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Background: Catheter ablation (CA) for symptomatic atrial fibrillation (AF) offers the best outcomes for patients. Despite the benefits of CA, a significant proportion of patients suffer a recurrence; hence, there is scope to potentially improve outcomes through technical innovations such as ablation index (AI) guidance during AF ablation. We present real-world 5-year follow-up data of AI-guided pulmonary vein isolation.



Methods: We retrospectively followed 123 consecutive patients who underwent AI-guided CA shortly after its introduction to routine practice. Data were collected from the MPH AF Ablation Registry with the approval of the institutional research board.



Results: Our patient cohort was older, with higher BMI, greater CHA2DS2-VASc scores, and larger left atrial sizes compared to similar previously published cohorts, while gender balance and other characteristics were similar. The probability of freedom from atrial arrhythmia with repeat procedures is as follows: year 1: 0.95, year 2: 0.92, year 3: 0.85, year 4: 0.79, and year 5: 0.72. Age >75 years (p = 0.02, HR: 2.7, CI: 1.14–6.7), BMI >35 kg/m2 (p = 0.0009, HR: 4.6, CI: 1.8–11.4), and left atrial width as measured on CT in the upper quartile (p = 0.04, HR: 2.5, CI: 1–5.7) were statistically significant independent predictors of recurrent AF.



Conclusion: AI-guided CA is an effective treatment for AF, with 95.8% of patients remaining free from atrial arrhythmia at 1 year and 72.3% at 5 years, allowing for repeat procedures. It is safe with a low major complication rate of 1.25%. Age >75 years, BMI >35 kg/m2, and markedly enlarged atria were associated with higher recurrence rates.
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Introduction

Pulmonary vein isolation (PVI) remains the cornerstone of treatment for atrial fibrillation (AF), particularly in patients who are refractory or intolerant to anti-arrhythmic medications (1). In paroxysmal AF, circumferential lesions around the pulmonary veins (PVs) effectively target source triggers and isolate them from the rest of the left atrium (2). However, PVI for persistent AF remains suboptimal and is associated with higher recurrence rates of AF and atrial tachycardia, often requiring repeat PVI or additional substrate modification (3).

Several targets have been proposed to maximise the durability of ablation lesions, including contact force (CF) and minimum force–time integral (FTI). While the use of CF and FTI metrics has demonstrated improved AF ablation outcomes, up to two-thirds of patients have been reported with at least one reconnected PV at 2–3 months following the initial intervention (4, 5). Therefore, the ablation index (AI) has emerged as a novel strategy for lesion delivery, incorporating power, CF, and time in a weighted formula to achieve enduring PV isolation.

The AI formula provides an accurate measure of ablation lesion quality monitoring as part of the automated lesion tagging software (VisiTag) in the CARTO 3 V4 electroanatomic mapping system (Biosense Webster, Inc., Diamond Bar, CA, USA). Indeed, AI values of 550/400 (anterior/posterior) with an inter-lesion distance (ILD) of ≤6 mm have been associated with higher rates of acute durable PVI isolation and arrhythmia-free survival at 1 year (6, 7). While the use of AI targets in lowering rates of PV reconnection has previously been investigated (7, 8), studies have shown that durable PVI can be achieved with lower AI targets. Lower effective AI targets can be effective (9), specifically with more intensive catheter tip cooling (10), tailoring to left atrial wall thickness (LAWT) (11, 12), and focusing on ostial rather than wide antral lesions (13). Typical follow-up in these reports was limited to 12–18 months. Also, initial studies were limited to patients with paroxysmal (pAF) only without additional lesion sets and therefore did not truly reflect a real-world scenario. We describe, to the best of our knowledge, the first report of 5-year follow-up clinical outcomes using the index-guided catheter ablation strategy for AF.



Methods


Study design

We retrospectively enrolled 123 consecutive patients who attended our centre after December 2016 (corresponding with the introduction of AI-guided PVI) and underwent a de novo pulmonary vein isolation procedure. Our target was to enrol at least 100 patients who would have long-term regular follow-ups at our institute and a minimum of at least 90 days. Exclusion criteria were kept to a minimum—patients with prior cardiac surgery, patients with prior PVI or left atrial ablation, and any patient not expected to be followed up routinely at our centre were excluded. The patient cohort included both paroxysmal and persistent atrial fibrillation patients. Patients underwent PVI and “PVI plus” procedures as deemed appropriate by the operator based on their subtype of atrial fibrillation, a stepwise ablation strategy, and the degree of low-voltage areas found on mapping of the left atrium; in the cases of the documented atrial flutter, applicable lesions/lines were considered. Institutional review board ethics approval was sought and attained—MMUH/MPH IRB Ethics Approval Reference 1/378/2283.



Patient follow-up

Patients were kept overnight and routinely discharged on day 1 post-procedure. Patients were reviewed at 6 weeks and again at 3 months with 24-h Holter monitoring prior to their clinic visit, along with resting ECGs on the day of their appointment. They were also provided contact details for office hours and out-of-office hours to report any troublesome symptoms. If patients reported symptoms but were found to be in sinus rhythm on resting ECG, a routine 24-h Holter monitoring was arranged. In some cases, patients documented their arrhythmia with their consumer-grade ECG devices (smartphones/smart ECG devices). If patients remained symptom-free, they were followed up routinely on an annual basis. Patients with implantable cardiac devices had device checks at 6 weeks and at 3 months to determine the AF burden. An exhaustive search of all patient correspondence, written notes, investigation reports (including ECGs, Holters, device checks, echocardiography) and procedural reports (coronary angiography, cardioversions, repeat ablation) was completed to look for recurrence of atrial fibrillation or any atrial arrhythmia. Recurrence was defined as greater than 30 s of documented atrial arrhythmia after a 90-day blanking period was applied. Survival time was calculated until the last patient clinic contact if no recurrence occurred. If a patient had a recurrence, but the exact date was unclear, it was assumed to be 1 day after the last documented date when the patient was arrhythmia-free. Where patients had multiple procedures, survival time was the accumulated arrhythmia-free survival for all their procedures.



Procedure details

All patients underwent pre-procedure computed tomography of their left atrium (CTLA) to delineate anatomy. All procedures were performed under general anaesthesia. Transoesophageal echocardiography was utilised to guide transseptal puncture and exclude left atrial thrombus. Vascular ultrasound was used to introduce a 7-Fr sheath, an SL0 sheath (Swartz 63 cm SL0 Transseptal Guiding Introducer Sheath; Abbott Laboratories, Chicago, IL, USA) and a steerable sheath (Agilis NXT Steerable Introducer; Abbott Laboratories, Chicago, IL, USA) into the right femoral vein.

Our anticoagulation strategy was as follows: patients on warfarin were continued without interruption, patients on direct oral anticoagulants (DOACs) had their dose held on the day of the procedure, and DOACs were recommenced after a post-procedure echocardiogram to exclude effusion at 3 h post-procedure. Periprocedural anticoagulation was as follows: 125 units of unfractionated heparin per kg after femoral puncture with a target activated clotting time (ACT) of 300–350 s. Heparin infusions of 1,000 units/h were administered via two long sheaths. The heparin bolus was given after venous access and before access to the left atrium.

A deflectable decapolar catheter (14) (Dynamic Deca; Boston Scientific, Natick, MA, United States) is positioned in the coronary sinus (CS) under fluoroscopy guidance. The transseptal puncture was performed using a 71-cm BRK-1 XS needle (Abbott Laboratories, Chicago, IL, USA) via the SL0 sheath. Whenever possible, the first puncture was double-wired. If the patient was in atrial fibrillation, they were cardioverted (200 J synchronised) after a transseptal puncture. Prior to ablation, a 3D map of the left atrium was created with proximal CS pacing at a cycle length of 600 ms with both voltage and activation data using a Lasso circular or PentaRay multielectrode mapping catheter and a CARTO (15) electro-anatomical mapping system (Biosense Webster, Irvine, CA, USA).

Ablation was performed with a SmartTouch Surround Flow DF catheter (16) (Biosense Webster, Irvine, CA, USA) and guided by the ablation index (9) with targets of 370 and a power of 35 W on the posterior and inferior regions while aiming for 480 with a power of 40 W on the anterior and superior regions. Our ablation lesion strategy was as follows: If the patient's initial rhythm was, or if after cardioversion they maintained, sinus rhythm, PVI only was performed using bilateral wide antral circumferential ablation (WACA) (17, 18) lines. If a short distance was left between the bilateral WACA lines on the roof (<1.5 cm), a roof line was completed. If they failed to maintain sinus rhythm, a posterior wall isolation box was performed. If the patient failed to maintain sinus rhythm at this point, an anterior mitral isthmus line was also created. If they failed to maintain sinus rhythm acutely at this point, additional scar homogenisation and superior vena cava (SVC) isolation were performed. If the patient developed an atrial tachycardia at any point, it was mapped and, where possible, ablated. Cavotricuspid isthmus (CTI) ablation was performed in cases of documented typical atrial flutter.

Validation was performed by remapping the left atrium after a 20-min waiting period, ensuring both entry and exit blocks into all pulmonary veins. Where linear ablation lesions were created, the bidirectional block was confirmed across these lines using appropriate differential pacing. Adenosine was not routinely used to test for pulmonary vein isolation.



Statistical analysis

The normality of data distribution was tested with the Shapiro–Wilk test. Continuous variables were expressed as mean ± standard deviation if normally distributed and medians with interquartile range if non-normally distributed, and dichotomous variables were expressed as percentages. The Student t-test or the Mann–Whitney U-test was used for unpaired group comparison. Categorical variables were compared by the χ2 or Fisher exact test and were presented as frequency and percentage. The Kaplan–Meier estimate was used to compare freedom from atrial arrhythmia between subgroups and dependence on different patient and procedural characteristics. The log-rank test and Cox proportional hazards were used to check for statistically significant differences. Multivariable logistic regression was used to assess the association between the different parameters and recurrence rates. Variables were included in the multivariate analysis if their univariate p-value was less than 0.1 and they were not collinear (denoted by “C” in the p-value column—see Table 1) with an already included variable. p-values <0.05 were considered statistically significant. All statistical analyses were performed using R version 4.1.2 (19). Survival curves were truncated to 5.5 years to ensure that at least 10% of the original cohort was still at risk, as it is considered standard in reporting of Kaplan–Meier survival curves.


TABLE 1 Results of the Cox proportional hazard model of univariate and multivariate regression analyses.
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Results


Patient characteristics

A total of 123 patients were enrolled (mean age: 65.3 ± 9.8 years, 74.8% men). Table 2 details the demographic and baseline data of the study participants. A total of 49% of patients studied had persistent atrial fibrillation. Fifty-four (43%) patients were on class Ic/III anti-arrhythmic drugs (AAD) prior to ablation, and 10 (8%) patients continued their AAD after the blanking period. Seventeen patients exhibited a documented reduced left ventricular systolic function, and six exhibited a normalised left ventricular function after the procedure, where patients responded to appropriate heart failure therapies or systolic dysfunction was tachycardia-mediated.


TABLE 2 Patient characteristics.
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Freedom from arrhythmia recurrence

Patients were followed up for up to 6 years after their ablation (median follow-up: 4.2 years, IQR: 2.75, 5.05). Freedom from arrhythmia recurrence, allowing only for the index procedure and repeat procedure, is detailed in Table 3. Allowing for repeat procedures, Figure 1 describes the arrhythmia free survival curve. Median arrhythmia-free survival was 5.6 years.


TABLE 3 Arrhythmia-free survival.
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FIGURE 1
Kaplan–Meier survival curve with 95% confidence interval showing freedom from arrhythmia recurrence with repeat procedures. +denotes censor.


Out of 123 patients, 44 (35.7%) had a least one recurrence during follow-up. Of these 44 patients, 34 (77% of recurrences) had atrial fibrillation; of these 34 patients, 29% had undergone a PVI “plus” procedure, while 10 patients (40% PVI “plus”) experienced atypical atrial flutter.



Procedural characteristics

Throughout the study, a total of 163 procedures were performed on 123 patients underwent. The mean number of procedures was 1.3 per patient; most index procedures were PVI only (75%), with 25% of patients undergoing additional lesions. Further procedural details are given in Table 4.


TABLE 4 Procedural characteristics.
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Repeat procedures

Of 123 patients, 30 (24%) underwent more than one procedure. Patients requiring multiple procedures had poorer outcomes (log-rank p-value: <0.0001), even allowing for multiple procedures. Remapping the pulmonary veins at the time of the first repeat procedure revealed that 16 patients (53.3%) had no reconnection, 10 (33.3%) had a right PV reconnection only, three (10%) patients had both veins reconnected, and only one (3.3%) patient had a reconnection in the left-sided veins only. Patients with reconnected veins at the time of their first repeat procedure had earlier recurrence (after the initial procedure) compared to patients with isolated veins, with most of these recurrences in the first year (11/14 patients)—see Figure 3. There was no significant difference in arrhythmia-free survival between patients with reconnected veins or not at the time of repeat procedure throughout the study (log-rank p-value: 0.12); however, in the first 2 years, patients with reconnected veins at repeat procedure showed a trend towards better outcomes with no further recurrence until into the second year. The mean number of extrapulmonary vein targets per patient undergoing repeat ablation was 1.53, the most common being posterior wall isolation in 17 patients, followed by anterior mitral isthmus line in 11 patients.


[image: Figure 2]
FIGURE 2
Kaplan–Meier survival curves with 95% confidence intervals for paroxysmal vs. persistent atrial fibrillation. An initial trend of better outcomes in paroxysmal AF does not continue beyond 2 years. Overall survival curves are not statistically different. +denotes censor.




Complications and procedural safety

Four patients had self-resolving vascular minor complications in the form of groin haematomas. Two patients experienced major (20) complications: one in the form of pericarditis requiring pericardiocentesis and steroid therapy, and a second patient with a right phrenic nerve injury. This resulted in a minor vascular complication rate of 4 per 154 procedures (2.5%) and a major complication rate of 2 per 154 procedures (1.25%).



Predictors of recurrence

Univariate and multivariate regression analyses (see Table 1) showed that age >75 years [HR: 2.7 (1.14–6.7)], BMI >35 kg/m2 [HR: 4.6 (1.8–11.4)], and an LA width above the third quartile in size [HR: 2.4 (1–5.7)] were independent statistically significant predictors of worse outcomes. Recurrence of arrhythmia in the blanking period (p = 0.1) showed a trend towards worse outcomes [HR: 1.9(0.89–4)], a finding that has been noted in previous work (21). There was no difference in recurrence rates between AF subtypes (Figure 2) or gender (Figure 4). Patients with reconnected veins at the time of repeat procedure tended to have earlier recurrence (Figure 3).
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FIGURE 3
Kaplan–Meier survival curves of patients who underwent repeat procedures, up to their first recurrence only, stratified by the pulmonary vein connection status at the time of the first repeat procedure. Patients with connected veins tended to recur earlier, with the majority in the first year.
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FIGURE 4
Kaplan–Meier curves comparing arrhythmia-free survival of male vs. female patients and allowing for repeat procedures.





Discussion

This study provides insights into the long-term efficacy and safety of ablation index-guided AF ablation for atrial fibrillation. Although long-term data are available on select patient cohorts (22), for the first time, this study presents long-term follow-up (beyond 5 years) data in a cohort of real-world consecutive patients utilising the ablation index and a pragmatic pre-defined ablation escalation strategy. Five-year data are particularly useful when counselling patients on treatment options as a common concern for them is the prognosis beyond the typically studied 1-year window.

Our patients were older compared with similar studies [PRAISE (7): 61 ± 8, CLOSE (23): 62 ± 10, Casella et al. (24): 60 ± 12]. The body mass index (BMI) (29.1 ± 4.7) was generally higher in our patients [CLOSE (23): 26.6 ± 4.3, Casella et al. (24): 25.4 ± 3.2]. The CHADSVASc (2.1 ± 1.5) score also tended to be higher compared with PRAISE (23) (a median score of 1) and similar to patients in the CLOSE (23) study, where 41% had a score >2. The LA anteroposterior diameter (AP) (46.6 ± 7.4 mm) diameter tended to be longer (although measured on CT rather than by echocardiography) in PRAISE (43 ± 5 mm), CLOSE (40.4 ± 4.4 mm and 39.9 ± 3.9 mm), and Casella et al. (24) (42.3 ± 7.7 mm). In summary, our patients tended to be older, with higher BMI, greater CHADSVASc scores, and larger LA sizes compared to similar studies.

With only a mean of 1.3 procedures per patient, we see an arrhythmia-free survival rate of 95.8% at 1 year, holding to 72.3% at 5 years. These survival rates are modestly lower compared to other studies, likely due to our slightly more challenging patient characteristics.

We observed that older (age >75 years) and morbidly obese (BMI >35 kg/m2) patients remain challenging groups of patients to treat with catheter ablation for atrial fibrillation; in the latter group, this reinforces the importance of lifestyle modification as an integral part of the overall treatment strategy (25). As previously documented (21), there is a possible association between arrhythmia in the blanking period and worse outcomes.

The major complication rate of only 1.25%, with no procedural-related deaths or strokes observed during this study, was quite favourable when compared with large registry studies (26, 27) and comparable to rates seen in published RCTs (28). The authors attribute the low vascular complication rate to the consistent use of vascular ultrasound for all cases, as also evidenced in large retrospective studies (29).

Patients with paroxysmal AF are often considered to be at an earlier disease stage in comparison to those with persistent AF with lower recurrence rates. However, in this study, while patients with paroxysmal AF appeared to do better in the first year, this trend did not reach statistical significance (p = 0.59). The paroxysmal and persistent survival function curves (see Figure 2) overlap shortly after year 2 and follow a similar trajectory from that point onwards. The lack of prognostic difference conveyed by AF subtypes has been noted previously (21) but remains somewhat at odds with the conventional wisdom. To further explore this, we stratified patients by AF subtypes to look for differences in other variables. Except for parameters related to left atrial size (persistent patients tend to have larger atria), there were no statistically significant differences between the two groups. We speculated that the difference between the subtypes may disappear over time as the less severe paroxysmal patients “catch-up” with persistent patients. However, survival analysis stopped at 1 or 2 years showed no statistical differences between subtypes (Figure 2). It may be that persistent AF truly represents a more advanced disease state, but the data from this observational study do not support this nor the concept that paroxysmal patients are less likely to have a recurrence compared to persistent patients.

Next, we considered gender differences; significantly more men than women were enrolled in the study. Although the gender balance (74.8% male) does not differ from that found in similar studies of ablation index-guided PVI [PRAISE study: 75% male (23), CLOSE study (23): intervention 62% vs control 72% male, Casella et al. (24): 74% male]. Women in this study tended to be older, with a higher proportion over 75 years. Consequently, their CHADSVASc score tended to be higher, although there was no difference in non-age-related components of the score. Men were more likely to have persistent atrial fibrillation. Men tended to have smaller left atrial anterior–posterior dimensions, width, and area when indexed by the body surface area (BSA). Women tended to have more procedures and had a trend towards more PVI plus lesion sets. Despite these differences, there was no difference in the survival curves of men vs. women—see Figure 4.

Regarding patients who underwent repeat procedures, there is near equipoise between patients with no pulmonary vein reconnection (51%) and those with at least one at the time of the repeat procedure; among those with reconnection, only one patient out of 14 had reconnection limited to just the left-sided veins. This suggests that further attention needs to be paid to the isolation of the right-sided pulmonary veins as they are the site of greater recurrence than the left-sided veins, a result that was mirrored in the acute recurrence patterns seen in Hussein et al. (7). Second, patients who have non-isolated veins at their repeat procedure tended to recur earlier than those with isolated veins (Figure 3), most within the first year [median: 0.52, IQR: (0.36–1.51) years], while those with isolated pulmonary veins have recurrence at a later date [median: 1.1, IQR: (0.55–2.65) years]. This signal (early time to recurrence) allows us to potentially delineate patients with recurrence due to pulmonary vein reconnection. As such, it offers a potential target for prioritisation in resource-constrained systems of repeat procedures for patients as there is a trend towards better outcomes in these patients, particularly in the first 2 years. Patients with later recurrence likely represent the progression of the disease and the development of clinically significant extrapulmonary vein triggers, which to date have remained recalcitrant to treatment by catheter ablation.


Limitations

This was a single-centre retrospective observational study. High/very high-power short-duration RF ablation technology was not available when the procedures were performed nor were the recent advances in pulsed field ablation technology. Regarding the cohort of patients undergoing repeat procedures, this was relatively small (30 patients), so any inferences from this data should be tempered with caution and used for hypothesis generation only. With only routine clinical follow-up, it is likely that the recurrence rates have also been underestimated.




Conclusion

In conclusion, ablation index-guided pulmonary vein isolation is a safe and effective means of treating atrial fibrillation in symptomatic drug-refractory patients, as evidenced by a 72.3% arrhythmia-free survival at 5 years with repeat procedures. These data are novel in terms of duration of follow-up and is a useful addition to the body of knowledge particularly in terms of counselling patients before CA. Elderly and morbidly obese patients remain a challenging cohort of patients to treat effectively. Patients with arrhythmia recurrence at an earlier stage (between 3 and 12 months) are more likely to have non-isolated pulmonary veins. Such earlier recurrence offers a potential target to prioritise patients for repeat procedures as these patients show a trend towards better outcomes compared to patients with later recurrence, although further work is required to show this conclusively.
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