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ABSTRACT.  Patients with structural heart disease (SHD) are at risk of ventricular tachycardia 
(VT), which can be difficult to manage clinically. Many treatment options are currently avail-
able, but no single approach can be applied with 100% perfect results; often, a combination of 
therapies is required to achieve good control of ventricular arrhythmias. Coronary artery disease 
with previous myocardial infarction (MI) is the most common form of SHD presenting with VT, 
with scar-mediated reentry being the predominant mechanism. Other cardiomyopathies such 
as arrhythmogenic right ventricular cardiomyopathy, sarcoidosis, Chagas disease, and repaired 
congenital heart disease can also present in conjunction with ventricular arrhythmias. A thorough 
analysis of the patient’s history, 12-lead electrocardiogram, and imaging findings are essential for 
understanding the mechanism and guiding localization of the site of origin of the arrhythmia and 
the presence of underlying heart disease, which will improve outcomes following catheter ablation 
if such is indicated. Separately, antiarrhythmic drugs have not been shown to decrease mortality 
in this patient population but can help to reduce the VT burden and subsequently the need for 
implantable cardioverter-defibrillator therapy. Unfortunately, most antiarrhythmic agents are 
negative inotropes, with the possibility of worsening heart failure. This review aims to discuss the 
current options available for the management of VT in SHD.
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Introduction

Therapeutic options in patients with sustained and recur-
rent ventricular tachycardia (VT) include antiarrhythmic 
drugs, transcatheter radiofrequency (RF) ablation, and 
implantable cardioverter-defibrillator (ICD) therapy. 
However, many patients with structural heart disease 
(SHD) have drug-resistant VT or develop an intolerance 
to the antiarrhythmic drugs used to effectively suppress 
their arrhythmia, thus requiring the consideration of alter-
native nonpharmacological methods of therapy. Since 
the introduction of RF catheter ablation in the 1990s, this 

technique has been considered effective in both patients 
with idiopathic VT and those with SHD for the treatment 
of ventricular arrhythmias.1–16

However, it is important to highlight the fact that patients 
with VT and SHD are a more challenging population 
given the complexity and heterogeneity of the under-
lying substrate. The relatively larger size of responsible 
reentrant circuits, the number of circuits, and variations 
in depth and scar burden are characteristics that make the 
performance of this procedure in these patients especially 
unique and potentially complex.

In the last 20 years, there has been substantial and steady 
progress made in the treatment of cardiovascular dis-
eases, leading to an overall decrease in patient mortality. 
However, this has also led to an increased prevalence of 
heart failure and consequently more individuals living 
with a risk of sudden cardiac death (SCD). The devel-
opment of standardized algorithms for the identification 
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and management of patients with a high risk for SCD 
has increased the use of ICDs for both primary and sec-
ondary prevention. As a result, more episodes of VT and 
ventricular fibrillation (VF) are being diagnosed and 
treated.

It is well-known that ICD shocks are associated with 
increased morbidity and mortality17,18; therefore, tran-
scatheter ablation for the treatment of recurrent VT is an 
appealing approach for minimizing ICD shock burden in 
these individuals. Transcatheter ablation of the site of VT 
origin has been reported to result in a moderate level of 
success with suppressing recurrent VT.14–16,19,20

In this article, we review the pathophysiology, mech-
anism, and substrates of ventricular arrhythmias in 
patients with SHD and discuss the indications for and the 
role of catheter ablation in this population.

Pathophysiology of ventricular tachycardia

The sole presence of SHD, either of an ischemic or non
ischemic nature, increases the risk of developing arrhyth-
mias and SCD. However, ischemic cardiomyopathy 
(ICM) and non-ICM (NICM) have different anatomic 
substrates and electrophysiological characteristics. It is 
well-described that scar in ICM is often accessible from 
the endocardium. On the other hand, scar in the nonis-
chemic population is often patchy and located in the mid-
myocardium or epicardium, making the performance of 
an invasive procedure more challenging and the scar less 
accessible. Notably, the mechanisms of scar-mediated 
reentry form the conceptual basis for the mapping and 
ablation of VT.

Following a myocardial infarction (MI), infarcts may 
lead to arrhythmias through different mechanisms. The 
infarcted myocardium becomes more susceptible to early 
afterdepolarizations, resulting in triggered activity.21 In 
addition, the different electrophysiologic properties of 
the healthy myocardium, dense scar, and border zone, 

respectively, give rise to areas of functional heterogeneity, 
leading to circus movements and reentry.22,23 This heter-
ogeneity can influence the normal behavior of myocyte 
action potential duration (APD) restitution. Spatial dif-
ferences in APD and conduction velocity alternans may 
favor the occurrence of a reentry mechanism.24 Further-
more, there are adaptive and maladaptive changes in car-
diac autonomic innervation that also predispose to VT. 
Sympathetic and parasympathetic efferent inputs to local 
circuit neurons are increased, whereas afferent inputs 
from infarcted tissue are decreased relative to those from 
the border zone and normal tissue; this results in heter-
ogeneity of autonomic innervation, contributing to the 
arrhythmogenic substrate.25–28

Multiple pathways can often coexist in areas of dense 
scar and manifest as multiple VTs of different morphol-
ogies. These areas of slow conduction are desirable tar-
gets for ablation. Multiple studies performed in canine 
models,29–35 involving mapping in humans,36–39 and 
considering analyses of electrophysiologic study (EPS) 
results7,40–44 provide strong evidence that VT arises from 
chronic MIs due to reentry and areas of slow conduction. 
During catheter mapping, areas of slow conduction are 
identified by long, fractionated electrograms and long 
S–QRS delays during pacing.

In addition to scar-related reentry, some post-MI 
patients may present with ventricular arrhythmias 
related to the Purkinje system. Following MI, triggered 
activity due to delayed afterdepolarizations from sur-
viving Purkinje fibers situated along the scar border 
may provoke focal premature ventricular complexes 
(PVCs) that trigger polymorphic VT/VF.45–49 Catheter 
ablation is possible for the treatment of these various 
Purkinje-related ventricular arrhythmias.

Scar-related VT is best described in post-MI patients, but 
the same mechanism is also suggested for any other pres-
entation of cardiomyopathy associated with fibrosis and 
scar that may cause reentry (Table 1).

Table 1: Substrate Localization and Distribution in Structural Cardiomyopathy

Ischemic 
Cardiomyopathy

Nonischemic 
Dilated 

Cardiomyopathy

ARVC/D Cardiac 
Sarcoidosis

HOCM Chagas 
Disease

Substrate Subendocardial Midmyocardial/
epicardial

Subepicardial Nodular, 
circumferential, 
subepicardial, and 
subendocardial

Subendocardial Epicardial > 
endocardial

Scar distribution Focal Patchy Patchy Focal anterior 
and posterior RV 
insertion points

Patchy

Scar location Coronary 
distribution

Basal anteroseptal 
and inferolateral LV 
regions

RV > LV; 
triangle of 
dysplasia*

Basal and mid-
interventricular 
septum

LV apex and 
aneurysmal areas

Inferolateral 
and apical LV

Ablation approach Endocardial Endocardial/
epicardial

Endocardial/
epicardial

Endocardial > 
epicardial

Endocardial Epicardial and 
endocardial

ARVC/D: Arrhythmogenic right ventricular cardiomyopathy/dysplasia; HOCM: hypertrophic obstructive cardiomyopathy; LV: 
left ventricle/ventricular; RV: right ventricle/ventricular.
*Triangle of dysplasia: RV subtricuspid areas, apex, and infundibulum.
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Cardiac imaging in VT

Multimodality imaging techniques play an integral role 
in determining the underlying substrate for VT. The accu-
rate characterization of the underlying etiology of VT 
using cardiac imaging has an important impact on ther-
apeutic decisions. According to current guidelines, tran-
sthoracic echocardiogram (TTE) and coronary angiogram 
remain the first-line diagnostic approaches in patients 
presenting with VT. In recent years, advances in imag-
ing technology have enabled the characterization of the 
structural arrhythmogenic substrate in patients with VT 
with increasing precision.50

Cardiac magnetic resonance (CMR) imaging is one 
important tool that has become widely regarded as the 
gold standard for imaging of the structural VT substrate. 
CMR imaging provides excellent soft-tissue characteriza-
tion, detailed assessments of morphology and function, 
and visualization of myocardial scar with a high degree 
of precision based on the measurement of the signal 
intensity of late gadolinium enhancement (LGE).

However, this imaging technique is not without potential 
limitations in patients with device implants, which is par-
ticular in patients with VT.51–54 The development of new 
techniques such as wideband LGE CMR imaging has 
increased the deployment of CMR imaging in this popu-
lation because of the removal of image artifacts and more 
comprehensive evaluation of myocardial scar.55,56 All of 
these new advances increase the utility of CMR imaging, 
providing valuable information prior to invasive electro-
physiologic procedures.

The role of cardiac imaging has expanded from a largely 
diagnostic tool to an adjunctive tool to guide interven-
tional approaches for the treatment of VT. Mapping sys-
tems are in development that allow for the integration of 
CMR imaging data to aid in catheter ablation. Separately, 
invasive and noninvasive imaging techniques, often used 
in combination with one another, have made it possible to 
integrate both structural and electrophysiological infor-
mation during VT ablation procedures. An important 
area of current development is the use of noninvasive 
imaging techniques based on body surface electrocardi-
ographic mapping to elucidate the mechanisms of VT. In 
the future, these techniques may provide a priori infor-
mation on the mechanisms of VT in patients undergoing 
interventional procedures.

Catheter ablation for ventricular tachycardia 
in structural heart disease

In patients with SHD, catheter ablation is used as an 
adjunctive therapy to ICD implantation when anti
arrhythmic drugs are either ineffective or associated with 
side effects. As such, multiple studies to date have ana-
lyzed the role of adjunctive catheter ablation for the sec-
ondary prevention of ventricular arrhythmias.

Recently, the Ventricular Tachycardia Ablation Ver-
sus Escalation of Antiarrhythmic Drugs (VANISH) trial 

demonstrated that, in patients with SHD from ICM, an 
ICD, and recurrent VT despite the use of antiarrhythmic 
drugs, there was a significantly lower rate of the composite 
primary outcome. Specifically, the composite primary end-
point of death, VT storm, or appropriate ICD shock was 
reduced by 28% with ablation [hazard ratio (HR): 0.72; 95% 
confidence interval (CI): 0.53–0.98; p = 0.04], highlighting 
the importance of catheter ablation in recurrent VT.57

Another important multicenter, randomized trial was the 
Substrate Mapping and Ablation in Sinus Rhythm to Halt 
Ventricular Tachycardia (SMASH-VT) study, which evalu-
ated patients with prior MI presenting with spontaneous 
VT/VF who underwent ICD implantation alone or in com-
bination with catheter ablation. Catheter ablation resulted 
in a 65% reduction in the rate of appropriate ICD therapy.19

Similarly, the Ventricular Tachycardia Ablation in Coro-
nary Heart Disease (VTACH) study randomized patients 
with a prior MI, a left ventricular ejection fraction of less 
than 50%, and hemodynamically stable VT to either ICD 
implantation alone or ICD implantation and ablation. The 
primary endpoint was time to first recurrence of VT or VF. 
The time to first recurrence of VT or VF was significantly 
longer in the ablation group versus in the control group 
(median: 18.6  months versus 5.9  months). The freedom 
from VT/VF was 47% in the ablation group and 29% in 
the control group (HR: 0.61; 95% CI: 0.37–0.99; p = 0.045).20

Table 2 offers a full description of the four randomized 
clinical trials comparing catheter ablation and conservative 
therapy. These studies have purported a reduction in the 
rate of appropriate ICD therapy of between 50% and 65%.

The 2009 European Heart Rhythm Association and Heart 
Rhythm Society expert consensus statement on the cathe-
ter ablation of ventricular arrhythmias recommends cath-
eter ablation in the following scenarios:

1.	In patients with sustained monomorphic VT that 
recurs despite antiarrhythmic drugs or in cases when 
drugs are not tolerated

2.	In bundle-branch reentrant or interfascicular VT
3.	For control of incessant sustained monomorphic VT or 

VT storm not resulting from a reversible cause
4.	In patients with frequent PVCs or nonsustained or sus-

tained VT in the setting of ventricular dysfunction
5.	In recurrent sustained polymorphic VT and VF that are 

refractory to antiarrhythmic agents and thought to be 
amenable for ablation

6.	In patients with sustained monomorphic VT despite 
class I/III antiarrhythmic drug use with prior MI and 
an LV ejection fraction of more than 30% and as an 
alternative to antiarrhythmic drugs for hemodynami-
cally tolerated sustained monomorphic VT due to prior 
MI and LVEF of more than 35%

In addition, the expert consensus statement indicates that 
catheter ablation of ventricular arrhythmias may be con-
sidered prior to ICD implantation in certain patients with 
frequent PVCs or VT and tachycardia-induced cardiomy-
opathy, as LV function may improve in these individuals, 

VT in SHD
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consequently decreasing the risk of SCD and obviating 
the need for an ICD.

Ablation techniques

The catheter ablation of SHD involves the characteri-
zation of clinical VTs, the delineation of the arrhythmic 
substrate, and the radiofrequency ablation of the arrhyth-
mic tissue. Diverse strategies have evolved into being 
that incorporate imaging technology and electroana-
tomic mapping to improve the characterization and our 
understanding of various arrhythmogenic scar substrates 
(Figure 1). Other approaches include improving the iden-
tification of surrogates for critical sites in sinus rhythm, 
pacemapping, entrainment, involving hemodynamic 
support devices to increase the duration of mapping in 
VT, and the performance of more comprehensive and 
extensive ablation of three-dimensional scar substrates 
from both the endocardium and epicardium. This review 
describes the different ablation strategies available and 
the current supporting evidence.

Pacemapping and entrainment in stable 
ventricular tachycardia

Here, the high-density delineation of scar is first per-
formed and regions of slow conduction, as evidenced by 
fractionated or late potentials, are tagged. Pacemapping 
is performed to assess the relationship of the pace mor-
phology with the targeted VT. Pacemapping can be an 
effective method to focus ablation toward specific regions 
within scar that exhibit a morphologic match to the tar-
geted VT. Pacemaps with stimulus–QRS delays (>40 ms) 
are more specific, as the conduction slowing out of scar 
and sites that exhibit multiple QRS morphologies may 
suggest a common conducting channel.58,59 The initiation 
of VT during pacemapping (ie, pace-mapped induction) 
can be seen when pacing from an isthmus, and successful 

termination is seen in more than 90% of cases with abla-
tion at these sites (Figure 2).

Entrainment

While multiple methods are relied on to accurately localize 
VT, 12-lead electrocardiogram analysis and imaging are 
those that are most commonly used. Entrainment maneu-
vers are also frequently employed. The main principles 
of entrainment between areas of postinfarct fibrosis were 
popularized by Stevenson et al.7 In this model, the circuit 
contains an entrance; central isthmus; and exit, which rep-
resents the breakout site that results in the formation of 
the QRS. Regions of the circuit not constrained by scar are 
termed outer loop sites and regions that are proximal to 
the entrance, while those constrained by scar are termed 
inner loop sites. Bystander sites are ineffective sites for 
ablation and may be remote or attached to the circuit.

The postpacing interval (PPI) is equal to or within 30 ms 
of the tachycardia cycle length (TCL) at any site that is in 
the reentrant circuit. Concealed fusion is seen in regions 
constrained within scar, such that antidromic capture and 
collision with the orthodromic wavefront occurs entirely 
within the circuit. The stimulus to QRS exceeds the elec-
trogram-to-QRS interval at bystander sites attached to the 
circuit. The electrogram-to-QRS interval approximates 
proximity to the circuit exit, where less than 30% of the 
TCL is distal, 30% to 70% is central, and more than 70% is 
proximal within the isthmus (Figure 3). Importantly, the 
ideal site for ablation within a central isthmus is a mid-di-
astolic potential during VT that exhibits concealed fusion 
with a PPI that is equal to the TCL.

Unfortunately, entrainment mapping has multiple limi-
tations. This approach can only be deployed in patients 
with hemodynamically stable VT; it may overestimate 
circuit size; and, occasionally, decremental conduction 
properties of the scar tissue can alter the PPI during 

A B

Figure 1: A: Electroanatomic bipolar map with evidence of posterior basal endocardial scar, defined by a scar threshold of less 
than 1.5 mV. B: Unipolar endocardial map showing a larger scar area with a low-voltage area (< 8.3 mV). Images courtesy of 
Andrew E. Darby, MD, of the University of Virginia.

VT in SHD
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the performance of pacing maneuvers. Therefore, other 
strategies such as voltage-based mapping during sinus 
rhythm have evolved.

Sinus rhythm strategy

In patients with unmappable/unstable VT, a sinus 
rhythm strategy approach is often performed. An accu-
rate and detailed scar characterization is needed for the 
delineation of border zones and the identification of 
abnormal electrograms within scar.

This technique uses primarily electroanatomic map-
ping, which has become an essential tool for optimizing 
the mapping of VT and guiding ablation lesions. Using 
a threshold of less than 1.5 mV for low voltage, an arbi-
trarily defined dense scar threshold of 0.5  mV, and a 
scar border zone of 0.5 mV to 1.5 mV (when using bipo-
lar electrograms with a 4-mm-tip electrode), the surface 
voltage map can be displayed as a three-dimensional 
reconstruction. Endocardial unipolar voltage mapping 
can also be useful in predicting the epicardial arrhyth-
mia substrate. Unipolar endocardial mapping provides 

A

B

Figure 2: A: Example of pacemapping with evidence of a 97% pacemap in all 12 leads. B: The best pacemap site is highlighted 
in the middle of the scar.
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a larger field of view and offers valuable information 
about the presence or absence of the epicardial sub-
strate as well as the need to pursue epicardial map-
ping and  ablation. Previous studies have employed 
a unipolar voltage cutoff of 8.27 mV in normal hearts 
(Figure 1).60

The placement of linear lesions guided by electroanatomic 
mapping was first described in 2000 by Marchlinski et al. 
in patients with VT previously designated as “unmap-
pable.”61 Higher mapping densities can be achieved 
with multielectrode catheters and have been shown to 
improve the identification of late potentials in regions of 
heterogeneity.62 Multielectrode mapping can expedite VT 
ablation using commonly employed techniques includ-
ing pacemapping, activation, and entrainment mapping 

and may constitute a more sensitive method to confirm 
the abolition of late potentials.63

Ablation performed using a voltage-based approach 
requires the precise and accurate definition of the border 
zones with the identification of channels and isthmuses. 
This is usually performed by lowering the voltage-dense 
scar threshold of 0.5  mV, which enables us to identify 
areas of less healthy tissues but still with some conduc-
tion properties functioning as channels or isthmuses that 
are thus potentially responsive for reentry (Figure 4).

Previous studies have suggested that VT induction and 
mapping can prolong the procedure, increase radiation 
exposure, and enhance the need for electrical cardiover-
sion without significantly improving acute results and 

DC

A B

Figure 3: A: Entrainment of ventricular tachycardia, showing concealed fusion. B: Entrainment with a PPI TCL of ~30 ms to 
40 ms with stim-QRS ~ EGM-QRS. Stim-QRS in 30% to 70% of the TCL. C: Slowing and then termination of the tachycardia after 
RF ablation. D: Electroanatomic maps showing early activation areas and areas of scar on bipolar mapping on the right.

VT in SHD

The Journal of Innovations in Cardiac Rhythm Management, August 2019� 3768



long-term ablation outcomes in comparison with sub-
strate ablation alone.64

Multiple ablation techniques have been used to perform 
substrate modification, such as targeting core isolation or 
late potentials (LPs), addressing local abnormal ventricular 
activities (LAVAs), promoting homogenization of the scar, 
and performing scar dechanneling. Despite each having 
a different ablation technique and goal, all have the com-
mon end point of inducibility and are performed in sinus 
rhythm. These approaches are expanded upon henceforth.

Core isolation. Tzou et al. first reported on the technique 
of core isolation in 2015 when they elegantly described 
that the core isolation area incorporates critical VT circuit 
elements.65 To achieve core isolation, the first step is to 
isolate the dense scar (< 0.5 mV) by performing circum-
ferential ablation. The border zone (1.0 mV) is targeted if 
proven to be part of the reentrant circuit consistent with 
the isthmus, entrance, or exit sites by way of pacing/
entrainment maneuvers. A successful core isolation is 

defined by noninducibility at a pacing output of 20 mA at 
a point 2 ms from multiple sites within the core isolation 
area. The goal of this ablation strategy is to cover the 
entire scar with ablation lesions targeting abnormal elec-
trograms. This strategy is limited by scar size.

Late potentials. The identification of locally uncou-
pled and delayed local electrograms or LPs is an impor-
tant strategy during mapping in sinus rhythm. LPs are 
defined as any type of electrogram with a duration that 
extends beyond the end of the surface QRS interval.66 
These represent areas of slow conduction within scar 
that serve as the requisite substrate for reentry. Delayed 
and isolated LPs have been shown to have specificity 
for induced VTs and ablation aimed at eliminating these 
abnormal electrograms improves clinical freedom from 
VT.67,68

Local abnormal ventricular activities. LAVAs were 
first described by Jais et  al.69 and defined as sharp, 

A B

DC

Figure 4: A: Sinus rhythm mapping of a patient with ICM showing large and dense anterior scar on bipolar maps (low voltage 
< 0.5 mV). Note the evidence of a central channel or isthmus after lowering the voltage threshold to 0.185 mV. B: Activation 
map showing areas of isochronal crowding in the isthmus that correspond to low-voltage areas. C: Late diastolic potentials 
when mapping with the Livewire™ duodecapolar catheter 2-2-2- (Abbott Laboratories, Chicago, IL, USA) in sinus rhythm. 
D: Scar dechanneling ablation was performed with noninducibility at the end of the study. Images courtesy of Andrew E. 
Darby, MD, of the University of Virginia.
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high-frequency ventricular potentials occurring any-
time during or after the far-field ventricular electrogram 
in sinus rhythm or before the far-field ventricular elec-
trogram during VT that sometimes display fractiona-
tion or double or multiple components separated by 
very-low-amplitude signals or an isoelectric interval 
and which are not well-coupled to the rest of the myo-
cardium. These signals are considered to be indicative 
of local activity coming from the pathologic tissue. The 
use of multipolar catheters has facilitated the identifi-
cation of these low-amplitude potentials, thus improv-
ing outcomes. Evidence suggests that the elimination of 
LAVAs is safe and associated with improved freedom 
from recurrent VT as compared with standard ablation 
(Figure 5).69

Homogenization. Extensive and diffuse ablation or 
“scar homogenization” is aimed at eliminating all abnor-
mal electrograms within the entire scar. The elimination 
of all electrograms has been shown to be more predic-
tive of clinical success than inducibility. However, it 
may be difficult to achieve such in instances of large scar 
substrate.69 Following substrate ablation, a high-output 
pacing at 20  mA from within the scar is performed to 
confirm that no tissue is captured. Targeting earlier LPs 
via ablation may eliminate or modify the downstream 
activation of a channel and expedite homogenization 
strategies.70,71

Of note, the results of the Ablation of Clinical VT Versus 
Addition of Substrate Ablation on the Long-term Success 
Rate of VT Ablation (VISTA) randomized trial72 sup-
port the idea that an extensive substrate-based ablation 

approach is superior to a clinical targeted ablation proto-
col in patients with ICM and tolerated VT (Table 2).

Scar dechanneling. Scar dechanneling was first described 
by Berruezo and colleagues.70,73,74 This technique consists 
of the identification of a corridor of consecutive electro-
grams with delayed components and subsequent ablation 
of the entrance regions (Figure 4). The entrances were tar-
geted in the border zone with 0.5 mV to 1.5 mV to avoid 
ablating healthy tissue beyond the scar. Ablation using 
scar dechanneling has shown promising outcomes.70,74

These substrate-based ablation strategies have been asso-
ciated with higher arrhythmia-free survival rates and 
long-term outcomes when compared with the standard 
ablation of VT in patients with SHD75; however, these 
data mostly include ischemic patients and, thus, the data 
are limited in terms of their applicability in nonischemic 
patients.

Even though substrate-based strategies have shown good 
results, beyond-voltage or functional substrate mapping 
is also gaining popularity. This approach looks for areas 
of late and slow conduction, identified by isochronal late 
activation maps (ILAMs). Slow-conduction regions with 
isochronal crowding propagating into the latest zone of 
activation may be a promising ablation target for sub-
strate modification. The creation of ILAMs during sinus 
rhythm may provide complementary and targeted func-
tional information beyond structural voltage displays for 
scar-related VT and represent a novel strategy for sub-
strate-based VT ablation (Figure 4).76

Epicardial ventricular tachycardia ablation

The indications for epicardial mapping are variable but 
typically performed after a failed endocardial approach, or 
in cases where the etiology of cardiomyopathy suggests a 
high likelihood of epicardial scar, such as in NICM patients.

Different parameters are used during epicardial map-
ping, with the low-voltage area characterized by a bipo-
lar signal amplitude of less than 1.0  mV.75 Endocardial 
unipolar voltage mapping can also be useful in certain 
scenarios, including specifically to predict the epicardial 
arrhythmia substrate, such as in patients with dilated 
cardiomyopathy where normal left ventricular tissue has 
been reported to be greater than or equal to 8.27 mV or 
in those with arrhythmogenic right ventricular dysplasia 
(ARVC) where normal right ventricular tissue is greater 
than or equal to 5.5 mV.

Studies of patients with NICM who underwent a com-
bined epicardial–endocardial approach to VT ablation 
have consistently demonstrated more extensive epicar-
dial voltage abnormalities in comparison with the endo-
cardial surface.77–79 Similar observations have been made 
in patients with hypertrophic cardiomyopathy and ARVC 
and a combined epicardial–endocardial approach has 
been indicated to be more effective than an endocardial 
approach alone in several observational reports.80,81

Figure 5: Patient in stable VT. Note the LAVA on the abla-
tion catheter with fractionation and multiple components 
separated by very-low-amplitude signals. Image courtesy of 
Andrew E. Darby, MD, of the University of Virginia.
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Endpoints after ventricular tachycardia ablation

The most important endpoint following VT ablation is 
the achievement of noninducibility. However, while non
inducibility has been shown to be predictive for clinical 
freedom from recurrent VT, this has not uniformly been 
the case.82,83 Inducibility of VT is probabilistic and rarely 
is reproducibly triggered on command. Furthermore, 
inducibility can be affected by anesthesia and antiar-
rhythmic drugs.

Although homogenization is increasingly being per-
formed, an objective measure to demonstrate the com-
plete elimination of abnormal electrograms has not yet 
been established at this time. The use of multipolar map-
ping catheters may be beneficial to rapidly remap ablated 
regions to ensure the abolition of LPs.84 In other arrhyth-
mias treated with linear lesions, bidirectional block has 
been shown to be the most robust electrophysiological 
endpoint. Potential objective endpoints would require 
remapping to demonstrate a change in scar propagation 
that would reflect a line of block or the elimination of the 
latest regions of activation.

Conclusions

In the last two decades, there have been significant 
advancements made in the field of electrophysiology, 
especially for VT ablation. Our understanding of vari-
ous scar substrates has improved significantly due to the 
development of better electroanatomic mapping systems, 
the use of CMR imaging, the application of multielectrode 
catheter mapping, and the employment of percutaneous 
epicardial access. These novel technologies facilitate the 
accurate delineation of areas of scar using higher-resolu-
tion mapping and subsequently improve the outcomes 
of the procedure in patients with structural heart disease 
while also significantly reducing the incidence of recur-
rent ventricular arrhythmias.

More extensive ablation strategies or “homogenization” 
and ablation in sinus rhythm using novel approaches will 
continue to evolve and help to improve clinical outcomes. 
Technological advancements in substrate imaging, map-
ping, bipolar radiofrequency ablation, intramural needle 
ablation catheters, and the use of stereotactic radiother-
apy for ablation of drug-resistant and recurrent VT will 
further improve outcomes after ablation.

References
1.	 Klein LS, Shih HT, Hackett FK, Zipes DP, Miles WM. 

Radiofrequency catheter ablation of ventricular tachycar-
dia in patients without structural heart disease. Circulation. 
1992;85(5):1666–1674.

2.	 Nakagawa H, Beckman KJ, McClelland JH, et  al. 
Radiofrequency catheter ablation of idiopathic left ventricu-
lar tachycardia guided by a Purkinje potential. Circulation. 
1993;88(6):2607–2617.

3.	 Coggins DL, Lee RJ, Sweeney J, et al. Radiofrequency catheter 
ablation as a cure for idiopathic tachycardia of both left and 
right ventricular origin. J Am Coll Cardiol. 1994;23(6):1333–1341.

4.	 Calkins H, Kalbfleisch SJ, el-Atassi R, Langberg JJ, Morady 
F. Relation between efficacy of radiofrequency catheter abla-
tion and site of origin of idiopathic ventricular tachycardia. 
Am J Cardiol. 1993;71(10):827–833.

5.	 Morady F, Harvey M, Kalbfleisch SJ, el-Atassi R, Calkins H, 
Langberg JJ. Radiofrequency catheter ablation of ventricu-
lar tachycardia in patients with coronary artery disease. 
Circulation. 1993;87(2):363–372.

6.	 Kim YH, Sosa-Suarez G, Trouton TG, et  al. Treatment of 
ventricular tachycardia by transcatheter radiofrequency 
ablation in patients with ischemic heart disease. Circulation. 
1994;89(3):1094–1102.

7.	 Stevenson WG, Khan H, Sager P, et  al. Identification of 
reentry circuit sites during catheter mapping and radiofre-
quency ablation of ventricular tachycardia late after myo-
cardial infarction. Circulation. 1993;88(4 Pt 1):1647–1670.

8.	 Rothman SA, Hsia HH, Cossú SF, Chmielewski IL, Buxton 
AE, Miller JM. Radiofrequency catheter ablation of post-
infarction ventricular tachycardia: long-term success and 
the significance of inducible nonclinical arrhythmias. 
Circulation. 1997;96(10):3499–3508.

9.	 Strickberger SA, Man KC, Daoud EG, et  al. A prospective 
evaluation of catheter ablation of ventricular tachycardia as 
adjuvant therapy in patients with coronary artery disease 
and an implantable cardioverter-defibrillator. Circulation. 
1997;96(5):1525–1531.

10.	 Stevenson WG, Friedman PL, Kocovic D, Sager PT, Saxon 
LA, Pavri B. Radiofrequency catheter ablation of ventricu-
lar tachycardia after myocardial infarction. Circulation. 
1998;98(4):308–314.

11.	 Gonska BD, Cao K, Schaumann A, et al. Catheter ablation of 
ventricular tachycardia in 136 patients with coronary artery 
disease: results and long-term follow-up. J Am Coll Cardiol. 
1994;24(6):1506–1514.

12.	 Wilber DJ, Kopp DE, Glascock DN, Kinder CA, Kall JG. 
Catheter ablation of the mitral isthmus for ventricular 
tachycardia associated with inferior infarction. Circulation. 
1995;92(12):3481–3489.

13.	 Kottkamp H, Hindricks G, Chen X, et al. Radiofrequency cath-
eter ablation of sustained ventricular tachycardia in idiopathic 
dilated cardiomyopathy. Circulation. 1995;92(5):1159–1168.

14.	 Morady F, Scheinman MM, Di Carlo LA, et  al. Catheter 
ablation of ventricular tachycardia with intracardiac shocks: 
results in 33 patients. Circulation. 1987;75(5):1037–1049.

15.	 Garan H, Kuchar D, Freeman C, Finkelstein D, Ruskin JN. 
Early assessment of the effect of map-guided transcatheter 
intracardiac electric shock on sustained ventricular tachy-
cardia secondary to coronary artery disease. Am J Cardiol. 
1988;61(13):1018–1023.

16.	 Evans GT, Scheinman MM, Zipes DP, et al. Catheter ablation 
for control of ventricular tachycardia: a report of the percu-
taneous cardiac mapping and ablation registry. Pacing Clin 
Electrophysiol. 1986;9(6):1391–1395.

17.	 Daubert JP, Zareba W, Cannom DS, et  al. Inappropriate 
implantable cardioverter-defibrillator shocks in MADIT II: 
frequency, mechanisms, predictors, and survival impact. J 
Am Coll Cardiol. 2008;51(14):1357–1365.

18.	 Poole JE, Johnson GW, Hellkamp AS, et  al. Prognostic 
importance of defibrillator shocks in patients with heart fail-
ure. N Engl J Med. 2008;359(10):1009–1017.

19.	 Reddy VY, Reynolds MR, Neuzil P, et al. Prophylactic cath-
eter ablation for the prevention of defibrillator therapy. N 
Engl J Med. 2007;357(26):2657–2665.

20.	 Kuck KH, Schaumann A, Eckardt L, et al. Catheter ablation of 
stable ventricular tachycardia before defibrillator implantation 
in patients with coronary heart disease (VTACH): a multicen-
tre randomised controlled trial. Lancet. 2010;375(9708):31–40.

E. M. Lopez and R. Malhotra

3771� The Journal of Innovations in Cardiac Rhythm Management, August 2019



21.	 Morita N, Mandel WJ, Kobayashi Y, Karagueuzian HS. 
Cardiac fibrosis as a determinant of ventricular tachyar-
rhythmias. J Arrhythm. 2014;30(6):389–394.

22.	 Mines GR. On dynamic equilibrium in the heart. J Physiol. 
1913;46(4–5):349–383.

23.	 Verma A, Marrouche NF, Schweikert RA, et al. Relationship 
between successful ablation sites and the scar border zone 
defined by substrate mapping for ventricular tachycar-
dia post-myocardial infarction. J Cardiovasc Electrophysiol. 
2005;16(5):465–471.

24.	 Dan GA. The dynamic nature of ventricular tachycardia ini-
tiation. Drugs Today (Barc). 2010;46(10):777–783.

25.	 Cao JM, Fishbein MC, Han JB, et al. Relationship between 
regional cardiac hyperinnervation and ventricular arrhyth-
mia. Circulation. 2000;101(16):1960–1069.

26.	 Ajijola OA, Yagishita D, Reddy NK, et  al. Remodeling of 
stellate ganglion neurons after spatially targeted myocardial 
infarction: neuropeptide and morphologic changes. Heart 
Rhythm. 2015;12(5):1027–1035.

27.	 Rajendran PS, Nakamura K, Ajijola OA, et  al. Myocardial 
infarction induces structural and functional remodelling of 
the intrinsic cardiac nervous system. J Physiol. 2016;594(2):3 
21–341.

28.	 Ajijola OA, Lux RL, Khahera A, et al. Sympathetic modula-
tion of electrical activation in normal and infarcted myocar-
dium: implications for arrhythmogenesis. Am J Physiol Heart 
Circ Physiol. 2017;312(3):H608–H621.

29.	 El-Sherif N, Scherlag BJ, Lazzara R, Hope RR. Re-entrant 
ventricular arrhythmias in the late myocardial infarction 
period. 1. Conduction characteristics in the infarction zone. 
Circulation. 1977;55(5):686–702.

30.	 Brachmann J, Kabell G, Scherlag B, Harrison L, Lazarra R. 
Analysis of interectopic activation patterns during sustained 
ventricular tachycardia. Circulation. 1983;67(2):449–456.

31.	 Kabell G, Scherlag BJ, Hope RR, Lazzara R. Patterns of inter-
ectopic activation recorded during pleomorphic ventricular 
tachycardia after myocardial infarction in the dog. Am J 
Cardiol. 1982;49(1):56–62.

32.	 Garan H, Fallon JT, Rosenthal S, Ruskin JN. Endocardial, 
intramural, and epicardial activation patterns during sus-
tained monomorphic ventricular tachycardia in late canine 
myocardial infarction. Circ Res. 1987;60(6):879–896.

33.	 El-Sherif N, Mehra R, Gough WB, Zeiler RH. Reentrant ven-
tricular arrhythmias in the late myocardial infarction period. 
Interruption of reentrant circuits by cryothermal techniques. 
Circulation. 1983;68(3):644–656.

34.	 Dillon SM, Allessie MA, Ursell PC, Wit AL. Influences of 
anisotropic tissue structure on reentrant circuits in the epi-
cardial border zone of subacute canine infarcts. Circ Res. 
1988;63(1):182–206.

35.	 Cardinal R, Vermeulen M, Shenasa M, et al. Anisotropic con-
duction and functional dissociation of ischemic tissue dur-
ing reentrant ventricular tachycardia in canine myocardial 
infarction. Circulation. 1988;77(5):1162–1176.

36.	 Kaltenbrunner W, Cardinal R, Dubuc M, et  al. Epicardial 
and endocardial mapping of ventricular tachycardia in 
patients with myocardial infarction. Is the origin of the 
tachycardia always subendocardially localized?. Circulation. 
1991;84(3):1058–1071.

37.	 Downar E, Harris L, Mickleborough LL, Shaikh N, Parson 
ID. Endocardial mapping of ventricular tachycardia in the 
intact human ventricle: evidence for reentrant mechanisms. 
J Am Coll Cardiol. 1988;11(4):783–791.

38.	 de Bakker JM, van Capelle FJ, Janse MJ, et  al. Reentry as 
a cause of ventricular tachycardia in patients with chronic 
ischemic heart disease: electrophysiologic and anatomic cor-
relation. Circulation. 1988;77(3):589–606.

39.	 Littmann L, Svenson RH, Gallagher JJ, et al. Functional role 
of the epicardium in postinfarction ventricular tachycardia. 
Observations derived from computerized epicardial activa-
tion mapping, entrainment, and epicardial laser photoabla-
tion. Circulation. 1991;83(5):1577–1591.

40.	 Stevenson WG, Nademanee K, Weiss JN, et al. Programmed 
electrical stimulation at potential ventricular reentry circuit 
sites. Comparison of observations in humans with predictions 
from computer simulations. Circulation. 1989;80(4):793–806.

41.	 Stevenson WG, Weiss JN, Wiener I, et al. Resetting of ven-
tricular tachycardia: implications for localizing the area of 
slow conduction. J Am Coll Cardiol. 1988;11(3):522–529.

42.	 Stevenson WG, Weiss J, Wiener I, Wohlgelernter D, Yeatman 
L. Localization of slow conduction in a ventricular tachy-
cardia circuit: implications for catheter ablation. Am Heart J. 
1987;114(5):1253–1258.

43.	 Morady F, Frank R, Kou WH, et al. Identification and cathe-
ter ablation of a zone of slow conduction in the reentrant cir-
cuit of ventricular tachycardia in humans. J Am Coll Cardiol. 
1988;11(4):775–782.

44.	 Haïssaguerre M, Shah DC, Jaïs P, et al. Role of Purkinje con-
ducting system in triggering of idiopathic ventricular fibril-
lation. Lancet. 2002;359(9307):677–678.

45.	 Bänsch D, Oyang F, Antz M, et  al. Successful catheter 
ablation of electrical storm after myocardial infarction. 
Circulation. 2003;108(24):3011–3016.

46.	 Marrouche NF, Verma A, Wazni O, et  al. Mode of initi-
ation and ablation of ventricular fibrillation storms in 
patients with ischemic cardiomyopathy. J Am Coll Cardiol. 
2004;43(9):1715–1720.

47.	 Szumowski L, Sanders P, Walczak F, et  al. Mapping and 
ablation of polymorphic ventricular tachycardia after myo-
cardial infarction. J Am Coll Cardiol. 2004;44(8):1700–1706.

48.	 Lazzara R, el-Sherif N, Scherlag BJ. Electrophysiological 
properties of canine Purkinje cells in one-day-old myocar-
dial infarction. Circ Res. 1973;33(6):722–734.

49.	 Xing D, Martins JB. Triggered activity due to delayed 
afterdepolarizations in sites of focal origin of ischemic 
ventricular tachycardia. Am J Physiol Heart Circ Physiol. 
2004;287(5):H2078–H2084.

50.	 Mahida S, Sacher F, Dubois R, et  al. Cardiac imaging 
in patients with ventricular tachycardia. Circulation. 
2017;136(25):2491–2507.

51.	 Roes SD, Borleffs CJ, van der Geest RJ, et al. Infarct tissue 
heterogeneity assessed with contrast-enhanced MRI pre-
dicts spontaneous ventricular arrhythmia in patients with 
ischemic cardiomyopathy and implantable cardioverter-de-
fibrillator. Circ Cardiovasc Imaging. 2009;2(3):183–190.

52.	 Nazarian S, Hansford R, Roguin A, et  al. A prospective 
evaluation of a protocol for magnetic resonance imaging of 
patients with implanted cardiac devices. Ann Intern Med. 
2011;155(7):415–424.

53.	 Cohen JD, Costa HS, Russo RJ. Determining the risks of 
magnetic resonance imaging at 1.5 tesla for patients with 
pacemakers and implantable cardioverter defibrillators. Am 
J Cardiol. 2012;110(11):1631–1636.

54.	 Russo RJ. Determining the risks of clinically indicated non-
thoracic magnetic resonance imaging at 1.5 T for patients 
with pacemakers and implantable cardioverter-defibrilla-
tors: rationale and design of the MagnaSafe Registry. Am 
Heart J. 2013;165(3):266–272.

55.	 Rashid S, Rapacchi S, Vaseghi M, et  al. Improved late 
gadolinium enhancement MR imaging for patients with 
implanted cardiac devices. Radiology. 2014;270(1):269–274.

56.	 Stevens SM, Tung R, Rashid S, et al. Device artifact reduction 
for magnetic resonance imaging of patients with implanta-
ble cardioverter-defibrillators and ventricular tachycardia: 

VT in SHD

The Journal of Innovations in Cardiac Rhythm Management, August 2019� 3772



late gadolinium enhancement correlation with electroana-
tomic mapping. Heart Rhythm. 2014;11(2):289–298.

57.	 Sapp JL, Parkash R, Tang AS. Ventricular tachycardia abla-
tion versus antiarrhythmic-drug escalation. N Engl J Med. 
2016;375(15):1499–1500.

58.	 Stevenson WG, Sager PT, Natterson PD, Saxon LA, 
Middlekauff HR, Wiener I. Relation of pace mapping QRS 
configuration and conduction delay to ventricular tachycar-
dia reentry circuits in human infarct scars. J Am Coll Cardiol. 
1995;26(2):481–488.

59.	 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(2):264–272.

60.	 Hutchinson MD, Gerstenfeld EP, Desjardins B, et  al. 
Endocardial unipolar voltage mapping to detect epicar-
dial ventricular tachycardia substrate in patients with non-
ischemic left ventricular cardiomyopathy. Circ Arrhythm 
Electrophysiol. 2011;4(1):49–55.

61.	 Marchlinski FE, Callans DJ, Gottlieb CD, Zado E. Linear 
ablation lesions for control of unmappable ventricular tach-
ycardia in patients with ischemic and nonischemic cardio-
myopathy. Circulation. 2000;101(11):1288–1296.

62.	 Nakahara S, Tung R, Ramirez RJ, et al. Distribution of late 
potentials within infarct scars assessed by ultra high-density 
mapping. Heart Rhythm. 2010;7(12):1817–1824.

63.	 Tung R, Nakahara S, Maccabelli G, et  al. Ultra high-den-
sity multipolar mapping with double ventricular access: a 
novel technique for ablation of ventricular tachycardia. J 
Cardiovasc Electrophysiol. 2011;22(1):49–56.

64.	 Fernández-Armenta J, Penela D, Acosta J, et  al. Substrate 
modification or ventricular tachycardia induction, map-
ping, and ablation as the first step? A randomized study. 
Heart Rhythm. 2016;13(8):1589–1595.

65.	 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(2):353–361.

66.	 Cassidy DM, Vassallo JA, Miller JM, et  al. Endocardial 
catheter mapping in patients in sinus rhythm: relationship 
to underlying heart disease and ventricular arrhythmias. 
Circulation. 1986;73(4):645–652.

67.	 Bogun F, Good E, Reich S, et al. Isolated potentials during 
sinus rhythm and pace-mapping within scars as guides for 
ablation of post-infarction ventricular tachycardia. J Am Coll 
Cardiol. 2006;47(10):2013–2019.

68.	 Arenal A, Glez-Torrecilla E, Ortiz M, et al. Ablation of elec-
trograms with an isolated, delayed component as treatment 
of unmappable monomorphic ventricular tachycardias in 
patients with structural heart disease. J Am Coll Cardiol. 
2003;41(1):81–92.

69.	 Jaïs P, Maury P, Khairy P, et al. Elimination of local abnormal 
ventricular activities: a new end point for substrate modifi-
cation in patients with scar-related ventricular tachycardia. 
Circulation. 2012;125(18):2184–2196.

70.	 Berruezo A, Fernández-Armenta J, Mont L, et al. Combined 
endocardial and epicardial catheter ablation in arrhythmo-
genic right ventricular dysplasia incorporating scar dechanne-
ling technique. Circ Arrhythm Electrophysiol. 2012;5(1):111–121.

71.	 Tung R, Mathuria NS, Nagel R, et al. Impact of local ablation 
on interconnected channels within ventricular scar: mecha-
nistic implications for substrate modification. Circ Arrhythm 
Electrophysiol. 2013;6(6):1131–1138.

72.	 Di Biase L, Burkhardt JD, Lakkireddy D, et al. Ablation of 
stable VTs versus substrate ablation in ischemic cardiomy-
opathy: the VISTA randomized multicenter trial. J Am Coll 
Cardiol. 2015;66(25):2872–2882.

73.	 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(2):326–336.

74.	 Fernández-Armenta J, Berruezo A, Ortiz-Pérez JT, et  al. 
Improving safety of epicardial ventricular tachycar-
dia ablation using the scar dechanneling technique and 
the integration of anatomy, scar components, and cor-
onary arteries into the navigation system. Circulation. 
2012;125(11):e466–e468.

75.	 Santangeli P, Frankel DS, Marchlinski FE. End points 
for ablation of scar-related ventricular tachycardia. Circ 
Arrhythm Electrophysiol. 2014;7(5):949–960.

76.	 Irie T, Yu R, Bradfield JS, et al. Relationship between sinus 
rhythm late activation zones and critical sites for scar-re-
lated ventricular tachycardia: systematic analysis of isoch-
ronal late activation mapping. Circ Arrhythm Electrophysiol. 
2015;8(2):390–399.

77.	 Soejima K, Stevenson WG, Sapp JL, Selwyn AP, Couper G, 
Epstein LM. Endocardial and epicardial radiofrequency 
ablation of ventricular tachycardia associated with dilated 
cardiomyopathy: the importance of low-voltage scars. J Am 
Coll Cardiol. 2004;43(10):1834–1842.

78.	 Cano O, Hutchinson M, Lin D, et al. Electroanatomic sub-
strate and ablation outcome for suspected epicardial ven-
tricular tachycardia in left ventricular nonischemic cardio-
myopathy. J Am Coll Cardiol. 2009;54(9):799–808.

79.	 Nakahara S, Tung R, Ramirez RJ, et al. Characterization of 
the arrhythmogenic substrate in ischemic and nonischemic 
cardiomyopathy implications for catheter ablation of hemo-
dynamically unstable ventricular tachycardia. J Am Coll 
Cardiol. 2010;55(21):2355–2365.

80.	 Santangeli P, Di Biase L, Lakkireddy D, et al. Radiofrequency 
catheter ablation of ventricular arrhythmias in patients with 
hypertrophic cardiomyopathy: safety and feasibility. Heart 
Rhythm. 2010;7(8):1036–1042.

81.	 Bai R, Di Biase L, Shivkumar K, et al. Ablation of ventricular 
arrhythmias in arrhythmogenic right ventricular dysplasia/
cardiomyopathy: arrhythmia-free survival after endo-epi-
cardial substrate based mapping and ablation. Circ Arrhythm 
Electrophysiol. 2011;4(4):478–485.

82.	 Stevenson WG, Wilber DJ, Natale A, et al. Irrigated radiof-
requency catheter ablation guided by electroanatomic map-
ping for recurrent ventricular tachycardia after myocardial 
infarction: the multicenter Thermocool ventricular tachycar-
dia ablation trial. Circulation. 2008;118(25):2773–2782.

83.	 Tanner H, Hindricks G, Volkmer M, et al. Catheter ablation 
of recurrent scar-related ventricular tachycardia using elec-
troanatomical mapping and irrigated ablation technology: 
results of the prospective multicenter Euro-VT-study. J 
Cardiovasc Electrophysiol. 2010;21(1):47–53.

84.	 Della Bella P, Bisceglia C, Tung R. Multielectrode contact 
mapping to assess scar modification in post-myocardial 
infarction ventricular tachycardia patients. Europace. 2012;14 
Suppl 2:ii7–ii12.

85.	 Dinov B, Fiedler L, Schönbauer R, et al. Outcomes in catheter 
ablation of ventricular tachycardia in dilated nonischemic 
cardiomyopathy compared with ischemic cardiomyopathy: 
results from the Prospective Heart Centre of Leipzig VT 
(HELP-VT) Study. Circulation. 2014;129(7):728–736.

86.	 Kuck KH, Tilz RR, Deneke T, et  al. Impact of substrate 
modification by catheter ablation on implantable cardio-
verter-defibrillator interventions in patients with unsta-
ble ventricular arrhythmias and coronary artery disease: 
results from the multicenter randomized controlled SMS 
(substrate modification study). Circ Arrhythm Electrophysiol. 
2017;10(3):e004422.

E. M. Lopez and R. Malhotra

3773� The Journal of Innovations in Cardiac Rhythm Management, August 2019


