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Interatrial septum, 58
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Mahaim fibers, 409
Mahaim potential
for atriofascicular accessory pathway mapping,
417–419
difficulty in, 422
at tricuspid annulus, for atriofascicular
accessory pathway mapping, 417–419
Manifest entrainment, macroreentrant mechanism
obtained through, 188–189
Mapping
of aortic cusps, 456
of AP course determination, 443, 444f
of atriofascicular accessory pathways, 417, 419f,
426
of AV junction ablation, 350–352, 350f–352f,
352b
catheter, fluoroscopy for, 54, 55f
of electrogram-guided atrial ablation, for atrial
fibrillation, 266–268, 268f–272f, 269t
epicardial, for VT ablation, 592–593, 594f–595f,
599–602, 600f–601f
of focal atrial tachycardias, 149–156
anatomic relationships and, 153
of ganglionic plexus, 271
of IART in CHD, 212–218
of left free wall APs, 364t, 365–370, 365f–370f
of linear ablation, 258–264, 259f
of mitral annular ventricular tachycardia, 469–471
of mitral valve, 455
of nonreentrant fascicular ventricular
tachycardia, 505–509, 507f–508f
of outflow tract tachycardias, 461–462, 463f
of papillary muscle ventricular tachycardia,
475, 476f
pericardial access for, 434
of posteroseptal accessory pathways, 382f,
390–392, 390f–391f, 393f, 394t
of reentrant left fascicular ventricular
tachycardia, 488–502
left anterior fascicular VT, 479f, 492–498
left anterior papillary muscle fascicular VT,
498, 498f
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Mapping (Continued)
left posterior fascicular VT, 488–492,
494f–496f, 496b
left upper septal fascicular VT, 498, 499f–500f
of right free wall APs, 370–372, 371f–373f
strategies, newer, 372
of substrate-based ablation, 571–576, 571t–572t
limitations to strategies in, 576, 579f
local abnormal ventricular activity and
identification of late potentials and
diseased conduction channels, 575–576,
575f–578f
pace, for circuit components identification,
571t, 573–575, 574f
tools for, 571–573
ventricular tachycardia induction, 573
voltage, 568f–569f, 573
of superoparaseptal accessory pathways,
400–403, 400t, 401f–403f
3-dimensional, 101–116.e3, 102t
in ablation of atrial fibrillation, 115–116,
115f–116f
activation mapping in, 104–106, 107f–108f
for focal atrial and ventricular tachycardias,
111–112
for macroreentrant tachycardia, 113–115,
113f–114f
noncontact mapping, 109–111, 113f
ripple mapping, 106, 111f–112f
ultra, high-resolution mapping system, 106,
109f–110f
voltage mapping, 108–109, 113f
of tricuspid annular ventricular tachycardia, 472
of unstable ventricular tachycardia and
idiopathic ventricular fibrillation, 546–553
pace, 551–552, 552f
of ventricular tachycardia, in coronary artery
disease
activation, 518, 518f, 523b
entrainment, 518–519, 520f–521f, 522t, 523f,
523b
noncontact, 527, 527f
polymorphic postinfarct ventricular
tachycardia, 527, 528f
strategies for, 517–527, 518b
substrate approaches, for unmappable
ventricular tachycardia, 519–527, 523b,
524f–526f
of ventricular tachycardia, with congenital heart
disease, 612–614, 613f–617f
of ventricular tachycardia arising from crux of
heart, 477
Maze surgery, atrial tachycardias after, 202–203,
203f
Membranous CTI, 161–163
Microvascular perfusion, during RF lesion
formation, 11
Microwave ablation catheter system, of CTI, 170,
171f
Mid-diastolic potential, reentrant left fascicular
ventricular tachycardia and, 480–484, 482f
Midseptal accessory pathways
anatomy and nomenclature of, 396–397, 397f
diagnosis and differential diagnosis of,
397–400
electrophysiologic, 398–400, 398t, 399f–400f
difficult cases of, 404t, 405–406, 408f
Minimally invasive techniques, 306, 306f–307f

Miscellaneous pacing maneuvers, 22–23, 26t
activation sequence during, 24
electrogram morphology in response to, 24–26
parahisian pacing, 26
premature atrial contractions during narrowand wide-complex tachycardia, 23–24
premature ventricular contractions during
narrow-complex tachycardia, 23
response to atrial or ventricular, 23–24
termination of tachycardia during, 24
Misdiagnosis, of accessory pathways, 429–443, 430f
Mitochondria, radiofrequency ablation and,
10–11, 10f
Mitral annular ventricular tachycardia, 467–471
ablation of, 469–471, 470f–471f
success and recurrence rates of, 471
classification of, 467, 468f
diagnostic criteria for, 468–469
surface electrocardiogram, 468–469,
469f–470f
mapping of, 469–471
mechanism of, 468
pathophysiology of, 467–468
Mitral annulus (MA)
anatomy of, 358, 359f–360f
atrial macroreentry and, 187
focal annular tachycardias, 146
Mitral isthmus, 62, 62f
left atrial macroreentry and, 197–199
line, for AF linear ablation, 259f, 261–262, 263f
assessing conduction block in, 262, 264f–265f
Mitral valve
mapping of, 455
surgery of, macroreentrant ATs after, 195f,
203–204
Mononuclear inflammatory cells, radiofrequency
ablation and, 9–10
Mortality, with ventricular tachycardia in CAD
ablation, 530
Motion (M-mode), 126
MRI. See Magnetic resonance imaging
Multielectrode ablation catheters, 231
Myocardial boiling, power titration for, 20, 21f
Myocardial channel targeting, in unstable
ventricular tachycardia and idiopathic
ventricular fibrillation, 557
Myocardial perfusion, RF-induced
hyperthermia, 11
Myocardial vasculature, RF-induced
hyperthermia, 11
Myocarditis
arrhythmogenic substrate in, 532
considerations for ablation in, 538

N

NICM. See Nonischemic cardiomyopathy
Niobe Magnetic Navigation System, 121f
Nodofascicular accessory pathway, 416, 425–426,
427f
Nodoventricular accessory pathway, 416, 425–426,
427f
Noncontact electroanatomic mapping, of atrial
macroreentry, 194
Noncontact mapping, 109–111, 113f
of ventricular tachycardia, in coronary artery
disease (CAD), 527, 527f
Noncoronary cusps tachycardias, ablation
of, 151, 153f
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Nonfluoroscopic mapping systems, 443–445
Nonidiopathic ventricular tachycardia, 34–35
Noninducibility, of ventricular tachycardia, as
ablation end point, 583
Nonischemic cardiomyopathy (NICM), ablation
of ventricular tachycardia associated with,
531–542.e3
arrhythmogenic substrate in
disease-specific, 532–533, 533t
etiology and characterization of, 531, 532f,
532t
bundle branch reentry tachycardia in, 539–541,
540f
difficult case of, 541–542, 542t
disease spectrum in, 531
disease-specific considerations for, 537–539
outcomes of, 541t
preablation workup and procedural planning
for, 533
target sites for, 535–537, 535f–536f, 536t
technique and end points in, 537
Nonisthmus-dependent flutters
ablation of, 187–204.e3
types of, 188t
Nonpulmonary vein triggers
ablation of, 244–256.e2, 245–253
clinical outcome after, 255–256
complications following, 256
coronary sinus and, 248
crista terminalis in, 248
empiric, 255
Eustachian ridge and, 248
interatrial septum and, 251, 251f, 252t, 253f
left and right atrial appendage and, 251, 254f,
255
ligament of Marshall and, 249, 249f, 250t
in redo session, 255–256
superior vena cava in, 245–248, 248f–249f, 255
ablation of, for persistent atrial fibrillation,
297–299, 299f–300f
incidence of, 244
origins of, 244
provocation and mapping of, 244–245, 245f–247f
in redo ablation, 255, 255t
Nonreentrant fascicular ventricular tachycardia,
502–509
ablation of, 505–509, 507f–508f
complications of, 509, 509f
success and recurrence rates of, 509
clinical characteristics of, 502–505
electrophysiologic characteristics of, 502–505,
502t, 505f–506f
mapping of, 505–509, 507f–508f
Nucleus, thermal injury and, 12–13

O

Oblique accessory pathway
ablation of, 440–441, 442f
activation of, 440–441, 442f
identification of, 441
ORT. See Orthodromic reciprocating tachycardia
Orthodromic reciprocating tachycardia (ORT)
diagnosis of, 362–363, 363b
differential diagnosis of, 362–364, 363b, 364f
mapping of, 364–375, 365b
of left wall APs, 364t, 365–370, 365f–370f
of right free wall APs, 370–372, 371f–373f
P waves during, 361
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Outflow tract tachycardias, 447–466.e3
ablation of, 462–464
clinical outcomes of, 464–465
complications of, 464–465
decision for, 460
difficult cases of, 465, 465t, 466f
anatomic substrate of, 449
anatomy for, 449–451, 450f
clinical presentation of, 448–449
diagnosis of, 451–462, 451f
amplitude and duration, 460
anatomic localization, 451–460
from aortic cusps, 456–457, 458f–459f, 458t
from basal left ventricle, 455–456, 455f–457f
ECG localization criteria, 453–454
electrocardiographic patterns, 451–460
epicardial left ventricle summit, 457–458,
459f
intracardiac electrogram, 456–457
precordial transition, 460, 461f
from RVOT, 451f–454f, 452–455
mapping of, 461–462, 463f
mechanism of, 448–449
structural cardiac abnormalities and, 449
treatment of, 460–462
Outflow tracts, structural anatomy of, 64–68
Overdrive right ventricular apical pacing, for SVT
diagnosis, 400

P

P waves
during AVNRT, 363
of free wall APs, 361
during ORT, 361
of posteroseptal accessory pathways, 385
Pace mapping, 21–22
for ablation of VT associated with NICM,
535–536
for atriofascicular accessory pathway, 421
for basal left ventricle localization, 455–456,
456f
for circuit components identification, 571t,
573–575, 574f
for outflow tract tachycardias, 462, 463f
for RVOT region, 452–453, 453f–454f
Pacing
maneuvers
atrial, for focal atrial tachycardias, 148
for CTI ablation end points, 177–179,
180f–182f
ventricular, for focal atrial tachycardias, 148
for ventricular tachycardia in CAD ablation,
512
for SVT diagnosis, 398–399, 399f
therapy, for IART, 211
Papillary muscle ventricular tachycardia, 473–475
ablation of, 475, 476f
complications of, 475
success and recurrence rates of, 475
classification of, 473, 475f
diagnostic criteria for, 473–475
surface electrocardiogram, 473–475,
475f–476f
mapping of, 475, 476f
mechanism of, 473
pathophysiology of, 473
Parahisian accessory pathways, cryoablation
for, 51

Parahisian pacing, for SVT diagnosis, 398–399,
399f
Parahisian pathways, ablation of, 404
Partial isthmus flutter, 163
Peak tissue temperature, lesion formation and, 15
Pediatric patients
ablation in
decision for, 665–666
special considerations for, 664–687.e7
adults versus, 664–666, 665t
arrhythmia mechanisms, 665, 665f
arrhythmias commonly observed in adults,
alternative presentations or management
of, 666–677
atrial flutter or fibrillation in absence of other
heart disease, 676–677
atrioventricular nodal reentry tachycardia,
667–669
double atrioventricular nodes, 673–676,
673f–676f
preexcitation syndromes in infants, 669–670,
670f, 670t
structural congenital heart disease,
preexcitation syndromes in patients
with, 670–673, 670t
arrhythmias unique to pediatric patient,
677–684
incessant ectopic atrial tachycardia, 677–681,
678t, 679f–680f
junctional ectopic tachycardia, 681–683, 681f
junctional reciprocating tachycardia,
permanent form of, 683–684, 683f–685f
cryoablation use in, 666, 666f
other general considerations, 684–686
ablation on extracorporeal membrane
oxygenation, 686
complications, 684–686
epicardial ablation techniques, 686
fluoroscopic exposure, 686
sedation and anesthesia, 686
radiofrequency ablation in, with Ebstein
anomaly, 438
Percutaneous hemodynamic support, scar-related
ventricular tachycardia ablation with,
625–634.e1, 626f
anticoagulation considerations in, 634
electromagnetic interference in, 633
hemodynamic assessment during, 630–631,
631f–632f
hemodynamic support during, 628–629,
630f
intraprocedural cardiac mechanical support,
options for, 625–628, 627t–628t
outcome of, 632
patient selection for, 633
pLVAD implantation technique in, 633–634
safety of, 632–633
Percutaneous intrapericardial echocardiography
(PICE), 138
Percutaneous left ventricular assist devices
(pLVAD) implantation technique, 633–634
Pericardial access, for epicardial mapping and
ablation, 434
Pericardial effusion, 637
detection of, 638–639
radiofrequency catheter ablation of arrhythmias
and, 646
Pericardial sinuses, 71, 71f

Pericardial space, 71–73
autonomic system, 73
pericardial sinuses, 71, 71f
phrenic nerve, 72
summit area, 72–73, 72f
Pericarditis, radiofrequency catheter ablation of
arrhythmias and, 641
Perimitral reentry, 197–199
Perinodal atrial tachycardias, ablation of, 145
Periprocedural imaging, 132
Perivalvular tissue, outflow tract tachycardias in,
451
Permanent junctional reciprocating tachycardia
(PJRT), 381–382
diagnosis of, 385, 388t
PERMIT1 study, 631
Persistent atrial fibrillation, ablation for,
292–304.e4, 281
assessment of patient with, 293–295
antiarrhythmic drug options in, 294
burden and chronicity in, 294
disease processes exacerbated by atrial
fibrillation and, 294
potential contraindications to ablation and,
294–295
presenting rhythm in, 294
symptomatology in, 293–294
undergoing cardiac surgery, 295
difficult case in, 304t
key points for, 293t
strategies for, 295–304
ablation of fibrotic areas as, 301, 303f
ablation of ganglionic plexi as, 301–303
ablation of nonpulmonary vein triggers as,
297–299, 299f–300f
ablation to termination as, 303
adenosine as, 303
complex fractionated atrial electrograms as,
301, 302f
hybrid atrial fibrillation ablation, 304
left atrial appendage electrical isolation as,
299
left atrial lines as, 299–301
posterior wall isolation/ablation as, 295–296,
298f
predictors of outcome and, 303–304
pulmonary vein isolation as, 295, 297f
pulmonary vein isolation with posterior wall
ablation as, 297, 298f
right atrial ablation as, 299
rotor mapping as, 303
success of, defining, 304
target sites for, 296t
PET. See Positron emission tomography
Phased-array ICE catheters, 127, 128f, 137
Phrenic nerve, 72
injury
in epicardial approach to VT ablation,
603–604, 603f
radiofrequency catheter ablation of
arrhythmias and, 644–645
palsy, as complication of PVI, 228–231
preservation of, 238–239
PICE. See Percutaneous intrapericardial
echocardiography
PJRT. See Permanent junctional reciprocating
tachycardia
Plasma boiling, with irrigated RF ablation, 433
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Plasma membrane, thermal injury and, 12
Pleuritis, radiofrequency catheter ablation of
arrhythmias and, 647
pLVAD. See Percutaneous left ventricular assist
devices
Polymorphic postinfarct ventricular tachycardia,
mapping of, 527, 528f
Positron emission tomography (PET), for
ventricular tachycardia in CAD, 515
Posterior interventricular vein, 69
Posterior left atrial isolation, for AF linear
ablation, 259f, 264, 267f
assessing conduction block in, 264
Posterior wall isolation/ablation, for persistent
atrial fibrillation, 295–296, 298f
pulmonary vein isolation with, 297, 298f
Posteroseptal accessory pathways,
380–395.e3
ablation of, 392–395
site for, 394t
anatomy of, 380–381, 381f–384f
connections in, 380–381, 381f–383f
diagnosis and differential diagnosis, 385–390,
388t–389t, 389f
difficult case of, 395t
mapping of, 382f, 390–392, 390f–391f, 393f,
394t
pathophysiology of, 381–383, 385f–387f
Postmyocardial infarction ventricular tachycardia
anatomic substrate of, 543–544, 544f–545f
surgical experience with, 544–546,
545f–547f
Postpacing interval (PPI)
of slow-fast AVNRT, 326
for ventricular tachycardia, in coronary artery
disease (CAD), 519
Postprocedural imaging, 136
Power, lesion formation and, 15
Power titration
for ablation safety, 19–23, 20t
cardiac perforation, 20–21
coagulum formation, 19–20, 20f
myocardial boiling, 20, 21f
surrounding structures, damage to, 21
AV block and, 434
with conventional radiofrequency ablation
catheters, 21
electrogram amplitude-titrated energy
delivery, 22
electrophysiologic end points, 22
impedance-titrated energy delivery, 21–22,
22f–23f
large-tip catheters, 22–23
temperature-titrated energy delivery, 21
warning signs of, 20t
within coronary sinus, 26
during epicardial ablation, 24, 25f
general principles of, 18
with irrigated radiofrequency ablation catheters,
23–24, 25f, 25t
lesion size, 23–24, 24f, 24t
in other anatomic sites, 24–26
PPI. See Postpacing interval
Premature ventricular complexes (PVCs)
in nonischemic cardiomyopathy, 531
outflow tract tachycardias and, 449
Preprocedure imaging, 130–132
Projections, fluoroscopy, 54, 55f

Pulmonary vein isolation (PVI), 221–234.e4
anesthesia protocol for, 223
anticoagulation status in, 222
antral
ablation for, 257–258
mapping for, 257, 258f–259f
outcomes of, 258
pathophysiology of, 257
problems and limitations of, 258
for atrial fibrillation, 221–234.e4
force-sensing technologies, 231
multielectrode ablation catheters, 231
patient selection and preprocedural
considerations, 222–223
techniques and results of, 223–224, 223f–227f
balloon-based technologies for, 228–231
cryoballoon ablation, 228–231
laser-balloon ablation, 231
radiofrequency-balloon ablation, 231
complications of, 225–226
by cryoballoon catheter, 235–243.e3, 238t
cryoballoon dosing in, 239–242
postprocedure care for, 243
repeat ablation in, 243
troubleshooting difficult cases in, 239t
difficult cases of, 226–228, 229f–230f, 230t
end points for, 226t
force-sensing technologies, 231, 234f
indications for, 222
mechanism of arrhythmia recurrence after, 228,
231f–233f, 231t
patient selection and preprocedural
considerations in, 222–223
for persistent atrial fibrillation, 295, 297f
with posterior wall ablation, 297, 298f
postprocedural care and follow-up, 228
prevalence of, 228
techniques and results of, 223–224, 223f–227f
vascular and left atrial access, 223, 223f
Pulmonary vein stenosis, radiofrequency catheter
ablation of arrhythmias and, 642–643, 644f
Pulmonary veins, 60–62
anatomy, 132–134
focal annular tachycardias, 146
P wave in, 152–153, 154f–155f
stenosis, 136
Pulmonary venous ostia, atrial macroreentry and, 187
Purkinje networks, of reentrant left fascicular
ventricular tachycardia, 480
Purkinje potential, reentrant left fascicular
ventricular tachycardia and, 480–484, 482f, 484f
PVCs. See Premature ventricular complexes
PVI. See Pulmonary vein isolation
P wave morphology (PWM)
according to anatomic site of origin, 150–151
aorto-mitral continuity and noncoronary cusp
AT and, 151, 153f
in endocardial mapping, 154
in interatrial septum, 151, 152f
mapping for, 149–153, 150f–151f
in perinodal region, 151, 152f
in PVs and LAA, 152–153, 155f
in right atrium appendages, 151, 152f
in right/left atrium of origin, 150
in tricuspid annulus, 151
PWM. See P wave morphology
Pyramidal space, anatomy of, 380–381, 381f,
383f–384f
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RAA. See Right atrial appendage
Radiofrequency ablation (RFA)
of APs
aorto-mitral continuity, 436–437
associated with structural cardiac
abnormalities, 437–439
atriofascicular, 421, 421f–422f
atypical, 441–443, 443f–445f, 443b
with atypical configuration, 439–443
catheter manipulation problems, 431–432
considerations in, 429
epicardial, 432–433
failure of, 430b
inaccurate pathway localization, 430–431,
431f
misdiagnosis of, 429–443, 430f
multiple, 439–440, 441f
oblique, 440–441, 442f
pericardial access, 434
repeat, 445–446, 446b
saline irrigated, 432
septal, 434–436, 435f
arterial perfusion and, 11, 11f
of AVNRT, 336–338, 338f
biophysics of, 27–28, 28f–29f
collateral injury from, 11–12
complications with, 433
cryoablation versus, 43–46, 45f–46f
with Ebstein anomaly, 438
goal of, 2
safety
power titration, 19–23
profile of, 2
tissue pathology and pathophysiologic response
to, 9–12
Radiofrequency-balloon ablation, for pulmonary
vein isolation, 231
Radiofrequency catheter ablation
air embolism, 641
of arrhythmias, complications associated with,
635–647.e4
atrial fibrillation, 642–645, 642t
catheter and sheath manipulation
complications, 642
collateral damage to adjacent structures
during energy deliveries, 642, 643f
esophageal injury and atrial-esophageal
fistulae, 643–644
iatrogenic tachycardias, 645
phrenic nerve injury, 644–645
pulmonary vein stenosis, 642–643, 644f
radiofrequency delivery, unintended effects
of, 645
vagus nerve injury, 644
atrioventricular block, 641
atrioventricular junction ablation, 642
epicardial catheter ablation, 645–646
pericardial access complications, 645–646, 646f
general complications, 636–640, 637t
cardiac perforation, risk of, 637–638, 638f
cardiac tamponade management, 639–640,
639f
cardiac tamponade mechanism, 637
pericardial effusion and cardiac tamponade,
637
specific considerations, 639
vascular access complications, 636–637
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Radiofrequency catheter ablation (Continued)
guiding lesion formation during, 18–26.e3
power titration, 18
inappropriate sinus tachycardia, 647
irrigated and cooled-tip, 27–38.e3
animal studies, 29–34, 31f–32f, 33t, 34f
design of, 28–29, 30f–31f
mapping and ablation complications, 646–647
epicardial vessels damage, 646–647
esophagus, vagus nerve, and lung damage,
647
pericardial effusion, 646
phrenic nerve injury, 647
pericarditis, 641
postprocedural complications, 647
pericarditis, 647
pleuritis, 647
radiation exposure, 641–642
specific complications, 642
thromboembolism, 640–641
types and classification of, 636
ventricular tachycardia, 645
with congenital heart disease, 614–615, 617f
coronary artery injury, 645
heart failure, 645
Radiofrequency catheters, cooled-tip
for accessory pathway mediated atrioventricular
reentrant tachycardia, 36
advancements in, 37–38, 37f
animal studies and, 29–34, 31f–32f, 33t, 34f
for atrial fibrillation, 36
for atrial flutter, 35–36
biophysics of, 27–28, 28f–29f
clinical studies, 34–36
design, 28–29
limitations of, 38
versus noncooled-tip ablation catheters, safety
profile of, 36–37
for nonidiopathic ventricular tachycardia,
34–35
Radiofrequency energy, 2
in catheter ablation, 564–565
characteristics of, 16, 16f
titration methods, 26t
Radiofrequency lesion
factors influencing, 16t
formation, biophysics of, 1–17.e4
cellular mechanisms of thermal injury, 12–14
determinants of effective lesion formation,
14–16
tissue heating and, 2–9
tissue pathology and pathophysiologic
response to, 9–12
subacute pathology of, 9–10
ultrastructure, 10–11, 10f
RBB. See Right bundle branch
Reciprocating tachycardia, with Ebstein anomaly,
438
Recording, electrogram, 18–19, 19f, 20t
artifacts of, 19, 24t
Recurrent tachycardia, with multiple APs, 440
Reentrant circuit, in electroanatomic mapping,
192
Reentrant left fascicular ventricular tachycardia,
477–502
ablation of, 488–502
complications of, 500
difficult case of, 500–502, 501f, 502t, 503f

Reentrant left fascicular ventricular tachycardia
(Continued)
end points for, 490f, 495f, 499, 501f
left anterior fascicular VT, 479f, 492–498
left anterior papillary muscle fascicular VT,
498, 498f
left posterior fascicular VT, 488–492,
494f–496f, 496b
left posterior papillary muscle VT, 492, 497f
left upper septal fascicular VT, 498, 499f–500f
radiofrequency energy delivery for, 490f,
495f, 499, 501f
success and recurrence rates of, 499–500
anatomy of, 480
circuit diagram for, 484–486, 489f–490f
classification of, 477–480, 478f–480f
diagnostic criteria for, 486–488
intracardiac electrocardiograms, 482f,
486–488, 491f, 492t, 493f
surface electrocardiogram, 478f–480f, 486
mapping of, 488–502
left anterior fascicular VT, 479f, 492–498
left anterior papillary muscle fascicular VT,
498, 498f
left posterior fascicular VT, 488–492,
494f–496f, 496b
left upper septal fascicular VT, 498, 499f–500f
mechanism of, 480–484, 482f–488f
pathophysiology of, 477–480
substrate of, 480
Reentry
focal atrial tachycardias, 146
spiral wave, 279, 280f
Remote catheter navigation systems, 117–125.e2
catheter robotics, 117, 118f
clinical applications of, 124–125
cost issue in, 122
Hansen Medical, 117–118
integration with 3-dimensional mapping
systems, 121–122, 124f
key issues and features of, 125t
Magnetecs, 118–119, 121f
stereotaxis, 118
user interface, 120–121
Resistive heating, with cooled ablation, 28
Retrograde block, in slow-slow AVNRT ablation,
338
Reverse Chevron activation pattern, in roofdependent LA macroreentry, 189–190
Reverse remodeling, 136
Rewarming, postablation, cryoballoon dosing
and, 242
RFA. See Radiofrequency ablation
Rhythmia mapping system, 102, 102f
Right atrial ablation
for persistent atrial fibrillation, 299
role of, 276–277
Right atrial appendage (RAA)
ablation of nonpulmonary vein triggers and,
251, 254f
focal atrial tachycardias in, 145
Right atrial free wall macroreentry, 194f, 196
Right atrium (RA), 55, 56f
anatomy of, 55–62
appendage, 55–56, 56f
Bachmann bundle, 58
cavotricuspid isthmus and adjacent structures,
57–58, 57f

Right atrium (RA) (Continued)
crista terminalis, 57
eustachian valve, 58
interatrial septum, 58, 60f
P wave in, 150
sinus venarum, 55
superior vana cava–right atrium junction,
56–57
superior vena cava, 56, 56f
Thebesian valve, 58
triangle of Koch, 58, 59f
Right atrium appendages, P wave in, 151, 152f
Right bundle branch (RBB), atriofascicular
pathway and, 410
Right inferior pulmonary vein (RIPV) anatomy,
complex, 135f
Right ventricle, 64, 64f
endocavitary structure, 65
pulmonic valve, 66, 66f
tricuspid valve, 65
Right ventricular outflow tract (RVOT), 64f–65f,
65, 448
anatomy of, 449–450, 450f
aortic cusps and, 460
clinical arrhythmias from, 452–455, 453f–454f,
454t
tetralogy of Fallot with, 611f
Ripple mapping, 106, 111f–112f
RIPV. See Right inferior pulmonary vein
Roof-dependent macroreentry, 201, 201f
Rotor mapping, ablation and, for persistent atrial
fibrillation, 303
RVOT. See Right ventricular outflow tract

S

Safety, power titration for, 19–23
cardiac perforation, 20–21, 21f
coagulum formation, 19–20, 20f
myocardial boiling (steam pop), 20
surrounding structure, damaging to, 21
Sarcoidosis, cardiac
arrhythmogenic substrate in, 532–533, 533t
considerations for ablation in, 538–539
Sarcomeres, radiofrequency ablation and,
10–11
Scar formation, 136
Scar homogenization, 581t, 586f–587f, 586
Scar-related ventricular tachycardia
defining, with electroanatomic mapping,
548–550, 548f–551f, 549t
other, 546
pathophysiology of, 543–546
Screw-tip needle electrode, 28
Sedation, for cryoballoon ablation, 235–236
Sensei robotic system, 117–118, 119f–120f, 123f
Septal accessory pathways, cryoablation for, 51
Septal scar, intramural, in idiopathic dilated
cardiomyopathy, 537–538, 538f
Shower-head-type irrigated-tip catheter, 28–29,
30f–31f
Sinoatrial node, 69–70
Sinus rhythm (SR)
atriofascicular accessory pathway during, 411
reentrant left fascicular ventricular tachycardia
during, 484–486, 490f
superoparaseptal accessory pathway ablation
during, 402–403
Sinus venarum, 55
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Slow atrioventricular nodal pathway, catheter
ablation of, using externally irrigated-tip
electrodes, 341, 343f
Slow-fast atrioventricular nodal reentrant
tachycardia
ablation of, 335–338, 336f, 336b
diagnosis of, 323t, 324b, 325–326, 325f–327f
Slow-slow atrioventricular nodal reentrant
tachycardia
cryoablation of, 339–341, 342f–343f
diagnosis of, 323t, 324b, 326–327, 328f–330f
Small reentrant circuits, in atrial macroreentry,
188
Sodium channel blocker, role of, in Brugada
syndrome substrate, 623–624, 623f
Soundstar ICE catheter, 135
Spiral waves, 279, 280f
SR. See Sinus rhythm
Stenosis, pulmonary vein, 136
Stereotaxis, 118
Stroke, with ventricular tachycardia in CAD
ablation, 530
Structural cardiac abnormalities
AP ablation associated with, 437–439
Ebstein anomaly, 437–438
inferior vena cava, interruption of, 439, 440f
persistent left superior vena cava, 438–439,
439f
outflow tract tachycardias and, 449
Structural congenital heart disease, preexcitation
syndromes in patients with, 670–673, 670t
anatomy, 670–671
atrioventricular discordance, 671f, 672–673
Ebstein’s anomaly, mapping and ablation in
patients with, 672, 672f
pathophysiology, 671–672, 671f
Structural heart disease, electrical abnormalities
in absence of, 19–20, 21f–23f
in presence of, 20, 24f–25f, 25t
Substrate-based ablation
for atrial fibrillation, 257–278.e3
antral pulmonary vein isolation and, 257–258
difficult case in, troubleshooting of, 277, 278t
electrogram-guided atrial ablation in,
266–268
end points for, 277
intrinsic cardiac autonomic system, 269–271
linear ablation and, 258–266
rationale for, 257
role of right atrial ablation in, 276–277
strategies for, 258t
for ventricular tachycardia, 564–590.e3,
576–586, 579f–580f
anatomy of, 565–569, 565f–567f
complications of, 586–588
difficult case of, 588–590, 588t, 589f–590f
limitations to strategies in, mapping of, 576,
579f
local abnormal ventricular activities and late
potential elimination, 577f, 583, 584f
local abnormal ventricular activity and
identification of late potentials and
diseased conduction channels, 575–576,
575f–578f
mapping of, 571–576, 571t–572t
noninducibility as ablation end point, 583
nonischemic versus ischemic, 566–569,
567f–570f

Substrate-based ablation (Continued)
pace, for circuit components identification,
571t, 573–575, 574f
physiology of, 565–569, 565f–567f
scar dechanneling and ventricular
tachycardia core isolation, 579f,
583–586, 585f
scar homogenization, 581t, 586f–587f, 586
tools for, mapping of, 571–573
traditional, 577–582, 580f, 581t, 582f
ventricular tachycardia induction, 573
voltage, 568f–569f, 573
Substrate mapping approaches, for unmappable
ventricular tachycardia, 519–527, 523b,
524f–526f
Superior vena cava (SVC), 56, 56f
ablation of nonpulmonary vein triggers and,
245–248, 248f–249f, 255
atrial macroreentry and, 187
right atrium junction, 56–57
Superoparaseptal (anteroseptal) accessory
pathways
anatomy and nomenclature of, 396–397, 397f
diagnosis and differential diagnosis of, 397–400,
397f–398f
electrophysiologic, 398–400, 398t, 399f–400f
difficult cases of, 403–406, 404t, 405f–407f
mapping and ablation of, 400–403, 400t,
401f–403f
Supraventricular tachycardia (SVT)
electrophysiologic diagnosis of, 398, 398t,
399f–400f
with left bundle branch block aberrancy, 413
superoparaseptal accessory pathway ablation
during, 401
Surface electrocardiography
for cavotricuspid isthmus-dependent atrial
flutters, 163–164, 165t, 166f
for free wall APs, 361, 361f–363f
for mitral annular ventricular tachycardia,
468–469, 469f–470f
for papillary muscle ventricular tachycardia,
473–475, 475f–476f
for posteroseptal accessory pathways, 385, 388t,
389f, 395
for reentrant left fascicular ventricular
tachycardia, 478f–480f, 486
for tricuspid annular ventricular tachycardia,
471–472, 472f–474f
Surface electrograms, 106
SVC. See Superior vena cava
SVT. See Supraventricular tachycardia
Syncope, with outflow tract tachycardias, 449

T

TA. See Tricuspid annulus
Tachyarrhythmia, activation sequence mapping
for, 22, 25f
Tachycardia, recurrent, with multiple APs, 440
Tachycardia cycle length (TCL)
of fast-slow variant, 328
of slow-fast AVNRT, 325
of slow-slow AVNRT, 326–327
Tachycardia-mediated cardiomyopathy, and focal
atrial tachycardias, 147
Tamponade, with ventricular tachycardia in CAD
ablation, 530
TandemHeart, 627–628, 628t
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Targeting, lesion formation and, 14–15
Task Force Criteria, for ARVD, 533, 534t
TCL. See Tachycardia cycle length
Temperature, thermistor for, 7
Terminal crest, 57
Termination of atrial fibrillation, in pulmonary
vein isolation, 226t
Tetralogy of Fallot
anatomy of, 611, 611f
pathophysiology of, 611
ventricular tachycardia with, radiofrequency
catheter ablation for, 614, 617f
Thebesian valve, 58
Thermal injury, cellular mechanisms of, 12–14
calcium overload and cellular injury, 13, 14f
conduction velocity, 13–14, 14f
cytoskeleton, 12
electrophysiology, 13, 13f
nucleus, 12–13
plasma membrane, 12
Thermal latency, 2–3, 19
Thermistor, for temperature, 7
ThermoCool D curve system, 35, 35f
3-dimensional catheter localization, 101–102, 102f
3-dimensional electroanatomic mapping, 101
3-dimensional electroanatomic mapping, for
atriofascicular accessory pathway, 422
3-dimensional mapping systems, 101–116.
e3, 102t
for ablation of atrial fibrillation, 115–116,
115f–116f
activation mapping in, 104–106, 107f–108f
for focal atrial tachycardias, 111–112, 154
ablation results, 155–156
ablation signal, characteristics of, 155
for focal ventricular tachycardias, 111–112
for intraatrial reentrant tachycardia, 214–216
for macroreentrant tachycardia, 113–115,
113f–114f
noncontact mapping, 109–111, 113f
ripple mapping, 106, 111f–112f
ultra, high-resolution mapping system, 106,
109f–110f
voltage mapping, 108–109, 113f
Thromboembolism, radiofrequency catheter
ablation of arrhythmias and, 640–641
Thrombus, soft, 19–20
Time-to-isolation, 240–241, 240f–241f
Tissue composition, lesion formation and, 15
Tissue desiccation, with irrigated RF
ablation, 433
Tissue heating
biophysics of, 2–9
catheter contact force and orientation, 7
convective cooling and, 5–6, 6f, 15
dispersive electrode, 7–9, 8f–9f
edge effect, 9, 10f
electrical current distribution, 7
resistive, 2, 3t
power density, 2, 4f
sudden impedance rise of, 3–5, 5f
thermal conduction, 2–3
Trabeculated CTI, 161–163
Traditional substrate-based ablation, for
ventricular tachycardia, 577–582, 580f, 581t,
582f
Transaortic approach, to left free wall AP
mapping, 365, 366f
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Transseptal access, of pulmonary vein isolation,
230t
Transseptal approach, to left free wall AP
mapping, 365, 366f
Transseptal catheterization
atrial, 648–663.e3, 663t
anatomic considerations for, 648, 649f
approach to difficult transseptal
catheterization, 657–660
indications for, 649–651, 650f
intraprocedural patient management:
sedation, anticoagulation status, 651,
651f
procedural complications and tools to lower
their risk, 661, 662f–663f
techniques and tools for, 652–656
for congenital heart disease, 216b, 217
Transseptal intracardial echocardiography, upper
panel, 135f
Transseptal puncture, for congenital heart disease,
216–218, 216b, 217f–218f
Triangle of Koch, 58, 59f–60f
Tricuspid annular ventricular tachycardia,
471–472
ablation of, 472, 474f
complications of, 472
success and recurrence rates of, 472
classification of, 471
diagnostic criteria for, 471–472
surface electrocardiogram, 471–472,
472f–474f
mapping of, 472
mechanism of, 471
pathophysiology of, 471
Tricuspid annulus (TA)
ablation of, 145
anatomy of, 358, 359f–360f
atrial macroreentry and, 187
atrial mapping at, for atriofascicular accessory
pathway mapping, 419–421
focal annular tachycardias, 151
Mahaim potential at, for atriofascicular
accessory pathway mapping, 417–419
and P wave, 151, 152f
Tricuspid valve, 65
Tricuspid valve (TV)–coronary sinus (CS) isthmus,
ablation of, for atrial flutter, 170f
Triggered activity, focal annular tachycardias, 146
T wave, of posteroseptal accessory pathways, 383
2-dimensional echocardiographic images, 126, 128f

U

Ultra, high-resolution mapping system
(Rhythmia), 106, 109f–110f
Ultrastructure, of radiofrequency lesion, 10–11,
10f
Unipolar signals, of electrogram, 18–19, 20f
recording artifacts of, 19, 21f, 24t
Unstable ventricular tachycardia
ablation of, 543–563.e3
exit sites, 551–552, 552f–553f
homogenization, 555
late potentials/dechanneling, 554, 554f
linear lesions, 553, 553f
local abnormal ventricular activity, 554, 555f
myocardial channel targeting, 557
strategies based on substrate mapping,
553–555

Unstable ventricular tachycardia (Continued)
strategies for, 556–557, 556f
substrate-based, 548t
substrate/core isolation, 554–555
future directions of, 560–561
imaging to characterize, 552–553
mapping of, 546–553, 556–557, 556f
pace, 551–552, 552f
postmyocardial infarction
anatomic substrate of, 543–544, 544f–545f
surgical experience with, 544–546, 545f–547f
scar-related
defining, with electroanatomic mapping,
548–550, 548f–551f, 549t
other, 546
pathophysiology of, 543–546
Upper loop reentry, 195–196, 198f
User interface (UI), of remote navigation systems,
120–121

V

Vascular and left atrial access, during pulmonary
vein isolation, 223, 223f
VDrive robotic systems, 122, 124f
Vein of Marshall, identification of, 272–274, 275f
Ventricles
activation mapping of, for atriofascicular
accessory pathway mapping, 419–421
outflow tracts and, 64–68
scar of, ischemic heart disease and, 21
Ventricular fibrillation
ablation of, 557–560, 557f–562f, 563t
genetically triggered, ablation of, 619–624.e1
idiopathic
ablation of, 543–563.e3
future directions of, 560–561
imaging to characterize, 552–553
mapping of, 546–553
scar-related, 546
unstable
ablation of, 556–557, 556f
mapping of, 556–557, 556f
Ventricular myocardium, atriofascicular pathway
and, 409
Ventricular pacing, superoparaseptal accessory
pathway ablation during, 401
Ventricular septal defect, with tetralogy of Fallot,
611
Ventricular tachycardia (VT)
arising from crux of heart, 477
ablation of, 477
anatomy of, 477
classification of, 477
complications of, 477
diagnostic criteria for, 477
mapping of, 477
mechanism of, 477
pathophysiology of, 477
surface electrocardiogram, 477, 477f–478f
associated with nonischemic cardiomyopathy
(NICM), 531–542.e3
bundle branch reentry tachycardia in,
539–541, 540f
difficult case of, 541–542, 542t
disease spectrum in, 531
disease-specific, arrhythmogenic substrate in,
532–533, 533t
disease-specific considerations for, 537–539

Ventricular tachycardia (VT) (Continued)
etiology and characterization of,
arrhythmogenic substrate in, 531, 532f,
532t
preablation workup and procedural planning
for, 533
target sites for, 535–537, 535f–536f, 536t
technique and end points in, 537
atriofascicular pathway and, 413–414
with AVNRT, 333
Brugada syndrome substrate
ablation protocol and end points, 624, 624f
complications of, 624
future, 624
long-term outcomes of, 624
mapping, 622–624, 623f
with congenital heart disease, ablation of,
610–618.e2
anatomy, 610–611, 611f
diagnosis (and differential diagnosis) of, 612,
612b
difficult case, troubleshooting, 618, 618b
pathophysiology of, 611, 612f
radiofrequency catheter ablation for,
614–615, 617f
success and recurrence rates of, 615–618,
618t
surgical ablation, 618
in coronary artery disease, 510–530.e3
ablation of, 527–528
anatomy for, 510–511, 511f
arrhythmia diagnosis and differential
diagnosis, 512, 516f–517f, 516b
complications of, 530
difficult cases of, 529t, 530
outcomes of, 529–530
pathophysiology of, 511–512, 512b,
513f–515f
periprocedural considerations for, 512–516
in coronary artery disease, mapping of
activation, 518, 518f, 523b
entrainment, 518–519, 520f–521f, 522t, 523f,
523b
noncontact, 527, 527f
polymorphic postinfarct ventricular
tachycardia, 527, 528f
strategies for, 517–527, 518b
substrate approaches, for unmappable
ventricular tachycardia, 519–527, 523b,
524f–526f
cryoablation for, 53
epicardial ablation of, 591–609.e4
anatomy, 591–592, 592f–593f
complications of, 604–605, 606f
coronary arteries, 602, 602f
efficacy of, 606, 607t–608t
epicardial fat, 604, 604f–605f
intrapericardial steroid and repeat
access, 602
mapping and ablation tools for, 592–593,
594f–595f, 599–602, 600f–601f
phrenic nerve, 603–604, 603f
subxiphoid percutaneous technique for,
593–599, 596f–598f
surgical access for, 599, 599f–600f
genetically triggered, ablation of, 619–624.e1
Brugada syndrome substrate, 619–621,
620f–622f
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Ventricular tachycardia (VT) (Continued)
idiopathic left and right
ablation of, 467–509.e3
classification of, 468b
induction, 573
with percutaneous hemodynamic support,
625–634.e1, 626f
anticoagulation considerations in, 634
electromagnetic interference in, 633
hemodynamic assessment during, 630–631,
631f–632f
hemodynamic support during, 628–629,
630f
intraprocedural cardiac mechanical support,
options for, 625–628, 627t–628t
outcome of, 632
patient selection for, 633
pLVAD implantation technique in, 633–634
safety of, 632–633
radiofrequency catheter ablation of arrhythmias
and, 645
coronary artery injury, 645
heart failure, 645
substrate-based ablation for, 564–590.e3,
576–586, 579f–580f
anatomy of, 565–569, 565f–567f

Ventricular tachycardia (VT) (Continued)
complications of, 586–588
difficult case of, 588–590, 588t, 589f–590f
local abnormal ventricular activities and late
potential elimination, 577f, 583, 584f
noninducibility as ablation end point, 583
nonischemic versus ischemic, 566–569,
567f–570f
physiology of, 565–569, 565f–567f
scar dechanneling and ventricular
tachycardia core isolation, 579f,
583–586, 585f
scar homogenization, 581t, 586f–587f, 586
substrate-based ablation for, mapping of,
571–576, 571t–572t
traditional, 577–582, 580f, 581t, 582f
substrate-based ablation for, mapping of
limitations to strategies in, 576, 579f
local abnormal ventricular activity and
identification of late potentials and
diseased conduction channels, 575–576,
575f–578f
pace, for circuit components identification,
571t, 573–575, 574f
tools for, 571–573
ventricular tachycardia induction, 573
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Ventricular tachycardia (VT) (Continued)
voltage, 568f–569f, 573
3-dimensional mapping systems for,
111–112
Verapamil, for reentrant left fascicular ventricular
tachycardia, 477–478
Verapamil-sensitive fascicular VT. See Reentrant
left fascicular ventricular tachycardia
Voltage mapping, 108–109, 113f
in ablation of VT associated with NICM,
535–536
of intraatrial reentrant tachycardia, 213, 214f
of substrate-based ablation, 568f–569f, 573
unipolar, in idiopathic dilated cardiomyopathy,
537–538
for ventricular tachycardia
with congenital heart disease, 613, 613f–614f,
616f
in coronary artery disease (CAD), 522
Voltage reduction, in pulmonary vein isolation,
226t
VT. See Ventricular tachycardia
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Wolff-Parkinson-White syndrome, radiofrequency
ablation and, 9

