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Introduction: Signal-averaged electrocardiography (SAECG) provides diagnostic
and prognostic information regarding cardiac diseases. However, its value in
other nonischemic cardiomyopathies (NICMs) remains unclear. This study
aimed to investigate the role of SAECG in patients with NICM.
Methods and results: This retrospective study included consecutive patients
with NICM who underwent SAECG, biventricular substrate mapping, and
ablation for ventricular arrhythmia (VA). Patients with baseline ventricular
conduction disturbances were excluded. Patients who fulfilled at least one
SAECG criterion were categorized into Group 1, and the other patients were
categorized into Group 2. Baseline and ventricular substrate characteristics
were compared between the two groups. The study included 58 patients (39
men, mean age 50.4 ± 15.5 years), with 34 and 24 patients in Groups 1 and 2,
respectively. Epicardial mapping was performed in eight (23.5%) and six
patients (25.0%) in Groups 1 and 2 (p= 0.897), respectively. Patients in Group 1
had a more extensive right ventricular (RV) low-voltage zone (LVZ) and scar
area than those in Group 2. Group 1 had a larger epicardial LVZ than
Group 2. Epicardial late potentials were more frequent in Group 1 than in
Group 2. There were more arrhythmogenic foci within the RV outflow tract
in Group 1 than in Group 2. There was no significant difference in long-term
VA recurrence.
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Conclusion: In our NICM population, a positive SAECG was associated with a
larger RV endocardial scar, epicardial scar/late potentials, and a higher incidence
of arrhythmogenic foci in the RV outflow tract.

KEYWORDS

signal-averaged electrocardiography, nonischemic cardiomyopathy, ventricular

arrhythmia, right ventricle, epicardium
Introduction

Nonischemic cardiomyopathy (NICM) is a group of diseases

affecting the myocardium without significant coronary artery

disease. The pathogenesis of NICM can be genetic, inflammatory,

toxic, or viral. However, in most cases, its origin is unclear (1).

Managing ventricular arrhythmias (VAs) in NICM includes anti-

arrhythmic drug therapies, implantable cardioverter–defibrillator

implantation, ablation, and surgical intervention to eliminate

arrhythmogenic substrates. With the understanding of abnormal

ventricular substrates and advancements in three-dimensional

systems, radiofrequency catheter ablation (RFCA) has become an

optimal strategy for NICM patients with drug-refractory ventricular

tachycardias (VTs) (2). Signal-averaged electrocardiography

(SAECG), a noninvasive examination to recognize abnormal

ventricular conduction, provides essential information for

identifying abnormal potentials and assists in the diagnosis of

arrhythmogenic right ventricular (RV) cardiomyopathy (ARVC) (3).

Additionally, SAECG, which noninvasively records late

potentials of myocardial disease, is useful for risk classification in

patients with non-ARVC NICM (4, 5). However, the value of

SAECG in predicting the ventricular substrate characteristics in

NICM remains unclear. This study aimed to assess the value of

SAECG for predicting the locations of arrhythmogenic and

diseased substrates in patients with NICM.
Methods

Study population

This was a retrospective study of patients who underwent VA

ablation at the Heart Rhythm Center, Taipei Veterans General

Hospital, between 2012 and 2022. Patients were diagnosed with

NICM based on the clinical presentation of heart failure,

excluding coronary disease, by echocardiography and

angiography (2, 6, 7). Patients diagnosed with NICM and VA

who underwent biventricular mapping were enrolled. Patients

with baseline ECG showing a bundle branch block pattern or

ventricular pacing rhythm were excluded. We also excluded

patients diagnosed with ARVC based on medical charts review

and Modification of the Task Force Criteria. The indications for

catheter ablation included (1) recurrent sustained monomorphic

VT refractory to antiarrhythmic drugs and (2) a high burden of

ventricular premature complexes (VPCs) and documented

nonsustained VT refractory to antiarrhythmic drugs (AADs) in

symptomatic individuals. The epicardial approach was considered
02
in selected patients with NICM (2, 8). The endocardial approach

was initially done in all the patients. The epicardial mapping was

performed if there was one of the following criteria “(1)

unmatched endocardial substrate and VT exit, (2) lack of

abnormal substrate in the endocardium, (3) failed endocardial

ablation, and (4) incomplete VT circuit with endocardial

mapping during VT” (9).

This study was approved by the Institutional Review Board

of Taipei Veterans General Hospital (approval number 2022-

08-018AC).

All patients underwent 12-lead ECG, SAECG, 24-h Holter

monitoring, transthoracic echocardiography, coronary artery

angiogram, and electrophysiological evaluations. Magnetic

resonance imaging (MRI) was performed in patients without any

contraindications.

The population was categorized into two groups: Group 1,

patients who fulfilled ≥1 SAECG criterion, and Group 2, patients

who did not fulfill any SAECG criterion. Baseline patient

characteristics, SAECG results before ablation, echocardiography

parameters, electrophysiological study, ventricular mapping, and

ablation site were assessed.
SAECG

SAECG is a noninvasive signal processing technique that

detects abnormal late potentials in the terminal portion of QRS

complexes during sinus rhythm. “The 2010 Revised Task Force

Criteria defined positive SAECG as any of the following three

criteria: (1) filtered QRS duration: ≥114 ms; (2) terminal QRS

duration <40 mV: ≥38 ms; and (3) terminal (last 40 ms) QRS

root mean square voltage: ≤20 mV. In our study, all the patients

underwent SAECG before undergoing RFCA using a MAC 5500

HD system (GE Healthcare, Freiburg, Germany). The values were

recorded when a noise level of 0.3 mV was obtained by averaging

250 beats. The signal-to-noise ratio was 140 dB.” (10).
Electrophysiology study, substrate mapping,
and catheter ablation of ventricular
arrhythmias

All patients provided informed consent for the electrophysiological

study and ablation. At the beginning of each procedure, all the

patients underwent a standardized routine electrophysiological

study in a fasting state. All antiarrhythmic drugs, except

amiodarone, were discontinued for at least five half-lives before
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the procedure. 31% of patients used amiodarone before the

procedure. Amiodarone was discontinued three days before the

procedure in patients without life-threatening ventricular

arrhythmias. For patients experiencing frequent episodes of

ventricular arrhythmia, amiodarone was continued. If the clinical

VA was not spontaneous, rapid ventricular pacing and/or

programmed stimulation using three extra stimuli were

performed from the RV apex and/or RV outflow tract (RVOT)

to induce VA, with and without isoproterenol infusion (1–5 μg/

min). The QRS morphologies and cycle lengths of spontaneous

and/or induced VA were compared with clinically documented VA

(8). All patients underwent three-dimensional electroanatomical

mapping of the right and left ventricles (RV and LV) before

ablation. An open-irrigated tip ablation catheter was used in all

the patients.

Bipolar scar and low-voltage RV and LV areas are areas with

peak-to-peak bipolar voltages of <0.5 and <1.5 mV, respectively,

and RV and LV unipolar LVZ areas are areas with peak-to-peak

unipolar voltages of <5.5 and <8.3 mV, respectively (10, 11). The

epicardial scar was considered once bipolar electrogram

amplitude less than 0.5 mV, and LVZ as bipolar electrogram

amplitude of 0.5–1.0 mV (2). Multielectrode mapping catheters

were utilized for mapping in this study such as decapolar,

PentaRay (Johnson & Johnson, New Brunswick, NJ), AdvisorTM

HD Grid Mapping Catheter (Abbott, St. Paul, MN, USA) gride

for RV, LV and epicardial mapping before ablation. Both

unipolar voltage and bipolar voltage were extracted for analysis.

The surface area measurement tool of the three-dimensional

system was used to measure the scar regions and LVZ of the

chamber. When multiple areas with confluent low voltages were

present, we calculated the whole LVZ or scar areas. Each

percentage value of LVZ or scar area was calculated by dividing

it by the total endocardial or epicardial area. The fill threshold

was set to 10 mm for preserved voltages and 5 mm for areas with

low-voltage amplitude.

Late potentials (LPs) are the local ventricular potentials

occurring after the latter portion of the surface QRS (11).

Arrhythmogenic foci were defined as identified VT isthmus,

VA exits, local abnormal ventricular activities, or LPs relevant to

the VT/VA (2).
VT ablation strategy

If VT was stable, activation and/or entrainment mapping was

performed to localize the VT isthmus. If the clinical presentation

was VPC/nonsustained VT-dominant, VPC triggers were

eliminated (2). A substrate-based ablation, which targeted late

and fractionated potentials within or around the scar/LVZ, was

performed in all patients (2).

Successful ablation was defined as the absence of any

spontaneous or inducible VA at the end of the procedure using

the same stimulation protocol with or without isoproterenol.

Partial success was defined as spontaneous or inducible non-

clinical VA after ablation. If clinical VAs still induced at the end

of procedure, we considered it as failure ablation (12).
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Follow-up

Patients were followed up for 1, 3, and 6 months within the first

year and every 3 months thereafter. Implantable cardioverter-

defibrillator (ICD) interrogation and ECG were performed every

3 months. Holter monitoring or event recording was performed

at the 3rd, 6th, and 12th months and then at least once yearly

after the procedure in patients without an ICD. VT/ventricular

fibrillation (VF) recurrence was defined as the recurrence if there

was VT/VF on ECG monitoring or ICD recording. VPC

recurrence was noted if the VPC burden after ablation was

higher than 5000 beats during the 24 h of monitoring or

ICD recording.

Patients unable to attend follow-ups at our institution were

reviewed at local institutions and underwent telephone

consultations for recurrent symptoms and arrhythmia burden.
Statistical analysis

Continuous variables are expressed as mean ± SD and nominal

data as number (n) and percentage (%). Baseline characteristics,

echocardiographic parameters, and ventricular substrate data of

the patients were compared using Student’s t-test for continuous

variables and the χ2 test for categorical variables, with or without

Yates correction or Fisher’s exact test. Statistical significance was

defined as p < 0.05. All the statistical analyses were performed

using SPSS Version 27.0 (IBM Corp., Armonk, NY, USA).
Results

Baseline characteristics of the participants

The study included 58 patients (39 men, 67.2%) with a mean

age of 50.4 ± 15.5 years. The study population was classified into

Groups 1 (n = 34, 58.6%) and 2 (n = 24, 41.4%). Epicardial

mapping was achieved in 14 patients (24.1%), including eight

patients (23.5%) in Group 1 and six patients (25.0%) in Group 2

(p = 0.897). The baseline characteristics of the study participants

are presented in Table 1. Patients in Group 1 had a higher

prevalence of hypertension (38.2% vs. 4.2%, p = 0.003). There

were no significant differences between the two groups in other

variables such as age, sex, diabetes mellitus, congestive heart

failure, ICD implantation, syncope, palpitation, VA

characteristics, and LV ejection fraction.
Ventricular substrate and arrhythmogenic
potentials

Patients in Group 1 had a significantly longer RV median total

activation time (TAT), larger RV unipolar LVZ, and larger RV scar

area than those in Group 2 (Table 2, Figures 1,2).

In the subgroup analysis of 14 patients who underwent epicardial

mapping, patients in Group 1 had a lower epicardial bipolar voltage
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TABLE 1 Baseline characteristics.

Variables Group 1 N = 34 Group 2 N = 24 P value
Age 53.2 ± 15.7 46.4 ± 14.5 0.100

Male 23 (67.6%) 16 (66.7%) 0.938

Hypertension 13 (38.2%) 1 (4.2%) 0.003

Diabetes mellitus 1 (2.9%) 2 (8.3%) 0.361

CHF 10 (29.4%) 2 (8.3%) 0.051

ICD implantation 7 (20.6%) 1 (4.2%) 0.074

Syncope 11 (32.4%) 7 (29.2%) 0.796

Palpitation 24 (70.6%) 13 (52.4%) 0.200

Shortness of breath 9 (26.5%) 6 (25.0%) 0.900

LVEF (%) 47.4 ± 14.6 52.7 ± 11.6 0.156

LVIDd (mm) 53.0 ± 9.3 50.6 ± 6.0 0.373

LVIDs (mm) 38.2 ± 12.3 34.9 ± 6.8 0.298

LVEDV (ml) 112.6 ± 50.8 87.1 ± 30.3 0.075

LVESV (ml) 61.3 ± 43.8 42.1 ± 23.5 0.111

Sustained VT/VF 21 (61.8%) 9 (37.5%) 0.069

CHF, congestive heart failure; ICD, implantable cardioverter defibrillator; LVEF, left

ventricular ejection fraction; RVEF, right ventricular ejection fraction; VT, ventricular

tachycardia; VF, ventricular fibrillation; LVIDd, left ventricular end-diastolic

diameter; LVIDs, left ventricular end-systolic diameter; LVEDV, left ventricular

end-diastolic volume; LVESV, left ventricular end-systolic volume.

TABLE 2 Endocardial and epicardial ventricular substrate characteristics.

Variables Group 1
N = 34

Group 2
N = 24

p Value

RV mapping
RV unipolar median (mV) 6.03 ± 2.10 6.44 ± 2.49 0.497

RV bipolar median (mV) 2.22 ± 1.04 2.79 ± 1.31 0.071

RV TAT (ms) 188.85 ± 70.40 153.96 ± 42.16 0.022

RV area (cm2) 222.77 ± 55.51 207.35 ± 53.16 0.293

RV unipolar LVZ area (cm2) 51.00 ± 45.33 21.46 ± 31.07 0.008

RV unipolar LVZ percentage (%) 22.63 ± 19.29 10.21 ± 14.42 0.010

RV bipolar LVZ area (cm2) 23.46 ± 26.90 12.03 ± 16.54 0.051

RV bipolar LVZ percentage (%) 9.78 ± 9.90 5.92 ± 8.06 0.120

RV bipolar scar (cm2) 14.87 ± 20.36 1.73 ± 3.11 0.001

RV bipolar scar percentage (%) 6.01 ± 7.20 0.90 ± 1.59 <0.001

LV mapping
LV unipolar median (mV) 10.00 ± 4.39 12.37 ± 4.54 0.050

LV bipolar median (mV) 2.47 ± 1.44 3.06 ± 1.08 0.095

LV TAT (mV) 148.38 ± 56.54 147.42 ± 65.97 0.953

LV area (cm2) 192.44 ± 63.51 173.28 ± 43.91 0.180

LV unipolar LVZ area (cm2) 35.79 ± 45.72 23.96 ± 46.46 0.339

LV unipolar LVZ percentage (%) 19.52 ± 22.57 12.00 ± 22.50 0.216

LV bipolar LVZ area (cm2) 18.70 ± 24.80 10.32 ± 20.37 0.179

LV bipolar LVZ percentage (%) 10.00 ± 10.37 5.23 ± 9.03 0.075

LV bipolar scar (cm2) 10.09 ± 27.02 1.31 ± 5.36 0.073

LV bipolar scar percentage (%) 4.74 ± 12.861 0.61 ± 2.37 0.076

Epicardial mapping
Variables Group 1 N = 8 Group 2 N = 6 p Value

Epi unipolar median (mV) 4.75 ± 1.73 5.45 ± 0.44 0.352

Epi bipolar median (mV) 1.13 ± 0.28 1.92 ± 0.44 0.001

Epi TAT (ms) 249.75 ± 85.41 173.50 ± 42.14 0.069

Epi area (cm2) 357.64 ± 175.88 413.75 ± 145.34 0.538

Epi bipolar LVZ area (cm2) 117.84 ± 62.68 38.40 ± 25.21 0.009

Epi bipolar LVZ percentage (%) 39.87 ± 25.69 8.98 ± 5.94 0.011

Epi bipolar scar (cm2) 14.90 ± 21.61 6.9 ± 13.86 0.445

Epi bipolar scar percentage (%) 2.75 ± 3.92 1.97 ± 3.69 0.712

RV, right ventricular; LV, left ventricular; TAT, total activation time; LVZ, low voltage

zone; Epi, epicardial.
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and larger epicardial LVZ than those in Group 2 (Table 2). Group 1

also had a higher incidence of epicardial LPs than Group 2 (50% vs.

0%, p = 0.040) (Table 3, Figure 2,3).
Arrhythmogenic area and outcomes of the
procedure

The incidence of patients with multiple ablation sites,

biventricular ablation, and both endocardial and epicardial

ablation did not significantly differ between the two groups

(64.7% vs. 45.8%, p = 0.153; 50.0% vs. 37.5%, p = 0.346; and

17.6% vs. 16.7%, p = 0.922, respectively). The incidence of

arrhythmogenic areas at the RVOT was significantly higher in

Group 1 than in Group 2 (50.0% vs. 16.73%, p = 0.009)

(Table 3). In addition, the two groups had no significant

differences regarding the other ablation sites. After the first

procedure, negative inducibility test was achieved in 82.4% of

patients in Group 1 and 87.0% in Group 2 (p = 0.640). The

positive inducibility with non-clinical VAs or ventricular

fibrillation occurred in 17.6% of patients in Group 1 and 13.0%

in Group 2. 19 patients had late potentials (LPs), and

programmed ventricular stimulation (PVS) induced VT/VF in all

patients before ablation. The presence of LPs was not

significantly associated with the inducibility before and after

ablation (Supplementary Table S2).

After the procedure, the Kaplan-Meier curve showed no

significant difference (log-rank p = 0.560) in VA recurrence

between the two groups after a mean 61.8 ± 39.7-month follow-up

(Figure 4A). There were no significant differences between the two

groups regarding VPC/nonsustained VT (29.4% vs. 47.8%, p =

0.157) and sustained VT/VF recurrence (8.8% vs. 4.3%, p = 0.516).

Four patients died of non-cardiovascular diseases during

follow-up. Figure 4B shows the Kaplan-Meier analysis of time to

death, with no significant difference between the two groups

(log-rank = 0.321) after long-term follow-up.
Discussion

Main findings

The present study demonstrated several essential findings in

patients with NICM and VT. Patients with a positive SAECG had

a longer RV conduction time and more significant areas of RV

scarring and epicardial LVZ than those with a negative SAECG.

Additionally, the incidence of arrhythmogenic areas in the RVOT

was higher in patients with a positive SAECG than in the others.
Substrate characteristics and SAECG in
NICM

SAECG is a non-invasive examination for disclosing the

presence of abnormal slow conduction areas in the RV due to

ventricular disease (3, 13–15). A positive SAECG was associated

with extensive RV and epicardial LVZ in our study. Many
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FIGURE 1

Example of biventricular mapping in a patient with SAECG (+). RV and LV voltage maps of a patient with SAECG (+) showing an LVZ in the RV and LV
endocardium. Substrate modification was performed at the RV septum and low septal side of RVOT tract with local abnormal ventricular activity. RV,
right ventricle; LV, left ventricle; RVOT, right ventricular outflow tract; LVZ, low-voltage zone; LP, late potentials.

Nguyen et al. 10.3389/fcvm.2024.1306055
studies have confirmed the role of SAECG in assessing ventricular

arrhythmogenic potential in ischemic and nonischemic

cardiomyopathy. Santangeli et al. found that in ARVC patients, a

positive SAECG correlates with LVZ selectively in the RVOT and

reflects pathological involvement in the RVOT (13, 16). In the

study by Ciconte et al., a positive SAECG was associated with

abnormal epicardial electrical activity (17).

The results of our study presented that the correlation between

SAECG and the ventricular substrate in patients with NICM,

especially the RV scar, epicardial LVZ, and epicardial late

potential, was more common in patients with a positive SAECG.

We performed Receiver Operating Characteristic (ROC) curve

analysis, which indicated that the predictive power for endocardial

RV late potentials (LP) and left ventricle (LV) LP was limited, with

areas under the curve (AUC) of 0.431 and 0.432, respectively. The

analysis for predicting epicardial LP demonstrated the optimal
Frontiers in Cardiovascular Medicine 05
cutoff value as greater than 1 positive in the SAECG criteria,

exhibiting a sensitivity of 1.0 and specificity of 0.7. Therefore,

having more than one positive criterion in the SAECG could

effectively predict the presence of LP in the epicardium (Figure 5).

In the present study, the conduction time of RV was more

prolonged in Group 1 than in Group 2. This finding might be

secondary to the larger RV scar size compared to Group 2 (18).

There was no difference between the two groups in any clinical

endpoint, such as inducibility or recurrence of arrhythmias post-

ablation. The comparable clinical outcomes may be attributed to a

similar ablation endpoint in this retrospective single-center study and

the relatively small sample size. In this study, conducted at a single

center, our goal was to achieve negative inducibility and eliminate all

arrhythmogenic substrate in every patient. The similarity in ablation

endpoints might account for comparable clinical outcomes despite

the differences in right ventricular conduction time.
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FIGURE 2

Example of biventricular mapping in a patient with SAECG (−). Voltage map in a patient with SAECG (−); RV, LV, and epicardial substrate mapping
showed minimal LVZ and no obvious LPs at the epicardium. Ablation was done at the anterior free wall RVOT and epicardial LV summit. RV, right
ventricle; LV, left ventricle; LVZ, low-voltage zone; LPs, late potentials; RVOT, right ventricular outflow tract.

TABLE 3 Arrhythmogenic foci with PVC trigger or abnormal electrogram.

Ablation site Group 1
N = 34

Group 2
N = 24

p

Epicardium ablation 6 (17.6%) 4 (16.7%) 0.922

RV ablation 23 (67.6%) 13 (54.2%) 0.297

LV ablation 28 (82.4%) 19 (79.2%) 0.760

RV and LV ablation 17 (50.0%) 9 (37.5%) 0.346

Multiple endocardial ablation 22 (64.7%) 11 (45.8%) 0.153

Endocardial and epicardial ablation 6 (17.6%) 4 (16.7%) 0.922

RVOT area 17 (50.0%) 4 (16.7%) 0.009

LVOT area 11 (32.4%) 4 (16.7%) 0.179

RV septal area 5 (14.7%) 2 (8.3%) 0.463

RV free wall area 5 (14.7%) 5 (20.8%) 0.543

LV septal area 12 (35.3%) 11 (45.8%) 0.419

LV free wall area 10 (29.4%) 7 (29.2%) 0.984

Crux area 1 (2.9%) 4 (16.7%) 0.067

Endocardial and epicardial late potential
Variables Group 1 N = 34 Group 2 N = 24 p Value

Endocardium 10 (29.4%) 7 (29.2%) 0.984

RV endocardial LP 5 (14.7%) 3 (12.5%) 0.810

LV endocardial LP 6 (17.6%) 5 (20.8%) 0.760

Epicardium Group 1 N = 8 Group 2 N = 6

Epicardial LP 4 (50%) 0 0.040

RV, right ventricular; LV, left ventricular; RVOT, right ventricular outflow tract; LVOT,

left ventricular outflow tract; LP, late potential; PVC, Premature ventricular

complexes.
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Arrhythmogenic substrate and SAECG in
NICM

The arrhythmogenic substrates in NICM are primarily located

in the basal or perivalvular region of the LV, which is different

from ischemic cardiomyopathy with the distribution of abnormal

substrates along the territories of the coronary arteries (19).

Previous studies suggest that in patients with NICM,

delayed-enhanced imaging and simple ECG analysis allow for

predicting anteroseptal or inferolateral scar (20). In the study by

Oloriz et al., substantial conduction delay with prolongation of

the PR interval, QRS duration or a paced rhythm suggested an

anteroseptal scar pattern in NICM. A PR interval of <170 ms

and a low voltage, q wave, or fragmented QRS in the limb

leads is more frequent in patients with inferolateral scar. “A first-

line endo-epicardial approach will be more helpful in cases with

an inferolateral scar pattern because the arrhythmogenic

substrate likely involves the epicardium, and a biventricular

endocardial approach should be helpful in cases with an

anteroseptal scar, which frequently involves an intramural septal

substrate” (20, 21).

There is a difference in the ablation site between patients with

NICM and post-myocardial infarction (MI). In patients with post-

MI VT, the arrhythmogenic substrate often involves the RV in 11%
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FIGURE 3

Examples of LPs in patients with SAECG (+). The epicardial substrate map of another SAECG (+) patient showed an LVZ, scar areas, and LPs at the
epicardium. LVZ, low-voltage zone; LPs, late potentials.

FIGURE 4

Kaplan–Meier (KM) curves of VA recurrence and survival after ablation. (A) The KM curve shows a similar VA recurrence between the two groups. (B) KM
curve showing similar survival rates between the two groups.
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of patients (22). The underlying VT substrate in patients with

NICM can vary, depending on the underlying etiology of NICM.

Conduction disturbances occurred quite common in NICM

patients and the presence of the conduction abnormality was

associated with an anteroseptal scar pattern in NICM (21). The

population of our present study might be different from that of

the previous study because of the exclusion of the patients with

pacing rhythm or bundle branch block. The difference in

population study might explain the arrhythmogenic foci from
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RVOT incidence were significantly higher in patients with a

positive SAECG. In a study conducted by Gatzoulis et al, which

showed that “modified late potential criteria such as the presence

of two of any of the following three signal averaged parameters:

filtered QRS duration > or =145 ms, low amplitude signal

duration > or =50 ms, root mean square of the last 40 ms of the

filtered QRS complex < or =17.5 microV” is useful for

identification of the high risk patients with major degree of

conduction defect (23). Modified late potential criteria of SAECG
frontiersin.org

https://doi.org/10.3389/fcvm.2024.1306055
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


FIGURE 5

ROC curve analysis for predicting RV, LV and epicardial late potentials.
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could be use in further studies for accessment ventricular substrates

and arrhythmogenic potentials before procedure.

We excluded Arrhythmoginiec Cardiomyophathy patients based

on medical charts review and Modification of the Task Force

Criteria. Genetic examination was not performed in all patients

and this limitation can raise the potential overlap of other

cardiomyopathies with Arrhythmogenic Cardiomyopathy.

In our study, the arrhythmogenic foci from RVOT incidence were

significantly higher in patients with a positive SAECG and the results

of SAECG might not be associated with VA recurrence after ablation

in a specific population of NICM. In the ongoing ReCONSIDER

study, which introduced a two-step multifactorial approach with

noninvasive ECG findings leading to programmed ventricular

stimulation (PVS) to detect and protect the truly high-risk

population, further study investigating the SAECG in patients with

NICM might be warranted for risk stratification (24).

In conclusion, our study provides a noninvasive tool to predict

RV endocardial scar or epicardial substrates before mapping and

suggests the presence of arrhythmogenic foci at the RVOT area.
Limitations

First, thiswasaretrospectivestudy,andcardiacMRIorgenetic study

werenotperformedonallpatients. It’sdifficult toanalysis thecorrelation

between the presence of late gadolinium enhancement (LGE), LPs and

ICD activation. The limitation of genetic evaluation could raise the

potential overlap with Arrhythmogenic Cardiomyopathy in our

population. Second, this study was limited by its small sample size,

which only included few subjects with epicardial mapping. Third,

conduction disturbances can result in a positive SAECG. Therefore,

the current study enrolled only patients without baseline conduction

disturbances. This may limit the patient’s population and the results

were different from the study conducted by Oloriz et al. The

difference in the population study could provide more

arrhythmogenic foci in the RVOT. Further studies using the modified

SAECG criteria were warranted for our laboratory. Additionally, the
Frontiers in Cardiovascular Medicine 08
present study also enrolled only patients with biventricular mapping,

which does not represent the entire NICM population.
Conclusion

In a selected NICM population, a positive SAECG was

frequently associated with RV endocardial scar area, epicardial

LVZ area, epicardial LPs, and arrhythmogenic foci at the RVOT.

Once patients with NICM have a positive SAECG, the RV

approach and epicardial mapping can be considered to eliminate

the potential abnormal substrate.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material, further inquiries can be

directed to the corresponding author.
Ethics statement

The studies involving humans were approved by Institutional

review board, Taipei Veterans General Hospital. The studies were

conducted in accordance with the local legislation and institutional

requirements. The ethics committee/institutional review board

waived the requirement of written informed consent for

participation from the participants or the participants’ legal

guardians/next of kin because it is a retrospective study. Patient

information was anonymous.
Author contributions

DN: Writing – original draft. CL: Writing – original draft,

Writing – review & editing. FC: Writing – review & editing. TC:

Writing – review & editing. LL: Writing – review & editing. YL:
frontiersin.org

https://doi.org/10.3389/fcvm.2024.1306055
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Nguyen et al. 10.3389/fcvm.2024.1306055
Writing – review & editing. SC: Writing – review & editing. YH:

Writing – review & editing. TT: Writing – review & editing. TC:

Writing – review & editing. JL: Writing – review & editing. LK:

Writing – review & editing. CL: Writing – review & editing. SL:

Writing – review & editing. CW: Writing – review & editing.

MK: Writing – review & editing. GL: Writing – review & editing.

YH: Writing – review & editing. SW: Writing – review & editing.

YS: Writing – review & editing. JB: Writing – review & editing.

DT: Writing – review & editing. SC: Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article.

This work was supported by the Biosense Webster IIS

(C2304900), Ministry of Science and Technology (MOST 110-

2314-B-A49A-541-MY3, MOST 111-2314-B-075-007-MY3); and

Taipei Veterans General Hospital (grant no. C19-027). The

funders were not involved in the design of this study. C-YL was

the recipient of the funding award. The funders had no role in

the study design, data collection and analysis, decision to publish,

or manuscript preparation.
Frontiers in Cardiovascular Medicine 09
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fcvm.2024.

1306055/full#supplementary-material
References
1. Zeppenfeld K. Ventricular tachycardia ablation in nonischemic cardiomyopathy.
JACC Clin Electrophysiol. (2018) 4(9):1123–40. doi: 10.1016/j.jacep.2018.06.014

2. Chung FP, Lin CY, Lin YJ, Chang SL, Lo LW, Hu YF, et al. Ventricular
arrhythmias in nonischemic cardiomyopathy. J Arrhythm. (2018) 34(4):336–46.
doi: 10.1002/joa3.12028

3. Marcus FI, McKenna WJ, Sherrill D, Basso C, Bauce B, Bluemke DA, et al.
Diagnosis of arrhythmogenic right ventricular cardiomyopathy/dysplasia: proposed
modification of the task force criteria. Circulation. (2010) 121(13):1533–41. doi: 10.
1161/CIRCULATIONAHA.108.840827

4. Yi G, Keeling PJ, Goldman JH, Jian H, Poloniecki J, McKenna WJ. Prognostic
significance of spectral turbulence analysis of the signal-averaged electrocardiogram
in patients with idiopathic dilated cardiomyopathy. Am J Cardiol. (1995) 75
(7):494–7. doi: 10.1016/S0002-9149(99)80588-8

5. Mancini DM, Wong KL, Simson MB. Prognostic value of an abnormal
signal-averaged electrocardiogram in patients with nonischemic congestive
cardiomyopathy. Circulation. (1993) 87(4):1083–92. doi: 10.1161/01.CIR.87.4.1083

6. Al-Khatib SM, Stevenson WG, Ackerman MJ, Bryant WJ, Callans DJ, Curtis AB,
et al. 2017 AHA/ACC/HRS guideline for management of patients with ventricular
arrhythmias and the prevention of sudden cardiac death: a report of the American
college of cardiology/American heart association task force on clinical practice
guidelines and the heart rhythm society. Heart Rhythm. (2018) 15(10):e73–e189. doi: 10.
1016/j.hrthm.2017.10.036

7. Wu AH. Management of patients with non-ischaemic cardiomyopathy. Heart.
(2007) 93(3):403–8. doi: 10.1136/hrt.2005.085761

8. Lin CY, Chung FP, Lin YJ, Chang SL, Lo LW, Hu YF, et al. Safety and efficacy of
epicardial ablation of ventricular tachyarrhythmias: experience from a tertiary referral
center in Taiwan. Acta Cardiol Sin. (2018) 34(1):49–58. doi: 10.6515/ACS.201801_34
(1).20170724A

9. Lin CY, Chung FP, Lin YJ, Chang SL, Lo LW, Hu YF, et al. Clinical significance of
structural remodeling concerning substrate characteristics and outcomes in
arrhythmogenic right ventricular cardiomyopathy. Heart Rhythm O2. (2022) 3
(4):422–9. doi: 10.1016/j.hroo.2022.04.007

10. Chung FP, Lin CY, Lin YJ, Chang SL, Lo LW, Hu YF, et al. Application of
noninvasive signal-averaged electrocardiogram analysis in predicting the requirement
of epicardial ablation in patients with arrhythmogenic right ventricular
cardiomyopathy. Heart Rhythm. (2020) 17(4):584–91. doi: 10.1016/j.hrthm.2019.11.018

11. Lin CY, Silberbauer J, Lin YJ, Lo MT, Lin C, Chang HC, et al. Simultaneous
amplitude frequency electrogram transformation (SAFE-T) mapping to identify
ventricular tachycardia arrhythmogenic potentials in Sinus rhythm. JACC Clin
Electrophysiol. (2016) 2(4):459–70. doi: 10.1016/j.jacep.2016.01.013

12. Lin CY, Chung FP, Kuo L, Lin YJ, Chang SL, Lo LW, et al. Characteristics of
recurrent ventricular tachyarrhythmia after catheter ablation in patients with
arrhythmogenic right ventricular cardiomyopathy. J Cardiovasc Electrophysiol.
(2019) 30(4):582–92. doi: 10.1111/jce.13853

13. Santangeli P, Pieroni M, Dello Russo A, Casella M, Pelargonio G, Di Biase L,
et al. Correlation between signal-averaged ECG and the histologic evaluation of the
myocardial substrate in right ventricular outflow tract arrhythmias. Circ Arrhythm
Electrophysiol. (2012) 5(3):475–83. doi: 10.1161/CIRCEP.111.967893

14. Santangeli P, Infusino F, Sgueglia GA, Sestito A, Lanza GA. Ventricular late
potentials: a critical overview and current applications. J Electrocardiol. (2008) 41
(4):318–24. doi: 10.1016/j.jelectrocard.2008.03.001

15. Kamath GS, Zareba W, Delaney J, Koneru JN, McKenna W, Gear K, et al. Value
of the signal-averaged electrocardiogram in arrhythmogenic right ventricular
cardiomyopathy/dysplasia. Heart Rhythm. (2011) 8(2):256–62. doi: 10.1016/j.hrthm.
2010.10.007

16. Santangeli P, Pieroni M, Dello Russo A, Casella M, Pelargonio G, Macchione A,
et al. Noninvasive diagnosis of electroanatomic abnormalities in arrhythmogenic right
ventricular cardiomyopathy. Circ Arrhythm Electrophysiol. (2010) 3(6):632–8. doi: 10.
1161/CIRCEP.110.958116

17. Ciconte G, Santinelli V, Vicedomini G, Borrelli V, Monasky MM, Micaglio E,
et al. Non-invasive assessment of the arrhythmogenic substrate in brugada
syndrome using signal-averaged electrocardiogram: clinical implications from a
prospective clinical trial. Europace. (2019) 21(12):1900–10. doi: 10.1093/europace/
euz295

18. Pashakhanloo F, Herzka DA, Halperin H, McVeigh ER, Trayanova NA. Role of
3-dimensional architecture of scar and surviving tissue in ventricular tachycardia:
insights from high-resolution ex vivo porcine models. Circ Arrhythm Electrophysiol.
(2018) 11(6):e006131. doi: 10.1161/CIRCEP.117.006131

19. Hsia HH, Callans DJ, Marchlinski FE. Characterization of endocardial
electrophysiological substrate in patients with nonischemic cardiomyopathy and
monomorphic ventricular tachycardia. Circulation. (2003) 108(6):704–10. doi: 10.
1161/01.CIR.0000083725.72693.EA

20. Oloriz T, Silberbauer J, Maccabelli G, Mizuno H, Baratto F, Kirubakaran S, et al.
Catheter ablation of ventricular arrhythmia in nonischemic cardiomyopathy:
anteroseptal versus inferolateral scar sub-types. Circ Arrhythm Electrophysiol. (2014)
7(3):414–23. doi: 10.1161/CIRCEP.114.001568
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fcvm.2024.1306055/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2024.1306055/full#supplementary-material
https://doi.org/10.1016/j.jacep.2018.06.014
https://doi.org/10.1002/joa3.12028
https://doi.org/10.1161/CIRCULATIONAHA.108.840827
https://doi.org/10.1161/CIRCULATIONAHA.108.840827
https://doi.org/10.1016/S0002-9149(99)80588-8
https://doi.org/10.1161/01.CIR.87.4.1083
https://doi.org/10.1016/j.hrthm.2017.10.036
https://doi.org/10.1016/j.hrthm.2017.10.036
https://doi.org/10.1136/hrt.2005.085761
https://doi.org/10.6515/ACS.201801_34(1).20170724A
https://doi.org/10.6515/ACS.201801_34(1).20170724A
https://doi.org/10.1016/j.hroo.2022.04.007
https://doi.org/10.1016/j.hrthm.2019.11.018
https://doi.org/10.1016/j.jacep.2016.01.013
https://doi.org/10.1111/jce.13853
https://doi.org/10.1161/CIRCEP.111.967893
https://doi.org/10.1016/j.jelectrocard.2008.03.001
https://doi.org/10.1016/j.hrthm.2010.10.007
https://doi.org/10.1016/j.hrthm.2010.10.007
https://doi.org/10.1161/CIRCEP.110.958116
https://doi.org/10.1161/CIRCEP.110.958116
https://doi.org/10.1093/europace/euz295
https://doi.org/10.1093/europace/euz295
https://doi.org/10.1161/CIRCEP.117.006131
https://doi.org/10.1161/01.CIR.0000083725.72693.EA
https://doi.org/10.1161/01.CIR.0000083725.72693.EA
https://doi.org/10.1161/CIRCEP.114.001568
https://doi.org/10.3389/fcvm.2024.1306055
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Nguyen et al. 10.3389/fcvm.2024.1306055
21. Oloriz T, Wellens HJ, Santagostino G, Trevisi N, Silberbauer J, Peretto G,
et al. The value of the 12-lead electrocardiogram in localizing the scar in non-
ischaemic cardiomyopathy. Europace. (2016) 18(12):1850–9. doi: 10.1093/europace/
euv360

22. Ghannam M, Liang JJ, Latchamsetty R, Crawford T, Jongnarangsin K, Morady F,
et al. Importance of right ventricular mapping and ablation for ventricular tachycardia
in postinfarction patients. JACC Clin Electrophysiol. (2023) 9(1):17–25. doi: 10.1016/j.
jacep.2022.08.034
Frontiers in Cardiovascular Medicine 10
23. Gatzoulis KA, Carlson MD, Biblo LA, Rizos I, Gialafos J, Toutouzas P, et al.
Time domain analysis of the signal averaged electrocardiogram in patients with a
conduction defect or a bundle branch block. Eur Heart J. (1995) 16(12):1912–9.
doi: 10.1093/oxfordjournals.eurheartj.a060847

24. Gatzoulis KA, Dilaveris P, Arsenos P, Tsiachris D, Antoniou CK, Sideris S, et al.
Arrhythmic risk stratification in nonischemic dilated cardiomyopathy: the
ReCONSIDER study design—a two-step, multifactorial, electrophysiology-inclusive
approach. Hellenic J Cardiol. (2021) 62(2):169–72. doi: 10.1016/j.hjc.2020.03.008
frontiersin.org

https://doi.org/10.1093/europace/euv360
https://doi.org/10.1093/europace/euv360
https://doi.org/10.1016/j.jacep.2022.08.034
https://doi.org/10.1016/j.jacep.2022.08.034
https://doi.org/10.1093/oxfordjournals.eurheartj.a060847
https://doi.org/10.1016/j.hjc.2020.03.008
https://doi.org/10.3389/fcvm.2024.1306055
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Signal-averaged electrocardiography as a noninvasive tool for evaluating the ventricular substrate in patients with nonischemic cardiomyopathy: reassessment of an old tool
	Introduction
	Methods
	Study population
	SAECG
	Electrophysiology study, substrate mapping, and catheter ablation of ventricular arrhythmias
	VT ablation strategy
	Follow-up
	Statistical analysis

	Results
	Baseline characteristics of the participants
	Ventricular substrate and arrhythmogenic potentials
	Arrhythmogenic area and outcomes of the procedure

	Discussion
	Main findings
	Substrate characteristics and SAECG in NICM
	Arrhythmogenic substrate and SAECG in NICM

	Limitations
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


