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Abstract

Notably, most ventricular tachycardia (VT) episodes in patients with VT attributable to structural heart disease are not hemodynami-
cally tolerated. Therefore, techniques for substrate mapping during stable intrinsic or paced rhythm have been developed that eliminate
the need to induce VT. Moreover, advances in catheter technology, enabling high-density multi-electrode mapping of abnormal elec-
trograms, have improved the ability of electrophysiologists to identify the substrate responsible for scar-related VT. In addition to the
conventional identification of late potentials and local abnormal ventricular activity (LAVA), several substrate imaging approaches have
been developed, including the identification of sites of conduction slowing via isochronal late activation mapping and the modification of
wavefronts by changing the pacing site. Further, a new near-field algorithm provides a degree of objectivity to the previously subjective
annotations of local potential timing. Additionally, changes in the substrate within the scar, specifically the induction of a line of block
and subsequent alteration of a LAVA by decremental conduction, can identify functional abnormal ventricular activity that contributes to
the development and maintenance of VT and can further improve the accuracy of substrate mapping. Novel cardiac magnetic resonance
imaging and computed tomography analyses, facilitated by specialized software, also provide information for non-invasive estimation of
the VT isthmus location. Therefore, continued clinical implementation of these techniques and technologies has the potential to improve
safety, reduce the complexity, and expand the number of patients who can safely undergo VT ablation.

Keywords: ventricular arrhythmia; catheter ablation; functional substrate mapping; ventricular tachycardia; multi-electrode mapping;
magnetic resonance imaging

1. Introduction

Electroanatomical mapping-guided catheter ablation
plays an important role in reducing episodes of ventricu-
lar tachycardia (VT) and potentially avoiding the side ef-
fects of antiarrhythmic drugs [1]. Randomized trials and
meta-analyses have shown that catheter ablation reduces
VT recurrences and implantable cardioverter-defibrillator
(ICD) therapies compared with antiarrhythmic drug ther-
apy in patients with structural heart disease, particularly
those with ischemic cardiomyopathy and ICDs [2,3]. In pa-
tients with hemodynamically tolerable VT, activation map-
ping plus entrainment mapping remains the gold standard
for identifying critical components of the circuit and suc-
cessful catheter ablation [4] (Fig. 1A,B). However, induc-
ing VT causes hemodynamic instability in most patients,
making mapping during tachycardia difficult. Further, re-
cent reports have shown that many scar-related VTs involve
not a two-dimensional (2D), but rather a three-dimensional
(3D) circuit [5], and even if the hemodynamics are toler-
able, the full extent of the tachycardia circuit can be diffi-
cult to elucidate, even with high-density mapping of the en-
docardium and epicardium. Therefore, multiple substrate-
based ablation strategies that estimate the location of criti-
cal parts of the VT circuit from electrophysiologic features

have emerged as important alternatives to induction and
mapping of sustained VT, expanding the population of pa-
tients who may benefit from VT ablation [6]. The substrate
ablation strategies developed to date include scar homoge-
nization, scar dechanneling, and targeting local abnormal
ventricular activity (LAVA) and late potentials (LPs) [7–
11]. However, outcomes of these strategies are still not op-
timal, with success rate of 70% and procedure-related com-
plications still reported at 5% to 10% [12]. Although re-
ported complications are primarily related to the ablation
procedure rather than to the mapping strategy, the potential
contribution of prolonged procedures and extensive lesion
sets cannot be excluded. Despite the techniques’ utility,
procedures targeting all abnormal potentials or scar border
zones may necessitate extensive endocardial or epicardial
ablation and thereby undesirably prolong procedure time.

In recent years, increasing attention has been given
to approaches that detect functional electrophysiologic fea-
tures within the scar tissue during intrinsic or paced rhythm
in patients with scar-related VT. Dynamic changes uncov-
ered may reflect essential aspects of the VT substrate, espe-
cially in VT due to a fixed or functional barrier with rate-
dependent and variable conductive properties. The goal of
these techniques in combination with advanced imaging is
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to localize the key components of theVT substrate and carry
out catheter ablation in a hemodynamically stable rhythm.
This review summarizes the latest functional substrate map-
ping methods along with their key underlying concepts and
explores future directions.

2. Multi-Electrode Mapping
The basic hypothesis of substrate mapping of myocar-

dial scar-related VT is that a proxy for the VT isthmus
can be identified during a stable cardiac rhythm. Surro-
gates include electrograms (EGMs) with electrical discon-
tinuities such as fragmented potentials, LAVA, and LPs,
which are recognized as abnormal ventricular EGMs at
sites of slowed activation [9]. Reduction in the size and
spacing of the electrodes of mapping catheters has con-
tributed significantly to the characterization of arrhyth-
mic substrates [13]. Multipolar catheters (PENTARAY
[Biosense Webster, Irvine, CA]/OCTARAY [Biosense
Webster]/OPTRELL [BiosenseWebster]/HD Grid [Abbott,
Minneapolis, MN]/Orion [Boston Scientific Marlborough,
MA]) are advantageous in that they provide (1) high-density
mapping and substrate clarity; (2) maximized detection of
LAVAand voltage amplitude channels; and (3) provide high
accuracy in identifying and delineating LAVA or LPs, while
distinguishing near-field components from far-field poten-
tials [14–16]. VT, in patients with structural heart disease,
as described above, is often not hemodynamically tolerated
and can have multiple morphologies during the procedure,
often preventing acquisition of an activation map. Multi-
electrode catheters were developed to allow the atrial and
ventricular arrhythmias to be mapped within a reasonable
time frame. In addition, automated mapping algorithms
have increased the mapping speed and density, facilitat-
ing accurate assessment of the location of the VT isthmus.
Functional substrate mapping also benefits from a multipo-
lar catheter and can refine the substrate approach and im-
prove sensitivity and specificity of mapping.

The spatial fidelity of EGM analysis depends on elec-
trode size and interelectrode spacing. Smaller electrodes
with closer spacing increase near-field resolution and atten-
uate far-field averaging, thereby improving the detection of
fragmented EGMs, LAVA, and LPs [13,14,16]. These fea-
tures also enhance the precision of local activation timing
used for functional mapping (e.g., isochronal late activa-
tion mapping (ILAM)) [17,18]. In practice, high-density
sampling with multipolar catheters refines substrate char-
acterization within scarredmyocardium and sharpens delin-
eation of conduction channels and deceleration zones dur-
ing stable rhythm [19,20]. Furthermore, analysis frame-
works designed to mitigate the directional dependence of
bipolar recordings (e.g., omnipolar vectors and automated
near-field algorithms) complement the benefits of closer
spacing by improving local activation assignment within
low-voltage regions [21,22]. Examples of functional sub-
strate mapping and VT activation mapping performed with

a multipolar mapping catheter are shown in Fig. 1. In a sin-
gle representative case, we illustrate a step-wise workflow
inwhich conventional activation/entrainmentmapping con-
strains the VT isthmus, while sinus-rhythm functional map-
ping (ILAM and a Sense-protocol extrastimulus) refines
and functionally validates the substrate target under hemo-
dynamically stable conditions. In contrast, voltage map-
ping alone offers limited specificity for isthmus localiza-
tion in scarred myocardium—low-voltage areas are often
confluent and indistinguishable from the critical channel—
as shown in Fig. 1D.

3. Isochronal Late Activation Mapping
(ILAM)

Functional substrate mapping incorporating analysis
of multiple wavefronts is gaining attention. This methodol-
ogy can be used to identify areas where conduction is inter-
rupted or slowed during intrinsic rhythm and areas within
the scar tissue that are particularly prone to re-entry. The
methodology is expected to refine the substrate-based ap-
proach toVT ablation and improve the sensitivity and speci-
ficity of mapping in identifying the critical isthmus [19,20].
Irie et al. [23] reported the relation between sinus rhythm
late activation zones and critical sites for VT. They de-
scribed the propagation of ventricular excitation over eight
equally distributed activation isochrones (with 12.5% of
the ventricular activation comprising each isochrone) in
47 patients with scar-related VT. Critical sites related to
the VT isthmuses were often identified outside the slow-
est isochrone of ventricular activation. Rather, they were
identified at more proximal sites, where conduction slows
down. Recently, several groups of investigators have re-
ported that zones of slowed or steeply activated conduction
time gradients, i.e., conduction delay regions, correspond
well to the isthmus of the VT [19,24,25] (See Fig. 1E and
Fig. 2 for typical isochronal late activation maps). Aziz
et al. [19] used high-resolution mapping with a multi-
electrode catheter to produce an isochronal late activation
map of increased density and accuracy in 125 cases. They
found that the region of wavefront deceleration visualized
by discontinuity or dense clustering of activation colors,
‘isochronal crowding’, most likely included the VT isth-
mus region. They defined deceleration zones (DZs) as ar-
eas 1 cm in radius containing three or more isochrones, and
the ensuing DZ-targeted ablation provided good clinical re-
sults. Note that there is no clear cut-off value for conduction
velocity, as the functional substrate can change dynamically
in response to the wave direction and additional stimulation
[20]. Furthermore, if no clear functional substrate is iden-
tified on activation mapping during sinus rhythm, change
in the activation waveform attributable to pacing should be
considered. Additional mapping techniques such as pace
mapping, entrainment mapping, and limited VT activation
mapping at conduction delay sites may help to clarify the
area of interest. In recent years, localized wavefront de-
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Fig. 1. Identification of critical VT-circuit components using conventional maneuvers and advanced electroanatomic mapping
(single case; sequential workflow). (A) Post-infarction VT with concealed entrainment. The paced beats show an St–QRS of 62 ms, VT
resumes when pacing stops, and the Abl D electrogram precedes QRS onset by 62 ms with near-identical paced/VT morphologies. (B)
Radiofrequency ablation at this site terminates VT. (C) VT activation mapping in the same case demonstrates a figure-of-eight reentry
with eight sequential isochrones; the termination site in (B) lies within a narrow isthmus (arrow). Right: mid-diastolic potential recorded
with an HD Grid catheter. (D) Sinus-rhythm voltage map from the same case. The isthmus area seen in (C) appears uniformly low
voltage and is not specifically localizable by voltage alone. (E) Isochronal late activation mapping (ILAM) during sinus rhythm (eight
isochrones) shows isochronal crowding defining a deceleration zone (DZ) with adjacent late potentials, spatially close to the termination
site in (B)/isthmus in (C). (F) With a Sense-protocol single extrastimulus during sinus rhythm, a line of block aligned with the lateral
VT boundary. In the right panel, LP decrement is evident on the extrastimulus beat (second) versus intrinsic rhythm (first), with markers
just after the QRS. VT, ventricular tachycardia; St, stimuli; LP, late potential; His, His-bundle electrogram; Abl, ablation catheter; CS,
coronary sinus; RV, right ventricle; SR, sinus rhythm.

celeration has also been visualized by means of omnipo-
lar mapping with a multi-electrode grid catheter. This rel-
atively new method of EGM analysis is designed to over-
come the “bipolar blindness” that can occur under conven-
tional electroanatomical mapping and to complement the
conventional ILAM method, which targets low voltage ar-
eas associated with the VT [21].

4. Pace Mapping to Identify Critical VT
Isthmuses

Pace mapping is a supportive methodology for VT cir-
cuit identification [26]. It can be used to identify the pre-
sumed exit or isthmus site of the VT circuit, but it is not
specific or sensitive enough to be the sole guide for abla-

tion. Automated pace-map matching is now available on
several lab systems and 3D mapping systems. The higher
the agreement between the ECG morphology during pac-
ing and the tachycardia, the closer the catheter tip to the
exit zone of the VT isthmus. Pace-map matching can also
detect slow conduction, as indicated by an interval of >40
ms between the pace mapping stimuli and the QRS com-
plex (St-QRS). The site of St-QRS delay is usually within
the scar region, as identified by the EGM amplitude, and
is likely to be indicative of an isthmus adjacent to the area
of conduction block. The St-QRS interval theoretically in-
creases as the pacing site moves from the exit region to the
entrance site within the VT isthmus [21]. De Chillou et al.
[27] reported good correlation between the pace map and
the 12-lead ECG recorded during VT at sites close to the
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Fig. 2. Isochronal late activationmapping (ILAM) and pacemapping findings in a case of dilated cardiomyopathy with epicardial
ventricular tachycardia. Upper left: Left ventricle (LV) isochronal late activation map obtained in a case of dilated cardiomyopathy
with VT originating from the epicardium. A late potential (LP) is seen around the narrow deceleration zone (DZ) in the color band. Top
right and bottom: The pace map findings and stimulus-QRS time (latency) for the target VT are shown. The estimated isthmus of the
VT (light blue arrow) can be seen around the DZ. Notably, pace mapping in the proximal region of the estimated VT-2 isthmus shows a
sudden decrease in the pacemap score (from 87% to 7%) associated with St-QRS prolongation (156 ms), which is thought to indicate a
functional substrate (asterisk).

isthmus exit but poor correlation between the pace map and
the 12-lead ECG recorded during VT at sites close to the
isthmus entrance. They reported that an abrupt change in
the pace map score identifies the core of the critical isth-
mus in scar-related VT. Abrupt QRS morphology changes
occur as the mapping catheter moves from one side of the

mid-isthmus line to the other. Suppose pacing is performed
slightly to the side (entry area) of the mid-isthmus during
sinus rhythm. In that case, the activation wavefront will
propagate in both directions relative to the direction of the
isthmus, and that is thought to be a functional response
that causes a sudden change in the score. Pace mapping in
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conjunction with ILAM-based identification of DZs, as de-
scribed above, is widely used in clinical practice. Conven-
tional pace mapping is primarily used for focal premature
ventricular contraction (PVC) ablation; in scar-related reen-
trant VT, it is typically applied selectively and in combi-
nation with substrate-based and functional mapping rather
than as a stand-alone strategy. Example output of pacemap-
ping guided by ILAM-identification of the DZ is shown in
Fig. 2.

5. Alternative Activation Wavefront Analysis
Tung et al. [28] were among the early investigators

to demonstrate that the direction of ventricular activation
wavefronts can significantly influence the electroanatomic
characterization of scar tissue during substrate mapping
for VT. In their study, voltage maps acquired using mul-
tiple wavefronts—achieved through pacing from different
sites—revealed marked variability in the extent and dis-
tribution of low-voltage areas. Importantly, certain VT-
critical sites were not identifiable when mapping was per-
formed using a single wavefront, but became evident when
alternative activation vectors were employed. These find-
ings underscore the dynamic nature of functional substrate
and the inherent limitations of single-wavefront mapping
strategies. Building on this concept, Martin et al. [29] per-
formed pacing from three directions (atrial and right and left
ventricular pacing) in 22 patients with ischemic cardiomy-
opathy. They reported that slowing/blocking of the conduc-
tion due to changes in the wavefront helped to locate the
critical isthmus sites of non-mappable VTs. In particular,
the line of block (LOB) and LAVA potentials were found to
occur most often on wavefronts perpendicular, rather than
parallel, to the VT isthmus (see Fig. 1F). Anter et al. [20]
also found more ventricular conduction delay sites within
the scarred region, similar to the DZs detected by ILAM,
when pacing from three directions. Further, treatment out-
comes improved by applying radiofrequency ablation to the
cumulative area of delayed activation (the total area where
the activation time per 10mmwas≥40ms). These reported
findings indicate that in patients with little or no evidence
of localized abnormal ventricular activity during substrate
mapping, use of an alternative wavefront of excitation—
one perpendicular to the VT isthmus—may improve sensi-
tivity in detecting the substrate and critical sites of re-entry
underlying the arrhythmia.

6. Frequency Analysis
The ILAM-based approach described above over-

comes some problems in defining ‘local’ activation in ab-
normal EGMs, multicomponent EGMs, split potentials,
LAVA, and other features within low-voltage regions by
annotating the offset of the last local bipolar EGM. How-
ever, signal noise and artefacts may necessitate manual ad-
justment of the sensitivity and position of the annotation
to obtain an accurate isochronal late activation map [17].

Such manual re-annotation can be time-consuming in the
era of multi-electrode mapping, where electroanatomical
maps can number in the thousands.

Furthermore, it is not always clear whether the slowest
component of the bipolar potential represents a local (near-
field) activation potential or a far-field potential. There-
fore, new algorithms are needed to improve the accuracy of
real-time annotation of local excitatory activation. Payne et
al. [18] reported use of a new annotation algorithm of the
Abbott EnSiteX electroanatomical mapping system (EnSite
OT Near Field) to generate substrate maps for VT ablation.
They performed wavelet transform time-frequency analysis
using the software bundled within the EnSite system in pa-
tients with VT. Their resulting data suggested that the new
algorithm could better identify and annotate the region of
the intracardiac EGM containing true near-field signals by
identifying the timing of the segment of the ECG containing
the highest peak frequency (PF). From a retrospective anal-
ysis of 25 cases, they found that the potential VT substrate
areas, characterized as LPs and LAVAs within low-voltage
areas, had PF values higher than those of normal myocar-
dial tissue and scar areas without LPs or LAVAs. Using
their PF data, they calculated an optimal PF cut-off of>220
Hz for identifying LP and LAVA EGMs with high sensi-
tivity (91%) and specificity (85%). In addition, in 90% of
10 prospectively enrolled patients, the high PF zone in the
low-voltage area was spatially concordant with the ILAM-
identified DZ. Areas with specific high-frequency bands
can be color-coded on the 3D map, providing excellent vis-
ibility of the target area (Fig. 3). In depth details on how the
algorithm works have not yet been released, but in general,
the algorithm seems to be based on wavelet analysis, and
the data can be analyzed in real time during the procedure
and thus overcome the problem of short-time Fourier trans-
form, which is suitable for offline analysis [30]. While the
PF is useful for displaying the near-field EGMs, in cases
where a myocardial isthmus is in the middle layer, the far-
field component is likely to be increased and may become
a problem [22]. Prospective studies of the usefulness of the
algorithm in large numbers of patients are needed. In ad-
dition, different PF cut-off values may be required for dif-
ferent pathological conditions and rhythms, such as sinus
rhythm and tachycardia.

7. Functional Extra-Stimulus Mapping and
Beyond

Difficulties are often encountered in creating
isochronal late activation maps and in identifying abnor-
mal local ventricular EGMs. In particular, pathological
near-field signals may be obscured by the far-field sig-
nals during the intrinsic rhythm [31]. Furthermore, the
interpretation of local abnormal EGMs is highly subjec-
tive, and DZs identified by ILAM may appear during
the main ventricular activity rather than during the late
stage of ventricular excitation propagation. To improve
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Fig. 3. Peak frequencymapping and isochronal late activationmapping (ILAM) for cases of ischemic cardiomyopathy. Left panel:
example of a left ventricle (LV) peak frequency map obtained from a patient with an extensive chronic anterior myocardial infarct and
aneurysmal findings (with adjusted thresholds of EnSite X; grey <200 Hz, white >500 Hz). The automated near-field detection allows
rapid identification of the ventricular tachycardia isthmus segments in the near field of the mapped surface without manual re-annotation.
Middle panel: Late potential (LP) recording with use of the HD Grid. The LP components are automatically annotated by the near-field
algorithm. The arrowed electrogram indicates a relatively high frequency region of 411 Hz at the auto-annotated LP site. Right panel:
Isochronal late activation map generated by using the near-field algorithm. The LP upstream timing (local activation timing set to 150 to
200 ms after the R-wave peak) is highlighted as the optimal ablation area for LP elimination (dechanneling approach). This corresponds
to the brighter white area in the left image. A region of relatively high frequency (506 Hz) is noted at the auto-annotated LP site (yellow
dart). Each LP was eliminated by radiofrequency ablation in the LP area (506 Hz), as indicated by the yellow star.

the identification of VT-related substrates, an approach
using one or more ventricular extrastimuli relative to the
baseline rhythm, aimed at increasing the specificity of VT
isthmus detection, has been proposed [32]. Antecedent
to the functional mapping that incorporates dynamic
elements into the static basic EGM rhythm, Jaïs et al. [33]
used ventricular extrastimulation to identify near-field
potentials and sharp high-frequency ventricular potentials
in identifying LAVA potentials. Further, Jackson et
al. [34] inserted a 112-electrode balloon catheter into
the left ventricle in six patients undergoing coronary
bypass surgery and defined ventricular EGMs showing
slow conduction with a decremental extrastimulus as
decrement-evoked potentials (DEEPs). They found that
DEEPs are spatially consistent with the VT isthmus, and
they used a mathematical model to show that the DEEP
mechanism is involved in zig-zag conduction within the

scar. This approach was refined in a multicenter study
and used in a non-surgical, conventional catheter ablation
procedure [35]. The multicenter study showed that the
DEEP region is more localized in the diastolic pathway
of the VT than LPs, and targeting the DEEP region led to
favorable clinical outcomes. Acosta et al. [32] applied
double ventricular extrastimuli and defined the hidden
slow conduction EGMs (HSC-EGMs) as the area showing
a DEEP-like excitation pattern. HSC-EGMs were found
not only in scar border zones; 28.8% were found in areas
labeled as normal voltage tissue. Signal intensity maps
obtained from contrast-enhanced cardiovascular magnetic
resonance (CMR) also showed that HSC-EGMs were lo-
cated within the scar region. Eventually, targeted ablation
of identified HSC sites was associated with a shortened
RF energy delivery time during substrate ablation and a
decreased incidence of VT induction. Srinivasan et al. [36]
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Fig. 4. Comparison of a late gadolinium enhancement cardiac magnetic resonance (LGE-CMR) image and functional map ob-
tained from a patient with ventricular tachycardia (VT) due to ischemic cardiomyopathy. As the target VT was hemodynamically
unstable, a substrate approach was attempted by using LGE-CMR. (A) The isochronal late activation mapping (ILAM) display obtained
during sinus rhythm is shown. A U-shaped line of block (LOB) was observed around the deceleration zone in the pre-phase region
of the purple phase region on the posterior wall of the basal part of the left ventricle. (B) ILAM display obtained by using the Sense
protocol. With early stimulation from the right ventricular apex, the LOB straightened, and the ILAM excitation pattern changed to a
boomerang-like pattern. (C) An estimated CMR conduction channel (CMR-CC) was analyzed with use of LGE-CMR and ADAS anal-
ysis software. The CMR-CC was observed at a depth of approximately 60% from the endocardium (middle layer of the myocardium).
(D) Pace mapping was performed with the CMR-CC used as an index. The estimated channel (dashed arrow) with a good score was
identified, and VT could no longer be induced following ablation targeting the channel region.

produced two substrate maps—one by using a multipolar
catheter during sinus rhythm and the other by using right
ventricular Sense protocol mapping to better identify areas
of conduction delay. The protocol involves finding the
effective refractory period (ERP) of a single-paced right
ventricular (RV) sensed extra beat (without a drive train),
delivering single sensed extrabeats at 20 ms above the RV
ERP every fifth beat. Further, the method is used to create
a template in the form of the 12 surface-based leads of this
early stimulation, collect points that match the template,
and use the turbo map function to create a substrate map
of this type of beat. Eventually, ablation targeting LPs
and LAVAs, which were clearly demonstrated by the
Sense protocol mapping, did not induce VT in 29 of 30
patients cases, and the VT was resolved in 90%. In recent
years, there have been attempts to actively explore DEEPs
by performing S3 stimulation (double extrastimuli) as
premature ventricular stimulation [37]. However, the
unique feature of the Sense protocol is that, unlike DEEP
pacing or the S3 protocol, the hemodynamic burden placed
on the patient seems to be reduced because there is less

additional pacing of the ventricles. Typical output of Sense
protocol-based ILAM mapping in patients with ischemic
cardiomyopathy is shown in Fig. 1F and Fig. 4B.

Functional extra-stimulusmapping uses short-coupled
extrastimuli to unmask DEEPs and related slow-conduction
markers that colocalize with the VT isthmus, improving tar-
get specificity under sinus rhythm [32–37]. Early feasibil-
ity and multicenter data support clinical utility, particularly
with Sense-protocol single extrabeats; however, annotation
dependence and center-specific protocols remain, and stan-
dardized workflows and prospective validation are needed.

7.1 Intramural Delay Mapping
When endocardial and epicardial voltage are conflu-

ent and nonspecific, intramural (in-wall) slow conduction
can be inferred by high-density orthogonal sampling and
endo–epi integration, often revealing a narrow band of frag-
mented or long-duration signals that bridges otherwise dis-
continuous surface findings. Such patterns, consistent with
three-dimensional reentry, complement ILAM/DEEP when
voltage alone lacks specificity [38].
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Table 1. Comparative overview of functional substrate–mapping strategies for scar-related VT.
Strategy Physiologic premise/protocol cue Pros Cons/caveats Level of clinical evidence

ILAM (isochronal late acti-
vation mapping)

Sinus-rhythm activation annotated into
isochrones; deceleration zones identified by
isochronal crowding (DZ)

Localizes reentry-vulnerable zones;
targetable under sinus rhythm; sup-
ported by multicenter data

Annotation dependence; threshold sensi-
tivity; may miss mid-myocardial circuits;
operator training required

Validated (multicenter)

DEEP/Sense-protocol ex-
trastimulus mapping

Short-coupled extrastimuli under SR to un-
mask decrement-evoked potentials and lines
of block; Sense uses single extra beats

Functionally probes channels without
sustained VT; improves specificity
near circuit boundary; favorable mul-
ticenter outcomes

Protocol variability
(site/output/coupling); annotation de-
pendence; hemodynamic burden varies;
standardization needed

Supported (multicenter)

Near-field/Peak-frequency
(PF) mapping

Automated near-field detection and peak-
frequency metric to identify local activation
and high-PF zones in low-voltage areas

Rapid, more objective annotation;
highlights targets; spatial concor-
dance with DZs in early reports

Platform-specific; parameter/threshold
sensitivity; prospective validation re-
quired

Emerging

Intramural delay mapping High-density orthogonal sampling and
endo–epi integration to infer in-wall slow
conduction bridging otherwise discontinu-
ous findings

Sensitive to concealed channels
when surface voltage is nonspecific;
bridges otherwise discontinuous
endo–epi findings

Requires endo–epi access/integration;
time-consuming acquisition; interpreta-
tion expertise needed

Emerging

Imaging-guided functional
mapping (LGE-CMR/CT)

LGE-CMR conduction-channel analysis; CT
attenuation and wall-thickness maps regis-
tered to EAM to delineate putative channels

Noninductive overview; aids access
planning and corridor delineation; CT
provides alternative when CMR is
contraindicated/unavailable

Segmentation thresholds; motion/beam-
hardening artefacts (CT); registration ac-
curacy; availability constraints

Increasing adoption; support-
ive multicenter data

Scar dechanneling/LP-LAVA
elimination

Target late potentials and LAVA channels
within scar to interrupt conduction corridors

Intuitive endpoint; can reduce recur-
rence when combined with substrate
modification

May require extensive ablation and longer
procedures; potential complications; may
not isolate functional isthmus

Established (legacy + con-
temporary)

VEDUM (ventricular
electrogram-duration map-
ping)

VEDUM has two forms: a VT-rhythm
version identifying diastolic long-duration
EGMs, and a stable-rhythm version in sinus
or paced rhythm without extrastimuli map-
ping slow-conduction corridors.

Provides functional cues without sus-
tained VT (SR approach); hypothesis-
generating multicenter experience

Heterogeneous implementations and pos-
itivity criteria; protocol standardization
and external validation needed

Investigational/Early multi-
center experience

This schematic summarizes physiologic premise/protocol cue, strengths, limitations, and level of clinical evidence across ILAM; DEEP/Sense-protocol extrastimulus mapping; near-field/peak-
frequency (PF) mapping; intramural delay mapping; imaging-guided functional mapping (CMR/CT); scar dechanneling; and VEDUM. Abbreviations: ILAM, isochronal late activation mapping;
DEEP, decrement-evoked potentials; PF, peak frequency; CMR, cardiovascular magnetic resonance; CT, computed tomography; DZ, deceleration zone; SR, sinus rhythm; EGM, electrogram; EAM,
electroanatomic map; VT, ventricular tachycardia; LAVA, local abnormal ventricular activity; LP, late potential; LGE, late gadolinium enhancement; LOB, line of block.
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7.2 Ventricular Electrogram Duration Map (VEDUM)

The VEDUM is a functional substrate-mapping tech-
nique based on spatial quantification of bipolar electro-
gram duration to identify compact regions of slow and inho-
mogeneous conduction. VEDUM was initially introduced
during sustained VT to localize zones with markedly pro-
longed electrogram duration at critical circuit sites, show-
ing close concordance with VT isthmuses and acute termi-
nation targets (VEDUM pilot study) [39]. Subsequently,
a stable-rhythm implementation was developed and is now
the predominant clinical approach: VEDUM areas are de-
lineated during sinus or paced rhythm without programmed
extrastimuli, using high-density sampling to reveal slow-
conduction corridors and functional lines of block within
scar (VEDUM Project Study) [40]. Given potential influ-
ences of rhythm context, pacing site/output, mapping den-
sity, and positivity thresholds, protocol standardization and
external validation remain necessary. Importantly, the re-
cent multicenter VEDUM FREEDOM Study in ischemic
cardiomyopathy demonstrated that greater ablation cover-
age of the VEDUM area was independently associated with
a lower risk of VT recurrence during follow-up, supporting
a potential prognostic role of this target [41]. Therefore,
VEDUMshould currently be regarded as an investigational,
yet promising, substrate-guided strategy.

8. Analysis of the Channels Displayed on
Contrast-Enhanced Magnetic Resonance
Imaging (MRI)

LGE-CMR can accurately detect normal ventricular
tissue, dense scar, and scar border zone [42]. In parallel
with the advances in functional left ventricular substrate
mapping noted above, more detailed analysis of the tis-
sue channels obtained by LGE-CMR has been carried out.
It has been shown that specific channel characteristics de-
termined by the special LGE-CMR software, such as the
protected channel and its length, may be associated with
the occurrence of ventricular arrhythmias [43,44]. There-
fore, identification of the CMR conduction channel (CMR-
CC) may allow for pre-procedural planning. Reports have
emerged that the functional arrhythmogenic substrate of
scar-related VT and the CMR-CCs are spatially coincident.
Vázquez-Calvo et al. [42] reported that in 42 patients with
scar-related VT, 93.68% of the 95 ILAM-identified DZs
were spatially consistent with the CMR-CCs, with 44.8%
located in the mid-isthmus and 55.2% at the exit or entrance
of the isthmus. Further, 32.5% of the DZs that appeared on
re-mapping after ablation were consistent with the CMR-
CCs, and their detection was used as an indicator for addi-
tional ablation targets. The combination of functional map-
ping and LGE-CMR has the potential to significantly im-
prove the representation of functional substrates with high
specificity. The relation between the CMR-CCs identi-
fied by the ADAS software system, ILAMs, and the esti-

mated VT isthmus identified by the pace mapping method
is shown in Fig. 4.

Cardiac CT offers an alternative to CMR when
gadolinium administration or scanner availability is lim-
ited. CT-derived attenuation and wall-thickness maps—
registered to the electroanatomic map (EAM)—can delin-
eate putative conduction channels and anchor sinus-rhythm
functional mapping cues [45]. However, variability in ac-
quisition and segmentation persists, underscoring the need
for prospective standardization.

To aid synthesis, Table 1 provides a side-by-side
comparison of functional mapping strategies—ILAM,
DEEP/Sense, near-field/peak-frequency mapping, intramu-
ral delay mapping, imaging-guided mapping (CMR/CT),
scar dechanneling, and VEDUM—summarizing their phys-
iologic premise, strengths, limitations, and current level of
clinical evidence.

9. Limitations and Adoption
Although clinically useful, these methods remain lim-

ited by annotation dependence, center-specific protocols,
and inter-platform variability. Current adoption is concen-
trated in high-volumeVT centers, underscoring the need for
standardized workflows, operator training, and prospective
multicenter validation with harmonized reporting.

10. Conclusions
Extensive substrate modification across the entire bor-

der zone and scar is time-consuming and may be im-
practical in patients with limited cardiac function or large
substrates. Among sinus-rhythm functional strategies,
ILAM and extra-stimulus–based mapping (DEEP/Sense)
are supported by stronger clinical evidence and can be
considered in current practice as adjuncts to substrate-
based ablation. Integration with LGE-CMR conduction-
channel analysis and multi-directional activation mapping
shows increasing uptake with supportive multicenter data,
whereas near-field/peak-frequency annotation approaches,
omnipolar/near-field analyses, and CT-based functional in-
ference should be regarded as emerging adjuncts. To es-
tablish clinical value and facilitate dissemination, stan-
dardized workflows, operator training, and prospective—
ideally randomized—trials with harmonized reporting are
needed.
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