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ABSTRACT
Background: Data regarding the use of high-power short-duration (HPSD) radiofrequency (RF) in combination with half-normal saline irrigation for catheter irrigation is limited. 
Objectives: This study investigated the safety and efficacy of using HPSD RF ablation in combination with half-normal saline irrigation for the treatment of AF. 
Methods: One hundred consecutive patients with AF underwent RF ablation using HPSD combined with half-normal saline for catheter irrigation. In addition, the following ablation strategies were used: 1 mm tags for the display of ablation lesions on the mapping system, high-frequency jet ventilation (HFJV), low contact force, pacing after ablation to verify areas of noncapture, atrial/ventricular pacing at 500 to 700 ms to aid in catheter stability, use of two skin electrodes to reduce impedance, and post-ablation adenosine infusion. Power was started at 40-45 W and was modulated manually based on impedance changes. 
Results: The average age of patients was 65.2 years and 70% were male. Forty-seven percent had paroxysmal AF and the average CHA2DS2-VASc score was 2.1±1.6.  The average power and lesion duration were 38.1 ± 3.3 W and 8.1 ± 2.3 seconds, respectively. During a median follow-up period of 321 + 139 days, 89% of the patients remained free from any atrial arrhythmias after a single RF ablation procedure. No procedure-related death, stroke, pericardial effusion, or atrioesophageal fistula occurred during follow-up. 
Conclusions: Catheter ablation using HPSD RF lesions in combination with half-normal saline irrigation and is safe and effective, and results in high rate of freedom from AF. 
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What’s New 

In this study, we adopted a combined strategy incorporating a contact-sensing catheter; HPSD ablation; HFJV; cardiac pacing during ablation; adenosine; and unipolar pacing for the detection of dormant PV and LA conduction. Our follow-up data further support the efficacy and long-term durability of ablation lesions created with this strategy in a “real-world” setting. The use of a shorter duration while performing ablation with higher power may enhances the safety profile of ablation by decreasing the risk of conductive heating to the surrounding structures (e.g., esophagus and phrenic nerve). Furthermore, it is also of considerable value to shorten the procedural, LA-dwell, and radiation exposure times by using a strategy such as ours. 
INTRODUCTION
Radiofrequency (RF) catheter ablation continues to evolve as an effective treatment for atrial fibrillation (AF).  Relative to medical therapy, RF ablation has been found to be superior for maintaining sinus rhythm and improving the quality of life [1]. RF ablation has also been shown to improve survival rates in certain populations of patients with AF when compared with pharmacological therapy [2, 3(.  Over the course of the last decade, technological advances such as contact-force and irrigated catheters have led to significant improvements in the safety and efficacy of RF ablation [4]. Despite these improvements, several intraprocedural factors remain that limit the durability of ablation and long-term freedom from atrial arrhythmias. Among these limiting factors, the anatomical complexity of the left atrium (LA) and pulmonary veins (PVs), and cardiac motion during cardiac and respiratory cycles are the most well-recognized examples. To overcome these limitations, various ablation approaches have been adopted with the goal of improving the transmurality and consequent durability of RF lesions. These approaches have focused mostly on enhancing catheter stability during the ablation procedure. Recently, the use of a high-power, short-duration (HPSD) RF ablation approach has been described and found to be have several advantages [5]. Moreover, half-normal saline has also been shown to improve efficacy of RF lesions in animal studies, however the clinical outcomes of combining both it with HPSD remain sparse. The aim of this study was to investigate the safety and efficacy of using HPSD RF ablation in combination with half-normal saline for irrigation and various other strategies, aiming to reduce gap formation along ablation lines. 
METHODS 
Study population

Consecutive patients who had presented for the ablation of symptomatic drug-refractory AF between January 2018 and September 2018 were included in this study. Patients who had undergone a prior RF ablation procedure for AF or who were enrolled in other active clinical studies were excluded. All membrane-active antiarrhythmic medications, except for amiodarone, were stopped five days prior to the procedure. 
Ablation procedure 

All procedures were performed under general anesthesia and high-frequency jet ventilation (HFJV). Outpatient anticoagulation was not interrupted, and intravenous heparin boluses and infusion were used to maintain an activated clotting time of 350 to 400 seconds during the procedure. Femoral venous access was achieved by micropuncture needle with ultrasound guidance. A radial arterial line was inserted in all patients for blood gas monitoring to guide HFJV. Double transseptal access (Baylis Medical, Montreal, Canada) was performed for the mapping catheter (Lasso or Penta-array catheter; Biosense Webster, Diamond Bar, CA, USA) and ablation catheter (Thermocool SmartTouch Surround Flow; STSF, Biosense Webster, Diamond Bar, CA, USA). A bidirectional deflectable sheath (Agilis; Abbott Laboratories, Chicago, IL, USA) was used to improve catheter stability. Pacing from either the coronary sinus (CS) if the patient presented in normal sinus rhythm, or the right ventricle (RV) if the patient presented in AF, was performed at a cycle length of 500 to 700 ms to reduce the stroke volume and beat-to-beat variability in catheter location. 
Half-normal saline was used for irrigation for the ablation catheter. The starting RF power was 40-45 W and was manually continuously adjusted during ablation based on real-time impedance changes as well as the location of ablation lesions. Specifically, the power was reduced by 5 to 10 W when the impedance dropped by more than 10% in the initial five seconds. A maximum power of 30 W was used for ablation inside the CS and the cavotricuspid isthmus (CTI). The creation of all ablation lesions was limited to less than 12 to 15 seconds and was stopped earlier with the observation of sharp impedance changes or increases in esophageal temperature. The target range for contact force was 5 to 20 g. Two indifferent skin electrodes were used to reduce impedance. Moreover, ablation lesions were displayed using 1-mm ablation tags on an electroanatomical mapping system (CARTO 3; Biosense Webster, Diamond Bar, CA, USA), and were performed in a zig-zag or double line fashion to maximize their contiguity. The ablation protocol included PV and posterior wall isolation (PWI). In addition, the CTI line, mitral isthmus line, CS ablation, and superior vena cava isolation were performed when indicated. Following ablation, cardioversion was performed in patients who remained in AF, and unipolar pacing at 10 mA with a 2-ms pulse width output was performed to identify the areas of capture and non-capture after ablation. In the areas of persistent capture after ablation, additional ablation was performed with the endpoint of a lack of capture. Adenosine and isoproterenol were administered to unmask dormant PV reconnection and elucidate further triggers [8]. The esophageal temperature was monitored using a single sensor temperature probe and ablation was halted when the esophageal luminal temperature reached 38°C. 
Follow-up and arrhythmia surveillance
Patients were followed with serial monitoring at intervals of three, six, and 12 months post-ablation by using a 14- or 30-day monitor in conjunction with a clinic visit to assess for any evidence of recurrence of atrial arrhythmias. Data were also collected from the interrogation of pacemakers, defibrillators, and implantable loop recorders in those patients who had these devices. The presence of any atrial arrhythmia lasting for greater than 30 seconds in duration after the initial three-month post-ablation blanking period was considered treatment failure [6]. 
Statistical analysis
Continuous variables were summarized as means ± standard deviations and medians whenever appropriate. Kaplan-Meier curves for the outcome of freedom from atrial arrhythmias were generated using PRISM version 5.01 (GraphPad, San Diego, CA, USA). Log-rank test was used for analysis of freedom from atrial arrhythmias after ablation. All other analyses were performed using STATA (Stata Corp LLC, College Station, TX, USA). 
RESULTS 
Patient population

One hundred consecutive patients were included in this study. The average age of patients was 65.2 ± 3.5 years and 70% were male. A total of 47% of patients had paroxysmal AF and the average CHA2-DS2-VASc score was 2.1 ± 1.6 points. The baseline characteristics of the study patients are summarized in Table 1. 
Ablation data
PV isolation (PVI) was achieved in all patients. Additional ablations are described in Table 2. Representative examples of the ablation lesion set are shown in Figures 1A and 1 B. Following power modulation based on impedance change, the average power and lesion duration were 38.1 ± 3.3 W and 8.1 ± 2.3 sec, respectively. A summary of ablation parameters is given in Table 3. 
Procedural outcomes
During a median follow up duration of 321 ± 139 days after the index RF ablation procedure, 89% of patients remained free from any atrial arrhythmias. Of these 89 patients, ten remained on previously ineffective antiarrhythmic drugs during the follow-up period.  Data for the outcome of freedom from atrial arrhythmias after a 90-day blanking period following a single RF ablation procedure are shown in Figure 2A. The outcome of freedom from atrial arrhythmias off anti-arrhythmic agents after a 90-day blanking period following a single RF ablation procedure are shown in Figure 2B. Of the 11 patients who experienced the recurrence of atrial arrhythmias, seven underwent a repeat ablation procedure. There were no major complications during follow-up, including cardiac or procedure-related death, pericardial effusion, stroke, or atrioesophageal fistula. One patient died due to an unrelated non-cardiac cause four and half months after ablation. Data on recurrence were collected using ambulatory monitors in 74 patients, implantable devices in seven patients, and by symptom assessment and electrocardiogram analysis in 19 patients. 
DISCUSSION 

This study describes an ablation technique focused on the delivery of HPSD lesions with half-normal saline for irrigation. The major results were that the described technique is safe and leads to a high rate of freedom from atrial arrhythmias. 
The durability of PVI is an important indicator in achieving long-term freedom from atrial arrhythmias after catheter ablation. Gap formation along ablation lines secondary to catheter instability is believed to be the main reason for arrhythmia recurrence. Factors that affect catheter stability include chest motion during respiration and cardiac motion during various heart rhythms. The effect of these factors is more pronounced with longer durations of ablation lesion formation. As a result, the creation of shorter-duration ablation lesions may help with achieving a more stable catheter position during ablation lesion creation. A preclinical study from our group demonstrated that the short-duration establishment of ablation lesions using high power is effective in creating transmural lesions without the risk of char formation or steam pop [6]. The use of higher power and shorter durations of energy delivery was also deemed effective in creating transmural lesions in another preclinical study by Bhaskaran et al [7]. These findings are further supported by a clinical study involving a total of 76 patients where the use of HPSD ablation was correlated with both a shorter LA dwell time and a procedural duration together with a similar rate of elevation in esophageal temperature when compared with the conventional technique involving lower power and longer duration [8].
The formation of coagulum at the catheter tip remains an impediment in the creation of effective RF lesions [9]. Normal saline is most commonly used for irrigation of the catheter tip to reduce charring. However, Na+ and Cl− ions lead to a significant dispersion of RF energy away from the catheter tip–endocardial surface. In their study based on an ex vivo model, Nguyen et al. showed that the use of half-normal saline facilitated the creation of larger RF lesions in comparison with the use of normal saline [10]. The same investigators also determined that the use of half-normal saline is associated with the creation of deeper and larger lesions relative to normal saline. These observations can be explained by the lower impedance associated with the use of half-normal saline, which mitigates the loss of RF energy and therefore improves the transfer of RF energy to tissue and the efficacy of ablation [11]. While the aforementioned studies described the use of half-normal saline for ablation, to our knowledge, our study is the first to describe the combination of half-normal saline and HPSD ablation. We believe that this combination displays an additive effect, resulting in larger ablation lesions than with either technique alone. We also used two indifferent skin electrodes, which may have led to further reductions in impedance. Notably, the resultant average power delivered was 38 W, because of downregulation in response to rapid impedance drop. 
In addition to the use of an HPSD strategy, we also used a number of other techniques discussed henceforth to reduce gap formation.
Deflectable sheath: Difficulty in accessing certain regions of the LA during ablation such as the ridge between the left PV and the left atrial appendage is another factor that may impede the creation of effective RF lesions. To circumvent this barrier, we employed a bidirectional steerable sheath, the value of which has been previously described. 
Contact force: We used a lower contact force value than that previously described. We believe that higher contact force values are not necessary and may result in steam pop when using high power and can also increase the risk of esophageal injury. 
HFJV: HFJV has also emerged as an additive tool for achieving catheter stability. HFJV minimizes the cardiorespiratory movement by adopting a low tidal volume and high frequency and has been reported to improve the success rate after ablation [12]. 
Adenosine: Adenosine can identify dormant PV conduction by transiently restoring cellular excitability and conduction in areas at risk of reconnection. Adenosine was previously systematically investigated in a large, multicenter clinical trial evaluating patients who underwent ablation for paroxysmal AF and was reported to improve the outcomes of catheter ablation. In this trial, Macle et al. administered adenosine to unmask dormant PV conduction, which was detected in 284 (53%) of the study participants. Upon analysis of those who had demonstrated dormant PV conduction after adenosine, the investigators compared the success rates of ablation by stratifying based on whether additional ablation was performed or not. During follow-up, 69.4% of the patients who had undergone adenosine-guided ablation remained free from atrial arrhythmias in comparison with 42.3% of the patients who did not undergo additional ablation procedures. In our study, after PVI, we used adenosine to assess for dormant conduction and spontaneous recovery of conduction to guide further ablation. 
Pacing to improve catheter stability: To further aid catheter stability, we found that pacing from either the CS or the RV was helpful. This technique helps by minimizing variations in cardiac motion and further optimizing the stability of the ablation catheter. By pacing using shorter cycle lengths, a reduction in stroke volume can be achieved, which, coupled with lesser variability in the R–R interval, helps to reduce catheter motion and offers greater stability at the tissue–tip interface [13]. 

Pacing to demonstrate a lack of capture after ablation: To identify residual gaps on the ablation line, we used unipolar pacing (using 10 mA output and a pulse width of 2 ms). In a prior pilot study investigating 30 patients, the analysis of blinded PV electrograms revealed that the use of a pace-capture technique identified additional ablation sites in 50% of PV pairs. These additional sites were ablated further to achieve complete loss of pace capture as the procedural endpoint [14].
Role of non-PV sources: Identification and ablation of non-PV triggers along with PVI have also been shown to improve outcomes of AF ablation. In a large study, using a “trigger protocol” composed of isoproterenol infusion along with the targeting of AF initiation, non-PV triggers were identified in a total of 234 patients (11% of the entire study population). Of the 277 non-PV triggers identified, the posterior wall was the localizing site of interest in 5% of the patients [29]. Similarly, a single-center study used voltage mapping to guide PWI as an adjunctive strategy to PVI. During one year of follow-up, the arrhythmia-free survival rate was better among patients who underwent PWI and PVI in comparison with those who received PVI alone (80% vs. 57%; p = 0.005) [15]. In another study involving 381 patients with longstanding persistent AF, arrhythmia freedom was superior in those who underwent ablation of non-PV triggers (i.e., PWI, superior vena cava, and sites elicited by high-dose isoproterenol infusion) during a follow-up period of 4.2 ± 1.3 years [16, 17]. Similarly, empirical isolation of the left atrial appendage was shown to be superior when compared with the standard approach in the BELIEF trial [18]. In our study, we observed non-PV triggers in 11% of patients, which is comparable to the results of previously published experiences. 
In this study, we used a commercially available catheter with a limited temperature-sensing ability. The device consists of a single temperature sensor located at the center of the catheter tip. As such, the temperature sensor is distant from the ablated tissue and surrounded by the irritant flow, which makes its temperature measurement inaccurate for assessing temperature at the catheter/tissue interface. Newer-generation ablation catheters are being investigated and contain advanced temperature sensing technologies consisting, for example, of six temperature sensors located at the catheter tip [19, 20]. Once these systems are commercially available, the delivery of RF ablation may be possible using higher power without the fear of causing steam pop. 
Study limitations
We acknowledge some limitations of this study. Foremost, it was a retrospective, single-arm study and, therefore, the findings may not be necessarily generalizable. Nonetheless, our findings suggest acute and long-term success is achievable with a combined strategy of various procedural factors hoping to improve the efficacy of RF lesions. 
CONCLUSION
In this study, we adopted a combined strategy incorporating a contact-sensing catheter; HPSD ablation; HFJV; cardiac pacing during ablation; adenosine; and unipolar pacing for the detection of dormant PV and LA conduction. Each component of our combined strategy addresses individual traditional limiting factors that could affect the subsequent durability of PVI. Our follow-up data further support the efficacy and long-term durability of ablation lesions created with this strategy in a “real-world” setting. The use of a shorter duration while performing ablation with higher power may enhances the safety profile of ablation by decreasing the risk of conductive heating to the surrounding structures (e.g., esophagus and phrenic nerve). Furthermore, it is also of considerable value to shorten the procedural, LA-dwell, and radiation exposure times by using a strategy such as ours. Future studies assessing an integrated approach of these strategies are expected to further validate our findings. 
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Figure legends: 
Figure 1A: Representative image of an ablation lesion set for AF.
Figure 1B: Unipolar pacing on the posterior wall of the LA and areas of noncapture (marked in grey color) on an electroanatomical map.
Figure 2A: Kaplan–Meier curve showing freedom from atrial arrhythmias after ablation with an HPSD strategy. 
Figure 2B: Kaplan-Meier curve showing freedom from atrial arrhythmias off antiarrhythmic drugs after ablation with an HPSD strategy

Table 1: Summary of demographic and clinical characteristics of the study participants (n =100) 
	Characteristic 
	N = 100 

	Age (years)
	65.2 ± 3.5

	Gender (%male)
	70 

	Paroxysmal AF (%)
	47

	Duration of AF (years)
	3.0 ± 3.2 

	HTN (%)
	52

	DM (%)
	11

	CAD (%)
	20

	CHF (%)
	13

	TIA (%)
	3

	CHA2DS2-VASc score 
	2.1 ± 1.6

	BMI (kg/m2)
	29.6 ± 5.5 

	Serum creatinine (mg/dL)
	1.0 ± 0.2

	EF (%)
	59.9 ± 3.5 

	LA diameter (mm)
	41.5 ± 1.4 

	Duration of follow-up (days) 
	321 + 139 


HTN: hypertension, DM: diabetes mellitus, CAD: coronary artery disease, CHF: congestive heart failure, TIA: transient Ischemic attack, BMI: body mass index, EF: ejection fraction 
Table 2: Summary of the ablation strategies used in our study
	Ablation approach 
	N = 100 

	PVI 
	100 

	PWI 
	95 

	CTI 
	39

	Additional triggers, SVC isolation, and mitral isthmus line
	11


PVI: pulmonary vein isolation, PWI: posterior wall isolation, CTI: cavotricuspid isthmus

SVC: superior vena cava 
Table 3: Summary of ablation characteristics of our study population 
	Ablation parameter 
	

	Procedure time (minutes)
	192.2 ± 55.2 

	Fluoroscopy time (minutes)
	17.6 ± 4.7

	Number of ablation lesions 
	326.3 ± 50.9 

	Average duration per lesion (seconds) 
	8.1 ± 2.3 

	Radiofrequency ablation time (minutes)
	44.0 ± 21.8 

	Average power (W)
	38.1 ± 3.4 

	Average impedance (Ω) 
	123.4 ± 7.6

	Distal tip temperature (°C)
	24.2 ± 0.9 

	Contact force (g) 
	11.6 ± 1.7 

	Half-normal saline infusion (mL) 
	922 ± 661


Figure 1A: Representative image of an ablation lesion set for AF.
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Figure 1B: Unipolar pacing on the posterior wall of the LA and areas of non-capture (marked in grey color) on an electroanatomical map.
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Figure 2A: Kaplan-Meier curve showing freedom from atrial arrhythmias after ablation with an HPSD strategy.
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Figure 2B: Kaplan-Meier curve showing freedom from atrial arrhythmias off antiarrhythmic drugs after ablation with an HPSD strategy 
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