
437© Springer Nature Switzerland AG 2020
G.-X. Yan et al. (eds.), Management of Cardiac Arrhythmias, Contemporary 
Cardiology, https://doi.org/10.1007/978-3-030-41967-7_19

M. Al-Rawahi 
Cardiac Electrophysiology Section, Cardiovascular Division, Hospital of the University of 
Pennsylvania and University of Pennsylvania School of Medicine, Philadelphia, PA, USA 

Cardiology unit, Department of Medicine, Sultan Qaboos University Hospital, Seeb, Oman

F. E. Marchlinski (*) 
Cardiac Electrophysiology Section, Cardiovascular Division, Hospital of the University of 
Pennsylvania and University of Pennsylvania School of Medicine, Philadelphia, PA, USA 

Department of Cardiac Electrophysiology, University of Pennsylvania Health System, 
Philadelphia, PA, USA
e-mail: francis.marchlinski@uphs.upenn.edu

19

Supported by: Mark S Marchlinski EP Research Fund and Katherine Miller EP Research Fund at 
the University of Pennsylvania.

Ventricular Tachycardia: Catheter 
Ablation

Mohamed Al-Rawahi and Francis E. Marchlinski

 Introduction

Ventricular tachycardia (VT) is associated with significant morbidity and mortality 
in patients with structural heart disease. In structurally normal heart, idiopathic VT 
can be associated with increased morbidity. The most common cause of sustained 
monomorphic VT in patients with structural heart disease is myocardial scar from a 
prior infarct, whereas ventricular fibrillation (VF) is usually seen in the context of 
acute coronary ischemia [1].

Despite the introduction of implantable cardioverter-defibrillators (ICDs) which 
reliably terminate episodes of VT and VF and prevent sudden cardiac death, 20% of 
high-risk patients with primary prevention ICDs have recurrent shocks within 
3–5 years [2]. Recurrent VT develops in 40–60% of patients who receive ICD ther-
apy after an episode of spontaneous sustained VT.  Antiarrhythmic therapy with 
amiodarone or sotalol decreases the number of VT episodes but with a high inci-
dence of adverse effects and limited efficacy [3].
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Catheter ablation remains the gold standard in managing patients with recurrent 
VT and a potentially lifesaving procedure in patients with VT storm. In this chapter, 
we will review the approach to catheter ablation in the management of ventricular 
tachycardia.

 Definitions

The definitions of various VTs are outlined below as per the 2019 Heart Rhythm 
Society (HRS) expert consensus statement on catheter ablation of ventricular 
arrhythmias by Cronin et al. [1].

 1. VT Clinical Characteristics
VT: a tachycardia (rate >100 bpm) with three or more consecutive beats that 

originate from the ventricles.
VT storm: three or more separate episodes of sustained VT within 24 h, each 

requiring termination by an intervention.
Nonsustained VT: VT that terminates spontaneously within 30 s.
Idioventricular rhythm: three or more consecutive beats at a rate of up to 100 

or less per minute that originate from the ventricles.
Clinical VT: VT that has occurred spontaneously based on analysis of 12-lead 

electrocardiogram (ECG) QRS morphology.
Hemodynamically unstable VT: causes hemodynamic compromise requiring 

prompt termination.
Idiopathic VT: VT that is known to occur in the absence of clinically apparent 

structural heart disease.
Incessant VT: continuous sustained VT that recurs promptly despite repeated 

intervention for termination.
Nonclinical VT: VT induced by program ventricular stimulation but has not 

been documented previously.
Repetitive monomorphic VT: continuously repeating episodes of self- 

terminating nonsustained VT.
 2. VT Morphologies (Fig. 19.1)

Monomorphic VT: a similar QRS configuration from beat to beat. Some vari-
ability in QRS morphology at initiation is not uncommon, followed by stabiliza-
tion of the QRS morphology.

Monomorphic VT with indeterminate QRS morphology: preferred over ven-
tricular flutter; it is a term that has been applied to rapid VT that has a sinusoidal 
QRS configuration that prevents identification of the QRS morphology.

Multiple monomorphic VTs: more than one morphologically distinct mono-
morphic VT occurring as different episodes or induced at different times.

Pleomorphic VT: has more than one morphologically distinct QRS complex 
occurring during the same episode of VT, but the QRS is not continuously 
changing.
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Bidirectional VT: demonstrates beat-to-beat alternation in QRS morphology, 
usually seen in the frontal plane axis (Fig.  19.1d); right bundle branch block 
(RBBB) QRS morphology seen in patients with digoxin toxicity.

Polymorphic VT: has a continuously changing QRS configuration from beat 
to beat, indicating a changing ventricular activation sequence and functional 
reentrant mechanism.

Right bundle branch block- and left bundle branch block-like VT configura-
tions: terms used to describe the dominant deflection in V1, with a dominant R 
wave described as “RBBB-like” and a dominant S wave with a negative final 
component in V1 described as “LBBB-like” configurations.

Torsade de pointes: a form of polymorphic VT with continually varying QRS 
complexes that appear to spiral around the baseline of the ECG lead in a sinusoi-
dal pattern. It is associated with QT prolongation.

Unmappable VT: does not allow interrogation of multiple sites to define the 
activation sequence or perform entrainment mapping; this could be due to hemo-
dynamic intolerance that necessitates immediate VT termination, spontaneous or 
pacing-induced transition to other morphologies of VT, or repeated termination 
during mapping.

Ventricular fibrillation (VF): a chaotic rhythm defined on the surface ECG by 
undulations that are irregular in both timing and morphology, without discrete 
QRS complexes.
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Fig. 19.1 Various forms of ventricular arrhythmias. (a) Monomorphic VT with LBBB morphol-
ogy. (b) Pleomorphic VT with more than one VT QRS morphology occurring at the same episode. 
(c) Monomorphic VT degenerating to polymorphic VT/VF. (d) Bidirectional VT in patient with 
digoxin toxicity originates from the LV Purkinje network and is thought to be triggered rhythm 
alternating from the anterior and posterior fascicles
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 3. VT Mechanism
Focal VT: a point source of earliest ventricular activation with a spread of 

activation away in all directions from that site. The mechanism can be automatic-
ity, triggered activity, or microreentry.

Scar-related reentry: arrhythmias that have characteristics of reentry that orig-
inate from an area of myocardial scar identified from electrogram characteristics 
or myocardial imaging. Large reentry circuits that can be defined over several 
centimeters are commonly referred to as “macroreentry.”

 VT Mechanism

Catheter ablation for ventricular arrhythmias has an important role in reducing and 
eliminating VTs in patients with heart disease as well as patients with idiopathic 
VTs and structurally normal heart. The approach to VT ablation is determined by 
the characteristics of the arrhythmia and location of the arrhythmia substrate, which 
can be predicted by the preprocedural 12-lead ECG of the clinical VT. Focal VTs 
are usually treated with ablation with discrete radiofrequency (RF) lesions [4–6]. 
Ventricular arrhythmias (VAs), which are associated with structural heart disease 
such as ischemic heart disease or nonischemic cardiomyopathy, often have a rela-
tively large scar substrate and require typically more extensive ablation.

Focal VT spreads in a centrifugal pattern from a point of earliest ventricular 
activation. The mechanism can be automaticity, triggered activity, or microreentry. 
Focal nature of the VA is confirmed by mapping, showing spread of activation away 
from a site of earliest activation relative to the QRS onset. Unipolar electrograms at 
the site of origin (SOO) typically display a QS configuration denoting spread of 
ventricular activation away from the SOO. Pacing from the site of origin typically 
replicates the VT/PVC QRS morphology. However, good pace maps are usually 
seen up to 1 cm from the site of earliest activation. Pace mapping is particularly less 
reliable for VTs originating from the aortic sinuses, where strand-like fibers extend 
into the aortic root and are marked by late potentials in sinus rhythm, and more 
marked presystolic activity with arrhythmias may be difficult to pace with large-tip 
ablation catheters [7–11].

 Triggered Activity and Automaticity

Triggered activity develops from oscillations in membrane potential during action 
potential phase 2 and 3 (early afterdepolarizations) or following an action potential 
(delayed afterdepolarizations) and can give rise to focal VA.  Experimental evi-
dence implicates early afterdepolarizations in the initiation of polymorphic tachy-
cardias in long QT syndromes [12]. However, the mechanism of the premature 
ventricular beats targeted for ablation in these syndromes remains uncertain [13]. 
Delayed afterdepolarizations can be caused by intracellular calcium overload, 
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which activates the Na1+/Ca2+ exchanger, resulting in the transient inward current 
Iti. Increases in heart rate, beta-adrenergic stimulation, and digitalis are known fac-
tors that increase intracellular calcium and potentiated arrhythmias due to trig-
gered activity [14].

Beta-adrenergic effects are mediated through a cyclic adenosine monophosphate 
(cAMP)-induced increase in intracellular calcium and are antagonized by adenos-
ine, which results in a decrease in cAMP. Termination of idiopathic Right Ventricular 
Outflow Tract (RVOT) tachycardias by an intravenous adenosine, by infusion of 
calcium channel blockers, or by vagotonic maneuvers is consistent with triggered 
activity as the likely mechanism for some of these tachycardias [6]. These tachycar-
dias can be difficult to induce at electrophysiology testing, and rapid burst pacing 
and/or isoproterenol infusion is often required. Aminophylline, calcium, and atro-
pine administration may also be useful but have not been systematically evaluated 
clinically [5].

Less commonly, focal VT can be due to automaticity provoked by adrenergic 
stimulation that is not triggered [14]. This type of VT can become incessant under 
stress or during isoproterenol administration. These arrhythmias cannot be initiated 
or terminated by programmed electrical stimulation (PES); however, they can some-
times be suppressed by calcium channel blockers or beta blockers. In contrast to its 
effects on triggered RVOT tachycardia, adenosine transiently suppresses, but does 
not terminate, the arrhythmia.

Automaticity from damaged Purkinje fibers has been suggested as the mecha-
nism for some catecholamine-sensitive, focal origin VTs [15, 16]. Whether these 
VTs are due to abnormal automaticity, originating from partially depolarized myo-
cytes, as has been shown for VTs during the early phase of myocardial infarction 
(MI), has not been determined with certainty [17]. Although automaticity is fre-
quently considered as a mechanism of VT in the absence of overt structural heart 
disease (SHD), processes that diminish cell-to-cell coupling are more likely to 
facilitate automaticity. Automatic VTs can definitely occur in SHD, and automatic 
premature beats can also initiate reentrant VTs, making the distinctions related to 
arrhythmia mechanism more difficult [18].

 Scar-Related Reentry

In patients with structurally abnormal heart, scar-related reentry is the most com-
mon cause for sustained monomorphic VT [19]. Evidence supporting reentry 
includes initiation and termination by ventricular programmed stimulation (although 
this does not exclude triggered activity), demonstrable entrainment or resetting with 
fusion, and continuous electrical activity that cannot be dissociated from VT by 
extrastimuli [20, 21].

Prior myocardial infraction is the most common cause of the substrate, but scar- 
related VT also occurs in other myocardial diseases, including Arrhythmogenic 
Right Ventricular Cardiomyopathy (ARVC), sarcoidosis, Chagas disease, and dilated 
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cardiomyopathy (DCM) including laminopathies, and after cardiac surgery for con-
genital heart disease (CHD) (particularly, tetralogy of Fallot) or valve replacement 
[22–27]. Regions of fibrosis with surviving myocyte bundles create fixed and/or 
functional conduction block and disrupted or slow conduction that are the substrate 
for reentry. Stable circuits can be modeled as having an isthmus or channel com-
prised of a small mass of tissue that does not contribute to the surface ECG. QRS 
onset occurs when the excitation wave front emerges from an exit along the border 
of the scar and spreads across the ventricles [28, 29]. Scars associated with VT that 
are close to valve annuli may incorporate the valve annuli as one of the fixed bound-
aries of the VT isthmus. The annulus together with the scar can form the borders of 
a channel which creates the isthmus of the VT circuit [30, 31].

The 3D structure of the reentrant VT circuit and substrate can be entirely suben-
docardial, intramural, or subepicardial, or it can span the width of the entire ven-
tricular wall. Thus, the entire circuit or only a portion of it might be accessible to 
endocardial and/or epicardial mapping and ablation [32, 33]. The substrate support-
ing scar-related reentry is characterized by the following: (1) regions of slow con-
duction and (2) unidirectional conduction block at some point in the activation path 
that allows initiation of reentry. Some of the substrate might exhibit functional 
rather than fixed conduction block that may only be manifest in response to an 
increase in rate, change in activation wave front with pacing, or with the introduc-
tion of premature extrastimuli [34–36].

VT after MI has been extensively studied in canine models and in humans [37]. 
Reentry occurs through surviving muscle bundles, commonly located in the suben-
docardium; however, the circuit can also extend to the midmyocardium and epicar-
dium. Evidence has shown that ongoing ion channel remodeling within scar, at least 
early after MI, results in regional reductions in ionized sodium and ionized calcium 
currents [38], although action potential characteristics of surviving myocytes late 
after infarction can be normal or near normal [37]. Coupling between myocyte bun-
dles and myocytes is reduced by increased collagen and connective tissue, dimin-
ished gap junction density, and alterations in gap junction distribution, composition, 
and function [39]. Surviving fibers can be connected by side-to-side connections in 
regions where the collagenous sheaths are interrupted, resulting in a “zig-zag” pat-
tern of transverse conduction along a pathway lengthened by branching and merg-
ing bundles of surviving myocytes meandering through the collagen [40].

The fibrosis pattern might be important in determining the degree of conduction 
delay; patchy fibrosis between strands of surviving muscle produces greater delay 
than diffuse or consolidated fibrosis which produced block [35]. These aspects of 
scar remodeling contribute to the formation of channels and regions, in which con-
duction time is prolonged, facilitating reentry [41]. Unidirectional conduction 
block can occur after a properly timed Premature Ventricular Contraction (PVC) 
and is often functional [42]; it can present only during tachycardia, when the 
refractory period of the tissue exceeds the tachycardia cycle length (TCL) or is 
maintained by collision of excitation waves. Regions of conduction block can also 
be anatomically fixed such that they are present during tachycardia and sinus 
rhythm; dense, non-excitable fibrosis, calcifications, surgical scars, or valve annuli 
create these types of anatomical boundaries for reentry [43].
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Multiple VTs with various QRS morphologies can be due to multiple exits from 
the same region of scar or to changes in activation remote from the circuit due to 
functional regions of block. Ablation at one region can abolish more than one 
VT. Multiple reentry circuits from widely separated areas can also occur.

It is possible that other reentry mechanisms cause some VTs. Spiral wave reentry 
can be induced in excitable tissue in the absence of tissue discontinuities and could 
cause VF or polymorphic VT [44]; a spiral anchoring to a discontinuity or to a 
region of slow conduction could theoretically cause monomorphic VT [45]. These 
alternative mechanisms have not yet been proven to be important clinically in rela-
tion to mapping and ablating VT.

 Reentry in the Purkinje System and Ventricular Fibrillation

Reentry within the Purkinje fibers and the specialized conduction system is a par-
ticular form of reentry accounting for 5% of all MMVT encountered during cath-
eter ablation. Other nonreentrant arrhythmias involving the Purkinje system can 
also occur, including VF and automatic rhythms [46–48]. PVCs initiating VF 
most often originate from the Purkinje system. Structural abnormalities in the 
vicinity of the Purkinje fibers are frequently present and may facilitate the anchor-
ing of reentry [49].

Bundle branch reentry, which is a form of macroreentry utilizing the conduction 
system, usually occurs in patients with damaged His–Purkinje conduction system 
and is usually associated with left ventricular (LV) dysfunction due to dilated car-
diomyopathy, valvular heart disease, and less often ischemic heart disease [50].

Left ventricular intrafascicular verapamil-sensitive VT usually occurs in patients 
with structurally normal heart. The mechanism is reentry that involves a portion of 
the LV Purkinje fibers, most often in the region of the left posterior or anterior fas-
cicle, giving rise to a characteristic right bundle branch block (RBBB) superior axis 
or inferior QRS configuration and a QRS duration that is only modestly prolonged 
[51]. The response to verapamil suggests that there is a portion of the reentrant cir-
cuit in which the action potential is calcium dependent.

 Indications for VT Ablation

Class 1 indication as per 2019 HRS expert consensus statement on catheter ablation 
of ventricular arrhythmias by Cronin et al. [1].

 Patients with Structurally Normal Heart

 1. In patients with frequent and symptomatic PVCs originating from the RVOT, 
catheter ablation is recommended in preference to metoprolol or propafenone.

 2. In patients with symptomatic idiopathic sustained monomorphic VT, catheter 
ablation is useful.
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 3. In patients with symptomatic VAs from the RV at sites other than the outflow 
tracts (tricuspid annulus, moderator band, or papillary muscles) in an otherwise 
normal heart for whom antiarrhythmic medications are ineffective, not tolerated, 
or not the patient’s preference, catheter ablation is useful.

 4. In patients with symptomatic VAs from the LV at sites other than the outflow 
tracts (mitral annulus, papillary muscles, or AMC) in an otherwise normal heart 
for whom antiarrhythmic medications are ineffective, not tolerated, or not the 
patient’s preference, catheter ablation is useful.

 Patients with Ischemic Heart Disease

 1. In patients with ischemic heart disease (IHD) who experience recurrent mono-
morphic VT despite chronic amiodarone therapy, catheter ablation is recom-
mended in preference to escalating antiarrhythmic drugs (AAD) therapy.

 2. In patients with IHD and recurrent symptomatic monomorphic VT despite AAD 
therapy, or when AAD therapy is contraindicated or not tolerated, catheter abla-
tion is recommended to reduce recurrent VT.

 3. In patients with IHD and VT storm refractory to AAD therapy, catheter ablation 
is recommended.

 4. In patients with post-infarction reentrant Purkinje fiber-mediated VT, catheter 
ablation is useful.

 Patients with Nonischemic Cardiomyopathy (NICM)

 1. In patients with nonischemic cardiomyopathy (NICM) and recurrent sustained 
monomorphic VT for whom antiarrhythmic medications are ineffective, contra-
indicated, or not tolerated, catheter ablation is useful for reducing recurrent VT 
and ICD shocks.

 2. In patients with NICM and electrical storm refractory to AAD therapy, catheter 
ablation is useful for reducing recurrent VT and ICD shocks.

 3. In patients with bundle branch reentrant VT, catheter ablation is useful for reduc-
ing the risk of recurrent VT.

 Patients with Congenital Heart Disease 
and Inherited Arrhythmias

 1. In patients with repaired tetralogy of Fallot and sustained monomorphic VT or 
recurrent appropriate ICD therapy for VAs, catheter ablation is effective.

 2. In patients with ARVC who experience recurrent sustained VT or frequent 
appropriate ICD interventions for VT in whom AAD therapy is ineffective or not 
tolerated, catheter ablation, at a center with specific expertise, is recommended.

 3. In patients with ARVC who have failed one or more attempts of endocardial VT 
catheter ablation, an epicardial approach for VT ablation is recommended.
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 Procedural Planning for VT Ablation

 Preprocedural Risk Assessment

Catheter ablation for ventricular tachycardia is an important therapeutic modality in 
patients with various forms of VA. Over the last decade, significant improvements 
in the techniques and technologies available for catheter ablation have been paral-
leled by an increasing number of procedures performed for high-risk and complex 
patient populations [52–55].

In these cases, the competing risks associated with the concomitant presence of 
advanced heart failure syndromes and high burden of associated comorbidities pose 
substantial periprocedural and postprocedural management challenges. A proper 
preprocedural risk stratification is crucial to minimize the risk of adverse periproce-
dural outcomes such as acute hemodynamic decompensation (AHD), which can 
have devastating consequences [56, 57].

A recent risk assessment score “PAAINESD risk score” (chronic obstructive 
Pulmonary disease [5 points], Age  >  60  years [3 points], General anesthesia [4 
points], Ischemic cardiomyopathy [6 points], New York Heart Association class III 
or IV [6 points], Ejection fraction, <25% [3 points], presentation with VT Storm [5 
points], Diabetes mellitus [3 points]) has been demonstrated to be helpful to identify 
patients undergoing scar-related VT ablation, who are at increased risk of adverse 
periprocedural outcomes, and represents the most studied risk stratification tool in 
this context [53].

The cumulative evidence arising from available studies suggests that a 
PAAINESD score ≥ 15–17 (depending on whether the variable “general anesthe-
sia” is included in the risk score calculation or not) identifies patients with SHD and 
VT at particularly high risk of adverse periprocedural and postprocedural outcomes. 
Careful consideration of the optimal sedation or anesthesia strategy as well as the 
use of mechanical assist devices periprocedural may further help to prevent AHD in 
patients with multiple other risk factors [53, 54, 58].

 12-Lead Electrocardiogram and Body Surface Mapping Before 
Ventricular Tachycardia Ablation

The standard 12-lead ECG is of paramount importance in planning catheter 
ablation procedures for treatment of VAs, including VT and PVC, and in the 
case of hemodynamically tolerated VAs, every effort should be done to record 
the 12-lead ECG. In cases of focal VA in structurally normal heart, the 12-lead 
ECG is a relatively accurate indicator of the source location, whereas in the 
presence of myocardial scarring from whatever cause (in which reentry is the 
predominant mechanism of arrhythmia), the ECG reflects the exit site from the 
reentrant circuit, rather than the isthmus site, which typically represents the best 
ablation target.
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 Ventricular Tachycardia in the Absence of Structural Heart Disease
The 12-lead ECG features, during PVCs or VT, arising in structurally normal heart 
have been described in detail. Examples of such cases are VAs from RV or LV out-
flow tracts (OT) (including the aortic sinus of Valsalva), idiopathic fascicular 
(verapamil- sensitive) VT related to the LV Purkinje system, and other LV sources, 
including anterior and posterior papillary muscle VT, para-Hisian VT, mitral annu-
lar VT, LV summit VT and other RV sources, including tricuspid annular VT, mod-
erator band VT, and RV papillary muscle VT.

Certain ECG patterns can indicate these regions of origin. An LBBB inferior axis 
morphology with late transition (> lead V3) indicates an origin in the RVOT. Lead I 
QRS vector indicates whether the origin is anterior and leftward (negative) or pos-
terior and rightward (positive) located [59]. Notching and widening of the QRS in 
the inferior leads indicates a lateral (free wall) position in the RVOT (Fig. 19.2) [60].

An earlier transition of PVC from LBBB morphology compared to the sinus beat 
transition in the precordial leads or an early transition (≤ lead V3) indicates a left- 
sided origin, and a broader and taller R wave in V1 or V2 could indicate an origin 
from the sinus of Valsalva [61]. A hallmark feature of an RCC-LCC cusp junction 
origin is the presence of a QrS morphology or a QS morphology in lead V1 with 
notching on the downward deflection (Fig. 19.3) [62, 63].

VAs arising from the papillary muscles (PM) have distinguishing ECG features, 
typically RBBB morphology, and transition at leads V3–V5. Posteromedial PM ori-
gin is characterized by a superior axis, while an inferior axis or discordant axis is 
seen from the anterolateral papillary muscle. Characteristic of the papillary muscle 
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origin is a qR pattern in lead V1. In contradistinction to papillary muscle origins, a 
fascicular origin has a much narrower QRS complex and an rsR pattern in V1 
(Fig. 19.4) [64–66].

There are several ECG criteria that have been proposed to identify LV summit 
ventricular arrhythmias. These either have a right bundle branch block configura-
tion in lead V1 or a left bundle branch block configuration with early precordial 
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transition (V3 or earlier). The axis is always inferior. Importantly, there is generally 
a pattern break in lead V2, with more net negativity than leads V1 or V3. There is 
often a Q wave in lead I from these epicardial sites [67, 68].

Despite the range of heart positions in the chest and body habitus and variations 
of ECG lead positions, these ECG features can be remarkably accurate at indicating 
the SOO to within a 1- to 2-cm radius. Refinement of the exact site of impulse for-
mation using activation or pace mapping is still needed prior to ablation [69–72].

 Post-infarction Ventricular Tachycardia
The 12-lead ECG in post-infarct VAs indicates the exit site of the circuit. As noted 
above, the exit site location may not be in close proximity to the mid portion of the 
diastolic corridor (isthmus site of the VT). In general, correlation of exit sites with 
VT morphology follows these principles (Fig. 19.5):

 1. The majority of post-MI VT exit sites are LV endocardial.
 2. LBBB VTs tend to have exit sites from, or within 1 cm of, the intraventricu-

lar septum.
 3. Patients with inferior infarctions often have Q waves in the inferior leads, indi-

cating inferior wall scarring and an inferior wall exit site, which tend to be 

c
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Fig. 19.5 A 65-year-old female with ischemic cardiomyopathy with LV ejection fraction of 20% 
and remote anterior myocardial infraction with recurrent ICD shocks secondary to VT. (a) Four 
monomorphic VTs induced during VT ablation. VT-2 represents the clinical VT with which the 
patient presented to the hospital. (b) Entrainment mapping of VT-2 demonstrating an isthmus site 
of the VT circuit with mid-diastolic potentials on ablation catheter. (c) Ablation at the site termi-
nated the VT in 8 s. (d) Carto map (RAO view) of the LV unipolar and bipolar voltage map with 
final lesions. Programmed stimulation was not inducible using up to triple extrastimuli at the end 
of the procedure
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located on the inferobasal septum or the inferolateral free wall, with a common 
diastolic corridor on the inferobasal free wall along the mitral annulus.

 4. VTs with a predominant inferior axis tend to have exit sites on the anterior wall.
 5. VTs with a predominant superior axis tend to have exit sites on the inferior 

aspect of the LV.
 6. VTs with a leftward axis tend to have exit sites from or within 1 cm of the septum.
 7. VTs with concordant positive precordial QRS complexes tend to have basal 

exit sites.
 8. VTs with concordant negative precordial QRS complexes tend to have apical 

exit sites.

 Ventricular Tachycardia in Nonischemic Cardiomyopathy
The 12-lead ECG of the VT in NICM is less helpful in directing ablation in a similar 
fashion as seen in post-MI VT. It has been suggested that there are two distinct sub-
types of scar-related VTs in these patients: basal lateral scar which often requires 
ablation on the epicardial surface to successfully eliminate VTs; the other subgroup 
is VTs originating from anteroseptal scar, which typically have an LBBB inferior 
axis morphology. These patients might either have AV conduction disturbances due 
to septal scarring of the conduction system or at high risk to develop heart block 
post-ablation. In this group, epicardial ablation does not work and at times, bipolar 
catheter ablation might be needed to eliminate VTs deep in the septum (Fig. 19.6) [73].

a b

c d

I

600 double extra-stimuli

Bipolar voltage map

Final RFA lesion set

LV transseptal activation

II
III

aVR
aVL
aVF

V1
V2
V3
V4
V5
V6

Fig. 19.6 A 55-year-old male with nonischemic cardiomyopathy with EF 25% with recurrent VT, 
failed 2 VT ablation at basal septum. (a) Clinical VT induced in the EP lab with an LBLI axis QRS 
morphology. (b) Abnormal bipolar voltage map of LV septum and LV transseptal activation. (c) 
Bipolar ablation targeting the septum from the RV and LV simultaneously. (d) Final ablation lesion 
with the patient noninducible at the end of the procedure and at the time of repeat stimulation 
through ICD device 2 days later
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Of note, we believe this dichotomous classification of VT in NICM is too sim-
plistic and inaccurate. Many patients with basal septal involvement will have scar 
extension to the LV anterior free wall surrounding the mitral valve with endo- and/
or epicardial circuits. Certainly, scar extension and VT circuits involving the LV 
summit region are very common in patients who demonstrate septal involvement 
(Fig. 19.7).

 Bundle Branch Reentrant Ventricular Tachycardia
As indicated, patients with bundle branch reentrant ventricular tachycardia (BBRVT) 
typically have evidence of advanced heart disease (nonischemic more than ICM), 
with an LBBB pattern in the baseline conducted rhythm, although RBBB or non-
specific interventricular conduction delay can also occur. During BBRVT, the QRS 
morphology may closely resemble the baseline QRS if LBBB is present, with char-
acteristically rapid initial forces (in contrast to the delayed up-strokes in most other 
myocardial VTs). This is an important entity to recognize because of its prevalence 
as well as its curability with a rather simple ablation procedure, targeting typically 
the right bundle, or in the setting of LBBB in sinus rhythm, targeting the left bundle 
to eliminate persistent retrograde conduction (Fig. 19.8).

 ICD Electrogram Information
Patients with structural heart disease and VAs present with recurrent ICD shocks 
that effectively terminated VTs, precluding recording of the 12-lead ECG of the 
clinical arrhythmia. The 12-lead ECG can be recorded if the VT is below the pro-
grammed therapy zone (slow VT) or when the device is disabled (during pro-
grammed stimulation at the beginning of VT ablation procedure). In patients with 
SHD, having the 12-lead ECG of all spontaneously occurring VTs is especially 
important during procedures in which multiple morphologies of VT are induced, 
and the operator must decide which morphology (or morphologies) is most impor-
tant to target for ablation. In the absence of a 12-lead ECG, ICD electrograms of the 
recorded VT episodes have been particularly helpful to identify the “clinical VT” 
when multiple VTs are induced during an ablation procedure [74].

 Epicardial Ventricular Tachycardia
The surface ECG during VT provides important clues to an epicardial origin, includ-
ing the presence of a pseudo-delta wave (≥34  ms in duration) in the precordial 
leads, an intrinsicoid deflection to the peak of the R wave in lead V2 ≥85 ms, and 
an RS duration of >121  ms, although with limited specificity in patients with 
ICM [75].

An ECG algorithm to identify epicardial VT from the anterolateral LV in patients 
with NICM includes the absence of Q waves in the inferior leads with either pseudo- 
delta waves (≥75 ms), a maximum deflection index ≥0.59, and a Q wave in lead 
I. The reported sensitivity and specificity of these criteria to predict successful epi-
cardial ablation in NICM can exceed 90% [76].

Most epicardial idiopathic VTs come from the region of the LV summit or the 
inferior LV crux and produce characteristic ECG patterns marked by initial slurring 
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Intracardiac ultrasound showing
epicardial scar (akinesis and thinning)

Multi-polar catheter at lateral
inferior epicardial LV

400 double extra-stimuli induced
Clinical VT: RBRI, CL 270 ms

Clinical VT: CL 260 ms, Entrainment from
ablation catheter (LV epicardial) with concealed

fusion PPI-TCl 19 ms, S-QRS/TCS 53%

Clinical VT slowing and termination
from Epicardial scar

Clinical VT: CL 290 ms, Entrainment from
ablation catheter (LV endocardial) with concealed

fusion PPI-TCL 19 ms, S-QRS/TCL 12%

Multipolar catheter
in Epicardial scar

a

c

e

g h

f

d

b

Fig. 19.7 A 49-year-old male with nonischemic cardiomyopathy with left ventricular ejection 
fraction of 35% admitted with recurrent ICD shocks for VT ablation. (a) Cardiac MRI showing LV 
basal inferior lateral subepicardial scar. (b) Intracardiac ultrasound demonstrating the epicardial 
scar. CartoSound reconstruction of the LV with the epicardial scar denoted in brown. (c) Bipolar 
voltage map of LV with abnormal voltage at the inferior lateral LV with late potentials on the mul-
tipolar catheter. (d) Induction of clinical VT with program stimulation. (e) Entrainment from the 
LV epicardial scar demonstrating concealed fusion with PPI-TCL 19 ms, S-QRS/TCL of 53% 
consistent with an isthmus site of VT circuit. (f) Entrainment from the LV endocardial scar dem-
onstrating concealed fusion with PPI-TCL 19 ms, S-QRS/TCL 12% consistent with an exit site of 
the VT circuit. (g) Ablation at the isthmus site on the epicardial aspect of the scar terminates clini-
cal VT. (h) Mapping the epicardial scar with multipolar catheter demonstrates elimination of late 
potentials after the ablation procedure
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of the QRS, producing an increase in the maximum deflection index (MDI) to 
greater than 0.55. The MDI is measured from the onset of the QRS to the earliest 
peak of the R wave in any of the precordial leads. Also characteristic is the presence 
of a pattern break in V2 with more net negativity than leads V1 or V3 when from the 
summit and more net positivity in V2 than V1 and V3 from the crux. A QS pattern 
is frequently seen in lead 1 from the summit and in lead 3 and a VF from the crux, 
consistent with an epicardial to endocardial activation wave front.

 Mapping and Imaging Techniques

 Mapping Catheters

The use of multielectrode mapping catheters has increased over the past several 
years with the introduction of mapping systems capable of acquiring high-definition 
electro-anatomical data from multiple sites for each beat simultaneously. These 
catheters have significant advantages over the ablation catheter in terms of mapping, 
especially with respect to mapping density, resolution, and speed.

Multielectrode catheters have small electrodes with short interelectrode spacing, 
thereby increasing mapping resolution, which can be advantageous for detailed sub-
strate mapping, and facilitate identification of surviving myocardial bundles within 
heterogeneous scar tissue that may escape detection when mapping with standard 
ablation catheters with larger electrodes and spacing is performed [77, 78]. These 
catheters are also useful for activation mapping during VT, as they allow rapid 
acquisition of multiple sites at high spatial resolution that can facilitate rapid iden-
tification of an isthmus site or VT focus of origin for idiopathic VTs [78].

I

Clinical VT VT in EP Lab Conduction Disease Mech LBBB Single BBR Beat

Bundle Branch Reentry VT
Similar Morph and Good PPI from ICD Lead

II

III

aVR

aVL

aVF

V1

V2

V3

V4

V5

V6

I

II

III

aVR
aVL

aVF
V1

V2
V3

V4

V5
V6

HIS p

HV 85 ms

S S
240 262 255

HIS d

ABL d
ABL p

HISm

Fig. 19.8 Bundle branch reentry VT. BBRVT morphology resembles the baseline ECG with pro-
longed HV interval. PPI-TCL suggests stimulation site is in the circuit when stimulation is per-
formed from RV apex (where the ICD lead is located)
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There are several multielectrode catheters available. The Pentaray catheter 
(Biosense Webster, Diamond Bar, CA) is a flower-shaped catheter and has five flex-
ible splines, each with four electrodes (a total of 20 electrodes), which can be used 
with the Carto electroanatomical mapping (CARTO EAM) system. The Livewire 
catheter (Abbott Laboratories, Abbott Park, IL) is a duodecapolar catheter with tight 
interelectrode spacing that has been used in mapping endocardial and epicardial 
ventricular surfaces. The Advisor HD Grid catheter (Abbott Laboratories, Abbott 
Park, IL) is a 4-by-4 unipolar electrode array with 1-mm (diameter) electrodes, 
equidistantly spaced 3 mm apart from each other, which can be used in conjunction 
with the EnSite Precision system. The fourth catheter is a small basket catheter with 
64 very small electrodes arranged on 8 splines that can be used with the Rhythmia 
EAM system (Orion, Boston Scientific, Marlborough, MA) (Fig. 19.9).

The main limitations of these catheters include frequent ectopy during mapping, 
transient injury of the superficial conduction system, limited maneuverability, poor 
tissue contact and lack of tissue contact information, and increased potential for 
thrombus formation with the need for careful anticoagulation and the additional cost.

 Activation Mapping

In patients with hemodynamically stable monomorphic tachycardia, activation and 
entrainment mapping are the gold standards for localization of the best site for cath-
eter ablation [79, 80].

Activation mapping is performed by recording local electrograms from multiple 
sites during VT aided by 3D mapping systems, which display the position of the 
catheter and relative timing of activation on the EAM system. For focal VTs, the 
earliest presystolic site of activation identifies the SOO and is the target of ablation. 
At this site, the local bipolar electrogram precedes the surface QRS onset, and the 
unipolar signal exhibits a QS configuration, consistent with a spread of activation 
away from the SOO.

In patients with SHD, the most common VT mechanism is scar-related reentry 
with continuous excitation of the circuit throughout the tachycardia cycle length 
(CL). Electrograms at exit sites, when activation mapping is performed during VT, 

a b c

Fig. 19.9 Various multielectrode mapping catheters. (a) Advisor HD Grid catheter from Abbott 
Laboratories. (b) Orion basket from Boston Scientific. (c) Pentaray catheter from Biosense Webster
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are identified during the latter half of electrical diastole, frequently just before the 
QRS complex. Ablation at exit sites from the isthmus can terminate the tachycardia; 
however, it can also result in a change of the tachycardia configuration and/or cycle 
length, in which case the diastolic pathway can exit at different locations from the 
scar [78].

Ablation of the diastolic pathway “isthmus” is therefore a more desirable target, 
given it can eliminate the machinery required for reentry. Electrograms at isthmus 
sites occur earlier during diastole, are typically of very low-voltage amplitude 
(<0.5 mV), and can have multiple potentials consistent with more marked delayed 
conduction.

In general, an activation map of a VT circuit should demonstrate entrance, isth-
mus, and exit sites that serve as essential parts of the circuit, such that it cannot 
continue without all of these elements. It is not uncommon in nonischemic substrate 
that part of the circuit has an intramural component that might not be recorded on 
the surface. These usually exhibit a “gap” in the activation sequence, such that part 
of the circuit is “concealed” from the surface map, residing deep in the myocardium 
(Fig. 19.7).

 Entrainment Mapping

Entrainment is a pacing maneuver during VT that helps to distinguish reentrant 
from nonreentrant arrhythmias and can be used as a powerful mapping tool to target 
ablation at critical parts of the reentry circuit. Entrainment involves the continuous 
resetting of a reentry circuit during pacing at sites that are either within or outside 
the reentry circuit. This method is used to define critical sites of the arrhythmia 
circuit through the analysis of the QRS morphology, the measured intervals, and the 
recorded electrograms (Fig. 19.10) [81].

The advantage of entrainment mapping over a substrate mapping approach is 
that VTs can be reliably and permanently eliminated with few RF ablation lesions 
when reentry circuit targets are identified (Table 19.1) [20, 82].

Entrainment mapping can potentially identify critical components of the reentry 
circuit other than the exit site that might be within the reach of the ablation catheter. 
Unfortunately, most patients with heart disease have multiple VTs that are not 
hemodynamically tolerated; hence, entrainment mapping is typically combined 
with substrate mapping in patients with VT associated with scars and SHD.

 Pace Mapping

Pace mapping is a technique used to locate the origin of a PVC or VT by pacing the 
myocardium to reproduce the clinical 12-lead morphology in the absence of VT; it 
is mostly helpful if the targeted arrhythmia is difficult to induce or is hemodynami-
cally unstable. The optimal site should exactly match the surface VT QRS, includ-
ing individual notches as well as major deflections. Electroanatomical maps can 
provide a percentage template match electronically, but this needs to be reviewed.
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Pace mapping indicates the location of the origin of focal VAs [83] and should 
provide confirmation of results from activation mapping when site produces an 
ideal QRS match [84].

In scar-related VT, pace mapping is used to identify the exit site of the reentrant 
VT circuit [43]. Critical sites of the reentrant VT circuit and regions of slow conduc-
tion can be suggested based on pace mapping with a long stimulus to QRS interval 
and electrogram characteristics showing late activation in sinus rhythm.

Within scar, the spatial resolution of pace mapping is quite variable and can indi-
cate a region of interest that measures up to 18 cm2 [74]. Even in patients without 
SHD, a perfect pace map can be observed at sites up to 2 cm away from the VT 
isthmus [85].

 Sinus Rhythm Substrate Mapping

Many of the patients with scar-related VAs presenting for VT ablation have hemo-
dynamically unstable VTs that prevent accurate definition of the critical component 
of the reentrant circuit with activation or entrainment mapping [29]. Substrate map-
ping is an approach to characterize areas likely to support reentry based on electro-
physiological characteristics that can be determined during stable sinus or paced 
rhythm. These features to define scar include bipolar electrogram amplitude using a 
4-mm tip mapping catheter where bipolar voltage abnormality is defined as electro-
gram amplitude <1.5 mV and dense scar defined as an amplitude <0.5 mV [86].

Bipolar voltage mapping has a limited field of view to detect epicardial or intra-
murally located scar, typically seen in patients with NICM. In these cases, unipolar 
voltage mapping can be used to extend the field of view of endocardial mapping. 
Abnormal RV endocardial unipolar free wall voltage is <5.5 mV, RV septal voltage 
is 7.0 mV and the RV septal cut-off in the posterior septal RVOT in front of the 
aortic root is 6.0  mV.  The LV endocardial unipolar voltage cut-off for defining 
abnormal mid or epicardial scar is <8.3 mV [87–91].

Other surrogates of scar are presence of sinus rhythm or pacing of fragmented 
electrograms, late potentials, low-amplitude ventricular activity or LAVA [92]. 
Targeting these abnormal electrograms in the region of low voltage allows elimina-
tion of VT irrespective of inducibility or hemodynamic tolerance. Even for hemo-
dynamically stable VTs, substrate mapping is often used to help focus activation or 
entrainment mapping to a region of interest [19, 93, 94].

Table 19.1 Entrainment maneuvers’ characteristics of ventricular tachycardia circuits during 
ventricular tachycardia ablation

Entrainment site Concealed PPI S-QRS/TCL
Entrance Yes = TCL >70%
Isthmus Yes = TCL 30–70%
Exit Yes = TCL <30%
Outer loop No = TCL <30%
Adjacent bystander Yes > TCL Variable
Remote bystander No > TCL <30%

PPI post-pacing interval, TCL tachycardia cycle length
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 End Points of Catheter Ablation of Ventricular Tachycardia

For focal arrhythmias in patients without SHD, assessment of efficacy is termina-
tion of VT, or elimination of PVCs, and subsequent noninducibility by catechol-
amine infusion or electrical stimulation that had reliably provoked episodes prior to 
ablation.

For patients with SHD in whom reentry is the primary VT mechanism, the effec-
tiveness of ablation is typically assessed by repeating PES after the ablation proce-
dure (typically through triple ventricular extrastimuli at 2 RV sites and 1–2 drive 
cycle lengths). Noninducibility of VT by PES after ablation is a reasonable end 
point for VT recurrence post VT ablation in these patients [95–97].

Due to the limitations of PES, end points other than non-inducibility have been 
described, including elimination of local excitability at the site of each ablation 
lesion, elimination of LPs or LAVA, substrate homogenization, and core isolation in 
which encircling lesions result in a central core of inexcitability [98, 99].

It is recommended to consider using noninvasive program stimulation (NIPS) 
1–3 days after ablation to identify patients who, though noninducible right after the 
procedure, demonstrate an increased risk for recurrence because of demonstration 
of VT inducibility at NIPs. If clinical VT can be initiated at that time, repeat ablation 
should be considered [100].
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