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General Introduction and Outline of Thesis

GENERAL INTRODUCTION AND OUTLINE OF THE THESIS

Ventricular tachycardia after myocardial infarction
One to two percent of patients surviving an acute myocardial infarction (MI) develop 
monomorphic ventricular tachycardia (VT) over time, often more than a decade after 
the acute ischemic event.1 Of importance, occurrence of VT may not only be a cause of 
disabling symptoms such as palpitations, dyspnea or syncope but it is also an important 
cause of sudden cardiac death (SCD) in this population.2–4

Implantable cardioverter defibrillators (ICDs) are effective in terminating VT and have 
demonstrated to increase survival in post-MI patients presenting with a cardiac arrest 
due to hemodynamically unstable VT or ventricular fibrillation (VF)5–7. However, it is 
important to highlight that ICDs do not prevent VT recurrence. Although the majority 
of VTs can be terminated by anti-tachycardia pacing (ATP) and therefore, some patients 
might be asymptomatic even if they suffer from recurrent VT, some VTs only terminate 
with ICD shocks, which can be a cause of pain and psychological distress and have even 
been associated with increased mortality8–12. In addition, some clinical presentations, 
such as VTs that do not terminate after multiple ICD interventions, slow VTs that are 
not recognized by the ICD or highly symptomatic VTs despite termination with ATP may 
require additional therapy to terminate VT and/or to avoid VT recurrence.

Treatment options in these scenarios are anti-arrhythmic drugs (AAD), catheter abla-
tion and surgical ablation. Use of AAD is, however, often limited by their disappointing 
efficacy and their frequent side effects leading to drug discontinuation, and, surgical 
ablation, although potentially very effective, it is an invasive procedure associated with 
high morbidity.13–15

Catheter ablation has evolved into a very important therapy for VT after MI. In the last 
three decades, important progress in the understanding of the post-MI VT substrate and 
technological advancements have increased the efficacy and safety of the procedure. 
However, ablation still acutely fails in approximately 10% of the patients and VT recurs 
in 10 to 50% depending on baseline patient characteristics and follow-up time.16–18

Several crucial aspects which would likely contribute to improve ablation acute and 
long-term efficacy such us the deep comprehension of the VT substrate, the optimal 
ablation endpoints and the limitations of the technique remain unclear.
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Mechanism and substrates for monomorphic ventricular tachycardia 
after myocardial infarction: implications for mapping and ablation
The majority of sustained VTs after MI are due to reentry involving areas of myocardial 
scar. In regions of scar, coupling of surviving myocardial bundles is reduced by inter-
spersed fibrosis, diminished gap junction density and decreased connexin expression 
resulting in slow conduction and eventually in conduction block. Slow myocardial con-
duction through an isthmus protected by areas of dense fibrosis and/or valvular annuli 
acting as fixed conduction barriers or areas of functional conduction block only present 
at rapid rates, allows for initiation and maintenance of a stable re-entrant VT. 19–21

Ablation in the setting of post-MI VT relies on the identification of the critical isthmus of 
the reentry circuit followed by transection of the isthmus, ideally with transmural and 
durable radiofrequency lesions. In patients presenting with hemodynamically stable VT, 
this can be best achieved through accurate characterization of the VT circuit by means 
of activation and entrainment mapping.22 However, approximately 10% of patients 
currently referred for ablation are not inducible for any tachycardia during the proce-
dure and up to 70% are inducible for one or more unstable VTs due to hemodynamic 
compromise requiring immediate interruption, transition to a different morphology or 
spontaneous termination.16–18,23,24 In these scenarios, interrogation of multiple sites to 
define the re-entry circuit by analysis of the intracardiac activation sequence and/or the 
response to entrainment is not possible. In addition, scars frequently present a complex 
three-dimensional architecture, with multiple areas of slow conduction that may act as 
potential isthmuses for future VTs, even if they have not yet occurred spontaneously and 
are not inducible during the procedure.

Substrate-based VT ablation techniques have been developed with the main purpose 
of targeting areas of slow conduction within the scar area during stable sinus or paced 
rhythm. These sites represent putative surrogates of the VT isthmuses and are therefore 
critical sites to target when aiming to eliminate present and future VTs.23,25–28

The first step of all substrate-based ablation approaches consist on the delineation of 
the electroanatomical (EA) scar area by bipolar voltage mapping. Accurate identification 
of the scar area is important since, on one hand, it almost invariably contains at least 
parts of the VT circuit and, on the other hand, the surviving myocardium beyond the 
scar should be spared from ablation injury because it may contribute to cardiac func-
tion. Up to now, the majority of centers use an uniform cut-off of 1.5mV to discriminate 
scar from normal myocardium and a cut-off of 0.5mV to discern between dense scar 
and scar border zone. However, it is important to realize that these cut-off values were 
only validated by gross histopathology to detect the dense scar core.23,29,30 Accordingly, 
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in patients with transmural infarctions, a cut-off of 1.5mV seems to precisely distinguish 
between the scar and preserved myocardium. However, this is not the case in patients 
with non-transmural infarctions, in whom high voltage signals generated by large surviv-
ing bundles of myocardium located in the sub-epicardium or surrounding the necrotic 
area may contaminate the local electrical activity leading to an underestimation of the 
scar area when an uniform cut-off of 1.5mV is applied.31 In fact, a mismatch between the 
non-transmural infarct size defined by bipolar voltage mapping and contrast-enhanced 
magnetic resonance imaging (CE-MRI), the gold standard for fibrosis identification, has 
been observed.32 In addition, termination of VT in areas with bipolar voltage larger than 
1.5mV has been reported, further emphasizing the limitations of bipolar voltage map-
ping to detect the entire potential arrhythmogenic substrate in this patient population.33 
This is relevant since small non-transmural scars are currently increasingly encountered 
in patients who underwent reperfusion of the infarct related artery during the acute 
MI.31 Mapping with multipolar catheters with small electrodes and narrow interelec-
trode spacing and ventricular pacing from multiple sites may help to separate local from 
far-field signals and to identify additional low-voltage areas not detected during sinus 
rhythm.33,34 However, low voltage is not a synonym of arrhythmogenic substrate and ab-
lation based only on electrogram amplitude may lead to damage of viable myocardium 
not involved in VT.

The second step of substrate mapping is therefore to identify electrograms consistent 
with slow conduction within the scar area that may be critical for VT circuits.27,35 Isolated 
and late potentials have been demonstrated to be specific surrogates of VT isthmuses 
and, in accordance, late potential elimination has been associated with improved 
ablation outcomes.36 However, although endocardial scar is almost invariably found in 
patients with old infarctions, in up to one third of post-MI patients, late potentials are 
not present.26 These patients have typically small, non-dense scars which are associated 
with the presence of fast VTs.26 Of note, for fast VTs, slow conduction and block might be 
functional, only present at fast rates, and hence, not detectable if mapping is performed 
during sinus rhythm or continuous pacing only.21 In this setting, additional manoeuvres, 
such as RV extra-stimulation might be necessary to unmask areas of slow conduction 
responsible for VT.

Endpoints of post-MI VT ablation: non-inducibility and beyond
Since the advent of post-MI VT ablation, the response to programmed electrical stimula-
tion (PES) at the end of the procedure has been used to assess the acute ablation result 
and to predict the mid-long term probability of VT recurrence.37–40 Non-inducibility of VT 
after ablation has been associated with VT free survival in many studies.16,41–43 However, 
using non-inducibility as a single ablation endpoint has limitations. In fact, there is a 
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significant number of patients who do not experience VT recurrence despite remaining 
inducible for VT at the end of the procedure and there is also an important number of 
patients who present VT recurrence despite being categorized as non-inducible after the 
last RF application. This might be explained by several factors. First, the definition of 
non-inducibility has not been uniformly applied and while some have used non-induc-
ibility of the clinically documented VT or VTs with a similar CL to the clinical VT, others 
have used inducibility of any VT for definition.16,36,37,39,40 This is important, since while 
persistent inducibility of the clinical VT or slow VTs with a CL similar to the (presumed-) 
clinical VT has clearly been associated with a high chance of VT recurrence, the impact of 
inducibility of non-clinical, particularly fast VTs remains unclear. Second, VT induction 
is a probabilistic phenomenon and, therefore, performing multiple evaluations over 
time likely increases the chance of induction.44,45 In addition, the applied PES protocol, 
which should include the introduction of at least three extra-stimuli with short coupling 
intervals from multiple ventricular sites also influences the probability of induction, es-
pecially of fast VTs.46–48 However, PES protocols are not uniformly and entirely performed 
after ablation in all EP laboratories, which affects the interpretation of the data.

As stated before, substrate-based ablation approaches were developed to allow 
targeting non-inducible and poorly tolerated VTs with the general aim of eliminating 
all potential arrhythmogenic areas during stable rhythm. Multiple endpoints for sub-
strate ablation of scar-related VT have been proposed which could be divided into two 
groups; anatomical-based and EGM-based approaches. Anatomical approaches include 
performance of linear lesions, scar homogenization and core isolation.23,25,49 EGM-based 
approaches target late and isolated potentials, all local abnormal ventricular activities 
or EGMS displaying slow-conduction characteristics during the applications of extra-
stimuli (functional substrate ablation).28,36,50 Although several of these approaches have 
shown to increase VT-free survival compared to ablation based on inducible VTs, to date 
no prospective comparison between the different techniques has been performed and 
therefore, the optimal substrate-based ablation endpoint for a given patient remains 
unknown.

AIM AND OUTLINE OF THE THESIS

The present thesis aims to provide new insights on catheter ablation of post-MI VT. 
Improved understanding of the underlying VT substrate in different types of MI, 
re-assessment of old and development of new physiologically meaningful ablation 
endpoints and recognition of the limitations of the technique will likely contribute to 
optimize procedural outcomes in the future.
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In chapter 2, the value and limitations of the oldest and easiest-available mapping tool 
for VT, the 12-lead ECG, are extensively reviewed. The chapter is illustrated with several 
paradigmatic cases. Chapter 3 analyzes the influence of individual patient character-
istics and, in particular, of the left ventricular (LV) function, on the predictive value of 
non-inducibility after ablation for VT recurrence and cardiac mortality in the population 
currently referred for post-MI VT ablation. The objectives of chapter 4 are to propose 
a new definition for fast VT based on the individual ventricular refractory period (VRP) 
and to assess the prognostic value of persistent inducibility after ablation of non-clinical 
VTs with a CL close to VRP in a mixed cohort of patients with ischemic and non-ischemic 
cardiomyopathy. In chapter 5, a systematic approach for post-MI VT substrate identifica-
tion based on the analysis of electrograms within the scar area with RV extra-stimulation 
is proposed. In addition, the outcome of the procedure for the different infarct subtypes 
when using elimination of electrograms displaying functional slow conduction charac-
teristics as ablation endpoint is analyzed. The prevalence of myocardial calcification 
and its impact in the acute and long-term outcome of endocardial ablation for post-MI 
VT is evaluated in chapter 6. Finally, a summary of the thesis, conclusions and future 
perspectives are provided in chapter 7.
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INTRODUCTION

In patients with structural heart disease (SHD), defined by the presence of myocardial 
scarring either on cardiac imaging and/or electroanatomical (EAM) mapping, catheter 
ablation is increasingly employed for the treatment of ventricular tachycardia (VT).

With more detailed knowledge of potential substrates and anatomical structures in-
volved in VT, not only the endocardium of the left (LV) and right ventricle (RV) but also 
more complex structures like the aortic root, the cardiac veins or the epicardium have 
become areas of interest for ablation.

Pre-procedural analysis of the clinically documented VT 12-lead electrocardiogram 
(ECG) is often used to predict the VT site of origin (SoO) and it is considered to be an 
important tool for planning the ablation, to estimate the probability of success and to 
recognize potential procedural limitations and related risks. These factors may have 
important implications for patient advice and decision making but also for the selection 
of a center capable to perform the expected procedure.

Since the majority of inducible VTs in patients with SHD are not hemodynamically toler-
ated1-2, a detailed analysis of the VT 12-lead ECG of each induced VT may also be helpful. 
Combining the ECG with information of the scar size and distribution obtained from EAM 
during sinus rhythm or from pre-procedural imaging may direct mapping to the area of 
interest with the potential of increasing procedural success and to reduce procedural 
duration.

In this review we will focus on the reported evidence for the value of the 12-lead VT ECG 
as a “mapping tool” in patients with scar related VT and discuss its potential implica-
tions when combined with scar information from EAM or imaging.

Ventricular tachycardia site of origin

The mechanism of the majority of VTs in patients with structurally normal hearts is focal, 
and the 12-lead ECG can be very helpful to predict its SoO, since rapid activation of the 
normal myocardium from a focal source results in typical QRS patterns3.

As a general rule, VTs originating from the structurally normal LV have a right bundle 
branch block (RBBB) morphology (defined as predominant R in lead V1) and VTs from 
the normal RV have a left bundle branch block (LBBB) morphology (defined as predomi-
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nant S in lead V1). The precordial transition for RBBB VTs (first lead with a predominant 
S) changes from positive concordant for VTs originating from the base of the LV to 
progressively earlier transition in V2-V4 as the VT origin moves towards the apex of the 
ventricle. For LBBB VTs, VTs originating from the basoseptal area of the RV have an early 
transition (first lead with a predominant R) and the transition becomes progressively 
later as the VT origin moves towards the ventricular free wall. With regard to the frontal 
plane axis, VTs originating from the superior aspect of the ventricles show an inferior 
axis (predominant R in aVF), VTs from the inferior aspect of the ventricles a superior axis 
(predominant S in aVF), LV free wall VTs have typically a right axis (with a dominant S 
in I and aVL) and septal VTs typically a left axis (with a dominant R in I and aVL). Finally, 
septal VTs have a narrower QRS than VTs from the ventricular free wall.

In contrast to patients with structurally normal hearts, the majority of VTs in patients 
with SHD are due to scar related reentry. The SoO of a scar related reentrant VT has been 
differently defined as 1) the “VT exit site”, from which the normal myocardium is rapidly 
activated which corresponds to the scar border and coincides with the QRS onset on 
the surface ECG 4-7; 2) the “reentry circuit exit site” from which the activation wavefront 
emerges from the critical slow conducting VT isthmus which may not necessarily cor-
respond with the scar border and may precede the activation of the rapidly conducting 
myocardium with only little effect on the 12-lead ECG or 3) ‘the target site for ablation”, 
usually defined as the critical slow conducting VT isthmus, which is activated during 
diastole, thereby not contributing to the surface ECG at all8.

Figure 1.

Panel A: Schematic representation of a VT reentry circuit. The reentry circuit exit site corresponds with the scar border 
zone. Rapid activation (indicated by large arrows) of the normal myocardium determines the VT QRS morphology. Pacing 
at the scar exit site will likely resemble the VT morphology.
Panel B: Schematic representation of a complex scar with one potential VT reentry circuit. The reentry circuit is located 
within the scar. The wave front emerges from the exit of the reentry circuit isthmus and propagates through multiple small 
pathways activating the remaining normal myocardium from different sites giving rise to a “fused” QRS complex. In this 
case, the VT morphology may not help to predict the scar exit site.
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The 12-lead ECG morphology of a scar related reentrant VT depends mainly on the VT 
exit site, or the site(s) or the area(s) from which the normal myocardium is activated. 
Thus, only if the reentry circuit exit site coincides with the scar border, the 12-lead VT 
ECG may be helpful to directly guide to the area of interest for ablation (Figure 1, see 
supplement Case 1).

Furthermore, the overall size and distribution of the scar and the size, distribution and 
properties of the remote myocardium determine the overall 12-lead VT ECG morphol-
ogy. Therefore, in patients with large scars, the accuracy of the 12-lead ECG to localize 
the VT SoO may be limited also for tachycardias with a focal mechanism.

Value of the 12-lead ECG to predict the endocardial 
VT site of origin in patients with prior myocardial 
infarction

Site of origin as “exit site”
In the pioneering work of Miller et al.4, the VT SoO was defined as the earliest recorded 
activity on the second half of the diastole during endocardial VT activation mapping. All 
182 mapped VTs from 102 patients with single prior myocardial infarction (MI) had one 
endocardial site activated at least 40ms before the QRS onset. Each 12 lead ECG of VT 
was categorized according to the location of the MI (anterior or inferior), the bundle 
branch block (BBB) type configuration, the frontal plane axis and one of 8 prespecified 
precordial R-wave progression patterns (Figure 2A). A specific morphology of VT was 
defined as a characteristic morphology (based on the combination of these 4 factors) 
that was associated with one of 11 predefined LV regions based on fluoroscopy with a 
positive predictive value (PPV) greater than 70% (Figure 2B).

Of the 128 VTs in 73 patients with anterior MI, only 47 (37%) had such a specific morphol-
ogy. Fifty VTs (39%) had a LBBB morphology, suggesting a septal VT exit site. Among 
the LBBB VTs, 37 (74%) had one of two identified specific patterns: 90% of the VTs with 
a left superior axis and a late or no transition were mapped to the inferoapical septum 
and the majority of VTs (81%) with inferior axis regardless of the precordial pattern were 
mapped to the anteroapical septum (see supplement, Case 2). Of the 78 VTs (61%) with 
a RBBB morphology, only 10 (13%) had a specific morphology: 7 out of 10 VTs (70%) 
which had a right inferior axis and either dominant or abrupt loss precordial pattern was 
also related to the anteroapical septum (Figure 2C).
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Figure 2.

Algorithm proposed by Miller et al.4 to predict the endocardial VT site of origin based on the 12-lead ECG VT morphology 
including BBB, axis and precordial transition pattern (Panel A) according to a 11 LV regions model (Panel B) in patients with 
anterior (Panel C) and inferior (Panel D) myocardial infarction. (Modified from Miller et al., Circulation 1988)
Regions of VT origin: A, inferoapical septum; B, anteroapical septum; C, anteroapical free wall; D, anterobasal free wall; E, 
anterobasal and mid septum; F, inferobasal septum; G, inferomedial free wall; H, inferolateral free wall; I, midinferior wall; 
J, inferoapical free wall; regions G and H together are the inferobasal free wall.
LBBB indicates left bundle branch block; RBBB, right bundle branch block; LS, left superior axis; RS, right superior axis; LI, 
left inferior axis; RI, right inferior axis.
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For inferior MI the results were better. In 40 out of 54 VTs (73%) from 35 patients, a 
specific morphology could be identified. Of the 23 VTs (43%) with LBBB morphology, 
88% of those with left superior axis and a growing precordial pattern were mapped to 
the inferobasal septum. Thirty-one VTs had RBBB morphology (57%) and of them, two 
specific morphologies could be determined: 14 out of 16 VTs (88%) with superior axis 
and either an early or late reverse precordial pattern were mapped to the inferobasal 
free wall whereas 8 out of 9 VTs (75%) (see supplement, Case 3), with right inferior axis 
and a late reverse precordial pattern were mapped to the inferolateral wall (Figure 2D).

In this paper, an association between a specific 12-lead ECG VT morphology and one of 
the 11 predefined LV regions could only be found for 48% of the mapped VTs. Specific 
morphologies were more often identified in patients with inferior infarction and for VTs 
with LBBB morphology. In patients with anterior MI, only apicoseptal exit sites could be 
correctly identified.

The algorithm was developed before the advent of EAM and delayed enhancement MRI 
(DE-MRI) to delineate scar. Accordingly, it could not correct for variations in anterior 
and lateral scar extension which may explain the lack of additional identified specific 
patterns, in particular for RBBB VTs after anterior MI (see supplement, Cases 4 and 5). 
In contrast, scar extension in inferior MI may be less variable, as these scars are often 
restricted to the basal inferoseptal and posterior regions with the mitral annulus as one 
common boundary. The limited mapping density, with on average 9 catheter positions 
using a catheter with a 1cm tip electrode and an interelectrode spacing of 5 mm may 
have also reduced the accuracy of the algorithm. The broad definition of a VT exit site 
applied in this study may encompass VT exit sites from the scar border zone, VT reen-
trant circuit exit sites but also critical isthmus sites, which may further influence the 
predictive value of the algorithm for a specific location. Of note, the RV as potential site 
of origin was not included, which may contain reentry circuit and scar exit sites (see 
supplement, Case 2)

Based on the assumption that pacing at the VT endocardial exit site may generate a 
QRS morphology identical to the VT morphology, Kuchar et al.5 proposed a different 
algorithm for localizing the VT SoO. They used ventricular pace-mapping as surrogate 
for a VT exit site. Ninety-three 12-lead ECGs recorded during pacing from different sites 
in 22 patients with single or multiple prior MI were analyzed and correlated to one of 24 
LV regions based on fluoroscopy. Five paced QRS complex features could be related or 
were exclusive for a particular region:
1)	 A negative QRS in precordial lead V1 was typical for septal sites, but never observed 

during pacing at lateral LV sites.
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2)	 The QRS in precordial lead V4 was never negative by pacing at the basal LV and never 
positive when pacing at apical regions.

3)	 A positive QRS in lead I was never observed when pacing from the lateral LV.
4)	 A predominant negative QRS in lead aVL was observed when pacing from the lateral 

LV and a predominant positive QRS in lead aVL when pacing from the septum.
5)	 A positive QRS in lead II was never observed during pacing from inferior sites.

From these data an algorithm was derived and subsequently tested in 44 induced VTs 
from 42 additional patients in which the VT SoO could be determined by activation map-
ping (Figure 3). Precise localization of the endocardial VT exit site using this algorithm 
was only possible for 39% of the VTs. The algorithm showed a high accuracy (80-90%) to 
distinguish between anterior, inferior, septal and lateral LV regions but was not useful to 
predict central and midventricular sites and only moderately successful in differentiat-
ing sites in the long axis of the ventricle (e.g. basal vs apical) (55-70%).

As for Miller’s algorithm, the size and extension of the scar may significantly influence 
the accuracy of the algorithm to predict the VT SoO. Moreover, pacing at the scar border 
zone and at potential critical isthmus sites within the scar may not necessarily result 
in the same 12-lead ECG morphology with different stimulus to QRS intervals than the 
VT ECG. In particular for small scars, activation patterns during pacing may be different 
from the propagation during VT since reentry circuits may also be determined by areas 
of functional block only present during VT. In these cases a 12/12 lead pace-match of the 
VT ECG cannot be achieved. For large scars, De Chillou et al.9 could recently demonstrate 
that the best match between the paced QRS morphology and the VT morphology could 
be obtained if pacing was performed at the VT exit region or towards the exit part of the 
critical VT isthmus. In contrast, pacing at the VT entrance region or at the entrance part 
of the critical VT isthmus resulted in a completely different QRS complex morphology 
due to the activation of the preserved myocardium in the opposite direction than during 
VT. Despite this limitation, careful comparison of the paced ECG morphologies with the 
VT ECG may still be very useful to determine the area of interest if combined with the EA 
scar information (see supplement, Case 3). In addition, pacing at longer cycle length 
(CL) than VT CL may also significantly influence the 12-lead ECG. In the study by Kuchar, 
a fixed pacing rate of 400ms was used, which may also partly explain the low predictive 
value of the algorithm to precisely localize the VT SoO.

In 2007, Segal et al.6 correlated 12 lead ECG characteristics during VT with VT exit site 
determined by non-contact mapping. VT ECGs were categorized according to BBB 
configuration, frontal plane axis and R-wave transition. The VT exit site was defined 
as the point from which the rapidly expanding systolic activation on the isopotential 
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map occurred synchronous or just before (up to 40ms) QRS onset and was allocated to 
9 predefined LV segments based on the 3D reconstruction of the endocardial LV surface 
using the Ensite system (Ensite 3000, Endocardial Solutions, Inc., St. Paul, MN, USA).

Figure 3.

Algorithm proposed by Kuchar et al.5 to predict the endocardial VT site of origin based on the 12-lead ECG VT morphology 
in patients with prior myocardial infarction. (Modified from Kuchar et al., J Am Coll Cardiol 1989)
Panel A: From two fluoroscopic projections (right anterior oblique [RAO] and left anterior oblique [LAO]) the LV endocardial 
surface is divided in 24 segments: 1, 2 and 3 indicate the apical, mid-ventricular and basal LV regions respectively; A, ante-
rior; M, middle; I, inferior; S, septal; C, central and L, lateral.
Panel B: Proposed algorithm to identify the endocardial VT site of origin based on analysis of paced QRS in patients with 
myocardial infarction.
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A total of 121 VTs from 51 patients with prior (single or multiple) MI were analyzed. All VT 
ECGs could be categorized in 10 ECG patterns, from which 8, accounting for 86 VTs (71%) 
had a PPV ≥70% for a predefined VT exit site region. Only the BBB morphology and the 
frontal plane axis were used in the construction of this algorithm since no consistent 
R-wave precordial transition pattern could be identified (Table 1). All LBBB VTs had a 
septal exit site and in contrast to Miller et al.’s, a PPV≥70% was more common for RBBB 
than for LBBB VTs (76% vs 43%). Rapid activation was often recorded from the mid LV 
regions which are less often involved in either anterior-apical or inferior-basal infarc-
tions. VT exit sites were therefore likely to correspond with the true scar border zone.

The application of distinct definitions for the VT SoO and the inclusion of different pa-
tient populations with different scar characteristics among studies (e.g. single prior MI 
in Miller’s study, multiple prior MIs in Kuchar’s and Segal’s study) may also explain the 
inconsistent findings between algorithms.

More recently, the University of Michigan’s group7 demonstrated that the value of the 
12-lead VT ECG for localizing the VT exit site improves substantially when using an 
automated computerized algorithm. To create the algorithm, digitalized 12-lead ECGs 
of pace-maps from the scar area of 34 patients with prior MI and the locations of the 
pace-maps based on a 10 LV regions model were used. Subsequently, the training data 
containing only pace-maps was validated by using the 12-lead ECGs of 58 VTs from 33 
post-MI patients in which the VT exit site was determined by pace-mapping. The accu-
racy of the algorithm for assigning both the 12-lead ECG of pace-maps from the training 
sample and the VTs of the testing sample to the correct anatomic region was ≈ 70% (in 
comparison to an estimated accuracy of 19% for Miller’s et al. and 36% for Segal’s et al. 
algorithms) with a spatial resolution of 15 cm2. The accuracy of the algorithm varied 

Table 1. Algorithm proposed by Segal et al. to predict the endocardial VT site of origin according to a 9 LV regions model 
based on the 12-lead ECG VT morphology including BBB and frontal plane axis (Modified from Segal et al., J Cardiovasc 
Electrophysiol 2007)

BBB Axis Exit PPV% Sensitivity%

1 RBBB LS Inferomedial/Inferobasal 100 100

2 RBBB RS Inferoapical 100 18

3 RBBB RS Inferoapical 77 59

4 RBBB RI Anteromedial 77 100

5 RBBB LI Anterobasal 100 100

6 LBBB RS Basoseptal 100 33

7 LBBB LS Medioseptal 100 35

8 LBBB LS Apicoseptal 22 100

9 LBBB RI Medioseptal 100 22
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from region to region and in contrast to Miller’s et al. it was higher for anterior infarcts 
and worse for apical regions (≈50%)(Table 2).

In all previously commented studies, the training cohort to create the algorithms dif-
fered from the validation cohort. This approach precludes correction for interindividual 
variations like LV and RV anatomy, rotation of the heart or lead placement10, which may 
have also contributed to their limited accuracy to predict the VT SoO.

Site of origin as “target site for ablation”
Activation of the slow conducting critical isthmus does often not directly contribute to 
the 12-lead VT ECG. However, the combination of different 12-lead VT morphologies 
inducible in one patient may provide important, albeit indirect information for the loca-
tion of an ablation target site. Wilber et al.8 demonstrated that in patients with prior 
inferior MI inducible for two specific VT morphologies, one with LBBB and left superior 
axis and the other with RBBB and right superior axis, the critical isthmus site for both 
VTs can be located in the inferobasal LV, close to the mitral annulus. In this study, 4 out 
of 12 patients after inferior MI had these two inducible VT morphologies. In each of 
these 4 patients, participation of this “mitral isthmus” as critical slow conducting part 
of the reentrant circuit was demonstrated during both RBBB and LBBB tachycardias by 
entrainment mapping. A single RF application abolished both VT morphologies, sug-
gesting that this critical site was shared by both VTs (Figure 4). Of interest, the BBB 
configuration and the frontal plane axis of the VTs were consistent among the 4 patients. 
However, some important differences in the precordial patterns were observed, sug-

Table 2 summarizes the proposed algorithms to identify the endocardial VT SoO in patients with prior MI.

First author 
and year of 
publication

Number 
of 

patients

Number 
of 

analyzed 
VTs

Number of VTs 
in which the 

algorithm could 
be applied

Number of 
VTs correctly 
localized by 

algorithm

VT Site 
of Origin 

definition
Method Based on

Miller 1988 102 182 87 (48%) 73 (84%)
Exit site/
Ablation 

target site

Activation 
mapping

11-region 
LV model by 
fluoroscopy

Kuchar 
1989

42 44 44 (100%) 17 (39%) Exit site
Pace-

mapping

24-region 
LV model by 
fluoroscopy

Segal 2007 51 121 86 (71%) 8/9 (89%) Exit site
Non-

contact 
mapping

9-region 
LV model 

by ENSITE 
system

Yokokawa 
2012

33 58 58 (100%) 41 (71%) Exit site
Pace-

mapping

10-region 
LV model by 

CARTO system
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gesting that in particular, the precordial leads are more influenced by interindividual 
variations such as shape of the heart and scar distribution (Figure 5). With increasing 
septal scar extension, also LBBB VTs with early precordial transition and inferior axis 
can be related to a mitral isthmus reentry circuit (see Figure 5, Patient 4). In addition, 
with more apical scar extension, the precordial transition of RBBB VTs to a dominant 
negative QRS complex may be observed in V4 despite a basolateral exit site (see Figure 
5, Patients 1 and 3).

Figure 4.
Mitral isthmus related VT.

DE-MRI derived 3D reconstruction of the scar of a patient after inferior MI. Orange indicates core scar and yellow, border 
zone based on signal intensity (SI). Two VT morphologies were induced.
Panel A: VT1: RBBB morphology, RS axis. Panel B: VT2: LBBB morphology, LS axis. The best pace-map (indicated by a yel-
low dot) for VT1 was found in the basolateral aspect of the scar (PM1, panel A). The best pace-map for VT2 was found in 
the basoseptal aspect of the scar (PM2, panel B). The successful ablation site for both VTs, located in the basal LV close to 
the mitral annulus (MA) is indicated with a white dot. The blue arrows indicate the assumed direction of the activation 
wavefront during VT1 and VT2, respectively.
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Figure 5.

DE-MRI derived 3D reconstructions of scars of 4 patients with prior inferior MI are shown. Orange indicates core scar and 
yellow, border zone based on SI. The pacing site that corresponds to the displayed QRS paced morphologies are marked 
by yellow dots.
Panel A: paced 12-lead ECGs at the septal border of the inferior scar. All paced QRS had a LBBB morphology and mono-
phasic R waves in I, V5 and V6. With higher septal scar extension, the frontal plane axis shifts gradually from left superior 
to left inferior axis.
Panel B: paced 12-lead ECGs at the lateral border of the inferior scar. All paced QRS had a RBBB morphology and a termi-
nal S wave in V5 and V6. With higher lateral scar extension, the morphology of I changes from a monophasic R wave to a 
progressively pronounced terminal S wave and the morphology of III from a QS to a progressively higher amplitude of the 
terminal R wave.
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Value of the 12-lead ECG to predict an epicardial versus 
an endocardial left ventricular VT site of origin

Prior reports
Critical parts of the reentrant circuit that are located deep in the myocardium or at the 
subepicardium can often not be abolished by endocardial ablation. This is more com-
mon in patients with nonischemic cardiomyopathy (NICM), in which the VT substrate 
is frequently located intramurally or subepicardially, often requiring an epicardial or a 
combined endo-epicardial ablation to achieve procedural success11-12.

DE-MRI performed prior to mapping and ablation can delineate the 3D scar geometry 
and its relationship to the endocardial and epicardial surfaces. Based on the MRI de-
rived scar information, patients who may benefit from an endocardial, epicardial or 
combined approach can be selected13. However, currently MRI imaging in patients with 
implanted defibrillators is only available at selected centres. In addition, artifacts due 
to leads and pulse generators may hamper detailed analysis of, in particular, anterior 
basal segments14. EA voltage mapping may be an alternative to detect myocardial scar. 
However, endocardial bipolar voltage mapping is limited by the presence of endocardial 
viable myocardium in patients with mid-myocardial or subepicardial scars15. The value 
of endocardial unipolar voltage mapping to unmask epicardial scars has been recently 
suggested16. However, if compared with DE-MRI, unipolar endocardial voltage mapping 
has only a moderate sensitivity and specificity for detecting subepicardial scars17.

Using the 12-lead ECG of the VT to determine the required access is appealing. Berruezo 
et al.18 were the first proposing ECG criteria to distinguish an epicardial from an endo-
cardial LV-VT SoO in a mixed group of patients with ischemic and NICM. All criteria are 
based on the assumption that ventricular activation originating from the epicardium 
is followed by a transmural activation delay until the subendocardial Purkinje system 
is reached. This propagation pattern will prolong the initial part of the QRS resulting in 
visible slurring and/or widening.

LBBB VTs were excluded from the initial analysis as these VTs were considered to origi-
nate from the interventricular septum.

A Pseudodelta wave (PDW) ≥ 34ms: interval from the earliest ventricular activation to 
the earliest rapid deflection in any precordial lead; an Intrinsicoid deflection time (IDT) 
≥ 85ms: interval from the earliest ventricular activation to the peak of the R wave in V2 
and a shortest RS complex (SRS) ≥ 121ms: interval from the earliest ventricular activa-
tion to the nadir of the first S wave in any precordial lead, predicted the failure of an 
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endocardial VT ablation with a high sensitivity and specificity in patients with SHD (see 
supplement, Case 6).

Following the same concept, Daniels et al.19 could show that a maximum deflection index 
(MDI) ≥55ms, defined as the interval from the earliest ventricular activation to the peak 
of the largest amplitude deflection in each precordial lead (taking the lead with the 
shortest time) divided by the QRS duration, identified an epicardial VT origin with a high 
sensitivity and specificity (>95%) in patients with idiopathic VTs with both RBBB and 
LBBB morphology (Figure 6).

Bazan et al.20 reported that these previously suggested interval criteria, although useful 
to identify an epicardial LV-VT site of origin, did not perform uniformly for all LV regions. 
Additional site-specific morphological criteria were proposed based on the concept that 
the initial vector of impulse propagation from the epicardium towards the endocardium 
would result in the presence of an initial Q wave in the ECG leads reflecting the site of 
epicardial activation (or the absence of a Q wave in opposite leads). A Q wave in lead I for 
basal superior and apical superior VTs was associated with an epicardial site of origin. In 
addition, the absence of Q waves in any inferior leads for basal superior VT or a Q wave in 
inferior leads with VTs arising from the basal inferior and apical inferior LV also indicated 
an epicardial SoO.

Figure 6.

Determination of the MDI: the interval between the earliest ventricular activation and the maximum deflection in each pre-
cordial lead (taking the shortest interval) is divided by the QRS duration. A MDI ≥55ms had a high sensitivity and specificity 
to identify an epicardial VT origin in patients without structural heart disease. (Modified from Daniels et al., Circulation 
2006)
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Since the substrate for VTs in patients with NICM is often located in the basal LV, cluster-
ing around the mitral and aortic annulus, Vallès et al.21, from the same group, evaluated 
the value of the previously proposed interval and morphological criteria to predict an 
epicardial VT origin from this specific LV region. Out of 24 VTs with RBBB morphology 
originated in the basal superior or lateral LV from 14 patients with NICM, 16 had an epi-
cardial origin on the basis of entrainment and/or pace-mapping. Applying the interval 
ECG criteria, only a significantly longer duration of the QRS and a longer shortest RS 
complex were observed for epicardial compared to endocardial VTs. Of note, the pres-
ence of a Q wave in lead I had the highest individual sensitivity and specificity (88%) 
of all tested criteria. However, since a single criterion had a limited predictive value, a 
4-step algorithm that included interval and morphological criteria was proposed reach-
ing a high sensitivity and specificity for identifying an epicardial VT SoO from the basal 
or lateral LV in the preselected group of patients with NICM (Figure 7).

Recently, Yokokawa et al.22 demonstrated that the accuracy of the 12-lead ECG for differ-
entiating between endocardial and epicardial pace-map sites improved when applying 
a computerized algorithm compared to prior reported algorithms.

Figure 7.

Multistep algorithm to identify an epicardial left ventricular VT site of origin from the basal superior and lateral LV in pa-
tients with NICM. The cut-off values of the PDW and MDI were modified to increase its individual predictive value. (Modified 
from Vallès et al. Cir Arrhythm Electrophysiol 2010)
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Limitations of the 12-lead ECG to predict an epicardial VT site of origin
The ECG criteria for identifying an epicardial LV VT SoO were derived from the analysis of 
pace-maps and a limited number of VTs from a population mainly comprised of patients 
without SHD or with NICM (Table 3). Martinek et al.23 showed that in post-MI patients, 
both the interval and the morphological ECG criteria failed to distinguish an epicardial 
from an endocardial LV VT SoO defined as the successful ablation site. Two factors may 
explain this finding. The presence of typical Q waves in the VT ECGs of patients with prior 
MI precludes the use of morphological ECG criteria and, when present in the precordial 
leads, Q waves may interfere with the measurement of all interval criteria (see supple-
ment, Case 6). Perhaps even more importantly, the VT 12-lead ECG provides information 
about the VT exit site from the scar border, but successful ablation is often performed at 
other critical parts of the reentrant circuit. In particular, in patients with prior MI, both 
the presence of wall thinning and the subendocardial location of parts of the reentry 
circuit may allow successful ablation of VTs with an epicardial exit site from the endocar-
dium. Accordingly, the number of VTs with an epicardial exit site may be underestimated.

Piers et al.24 could recently demonstrate that when applied to clinically documented VTs 
(conventionally recorded with 25mm/s, 10mm/mV and measured with manual calipers) 
from patients with NICM, neither interval nor morphological ECG criteria could differenti-
ate between an endocardial and an epicardial VT SoO defined as successful ablation site. 
For induced VTs (recorded on an electrophysiological recording system and measured 
with electronic calipers at 100mm/s), the interval criteria could distinguish between an 
endocardial and epicardial VT SoO for slow VTs but could also not reliably identify an 
epicardial VT origin in patients with fast VTs (CL≤350ms) or in patients off amiodarone. 
The absence of a clear isoelectric interval and/or the overlap of the QRS complex with the 
previous T wave during fast VTs may hamper an accurate identification of the QRS onset, 
which is mandatory for the measurement of all interval criteria. However, for induced 
VTs, the morphological criteria appeared to be not affected by the VT CL or amiodarone 
use. The latter confirms the findings from Vallès et al., who, as previously stated, has 
demonstrated that the presence of a Q wave in lead I had the highest individual accuracy 
for identifying an epicardial VT origin in patients with NICM (Figure 8).

There are limited data on the value of the 12-lead VT ECG to predict an epicardial VT origin 
from the RV. Bazan et al.25 analyzed 180 endocardial and 134 epicardial pace-maps from 
a group of 13 patients without structural heart disease (7/13) and RV cardiomyopathy 
(8/13). No interval criterion was able to distinguish an epicardial from an endocardial RV 
pace-map site in this population. Again, site-specific morphological criteria seemed to 
be useful for identifying an epicardial RV pace-map site. However, this finding was based 
on only 5 successfully ablated VTs from the epicardial RV.
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Value of the 12-lead ECG to predict the underlying 
substrate for VT

In patients with NICM, the VT 12-lead ECG morphology helps to predict the location and 
extension of the arrhythmogenic substrate, which may have implications for selecting 
the primary ablation approach (endocardial vs endo/epicardial) and for estimating the 
probability of procedural success and patient prognosis.

Piers et al.17 demonstrated that 17 of 19 patients (89%) with NICM referred for VT abla-
tion with DE-MRI integration had one of two typical scar patterns (basal anteroseptal or 
inferolateral). All but one patient had at least 1 of 3 characteristic VT ECG morphologies, 
diagnostic for one of these two typical scar locations. All patients with RBBB morphol-
ogy, positive precordial concordance and inferior axis VTs or LBBB morphology, early 
precordial transition (≤V3) and inferior axis VTs had an anteroseptal scar whereas all 
patients with RBBB morphology, late precordial transition and right (superior or 
inferior) axis VTs had an inferolateral scar (Figure 9). The majority of ablation target 
sites for patients with anteroseptal scars were located in the aortic root or in the basal 
anteroseptal LV endocardium (see supplement, Case 7). In these patients, if ablation 
via the coronary sinus and its branches fails, epicardial mapping and ablation using a 
conventional subxiphoid approach is unlikely to be appropriate due to the presence 
of the overlying left atrial appendage, coronary arteries and/or epicardial fat at the 
epicardial LV summit. On the contrary, in patients with inferolateral scars, the majority 
of ablation target sites could be reached from the LV epicardium. Epicardial mapping 
was not hampered by overlying structures like the left atrial appendage, a thick fat layer 

Table 3. Proposed criteria to identify an epicardial left ventricular VT site of origin

First author 
and year of 
publication

Population
Number of 

patients

Number of 
paced-maps/
VTs analyzed

Criteria Sensitivity Specificity

Berruezo 
2004

Post-MI/
NICM

67
Not 

provided/69

 � Pseudodelta wave ≥ 
34ms

 � Intrinsicoid deflexion 
time ≥ 85ms

 � Shortest RS interval ≥ 
121ms

83%
87%
76%

95%
90%
85%

Daniels 
2006

Idiopathic 12 0/12
 � Maximum deflexion 

index ≥ 0.55
100% 99%

Bazan 2007
Idiopathic/

NICM
28 636/19

 � Q wave in I:
  �  Basal superior LV
  �  Apical superior LV
 � Q wave in inferior leads:
  �  Basal inferior LV
  �  Apical inferior LV

86%
84%

74%
94%

81%
78%

51%
61%
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or coronary arteries in these patients; however RF delivery may need to be withheld if 
damage of the coronary arteries or the phrenic nerve cannot be excluded. Oloriz et al.26 
confirmed subsequently these findings in a larger cohort of patients.

As previously indicated, the VT substrate in patient with NICM is often located in the 
basal LV, around the valvular annuli with variable extension towards the LV apex. Out of 
76 patients with NICM referred for VT ablation, Frankel et al.27 identified 32 (42%) who 
had spontaneous or induced VTs with a morphology suggestive of an apical exit site. An 
apical VT morphology was defined as a VT with LBBB morphology and late precordial 
transition (≥V5) to a dominant positive QRS complex or with RBBB morphology and 
early precordial transition (≤V3) to a dominant negative QRS complex. Markedly, patients 
with apical VT morphologies had larger scar areas delineated by voltage mapping and a 
worse prognosis, with a higher likelihood of requiring heart transplant or left ventricular 
assist devices because of advanced heart failure.

Finally, data on the value of the 12-lead ECG for predicting the underlying substrate for 
VTs arising from the RV are scarce. Hoffmayer et al.28 compared the 12-lead ECG mor-
phology of VTs with LBBB and inferior axis from 42 patients with idiopathic RVOT VT and 
16 with arrhythmogenic right ventricular cardiomyopathy (ARVC). Duration of the QRS 
in lead I ≥120ms, earliest onset of QRS in lead V1, presence of QRS notching in at least 
one lead and a precordial transition at V5 or later were independent predictors of ARVC. 
Using these ECG features during VT and the presence/absence of negative T waves in 

Figure 8.

Reported interval and morphological ECG criteria for identifying a LV epicardial VT site of origin are assessed by two dif-
ferent observers for a fast (panel A) and a slow (panel B) VT. Of note, for the fast VT the QRS onset is defined differently, 
affecting the measurement of all the interval criteria. (Modified from Piers et al., Heart Rhythm 2014)
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leads V1-V3 during sinus rhythm, the same authors constructed a risk score for ARVC29. A 
score ≥5 (maximum score 8 points) identified ARVC as underlying substrate for VT with a 
PPV of 100% and a negative PV of 91%.

SUMMARY

Several algorithms for identifying the VT origin based on the analysis of the 12-lead VT 
ECG have been suggested. These algorithms have applied different definitions for VT site 
of origin that include VT exit sites but also reentry circuit exit sites and isthmus sites. 
In addition, they have been validated by different mapping techniques encompassing 
activation and entrainment mapping, but also pace-mapping. None of the algorithms 
integrated information on the scar extension and distribution, which may increase 
the accuracy of the ECG to precisely predict the VT origin. A systematic re-evaluation 
of the value of the 12-lead ECG for VT ablation in the context of 3D EAM, scar imaging 
and changing ablation strategies with a shift from targeting clinical and induced VTs to 
substrate ablation approaches is needed.

Figure 9.

Typical scar patterns and associated 12-lead VT ECGs in non-ischemic cardiomyopathy (Modified from Piers et al., Circ 
Arrhythm Electrophysiol 2013)
DE-MRI derived 3D reconstructions of scars from patients with NICM are shown. Orange indicates core scar and yellow, 
border zone. Panel A: examples of typical basal anteroseptal scars and related 12-lead VT ECGs. Panel B: examples of typi-
cal inferolateral scars and related 12-lead VT ECGs.
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Supplementary case 1

72 years male, 12 years after large anterior MI, clinical VTCL 548ms
Panel A: The clinical VT (VT1) had RBBB morphology with early precordial transition 
(V2) and right superior axis. The RV apex (RVa) catheter served as a reference during VT 
activation mapping. RVa activation is indicated by a continuous blue line. On the ECG, 
the QRS onset is difficult to determine. Two potential onsets (102 and 180ms before 
RVa) are indicated with dashed blue lines. Electroanatomical (EA) endocardial bipolar 
voltage map of the LV in RAO, LAO and inferior views shows a large low voltage area 
in the anterior wall extending to the septum and lateral wall (voltages are color coded 
according to the bar).

Panel B: Activation map during VT1 (AP and inferior views) displayed as isochronal map. 
Black tags indicate LV sites activated 180ms before the RVa, which are located within 
the scar based on voltage mapping. Blue tags indicate LV sites activated 102ms before 
the RVa, which coincides with the most obvious QRS onset, and are located in normal 
voltage areas. These sites were considered as the probable VT exit site. However, en-
trainment mapping at these locations showed fusion and a post pacing interval (PPI) 
exceeding VTCL>70ms. During detailed endocardial mapping, no mid-diastolic activity 
or isthmus sites based on entrainment mapping could be identified. After endocardial 
ablation failure, an epicardial ablation approach was scheduled.

At the beginning of the second procedure, a different slow VT (VT2, panel C) with LBBB 
morphology, V4 transition and left inferior axis was induced. The RVa timing is indicated 
by a continuous blue line. The QRS onset is indicated by a dashed blue line. The best 
endocardial pace-map site for VT2 at the basoseptal border of the scar is indicated by a 
yellow tag (panel D, top). During activation mapping (panel D, bottom) activation of this 
site coincided with the QRS onset (indicated by a blue tag). However, entrainment map-
ping resulted in fusion with a PPI exceeding VTCL>70ms. Limited epicardial activation 
mapping was performed during VT2 (mapped area indicated by the dashed white line) 
(panel E). The direction of the activation wave front is indicated by a white arrow. The re-
entry circuit entrance site confirmed by entrainment mapping (indicated by a green dot) 
was found in the apicoseptal epicardial LV. Please note the very long electrogram-to-QRS 
onset interval at this site. With the first RF application at this position, VT2 slowed. The 
VT isthmus site (indicated by a white dot and confirmed by entrainment) was localized 
slightly superior. With a second RF application, VT terminated. The presumed reentry 
exit site is indicated by a yellow dot. Please note the long distance to the exit site from 
the scar, where the best endocardial pace-map was obtained.
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The VT morphology is mainly dependent on the site(s) where the wavefront emerges 
from the scar border to activate the normal myocardium. If the reentry exit site and the 
exit site from the scar do not correspond, the accuracy of the 12-lead ECG to predict the 
VT origin is limited and may direct to wrong target areas.
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Supplementary case 2

52 years male, 9 years after anterior MI, clinical VTCL 352ms
Panel A. Electroanatomical (EA) endocardial bipolar voltage map of the LV in a modified 
RAO view (left), and of the LV and RV in a modified superior view (right). Voltages are 
color coded according to the bar. Yellow tags indicate pacing sites around the EA scar; 
the numbers correspond to the numbers of the paced 12 lead ECG morphologies (Panel 
E). Best pace-map site and site of VT termination are indicated. Panel B: LV angiogram 
during diastole and systole showing a small apical aneurysm corresponding with the 
dense apical scar on EAM. Panel C: fluoroscopic views of the LV in RAO and LAO. Note the 
calcification of the aneurysm (white arrows). The position of the ablation catheter (red 
arrows) corresponds to the green tag, panel A.

The clinical VT (Panel D) had LBBB morphology with late transition and left superior axis 
and a predicted apicoseptal SoO/exit site according to Miller4, Kuchar5 and Segal6.

However, pacing from the LV could not reproduce the VT morphology. The best pace-
map was recorded during pacing at the RV septum (panel A,E). Limited entrainment 
mapping (not shown) could confirm the apical LV as outer loop and the RV apical septum 
as reentry circuit exit site (RF at this site abolished VT) which coincided with the RV scar 
border zone. The VT reentry circuit involved the septum and perhaps the subepicardial 
LV. Please note the changes of the paced QRS from left superior to right superior axis 
with only little changes in the precordial lead transition if pacing sites move from septal 
to anterolateral. These small changes may be explained by the limited lateral and ante-
rior scar extension.

In addition to prior algorithms it is important to consider the RV as VT SoO.
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Supplementary case 3

65 years male, 5 years after small inferior MI, clinical VTCL 320ms
Panel A. EA endocardial bipolar voltage map of the LV in a modified posterior view (PA) 
rotated to the bottom (left) and standard PA (right) view (color coding according to the 
bar). Tags represent catheter positions as indicated; numbers correspond to the num-
bers of the paced 12 lead ECG morphologies (Panel C).

The clinical VT (panel B) had RBBB morphology with late transition (V6) and left superior 
axis and a predicted inferobasal SoO by Miller4 and Segal6. Despite the small EA scar the 
paced QRS morphology changed from LBBB with early transition (V2) and left superior 
axis at pacing site 2 (inferoseptal) to RBBB with transition at V3 and left superior axis at 
site 3 (basal inferior) and to RBBB with late transition (V5) and left superior axis at site 
5. Site 5 was the best albeit not perfect pace-map site. During pacing within this small 
area, the propagation direction changed from septal, to apical to lateral (indicated by 
the blue arrows). Based on the careful analysis of the paced-ECG the assumed activation 
during VT occurred in an apical to basal direction followed by two wave fronts in a septal 
(towards 2) and lateral (towards 5) direction resulting in a “fused” QRS VT morphology 
not reproducible by pacing at either site. Indeed, ablation at the presumed isthmus site 
(and predicted site of origin), indicated by the white tag, abolished VT.
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Supplementary case 4

69 years male, 17 years after small apical MI, clinical VTCL 375ms
Panel A. EA endocardial bipolar voltage map of the LV in modified anterior (AP), LAO and 
inferior views (color coded according to the bar) showing a very small dense apicoseptal 
scar with only little lateral involvement. Grey tags indicate sites with no capture at high 
output pacing.

The clinical VT (panel C) had RBBB morphology with early precordial transition and 
right superior axis and a predicted posterior-apical SoO by Segal6 (not predictable by 
Miller4 and Kuchar5).

The best pace-map was obtained at site 5 (corresponding catheter position using a tran-
septal approach on fluoroscopy provided in panel B, red arrows) and ablation adjacent 
to this point successfully terminated VT.

Please note that pacing at all scar border zone sites resulted in a RBBB morphology 
with early transition and a superior axis similar to VT (R/S transition is indicated as blue 
lines). The superior axis can be explained by an inferior-anterior activation of the normal 
myocardium from all scar border sites. However, subtle QRS axis changes from RS to LS 
as pacing sites move from right to left (best visible in lead aVL) can direct to the VT scar 
exit in small apical scars.
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Supplementary case 5

64 years male, 16 years after large anterior MI, clinical VTCL 440ms
Panel A. EA endocardial bipolar voltage map of the LV in modified RAO and LAO views 
(color coded according to the bar, grey tags indicate sites with no capture at high output 
pacing). Tags represent catheter positions as indicated; numbers correspond to the 
numbers of the paced 12 lead ECG morphologies (Panel C).

The clinical VT (panel C) had RBBB morphology with positive concordance and left infe-
rior axis, which was rarely observed in Miller’s4 report (2 out of 78 RBBB VT from anterior 
infarctions) but had a predictable anterobasal SoO according to Kuchar5 and Segal6. The 
best pace-map was obtained at the basal anterior EA scar border (site 2). Please note the 
abrupt change in the paced QRS morphology from a left inferior axis to a left superior 
axis with early precordial transition if pacing moved from the basoseptal EA scar border 
zone (site 1, corresponding catheter position on fluoroscopy, panel B, red arrows) to the 
mid-septal (site 3) border zone. The EA scar extension (dashed line, panel A) between 
these two sites may lead to different propagation wave fronts and abrupt changes in the 
paced QRS morphology. Please also note that pacing at mid anteroseptal sites (point 3 
and 4) resulted in a RBBB morphology with early transition with left superior axis while 
pacing at mid lateral sites (point 9 and 10) had later transition and less superior axis. 
Unexpected ECG morphologies are likely related to the variation in scar distribution 
after anterior MI and may explain the limited predictive value of prior algorithms.
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Supplementary case 6

73 years  male, 16 years after inferolateral MI, epicardial ablation after 
endocardial ablation failure, clinical VTCL 630ms
Panel A. EA endocardial bipolar voltage map of the LV in modified left lateral and pos-
terior views (color coded according to the bar, grey tags indicate sites with no capture 
at high output pacing). Tags represent catheter positions as indicated; position of the 
best endocardial pace-map on fluoroscopy in RAO and LAO view (red arrows). Numbers 
correspond to the numbers of the paced 12 lead ECG morphologies (Panel D).

Panel B. EA epicardial bipolar voltage map of the LV in the same modified left lateral 
and posterior views as panel A (color coded according to the bar, please note that for 
the epicardium, a bipolar cut off <1.8mV for abnormal voltage is applied14, grey tags 
indicate sites with no capture at high output pacing). Tags represent catheter positions 
as indicated; position of the best epicardial pace-map after endocardial ablation failure 
on fluoroscopy in RAO and LAO view (red arrows). Numbers correspond to the numbers 
of the paced 12 lead ECG morphologies (Panel E).

The clinical VT had RBBB morphology, positive concordance, inferior axis, not classifi-
able by Miller4 and with a predicted mid to basal anterior SoO according to Kuchar5 and 
Segal6 (panel C, left). The best, although not perfect endocardial pace-map was obtained 
at endocardial site 1 (panel A, D). After RF at the endocardium a similar VT remained 
inducible (VT´) with slightly shorter CL and subtle changes of the initial part of the VT 
QRS (panel C, right) suggesting an epicardial exit site.

ECG criteria for a potential epicardial site of origin (sweep speed 100mm/sec) were 
applied; Pseudodelta wave (PDW ≥ 34ms), Intrinsicoid deflection time inV2 (IDT ≥ 85), 
Shortest RS complex (SRS ≥ 121ms), Maximum deflection index (MDI ≥ 0.45). Despite a 
similar morphology, after endocardial ablation VT´ QRS was broader (251ms vs. 387ms 
after) and ECG parameters were strongly suggestive for an epicardial origin; PDW 65ms 
vs 198ms, IDT 112ms vs 252ms, SRS 182ms vs 322ms and MDI 0.39 vs 0.59 in VT before 
and after endocardial ablation. Notably, morphology criteria did not differentiate be-
tween endo and epicardial pacing sites (Q-waves), perhaps because of the transmural 
lateral scar.

During epicardial mapping, the best pace-map for VT´ could be obtained at epicardial 
site 1 (epicardial catheter position on fluoroscopy opposite (slightly lateral) to the endo-
cardial catheter position). With the catheter in place VT was re-induced and terminated 
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after 6 seconds RF. The change in QRS morphology after endocardial ablation may be 
explained by a shift in exit site from the endocardium to the epicardium.

Voltage mapping showed a remarkable anterior scar extension, which explains the 
unusual 12 lead VT QRS morphology in a patient after inferolateral MI.

Please also note the abrupt change in the precordial leads between pacing site 4 and 5 
from a RS in V1, negative concordant in the precordial leads to a RBBB, late transition 
morphology. These changes may be explained by the scar extension and transmurality 
as derived from endo and epicardial voltage mapping resulting in different wavefront 
propagation and QRS morphologies.
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Supplementary case 7

62 years male, NICM, clinical VTCL 405ms
Panel A. EA endocardial bipolar voltage map of the LV in modified RAO and LAO views, 
the aorta (Ao) and the RV (modified RAO and posterior view[LV transparent]) (color coded 
according to the bar, grey tags indicate sites with no capture at high output pacing). Tags 
represent catheter positions as indicated; numbers correspond to the numbers of the 
paced 12 lead ECG morphologies (Panel D).

Panel B. EA epicardial bipolar voltage map in a modified LAO view (left) and integration 
of the CT derived anatomy of the aorta, left atrium and coronary arteries (LAD, left an-
terior descending coronary artery) with the endocardial EA maps (right, same modified 
LAO view).

The endocardial EA scar was confined to the basal anteroseptal LV, which is one of the 
typical scar patterns observed in NICM patients27. Image integration demonstrates that 
this particular area is not reachable from the epicardium. The epicardial low voltage 
area (ventricular electrograms annotated) is covered by the large left atrial appendage 
(LAA) and the fat overlying the LAD at the interventricular groove.

The clinical VT (Panel C, 50mm/sec [left]; 100mm/sec [right]) had a RBBB morphology 
with positive concordance and right inferior axis, suggesting an origin from the antero-
basal LV, so called ‘LV summit’. ECG parameters were indicative of an epicardial SoO 
(PDW 135ms (≥34ms), IDT 275ms (≥ 85), SRS 270ms (≥ 121ms) and MDI 0.56 (≥ 0.45)). The 
best although not perfect pace-map (no prolonged initial slurring in precordial lead V3) 
was obtained just beneath the aortic valve (panel D, endocardial site 7). Ablation at the 
endocardial LV basal anterolateral region could modify but not abolish the VT. Pace map-
ping neither at RV, CS or aortic cusp sites could resemble VT QRS. Although epicardial 
mapping was performed, neither pace-mapping nor activation mapping could identify 
a VT related site. Although no complication related to the epicardial access occurred 
in this patient, the 12 lead VT ECG morphology combined with the information from 
image integration after endocardial substrate mapping can predict a VT substrate not 
accessible from the epicardium.



Chapter 2

64



65

Twelve-lead ECG of ventricular tachycardia in structural heart disease





Part II





3
Re-assessing non-inducibility as ablation 

endpoint of post-infarction ventricular 
tachycardia: The impact of left ventricular 

function

Marta de Riva, MD, Sebastiaan R.D. Piers, MD, PhD, Gijsbert F. Kapel, MD, PhD, Masaya 
Watanabe, MD, PhD, Jeroen Venlet, MD, Serge A. Trines, MD, PhD, Martin J. Schalij MD, 

PhD, Katja Zeppenfeld, MD, PhD

Circulation: Arrhythmia & Electrophysiology 2015;8(4):853-862



Chapter 3

70

ABSTRACT

Background
Noninducibility is frequently used as procedural end point of ventricular tachycardia 
(VT) ablation after myocardial infarction. We investigated the influence of left ventricular 
(LV) function on the predictive value of noninducibility for VT recurrence and cardiac 
mortality.

Methods and Results
Ninety-one patients (82 men, 67±10 years) with post–myocardial infarction VT underwent 
ablation between 2009 and 2012. Fifty-nine (65%) had an LV ejection fraction (EF) >30% 
(mean 41±7) and 32 (35%) an LVEF≤30% (mean 20±5). Thirty patients (51%) with EF>30% 
and 13 (41%) with EF≤30% were noninducible after ablation (P=0.386). During a median 
follow-up of 23 (Q1–Q3 16–36) months, 35 patients (38%) experienced VT recurrences 
and 17 (18%) cardiac death. At 1 year follow-up, survival free from VT recurrence and 
cardiac death for patients with LVEF>30% was 80% (95% confidence interval [CI], 70–90) 
compared with 42% (95% CI, 33–51) for those with LVEF≤30% (P=0.001). Noninducible 
patients with LVEF>30% had a recurrence-free survival from cardiac death of 90% (95% 
CI, 71–100) compared with 65% (95% CI, 47–83) for inducible patients (P=0.015). In the 
subgroup of patients with LVEF≤30%, the survival free from VT recurrence and cardiac 
death was 31% (95% CI, 0%–60%) for noninducible compared with 39% (95% CI, 27–52) 
for those who remained inducible (P=0.842).

Conclusions
Noninducible patients with moderately depressed LV function have a favorable out-
come compared with patients who remained inducible after ablation. On the contrary, 
patients with severely depressed LV function have a poor prognosis independent of the 
acute procedural outcome.
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INTRODUCTION

In patients late after myocardial infarction (MI), noninducibility of any sustained mono-
morphic ventricular tachycardia (VT) with programmed electric stimulation (PES) after 
ablation has been associated with favorable long-term outcome (lower VT recurrence 
rate and mortality).1–5

Noninducibility is therefore currently used as procedural end point in many electro-
physiology laboratories and the only endorsed by the current expert consensus.6 How-
ever, the predictive value of noninducibility for VT recurrence is limited because ≤30% of 
patients who are rendered noninducible experience VT recurrences and more than half 
of the patients who remain inducible for nonclinical VTs do not present recurrence on 
short-term follow-up.5

In line with prior recommendations, the majority of patients included in former studies 
of post-MI VT ablation had an advanced disease with poor left ventricular function, pre-
senting with multiple VT episodes refractory to antiarrhythmic drugs (AAD), including 
amiodarone.1–5,7 More recently, ablation early in the course of the arrhythmic disease 
has been recommended based on 2 randomized trials.8,9

Because of the reported high recurrence rates, despite noninducibility, new ablation 
end points like elimination of late or abnormal potentials have been suggested for all 
patients with scar-related VT, irrespective of baseline patient characteristics and clini-
cal presentation. Achieving these end points may require more invasive and extensive 
procedures likely to be associated with patient discomfort and procedure-related com-
plications.10–12

We hypothesize that differences between patients, in particular in left ventricular (LV) 
function, may not only affect procedural and long-term outcome but also the optimal 
procedural end point for an individual patient.

The main objective of this study was to analyze the influence of individual patient 
characteristics on the predictive value of noninducibility for VT recurrence and cardiac 
mortality in the population currently referred for VT ablation after MI.
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METHODS

Patient Population
The study population consisted of consecutive patients with prior MI and spontaneous 
symptomatic sustained monomorphic VT who underwent a first catheter ablation proce-
dure at the Leiden University Medical Center between January 2009 and December 2012. 
Diagnosis of MI was based on the presence of wall motion abnormalities, nonreversible 
perfusion defects, and subendocardial or transmural late gadolinium enhancement 
areas in the perfusion territory of a significant stenotic coronary artery (>75%). Patients 
who underwent surgical ablation or presented with frequent premature ventricular 
contractions or nonsustained VT without documented spontaneous sustained VT were 
excluded. All patients provided informed consent and were treated according to the 
institutional clinical protocol.

Preprocedural Evaluation
Before the procedure, patients underwent a comprehensive clinical evaluation. VT 
clinical presentation was classified as electrical storm (≥3 implantable cardioverter 
defibrillator [ICD] shocks/24 h), incessant VT (recurrent sustained VT despite repeated 
intervention for termination), recurrent ICD therapies, VT below detection of ICD, and 
first episode of VT. A special effort was taken to obtain 12-lead documentation of the 
spontaneous VTs.

All patients underwent 2-dimensional and color Doppler echocardiography to assess LV 
ejection fraction (LVEF). LV end-diastolic and end-systolic volumes were obtained from 
the apical 2- and 4-chamber views and LVEF was calculated according to the biplane 
Simpson’s method. Echocardiographic analyses were performed by an experienced 
observer blinded to all clinical and procedural data.

In 25 patients without ICD, contrast-enhanced MRI was performed. Seventy-nine pa-
tients (87%) underwent coronary angiography, and in 23 patients (25%), percutaneous 
coronary intervention was performed before catheter ablation.

Electrophysiological Study
Studies were performed in the fasting state under conscious sedation. In stable patients, 
all AAD with the exception of amiodarone (n=39, 43%) were discontinued for 5 half-lives 
before the study.

The PES protocol consisted of burst pacing and extrastimulation with 3 drive cycle 
lengths (CL; 600, 500, and 400ms) from at least 2 sites (right ventricular apex and right 
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ventricular outflow tract) with 1, 2, and 3 extrastimuli until 200 ms or refractoriness. 
Positive end point for stimulation was considered the induction of a sustained monomor-
phic VT lasting for >30 s or requiring termination because of hemodynamic instability. 
Induced VTs where classified as (1) clinical when there was a 12/12 electrocardiographic 
morphology match with a previously documented VT, (2) presumptive clinical when the 
CL was ±30 ms of an ICD recorded VT, or (3) nonclinical VT when the previous criteria 
were not fulfilled.

Electroanatomical Mapping and Catheter Ablation
The initial approach was endocardial in all but one patient (after 2 failed attempts of en-
docardial ablation in another center). If noninducibility could not be achieved from the 
endocardium and an epicardial site of origin was assumed based on endocardial activa-
tion and substrate mapping, epicardial mapping as secondary approach was considered 
depending on VT clinical presentation and patient preference. Electroanatomical LV 
mapping was performed through a retrograde aortic approach (n=88) or a combina-
tion of retrograde and transeptal approach (n=3) during sinus or paced rhythm (n=9). 
Bipolar voltage maps were created with a 3.5 mm irrigated-tip catheter with a 2-5-2 mm 
interelectrode spacing (NaviStar ThermoCool; Biosense Webster, Inc, Diamond Bar, CA) 
and the CARTO system. Electrograms were filtered at 30 to 400 Hz (bipolar) and 1 to 
240 Hz (unipolar). The area with bipolar voltages under 0.5 mV was defined as dense 
scar. The area with bipolar voltages between 0.5 to 1.5mV was defined as scar border 
zone. Re-entry isthmus sites were identified with entrainment and activation mapping 
for stable VTs and with substrate mapping for unstable VTs. Potential ablation targets 
based on electrogram characteristics and pace mapping (≥10/12 morphology match 
with induced VT and stimulus-to-QRS delay > 40 ms) were tagged on the map. Once the 
area of interest was localized, VT was reinduced. Whenever possible, poorly tolerated 
VTs were at least briefly mapped during VT to either perform entrainment mapping or 
slow and terminate VT during radiofrequency application. Only areas specifically related 
to induced VTs based on entrainment and pace-mapping were targeted. Radiofrequency 
energy was delivered between 35 and 50 W with a temperature limit of 43°C and a flow 
rate of 20 to 30 mL/min until the capture threshold postablation was >10 mA/2 ms.

Procedural End Point
All clinical and nonclinical sustained monomorphic VTs were targeted for ablation. Only 
nonclinical fast VTs, defined as VTs with a VTCL close to ventricular refractory period, 
that were not reproducible inducible were considered to be of unknown clinical rel-
evance and were not targeted. Safety was taken into major consideration; therefore, the 
procedure was stopped if multiple electric cardioversions were required or the patient 
had prolonged hemodynamic instability.
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Acute Procedural Outcome
After the last radiofrequency application, the entire PES protocol was repeated. Com-
plete acute success was defined as noninducibility of any sustained monomorphic VT; 
partial success as elimination of all clinically documented VTs but inducibility of any 
nonclinical VT independent from VTCL and morphology also including nontargeted fast 
VTs and failure as persistent inducibility of any clinical VT.

Postprocedural Management
An ICD was offered to all patients regardless of acute procedural outcome. Preablation 
AAD were maintained until the first follow-up visit. Thereafter, the AAD regimen was left 
at the discretion of the referring cardiologist

Follow-Up
Patients were followed at the outpatient clinic 3 and 6 months after the procedure and 
every 6 months afterward, including a careful history regarding symptoms for VT and 
ICD interrogation. For patients followed at other institutions and in case of death, the 
referring cardiologist or general physician was contacted for VT recurrence and cause of 
death. VT recurrence was defined as occurrence of any documented VT after ablation, 
independently of CL or clinical presentation. In-hospital recurrences were also included 
in the analysis. During follow-up, VT recurrence was classified as electrical storm (≥3 
ICD shocks/24 h), incessant VT (recurrent sustained VT despite repeated intervention 
for termination), VT terminated by ICD shock, VT terminated by ATP, VT in monitor zone, 
or ECG-documented VT. A clinically relevant VT recurrence was defined as any VT that 
was treated with ICD shock or led to hospitalization, reablation, or modification of the 
antiarrhythmic therapy.

Statistical Analysis
Continuous variables are reported as mean±SD or medians with upper and lower 
quartiles (Q1–Q3). Categorical variables are presented as numbers and frequencies (%). 
Categorical variables were compared using the Chi-squared test or the Fisher exact test 
and continuous variables with the Student’s t test or the Mann–Whitney U test when 
appropriate. The VT and ICD shock frequency before and after ablation and the CL of 
the spontaneous, remaining, and recurrent VTs were compared with the Wilcoxon 
signed-rank test. Freedom from VT recurrence and cardiac death was estimated by 
Kaplan–Meier method and compared by log-rank test between groups. Predictors of 
acute procedural outcome, VT recurrence, and mortality were assessed with univariate 
logistic regression and Cox regression analysis, respectively. For the regression analysis 
of predictors of mortality on follow-up, VT recurrence was treated as time-dependent 
variable. Independent predictors of acute procedural outcome and VT recurrence were 
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analyzed with multivariable models using a backward stepwise selection. Variables with 
a P value <0.10 were initially included. At each step, the least significant variable was re-
moved from the model, until all variables reached a P value <0.20. All tests were 2-sided 
and a P value <0.05 was considered statistically significant. All statistical analyses were 
performed with SPSS version 20.0 (SPSS Inc, Chicago, IL).

RESULTS

During the study period, 116 patients with prior MI and symptomatic ventricular ar-
rhythmias were referred for ablation. Twenty patients (17%) with nonsustained VT 
and premature ventricular contractions, 4 (3%) who underwent surgical ablation, and 
1 (1%) with pleomorphic VT at presentation were excluded. Finally, 91 patients (82 
men, 67±10 years) with remote MI and history of spontaneous sustained monomorphic 
VT comprised the study population. Ten (11%) patients had previously undergone ≥1 
failed endocardial VT ablation in another center. Fifty-seven patients (63%) had an ICD 
implanted before the procedure. Fifteen patients (17%) presented with electrical storm 
and 14 (15%) with incessant VT. Twenty-eight patients (31%) were referred for ablation 
after the first documented VT episode.

Fifty-nine patients (65%) had a moderately depressed LVEF (defined as LVEF>30%, mean 
41±7) and 32 (35%) a severely depressed LVEF (defined as LVEF≤30%, mean 20±5). Pa-
tients with severely depressed LVEF were younger (64±13 versus 69±8 years-old, P=0.048) 
and had more frequently a history of an anterior MI (53% versus 29%, P=0.026), atrial 
fibrillation (47% versus 22%, P=0.018), heart failure hospitalizations (72% versus 29%, 
P<0.0001), ICD implantation before the procedure (84% versus 51%, P=0.002), a previous 
VT ablation in another center (22% versus 5%, P=0.030), and slower VTs at presentation 
(438±69 versus 353±77 ms, P<0.0001). Patients with LVEF>30% were more often referred 
for ablation after the first episode of a symptomatic VT (42% versus 9%, P=0.001). In 
most of these patients, the procedure was performed clinically, before ICD implantation. 
Baseline characteristics of the patients according to LVEF are displayed in Table 1.

Ablation Procedure
Eighty-five patients (93%) were either inducible (median 3 VTs per patient, Q1–Q3 2–5; 
mean CL 355±87 ms) or in VT at the beginning of the procedure. Clinical VTs were present 
or induced in 75 patients (82%). VT was classified as clinical based on the 12 lead-ECG in 
60 patients (66%) and on ICD recordings in 15 (16%). Ten patients (11%) were only induc-
ible for nonclinical VTs. Sixty-four (70%) had at least one hemodynamically unstable VT 
inducible.
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Compared with patients with LVEF>30%, patients with LVEF≤30% were inducible for a 
higher number of VTs (2.8±2.0 versus 5.0±2.9, P<0.0001), which were slower (mean CL 
323±63 versus 409±97 ms, P<0.0001) and had more often left bundle branch block mor-
phology (51% versus 78%, P=0.033). Procedural data according to LVEF are summarized 
in Table 2.

Table 1. Baseline characteristics of the patients according to left ventricular ejection fraction

All
(n=91)

EF > 30%
(n=59)

EF ≤ 30%
(n=32)

P

Age, y 67 ± 10 69 ± 8 64 ± 13 P=0.048

Male sex 82 (90%) 53 (90%) 29 (91%) P=1.000

Hypertension 41 (45%) 30 (51%) 11 (34%) P=0.186

Diabetes mellitus 13 (14%) 8 (14%) 5(16%) P=0.764

Hypercholesterolemia 32 (35%) 23 (39%) 9 (28%) P=0.362

History of Stroke/TIA 8 (9%) 6 (10%) 2 (6%) P=0.708

History of atrial fibrillation 28 (31%) 13 (22%) 15 (47%) P=0.018

History of renal failure 29 (32%) 15 (25%) 14 (45%) P=0.063

Prior admissions for heart failure 40 (44%) 17 (29%) 23 (72%) P<0.0001

Anterior MI 34 (37%) 17 (29%) 17 (53%) P=0.026

MI acute reperfusion 15 (16%) 10 (17%) 5 (16%) p=1.000

Time since MI, y 19 ± 9 20 ± 9 18 ± 7 P=0.441

Prior CABG 37 (41%) 25 (42%) 12 (38%) P=0.823

Prior PCI 36 (39%) 23 (39%) 13 (41%) P=1.000

LV ejection fraction, % 34±12 41 ± 7 20 ± 5 P<0.0001

ICD before ablation 57 (63%) 30 (51%) 27 (84%) P=0.002

Prior VT ablation 10 (11%) 3 (5%) 7 (22%) P=0.030

Clinical VT mean CL, ms 382±84 353 ± 77 438 ± 69 P<0.0001

Medication at admission

	 Statins 81 (89%) 53 (90%) 28 (88%) P=0.737

	 Antialdosteronic 31 (34%) 20 (34%) 11 (34%) P=1.000

	 ACE inhibitor/ARB 76 (84%) 51 (86%) 25 (78%) P=0.378

	 Betablockers 69 (76%) 43 (73%) 26 (81%) P=0.448

	 Amiodarone 39 (43%) 21 (36%) 18 (56%) P=0.076

VT clinical presentation

	 Electrical storm 15 (17%) 8 (14%) 7 (22%) P=0.378

	 Incessant VT 14 (15%) 7 (12%) 7 (22%) P=0.234

	 ICD therapies 24 (26%) 13 (22%) 11 (34%) P=0.221

	 Below ICD detection 10 (11%) 6 (10%) 4 (13%) P=0.737

	 First episode 28 (31%) 25 (42%) 3 (9%) P=0.001

TIA indicates transitory ischemic attack; MI, myocardial infarction; CABG, coronary artery bypass grafting; PCI, percutane-
ous coronary intervention; LV, left ventricular; ICD, implantable cardioverter defibrillator; VT, ventricular tachycardia; CL, 
cycle length; ACE, angiotensin-converting enzyme; ARBs, angiotensin receptor blockers.
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All patients underwent endocardial mapping and ablation. In 8 of 52 patients (15%) who 
remained inducible after endocardial ablation, an epicardial approach was attempted. 
Of the 7 patients who finally underwent epicardial mapping (one was not successful 
because pericardial adherences) only in 4 epicardial radiofrequency was applied. Three 
patients were rendered noninducible and one remained inducible for nonclinical VTs 
only after combined endo-epicardial approach.

At the end of the procedure, all patients underwent PES. Complete acute success was 
achieved in 43 patients (47%) and partial in 44 (49%). Procedural failure occurred in 
4 patients (4%). Of note, there was no difference between patients with severely and 
moderately depressed LV function regarding the acute procedural success rate (nonin-
ducibility was achieved in 30 patients [51%] with EF>30% versus 13 [41%] with EF≤30%; 
P=0.386).

The majority of inducible patients after ablation (41/48, 85%) had remaining VTs, which 
were faster than all spontaneous VTs (mean CL 280±59 versus 389±89 ms, P<0.0001), 
35/48 patients (73%) had only VTs with a CL≤300 ms. Importantly, in 38 of 48 patients 
(79%), remaining fast VTs were not targeted because they were considered to be of 
unknown clinical relevance (mean CL 263±42 ms).

Table 2. Electrophysiological and procedural characteristics according to left ventricular ejection fraction

All
(n=91)

EF > 30%
(n=59)

EF ≤ 30%
(n=32)

P

Inducible before ablation 85 (93%) 54 (92%) 31 (97%) P=0.419

Number of Induced VTs 3.6 ± 2.5 2.8 ± 2.0 5.0 ± 2.9 P<0.0001

Induced VT max CL, ms 418 ± 116 367 ± 86 507 ± 108 P<0.0001

Induced VT mean CL, ms 355 ± 87 323 ± 63 409 ± 97 P<0.0001

Induced VT min CL, ms 295 ± 79 282 ± 61 319 ± 101 P=0.036

HD unstable VT inducible 64 (70%) 39 (72%) 25 (81%) P=0.443

LBBB VT inducible 55 (60%) 30 (51%) 25 (78%) P=0.033

Epicardial mapping 7 (8%) 4 (7%) 3 (9%) P=0.236

Complete success 43 (47%) 30 (51%) 13 (41%) P=0.386

Partial success 44 (49%) 25 (42%) 19 (59%) P=0.132

Remaining VT mean CL, ms 279 ± 59 275 ± 59 286 ± 59 P=0.531

Procedural duration, min 207 ± 92 202 ± 80 216 ± 113 P=0.516

Fluoroscopic time, min 38 ± 23 36 ± 21 41 ± 25 P=0.434

ICD after ablation 77 (85%) 47 (80%) 30 (94%) P=0.126

Amiodarone post-ablation 44 (48%) 22 (37%) 22 (54%) P=0.005

VT indicates ventricular tachycardia; CL, cycle length; LBBB, left bundle branch block; ICD, implantable cardioverter de-
fibrillator.
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Complications
There was no procedure-related mortality. One patient with multiple ICD shocks and a 
basoseptal central isthmus site developed anticipated complete AV block after ablation. 
Ten patients had vascular access-related complications. None of them needed surgical 
intervention. Cardiac tamponade requiring percutaneous drainage after endocardial 
ablation occurred in one patient and late tamponade after an epicardial approach in one 
other patient. There was no difference in the occurrence of procedural-related complica-
tions according to baseline LVEF (EF>30%; 18% versus EF≤30%; 6%, P=0.129).

Predictors of Acute Outcome
Noncomplete acute success was associated with a higher number of induced VTs (odds 
ratio 1.42 per additional VT induced; 95% confidence interval [CI] 1.15–1.76; P=0.001) 
and the induction of faster (odds ratio 2.79 per 50 ms decrease in minimum VT CL; 95% 
CI 1.66–4.72; P<0.0001) and hemodynamically unstable VTs (odds ratio 6.55; 95% CI 
2.11–20.32; P=0.001; Figure 1). On multivariate analysis, the number of induced VTs 
(odds ratio 1.23 per additional VT induced; 95% CI 1.00–1.57; P=0.047) and the CL of 
the fastest induced VT (odds ratio 2.78 per 50 ms decrease in minimum VT CL; 95% CI 
1.60–4.76; P<0.0001) remained independently associated with the acute procedural 
outcome.

This was observed for both patient groups, those with LVEF>30% and LVEF≤30% with 
the exception of the number of induced VTs that was not associated with worse acute 
outcome for patients with LVEF≤30% (odds ratio 1.30 per additional VT induced; 95% CI 
0.97–1.77; P=0.080).

Postprocedural Management
Seventy-seven (85%) patients were discharged with an ICD. Fourteen (15%) patients 
refused ICD implantation. These patients were older (odds ratio 0.35 per 10 years in-
crease; 95% CI 0.16–0.75; P=0.007), had better LVEF (odds ratio 0.69 per 5% increase EF; 
95% CI 0.51–0.92; P=0.011, all but 2 EF>30%), and were more often noninducible after 
ablation (odds ratio 20.37; 95% CI 2.53–163.82; P=0.005). Seventy-two (79%) patients 
were discharged on AAD other than conventional β-blockers (44 [48%] on amiodarone 
and 28 [31%] on sotalol).

VT Recurrence
During a median follow-up of 23 (Q1–Q3 16–36) months, 35 patients (38%) experienced 
any VT recurrence with a median time to recurrence of 133 (Q1–Q3 36–608) days (only 
one patient was lost for follow-up, all but 2 had a follow-up longer than 1 year, 9 patients 
died during the first year).
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Patients with a LVEF>30% had a lower incidence of VT recurrence than patients with 
LVEF≤30% (34% versus 48%, hazard ratio [HR] 0.43; 95% CI 0.21–0.87; P=0.02).

The 1-year VT burden was reduced in the entire group from a median of 4 (Q1–Q3 
2–14) episodes before ablation to a median of 0 (Q1–Q3 0–0) episodes after ablation 
(P<0.0001). Sixty-five of 79 (82%) patients with a follow-up longer than 1 year had a 
≥75% reduction of the VT burden (Figure 2A). In patients with ICD before ablation, the 
frequency of shocks per year was reduced from a median of 3 (Q1–Q3 0–6) to a median 
of 0 (Q1–Q3 0–0) after ablation (P<0.0001; Figure 2B).

A significant reduction of the 1-year VT burden was observed in patients with both 
severely and moderately depressed LV function (Figure 3).

Figure 1.
Predictors of inducibility after ablation

AAD indicates antiarrhythmic drugs; CL, cycle length; LBBB, left bundle branch block; LVEF, left ventricular ejection frac-
tion; Max, maximum; MI, myocardial infarction; Min, minimum; and VT, ventricular tachycardia.
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Mode and Predictors of VT Recurrence
Based on the provided definition, only 27 patients (29%) presented with clinically rele-
vant VT recurrences (3 (3%) electrical storm, 5 (5%) incessant VT, 12 (13%) ≥ 1 ICD shock, 
4 (4%) VT below detection of ICD, 3 (3%) frequent symptomatic ATP). Eight patients (9%) 
presented with sporadic ATP or asymptomatic self-terminating VTs in the monitor zone 
that did not require any intervention. Thirteen patients (42%) with LVEF≤30% presented 
with relevant VT recurrences compared with 14 (24%) with LVEF>30% (P=0.150). In 21 of 
27 patients (81%) with relevant VT recurrences, these occurred during the first year of 
follow-up (18 (67%) in the first 6 months). No VT recurrence was documented in patients 
discharged without ICD.

Figure 2.

A: One-year ventricular tachycardia (VT) burden before (blue lines) and after ablation (red lines) of 77 patients with follow-
up longer than 1 year. The number of VT episodes is truncated at 100. B: One-year shock burden before (blue lines) and 
after ablation (red lines) in patients with prior ICD and follow-up longer than 1 year. The number of shocks is truncated at 
10. IQR indicates interquartile range.

Figure 3.

One-year ventricular tachycardia (VT) burden before (blue lines) and after ablation (red lines) in patients with LVEF>30% 
(Panel A) and LVEF≤30% (Panel B). The number of VT episodes is truncated at 100.
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Recurrent VTs were significantly slower than the remaining VTs in patients with non-
complete acute procedural success (378±74 versus 285±63 ms; P<0.0001). In fact, in 23 
of 28 patients (82%) with noncomplete acute success and recurrences on follow-up, the 
CL of the recurrent VT was at least 30 ms longer than the CL of the slowest remaining VT 
after ablation, suggesting that remaining fast VTs were not the cause of recurrence in 
these patients. Figure 4 shows the CL of spontaneous, remaining, and recurrent VTs in 
individual patients with partial acute success and VT recurrence during follow-up.

On multivariate analysis, after adjusting for age, sex, hypertension, ejection fraction, 
history of atrial fibrillation, renal failure, history of heart failure hospitalizations, electri-
cal storm, incessant VT at presentation, and amiodarone use after ablation, a higher 
number of induced VTs (HR 1.22 per additional VT induced; 95% CI 1.08–1.40; P=0.002) 
and inducibility after ablation (HR 2.49; 95% CI 2.49–5.61; P=0.028) were independently 
associated with VT recurrence for the entire population. Ablation after the first docu-
mented VT episode was independently associated with lower VT recurrence (HR 0.30; 
95% CI 0.10–0.89; P=0.029).

Mortality on Follow-Up
Twenty-five patients (27%) died during follow-up with a median time to death of 442 
days (IQR 245–655), and 17 (19%) died of cardiac causes. Patients with LVEF>30% had 
better prognosis with cardiac mortality of 10% compared with 35% for patients with 
LVEF≤30% over the follow-up period (HR 0.21; 95% CI 0.08–0.58; P=0.003). VT recurrence 
(HR 2.46; 95% CI 0.93–6.51; P=0.070) and inducibility after ablation (HR 0.8; 95% CI 

Figure 4.

The cycle length of the spontaneous ventricular tachycardia (VT), slowest remaining VT after ablation, and recurrent VT 
from 28 patients with partial success and VT recurrence on follow-up are plotted.



Chapter 3

82

0.31–2.10; P=0.647) were not associated with cardiac mortality for the entire population. 
The most frequent cause of death was terminal heart failure (n=15, 60%), in particular 
for patients with severely depressed LV function (n=9, 75%). In 3 patients, death was 
of arrhythmic/presumed arrhythmic origin (one 80-year-old patient with 45% LVEF and 
complete acute success without ICD died unwitnessed while sleeping, 2 patients with 
severely depressed LVEF (26 and 19%) died because of an electrical storm that was not 
targeted by ablation). Seven of 13 patients (54%) with EF>30% died from noncardiac 
causes compared with 1 of 12 with LVEF≤30% (P=0.073).

VT Recurrence and Cardiac Mortality According to LV Function, VT 
Inducibility, and Clinical Presentation
During follow-up, the combined end point of VT recurrence or cardiac death occurred in 
24 of 59 patients with LVEF>30% (41%; 34% had VT recurrence, and 10% cardiac death) 
had VT recurrence and 38% cardiac death).

Patients with an LVEF>30% had a higher probability of survival free from VT recurrence 
and cardiac death compared with those with LVEF≤ 30% (81% [95% CI 71–91] versus 61% 
[95% CI 43–79] at 6 months and 80% [95% CI 70–90] versus 42% [95% CI 33–51] at 1 year 
follow-up, P=0.001; Figure 5A).

Survival free from VT recurrence and cardiac death was also higher for patients who 
were rendered noninducible compared with patients who remained inducible after 
ablation (81% [95% CI 69–93] versus 77% [95% CI 65–89] at 6 months and 68% [95% CI 
54–82] versus 57% [95% CI 43–71] at 1 year follow-up: P=0.007; Figure 5B).

In the subgroup of patients with LVEF>30%, survival free from VT recurrence and cardiac 
death at 1 year follow-up was 90% (95% CI 71–100) for noninducible patients compared 
with 65% (95% CI 47–83) for those who remained inducible for any VT after ablation 
(P=0.015; Figure 6). This was mainly because of a higher incidence of VT recurrence 
in inducible patients. In fact, the probability of VT recurrence was higher in those who 
remained inducible after ablation (HR 4.26; 95% CI 1.54–11.78; P=0.005), whereas no 
significant difference was found in the incidence of cardiac death (HR 1.23; 95% CI 
0.26–6.28; P=0.774). A higher number of induced VTs (HR 1.55 per additional VT induced; 
95% CI 1.23–1.88; P<0.0001) was associated with VT recurrence in these patients with 
LVEF>30%, whereas ablation after the first documented VT episode was associated with 
lower VT recurrence (HR 0.25; 9 5% CI 0.08–0.74; P=0.012). No patient with LVEF>30% 
and who was rendered noninducible by ablation after the first symptomatic VT episode 
had VT recurrence or died of a cardiac cause during the first year of follow-up.
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On the contrary, patients with LVEF≤30% had a poor prognosis that was independent 
from the acute outcome of the procedure. At 1 year follow-up, the cumulative incidence 
of VT free survival from cardiac death was 31% (95% CI 0–60) for noninducible patients 
compared with 39% (95% CI 27–52) for those who remained inducible after ablation 
(P=0.842).

Noninducibility was neither associated with VT recurrence (HR 2.7; 95% CI 0.78–9.69; 
P=0.121) nor with cardiac mortality (HR 0.31; 95% CI 0.09–1.11; P=0.073) in this sub-
group of patients. There was a nonsignificant trend to a higher number of inducible VTs 
in patients who experienced VT recurrence (HR 1.19 per additional VT induced; 95% CI 
0.99–1.42; P=0.054). Ablation after the first VT episode was not associated with lower VT 
recurrence in these patients (HR 0.39; 95% CI 0.00–35.63; P=0.352).

Figure 5.

Ventricular tachycardia–free survival from cardiac death according to left ventricular ejection fraction (LVEF; A) and induc-
ibility after ablation (B).
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DISCUSSION

The present study is the first to evaluate the influence of individual patient character-
istics—in particular LV function—on the predictive value of noninducibility for VT recur-
rence and cardiac mortality in the population currently referred for VT ablation after MI.

The predictive value of noninducibility for VT recurrence and cardiac mortality was 
influenced by the baseline LVEF. At 1 year follow-up, only 10% of the patients with mod-
erately depressed LV function that were rendered noninducible by ablation experienced 
VT recurrence or died from a cardiac cause compared with 35% of patients in whom 
noninducibility was not achieved. Furthermore, patients with LVEF>30% that were re-
ferred after the first documented episode of symptomatic VT and became noninducible 
by ablation had an excellent prognosis. No patient with these characteristics had VT re-
currence or died from a cardiac cause during the first year of follow-up. On the contrary, 
patients with severely depressed LV function had a poor prognosis that was independent 
from the acute result of the procedure or the VT clinical presentation, mainly driven by 
heart failure–related death. In fact, >50% of the patients with LVEF<30% experienced VT 
recurrence or cardiac death or both during the first year of follow-up.

Prior Reports
A recent meta-analysis including 928 post-MI patients from 8 observational studies 
showed that lack of inducibility of any VT after ablation was associated with lower 

Figure 6.

Ventricular tachycardia (VT)–free survival from cardiac death according to left ventricular ejection fraction (LVEF) and in-
ducibility after ablation.
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VT/ventricular fibrillation recurrence and all-cause mortality during follow up and, 
therefore, proposes noninducibility as a reasonable end point for the procedure.5 This 
meta-analysis included, however, an unselected pool of patients that were referred for 
ablation over >20 years (1991–2011) and did not correct for individual patient character-
istics that may per se influence outcome.

The recommendations and strategies of post-MI VT ablation have changed over time. 
In line with clinical guidelines, the majority of patients initially included in studies had 
an advanced disease, with poor LV function, symptomatic heart failure, and multiple VT 
episodes despite amiodarone.1–5,7,13 Since the publication of the last expert consen-
sus, more patients with moderately depressed LV function after the first documented VT 
episode are referred for ablation.6 In this regard, our study is more representative of the 
current practice because it includes only patients treated after 2008, frequently referred 
after the first documented VT episode (31%) with a high prevalence of moderately de-
pressed LV function (65%). The basal cardiac function and the stage of the arrhythmic 
disease may impact both the outcome and the appropriate end point of the ablation 
procedure for an individual patient.

Ablation Late in the Therapeutic Course of Disease
It has been shown that, in post-MI patients, the predictive value of PES to predict ven-
tricular arrhythmic events depends on the basal cardiac function. In the MUST trial, the 
cause of death of inducible patients with LVEF>30% was arrhythmic in 61% of the cases. 
On the contrary, no difference in the incidence of arrhythmic death was observed be-
tween inducible and noninducible patients with LVEF<30%.14 In line with these results, 
in our study, noninducibility was not associated with lower VT recurrence and cardiac 
mortality in patients with severely depressed LV function. This finding might be explained 
by 2 factors. First, not all VTs have a fixed reentrant mechanism and, in particular, in 
patients with advanced cardiac remodeling and heart failure, other focal arrhythmic 
mechanisms not so accurate reproducible by PES and not so easily approachable by our 
current ablation techniques may play an important role.14 Secondary, in patients with 
poor LV function and end-stage heart failure, a high competing risk of nonarrhythmic 
cardiac death is present.15 In fact, the most prevalent cause of death in this population 
was terminal heart failure (75% of the cases).

Ablation Early in the Therapeutic Course of Disease
The evidence that supports the benefit of an early intervention in patients with post-MI 
VT is based on 2 recent randomized trials.8,9 However, in the VTACH trial, only patients 
with LVEF>30% had a significant higher survival free from VT/ventricular fibrillation after 
ablation.9 According to these results, in our study, 20% of the patients with moderately 
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depressed LV function had VT recurrence or died from a cardiac cause during the first 
year of follow-up compared with 58% of patients with severely depressed LV function in 
spite of a similar rate of acute procedural success.

Patients with LVEF>30% that where rendered noninducible by ablation had a good 
prognosis because only 10% experienced VT recurrence or cardiac death 1 year after 
ablation. In line with a recent publication, if these patients where referred for ablation 
after the first documented VT episode, the outcome was excellent.16 No patient fulfill-
ing these criteria had events during the first year of follow-up, further supporting an 
early ablation in this patient population. Inducibility of any VT after ablation seems to 
be therefore a good predictor of VT recurrence in patients with moderately depressed LV 
function, and noninducibility might be a sufficient end point for the ablation procedure 
in these patients.

Patients with LVEF>30% in whom noninducibility was not achieved had a worse prog-
nosis mainly related to a higher VT recurrence rate. If noninducibility is not achieved, 
analyzing and understanding the reasons for ablation failure is mandatory to select the 
appropriate next step for each individual patient (eventually epicardial).17 The clinical 
significance of nonclinical VTs, in particular fast and nonreproducible inducible VTs, 
remains still unclear. Prior studies, based on the analysis of ICD recordings, suggested 
that the cause of recurrence in patients with noncomplete acute success were nonclini-
cal VTs that were either not targeted or not successfully abolished during ablation.1,2 In 
the present study, in 82% of patients with partial success and VT recurrence on follow-
up, VTCL was at least 30 ms longer than remaining VTs, suggesting that these VTs were 
not the cause of recurrence. VT recurrence might be related to lesion healing but may 
also be caused by new reentry circuits, and inducibility of nonclinical fast VTs might 
just indicate a more complex arrhythmic substrate. These findings support the need 
for additional ablation end points based on substrate mapping and the development 
of new ablation tools able to perform deeper and long-lasting lesions for patients with 
moderately depressed LV function in whom noninducibility is not achieved.

Limitations
This study is limited by its observational nature. The reported acute and long-term 
outcomes after ablation come from a high-volume referral center and may therefore not 
apply for smaller less experienced centers. The antiarrhythmic regimen after ablation 
was left at the discretion of the referral physician, and this might have influenced the 
outcome of some patients. The number of patients with severely depressed LV func-
tion that were referred for ablation after the first episode of symptomatic VT was small, 
limiting its power to determine whether this factor was associated with better outcome. 
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To discern between remaining VTs after ablation and recurrent VTs on follow-up, only 
the CL of the VTs was taken into account. Routine analysis of ICD-stored VT electrogram 
morphology was not performed.

CONCLUSION

Patients with prior MI and moderately depressed LV function that are rendered nonin-
ducible by ablation, in particular if they are referred after the first episode of symptom-
atic VT, have an excellent prognosis. Therefore, in this population, an early intervention 
aiming noninducibility seems to be appropriate. On the contrary, patients with severely 
depressed LV function have a poor prognosis that is independent of the acute outcome 
of the procedure and is mainly driven by heart failure–related death. In this subgroup of 
patients, a more conservative approach, prioritizing symptoms relief, patient comfort, 
and safety might be preferable.

CLINICAL PERSPECTIVE

What is known
-	 In patients with prior MI, non-inducibility is frequently used as VT ablation endpoint.
-	 Non-inducibility has been associated with improved outcomes.

What the study adds
-	 The LV function has an important impact on the predictive value of non-inducibility 

for VT recurrence and cardiac mortality.
-	 Patients with moderately depressed LV function who are rendered uninducible by 

ablation have an excellent prognosis. Non-inducibility seems to be an appropriate 
ablation endpoint in this population.

-	 Patients with severely depressed LV function have a poor prognosis, independent of 
the acute result of the procedure, mainly due to heart failure related death. In these 
patients, a more conservative approach might be preferable.
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ABSTRACT

Background
Noninducibility of ventricular tachycardia (VT) with an equal or longer cycle length (CL) 
than the clinical VT is considered the minimum ablation endpoint in patients with struc-
tural heart disease (SHD). Since their clinical relevance remains unclear, fast nonclinical 
VTs are often not targeted. However, an accepted definition for fast VT is lacking. The 
shortest possible CL of a monomorphic reentrant VT is determined by the ventricular 
refractory period (VRP).

Objectives
We propose a patient-specific definition for fast VT based on the individual VRP (fVTVRP) 
and assess the prognostic significance of persistent inducibility after ablation of fVTVRP 
for VT recurrence.

Methods
Out of 191 patients with prior myocardial infarction or with nonischemic cardiomyopa-
thy undergoing VT ablation, 70 (63±13 years, 64% ischemic) remained inducible for a 
nonclinical VT and comprised the study population. A fVTVRP was defined as any VT with 
CL ≤VRP400 +30ms. Patients were followed for VT recurrence.

Results
After ablation, 30 patients (43%) remained inducible exclusively for fVTVRP and 40 
(57%) for any slower VT. Patients with only fVTVRP had a 3-year VT free-survival of 64% 
(CI95%:46-82%) compared to 27% (CI95%:14-48%) for patients with any slower remain-
ing VT (P=0.013). Inducibility of only fVTVRP was independently associated with lower 
VT recurrence (HR 0.38, CI95%:0.19-0.86; P=0.019). Within 36 patients inducible for any 
fVTVRP, only one recurred with a fVTVRP.

Conclusion
In patients with SHD, inducibility of exclusively fVTVRP after ablation is associated with 
low VT recurrence.
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INTRODUCTION

Noninducibility of the (presumed) clinical ventricular tachycardia (VT) is considered 
the minimum endpoint for radiofrequency catheter ablation (RFCA) in patients with 
structural heart disease (SHD)1. Since the clinical relevance of induced nonclinical fast 
VTs remains controversial2-8, many laboratories only target VT with equal or longer cycle 
length (CL) than clinical VT but not fast remaining VTs (1). A major limitation for data 
comparison is the lack of an accepted definition for fast VT.

It is generally accepted that the majority of VTs in patients with SHD are caused by reen-
try facilitated by areas of slow conduction and fixed or functional conduction (pseudo-)
block within the scar9, 10. Substrate-based ablation approaches target abnormal electro-
grams consistent with slow conduction during sinus rhythm assuming that all induced 
VTs depend on slow conducting regions11-14. However, fast nonclinical VTs may remain 
inducible even after complete ablation of the electroanatomical substrate13, 14.

As the wavelength, the product of the myocardial conduction velocity and refractory 
period determines the shortest possible CL of a reentrant arrhythmia, Monomorphic VTs 
with a CL close to ventricular refractory period (VRP) may have a distinct underlying 
substrate, may require different induction protocols and may occur less often spontane-
ously.

The objectives of our study were 1) to propose a definition for fast VT based on the 
individual VRP (fVTVRP) and 2) to assess the prognostic value of persistent inducibility of 
nonclinical fVTVRP based on our proposed definition in patients with SHD.

METHODS

Study population
Consecutive patients referred for ablation of monomorphic VT after prior myocardial 
infarction (MI) or with nonischemic cardiomyopathy (NICM) to the Leiden University 
Medical Centre between January 2009 and December 2013 (post MI patients) and be-
tween January 2007 and December 2013 (NICM patients) and with partial success as 
acute procedural outcome were included. Partial success was defined as elimination of 
all clinical VTs but persistent inducibility of ≥1 nonclinical monomorphic VT.

All patients were treated according to our standard clinical protocol and provided 
informed consent.  The Dutch Central Committee on Human-related Research (CCMO) 
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permits use of anonymous data without prior approval of an Institutional Review Board 
if the data are obtained for patient care and if the data do not contain identifiers that 
could be traced back to the individual patient.

Electrophysiological study
Before the procedure, antiarrhythmic drugs (AADs) except for amiodarone were discon-
tinued. The programmed electrical stimulation (PES) protocol consisted of burst pacing 
and stimulation with 3 basic CLs (S1, 600, 500 and 400ms) and 1 to 3 extrastimuli (S2-S4) 
down to 200ms or refractoriness, from RV apex and RV outflow tract. A stimulus strength 
of twice the diastolic threshold was used for stimulation and a pause of 3 seconds 
between trains of ventricular pacing was applied. The first extrastimulus (S2) from the 
RV apex was used to determine the individual VRP for 2 drive CLs of 400 and 600ms: 
starting with a coupling interval (CI) of 350ms, S2 CI was decreased by 10ms until VRP 
was reached. Positive PES endpoint was the induction of a sustained monomorphic 
VT lasting >30 seconds or requiring termination because of hemodynamic instability. 
Induced VTs were classified as: clinical, in case of 12/12 lead electrocardiographic (ECG) 
match and a difference in VTCL ≤30ms with a previously documented VT, presumptive 
clinical, when VTCL was ±30ms of an ICD recorded VT, or nonclinical, when the previous 
criteria were not fulfilled.

Based on individual VRP at a drive CL of 400ms (VRP400), VTs were defined as fast if 
VTCL was ≤VRP400 +30ms (fVTVRP). This was based on the consideration that the possible 
shortest CL of a reentrant VT is determined by VRP in conjunction with the myocardial 
conduction velocity;15 theoretically, no reentrant VT can have a shorter CL than the mini-
mal VRP for a given situation. As the individual VRP may show variations (depending 
among others on the autonomic balance) we used VRP +30ms for the definition of fVTVRP, 
which is in line with prior reports allowing a range of VTCL ±30ms for the definition of 
presumed clinical VT5, 8, 16.

To evaluate the underlying VT mechanism, an attempt was made to entrain and termi-
nate the VT by pacing unless VT was polymorphic.

Electroanatomical mapping and catheter ablation
Electroanatomical LV endocardial mapping was performed in all patients. Epicardial 
mapping was performed through a subxiphoid puncture if appropriate5, 17. Voltage maps 
were created with a 3.5mm irrigated-tip catheter (NaviStar ThermoCool; Biosense 
Webster, Inc., Diamond Bar, CA, USA) and the CARTO system. Electrograms were filtered 
at 30 to 400 Hz (bipolar) and 1 to 240 Hz (unipolar). The areas with bipolar voltage 
≤0.5mV and 0.5-1.5mV were defined as dense scar and scar border zone respectively. 
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EGMs consistent with the presence of local slow conduction were tagged in the map 
(fragmented, late potentials [onset after QRS, separated by an isoelectric segment from 
the far-field signal >20ms). Reentry isthmus sites were identified with the combination 
of entrainment-, activation- and pace- mapping for stable VTs. For unstable VTs, re-entry 
isthmus sites were identified based on the combination of EGM characteristics and 
pace-mapping (morphologhy match with an induced VT ≥10/12 and stimulus-to-QRS 
delay >40ms). In addition, all late and prolonged, fragmented potentials were targeted, 
independently of their relation to an induced VT.5, 8 RF energy was delivered at 35-50W 
(maximum temperature, 43°C; flow rate, 20-30ml/min) until pacing with 10mA and 2ms 
stimulus failed to capture.

Procedural endpoint
All clinical VTs were targeted for ablation. Nonclinical VTs were also targeted with the 
exception of VTs with CL close to the VRP which were considered of unknown clinical 
relevance. The procedure was stopped when multiple electrical cardioversions for non-
clinical VTs were required or no additional substrate for VTs could be identified.

Group definition
After ablation, the entire PES protocol was repeated. Patients were divided into 2 groups 
according to the CL of remaining nonclinical VTs: “FVTVRP group” consisting of patients in 
whom only fVTVRP were inducible after ablation and “Non-fVTVRP group” in whom at least 
one slower VT remained inducible.

Post-procedural management and follow-up
Implantable cardioverter defibrillator (ICD) implantation was offered to all patients. All 
ICDs were programmed with the slowest VT detection zone at ≥10 bpm below the slow-
est clinical or induced VT (VT1). The programming of detection time/number of intervals 
for the VT1 zone was left at the discretion of the operator, tailored normally to the hemo-
dynamic tolerance to prior documented VTs. In the VF zone (and if programmed, in the 
fast VT [VT2] zone) a detection time of 2.5 seconds or 18 of 24 intervals was programmed. 
Patients were followed at the outpatient clinic 3 months after RFCA and every 6 months 
thereafter or in case of ICD therapies or symptoms suggesting VT. For the analysis, the 
maximum follow-up period was set at 3 years to avoid the influence of disease progres-
sion on the occurrence of new arrhythmic events.

Endpoint definition
VT recurrence was considered as any VT treated by the ICD or registered in the monitor 
zone lasting>30 seconds. In patients without ICD, recurrence was defined as any VT >30 
seconds documented on 12-lead ECG or 24-hour Holter. VT recurrence was further cat-
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egorized in (1) any VT recurrence, regardless of VTCL and (2) fVTVRP recurrence according 
to the definition.

Statistical analysis
Continuous variables are reported as mean±SD or medians with interquartile ranges 
(IQR) and compared using Student t-test or Mann–Whitney U test. Categorical variables 
are presented as numbers and percentages(%) and compared using Chi-squared test or 
Fisher exact test. Continuous paired variables were compared with Wilcoxon signed rank 
test. To estimate and compare freedom from VT recurrence between groups, Gray’s test 
was performed to take competing risk of death into account. Predictors of VT recurrence 
were assessed by Fine-Gray subdistribution hazard model, considering all-cause death 
as competing risk. Independent predictors of VT recurrence were analysed with mul-
tivariable models using a backward stepwise selection. Variables with a p value ≤0.10 
were initially included. At each step the least significant variable was removed from the 
model, until all variables reached a p value <0.20. All tests were 2-sided and a p value 
<0.05 was considered statistically significant. All statistical analyses were performed 
with SPSS version 20.0 (SPSS Inc, Chicago, IL).

RESULTS

Patients
Baseline characteristics and procedural outcome of the entire 191 patients are shown 
in Supplementary Table 1. Of these patients, 70 (45 post-MI [64%] and 25 NICM [36%], 
63±13 years, 89% male, LVEF 35±12%) with partial procedural success comprised the 
study population. Based on the CL of remaining VTs after ablation, 30 patients (43%) 
with only fVTVRP constituted the “fVTVRP group” and 40 patients (57%) with any slower 
VT the “non-fVTVRP group”. Six patients in non-fVTVRP group remained also inducible for 
fVTVRP.

Compared to the patients in fVTVRP group, those in non-fVTVRP group had lower LVEF 
(31±11% vs. 39±11%; P=0.007), had more frequently impaired renal function (58% vs. 
10%; P<0.001), slower VTs at presentation (clinical VTCL 413±84ms vs. 344 ± 73ms; P 
<0.001) and were more often on amiodarone at admission (70% vs. 23%; P <0.001). 
Baseline characteristics of the patients are displayed in Table 1.

Electrophysiological study and catheter ablation
Electrophysiological parameters and procedural data are shown in Supplementary 
Table 2.



97

Fast non-clinical VT after ablation in structural heart disease

VRP at a drive CLs of 600 and 400ms were comparable between fVTVRP and non-fVTVRP 
groups (260±31ms and 226±23ms vs. 267±23ms and 234±26ms; P=0.387 and P=0.236 
respectively).

Patients in non-fVTVRP group were inducible for a larger number of distinct VTs (me-
dian 4 [IQR 3-6] vs. 3 [IQR 2-5]; P=0.005) which were slower (mean VTCL 370±61ms vs. 
286±53ms; P <0.001) and had more often a left bundle branch block morphology (80% 
vs. 53%; P=0.017).

Table 1. Baseline clinical characteristics

All FVTVRP Non-fVTVRP

(n=70) (n=30) (n=40) P

Age, years 63±13 60±15 65±12 0.159

Male sex 62 (89%) 28 (93%) 34 (85%) 0.278

Underlying disease

	 Prior MI 45(64%) 21(70%) 24(60%) 0.386

	 NICM 25(36%) 9(30%) 16(40%) 0.386

LVEF, % 35±12 39±11 31±11 0.007

Prior admission for heart failure 29(41%) 10(33%) 19(48%) 0.234

Hypertension 22(31%) 7(23%) 15(38%) 0.206

Diabetes Mellitus 5(7%) 4(13%) 1(3%) 0.082

History of atrial flutter/fibrillation 23(33%) 9(30%) 14(35%) 0.659

Renal failure 26(37%) 3(10%) 23(58%) <0.001

ICD before ablation 54(77%) 21(70%) 33(83%) 0.218

Prior VT ablation 15(21%) 6(20%) 9(23%) 0.801

Clinical VT CL, ms 384±86 344±73 413±84 <0.001

VT clinical presentation

	 Electrical storm* 11(16%) 2(7%) 9(23%) 0.072

	 Incessant VT 11(16%) 3(10%) 8(20%) 0.255

	 ICD shocks 36(51%) 15(50%) 21(53%) 0.836

	 Below ICD detection 10(14%) 4(13%) 6(15%) 0.844

	 First episode 17(24%) 10(33%) 7(18%) 0.126

Failed AADs before ablation

	 Amiodarone 35(50%) 7(23%) 28(70%) <0.001

	 Sotalol 25(36%) 13(40%) 12(30%) 0.249

	 Class 1 AAD 7 10%) 3(10%) 4(10%) 1.000

VT indicates ventricular tachycardia; MI, myocardial infarction; NICM, nonischemic cardiomyopathy; LVEF, left ventricular 
ejection fraction; ICD, implantable cardioverter defibrillator; CL, cycle length and AAD, anti-arrhythmic drug. *Electrical 
storm: ≥3 ICD shocks within 24 hours.
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Characteristics of remaining VTs
After ablation, a total of 87 nonclinical VTs (median 1 VT per patient [IQR 1-1]) remained 
inducible. Remaining VTCL was 230±24ms in fVTVRP and 310±41ms in non-fVTVRP groups. 
With regard to the induction protocol for post-RFCA remaining VTs, more often triple 
extrastimuli (94% VTs in fVTVRP vs. 72% in non-fVTVRP group, P=0.01) and the shorter CIs 
of the extrastimuli (224±30ms in fVTVRP vs. 257±28ms in non-fVTVRP group; P <0.001) were 
required in the fVTVRP group. An attempt of rapid pacing for entrainment and VT termina-
tion was performed in 80 (92%) of 87 remaining VTs, resulting in successful VT termina-
tion in 36 VTs (45%; 12 (39%) in fVTVRP vs. 24 VTs (49%) in non-fVTVRP group; P=0.368). 
Details of the induction mode and response to overdrive pacing of remaining VTs are 
shown in Supplementary Table 3.

Post-procedural management
All but one patient were discharged with an ICD. In the majority, AAD regimen remained 
unchanged after ablation. Thirty-four patients (49%) were discharged on amiodarone, 
18 on sotalol (26%) and 6 (9%) on a class I AAD. Patients in non-fVTVRP group were more 
often discharged on amiodarone (27 patients [68%] vs. 7 [23%] in fVTVRP group; P <0.001)

Impact of remaining VT cycle length on the incidence and characteristics 
of recurrent VTs
During a median follow-up of 31 months (IQR 16-36), 36 patients (51%) had VT recur-
rence (median time to recurrence 61 days (IQR 30-407)). Only one patient was lost to 
follow-up.

Compared to non-fVTVRP group, patients in fVTVRP group had a significantly lower inci-
dence of VT recurrence (10 [33%] vs. 26 patients [65%], HR 0.40: CI95% 0.18-0.80; P=0.01). 
Patients in fVTVRP group had a 3-year VT recurrence-free survival of 64% (CI95% 46-82%) 
compared to 27% (CI 95% 14-48%) for those in non- fVTVRP group (P=0.013) (Figure 1).

The predictive value of inducibility of only fast VT VRP for absence of VT recurrence was 
90% in our population. If a fixed arbitrary value for the definition of fast VT was used 
(VT CL ≤ 250ms), the predictive value for absence of VT recurrence decreased to 84%. 
This difference did not reach, however, statistical significance, probably because of the 
limited number of patients included in the study (P=0.257).

Since patients in the non-fVTVRP group were more often on amiodarone at the time of the 
procedure, which may have had an effect both in the induced VTCL but also in the out-
come after ablation, we performed a subanalysis including only patients off amiodarone. 
This analysis showed a similar trend of lower VT recurrence in the fVTVRP group (3-year 
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VT free survival 63% [95% CI 38-79%] in fVTVRP group vs 20% (95% CI 1-54%) in non-
fVTgroup; P=0.12). Recurrent VTs were significantly slower than remaining VTs in both 
groups (remaining VTCL and VTCL of first recurrent VT were 235±28ms vs. 311±61ms in 
fVTVRP and 303±41ms vs. 381±74ms in non-fVTVRP group; both P <0.001). However, there 
was no significant difference between the clinical VTCL before RFCA and the recurred 
VTCL (349±80ms vs. 311±61ms in fVTVRP and 399±84ms vs. 381±74 ms in non-fVTVRP 
group; P=0.54 and 0.755, respectively). In Figure 2, the CLs of clinical, remaining and 
first recurrent VT for each individual patient who had VT recurrence in fVTVRP (A) and 
non-fVTVRP group (B) are depicted.

Predictors of VT recurrence
On multivariate analysis, inducibility of only fVTVRP after ablation was independently 
associated with lower VT recurrence (HR 0.38: CI95% 0.19–0.86; P=0.019) (Figure 3).

Recurrence and new occurrence of fVTVRPs after ablation
Among 36 patients in whom ≥1 fVTVRP was inducible after RFCA (including 6 patients in 
non-fVTVRP group), only one patient recurred with a fVTVRP 2 months after the procedure. 
Three additional patients in non-fVTVRP group experienced a fVTVRP which was not in-
duced during the procedure 4 days, 4 and 28 months after ablation. Figure 4 shows the 
survival curve free from fVTVRP for both groups. See Supplementary Figure 1 for details.

Figure 1.
VT-free survival according to groups

fVTVRP indicates fast ventricular tachycadia based on the individual ventricular refractory period; VT ventricular tachycardia.
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Complications
There was no procedure-related mortality. Four patients had complications of the vas-
cular access. One patient with a basoseptal central isthmus developed predicted com-
plete atrioventricular block after ablation. Pericardial bleeding requiring percutaneous 
drainage occurred in 2 of 19 patients undergoing pericardial access.

Figure 2.

Cycle length of clinical, remaining VT (Post-RFCA) and recurrent VT at first recurrent event (1st Recurrence) in fVTVRP (left 
panel) and non-fVTVRP groups (right panel).
CL indicates cycle length; fVTVRP,, fast ventricular tachycadia based on the individual ventricular refractory period; RFCA, 
radiofrequency catheter ablation.

Figure 3.
Predictors of VT recurrence

NICM indicates nonischemic cardiomyopathy; LVEF, left ventricular ejection fraction; AAD, anti-arrhythmic drug; and LBBB, 
left bundle branch block.
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Mortality
Thirteen patients died during follow-up (4 [13%] in fVTVRP and 9 [23%]) in non-fVTVRP 
group; P=0.329). Cardiac death occurred in 9 patients (70%). No patient died suddenly. 
Heart failure was the leading cause of death in both groups (3 and 4 patients in fVTVRP 
and non-fVTVRP group, respectively). There was no difference in the incidence of cardiac 
death between groups (HR 1.53: 95% CI 0.40–7.24: P=0.543).

DISCUSSION

In the present study, we propose a patient-specific definition for ‘fast VT’ based on the 
individual ventricular refractory period (fVTVRP) and evaluate the clinical relevance of 
persistent inducibility of nonclinical ‘fVTVRP’ after ablation.

Patients with SHD who remained exclusively inducible for fVTVRP, defined as a VT with 
CL ≤ individual VRP400 (+30ms) had a better VT-free survival compared to patients who 
remained inducible for any slower nonclinical VT. Inducibility of only fVTVRP was associ-
ated with lower VT recurrence on multivariate analysis after adjusting for confounding 
factors. These nonclinical fVTVRP were typically inducible with multiple short coupled 

Figure 4.
FVTVRP free survival according to groups

fVTVRP indicates fast ventricular tachycadia based on the individual ventricular refractory period; VT ventricular tachycar-
dia.



Chapter 4

102

extrastimuli and occurred rarely spontaneously questioning the need for targeting them 
by ablation.

A proposal for an individualized definition of fast VT
The prognostic impact of inducibility of previously undocumented VTs after ablation, 
in particular of fast VTs, remains unclear2-8. Accordingly, many electrophysiology 
laboratories employ noninducibility of VTs with similar or longer CL than clinical VT as 
one procedural endpoint and accept persistent inducibility of faster VTs1. However, an 
important limitation for data comparison and endpoint recommendation is that a CL 
cutoff value to define a fast VT has not been established. Previously applied arbitrary 
definitions are based on ICD zones rates (typically<320ms)18, hemodynamic tolerance, 
indeterminate VT-QRS morphology (former ventricular flutter) or comparison with the 
CL of clinically documented VTs2.

The most common mechanism of VT in patients with SHD is reentry facilitated by slow 
conducting regions and fixed or functional conduction (-pseudo)block within scar tis-
sue9, 10. This has been demonstrated by activation and entrainment mapping for slow 
tolerated VTs19. Substrate-based ablation approaches targeting electrograms consistent 
with slow conduction or poor coupling during sinus rhythm are based on the assump-
tion that all induced VTs are dependent on regions of slow conduction11-13. However, 
fast VTs may remain inducible even after complete scar homogenization suggesting the 
presence of a different underlying substrate13, 14.

In our study, we have defined fast VT for an individual patient (fVTVRP) as a VT with a CL 
close to the VRP measured with a CL of 400ms, which derived from the rationale that 
the possible shortest CL of a reentrant VT is regulated by VRP in conjunction with the 
myocardial conduction velocity15. Determination of the VRP at the RV apex with a CL 
of 400ms cannot account for regional variations and the potential shortening of VRP 
at shorter CL. However, despite the complexity of rate-dependency and regional dif-
ferences in VRP, our suggested cut-off may be clinically useful as an easily applicable 
surrogate for the shortest CL of inducible VT in an individual patient.

Clinical relevance of persistent inducibility of fVTVRP. Do they need to be 
targeted?
Current expert consensus on VT ablation recommends elimination of clinical VT as the 
minimum endpoint for scar-related VT ablation1. However, spontaneous occurrence of 
non-targeted nonclinical VTs has been reported7, 8. In addition, persistent inducibility 
of any VT has been associated with an increased risk of VT recurrence favouring non-
inducibility of any VT as ablation endpoint5, 20. Of note, highly variable acute success 
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results have been reported across studies (noninducibility of any VT in 38-77%) despite 
similar recurrence rates during follow-up (34-53%2-4, 8, 13, 21. This may be partly explained 
by the variation of PES protocols which are not standardized and not always (entirely) 
performed after ablation. Particularly, fast VT induction may depend on the application 
of the entire protocol including triple extrastimuli down to the refractory period. Of 
importance, in our study, triple extrastimulation and short coupled extrastimuli (mean 
CL: 224±30ms) were required for fVTVRP induction in the majority of the patients. In addi-
tion, although a large range of remaining VTCL has been reported in patients with partial 
success (230-545ms)7, data on its impact on VT recurrence are scarce.

To the best of our knowledge, our study is the first to systematically evaluate the influ-
ence of remaining VTCL on VT recurrence in patients in whom clinical VTs have been 
successfully abolished by ablation. Patients who remained exclusively inducible for 
fVTVRP had a lower incidence of VT recurrence compared to those inducible for any 
slower VT. Patients with remaining slower VTs had lower LVEF, more often an impaired 
renal function, were more often on amiodarone and had a higher number of induced 
VTs, probably representing a more diseased population. However, inducibility of only 
fVTVRP remained associated with lower VT recurrence after adjusting for baseline patient 
characteristics. Of importance, 3-year VT-free survival in patients rendered noninducible 
for any VT (complete success group) was comparable with those in fVTVRP group (74%, 
CI95% 58-84% vs. 63%, CI95% 47-78%; P=0.156).

In addition, fVTVRP occurred rarely spontaneously. No clinical VT before ablation fulfilled 
the criteria for fVTVRP and only 4 out of 70 patients (6%) had a spontaneous fVTVRP after 
the procedure. Of note, only 5 of the 70 patients (7%) were on an AAD at VT recurrence 
that was not present during VT induction and may therefore have prolonged the CL of 
the recurrent VT.

Our findings suggest that induction of fVTVRP after ablation may not be prognostically 
relevant, questioning the need for targeting them by ablation. Prospective studies to 
confirm our hypothesis are warranted.

Potential underlying mechanisms and substrate for fVTVRP

FVTVRP have a CL close to the individual VRP, induction requires the application of mul-
tiple short coupled extrastimuli and they are typically inducible after slow conducting 
areas within the scar have been ablated. These fVTVRP may have a different underlying 
substrate than macroreentrant VTs with an area of slow conduction identifiable during 
VT or stable sinus rhythm (Figure 5).
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Figure 5.

Representative case of a patient with a prior inferoposterior MI. VT 12-lead ECGs (top), LV endocardial bipolar voltage maps 
(middle) in posteroanterior view color-coded according to the bar and schematic representations of the presumed VT 
mechanisms (bottom) before (left panel) and after RFCA (right panel) are shown. Before ablation, the clinical VT (CL=300ms, 
left top) was induced with triple extrastimulation. Ablation on the exit site of the slow conducting area terminated the VT 
(left middle, bottom). After rendering the scar core unexcitable (dark grey area, right middle) by RF, a nonclinical fVTVRP 
(CL=210ms, VRP400=200, right top) was induced with triple extrastimulation but shorter coupling intervals. According to 
its morphology, the fVTVRP exit site was assumed at the septal edge of the scar (right middle). The myocardium in the scar 
border zone (grey shaded area) remained excitable and may have been involved in the maintenance of a small reentrant 
circuit giving rise to the fast fVTVRP (right bottom). MA indicates mitral annulus; PA, posteroanterior
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Functional reentry is a mechanism of reentrant excitation with an unexcitable gap in its 
center, and could represent itself as a scroll wave in the affected ventricles. Although 
this concept is often used to explain the mechanism of meandering reentrant circuits 
giving rise to fibrillatory activity, the presence of more stationary, yet functional, reen-
trant circuits have been demonstrated in a prior experimental study22 and in human ven-
tricle23 and atria, where its source was localized near fibrotic areas. In addition, a scroll 
wave as source of monomorphic VT has been case reported24. Even after eliminating 
slow conducting regions, the border to normal myocardium may still serve as a source 
for scroll wave stabilization, thereby creating the conditions favoring monomorphic VT 
in which the CL would indeed be determined by VRP. More experimental approaches, 
including animal experiments, might be needed to elucidate the potential substrate and 
mechanism for fVTVRP.

Limitations
The main limitation of this study is its retrospective observational nature. The VRP for 
definition of fVTVRP was always determined from the RV apex at a basic drive CL of 400ms. 
We can therefore not exclude that regional variations in the VRP (RV vs LV ERP, VRP in 
infarcted vs non-infarcted myocardium) as well as variations in the VRP related to the 
VTCL (namely during fast VTs, the VRP is expected to be shorter) could have impacted 
our results. Inducibility of fVTVRP in the non-fVTVRP group might be underestimated be-
cause reinduction was stopped when any sustained VT was induced with less aggressive 
induction protocols. Reproducibility of fVTVRP induction after ablation was generally not 
performed. The anti-arrhythmic regimen after ablation was left at the discretion of the 
referring cardiologist and it might have influenced the incidence of VT recurrence in 
some patients.

CONCLUSION

In patients with SHD, inducibility after ablation of only fVTVRP is associated with low VT 
recurrence during follow-up. In addition, fVTVRP occur rarely spontaneously. These find-
ings suggest that eliminating these VTs might not be required, questioning noninduc-
ibility of any VT as a prognostically relevant ablation endpoint.
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Supplementary table 1. Baseline characteristics and procedural outcome of the entire population

All

(n=191)

Age, years 64±13

Male sex 161 (84%)

LVEF, % 37 ± 13

Prior admission for heart failure 72 (38%)

Hypertension 81 (42%)

Diabetes Mellitus 28 (15%)

History of atrial flutter/fibrillation 60 (31%)

Renal failure 61 (32%)

ICD before ablation 124 (65%)

Prior VT ablation 34 (18%)

Clinical VT CL, ms 371 ± 81

VT clinical presentation

Electrical storm* 23 (12%)

Incessant VT 27 (14%)

Failed AADs before ablation

Amiodarone 78 (41%)

Sotalol 53 (28%)

Class 1 AAD 14 (7%)

Epicardial ablation 56 (49%)

Fluoro time, min 38 ± 20

Procedure time, min 213 ± 85

Acute procedural outcome

Complete success 77 (40%)

Partial success 70 (37%)

Failure 31 (16%)

Undetermined 13 (7%)

MI indicates myocardial infarction; NICM, non-ischemic cardiomyopathy; LVEF, left ventricular ejection fraction; ICD, im-
plantable cardioverter defibrillator; VT, ventricular tachycardia; CL, cycle length and AAD, anti-arrhythmic drug *Acute 
procedural outcome was undetermined because of incomplete PES after RFCA
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Supplementary table 2. Electrophysiological and procedural characteristics

All
(n=70)

FVTVRP

(n=30)
Non-fVTVRP

(n=40) P

Amiodarone during the procedure 34 (49%) 7 (23%) 27 (68%) <0.001

VRP drive CL 600ms 264 ± 27 260 ± 31 267 ± 23 0.387

VRP drive CL 400ms 230 ± 25 226 ± 23 234 ± 26 0.236

Number of induced VTs 4 (3-5) 3 (2-5) 4 (3-6) 0.005

Induced VT max CL, ms 423 ± 126 356 ± 97 469 ± 124 <0.001

Induced VT min CL, ms 262 ± 43 237 ± 40 281 ± 36 <0.001

Induced VT mean CL, ms 335 ± 71 286 ± 53 370 ± 61 <0.001

Induction of clinical/presumptive 
clinical VT

65 (94%) 26 (87%) 39 (98%) 0.082

Epicardial ablation 20 (29%) 4(13%) 4(13%) 0.242

Procedure time 204 ± 69 196 ± 60 209 ± 76 0.476

Fluoroscopy time 37 ± 17 34 ± 12 40 ± 20 0.165

Number of remaining VTs 1 (1-1) 1 (1-1) 1 (1-2) 0.100

Remaining VT max CL, ms 271 ± 49 232 ± 25 319 ± 39 <0.001

Remaining VT min CL, ms 282 ± 55 230 ± 26 302 ± 40 <0.001

fVTVRP remaining 36 (51%) 30 (100%) 6 (15%) <0.001

VT indicates ventricular tachycardia; VRP, ventricular refractory period; max, maximum; CL, cycle length and min, mini-
mum.

Supplementary table 3. Mode of induction and termination of remaining VTs

All
(n=70)

FVTVRP

(n=30)
Non-fVTVRP

(n=40) P

Number of remaining VTs 87 34 53

Mode of induction

Spontaneous or catheter manipulation 5 (6%) 1 (3%) 4 (8%) 0.368

Single or double extrastimuli 12 (14%) 1 (3%) 11 (21%) 0.010

Triple extrastimuli 70 (80%) 32 (94%) 38 (72%) 0.010

Min coupling interval for induction 244 ± 33 224 ± 30 257 ± 28 <0.001

Mode of termination

Spontaneous termination 2 (2%) 1 (3%) 1 (2%) 0.690

Immediate ECV due to unstable HD 5 (6%) 2 (6%) 3 (6%) 0.949

Rapid pacing attempt 80 (92%) 31 (91%) 49 (92%) 0.831

Success 36 (45%) 12 (39%) 24 (49%) 0.368

Failure 44 (55%) 19 (61%) 25 (51%) 0.368

VT indicates ventricular tachycardia; ECV, electrical cardioversion and HD, hemodynamic
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ABSTRACT

Background
In patients with small or non-transmural scars after myocardial infarction (MI), part of 
the ventricular tachycardia (VT) substrate might be functional and, in addition, masked 
by high voltage far-field signals arising from adjacent normal myocardium.

Objectives
To determine whether ablation of hidden substrate unmasked by right ventricular extra-
stimulation (RVE) improves ablation outcome

Methods and Results
In sixty consecutive patients, systematic analysis of electrograms recorded from the 
presumed infarct area was performed during sinus rhythm, RV pacing at 500ms and 
during a short coupled RV extrastimulus. Sites showing low voltage, near-field poten-
tials with evoked conduction delay in response to RVE were targeted. In 37 patients 
(62%), ablation target sites located in areas with normal voltage during sinus rhythm 
were unmasked by RVE (hidden substrate group). These patients had better LV function 
(36±11% vs. 26±12%; P=0.003), smaller electroanatomical scars (<1.5mV) and smaller 
dense scars (<0.5mV) (median 59 and 14 vs. 82 and 44 cm2; P=0.044 and P=0.003) than 
those in whom no hidden substrate was identified (overt substrate group). During a me-
dian follow-up of 16 months, 13 patients (22%) had VT recurrence. Patients with hidden 
substrate had a lower incidence of VT recurrence (12 month VT-free survival 89% vs 50% 
in patients with overt substrate; P=0.005). Compared to a historical cohort of 90 post-MI 
patients matched for LV function and electroanatomical scar area, in whom no RVE was 
performed, patients in the hidden substrate group had a higher 1-year VT free survival 
(89% vs 73%; P= 0.039).

Conclusion
Hidden substrate ablation unmasked by RVE improves ablation outcome in post-MI 
patients with small or non-transmural scars.
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INTRODUCTION

Substrate-based ablation for post-myocardial infarction (MI) ventricular tachycardia 
(VT) relies on: 1) delineation of low bipolar voltage (BV) areas (<1.5mV) by electroana-
tomical (EA) mapping and 2) identification of electrograms (EGMs) consistent with slow 
conduction or conduction block within low-voltage areas during sinus rhythm (SR).
(1,2) Mapping accuracy to detect scar might, however, be limited by the current use of 
ablation catheters with large electrodes and wide inter-electrode spacing leading to far 
field contamination of local EGMs.(3) This phenomenon might be particularly relevant 
in patients with smaller and subendocardial scars, in whom parts of the arrhythmo-
genic substrate may be obscured by high-voltage far-field signals arising from adjacent 
normal myocardium. Of note, this scar pattern is often encountered in contemporary 
patients undergoing early reperfusion therapy, associated with fast and poorly toler-
ated VT.(4,5) The inability of BV mapping during SR to delineate non-transmural scars 
has been demonstrated by head-to-head comparison of voltage maps with contrast-
enhanced magnetic resonance imaging (CE-MRI).(5) Changing the activation wavefront 
by continuous ventricular pacing may identify low-voltage areas that are not evident 
during SR.(6) However, using EGM amplitude as only guide may lead to unnecessary 
ablation with potential damage of viable myocardium contributing to cardiac function. 
Critical sites for VT should exhibit additional electrophysiological characteristics, most 
importantly functional conduction delay or conduction block.

We hypothesized that: 1) systematic evaluation of EGMs located in the infarct area 
during right ventricular extrastimulation (RVE) can identify scar areas with functional 
conduction delay or block as substrate for VT that are not evident during SR and 2) 
ablation targeting this hidden, functional substrate may improve ablation outcome in 
post-MI patients.

METHODS

Between October 2013 and February 2016, consecutive post-MI patients referred for 
VT ablation to the Leiden University Medical Center were prospectively included. All 
patients were treated according to the institutional clinical protocol and provided pre-
procedural informed consent.

Preprocedural evaluation
Patients underwent a comprehensive clinical evaluation including review of all medical 
records. Data on past ischemic events, acute reperfusion therapy, prior revasculariza-
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tion, spontaneous ventricular arrhythmias, implantable cardioverter-defibrillator 
(ICD) interrogation reports and failed anti-arrhythmic drugs (AAD) were collected. All 
patients underwent coronary angiography or non-invasive stress testing to detect 
ischemia. Coronary angiograms were reviewed to determine the area supplied by the 
infarct-related artery. Wall motion abnormalities and left ventricular (LV) function were 
derived from echocardiograms. If possible, CE-MRI was performed for scar delineation 
(Supplementary Methods 1).(7) Patients scheduled for epicardial ablation underwent 
ECG-gated cardiac computed tomographic imaging for procedural integration.(8) Before 
ablation, all AAD with the exception of amiodarone were discontinued.

Ablation procedure
Prior to ablation, programmed electrical stimulation (PES) was performed (4 drive cycle 
lengths [S1, CL: 600, 500, 400 and 350ms], 1-4 ventricular extrastimuli [S2, ≥200ms] from 
2 RV sites and ≥1 LV site). Positive endpoint of stimulation was induction of sustained VT 
lasting > 30s or requiring termination because of hemodynamic compromise. Fast VT 
was defined as a VT with CL ≤ventricular refractory period (VRP) + 30ms. (9)

Electroanatomical mapping
All patients underwent LV endocardial mapping. Additional RV and/or epicardial map-
ping was performed if appropriate. BV maps were created with a 3.5mm irrigated-tip 
catheter (NaviStar ThermoCool; Biosense Webster, Inc, Diamond Bar, CA) and the CARTO 
3 system. Standard cut-off values of 1.5mV for scar, 0.5mV for dense scar and 0.5-1.5mV 
for border-zone were applied. A patchy scar pattern was defined as two low-voltage 
areas separated by areas of preserved voltage. (4) CE-MRI derived scars were integrated 
with EA maps as previously described. (7)

Electrogram analysis
Bipolar EGMs were filtered at 30-500Hz and displayed at a gain of 0.072 mV/cm and 
a sweep speed of 200mm/s on the Prucka EP system. With the mapping catheter in a 
stable position, EGMs were systematically analysed during SR, RV pacing at a fixed rate 
of 500ms and during the application of a single RV extrastimulus (RVe) with a coupling 
interval of 50ms above the VRP. Care was taken to cover the presumed infarct area as 
derived from imaging data (echocardiogram and CE-MRI) and review of coronary angio-
gram, regardless of local EGM amplitude or morphology during SR.

During SR, the peak-to-peak EGM amplitude was automatically determined by the 
CARTO 3 system. If during RV pacing, the local EGM showed two distinct components, a 
low-frequency potential consistent with far-field EGM and a single or multicomponent 
high-frequency potential consistent with near-field EGM, the amplitude of the near-field 
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was manually measured on the EP system using electronic callipers. Subsequently, EGM 
duration, measured as the interval between the earliest and the last sharp deflections,(2) 
during the pacing train and the RVE was compared. Sites exhibiting low-amplitude 
(<1.5mV) near-field potentials with conduction delay >10ms or block in response to RVE 
were categorized as Evoked Delayed Potentials (EDP) and annotated on the map (Figure 
1).

Ablation
Substrate modification aiming EDP elimination was performed. Late potentials (LP, on-
set after QRS, separated by an isoelectric segment from the far-field signal >20ms) dur-
ing SR or RV pacing without additional conduction delay during RVE were not targeted. 
Radiofrequency (RF) energy was delivered (45-50W, temperature limit 43ºC, flow rate 
20-30 ml/min) until stimulation with high output pacing (10 mA, 2ms) failed to capture. 
After the last RF application, a re-map including RVE was performed and the entire 
induction protocol was repeated. Fast VTs with a CL close to VRP were considered clini-
cally not relevant and not targeted. If any other sustained monomorphic VT remained 
inducible, additional mapping and ablation was performed until no further substrate 
could be identified.

Post-procedural management and follow-up
Patients underwent routine echocardiogram to exclude pericardial effusion and assess 
post-ablation LV function. ICD implantation was offered to those without a device before 
ablation. Pre-procedural AADs were continued until the first follow-up visit. Patients 
were followed at 3 months post-ablation and every 6 months thereafter. VT recurrence 
was defined as occurrence of any VT requiring ICD therapy, recorded within the ICD 
monitor zone lasting >30s or documented on 12-lead ECG.

Long-term outcome comparison with historical group
For long-term outcome comparison, a historical cohort of consecutive ischemic patients 
who underwent VT ablation in the same institution between 2009 and 2012 was used. In 
this period, RVE for substrate identification was not performed and ablation target sites 
were selected based on a combination of activation and entrainment mapping, pace-
mapping and substrate mapping (identification of fragmented EGMs and LPs during SR). 
All procedures in the historical and present study group were performed by the same 
operator, using irrigated-tip ablation catheters and the CARTO system.
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Figure 1.
EGM response to RV extra-stimulation

(A) Evoked delayed potential (EDP). EGM with borderline amplitude during SR (left). During RV pacing (S1), a low-amplitude 
high-frequency potential (red arrow) separates from the far-field high-voltage signal (centre). This second component fur-
ther delays and splits into multiple components during an extrastimulus (S2) (right). (B) EDP. Low-voltage, fragmented EGM 
during SR (left). Two high-frequency delayed potentials (red arrows) are observed during S1 (centre) which disappeared 
during S2 (right, dashed red lines). (C) Negative response to RVE. Low-voltage abnormal signal during SR (left). During S1, 
a high-frequency potential (red arrow) occurred after the far-field signal (centre), which showed no additional conduction 
delay after S2 (right). (D) EDP. Normal EGM (amplitude and morphology) during SR (left). Low-voltage near-field potential 
separated from the far-field signal (S1), delaying and splitting in multiple components (S2) (right). (E) Negative response 
to RVE. Fragmented low-voltage EGM during SR (left). Local conduction delay during S1 (centre) but without further pro-
longation after S2. All EGM durations measured from first to last sharp deflection irrespective of number of components.
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Statistical analysis
Continuous variables are reported as mean±SD or medians with interquartile range 
(IQR) and compared with the Student’s t or the Mann-Whitney U test when appropriate. 
Categorical variables are expressed as numbers and percentages (%) and compared 
with the Chi-squared or the Fisher exact test. Freedom from VT recurrence was esti-
mated by Kaplan-Meier method and compared with log-rank test between groups. Cox 
proportional regression analysis was performed to detect any significant predictor of 
VT recurrence (reported as the hazard ratio [HR] with a 95% confidence interval [CI]). All 
tests were 2-sided and a P value <0.05 was considered statistically significant. Statistical 
analyses were performed with SPSS version 20.0 (SPSS Inc, Chicago, IL).

RESULTS

Patients
During the study period, 62 post-MI patients underwent VT ablation. Two patients with 
poor hemodynamics in whom the complete pacing protocol could not be performed 
were excluded. The remaining 60 patients (49 men, 67 ± 8 years, LV ejection fraction 
(EF) 33 ± 12%) comprised the study population. Baseline characteristics are displayed 
in Table 1. In Supplementary Table 1, baseline characteristics of the historical cohort 
are shown.

PES, electroanatomical mapping and electrogram analysis
Fifty-five patients (92%) were inducible for a median of 3 VTs (IQR 1-4). LV endocardial 
mapping was performed in all and epicardial and endocardial RV mapping in 6 (12%) 
and 13 (22%) patients, respectively. Procedural characteristics of the study patients and 
historical group are shown in Table 2 and Supplementary Table 2, respectively.

A total of 2858 bipolar EGMs (median 45 per patient, IQR 27-62) in the presumed infarct 
area were analysed during SR, RV pacing and RVE. Of these, 1367 (48%) were located 
in the EA dense scar and 867 (30%) in the border-zone. The remaining 624 EGMs (22%) 
were located in normal BV areas. During RVE, 930 EGMs (33%) were classified as EDPs 
(810 (87%) showed EGM prolongation >10ms (median 31ms, IQR 20-46) and 120 (13%) 
block). Of importance, 184 of 930 EDPs (20%) were located in sites with normal voltage 
during SR. Details of EGM analyses are displayed in Table 3.

Seven patients (12%) underwent integration of CE-MRI derived scars with EA maps. 
In these patients, a total of 391 EGMs were analysed with RVE and 91 (23%) were cat-
egorized as EDPs. Of importance, 34/91 EDPs (37%) were located in areas with normal 
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BV. However, according to the CE-MRI, 31/34 (91%) were located within the scar and of 
interest, 22 of 31 (71%) in an area of non-transmural scar.

Table 1. Baseline characteristics of the patients according to left ventricular ejection fraction

All
(n=60)

Hidden Substrate
(n=37)

Overt Substrate
(n=23)

P-value

Age, years 68 ± 8 69 ± 8 66 ± 7 0.237

Male 49 (82%) 31 (84%) 18 (78%) 0.734

Hypertension 19 (32%) 12 (32%) 7 (30%) 1.000

Diabetes Mellitus 10 (17%) 7 (19%) 3 (13%) 0.727

Prior stroke/TIA 5 (8%) 3 (8%) 2 (9%) 1.000

Atrial fibrillation 15 (25%) 11 (30%) 4 (17%) 0.366

Heart failure 24 (40%) 10 (27%) 14 (61%) 0.014

Renal failure 18 (30%) 9 (24%) 9 (39%) 0.177

Inferior MI 36 (60%) 25 (68%) 11 (48%) 0.419

Time since MI, year 19 ± 8 21 ± 9 17 ± 7 0.096

MI acute reperfusion 12 (20%) 7 (19%) 5 (22%) 1.000

Prior CABG 18 (30%) 15 (41%) 3 (13%) 0.041

Prior PCI 24 (40%) 13 (35%) 11 (48%) 0.419

LV ejection fraction, % 33 ± 12 36 ± 11 26 ± 12 0.003

ICD before ablation 50 (83%) 28 (76%) 22 (96%) 0.073

Prior VT ablation 14 (23%) 9 (24%) 5 (22%) 1.000

Clinical VT CL, ms 417 ± 102 404 ± 96 437 ± 109 0.224

Medication at admission

Statins 53 (88%) 31 (84%) 22 (96%) 0.233

Antialdosteronic 17 (28%) 5 (14%) 12 (52%) 0.003

ACE-I/ARB 46 (77%) 26 (70%) 20 (87%) 0.211

Betablockers 48 (80%) 30 (81%) 18 (78%) 1.000

Amiodarone 22 (37%) 13 (35%) 9 (39%) 0.788

VT clinical presentation

Electrical storm 7 (12%) 4 (11%) 3 (13%) 1.000

Incessant VT 5 (8%) 2 (5%) 3 (13%) 0.362

ICD therapies 15 (25%) 10 (27%) 5 (22%) 0.764

Below ICD detection 24 (40%) 13 (35%) 11 (48%) 0.419

First episode without ICD 9 (15%) 8 (22%) 1 (4%) 0.134

Values are reported as mean ± standard deviation or n (%). TIA indicates transitory ischemic attack; MI, myocardial infarc-
tion; CABG, coronary artery bypass grafting; PCI: percutaneous coronary intervention; LV, left ventricle; ICD, implantable 
cardiac defibrillator; VT, ventricular tachycardia; CL, cycle length; ACE-I, angiotensin-converting-enzyme inhibitor and 
ARB, angiotensin receptor blocker.
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Table 2. Procedural characteristics

All
(n=60)

Hidden substrate
(n=37)

Overt substrate
(n=23)

P-value

Inducible before RFCA 55 (92%) 36 (97%) 19 (83%) 0.066

Number of induced VTs 3 (1–4) 2 (1–4) 3 (1–4) 0.963

Induced VT max CL, ms 420 ± 103 411 ± 112 438 ± 85 0.354

Induced VT min CL, ms 304 ± 78 293 ± 58 325 ± 105 0.230

LV bipolar scar area, cm2 64 (41–87) 59 (34–79) 82 (47–106) 0.044

LV dense scar area, cm2 25 (6–44) 14 (5–32) 44 (24–62) 0.003

LV border zone area, cm2 34 (23–47) 33 (21–51) 37 (25–47) 0.662

Dense scar area/total LV area, % 10 (3-17) 7 (3-7) 15 (9-15) 0.003

Epicardial mapping 6 (10%) 2 (5%) 4 (17%) 0.027

Procedural duration, min 173 (150–205) 175 (151–205) 167 (150–230) 0.982

Fluoroscopic time, min 39 (33–47) 38 (35–47) 39 (28–48) 0.814

Radiofrequency time, min 15 (10-21) 15 (11-21) 13 (9-21) 0.626

ICD after RFCA 53 (88%) 31 (84%) 22 (96%) 0.233

AADs at discharge

Amiodarone 23 (38%) 14 (38%) 9 (39%) 1.000

Sotalol 12 (20%) 7 (19%) 5 (22%) 1.000

Class I 1 (2%) 1 (3%) 0 (0%) 1.000

Values are reported as mean ± standard deviation, median and IQR or n (%). RFCA indicates radiofrequency catheter abla-
tion and AAD, antiarrhythmic drugs. Other abbreviations as in Table 1.

Table 3. Electrogram characteristics

All
(n=2858)

Evoked Delayed 
Potentials

(n=930)

Other EGM
(n=1928)

P-value

EGM location 0.094

Dense scar (<0.5mV) 1367 (48%) 469 (50%) 898 (47%)

Border zone (0.5–1.49mV) 867 (30%) 277 (30%) 590 (31%)

Normal voltage area (>1.5mV) 624 (22%) 184 (20%) 440 (22%)

EGM characteristics during SR

Amplitude, mV 0.52 (0.03–25.61) 0.49 (0.04–6.69) 0.54 (0.03–25.61) 0.026

Duration, ms 69 (15–422) 75 (21–288) 65 (15–422) <0.001

EGM characteristics during RV pacing

Near-field amplitude (if present), mV 0.09 (0.03–0.93) 0.09 (0.03–0.93) 0.10 (0.04–0.39) 0.486

Duration, ms during S1 70 (19–450) 86 (29–450) 64 (19–308) <0.001

Duration, ms during S2 79 (11–589) 112 (27–589) 69 (11–296) <0.001

EGM prolongation from S1 to S2, ms 7 (0–364) 31 (10–364) 4 (0–85)* <0.001

Values are reported as median and range or n (%). EGM indicates electrogram and RV, right ventricle. EGMs with near-field 
low voltage signals and conduction delay >10ms or conduction block in response to RV extrastimulation were categorized 
as evoked delayed potentials. *EGM with conduction delay or block by RVE with BV>1.5mV were not considered EDP.
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Group definition
Thirty-seven patients (62%) in whom EDPs were identified in areas with normal BV dur-
ing SR constituted the “hidden substrate group”. The remaining 23 patients (38%), in 
whom either no EDP was identified (4/23 [17%]) or only within the EA scar area (19/23 
[83%]), conformed the “overt substrate group” (Figure 2). Patients in the overt substrate 
group had lower LVEF (26±12% vs. 36±11%; P=0.003), larger scars and dense scars (me-
dian 82 [IQR 47-106] and 44 [IQR 24-62]cm2 vs. 59 [34-79] and 14 [5-32]cm2; P=0.044 and 
P=0.003 respectively) and more frequently heart failure (14 (61%) vs 10 (27%); P=0.014). 
Of note, patients in the hidden substrate group had more often undergone CABG (15 
(41%) vs. 3 (13%); P=0.041).

Ablation
The median time of RF was 15 minutes (IQR 10-21). After EDP elimination, 40 patients 
(67%) did not require any additional ablation. In 14 patients (23%), remaining induced 
VTs were successfully abolished based on activation, entrainment and/or pace-mapping. 
Six patients (10%) remained inducible for any targeted VT at the end of the procedure.

Complications
One patient with prior CABG underwent surgical adhesiolysis for epicardial access, 
which was complicated by a bypass occlusion. The patient died 24h despite surgical 
revascularization due to a vasoplegic syndrome. Pericardial bleeding requiring percuta-
neous drainage occurred in 2 patients

Post-procedural management
No patient had deterioration of LV function on post-procedural echocardiogram. Fifty-
three patients (88%) were discharged with an ICD. Seven patients (12%) refused ICD 
implantation (all non-inducible after ablation and LVEF≥ 35%). Thirty-three patients 
were discharged on AADs (21 patients (57%) in the hidden substrate group vs 12 (52%) 
in the overt substrate group; P=0.793). In total, 22 patients (38%) were discharged on 
amiodarone, 12 (20%) on sotalol and 1 (2%) on the combination of amiodarone with 
mexiletine.

Follow-up
During a median follow-up of 16 months (IQR 8-23), 13 patients (22%) experienced VT 
recurrence (median time to recurrence 150 days). Patients in the hidden substrate group 
had a higher 12-month VT free survival (89% [95% CI 78-100] vs 50% [95% CI 24-76] in 
the overt substrate group; P=0.005) (Figure 3). Five patients died after a median of 205 
days (3/5 of cardiac causes) and 2 patients received a Left Ventricular Assist Device 12 
days and 17 months after ablation. At last follow-up, 35 patients (58%) were on AADs (18 
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patients (49%) in the hidden substrate group vs 17 (74%) in the overt substrate group; 
P=0.065).

Figure 2.
Examples of patients of the Overt and Hidden Substrate Groups

BV maps and local EGMs during RVE (S2) from patients of the overt substrate group (A) and the hidden substrate group (B). 
BV is color-coded according to bar. Sites with “evoked delayed potentials” (EDP) are marked by orange tags. Other pacing 
sites are marked by yellow tags. Panel A: BV maps in anteroposterior (left) and right anterior oblique (right) views. All EDPs 
are confined to the low-voltage area. Panel B: BV maps in posterior and inferolateral views. EDPs are also located in areas 
with normal voltage and unmasked by RVE.
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Univariate Cox regression analysis showed that the absence of a hidden substrate (HR 
4.63; CI 95% 1.41-15.15: P=0.011), a higher number of induced VTs (HR 1.24 per additional 
VT; 95% CI 1.01-1.52: P=0.039) and a larger bipolar scar area (HR 1.02 per cm2; 95% CI 1.0-
1.03: P=0.007) were associated with higher incidence of VT recurrence (Supplementary 
Table 3).

Long-term outcome comparison with historical group
Patients from the hidden and overt substrate groups differed in baseline characteristics 
known to impact the incidence of VT recurrence (LVEF, scar area).(10,11) Therefore, long-
term ablation outcome for each group was compared with a LV function and bipolar 
scar area matched cohort of patients from the historical group who underwent ablation 
without RVE for substrate identification.

Patients in the overt substrate group had a similar incidence of VT recurrence than 
patients in the matched historical cohort (12-month VT free survival 66% [95% CI 46-86] 
vs. 65% [95% CI 45-85]; P=0.608). On the contrary, patients in the hidden substrate group 
had a better VT-free survival than patients in the matched historical cohort (12-month 
VT free survival 89% [95% CI 79-99] vs. 73% [95% CI 59-87]; P=0.039), suggesting that 
substrate identification and ablation based on RVE might be particularly beneficial in 
post-MI patients with moderately depressed LV function and small and non-transmural 
scars (Figure 4).

Figure 3.

Ventricular tachycardia-free survival in hidden vs. overt substrate groups
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DISCUSSION

In the present study, we demonstrate that in patients undergoing ablation for post-MI 
VT, systematic evaluation of EGMs recorded from the presumed infarct area during RVE 
can unmask areas of scar with functional conduction delay or block. These areas with 
evoked delayed potentials as potential substrate for VT cannot be detected if mapping 
is performed during SR or continuous RV pacing only. Patients in whom EDP were 
recorded within normal EA voltage areas had a relatively preserved LV function and 
small and patchy scars. These hidden substrates were particularly located in areas of 
non-transmural scar with viable subepicardial myocardium on CE-MRI. The latter can 
result in “pseudo” normal BV during SR and is important to consider in contemporary 
patients with acute reperfusion therapy and after prior CABG. Of importance, compared 
to a LV function and scar area matched historical cohort of post-MI patients in whom 
substrate identification based on RVE was not performed, patients undergoing ablation 
of unmasked hidden substrate had better VT-free survival after ablation.

Substrate-based ablation for post-MI VT
Substrate-based ablation approaches have been developed for targeting unstable or 
non-inducible VTs, circumstances that affect 70% and 10% of patients currently referred 
for ablation of post-MI VT.(10,12) Although substrate-based ablation is superior to abla-
tion limited to clinical or hemodynamically stable VTs, (13) the reported VT recurrence 
rates after substrate modification remain high (32%-47%). (12,14,15) It has been sug-
gested that the scar size impacts the long-term outcome after ablation. In a prior cohort 

Figure 4.

Ventricular tachycardia-free survival in hidden substrate (A) and overt substrate groups (B) vs. LV ejection fraction and 
bipolar scar area matched historical controls
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of post-MI patients who underwent substrate modification targeting LPs during continu-
ous RV pacing, the presence of a dense scar area >25cm2 was independently associated 
with a higher incidence of VT recurrence. Of interest, although patients with small scars 
(<25cm2) and slow VTs (CL >350ms) had an excellent prognosis, patients with small scars 
and fast VTs (CL<350ms) had higher recurrence rates, comparable to those with large 
scars and slow VTs (CL >350ms). (12) These findings suggest that, in patients with small 
scars and a substrate for faster VT, substrate identification during SR or RV pacing might 
not be sufficient.

Substrate mapping: Delineation of scar area
The cornerstone of substrate-based VT ablation is the delineation of the EA scar using 
standard BV cut-off values of 1.5mV and 0.5mV for scar and dense scar. (1) Mapping accu-
racy to detect scar might, however, be hampered by far-field contamination of local low-
voltage signals. This might be particularly relevant in the presence of non-transmural 
scars, typically encountered in patients undergoing acute reperfusion of the infarct 
related artery (4) or with well-developed collaterals. In these patients, subepicardial 
viable myocardium overlying the subendocardial scar may generate high voltage far-
field signals leading to underestimation of the scar area.(16) Accordingly, a mismatch 
between non-transmural scar size delineated by voltage mapping and CE-MRI has been 
demonstrated. (17) In addition, VT termination by ablation beyond the EA scar area has 
been reported, further emphazising the limitation of BV mapping during SR to identify 
the entire arrhythmogenic scar. (6) In our study, patients in whom additional areas of 
scar with local conduction delay were unmasked by RVE had smaller EA scars with either 
no dense scar (n=2) or only small dense scar areas (involving a median of 7% of the total 
LV area), suggesting the presence of a non-transmural scar. In fact, in those patients who 
underwent CE-MRI scar integration with EA maps, 71% of sites showing hidden substrate 
for VT were located in areas of non-transmural scar. This finding could not be explained 
by a higher acute revascularization rate in our cohort, which was low in both groups. 
However, significantly more patients in the hidden substrate group had undergone 
CABG which may have contributed to improved epicardial collateral coronary flow and 
the non-transmurality of the scar. The use of narrow-spaced, multipolar catheters and 
voltage mapping performed during pacing from multiple sites may help to identify addi-
tional low-voltage areas not detected during SR. (3,6) However, whether small, narrow-
spaced electrodes reduce far-field contamination from the subepicardium for small and 
patchy scars is unknown. Similarly, whether the change of activation sequence at a fixed 
CL is sufficient to change the temporal relation between epicardial and subendocardial 
activation at the recording site in small scars with little activation delay at lower pacing 
rates, needs further evaluation. In addition, ablation only guided by EGM voltage may 
lead to unnecessary damage of functional myocardium not involved in VT.
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Substrate mapping: Identification of slow conduction
Post-MI VTs are typically due to re-entry facilitated by slow conduction and fixed or 
functional conduction (pseudo-)block within the scar. (18) Accordingly, substrate-based 
ablation also relies on identification of EGMs consistent with slow conduction during 
SR that may be critical for VT circuits. Elimination of all EGMs with late or isolated 
components within the scar has been associated with improved ablation outcome. (15) 
However, in particular for fast VTs, slow conduction and block might be functional, only 
occurring at fast rates and short couplings intervals and hence, not detectable if map-
ping is performed during SR or continuous RV pacing only.(18,19) In a prior series, up 
to 33% of 100 post-MI patients referred for ablation did not have LPs. Of note, patients 
without LPs had typically smaller and less-dense scars. (15) Ablation of all EGMs poorly 
coupled to the rest of the myocardium (local abnormal ventricular activities [LAVAs]) has 
also been proposed. (14) The definition of LAVA includes, however, a broad spectrum 
of signals with low and high voltage sharp components occurring at any time before, 
during or after the far-field EGM. These EGMs might therefore be recorded in large areas. 
In addition, although in the work by Jais et al. the application of extrastimuli was used 
in some cases to detect LAVAs, neither the electrophysiological characteristics of LAVAs 
(e.g systematic evaluation of the response to RVE) nor their potential involvement in 
VT circuits was s studied systematically. Of importance, in a recent study validated by 
simultaneous intraoperative activation mapping, EGMs with decremental conduction 
properties were more specifically associated with the diastolic VT pathway than LPs. 
(20) In our study, we restricted ablation to those EGMS exhibiting functional conduction 
delay or block during RVE (EDPs) aiming to reduce RF applications and to minimize the 
risk of damaging viable myocardium, in particular at those sites exhibiting normal BV 
during SR. Of note, LPs which did not delay further or block in response to RVE, indicat-
ing a fixed late activated area within the scar were not targeted. This approach translated 
into a median RF time of only 15 minutes, which is significantly shorter than reported 
for other substrate-based ablation strategies (Supplementary Table 4). Of note, the 
RF time was not different among groups despite the significant difference in scar size, 
suggesting that the size of the area exhibiting EDPs might be independent of the total 
scar size. Using EGM response to RVE for guiding substrate modification does not only 
increase the likelihood to identify relevant VT related sites, but also helped to identify 
ablation targets beyond the low BV area in 62% of the patients without prolonging the 
procedural time. Of importance, the identification an ablation of the hidden substrate 
in these patients with small and non-trasmural scars resulted in a lower incidence of 
VT recurrence on follow-up. On the contrary, patients with larger dense scars and overt 
slow conducting areas identified during SR did not benefit from additional substrate 
identification by RVE. In a recent small and heterogeneous group of patients undergo-
ing ablation for scar-related VT, the value of the application of a double ventricular 
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extrastimulus for identifying additional slow conducting areas has been reported. (21) 
However, in contrast to our study, only sites with abnormal EGMs and particular char-
acteristics (> 3 deflections, duration <133ms) were analysed, leading to underdetection 
of sites with functional delay hidden by normal EGMs (Figure 1D). The impact of this 
strategy on VT recurrence during follow-up was not reported.

Limitations
The major limitation of the study is its observational nature. Outcome comparison was 
performed with a historical cohort and although known determinants of VT recurrence 
(LV function, scar area) were matched, other uncontrolled factors may have influenced 
outcome. All procedures were performed by an experienced operator in a high volume 
centre which limits the generalization of the ablation results. Multipolar mapping cath-
eters with small and narrow-spaced electrodes which may have improved far-field from 
near-field discrimination during SR were not used. Ventricular extrastimuli were always 
applied from the RV apex. Pacing from multiple sites (including LV) might have allowed 
identification of additional areas with EDPs. However, we expect the influence of the 
pacing site, especially for small scars, to be limited due to rapid activation of normal 
myocardium from the pacing site to the scar border. In addition, pacing from multiple 
LV sites would require an additional LV access and would likely prolong the procedure.

CONCLUSIONS

In patients with small and non-transmural scars after MI, systematic use of RVE during 
substrate mapping allows identification of areas of scar with functional conduction 
delay or block as substrate for VT that are not detectable if mapping is performed during 
SR or continuous RV pacing only. Ablation of this hidden substrate unmasked by RVE is 
associated with improved long-term procedural outcome.
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Central Illustration.
Example of a patient from the hidden substrate group

A: BV map (color-coded according to bar, left lateral view) showing a small lateral scar with no dense scar. Three EGMs 
recorded during SR and their response to RV pacing (S1) and RVE (S2) are shown. All three EGMs had normal amplitude. 
A high-frequency near-field potential is visible at the end of the far-field during SR. During RVE, conduction delay of the 
near-field is shown. These Evoked Delayed Potentials (EDPs) were targeted by ablation. Orange tags indicate EDPs. Other 
pacing sites are marked by yellow tags. B: Electroanatomical map corrected for the BV of the near-field EGM shows a better 
correlation with the CE-MRI segmented scar(C). C: 3D CE-MRI derived scar as registered with the voltage map. Scar border 
zone is displayed in yellow, scar core in brown and scar core with 100% transmurality in red. Note that EDPs outside the EA 
low BV area are located in areas of non-transmural scar.
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Supplementary Methods

CE-MRI acquisition and processing
CE-MRI was performed on a 1.5-T Gyroscan ACS-NT/Intera or on a 3.0-T Ingenia MR 
system (Philips Medical Systems, Best, the Netherlands). A standardized clinical proto-
col was followed including cine MRI in long (2- and 4-chamber views) and short axis. 
Contrast enhanced images were acquired 15 min after bolus injection of gadolinium. 
The heart was either imaged in 1 or 2 breath-holds with 20 to 24 imaging levels in short 
and long axis views or with 20 to 26 imaging levels in the short axis view in one or two 
three-dimensional stacks, each stack acquired within one breathhold. Using in-house-
developed MASS software (research version 3-1-2017; Medis; Leiden University Medical 
Center, Leiden, the Netherlands), the centreline of the left main, right coronary artery 
and the luminal boundary of the proximal aorta were manually defined. In the CE short-
axis images, the endocardial and epicardial contours were semi-automatically detected. 
Scar was defined as myocardium with SI ≥35% of maximal myocardial SI, and was 
subdivided into core scar (≥50% of maximal SI) and border zone (35 to 50% of maximal 
SI). The LV anatomy, defined by the endocardial and epicardial contours was converted 
into 3D meshes using MASS software package. The scar anatomy was visualized as a 3D 
structure created with the MASS software. All meshes were imported into the Carto 3 
system using CartoMerge image integration software (Biosense Webster Inc., Diamond 
Bar, California). After the procedure, all mapping points, including those categorized as 
EDPs, were projected onto the LGE MRI images using MASS software. For EDPs located 
within the CE-MRI derived scar, local transmurality of the scar was visually assessed.
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Supplementary table 1: Baseline characteristics of the entire population

All
(n=150)

Historical group
(n=90)

Study group 
(n=60)

P-value

Age, years 68 ± 9 68 ± 10 68 ± 8 0.907

Male 130 (87%) 81 (90%) 49 (82%) 0.151

Hypertension 60 (40%) 41 (46%) 19 (32%) 0.125

Diabetes Mellitus 23 (15%) 13 (14%) 10 (17%) 0.818

Prior stroke/TIA 13 (9%) 8 (9%) 5 (8%) 1.000

Atrial fibrillation 43 (29%) 28 (31%) 15 (25%) 0.465

Heart failure 63 (42%) 39 (43%) 24 (40%) 0.737

Renal failure 47 (31%) 29 (32%) 18 (30%) 0.858

Inferior MI 92 (61%) 57 (63%) 36 (60%) 0.864

Time since MI, year 19 ± 8 19 ± 9 19 ± 8 0.886

MI acute reperfusion 27 (18%) 15 (17%) 12 (20%) 0.667

Prior CABG 55 (37%) 37 (41%) 18 (30%) 0.226

Prior PCI 59 (39%) 35 (39%) 24 (40%) 1.000

LV ejection fraction, % 33 ± 12 34 ± 12 33 ± 12 0.632

ICD before ablation 106 (71%) 56 (62%) 50 (83%) 0.006

Prior VT ablation 24 (16%) 10 (11%) 14 (23%) 0.068

Clinical VT CL, ms 401 ± 93 391 ± 86 417 ± 102 0.101

Medication at admission

	 Statins 133 (89%) 80 (89%) 53 (88%) 1.000

	 Antialdosteronic 48 (32%) 31 (34%) 17 (28%) 0.478

	 ACE-I/ARB 121 (81%) 75 (83%) 46 (77%) 0.399

	 Betablockers 116 (77%) 68 (76%) 48 (80%) 0.557

	 Amiodarone 60 (40%) 38 (42%) 22 (37%) 0.610

VT clinical presentation

	 Electrical storm 22 (15%) 15 (17%) 7 (12%) 0.484

	 Incessant VT 19 (13%) 14 (16%) 5 (8%) 0.220

	 ICD therapies 38 (25%) 23 (26%) 15 (25%) 1.000

	 Below ICD detection 34 (23%) 10 (11%) 24 (40%) <0.0001

	 First episode without ICD 37 (25%) 28 (31%) 9 (15%) 0.033

Values are reported as mean ± standard deviation or n (%). Abbreviations as in table 1.
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Supplementary table 2: Procedural characteristics of the entire population

All
(n=150)

Historical group 
(n=90)

Study group 
(n=60)

P-value

Inducible before RFCA 139 (93%) 84 (93%) 55 (92%) 0.755

Number of induced VTs 3 (2–5) 3 (2–5) 3 (1–4) 0.129

Induced VT max CL, ms 420 ± 113 418 ± 117 420 ± 103 0.902

Induced VT min CL, ms 298 ± 78 295 ± 80 304 ± 78 0.511

LV bipolar scar area, cm2 65 (41–87) 65 (41–88) 64 (41–87) 0.754

LV dense scar area, cm2 24 (7–44) 23 (10–43) 25 (6–44) 0.661

LV border zone area, cm2 35 (22–49) 36 (23–51) 34 (23–47) 0.743

Epicardial mapping 12 (8%) 6 (7%) 6 (10%) 0.544

Procedural duration, min 180 (150-225) 190 (145-235) 173 (150-205) 0.309

Fluoroscopic time, min 35 (24–48) 32 (23–48) 39 (33–47) 0.029

Radiofrequency time, min 15 (10-21) 15 (9-22) 15 (10-21) 0.997

Complications 19 (13%) 11 (12%) 8 (13%) 1.000

ICD after RFCA 129 (86%) 76 (84%) 53 (88%) 0.634

AADs at discharge

	 Amiodarone 66 (44%) 43 (48%) 23 (38%) 0.314

	 Sotalol 41 (27%) 29 (32%) 12 (20%) 0.134

	 Class I 1 (1%) 0 (0%) 1 (2%) 0.400

Values are reported as mean ± standard deviation, median and IQR or n (%). Abbreviations as in table 3.

Supplementary table 3: Cox regression analysis for predictors of VT recurrence in the study group

Hazard Ratio 95% CI P-value

Absence of hidden substrate 4.63 1.41-15.15 0.011

Number of induced VTs (per VT) 1.24 1.01-1.52 0.039

LV ejection fraction per 1% increase 0.96 0.92-1.01 0.112

Bipolar scar area (per cm2) 1.02 1.0-1.03 0.007

Non-inducibility after RFCA 0.87 0.28-2.65 0.799

CI indicates confidence interval. Rest of the abbreviations as in prior tables
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Supplementary table 4:

First author and year 
of publication

Number of post-
MI patients

Substrate ablation 
technique

Procedural time
min

RF time
min

Jaïs P. et al
2012(15)

56 LAVA elimination 148±73 23±11

Di Biase L. et al 
2012(14)

92 Scar homogenization 288±90 74±21

Berruezo A. et al
2015(21)

75 Scar dechanneling 227±69 28±16

Tsiachris D. et al
2015(16)

100 Late potential abolition 243.1±72.4 28.9±14.7

Tzou W. et al
2015(22)

32 Core isolation 326±121 111±91

De Riva. et al
2017

60 EDP ablation 173 (150-205) 15 (10-21)
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ABSTRACT

Background
In patients with post-myocardial infarction (MI) ventricular tachycardia (VT), the pres-
ence of myocardial calcification (MC) may prevent heating of a subepicardial VT sub-
strate contributing to endocardial ablation failure.

Objectives
The aims of this study were to assess the prevalence of MC in patients with post-MI VT 
and evaluate the impact of MC on outcome after endocardial ablation.

Methods and Results
In 158 patients, presence of MC was retrospectively assessed on fluoroscopy recordings 
in 7 standard projections obtained during pre-procedural coronary angiograms. MC, 
defined as a distinct radiopaque area that moved synchronously with the cardiac con-
traction was detected in 30 patients (19%). After endocardial ablation, only 6 patients 
(20%) with MC were rendered non-inducible compared to 56 (44%) without MC (P=0.033) 
and of importance, 8 (27%) remained inducible for the clinical VT (compared to 9 (6%) 
patients without MC; P=0.003) requiring therapy escalation. After a median follow-up of 
31 months, 61 patients (39%) had VT recurrence and 47 (30%) died. Patients with MC had 
a lower survival free from the composite endpoint of VT recurrence or therapy escala-
tion at 24-month follow-up (26% vs. 59%; P=0.003 ). Presence of MC (HR 1.69; P=0.046), a 
lower LV ejection fraction (HR 1.03 per 1% decrease; P=0.017) and non-complete proce-
dural success (HR 2.42; P=0.002) were independently associated with a higher incidence 
of VT recurrence or therapy escalation.

Conclusion
MC was present in 19% of post-MI patients referred for VT ablation and was associated 
with a high incidence of endocardial ablation failure.
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INTRODUCTION

Catheter ablation is an effective therapy for preventing ventricular tachycardia (VT) 
recurrence in patients with prior myocardial infarction (MI). However, despite improve-
ment in the understanding of the VT substrate and technical developments, 10% of pa-
tients remain inducible for clinically relevant VTs at the end of the procedure and up to 
50% of the patients experience VT recurrence at 6-month follow-up.(1) It has been sug-
gested that both acute procedural failure and VT recurrence after endocardial ablation 
may be due to epicardial VT circuits that cannot be interrupted from the endocardium.
(2) However, less than one third of patients with post-MI VT in whom a first-line endo-
epicardial approach was performed had an epicardial ablation target site.(3) In addition, 
in a majority of patients with post-MI VT, at least part of the epicardial substrate located 
in areas of wall thinning could be abolished by endocardial ablation.(4) Considering the 
reported 4-7% additional risk of complications and the significant patient discomfort 
related to epicardial mapping and ablation (5,6), non-invasive identification of post-MI 
patients who may benefit from a primary epicardial approach is desirable.(7-9)

MI leading to myocyte necrosis is the most frequent cause of dystrophic myocardial 
calcification (MC).(10) Although its real prevalence is unknown, significant MC defined 
as thin curvilinear radiopaque areas were seen in thorax radiographies of up to 8% of 
patients with MI older than 6 years, frequently associated with the presence of apical 
aneurysms.(11,12) We hypothesized that in patients with prior MI, MC protecting a sub-
epicardial VT substrate from thermal injury may be one potential cause of endocardial 
ablation failure despite the presence of wall thinning.

The aims of our study were: 1) to assess the prevalence of MC in a consecutive cohort of 
patients referred for ablation of post-MI VT and 2) to evaluate the impact of the presence 
of MC on the acute and long-term outcome of post-MI endocardial VT ablation.

METHODS

Consecutive patients with prior MI referred for ablation of scar-related VT to the Leiden 
University Medical Center between January 2009 and February 2016 were included. The 
diagnosis of MI was based on the presence of wall motion abnormalities, non-reversible 
perfusion defects and/or subendocardial or transmural late gadolinium enhancement 
areas in the perfusion territory of a significant stenotic coronary artery (>75 %). All pa-
tients were treated according to the clinical protocol and provided informed consent for 
the procedure. The research protocol was accepted by the Institutional Review Board.
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Assessment of myocardial calcification
Fluoroscopy recordings in 7 standard projections obtained during pre-procedural coro-
nary angiography (n=132) and/or during the ablation procedure (n=26) were retrospec-
tively analysed for the presence of MC by two experienced cardiologists (J.M.M. and M.R.) 
blinded to the patient clinical characteristics and ablation outcome. MC was defined as 
the presence of a distinct and curvilinear radiopaque area that moved synchronously 
with the cardiac contraction. Calcifications corresponding to the valvular annuli or to 
the trajectory of an epicardial coronary artery were excluded.

In a subgroup of patients (n=18), presence of MC was also visually assessed on ECG-
gated cardiac computed tomography (CT).

Assessment of infarct transmurality
As previously described,(8) an infarction was classified as transmural when the late 
gadolinium enhanced area extended to >75% of the wall thickness on contrast-enhanced 
magnetic resonance imaging (CE-MRI), a region of wall thinning ≤5mm was detected on 
cardiac CT and/or an area of thinned (≤6mm), hyperechogenic and aki/dyskinetic myo-
cardium was observed on echocardiogram. See Supplementary Methods for details.

Ablation procedure
Electrophysiological study
Programmed electrical stimulation was conducted (3-4 drive cycle lengths (CL) [600, 
500, 400, 350ms], 3-4 extra’s [≥200ms] from 2 right ventricular (RV) and ≥1 left ventricular 
(LV) site). Positive endpoint of stimulation was induction of a sustained monomorphic 
VT lasting >30s or requiring termination because of hemodynamic compromise. Induced 
VTs were regarded (presumed-) clinical if the 12-lead ECG matched that of a spontane-
ous documented VT or the VTCL was ±30ms of the CL of the implantable cardioverter 
defibrillator (ICD)-recorded VT.

Substrate mapping and ablation
The initial ablation approach was endocardial in all cases with the exception of 3 pa-
tients who had failed ≥1 endocardial ablation attempts in another centre and in whom 
an epicardial VT origin was suspected by the referring electrophysiologist.

A LV endocardial bipolar voltage map was constructed during stable rhythm using a 
3.5mm irrigated-tip catheter (NaviStar ThermoCool or Thermocool Smarttouch SF; Bio-
sense Webster, Inc, Diamond Bar, CA) and the CARTO 3 system. Standard voltage cut-off 
values of 1.5mV and 0.5mv were used to define scar and dense scar. From 2009 to 2013, 
all patients underwent substrate-based ablation which was based on elimination of late 
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potentials and fragmented electrograms (EGMs). Pace-mapping was used to identify VT 
exit sites. Since October 2013, a systematic pacing protocol was used for substrate iden-
tification.(12) In brief, EGMs located in the presumed infarct area, as derived from cardiac 
imaging and coronary anatomy, independently of their voltage or morphology during 
sinus rhythm, were analysed during RV pacing at a fixed rate of 500ms and during the 
application of a short-coupled RV extra-stimulus. Sites showing low voltage, near-field 
potentials which delayed >10ms or blocked in response to RV extra-stimulation were 
categorized as evoked delayed potentials (EDP) and targeted for ablation. In addition, 
during the whole study period, if the patient was in VT at the beginning of the procedure, 
if a hemodynamic stable VT remained inducible after substrate modification or it was 
repeatedly induced during catheter manipulation, activation and entrainment mapping 
were performed with the aim of identifying the VT critical isthmus and terminating the 
VT during ablation.

Radiofrequency (RF) energy was delivered (45-50W, temperature limit 43ºC, flow rate 
15-30 ml/min, 60-120 seconds, CF>9gr) until stimulation with high output pacing (10 mA, 
2ms) failed to capture.

Acute outcome definition
After the last RF application, a re-map was systematically performed (including RV 
extra-stimulation since October 2013) and the entire induction protocol was repeated. 
Complete acute success was defined as non-inducibility of any VT, partial success as 
elimination of the clinical VT but persistent inducibility of any non-clinical VT and proce-
dural failure as persistent inducibility of clinical VT after ablation. Fast non-clinical VTs 
with a CL close to ventricular refractory period (fast VTVERP) were considered of unknown 
clinical relevance and not targeted. Accordingly, induction of only fast VTVERP was defined 
as acute clinical success.(13)

Management after endocardial ablation
After endocardial ablation failure, an epicardial ablation attempt was offered to all 
patients with the exception of those with prior cardiac surgery. In those patients, “es-
calation” of anti-arrhythmic drugs (AAD) was the next attempt to control VT, including 
sotalol with a dose of ≥160mg per day, initiation or increase of the dose of amiodarone or 
combination of amiodarone with a class I AAD. In patients who did not use amiodarone 
before ablation, amiodarone was started at a dose of 400mg three times per day for one 
week, followed by a dose of 400mg per day for one week and 200 mg per day thereafter. 
In patients receiving amiodarone 200mg per day at the time of ablation, the dose was 
increased to 300-400mg per day (after one week re-loading dose of 400mg three times 
a day) or mexiletine (600mg per day) was added. Therapy escalation after endocardial 
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ablation was defined as either escalation of anti-arrhythmic drugs or performance of a 
successful epicardial or surgical ablation. In the remaining patients, pre-procedural AAD 
were continued until the first follow-up visit. ICD implantation was offered to all patients 
without a device before ablation.

Follow-up after hospital discharge and study endpoints
Patients were followed 3 months after ablation and every 6 months thereafter. After acute 
endocardial ablation success, in the absence of VT recurrence at first follow-up visit, 
discontinuation of AAD was recommended. For patients followed at other institutions or 
in case of death, the referring cardiologist or the general physician was contacted for VT 
recurrence and cause of death.

Endpoints of the study were: 1) VT recurrence, defined as occurrence of any VT requir-
ing ICD therapy, recorded within the ICD monitor zone lasting >30s or documented on 
12-lead ECG and 2) Composite endpoint including VT recurrence or need of therapy 
escalation for controlling the clinical VT.

Statistical analysis
Continuous variables are reported as mean±SD or medians with interquartile range and 
compared with the Student’s t or the Mann-Whitney U test when appropriate. Categori-
cal variables are expressed as numbers and percentages (%) and compared with the 
Chi-squared or the Fisher exact test. Freedom from the composite endpoint of VT recur-
rence or escalation of therapy was estimated by Kaplan-Meier method and compared 
with log-rank test between groups. Predictors of acute procedural outcome and VT 
recurrence were assessed with univariate logistic regression and Cox regression analy-
sis respectively. Independent predictors of acute ablation failure and VT recurrence or 
therapy escalation were analysed with multivariable models using a backward stepwise 
selection. Variables with a p value < 0.10 were initially included. At each step the least 
significant variable was removed from the model, until all variables reached a p value 
<0.20. All tests were 2-sided and a P value <0.05 was considered statistically significant. 
Statistical analyses were performed with SPSS version 23.0 (SPSS Inc, Chicago, IL).

RESULTS

Patients
During the study period, 168 patients underwent ablation for post-MI VT in our centre. 
Ten patients in whom cine-fluoroscopy recordings were not available or had insufficient 
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quality for the assessment of MC were excluded. Finally, 158 patients (68±9 years, 87% 
men, LV ejection fraction 33±12%) constituted the study population.

In 30 patients (19%), an area of MC was detected on cine-fluoroscopy which corre-
sponded in all cases with the infarcted area on echocardiogram. (Figure 1) In 5 of them, 
a cardiac CT was available which confirmed the presence of MC in all. (Supplementary 
Figure 1) Of note, no patient without MC on CT (n=13) had MC on fluoroscopy.

Figure 1. Fluoroscopic images of MC in patients referred for post-MI VT ablation

In panels A, B and C, a large apical calcified aneurysm (right anterior oblique (RAO) view), a lateral MC (left anterior oblique 
(LAO) view) and an infero-posterior calcified aneurysm (RAO view) are respectively shown. In panel D, a large infero-lateral 
MC (LAO view) is shown. Note the presence of two ablation catheters at the endocardial and epicardial side of the MC. MC 
are indicated by white arrows.
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The rate of acute reperfusion during the index MI (10 vs. 20%; P=0.294), the baseline LV 
ejection fraction (31±12 vs. 34±12; P=0.214), the time from the acute MI (median 21 vs. 
19 years; P=0.438), the prevalence of renal failure (37 vs. 33%; P=0.832) and the rate of 
amiodarone use before ablation (47 vs. 41%; P=0.546) were similar in patients with and 
without MC. Patients with MC were younger (64±11 vs. 69±8 years in patients without 
MC; P=0.019), had experienced more often an anterior MI (63% vs. 36%; P=0.008) and 
had undergone more often a prior VT ablation attempt (27% vs. 11%; P=0.038). Baseline 
characteristics are displayed in table 1.

Procedural data and acute outcome after endocardial ablation
Patients with MC had a comparable endocardial electroanatomical scar area (71 vs. 
62cm2; P=0.105) but with a larger dense scar component than those without MC (median 
31 vs. 21cm2; P=0.005). Procedural details are shown in table 2. In addition to substrate 
modification, at least one stable VT was mapped and eventually terminated by RF in 110 
patients (70%).

Table 1. Baseline clinical characteristics

All patients 
(n=158)

MC
(n=30)

No MC
(n=128)

P-value

Age, years 68±9 64±11 69±8 0.019

Male, n (%) 137 (87) 26 (87) 111 (87) 1.000

Diabetes, n (%) 24 (15) 7 (23) 17 (13) 0.169

Anterior MI, n (%) 66 (42) 19 (63) 46 (36) 0.008

Acute reperfusion, n (%) 29 (18) 3 (10) 26 (20) 0.294

Time since MI 19 (13-26) 21 (15-26) 19 (13-26) 0.438

Atrial fibrillation, n (%) 47 (30) 9 (30) 38 (30) 1.000

Heart failure, n (%) 72 (46) 13 (43) 59 (46) 0.841

Renal failure, n (%) 53 (34) 11 (37) 42 (33) 0.832

CABG, n (%) 60 (38) 9 (30) 51 (40) 0.405

Prior VT ablation, n (%) 22 (14) 8 (27%) 14 (11%) 0.038

LVEF, n (%) 33±12 31±12 34±12 0.214

Clinical VT CL, ms 401±93 420±97 396±91 0.200

Electrical storm, n (%) 27 (17) 5 (17) 22 (17) 1.000

Incessant VT, n (%) 18 (11) 4 (13) 14 (11) 0.750

ICD before ablation, n (%) 110 (70%) 23 (77%) 87 (68%) 0.388

AADs pre-ablation

	 Amiodarone, n (%) 66 (42) 14 (47) 52 (41) 0.546

	 Sotalol, n (%) 38 (24) 7 (23) 31 (24) 1.000

Values are reported as mean ± standard deviation, median and IQR or n (%). MC indicates myocardial calcification; MI, 
myocardial infarction; CABG, coronary artery bypass grafting; LVEF, left ventricular ejection fraction; VT, ventricular tachy-
cardia; CL, cycle length; ICD, implantable cardioverter defibrillator and AADs, anti-arrhythmic drugs.
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Acute complete and partial procedural success were achieved in 6 (20%) and 14 (52%) 
patients with MC (10/14 remained inducible only for fast VTVERP) and in 56 (44%) and 63 
(49%) patients without MC (P=0.033 and P=1.000, respectively; 32/63 remained inducible 
only for fast VTVERP). In 8/30 patients with MC (27%), endocardial ablation failed to elimi-
nate the (presumed-) clinical VT despite extensive activation and entrainment mapping 
and ablation with high power (50W), long duration applications (120 sec). Critical VT 
sites were located in areas of calcification in 6 of them (the remaining 2 patients were 
only inducible for hemodynamically unstable VTs, preventing exact delineation of VT 
circuits). Of importance, in 5 of these 6 patients, RF applications led to late VT termina-
tion but persistent inducibility after extensive ablation, supporting that the critical part 
of the VT isthmus had been correctly identified but could not be sufficiently abolished. 
In additional two patients with MC, inducibility at the end of the procedure could not be 
tested (in one patient ventricular fibrillation was repeatedly induced, in the other pa-
tient several cardioversions were necessary to terminate a hemodynamically unstable 
VT before RF). On the contrary, only 9 patients (7%) without MC remained inducible for 
the (presumed-) clinical VT after ablation (P=0.003).

Table 2. Procedural characteristics and acute outcome after endocardial ablation

All patients 
(n=158)

MC
(n=30)

No MC
(n=128)

P value

Number of induced VTs 3 (2-5) 3 (2-5) 3 (2-5) 0.753

Induced VT max CL, ms 420±110 433±114 417±110 0.500

Bipolar scar area, cm2 64 (42-86) 71 (50-94) 62 (39-86) 0.105

Dense scar area, cm2 24 (78-43) 31 (22-60) 21 (6-42) 0.005

Border zone area, cm2 35 (22-49) 31 (27-47) 36 (22-50) 0.849

Procedural time, min 192±68 197±61 191±70 0.697

RF time, min 17±10 18±10 17±11 0.570

Acute outcome (n=156)

	 Complete success, n (%) 62 (40) 6 (20) 56 (44) 0.033

	 Partial success, n (%) 78 (50) 14 (52) 63 (49) 1.000

	 Failure, n (%) 16 (10) 8 (26) 9 (7) 0.003

ICD after ablation, n (%) 136 (86) 29 (97) 107 (84) 0.079

AADs at discharge

	 Amiodarone, n (%) 74 (47) 17 (57) 57 (46) 0.310

	 Sotalol, n (%) 41 (26) 9 (30) 32 (25) 0.644

	 Mexiletine, n (%) 1 (1) 1 (3) 0 (0) 0.190

Values are reported as mean ± standard deviation, median and IQR or n (%). RF indicates radiofrequency. Other abbrevia-
tions as in table 1.
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Predictors of acute endocardial ablation failure
In univariate logistic regression analysis, presence of MC and induction for slower VTs 
were associated with acute ablation failure. In multivariate analysis, both (presence of 
MC: odds ratio 6.898; CI 95% 2.209-21.544; P=0.001 and induction of slower VTs: odds 
ratio 1.442 per 50ms increase in minimum VTCL; CI 95% 1.084-1.920; P=0.012), remained 
independently associated with the acute outcome after adjusting for the size of the 
dense scar area. Of importance, beyond MC, no other pre-procedural factor was found 
to be associated with acute ablation failure. Figure 2

Complications
One patient with prior CABG and recurrent non-tolerated VTs underwent surgical adhe-
siolysis prior to epicardial ablation after 3 unsuccessful endocardial attempts in another 
center which was complicated by a bypass occlusion. Despite urgent revascularization, 
the patient died within 24 hours due to a vasoplegic shock. One patient developed an 

Figure 2. Predictors of acute endocardial ablation failure

CABG indicates coronary artery bypass; LVEF, left ventricular ejection fraction; VT, ventricular tachycardia; CL, cycle length; 
Min, minimum and Max, maximum.
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anticipated complete atrioventricular block after ablation of a VT with a basoseptal 
critical isthmus. Pericardial bleeding with percutaneous drainage occurred in 4 patients.

Management after endocardial ablation
Patients with MC
After endocardial ablation failure, a percutaneous epicardial approach was attempted 
in 5 of the 8 patients. In 2 of 5 patients, epicardial access and ablation were successful. 
However, in 3 of the 5, epicardial access was not possible due to the presence of peri-
cardial adhesions. These 3 patients were discharged with AADs (including the combina-
tion of amiodarone and mexiletine) (Supplementary Figure 2) One additional patient 
with an apical aneurysm and a prior valve-sparing replacement of the ascending aorta 
underwent a surgical aneurysmectomy with concomitant epicardial cryo-ablation. In 
the remaining 2 patients, AADs were escalated (one refused epicardial ablation, one 
had prior CABG). After a (partially-) successful endocardial ablation, 22 patients (73%) 
continued the pre-procedural AADs. (Figure 3)

Figure 3. Flow-chart showing the treatment strategy after endocardial ablation failure in patients with and without MC.
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Patients without MC
An epicardial ablation attempt was performed in 6 of 9 patients after endocardial abla-
tion failure which was successful in all but one. In this patient, epicardial ablation was 
prevented by the presence of pericardial adhesions at the area of interest and AADs 
were escalated. (Figure 2) In the remaining 3 patients (all with prior CABG), AADs were 
escalated. After a (partially-) successful endocardial ablation, 116 patients (85%) were 
discharged without modification of the pre-procedural AADs and in 3 patients AAD were 
initiated for other indications.

At discharge
In total, 136 patients were discharged with an ICD (86%, 97% of patients with MC vs. 84% 
of patients without; P=0.079) and 115 on AADs (73%, 87% of patients with MC vs. 70% 
of patients without; P=0.069). Seventy-three patients (43%) were on amiodarone, 41 on 
sotalol (26%) and one patient on the combination of amiodarone and mexiletine.

Follow-up after admission for endocardial ablation
In total, 18 patients underwent escalation of therapy after endocardial ablation (6/30 
patients (20%) with MC and 12/128 patients (9%) without MC). In 10 patients, AADs 
were escalated, 7 patients underwent successful epicardial ablation and in one patient, 
surgical removal of the VT substrate was performed. One patient with MC was lost to 
follow-up. After a median of 31 months (20-47), 61 patients (39%) had VT recurrence (13 
patients with MC [43%] and 48 patients without [38%]; P=0.529, 7/17 patients [41%] with 
endocardial failure vs. 52/138 [38%] with endocardial success; P=0.779). Forty-seven 
patients died (30%; 8 patients with MC [27%] and 39 patients without [30%]; P=0.826), 
2 patients underwent left ventricular assist device implantation and one patient was 
transplanted.

After endocardial ablation, patients with MC showed a lower 2-year survival free from 
the combined endpoint of VT recurrence or need of therapy escalation to control the 
clinical VT than patients without MC (26% [95% CI 8-44] vs. 59% [95% CI 50-68] in pa-
tients without MC; P=0.003). (Figure 4)

On multivariate Cox-regression analysis, presence of MC (HR 1.86; CI 95% 1.11-3.10; 
P=0.018), a lower LV ejection fraction (HR 1.03 per 1% decrease; CI 95% 1.01-1.05; 
P=0.008) and a higher number of induced VTs (HR 1.12; CI 95% 1.03-1.22; P=0.008) were 
independently associated with a higher incidence of the composite endpoint of VT 
recurrence or need of therapy escalation to control the clinical VT. (Table 3)
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Impact of infarct transmurality on acute and long-term outcome after 
endocardial ablation
A transmural scar was detected in 32 of 36 patients (89%) in whom a CE-MRI was avail-
able for analysis and in 89 of 116 patients (77%) in whom scar transmurality was as-
sessed either on CT or on echocardiogram. There were no differences between patients 
with or without transmural scar nor in the acute neither in the long-term outcome after 
endocardial ablation (Table 4). In 6 patients (4%), no imaging modality of appropriate 
quality was available for the assessment of scar transmurality.

Figure 4. Combined endpoint (VT recurrence or therapy escalation) free survival in patient with vs. without MC.

MC indicates myocardial calcification. Therapy escalation included escalation of AADs, epicardial ablation or surgical abla-
tion.

Table 3. Cox regression analysis for predictors of the combined endpoint of VT recurrence or escalation of therapy.

Univariate Multivariate

Hazard Ratio
(95% CI)

P value
Hazard Ratio

(95% CI)
P value

Age (per year) 0.99 (0.97-1.01) 0.389

LVEF (per 1% decrease) 1.04 (1.01-1.05) 0.001 1.03 (1.01-1.05) 0.008

Myocardial calcification 2.04 (1.23-3.38) 0.006 1.86 (1.11-3.10) 0.018

Dense scar area (per 1cm2) 1.01 (1.00-1.02) 0.003

Number of induced VTs 1.16 (1.07-1.26) 0.001 1.12 (1.03-1.22) 0.008

Escalation of therapy includes escalation of AADs, epicardial ablation or surgical ablation. Abbreviations as in tables 1 
and 2.
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DISCUSSION

This study systematically evaluated the presence of MC in a cohort of patients with post-
MI VT and investigated the impact of MC on acute outcome and long-term results of 
endocardial ablation. The prevalence of MC assessed on easily available pre-procedural 
coronary angiograms was 19%. Of note, endocardial ablation failed to eliminate the 
clinical VT that motivated the procedure in one third of the patients with MC. Subse-
quently, percutaneous epicardial access was not possible in two third of these patients 
because of the presence of unexpected pericardial adhesions or due to prior cardiac 
surgery. At 2-year follow-up, only 26% of patients with MC were free of VT recurrence in 
the absence of therapy escalation (including percutaneous or epicardial ablation and/or 
escalation of AADs) compared to 59% of patients without MC. Presence of MC was asso-
ciated with a lower VT-free survival in the absence of therapy escalation independently 
of LV ejection fraction, the size of the dense scar area and the number of induced VTs 
during the procedure.

Post-infarction MC: pathophysiology, prevalence and diagnosis
MI leading to myocyte necrosis is the most common cause of dystrophic MC, this is, 
calcification occurring in the absence of elevated calcium levels.(10) The process of 
dystrophic calcification consists ultimately in the formation of calcium phosphate 
microcrystals that can accumulate both intra and extracellularly.(14) Autopsy stud-
ies reporting on the prevalence of MC in patients with prior MI are lacking. However, 
MC defined as the presence of thin and curvilinear radiopaque areas located at the 
periphery of the infarcted area was observed in radiographic examinations of up to 
8% of patients with MIs older than 6 years.(11) In our study, we detected MC in 19% of 
patients with post-MI VT. This almost 3-fold higher prevalence of MC than previously 
reported might be at least partially explained by the different imaging technique that 
we used for assessment. Fluoroscopic evaluation of the thorax allows for identifying the 
synchronous motion of the calcium with the beating heart. In addition, the use of sev-

Table 4. Acute and long-term outcome after endocardial ablation in patients with vs. without transmural scar

Transmural scar
(n=119)

Non-transmural scar
(n=31)

P-value

Acute outcome (n=150)

Complete success, n (%) 45 (38) 14 (45) 0.537

Partial success, n (%) 60 (50) 14 (45) 0.688

Failure, n (%) 14 (12) 3 (10) 1.000

24-month endpoint free survival* 52% (95%CI 43-61) 52% (95%CI 33-71) 0.560

*Endpoint includes VT recurrence or escalation of therapy
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eral complementary fluoroscopic projections, may bring MCs to a heart border-forming 
location, both improving the sensitivity to detect MC.(12) Whether the selected group 
of patients with post-MI VT present more often MC than the general post-MI population 
remains unknown. Recently, a much higher prevalence of 70% of very small MC has been 
reported from high resolution CT scans. The median volume was only 0.89ml, which 
may be difficult to detect by standard angiograms and CT scans.(15) ECG-gated cardiac 
CT is the gold standard for diagnosis, localization and characterization of calcifications 
in the heart.(16) However, in our study, full agreement on detection/exclusion of MC 
was found in 18 patients in whom CT and cine-fluoroscopy recordings were available for 
evaluation. In line with prior descriptions, MC was more often observed in patients with 
anterior MIs. The pathophysiological reason for this location predilection is, however, 
unknown. Of note, the age of the infarction was not different among patients with and 
without MC, questioning the assumption that development of MC is a progressive, time-
dependent process.

Post-infarction MC: impact on VT catheter ablation
Acute ablation failure, defined as persistent inducibility of the clinically documented 
arrhythmia at the end of the procedure, has been reported to occur in ≈10% of patients 
with post-MI VT.(1,17) Of importance, acute ablation failure has been associated not only 
with high VT recurrence rates of up to 80% at medium-term follow-up but also with oc-
currence of sudden cardiac death despite the presence of an ICD in patients referred for 
ablation in the context of an electrical storm.(18) Therefore, current expert consensus 
on VT ablation recommends elimination of the clinical VT as the minimum endpoint of 
scar-related VT ablation.(19) One of the potential causes of endocardial ablation failure 
is the persistence of an epicardial substrate for VT that cannot be eliminated from the 
endocardium. However, only 14 of 43 (33%) ischemic patients presenting with an electri-
cal storm who underwent systematic epicardial mapping had any epicardial low voltage 
or abnormal EGM as target for ablation.(3) In addition, considering 1) the association 
of very low voltage areas and wall thinning, 2) the colocalization of VT related sites and 
LAVAs with areas of wall thinning (20) and 3) the expected lesion depth with high power 
(50W) long duration (120s) applications, endocardial ablation failure for post-MI VT 
substrates remains poorly understood. Even if a subepicardial substrate is critical for VT, 
it should be possible to abolish the substrate from the endocardium provided that no 
insulating factors prevent transmurality. Indeed, in up to 84% of patients with post-MI 
VT undergoing endo-epicardial mapping, at least part of the epicardial LAVAs located 
in areas of wall thinning as detected by cardiac CT could be abolished by endocardial 
ablation.(4) In our study, almost one third of the patients with MC compared to less than 
10% of patients without MC remained inducible for the clinical VT after endocardial 
ablation and only 26% of the patients with MC remained free from VT without therapy 
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escalation on long term follow-up. We speculate that during endocardial ablation, the 
lower thermal conductivity of calcified myocardium (0.32±0.03 W/m/°C, assuming it to 
be similar to the bone cortex) compared to the non-calcified myocardium (0.49±0.04 
W/m/°C) may protect a surviving layer of epicardium from tissue heating and subse-
quently, from thermal injury despite the presence of wall thinning.(21) See Figure 5, 
panel E. Of note, percutaneous epicardial access failed in 3 of the 5 patients (60%) with 
MC in whom it was attempted due to the presence of pericardial adhesions, which is a 
much higher rate of failure than previously reported in patients with no prior pericarditis 
or cardiac surgery (2%).(22) Perhaps an inflammatory reaction at the time of the acute 
infarction may facilitate both formation of MC and pericardial adhesions. Taking into 
account the potential serious complications associated with epicardial access, mapping 
and ablation, it is important to identify more specifically post-MI patients who may 
benefit from a primary endo-epicardial ablation approach. . Although based on our 

Figure 5

Representative example of a 53 year-old patient with an anterior calcified MI and prior valve-sparing replacement of the 
ascending aorta who was admitted with incessant VT. Panel A: the clinical VT is shown (157bpm, left bundle branch block 
morphology, V6 transition, left superior axis). Panel B, above: LV endocardial activation map during VT in antero-posterior 
view. No mid-diastolic activity was identified at the endocardium. An entrance site was found at the septal border of the 
scar (see correspondent electrogram in Panel C). Ablation at this site did not terminate the VT. Panel B, below: LV endo-
cardial bipolar voltage map during sinus rhythm in antero-posterior view. A large part of the scar was unexcitable and 
despite RF with high power, the VT remained inducible The patient underwent subsequently intraoperative mapping prior 
to aneurysmectomy. At the epicardial side of the aneurysm, continuous diastolic activity was recorded during VT (see 
correspondent electrogram in Panel D). Ablation at this site terminated the VT within 5 seconds. In Panel E, a transmural 
biopsy taken from the site of ablation success is shown. Note the calcification at the endocardial side protecting a layer of 
viable myocardium at the epicardial side. VT indicates ventricular tachycardia; SR, sinus rhythm and EGM, electrogram.
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results, pre-procedural identification of MC helps to non-invasively identify patients 
with a high chance of endocardial ablation failure, due to the high rate of unsuccessful 
percutaneous epicardial access, other therapies (including surgery) might be needed in 
these patients for arrhythmia control.

It has been reported that patients with transmural infarctions defined on routine pre-
procedural imaging had higher VT recurrence rates after endocardial ablation and a 
high prevalence of epicardial substrate for VT, that, when targeted, led to improvement 
of ablation outcome.(8) Following the same criteria for definition on pre-procedural 
imaging, patients with transmural infarctions in our cohort had neither higher rates of 
endocardial ablation failure nor higher VT recurrence rates without escalation of therapy 
than patients with no transmural infarctions. This difference might be partially explained 
by the lower prevalence of non-transmural infarctions in our cohort (19% compared to 
38%), if the previously according criteria are applied. However, the prevalence of MC in 
the previous cohort has not been reported and its potential impact on endocardial abla-
tion is unknown. Additionally, animal and human studies have shown that BV <0.5mV 
are usually recorded at sites with high scar transmurality, which, if localized, may not be 
detected by all image modalities.(23,24)

CONCLUSIONS

Myocardial calcification was present in 19% of post-MI patients referred for ablation of 
recurrent sustained VT. The presence of myocardial calcification was associated with 
high rates of endocardial ablation failure and VT recurrence if no other therapies were 
applied for arrhythmia control. MC may prevent deep and transmural lesions as a poten-
tial explanation for the observed association.

Limitations
This study included a relatively small number of patients and has the intrinsic limita-
tions of an observational retrospective analysis. Our results should therefore be con-
firmed in a larger prospective cohort. Presence of MC was analyzed on fluoroscopy and 
not systematically on cardiac CT. Therefore, the prevalence of MC (especially of small 
calcifications) might have been underestimated. All procedures were performed by an 
experienced operator in a high volume centre which might limit the generalization of the 
ablation results. The anti-arrhythmic regimen after ablation was left at the discretion 
of the referral physician and this might have influenced the outcome of some patients. 
Currently, discontinuation of AADs is encouraged in patients who are rendered not 
inducible by ablation or remain inducible for only fast VTVERP.
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Supplementary methods

Assessment of infarct transmurality
Contrast enhanced magnetic resonance imaging
With the patient in the supine position, CE-MRI was performed on a 1.5-T Gyroscan 
ACS-NT/Intera or on a 3.0-T Ingenia MR system (Philips Medical Systems, Best, the Neth-
erlands). Images were obtained during breath-holds of approximately 15 seconds using 
vector electrocardiographic gating. A standardized protocol was followed including cine 
sequences in long (2- and 4-chamber views) and short axis covering the entire LV. CE 
images were acquired 15 min after injection of a gadolinium bolus. The heart was either 
imaged during one breath-hold with 20 to 24 imaging levels (depending on heart size) 
in the short axis view, or with 20 to 26 imaging levels in the short axis view in one or 
two three-dimensional stacks, each stack acquired within one breathhold. All CE images 
were analysed by an experienced cardiologist. A scar was defined as transmural if the 
hyperenhanced area extended ≥75% in the radial direction between the endocardial 
and epicardial borders. A non-transmural scar was defined as the presence of hyperen-
hancement extending between 25 and 75% of the wall thickness.(23)

Echocardiogram
Prior to the procedure, all patients underwent a two-dimensional and color Doppler 
transthoracic echocardiogram. Images were obtained at rest from the standard paraster-
nal (long- and short-axis), apical (2- and 4-chamber) and subcostal views. Images were 
analysed offline using EchoPAC (version BT13, GE Medical Systems, Horten, Norway). LV 
end-diastolic and end-systolic volumes were measured in the apical 2- and 4-chamber 
views and LVEF was calculated according to the biplane Simpson’s method. For the as-
sessment of regional LV function, the LV was divided into 16 segments and according to 
endocardial motion and systolic wall thickening, each segment was scored as normal 
(=1), hypokinetic (=2), akinetic (=3) or dyskinetic (=4). As previously reported, it was 
considered that an abnormal contracting LV segment (score 2-4) had lost the majority of 
its viable myocardium and therefore, the scar was classified as transmural when 1) the 
end-diastolic wall thickness was reduced ≤6mm and 2) an abnormal increase in acoustic 
reflectance was observed.(25,26)

Computed tomography
Contrast ECG-gated cardiac CT was performed on a 64-detector CT scanner (Aquilion 64; 
Toshiba Medical Systems, Otawara, Japan) or on a 320-detector CT scanner (Aquilion 
ONE; Toshiba Medical Systems, Otawara, Japan). One hour before the scan, a single 
dose of metoprolol (25 to 150mg) was administered to patients with a heart rate ≥60 
bpm if no contraindications were present. First, a low-dose non-contrast enhanced 
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scan of the heart was performed with slice thickness of 3mm. Subsequently, a bolus 
of a non-ionic contrast (Iomeron 400; Bracco, Milan, Italy; 60-110ml, flow rate 5-6ml/s) 
was administered. Image acquisition was completed within a single breath hold of 10 
seconds with retrospective (64-detector scanner) or prospective (320-detector scanner) 
ECG gating. The presence of myocardial calcification was visually assessed in both non-
contrast and contrast images. In addition, wall thickness was measured between the 
endocardial and epicardial borders. A scar was classified as transmural when the wall 
thickness was ≤5mm. (20)
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Supplementary Figure 2. Fluoroscopic images of pericardial adhesions.

Panels A and B: antero-posterior and lateral views showing the guide wire used to gain epicardial access that buckles 
when it cannot be advanced freely in the epicardial space. Panels C and D: RAO images showing contrast retained within 
the pericardial adhesions.

Supplementary Figure 1. CT images of MC in patients referred for post-MI VT ablation

In panels A, B and C, an anterior, a lateral and an infero-posterior area of MC in a long-axis view are respectively shown. MC 
are indicated by white arrows.
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Summary and future perspectives

The aim of this thesis was to provide new insights on catheter ablation of VT in patients 
with prior MI. Improved understanding of the VT substrate in different types of MI, and 
in particular, in contemporary non-transmural reperfused infarctions, a critical re-
assessment of the value of non-inducibility as ablation endpoint and the development 
of new physiologically meaningful endpoints for substrate modification will hopefully 
contribute to optimize procedural outcomes in this patient population. In addition, rec-
ognition of the limitations of the technique will aid in patient selection and will help to 
consider alternative treatment options in some individuals.

In chapter 2, the value and limitations of the VT 12-lead electrocardiogram (ECG) to 
predict the VT site of origin in patients with structural heart disease (SHD) is reviewed. 
Catheter ablation is increasingly employed for the treatment of VT in SHD.1,2 With more 
detailed knowledge about the potential anatomical structures and substrates involved 
in VT, not only the LV and right ventricular endocardium but also more complex struc-
tures like the aortic root, the cardiac veins and the epicardium have become areas of 
interest for ablation.2–4 The clinically documented VT 12-lead ECG can help to predict the 
VT site of origin and, for this reason, it is frequently used to select the ablation approach, 
to estimate the probability of ablation success and to evaluate the risks associated with 
the procedure. Several algorithms have been proposed for identifying the VT site of 
origin based on the analysis of the VT 12-lead ECG.5–8 These algorithms, however, have 
applied different definitions for VT site of origin, including VT exit and isthmus sites, 
have been tested in different patient populations (i.e. ischemic cardiomyopathy, non-
ischemic cardiomyopathy) and have been validated with different mapping techniques 
including activation and entrainment mapping but also pace-mapping. Last, none of the 
algorithms have integrated imaging or mapping-derived information regarding the scar 
extension and distribution which may likely increase the ECG accuracy to precisely pre-
dict the VT origin. A systematic reevaluation of the value of the VT ECG for predicting the 
VT origin in the context of 3D electroanatomical mapping and scar imaging is needed.

Part II of this thesis focuses on the evaluation of ablation endpoints for post-MI VT. The 
value of non-inducibility of VT after ablation in patients with ischemic heart disease is re-
assessed and the impact on outcome of a new substrate mapping and ablation strategy 
– functional substrate mapping – is evaluated. Finally, the prevalence and the impact of 
myocardial calcification (MC) on the efficacy of endocardial ablation is studied.

In chapter 3, the impact of individual patient characteristics, and in particular, of the 
LV function on the predictive value of non-inducibility after ablation for VT recurrence 



Chapter 7

164

and cardiac mortality is assessed. Out of 92 post-MI patients undergoing ablation for 
monomorphic sustained VT, 59 (65%) had a LV ejection fraction (LVEF) >30% and 32 
(35%) had a LVEF ≤30%. After ablation, no differences in the rate of non-inducibility 
was observed among patients with LVEF below and above 30%. However, at one year 
follow-up, patients with LVEF ≤30% had a poorer prognosis, with a survival rate free 
of VT of only 42% (compared to 80% in patients with LVEF>30%). Of importance, non-
inducibility was a good predictor for VT recurrence and cardiac mortality in patients 
with LVEF>30% but not in patients with LVEF≤30, which is in line with the results of a 
previous randomized trial.9 Only 10% of patients with a LVEF>30% who were rendered 
non-inducible by ablation experienced VT recurrence or cardiac mortality one year after 
the procedure, compared to 65% of those in whom non-inducibility was not achieved. 
The worse outcome of patients who remained inducible for VT was mainly due to VT 
recurrence, highlighting the need for additional ablation endpoints based on substrate 
mapping and the development of new ablation tools to perform deeper and long-lasting 
lesions in these patients. On the contrary, patients with severely reduced LV function 
had a bad prognosis independently of the acute procedural result in terms of induc-
ibility, which was mainly driven by heart-failure related death. This finding suggests 
that in this group of patients, a more conservative approach, prioritizing ablation of 
the clinically documented VT for reducing patient symptoms might be preferrable. After 
our study, a retrospective analysis of 1064 patients with post-MI VT showed that non-
inducibility after ablation was associated with lower mortality on follow-up.10 However, 
in this study, the LV function was not included as one of the factors related to outcome in 
multivariate analysis. Prospective, longitudinal studies with the prespecified endpoint 
of non-inducibility are warranted to confirm our results.

In patients with structural heart disease, the prognostic significance of induction of fast 
non-clinical VTs after ablation remains unclear. Accordingly, many electrophysiology 
laboratories use non-inducibility of VTs with similar or longer cycle length (CL) than the 
clinically documented VT as one ablation endpoint but accept persistent inducibility of 
faster VTs at the end of the procedure, strategy that was supported by the HRS/EHRA 
expert consensus on VT ablation from 2009.11 However, a standard widely accepted CL 
to define fast VT is lacking, which justifies, at least in part, the similar reported long-term 
outcome after ablation despite the very variable reported rates of acute non-inducibility 
among studies1,2,12–14. In chapter 4, we propose a new patient-specific definition for fast 
VT based on the individual ventricular refractory period (fVTVRP) and assess the prog-
nostic significance of persistent inducibility after ablation of fVTVRP for VT recurrence. 
Seventy patients with SHD (45 post-MI, 65%) who remained inducible only for non-
clinical VTs after ablation were included. A VT was defined as a fast VT (fVTVRP) when the 
VTCL was ≤VRP determined with a basic drive CL of 400ms. The hypothesis behind this 
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proposed definition was that the possible shortest CL of a reentrant VT is determined by 
the VRP and the myocardial conduction velocity. Therefore, theoretically, no reentrant 
VT could have a shorter CL than the VRP for a given situation. To account for changes in 
the VRP derived from, among others, changes in the autonomic balance, we accepted a 
difference of maximum 30ms for the definition of fVTVRP. After ablation, 30 (43%) patients 
remained inducible exclusively for fVTVRP and 40 (57%) patients for any slower VT (with 
or without concomitant fVTVRP). Induction of fVTVRP often required the introduction of 
short-coupled triple extra-stimuli, which due to the heterogeneous application of stimu-
lation protocols among EP laboratories, may justify the wide differences in the reported 
post-procedural non-inducibility. After a median of 2,5 years follow-up, patients with 
only fVTVRP had a higher rate of survival free of VT (74% vs. 63% for patients with any 
slower VT remaining). Although patients with slower VTs seemed to represent a more 
diseased population (with a lower LVEF and more often impaired renal function among 
other differences), inducibility of fVTVRP remained associated with lower VT recurrence 
also after adjusting for patient and procedural characteristics. In addition, fVTVRP oc-
curred rarely spontaneously. In fact, no documented VT before the procedure fulfilled 
the criteria for a fVTVRP and only 4 (6%) patients presented with a fVTVRP during follow-up 
after ablation. All these findings support that induction of fVTVRP after ablation may not 
be prognostically relevant and question the need of targeting these VTs by ablation. 
However, as stated before, prospective studies with pre-specified endpoints regarding 
VT inducibility are needed to confirm our hypothesis.

Substrate-based approaches have been developed to allow targeting unstable and non-
inducible VTs, circumstances that affect approximately 70% and 10% of post-MI patients 
currently referred for ablation.1,12,15 In addition, substrate ablation has been shown to be 
superior to ablation limited to stable VTs in ischemic patients and has therefore become 
regular practice in the majority of the EP laboratories.16 These ablation techniques rely 
on two pillars: first, on the delineation of the scar area by means of bipolar voltage map-
ping and second, on the identification of electrograms consistent with slow conduction 
as surrogates of VT isthmuses. In general, a standard cut-off value of 1.5mV is used to 
differentiate scar from normal tissue.17 However, mapping accuracy to detect scar using 
this single cut-off can be limited by far-field contamination of the local electrical activ-
ity. This phenomenon is especially relevant in contemporary patients with small non-
transmural infarctions after acute reperfusion of the infarct-related artery.18 In these 
patients, large far-field signals arising from a surviving subepicardial myocardial layer 
or from the surrounding healthy myocardium can obscure part of the arrhythmogenic 
substrate.19 In chapter 5, we study 60 consecutive patients referred for ablation of post-
MI VT. In these patients, we systematically analyzed all electrograms in the scar area with 
RV extra-stimulation. The area of interest for pacing was defined based on the presumed 
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infarct area derived from imaging (echocardiogram, cardiac magnetic resonance when 
available) and the distribution of the MI-related artery. Near-field electrograms exhibit-
ing local delay >10ms or block during RV extra-stimulation were categorized as evoked 
delayed potentials (functional VT substrate) and targeted for ablation. In 37 (62%) 
patients, evoked delayed potentials outside the area with voltage <1.5mV were revealed 
during RV pacing (hereafter refer as “hidden substrate group”). These patients had bet-
ter LV function and smaller less dense scars than patients in whom all ablation targets 
were contained within the low voltage area (hereafter refer as “overt substrate group”). 
During a follow-up of 1.5 years, 22% of the patients had VT recurrence. Not surprisingly, 
patients with hidden functional substrate had a lower rate of VT recurrence than patients 
with overt substrate. However, of importance, when compared with a historical cohort 
of patients matched for LVEF and electroanatomical scar area, patients in whom the hid-
den functional substrate was ablated had a higher survival free of VT at 1 year follow-up 
(89% vs. 73%). This findings support the use of pacing maneuvers in addition to voltage 
mapping to detect the entire arrhythmogenic substrate in patients with post-MI scars. 
Simultaneously with our work, two other small retrospective studies demonstrated the 
value of RV extra-stimulation for unmasking the VT substrate in patients with prior MI20 
and in a heterogenous group of patients with scar-related VT21,22. In a group of post-MI 
patients in whom a CE-MRI was available for integration during electroanatomical map-
ping, we recently showed that a bipolar voltage cut-off value of 3mV better distinguish 
between scar and normal myocardium if the LVEF was preserved.23 Therefore, we have 
modified our protocol and we now limit the are of interest for RV extrastimulation to 
that with a BV <3mV. Currently we are conducting a multicentre international registry 
including patients with post-MI VT who underwent identification and ablation of the 
functional substrate, which will hopefully allow us to confirm our initial results in a 
larger and prospective patient population.

In chapter 6, the prevalence of myocardial calcification (MC) and its impact on the acute 
outcome and long-term results of endocardial ablation in patients with post-MI VT is 
assessed. In 30 (19%) out of 158 consecutive patients with prior MI undergoing VT abla-
tion, MC was detected on fluoroscopy during pre-procedural coronary angiograms and/
or during the ablation procedure. Patients with MC were younger, had typically anterior 
infarctions and larger dense scar areas compared to patients without MC. Of importance, 
and despite extensive ablation with high-power long-duration applications, endocardial 
ablation acutely failed to eliminate the clinical VT that motivated the procedure in one 
third of the patients with MC but only in 7% of patients without MC. After endocardial 
ablation failure, a percutaneous epicardial ablation approach was attempted in 5 of 
8 patients. However, in 3 of 5, epicardial access was not possible due to the presence 
of pericardial adhesions. During a follow-up of 2 years, patients with MC who did not 
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undergo any escalation of therapy after endocardial ablation, including escalation of 
AADs, epicardial or surgical ablation, had a poor prognosis with a VT free-survival of 
only 26%. Our observation support that in patients with old infarctions, MC may act 
as insulator preventing thermal injury of a subepicardial myocardial layer involved in 
VT during endocardial ablation. Additional therapies including escalation of AADs and 
epicardial ablation, but also surgical ablation taking into account the high prevalence of 
pericardial adhesions observed, might be necessary for obtaining arrhythmia control in 
these patients. Our study concerned a relatively small number of patients and therefore, 
it may be considered as a hypothesis-generating study that should be confirmed in a 
larger prospective cohort.
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SAMENVATTING EN TOEKOEMSTPERSPECTIEF

Het doel van dit proefschrift is om nieuwe inzichten te verschaffen in katheterablatie 
van ventriculaire tachycardiën (VT) bij patiënten met een eerder myocardinfarct (MI). 
Meer begrip van het substraat voor VT in verschillende typen MI en de ontwikkeling van 
nieuwe meer fysiologische eindpunten voor substraatmodificatie kunnen bijdragen 
aan verbeterde uitkomst van ablatie in deze populatie. Dit geld in het bijzonder voor de 
hedendaagse niet-transmurale littekens laat na primaire reperfusie van het acute MI. 
Hiernaast zal de herkenning van beperkingen van de huidige techniek leiden tot betere 
selectie van patiënten voor deze behandeling en het tijdig overwegen van alternatieve 
mogelijkheden. 

Hoofdstuk 2 is een review van de waarde en beperkingen van het 12-afleidingen elektro-
cardiogram (ECG) om de oorsprong van VT in patiënten met structurele hartafwijkingen 
(SHA) te voorspellen. Katheterablatie wordt toenemend gebruikt voor de behandeling 
van VT in patiënten met SHA.1,2  Door gedetailleerdere kennis over de mogelijke anato-
mische structuren en verschillende substraten van VT zijn naast het linker- en rechter 
kamer endocard ook complexere structuren als de aortawortel en het epicard mogeli-
jke ablatie targets geworden.2–4 Het ECG van de klinisch gedocumenteerde VT kan de 
anatomische oorsprong van de VT voorspellen. Het ECG wordt daarom gebruikt voor 
het selecteren van de benadering tijdens ablatie en het inschatten van de slagingskans 
en risico’s van de procedure. Verschillende algoritmes zijn beschreven voor het iden-
tificeren van de anatomische oorsprong van VT gebaseerd op het ECG.5–8 Hierbij zijn 
echter verschillende definities van de anatomische oorsprong gebruikt (VT isthmus- en 
exit-sites) en zijn deze getest in verschillende populaties (post-MI, niet-ischemische 
cardiomyopathie) en gevalideerd met verschillende kathetermapping technieken 
(activatie- en entrainmentmapping maar ook pacemapping). Ondanks dat informatie 
over de afmeting en distributie van het litteken in het hart, op basis van beeldvorm-
ing of kathetermapping, waarschijnlijk de precisie van het voorspellen van VT-origine 
met behulp van het ECG vergroot heeft geen van de huidig beschreven algoritmes dit 
geïncorporeerd. Een systematische herevaluatie van de waarde van het VT ECG voor het 
voorspellen van de anatomische VT-origine in de context van 3D electroanatomische 
mapping en beeldvorming van myocard litteken is daarom van belang. 

Deel II van dit proefschrift richt zich op de evaluatie van eindpunten van ablatie van 
post-MI VT. De waarde van niet-induceerbaarheid van VT na ablatie in patiënten met 
ischemische hartziekte wordt herbeoordeeld en de uitkomst van een nieuwe substraat 
mapping- en ablatie strategie - functioneel substraat mapping – wordt geëvalueerd. 
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Verder wordt de prevalentie en impact van myocardiale calcificatie (MC) op de effectiv-
iteit van endocardiale ablatie bestudeerd. 

In hoofdstuk 3 wordt de impact van patiënteigenschappen, in het bijzonder de linker 
ventrikel (LV) functie, op de voorspellende waarde van niet-induceerbaarheid na ablatie 
voor het opnieuw optreden van VT en voor cardiale mortaliteit bestudeerd. Van 92 
post-MI patiënten die ablatie voor monomorfe aanhoudende VT ondergingen hadden 
59 (65%) een LV ejectie fractie (LVEF) >30% en 32 (35%) een LVEF ≤30%. Er waren geen 
verschillen in het aantal patiënten dat niet-induceerbaar was na ablatie in patiënten 
met LVEF hoger of lager dan 30%. Na 1 jaar hadden patiënten met een LVEF≤30% echter 
een slechtere prognose met een overleving vrij van VT van slechts 42% (vergeleken 
met 80% in de patiënten met een LVEF>30%). Niet induceerbaarheid was een goede 
voorspeller voor het opnieuw optreden van VT en van cardiale mortaliteit in patiënten 
met LVEF>30% maar niet die met LVEF≤30%. Dit is in lijn met de resultaten van een 
eerdere gerandomiseerde studie.9 Slechts 10% van de patiënten met LVEF>30% die niet-
induceerbaar waren door ablatie hadden een herhaalde VT over overleden door cardiale 
oorzaken in het eerste jaar na de ablatie. Bij patiënten bij wie niet-induceerbaarheid 
niet werd bereikt was dit 65%. De slechtere uitkomst van patiënten die induceerbaar 
bleven berustte met name op herhaling van VT. Dit benadrukt de noodzaak voor aanvul-
lende eindpunten voor ablatie gebaseerd op substraat mapping en de ontwikkeling van 
nieuwe ablatietechnieken om diepere en duurzamere laesies te creëren in deze patiënt-
en. De patiënten met een sterk verminderde LV functie hadden een slechte prognose 
onafhankelijk van het directe resultaat van de ablatieprocedure. Dit werd voornamelijk 
veroorzaakt door hartfalen gerelateerd overlijden. Deze bevinding suggereert dat in 
deze patiënten een, meer conservatieve, benadering die gericht is op het behandelen 
van de symptomen van patiënt door het benaderen van de klinisch gedocumenteerde VT 
de voorkeur verdient. Na publicatie van onze studie toonde een andere retrospectieve 
analyse van 1046 patiënten met VT na MI dat niet-induceerbaarheid geassocieerd was 
met lagere mortaliteit in de periode na ablatie.10 Echter in deze studie werd de LV functie 
niet meegenomen als een van de factoren die aan mortaliteit werden gecorreleerd. 
Prospectieve studies met een duidelijk van tevoren gespecificeerd eindpunt zijn nodig 
om onze bevindingen te staven. 

Het prognostische belang van snelle niet-klinische VT na ablatie in patiënten met SHA is 
onduidelijk. In veel elektrofysiologie laboratoria wordt daarom niet-induceerbaarheid 
van VT met een vergelijkbare of langere cycluslengte (CL) als een eindpunt van ablatie 
gebruikt. In deze gevallen wordt induceerbaarheid van snellere VT aan het einde van de 
behandeling geaccepteerd. Deze benadering wordt gesteund in het HRS/EHRA expert 
consensus over VT ablatie uit 2009.11 Een standard en breed geaccepteerde definitie van 
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fast VT op basis van CL is er echter op dit moment niet. Dit verklaart, in ieder geval deels, 
de vergelijkbare uitkomsten na ablatie ondanks de grote variatie in gerapporteerde niet-
induceerbaarheid aan het einde van de procedure.1,2,12–14 In hoofdstuk 4 wordt een nieu-
we, patiënt specifieke, definitie voor snelle VT gebaseerd op de individuele ventriculaire 
refractaire  periode (fVTVRP) voorgesteld en de prognostische waarde van persisterende 
induceerbaarheid van fVTVRP voor opnieuw optreden van VT na de behandeling geëval-
ueerd. Zeventig patiënten met SHA (45 post-MI, 65%) die slechts induceerbaar waren 
voor niet-klinische VTs na ablatie werden geïncludeerd. De afkapwaarde voor fVTVRP 
werd gesteld op een CL korter dan de VRP bepaald met een basis pacing frequentie van 
400ms. De onderliggende hypothese voor deze voorgestelde definitie is dat de kortst 
mogelijke CL van een re-entry VT wordt bepaald door de VRP en de geleidingssnel-
heid in het ventrikel myocard. In theorie zou geen re-entry VT een kortere CL kunnen 
hebben dan de VRP. Omdat de VRP kan variëren, bijvoorbeeld door veranderingen in 
autonome balans, werd voor de definitie van fVTVRP een maximaal verschil van 30ms 
ten opzichte van de VRP geaccepteerd. Dertig patiënten (43%) bleven na ablatie alleen 
induceerbaar voor fVTVRP en bij 40 (57%) bleven ook tragere VT opwekbaar. fVTVRP werd 
vaak geïnduceerd met behulp van drie kort-gekoppelde extrastimuli. Dit zou, door de 
heterogeniteit van inductie protocollen in verschillende elektrofysiologie laboratoria, 
de belangrijke gepubliceerde verschillen in post-procedurele niet-induceerbaarheid 
kunnen verklaren. Na een mediane follow-up van 2,5 jaar hadden patiënten met alleen 
fVTVRP betere overleving vrij van VT (74% in vergelijking met 63% van de patiënten met 
ook tragere induceerbare VT). Hoewel patiënten met tragere VT zieker waren (onder 
andere met lagere LVEF en vaker nierfalen) bleef induceerbaarheid voor fVTVRP geas-
socieerd met lagere kans op herhaalde VT ook na correctie voor patiënt- en procedurele 
variabelen. Verder trad fVTVRP zelden spontaan op. Geen enkele voor de ablatie gedo-
cumenteerde VT voldeed aan de criteria van fVTVRP en slechts 4 (6%) van de patiënten 
presenteerde met fVTVRP in het vervolg na ablatie. Al deze bevindingen ondersteunen 
de gedachte dat inductie van fVTVRP na ablatie niet van prognostische betekenis is en 
plaatsen vraagtekens bij het nut van het benaderen van deze VT tijdens ablatie. Zoals 
eerder opgemerkt zijn er echter prospectieve studies met van tevoren gespecificeerde 
eindpunten met betrekking tot induceerbaarheid van VT nodig om deze hypothese te 
bevestigen. 

Op substraat gebaseerde benaderingen zijn ontwikkeld om onstabiele en niet-induceer-
bare VT met ablatie te behandelen. Het gaat om respectievelijk 70% en 10% van de post-
MI patiënten die verwezen worden voor ablatie. 1,12,15 Hierna is aangetoond dat substraat 
gebaseerde ablatie beter is dan ablatie die slechts stabiel mapbare VT benaderd in 
ischemische cardiomyopathie. Substraat ablatie is daarom reguliere praktijk geworden 
in de meeste elektrofysiologie laboratoria.16 Deze ablatietechniek steunt op 2 pilaren: de 
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eerste is het in kaart brengen van het litteken gebied door middel van bipolair voltage 
mapping, de tweede is de identificatie van elektrogrammen die passen bij lokale trage 
geleiding mogelijk passend bij VT re-entry isthmus locaties. Over het algemeen word 
een afkapwaarde van 1,5mV gebruikt om litteken weefsel te onderscheiden van normaal 
myocard.17 In het lokaal gemeten electrogram kan de potentiaal gegenereerd in het lit-
teken worden overschaduwd door het ‘far-field’ electrogram van dieper of verder weg 
gelegen weefsel dat tegelijk wordt geactiveerd. Dit fenomeen is met name relevant bij 
hedendaagse patiënten die zich presenteren met VT bij een niet-transmuraal litteken na 
primair gereperfundeerd infarct.18 In deze patiënten kan het signaal van het aritmogene 
substraat worden verborgen door het grote farfield signaal van het overlevende subepi-
cardium of het omliggende gezonde myocard.19

In hoofdstuk 5 bestuderen we 60 opeenvolgende patiënten die verwezen werden voor 
de ablatie van post-MI VT. In deze patiënten werden alle electrogrammen systematisch 
geëvalueerd tijdens RV extra-stimulus pacing. Het gebied dat specifiek werd geanalyseerd 
was het deel van het hart waar het eerdere MI was doorgemaakt. Dit werd gebaseerd op 
beeldvorming (echocardiogram, cardiale MRI wanneer deze voor handen was) en het 
beloop van de infarct gerelateerde coronairarterie. Near-field electrogrammen met een 
lokale geleidingsvertraging >10ms of geleidingsblok tijdens RV extra-stimulus pacing 
werden gemarkeerd als ‘uitgelokt vertraagde potentialen’ (functioneel VT-substraat) en 
benaderd met ablatie. Uitgelokt vertraagde potentialen op locaties met voltage >1,5mV 
werden gevonden in zevenendertig (62%) patiënten (hierna de “verborgen substraat” 
groep). Patiënten in deze groep hadden een betere LV-functie en kleinere littekenge-
bieden dan patiënten bij wie al het te benaderen substraat binnen het <1,5mV gebied 
werd gevonden (hierna de (“het openlijke substraat” groep). Gedurende een vervolg 
periode van 1,5 jaar had 22% herhaalde VT. Patiënten in de verborgen substraat groep 
hadden een minder vaak VT tijdens vervolg dan patiënten met een openlijk substraat. 
Van belang is echter dat in vergelijking met een historisch cohort van patiënten met een 
vergelijkbare LVEF en afmeting van het electroanatomische littekengebied patiënten bij 
wie het verborgen substraat geableerd was een betere overleving vrij van VT hadden na 
1 jaar (89% vs. 73%). Dit ondersteund het gebruik van pacing manoeuvres naast voltage 
mapping om het gehele aritmogene substraat te detecteren in patiënten met post-MI 
littekens. Twee andere kleine retrospectieve studies die gelijktijdig met de onze werden 
gepubliceerd toonden ook aan dat RV extrastimulus pacing het verborgen substraat kan 
identificeren. Een van deze studies werd verricht in post-MI patienten20 en de andere in 
een meer heterogene groep van patiënten met litteken-gerelateerde VT21,22. In een groep 
post-MI patiënten bij wie een LGE-MRI beschikbaar was voor integratie met electroano-
misch mapping hebben wij recent aangetoond dat een voltage afkapwaarde van 3mV 
beter kan onderscheiden tussen litteken en normaal myocard wanneer de LV functie 



175

Samenvatting en toekoemstperspectief

behouden is.23 Wij hebben daarom ons protocol aangepast en beperken het gebied dat 
met behulp van RV extrastimulus pacing wordt geëvalueerd tot dat met een bipolair 
voltage <3mV. Op dit moment verrichten we een internationale multicenter registry van 
post-MI patiënten die VT-ablatie ondergaan met identificatie van functioneel substraat. 
Wij hopen dat dit onze initiële bevindingen kan bevestigen in een grotere en prospec-
tieve populatie. 

In hoofdstuk 6 wordt de prevalentie van myocardiale calcificatie (MC) en de invloed 
hiervan op de uitkomst en lange termijn resultaten van endocardiale ablatie in post-MI 
patiënten geanalyseerd. In een groep van 158 opeenvolgende post-MI patiënten die een 
VT-ablatie ondergingen werd de aanwezigheid van MC beoordeeld op basis van fluoros-
copie bij coronairangiogram en/of preprocedurele CT-scans. Bij 30 (19%) patiënten werd 
MC vastgesteld. Patiënten met MC waren jonger, hadden doorgaans een voorwandin-
farct en hadden grotere gebieden van dicht littekenweefsel. Endocardiale ablatie faalde 
om de klinische VT te elimineren in een derde van de patiënten met MC en slechts in 7% 
van de patiënten zonder MC, ondanks uitvoerige ablatie met hoge power en lange ap-
plicaties. Na falen van endocardiale ablatie werd een percutane epicardiale benadering 
gepoogd in 5 van de 8 patiënten. In 3 van de 5 werd echter geen epicardiale toegang 
verkregen door de aanwezigheid van pericard verklevingen. De patiënten met MC die 
geen escalatie van antiaritmische therapie ondergingen (andere medicatie, epicardiale 
of chirurgische ablatie) hadden een slechte prognose met een VT vrije overleving van 
slechts 26% in 2 jaar. Deze bevindingen ondersteunen de gedachte dat bij patiënten met 
een oud infarct MC kan voorkomen dat de hitte energie van ablatie de subepicardiale 
laag van het myocard bereikt tijdens endocardiale ablatie. Aanvullende therapie, zoals 
escalatie van medicatie en epicardiale ablatie maar ook chirurgische ablatie kunnen 
noodzakelijk zijn om VT effectief te behandelen in deze populatie. Onze studie betrof 
slechts een relatief klein patiënten aantal en moet daarom als hypothese genererend 
worden beschouwd. Prospectieve studies in een groter cohort moeten deze bevindin-
gen bevestigen. 
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