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Abstract
Introduction
Idiopathic epicardial ventricular arrhythmias (VAs) are clustered in the areas of the summit and crux. This study was to report a group of idiopathic epicardial VAs remote from the summit and crux areas.
Methods
In total, 9 patients (6 males, mean age 32±13 years) were enrolled. The locations were identified by epicardial mapping and ablation. The electrocardiographic and electrophysiological characteristics were compared to those of 9 patients who had VAs ablated at the opposite endocardial site.
Results
VAs were identified at the epicardium, with 4 patients had VAs located at the inferior wall, one at the anterior wall, one at the apex and 3 patients had VAs at the lateral wall. A “QS” type at the location-related leads was the only identified surface electrocardiogram indication suggesting epicardial origin (compared to that of the controls, 100% vs 0%, p<0.001). Endocardial and epicardial mapping revealed pre-maturities of -11±4 ms and -25±8 ms, respectively (VS. -28±8 ms revealed by endocardial mapping in control patients, p<0.001 and p=0.389, respectively). All of the study cases demonstrated an “rS” pattern in the endocardial unipolar electrogram. Acute and long-term successful ablation (a median of 11 months of follow-up) was achieved in all patients without complications.
Conclusion
[bookmark: _Hlk74321889]A distinct group of idiopathic VAs remote from the summit and crux areas warranting ablation by a subxiphoid approach were identified. Morphological ECG features of a “QS” type among the location-related grouped leads combined with the mapping findings helped in the identification of the epicardial site of origin.
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[bookmark: _Hlk61958978]Catheter ablation has been established as an effective therapeutic strategy for ventricular arrhythmias (VAs) in otherwise structurally normal hearts.1 Various anatomic structures were reported to be clustered locations for these idiopathic VAs. Almost all of these structures, i.e., the outflow tract, papillary muscles, tricuspid/mitral annulus, sinus of valsalva, His-Purkinje system, etc., were endocardially located and consequently could be accessed by the ablation catheter through a vascular approach.2-9 A group of epicardial VAs ablated from the cardiac venous system were also managed through an endocardial approach.10-12 To date, most of the reported idiopathic VAs that need ablation via a percutaneous approach have been located at special anatomic sites, such as the summit and crux areas.10, 11, 13 The aim of the present study was to report a group of idiopathic VAs that were successfully ablated through a percutaneous approach at pericardial sites remote from the reported clustered locations and to delineate the electrocardiographic and electrophysiological characteristics.

Methods
Study population
[bookmark: _Hlk70341040]From August 2015 to November 2020, a total of 9 patients were enrolled in the study. These patients all failed endocardial ablation and had their VAs successfully ablated from the pericardial space through the subxiphoid trans-pericardial approach. Another 9 demographically matched patients who had their VAs successfully abolished at the adjacent (most likely opposite) endocardial site were enrolled as the control group. All patients provided written informed consent before the procedure was performed, and the study protocol was approved by the Institutional Review Board (the First Affiliated Hospital with Nanjing Medical University and the Wuhan Asia Heart Hospital).
Electrophysiological study
All procedures were performed under conscious sedation and local anesthesia. If necessary, fentanyl was administered to alleviate the pain due to catheter manipulation and ablation in the pericardium. All antiarrhythmic medications were ceased for at least 5 half-lives before the procedure was performed, except that amiodarone was ceased for at least six weeks. A 6F quadripolar catheter and a decapolar catheter were advanced into the high right atrium or right ventricle for stimulation and/or coronary sinus to serve as a road map. If VAs were not present at the beginning of the procedure, an isoproterenol challenge (12 µg/min) was attempted to provoke VAs.
Mapping and ablation
Three-dimensional mapping was performed to identify the earliest activation site of VAs navigated by the CARTO3 (Biosense-Webster Inc., Diamond Bar, CA, USA) system. Endocardial mapping was initially performed through the artery or vein for the left ventricle and the right ventricle, respectively. The pace mapping at the earliest activation site was evaluated. For those cases in whom a perivascular origin was suspected, transvenous mapping was performed (the left posterior lateral vein on Patient 5 and Patient 6 and the great cardiac vein on Patient 7, Patient 8 and Patient 9). In some cases, radiofrequency energy delivery was attempted at the earliest endocardial activation site.
When an epicardial origin was suspected, a subxiphoid “dry” puncture was performed to obtain pericardial space access, as previously reported.14 Then, epicardial activation mapping during VA rhythm was performed. The target site was determined as the earliest activation site as well as the site with the best match determined by pace mapping. Radiofrequency energy was applied using an irrigated ablation catheter (Navistar Thermocool, Biosense Webster, Diamond Bar, CA, USA). Generally, the maximum ablation power was adjusted from 35 w to 40 w at the discrete site of the ablation. The temperature limit was set to 43°C, and the irrigation rate was 17-30 ml/min. In some cases, if necessary, coronary angiography was performed to delineate the ostium and the running course of the coronary artery and to further verify the safe distance between the coronary artery and the target site. Also, phrenic nerve capture was assessed and carefully avoided before burning. Successful ablation of VAs was defined as the abolition of VAs, and an inability to provoke VAs using isoproterenol.
All the surface ECG leads and the intracardiac electrograms were filtered at 0.05 to 100 Hz and 30 to 500 Hz, respectively, and were simultaneously stored at high speed (100 to 200 mm/s) using a digital recording system (Bard Electrophysiology, Tewksbury, Massachusetts or Cardiolab, Prucka Engineering, Houston, TX, USA) for offline analysis.
Electrocardiogram parameter analysis
Intervals were measured with electronic calipers. The following ECG features were assessed as previously described: (1) QRS duration, (2) pseudo-delta wave,15 and (3) maximum deflection index 16.
Statistical analysis
Continuous variables were expressed as the means ± standard deviations (normally distributed variables) or medians [25th and 75th percentiles]. Normal distribution was assessed with the Shapiro-Wilk test. Comparisons between groups were performed with an unpaired Student’s t test. Categorical variables are expressed as numbers and percentages. All tests were 2-sided, and a P value <0.05 was considered statistically significant. Statistical analyses were performed using SAS 9.2.

Results
Patient characteristics
In total, 9 patients were enrolled; patients had a mean age of 32±13 years and 6 were male. Among these patients, four had one previous failed ablation. None of the patients had cardiovascular comorbidities. The history, physical examination and echocardiogram did not reveal any signs of structural heart disease. The mean left ventricular diastolic diameters (LVDd) and the left ventricular ejection fraction (LVEF) were 50±6 mm and 60±4%, respectively. Three patients underwent cardiac magnetic resonance imaging examination, and no abnormal cardiac motion or delayed enhancement was detected. The mean VA burden was 37±10%, with 6 patients demonstrating both premature ventricular and non-sustained ventricular tachycardia. All patients were referred to the hospital for palpitations, and only one had a history of syncope. The detailed patient characteristics are provided in Table 1.
The exact locations of the 9 control VAs were as follows: the left posterior wall in two cases, the left post papillary muscle (near the basal part of the ventricle) in two cases, the right ventricular apex in one case, the anterior wall of the right ventricle in one case, and the lateral mitral annulus in three cases. The results of the comparison between the study group and the control group is shown in Table 2.

Location and electrocardiography recognition
The 12-lead surface electrocardiograms of the 9 patients are provided in Figure 1. The surface ECG demonstrates various electric axes due to the sporadic anatomical distribution. Figure 2 shows a schematic diagram depicting the distribution of the studied VAs and the controlled origins, as well as the representative ECGs. Based on the VA location, the studied patients were classified into three groups: the posterior lateral wall (Patient 1, Patient 2, Patient 4, Patient 5, and Patient 6), the anterior wall or apex (Patient 3 and Patient 4), and the lateral wall (Patient 7, Patient 8, Patient 9). A “QS” ECG type of VA in the location-related grouped leads was noticed, that is, leads II, III and aVF for the inferior wall; precordial leads for the anterior wall or apex; and leads I and aVL for the lateral wall. In contrast, no patients in the control group demonstrated a “QS” type at the corresponding leads (100% vs 0%, p<0.001).
The QRS width, presence of pseudo-delta waves and MDI were not significantly different between the study group and the control group (Table 2).
Electrophysiological characteristics and ablation findings
Endocardial electro-anatomical mapping revealed an eccentric activation mode, and the earliest activation region was a relatively broad area in all 9 study patients (Figure 3). In the study group, the earliest endocardium activation preceded QRS onset by -11±4 ms, which was significantly less than that in the control group (-29±8 ms, p<0.001, Table 2). However, there was no significant difference between the epicardial prematurity of the study patients and that of the endocardial prematurity of the controls (-25±8 ms vs -28±8 ms, p=0.389). The targeted epicardial electrogram exhibited a “QS” like signal in all studied patients. In terms of endocardial mapping, the unipolar electrogram in study cases congruously demonstrated an “rS” pattern at the earliest activation site, while it exhibited a “QS” pattern in control patients. In 7 patients, pace mapping at the epicardial earliest activation site was evaluated, and a perfect match was acquired. Figure 3 depicts a premature ventricular complex successfully ablated from the epicardium in the vicinity of the medium course of the left anterior descending branch. Detailed endocardial and epicardial mapping information is provided in Table 3.
No low voltage area or fractionated potential was detected in either the endocardial (0.5-1.5mv) or the epicardial map (0.5-1.0mv) during VA rhythms.
No response was noticed during endocardial ablation in the 5 patients in whom it was attempted (Patient 2, Patient 3, Patient 7, Patient 8 and Patient 9). During epicardial ablation, all VAs was successfully eliminated, and no VAs were provoked by isoproterenol at the end of the procedure.
Follow-up
No complications occurred in the peri-procedure period. After a median of 11 [11, 38] months of follow-up, no patient had VA recurrence. There was a decrease in left ventricular end-diastolic diameter and an improvement in ventricular function observed in 3 patients (Patient 1, Patient 2 and Patient 4), with the LVDd in these patients changing to 54 mm, 47 mm and 49 mm and the LVEF changing to 63%, 66% and 66%, respectively.
Discussion
Major findings
In the present study, we delineated a group of idiopathic VAs requiring ablation via the percutaneous subxiphoid approach. This special group of VAs has sporadic distributions remote from the summit and the crux area. A “QS” type ECG among the location-related grouped surface leads was the only identified clue suggesting epicardial origin. Additionally, intracardiac mapping revealed less endocardial prematurity in patients compared with controls and an “rS” pattern in the unipolar electrogram, which was in line with the epicardial origin.
Clinical and electrophysiological findings
Epicardial ablation through percutaneous subxiphoid puncture was first introduced by Sosa et al. in Chagas disease-related VTs.14 Since then, this technique has been developed and widely employed in the ablation of ventricular tachycardia in structural heart disease.16-19 Nevertheless, this percutaneous but challenging approach was not a method routinely used for the ablation of idiopathic VAs.11, 16, 20-22 The reported experiences showed that many VAs originating from the crux were eliminated by this method. In contrast, epicardial instrumentation has a limited role in mapping and ablation of ventricular arrhythmias arising from the left ventricular summit. Only a minority of patients with summit VAs could benefit from the subxiphoid pericardial approach.10, 16 To date, it has been widely acknowledged that the summit and the crux are two distinct areas that harbor epicardial origins.
The cases in the present study are distinguished from the previously reported cases with different sites that are remote from the summit and crux. Additionally, it should be highlighted that the VAs in this series have little propensity for perivascular sites because of the following facts. First, in most of the cases, the assumed target vein nearby had been mapped, and no adequate prematurity could be identified. Second and more importantly, in most of the patients, the pericardial target sites were quite distant from the epicardial vessels, except for patient 3, in which the distance between the target site and the left anterior descending artery was 5 mm. Since the tachycardia origin was not in close proximity to the vasculature, trans-pericardial mapping and ablation were the only way to access these tachycardias. Thus, the present study extends previous observations, indicating a wider distribution of epicardial origin of VAs remote from the previously reported clustered sites, and provides detailed mapping and ablation information.
Anatomical considerations and ECG recognition
Due to the sporadic distribution of the origin, the surface ECGs have different axes in either the frontal plane or coronal plane. This poses a limitation in providing a uniform profile of ECG features. However, the absence of an “r” wave in the grouped ECG leads was noted in the study group, while the control group clearly displayed a small “r” wave at the assumed grouped surface leads. The absence of an “r” wave in the grouped leads indicates that the activation wave front has no initial vector from the endocardium towards the epicardium and consequently is in line with the epicardial origin. This characteristic ECG has also been validated as the most specific criterion of an epicardial site of origin in patients with nonischemic cardiomyopathy.23 However, whether this unequivocal difference could be taken as an independent epicardial origin clue is still unclear because the profile of the “QS” type in all VAs referred for ablation has not been explored. As such, it is reasonable to regard the morphological features as a guide for trans-pericardial ablation in patients with endocardial mapping showing a diffuse activation mode without an appropriate target at the endocardium. Interestingly, the ECG in patient 3 could be considered an extreme situation of the V2 break pattern, which has been delineated as a sign of a difficult case in outflow tract arrhythmia ablation. Theoretically, epicardial origin can partly account for ablation failure in so-called “V2 break pattern” VA cases.
Though several quantitative ECG parameters, i.e., the pseudo-delta wave and MDI, have been postulated as signs of VAs of idiopathic epicardial origin, we did not find that they had predictive value in our cohort. As the pseudo-delta wave could be obviously observed only in one patient, its width was not measured and calculated. For the MDI, there was no significant difference between the two groups. Furthermore, none in the series manifested a delayed MDI of more than 0.55, which was a cutoff value for epicardial VAs.16 The absence of the delta wave and the relatively early MDI may point to uniform and rapid initial conduction from an epicardial origin. As such, the epicardial patients in the present series exhibited a unique ECG feature that was different from the features delineated in the previous study. This difference may be attributed to the different locations in comparison to the summit and crux area, as well as the absence of structural heart disease; however, this difference remains to be validated in large case series. Of note, the ECG findings of our study are in line with a previous investigation, in which the value of ECG features for identifying epicardial origin was explored using pace mapping. In that study, the QRS duration, pseudo-delta wave and intrinsic deflection time were found to vary with site and overlap among groups; consequently, the value was limited. Nevertheless, the absence or presence of Q waves distinguished epicardial origins from endocardial origins with adequate specificity.24
Study limitations
First, due to the rareness of this special arrhythmia, the number of enrolled patients was limited. Second, because only three patients underwent cardiac magnetic resonance imaging examination before the procedure, the possibility of occult structural heart disease or small areas of fibrosis due to post myocarditis could not be completely excluded. However, at baseline, no patient showed any sign of structural disease in the clinical history, echocardiography data or cardiac voltage mapping data. During the follow-up period, no patient demonstrated cardiac function impairment, while 3 patients had improved left ventricle structural and functional parameters, which indicated the diagnosis of premature ventricular complex-induced cardiomyopathy.25, 26 Third, we did not systematically evaluate the exact electrophysiological mechanism, which needs more observation in future studies.
Conclusion
Idiopathic VAs can originate from the pericardium remote from the summit and crux area. This special group of VAs is amenable to epicardial ablation via a percutaneous subxiphoid approach. Morphological ECG features of a “QS” type among the location-related grouped leads, as well as a unipolar “rS” pattern and the diffused early activation area on the endocardial map, are potential predictive clues that suggest an epicardial origin.
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Legends
Figure 1 Twelve-lead ECGs of the 9 patients.
Figure 2 A schematic diagram depicting the distribution of the VAs in 9 patients. The schematic heart diagram shows left lateral and postural views. The location of the studied patients was tagged with numbers 1 to 9 at the epicardium and that of control patients with C1, C4 and C9 at the endocardium. The representative ECGs in 3 studied and control patients are shown with grouped leads. All the grouped ECGs in the studied patients demonstrated a “QS” type without an “r” wave, while that of the control patients had a small “r” wave in at least one lead among the grouped leads.
Figure 3 Endocardial and epicardial mapping of the premature ventricular complex of Patient 3. Left panel: electroanatomic endocardial activation maps of the ventricular complex. Right panel: shown are the surface electrocardiogram and the recordings from the mapping catheter. The earliest activation was on the anterior right ventricular septum and anterior left ventricular septum 14 and 9 ms before QRS onset, respectively, with an “rS” pattern recorded in unipolar mapping (shown in the right panel). Recordings from the mapping catheter positioned at the epicardial site opposite to the endocardial earliest point demonstrating the target electrogram 16 ms before QRS onset with an approximate match in pace mapping and a “QS” pattern in unipolar mapping. The light blue point and deep blue points indicate the earliest activation site of the endocardium (left and right ventricle) and epicardium, respectively. It is shown in the system that the distance between them is 11 mm.
Figure 4 Activation and pace mapping of Patient 6. The left panel: activation mapping revealed a -26 ms ahead of QRS and a unipolar signal without an “r” wave. Middle panel: A perfect match was acquired by pacing at the target site. Right panel: fluoroscopic image revealing the ablation catheter at the epicardial inferior wall.
Figure 5 Activation and pace mapping of Patient 7. Left panel: activation mapping revealed a -25 ms ahead QRS and a “QS”-like unipolar signal. Middle panel: a perfect match was acquired by pacing at the target site. Right panel: fluoroscopic image revealing the ablation catheter at the epicardial lateral wall.
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	Table 1 Clinical and Demographic Characteristics of Patients with Idiopathic PVCs Successfully Ablated from the Epicardium

	Patient
	Age
(yrs)
	Sex
	Comorbidities
	LVDd (mm)
	LVEF
 (%)
	Arrhythmias
	Burden
(%)
	Symptoms
	Medications
	CMRI
	Follow-up (months)

	1
	20
	Male
	None
	55
	63
	PVC, NSVT
	32
	Palpitations
	BB
	N/A
	74

	2
	20
	Male
	None
	60
	56
	PVC
	
	Palpitations
	BB, Ami
	Normal
	58

	3
	38
	Female
	None
	54
	64
	PVC
	46
	Palpitations, Shortness
	BB, Ami
	Normal
	38

	4
	22
	Male
	None
	53
	62
	PVC/NSVT
	16
	Palpitations, Syncope
	None
	Normal
	24

	5
	26
	Female
	None
	43
	62
	PVC/NSVT
	35
	Palpitations
	BB
	N/A
	9

	6
	37
	Male
	None
	46
	58
	PVC/NSVT
	45
	Palpitations
	BB
	N/A
	11

	7
	56
	Female
	None
	48
	54
	PVC/NSVT
	48
	Palpitations
	BB
	N/A
	6

	8
	47
	Male 
	None
	48
	58
	PVC/NSVT
	35
	Palpitations
	None
	N/A
	10

	9
	21
	Male
	None
	47
	62
	PVC/NSVT
	42
	Palpitations
	None
	N/A
	1

	BB: beta-blocker; Ami: amidarone; N/A: not applicable




	Table 1 Comparison of clinical and electrophysiological characteristics between the study and control group

	
	Study group
(n=9)
	Control group
(n=9)
	p value

	Age
	32±13
	29±9
	0.65

	Gender (M/F)
	6/3
	6/3
	<0.001

	Co-morbidities
	0
	0
	<0.001

	Echocardiogram
	
	
	

	LVDd (mm)
	50±6
	50±5
	0.89

	LVEF (%)
	60±4
	61±3
	0.51

	Electrocardiogram
	
	
	

	QRS width (ms)
	159±19
	145±12
	0.07

	Presence of pseudo-delta wave
	1
	0
	<0.001

	MDI
	0.50±0.04
	0.49±0.03
	0.47

	“QS” type in the grouped lead (%)
	100
	0
	<0.001

	Endocardial mapping
	
	
	

	Prematurity of the Endo (ms)
	-11±4
	-29±8
	<0.001

	“QS” in unipolar mapping (%)
	100
	0
	<0.001

	LVDd: left ventricular diastolic diameter; LVEF: left ventricular ejection fraction; MDI: maximum deflection index







	Table 3 Electrocardiographic and Electrophysiological Characteristics of Patients with Idiopathic PVCs 

	Patient
	Prior ablation
	QRS width
	MDI
	Location
	Characteristic Surface Lead
	Prematurity of the Endo (ms)
	Prematurity of the Epi
(ms)

	1
	None
	126
	0.40 
	Posterior lateral wall
	II, III, avF
	-12
	-44

	2
	1
	174
	0.52 
	Posterior lateral wall
	II, III, avF
	-14
	-26

	3
	1
	177
	0.48 
	Anterior wall
	V2, V3
	-14
	-16

	4
	None
	155
	0.52 
	Apex
	V1-V6
	-1
	-20

	5
	None
	163
	0.50
	Posterior lateral wall
	II, III, avF
	-8
	-24

	6
	None
	183
	0.51
	Posterior lateral wall
	II, III, avF
	-10
	-26

	7
	1
	145
	0.53
	Lateral
	I, aVL
	-12
	-25

	8
	1
	170
	0.54
	Lateral
	I, aVL
	-10
	-22

	9
	1
	142
	0.51
	Lateral
	I, aVL
	-14
	-24

	MDI: maximum deflection index; N/A: not applicable; 
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