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Aims Non-invasive myocardial scar characterization with cardiac magnetic resonance (CMR) has been shown to accurately iden-
tify conduction channels and can be an important aid for ventricular tachycardia (VT) ablation. A new mapping method based
on targeting deceleration zones (DZs) has become one of the most commonly used strategies for VT ablation procedures.
The aim of the study was to analyse the capability of CMR to identify DZs and to find predictors of arrhythmogenicity in

CMR channels.
Methods Forty-four consecutive patients with structural heart disease and VT undergoing ablation after CMR at a single centre
and results (October 2018 to July 2021) were included (mean age, 64.8 + 11.6 years; 95.5% male; 70.5% with ischaemic heart disease;

a mean ejection fraction of 32.3 & 7.8%). The characteristics of CMR channels were analysed, and correlations with DZs
detected during isochronal late activation mapping in both baseline maps and remaps were determined. Overall, 109 auto-
matically detected CMR channels were analysed (2.48 + 1.15 per patient; length, 57.91 + 63.07 mm; conducting channel
mass, 2.06 & 2.67 g; protectedness, 21.44 & 25.39 mm). Overall, 76.1% of CMR channels were associated with a DZ. A uni-
variate analysis showed that channels associated with DZs were longer [67.81 + 68.45 vs. 26.31 + 21.25 mm, odds ratio
(OR) 1.03, P =0.010], with a higher border zone (BZ) mass (2.41 +2.91 vs. 0.87 + 0.86 g, OR 2.46, P = 0.011) and greater
protectedness (24.97 + 27.72 vs. 10.19 & 9.52 mm, OR 1.08, P = 0.021).

Conclusion Non-invasive detection of targets for VT ablation is possible with CMR. Deceleration zones found during electroanatomical
mapping accurately correlate with CMR channels, especially those with increased length, BZ mass, and protectedness.
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Graphical Abstract

Automatic annotation of CCs defined by CMR and correlation with deceleration zones
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Predictions of the probability of slow conduction for CMR CCs according to their characteristics
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What’s new?

® This is the first study to our knowledge that analyses not only the
relationship of cardiac magnetic resonance (CMR) channels with de-
celeration zones (DZs) but also the predictors of arrhythmogenicity.

® More than 75% of the channels of CMR were related to DZs.

® Some characteristics of the CMR channel were strongly related to
arrhythmogenicity (in terms of the presence of DZ) as the length
(67.81 vs. 26.31 mm, P=0.01) and mass of the border zone within
the channel (2.41 vs. 0.87 g, P=10.01).

® These findings could have immediate clinical applications to refine
CMR-aided ventricular tachycardia (VT) substrate ablation (to ablate
mainly the channels with certain characteristics, thereby shortening
the ablation procedures). In addition, if confirmed by other studies,
the findings could also have implications for improving the specificity
of CMR to stratify the risk of VT in different populations.

Introduction

Substrate-based radiofrequency catheter ablation has become a stand-
ard procedure for the treatment of scar-related ventricular tachycardia
(VT).1 The main mechanism behind scar-related VT is the re-entrant
circuit. This circuit is caused by the presence of a slowly conducting
area or channel (CC) usually within the border zone (BZ) tissue sur-
rounded by the scar and connecting healthy tissue. Several strategies
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have been developed to identify these slow conduction areas using
electroanatomical maps (EAMs) during ablation.? Substrate mapping fo-
cused on the analysis of abnormal electrograms after main ventricular
activation—so-called late potentials (LPs)—or local abnormal ventricu-
lar activity (LAVA) within low-voltage regions is currently the principal
method to define the arrhythmic substrate during stable rhythm when
VT activation mapping is not possible.®> An additional mapping tool for
the detection of slow conduction areas, called isochronal late activation
mapping (ILAM), was described by Irie et al.* and has recently been
shown to be very specific for the VT critical zone.®

From a structural point of view, late gadolinium enhancement-
cardiac magnetic resonance (LGE-CMR) has demonstrated to precisely
identify and characterize the arrhythmogenic substrate, being able to
depict the CCs with a high correlation to the EAMs®” even in patients
with an implantable cardioverter defibrillator (ICD) in situ with a dedi-
cated LGE sequence [wideband (WB) sequence].? With regard to VT
ablation procedures, LGE-CMR is widely used as a standard method,
since it can greatly facilitate pre-procedural planning and procedural
success.”"”

In this study, to continue improving the capability of CMR to define
the arrhythmic substrate, we studied the correlation between CMR
conducting channels and deceleration zones (DZs) detected during
ILAM with a specific analysis of CMR channel characteristics related
to the presence of DZs as a marker of the arrhythmogenicity of con-
ducting channels.
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Methods
Study population

This was a prospective observational study of all consecutive patients with
structural heart disease who underwent VT ablation in a single centre
(Hospital Clinic, University of Barcelona) from October 2018 to July 2021.
Late gadolinium enhancement-cardiac magnetic resonance was performed
within 6-12 months before ablation. The exclusion criterion of the study
was the absence of pre-procedural CMR. All patients provided written in-
formed consent. The study was carried out according to the Declaration of
Helsinki guidelines and the deontological code of our institution. The study
protocol was approved by the ethics committee of the hospital.

Pre-procedural cardiac magnetic resonance

A 3 T scan was performed in patients without an ICD, and a 1.5 T scan with
a WB sequence was used in patients with an ICD to reduce image artefacts,
as described previously.® The analysis of the arrhythmic substrate was per-
formed using ADAS 3D software (ADAS 3D, Galgo Medical S.L.) following
a standardized and widely validated protocol.’ In brief, a semiautomatic
segmentation of the left ventricle was performed by an expert operator.
Next, ADAS 3D divided the myocardium thickness into a total of nine
three-dimensional (3D) maps from the endocardium to the epicardium.
The LGE pixel signal intensity maps obtained from the CMR scans were
projected onto each layer with a trilinear interpolation algorithm and
were colour-coded using 40 =5 and 60 + 5% of the maximum intensity
as thresholds. Therefore, areas with high LGE (>60%) were coded as dense
scar tissue and coloured red; healthy tissue without LGE (<40%) was col-
oured blue; and BZs, identified as areas with an intermediate percentage
of LGE (between 40 + 5 and 60 + 5%), were coloured in an intermediate
colour range from yellow to green. According to the LGE distribution
from 10% (the layer closest to the endocardium) to 90% (the layer closest
to the epicardium), the substrate was defined as endocardial when LGE af-
fected 10-30% of the layer, epicardial when LGE affected 60% of the outer
layer, and mid-mural when LGE was confined to the internal layer of myo-
cardial thickness without endocardial or epicardial distribution. Areas of
LGE >75% in myocardial thickness were considered transmural.

Channels and their characteristics were analysed automatically by the
system. Protectedness, which is a parameter based on the length of the chan-
nel covered (‘protected’) by dense scar tissue and known to correlate with
VT critical areas,11 was also calculated. To determine protectedness, the
percentage of the CMR channel perimeter containing core tissue, healthy
tissue, or BZ tissue within a 3.5 mm radius was examined. Local protected-
ness was then determined based on these percentages: if healthy tissue was
present, local protection was set to zero; if no healthy tissue was found,
protection depended on the percentage of the perimeter coinciding
with core tissue. A point with <15% core had 0% local protection (fully
unprotected), while a point with >40% had 100% local protection (fully
protected). Core values between 15 and 40% were linearly mapped to local
protection values between 0 and 100%. The local protection values were
integrated over the entire CMR channel.

High-density mapping: substrate and

isochronal late activation mapping

Procedures were performed under general anaesthesia. Access to the left
ventricle was achieved with a transseptal and/or retrograde aortic approach
at the discretion of the operator. Epicardial mapping was performed in
cases when an epicardial origin of VT was suspected and in cases of previ-
ously failed endocardial ablation.

The mapping approach consisted of performing ILAM of the left ventricle
during right ventricular pacing with a stable cycle length of 600 ms using an
HDGrid catheter and EnSite Precision system (Abbott Medical, USA).
These maps were executed by annotating the latest deflection of the elec-
trograms (EGMs) (Last Deflection algorithm, Abbott Medical) of HDGrid
orthogonal signals (HD Wave algorithm, Abbot Medical) and dividing the
whole activation of the chamber into eight equally distributed isochrones,
with white being the earliest and purple being the latest isochrone.
Deceleration zones were defined as regions with isochronal crowding,
with >3 isochrones within a 1 cm radius, as previously described.* Late gado-
linilum enhancement-cardiac magnetic resonance post-processed images

were carefully and systematically aligned according to the AP and LL projec-
tions in the mapping system and CMR. They were then visualized into the
navigation system side by side with the EAMs.

Ablation strategy and remapping

After an analysis of the generated maps, the tagged EGMs, and the channels
defined by CMR, the HDGrid catheter was positioned in the potential VT
isthmus (DZ with higher isochronal crowding, especially if correlated with a
channel by CMR). Ventricular tachycardia was induced by programmed
electrical stimulation,"? and if it was haemodynamically tolerated, activation
mapping for diastolic and pre-systolic activity was performed. In cases in
which VT was not haemodynamically tolerated, the VT critical side was de-
fined as the area with a fast transition from good pace mapping (suggesting
VT exit site) to poor pace mapping (suggesting VT entrance site). In these
cases, the initial target for ablation was the central VT isthmus where dia-
stolic EGMs were observed. After the critical areas of induced VT were tar-
geted, substrate ablation was performed by strictly targeting the rest of the
DZs. Radiofrequency was delivered using an externally irrigated 3.5 mm tip
ablation catheter with 45°C temperature control (at an irrigation rate of
26-30 mL/min), at a power limit of 40-50 W. Remapping with the
HDGrid catheter was performed to assess the abolition of the DZs
and/or detect new DZs, especially in areas of interest according to
LGE-CMR. Additional radiofrecuency (RF) lesions were delivered until
complete elimination of the DZs. Acute success was defined as total aboli-
tion of DZs as well as the lack of VT inducibility at the end of the procedure.

Post hoc offline analysis

The detection and analysis of CMR channels was performed automatically
by ADAS 3D software, as described in the Methods section. This analysis
was done before the ablation procedure and therefore without any infor-
mation related to EAM. A post hoc analysis of the DZs was done by an ex-
perienced operator of all maps (basal maps and remaps), blinded to CMR
data. Finally, a visual correlation between each channel and the DZs was
performed, not only with those observed in the baseline map but also
with those observed in the remaps (Figure 1).

Clinical follow-up

All patients were followed routinely during a 1-year follow-up with clinical
visits at 1, 6, and 12 months and with remote device monitoring when pos-
sible. Ventricular tachycardia recurrence was defined as any sustained VT
episode or sudden death.

Statistical analysis

Continuous variables are presented as the mean value + standard deviation,
and minimum and maximum values were compared by using Student’s t-test.
Categorical variables are expressed as total numbers (percentages) and were
compared between groups using the ” test. A generalized linear mixed-effects
model for binary response was used to study the effects of LGE-CMR charac-
terization to predict slow conduction areas. Odds ratios and 95% confidence
limits were calculated. A two-sided Type | error of 5% was used for all tests.
A statistical analysis was performed using R software for Windows version
4.2.2 (R Project for Statistical Computing; Vienna, Austria).

Results

Study population

Between October 2018 and July 2021, 58 patients underwent ablation
procedures for scar-related VT at our institution. Twelve patients were
excluded due to the inability to perform CMR (arrhythmic storm, claus-
trophobia, etc.), and two were excluded due to poor-quality CMR.
Overall, 44 patients were included in the study. The median age was
64.8 + 11.6 years, 95.5% were male, and the median ejection fraction
was 323 +7.8%. A total of 70.5% had ischaemic cardiomyopathy,
and 15.9% presented with a VT storm. The clinical characteristics are
detailed in Table 1.1n 73.7% of patients, 1.5 T CMR with a WB sequence
was performed.
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A CMR B Baseline ILAM
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Channel 3
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Figure 1 (A) A schematic of an automatic annotation of CCs defined by CMR. Different lengths, widths, and levels of protectedness can be observed
for each channel. (B) The correlation with DZs was annotated in every map. In this case, Channel 1 is associated with a DZ in the baseline map, with
Channel 3 correlated with a new DZ observed in the remap. (C) Channel 2 is not related to any DZ in this example. CC, conducting channel; CMR,

cardiac magnetic resonance; DZ, deceleration zone; ILAM, isochronal late activation mapping.

Table 1 Clinical characteristics

Table 2 Procedural characteristics

Patients studied (n = 44)

Age (years)

648+ 11.6 (26-82)

Endocardial approach
Endoepicardial approach
Arterial access
Transeptal access

Agilis

40 (93.0%)
3 (7.0%)
26 (63.4%)
41 (97.6%)
24 (60.0%)

Male sex 42 (95.5%)
Hypertension 28 (63.6%)
Diabetes 20 (46.5%)
Dyslipidaemia 27 (62.8%)
COPD 6 (15.0%)
CKD 11 (28.9%)
NYHA class

| 7 (20.6%)

I 23 (67.6%)

llland IV 4 (11.8%)
Ischaemic cardiomyopathy 31 (70.5%)
Permanent AF 10 (23.3)
ACEls 23 (60.5%)
Beta-blockers therapy 29 (76.3%)
Sotalol therapy 4 (10.5%)
Amiodarone therapy 31 (81.6%)
VT storm 7 (15.9%)
LVEF (%) 323178
LVEDD (mm) 614+10.2

AF, atrial fibrillation; CKD, chronic kidney disease; COPD, chronic obstructive
pulmonary disease; ACEIs, angiotensin-converting enzyme inhibitors; LVEF, left
ventricular ejection fraction; LVEDD, left ventricular end-diastolic diameter; NYHA,
New York Heart Association; VT, ventricular tachycardia.

Procedural characteristics

An endocardial procedure was performed in all patients, with a tran-
septal approach in the majority of patients (97.6%) combined with

Number of mapping points 2199.75 +703.64
Number of VT inductions 1.71+1.55
Number of targeted VTs 1.62+1.55
Procedural time (min) 237.72 +48.56
X-ray time 3797 £12.36
Number of RF applications 57.46 +24.44
RF time (s) 1883.38 + 848.80
Final non-inducibility 33 (82.5%)
Absence of residual slow conduction 33 (82.5%)

VT, ventricular tachycardia.

retro-aortic access in 63.6% of patients. An epicardial procedure was
performed in three (6.8%) patients. During the basal electrophysio-
logical study, 83.3% of patients were inducible for VT, with a median
of 1.71 +1.55 VTs induced per patient (Table 2).

Late gadolinium enhancement-cardiac
magnetic resonance characteristics and
predictors of conducting channel
arrhythmogenicity

A total of 109 CMR channels were studied (2.48 + 1.15 channels per
patient). The majority of channels had an endocardial location
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Figure 2 Probability of an association between CMR channels and DZs according to the length of the channel. CCs with a length <10 mm have a
probability rate of only 16.7% to detect a DZ. In contrast, CCs that are longer than 25 mm have a probability rate as high as 86.7%. CC, conducting

channel; CMR, cardiac magnetic resonance; DZ, deceleration zone.

(34.9%) or transmural location (22.0%). The median length per channel
was 57.91 + 63.07 mm, with a median mass of 2.06 + 2.67 g. The me-
dian protectedness per channel was 21.44 + 25.39 mm.

Overall, 76.1% of CMR channels were associated with a DZ during the
procedure: 64 CMR channels (58.7%) were correlated with DZs observed
in the baseline map, and 19 CMR channels (22.9%) were associated with
DZs not observed in the initial map but detected during the remap after
the first ablation set. Additionally, 41.8% of CMR channels correlated with
a mapped VT critical site. No differences were observed between ischae-
mic and non-ischaemic patients in terms of the correlation between CMR
channels and slow conduction areas (74.49 vs. 70.96%, P = 0.70).

The univariate analysis showed that channels associated with DZs
were longer [67.81 6845 vs. 26.31 +21.25 mm, odds ratio (OR)
1.03, P=0.01], with a higher mass (2.41 +2.91 vs. 0.87 +0.86 g, OR
246, P=0.01) and greater protectedness (24.97 +27.72 vs. 10.19 +
9.52 mm, OR 1.08, P=0.02) compared with those not related to
DZs. Regarding length and its correlation with DZs, channels over
25 mm had a probability of 86.7% (standard error [SE] 0.04) vs. only
16.7% (SE 0.15) for channels <10 mm (Figure 2). Other highly corre-
lated parameters, such as the number of AHA segments or the number
of layers affected, were also significantly higher in CMR channels asso-
ciated with DZs (248 +1.47 vs. 1.77 +£0.82, OR 2.09, P=0.02 and
343 +£2.50 vs. 231 +£1.62, OR 1.44, P=0.02). Channels with trans-
mural involvement were also more likely to be associated with slow
conduction areas (OR 6.42, P=0.04). Cardiac magnetic resonance
channel width was not a predictor of arrhythmogenicity in our study.
No differences were observed between ischaemic and non-ischaemic

patients. In Table 3 and Figure 3, the relationship between CMR channel
parameters and DZs is shown.

Radiofrequency delivery, acute success,

and follow-up

The median duration of RF application was 37.97 + 12.36 min, with a
total procedural time of 237.72 +48.56 min. Non-inducibility at the
end of the procedure was achieved in 82.5% of patients, and total elim-
ination of DZs/LAVA/LPs was achieved in 82.5%.

Complications were observed in three patients: two patients pre-
sented cardiac tamponade, and one patient suffered an intractable
VT storm during mapping of the left ventricle complicated with cardio-
respiratory arrest that required advanced cardiopulmonary resuscita-
tion manoeuvres.

After 1 year of follow-up, three patients died due to non-arrhythmic-
related events. Ventricular tachycardia recurrence after 1 year of follow-
up was 21.95% (19.35% in ischaemic cardiomyopathy patients and 30%
in non-ischaemic cardiomyopathy patients) and 25.0% after 2 years of
follow-up.

Discussion

The main findings of our study are as follows. First, three out of four
CMR-detected CCs colocalized with DZs during high-density EAM.
Second, CMR channels with increased length, BZ mass, and protected-
ness had a higher correlation with slow conduction areas.
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Table 3 A univariate analysis of channel characteristics and the primary endpoint (slow conduction properties)

Total Slow conduction Non-slow conduction OR P-value
(n=109) (n=83) (n=26)

Length per channel (mm) 57.91 + 63.07 (4.16-338.10) 67.81 + 68.45 2631+£21.25 1.03 (1.01-1.06) 0.01
Mass per channel (g) 2.06 +2.67 (0.01-14.59) 241+291 0.87 +0.86 246 (1.23-4.92) 0.01
Width per channel (mm) 502 +1.82 (0.01-9.34) 523+1.51 4.38 +£2.50 1.29 (0.90-1.67) 0.06
Protectedness per channel (mm) 21.44 +25.39 (0.01-143.51) 2497 +27.72 10.19 +9.52 1.08 (1.01-1.2) 0.02
Layers affected by CMR channels

Exclusively endocardium 38 (34.9%) 25 13 0.35 (0.11-1.07) 0.06

Exclusively mesocardium 2 (1.8%) 2 0 NA NA

Exclusively epicardium 18 (16.5%) 15 3 1.63 (0.40-6.72) 0.50

Exclusively endo/meso 20 (18.3%) 13 7 0.56 (0.18-1.78) 0.32

Exclusively meso/epi 7 (6.4%) 6 1 NA NA

Transmural 24 (22.0%) 22 2 6.42 (1.11-37.28) 0.04
Number of layers per channel 3.17 +£236 (1-9) 343 +250 231+162 1.44 (1.01-1.95) 0.02
Number of AHA segments per channel 230+ 137 (1-8) 248 +147 177 £082 2.09 (1.13-3.86) 0.02

CMR, cardiac magnetic resonance; OR, odds ratio.
Bold values denote statistical significance (p < 0.05).

Tissue characterization with CMR imaging using late gadolinium en-
hancement has evolved in recent years, and it is currently the most
commonly used non-invasive tool to assess the arrhythmic substrate
in patients with structural heart disease. The use of gadolinium allows
us to distinguish not only the dense scar from the healthy tissue but
also the BZ where the CC is located, which in turn generates the re-
entrant circuit and potentially maintains the VT.

Previous works have shown a high spatial correlation between CMR
channels and voltage channels obtained during VT substrate mapping pro-
cedures."® However, these voltage channels have low specificity to detect
VT isthmuses."* Notably, ablation strategies based exclusively on targeting
the channel responsible for the induced/clinical VT have failed, resulting in
worse clinical rates of VT recurrence in the follow-up period compared
with more extensive substrate-ablation methods. One potential explan-
ation relies on the capability of the myocardium tissue to change its prop-
erties and, therefore, its potential arrhythmogenicity according to pacing
cycle length, site of pacing, etc,,'>® so different CCs could act as VT cir-
cuits or not under different situations. This could explain why targeting
only the induced VT is not enough to avoid future VTs. For this reason,
in recent years, substrate-ablation strategies have included not only abla-
tion of the observed active VT circuit but also more extensive ap-
proaches. Several techniques have been proposed. One method based
on a more detailed definition of the arrhythmic substrate is used to elim-
inate every LP or LAVA or even all scars (scar homogenization).'”'®
Other authors have worked on a more functional concept of arrhythmo-
genicity, identifying and targeting pathological EGMs unmasked after ex-
trastimulus'® %' or with decremental pr0|:>er'ties.22’23 One of the more
recent and successful strategies is based on ILAM,*® in which the entire
substrate is annotated considering not only its properties but also its re-
lation to the surrounding tissue, defining DZs. These new strategies have
been shown to improve VT ablation outcomes.

To date, CMR channels have demonstrated a great correlation with
voltage channels, although the specificity of both for VT isthmuses de-
tected during invasive VT mapping is low."* Recently, our group pub-
lished a study analysing the evolution of the DZ during VT ablation
that also showed a high correlation between DZs and CMR channels
(93.68%) in both the baseline ILAM and remaps.” Interestingly, remap-
ping allowed us to unmask DZs not observed in the baseline maps that
were correlated with CMR channels. Our study is, to the best of our

knowledge, the first to quantify and analyse the role of CMR in correctly
identifying areas of slow conduction during substrate mapping per-
formed with the ILAM technique.

Applications of cardiac magnetic

resonance to evaluate arrhythmogenicity

In our study, 76.1% of CMR channels were associated with DZs in the
sinus- or right ventricle (RV)-paced map. Interestingly, 22.9% of all CMR
channels were related to a DZ not observed in the baseline map but
detected in the remap, which highlights the potential advantage of
CMR to identify arrhythmic substrates compared with a static conven-
tional map. Two possible hypotheses could explain this phenomenon:
First, the methodology of ILAM could be very helpful in identifying
the primary (or more evident) DZ, especially when very LPs are present
in the area, but not a second or third DZ, even if abnormal EGMs are
present. The explanation relies on the fact that the ILAM methodology
divides the total activation time into eight isochrones. In this sense,
when very LPs occur, the total time activation window will be very
long, so each isochrone will last a substantial amount of time, grouping
isochrones with less delayed potentials and dissipating some potential
DZs. After the ‘primary’ DZ is ablated, the ‘secondary’ DZs can there-
fore be clearly observed.

Second, as we have previously explained, the properties of the myo-
cardium can change in different circumstances, so different DZs can be
expected with different cycles, or even after changing the electrical
properties of the tissue by the use of radiofrequency. Figure 4 shows
an example of these proposed mechanisms. To confirm this hypothesis,
it would be interesting to perform manoeuvres during the baseline map
to unmask slow conduction (for example, with extrastimulus) in those
CMR channels that are initially not apparent to determine if that area
had slow conduction properties that were hidden at baseline.

Improving the capability of CMR to define arrhythmogenicity can
lead to a myriad of applications, from guiding faster and more effective
VT ablation procedures to creating a score based on scar characteris-
tics to predict arrhythmic events in patients with structural heart
disease.”® This last point could be particularly relevant since several
studies have already shown the incremental value of scar characteristics
as depicted by CMR to predict arrhythmic events when compared with
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with CMR channels. The lower panel shows the mid-ventricle epicardial channel within the scar correlated with a DZ in the endocardial map. After
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correlated with Channel 2. CMR, cardiac magnetic resonance; ILAM, isochronal late activation mapping.

ejection fraction.?*% Indeed, a previous study from our group28 in
2021 identified the absence of channels as a variable with a high negative
predictive value of VT events in patients with primary prevention, sug-
gesting that those with <10 g of scar tissue and without CCs were at
very low risk of having appropriate therapies (5.26 vs. 25.31%
per year, P =0.034).

On the other hand, VT ablation guided by CMR has been widely de-
veloped by Berruezo et dl. Initially, the scar dechanneling technique'’
suggested, in a non-randomized trial, that ablation of CCs based exclu-
sively on CMR was effective with a lower need for RF delivery, higher
non-inducibility rates after substrate ablation, and a higher VT
recurrence-free survival.'® However, on the one hand, it has been
shown in our study that not all CMR channels have arrhythmogenic
properties. On the other hand, basal EAM did not contain all the rele-
vant information about arrhythmogenicity, due to the influence of the
electrode size and interelectrode spacing and angle of the incoming
wavefront on the mapping catheter?”*° and due to the functional com-
ponent of the substrate.’?%2? In this sense, electrophysiologica man-
oeuvres to unmask slow conduction could be useful in areas where
LGE-CMR shows CCs, but no suspicious EGMs are seen in basal
EAM. Therefore, the combination of EAM and CMR could be the
best strategy to determine ablation targets. Defining which character-
istics of the CMR channels turn them into arrhythmogenic channels is
a priority to increase the use of CMR with all its potential applications.

Characteristics of the cardiac magnetic
resonance conducting channels showing

arrhythmic properties

Our work attempts to characterize CMR channels to define which
channels present arrhythmic properties, showing that those with

greater length, mass, and protectedness are more likely to be corre-
lated with DZs. Aziz et al.> show that DZs had a higher correlation
with the VT isthmus and were thus able to identify CMR channels
that potentially correlated with these slow conduction areas before
the VT ablation procedure, which could have an important role in sub-
strate VT ablation. In addition, these results are consistent with those of
Sanchez-Somonte et al.'" who analysed the characteristics of CMR
channels associated with VT circuits (during VT activation maps, not
during sinus- or RV-paced maps) and showed a greater probability of
CCs correlated with VT with the same features as we have described
(Figures 5 and 6).

Overall, our findings confirm the usefulness of CMR to understand
3D arrhythmic substrates. Characteristics of the CMR channels, such
as length, mass, and protectedness, could become useful parameters
to predict arrhythmic risk and to aid VT ablation, especially with its abil-
ity to identify potential areas of slow conduction not seen with conven-
tional maps or only seen after ablation of the first slow conduction
areas.

Limitations

One potential limitation of this study is that the correlation between
CMR channels and DZs was performed side by side and not merged.
The merging process with Ensite Precision is technically challenging be-
cause it causes an artificial deformation of the cardiac anatomy. In add-
ition, the merging process is very important in analysing quantitative
data. However, for this study, only the correlation was assessed. In
this sense, we believe that a side-by-side comparison of EAM and
CMR images is an appropriate and reliable method and reproducible
in clinical practice. On the other hand, 2 out of 46 CMRs were not ana-
lysed in our study due to bad quality, which is a reasonable percentage.
Nevertheless, this high percentage in good-quality wideband CMR
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Figure 6 A ventricular tachycardia activation map showing an anterior VT circuit (left panel) with diastolic electrograms (circle) correlating with a
long CMR channel (right panel). CMR, cardiac magnetic resonance; VT, ventricular tachycardia.

could be not extrapolated in centres where personnel had less
experience.

Another limitation is that most of our cases were performed exclu-
sively through endocardium access, and therefore, the epicardium sur-
face was not mapped. This is attributed to the obvious safety concerns
of a systematic endoepicardial approach. This could lead to an under-
estimation of the total number of detected DZs and, consequently,
of the number of channels with slow conduction properties.

Conclusions

Cardiac magnetic resonance—detected conducting channels accurately
colocalize with DZs, especially those with a greater length, mass, and
protectedness. These findings could illustrate the capability of CMR
to depict the arrhythmogenic substrate, leading to multiple potential
and relevant clinical applications.
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