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Abstract

BACKGROUND—New approaches to ablation of atrial fibrillation (AF) include focal impulse 

and rotor modulation (FIRM). Studies of this technology with short-term follow-up have shown 

favorable outcomes.

OBJECTIVE—The purpose of this study was to characterize the long-term results of FIRM 

ablation in a cohort of patients treated at 2 academic medical centers.

METHODS—All FIRM-guided ablation procedures (n = 43) at UCLA Medical Center and 

Virginia Commonwealth University Medical Center performed between January 2012 and 

October 2013 were included for analysis. During AF, FIRM software constructed phase maps 

from unipolar atrial electrograms to identify putative AF sources. These sites were targeted for 

ablation, along with pulmonary vein isolation in 77% of patients.

RESULTS—AF was paroxysmal in 56%, and 67% had prior AF ablation. All patients had rotors 

identified (mean 2.6 ± 1.2 per patient, 77% in LA). Prespecified acute procedural end-point was 

achieved in 47% of patients (n = 20): AF termination in 4, organization in 7, >10% slowing of AF 

cycle length in 9. Acute complications occurred in 4 patients (9.3%). At 18 ± 7 months of follow-

up, 37% were free from documented recurrent AF after a 3-month blanking period; 21% were free 

from documented atrial tachyarrhythmias and off antiarrhythmic drugs. Multivariate analysis did 

not reveal any significant predictors of AF recurrence, including pattern of AF, acute procedural 

success, or prior failed ablation.

CONCLUSION—Long-term clinical results after FIRM ablation in this cohort of patients showed 

poor efficacy, different from previously published studies. Randomized studies are needed to 

evaluate the efficacy and clinical utility of this ablation approach for treating AF.

Address reprint requests and correspondence: Dr. Eric Buch, UCLA Cardiac Arrhythmia Center, David Geffen School of 
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Introduction

Atrial fibrillation (AF) is a common arrhythmia resulting in significant symptoms in many 

patients and is associated with increased risk of stroke and mortality. For relief of AF 

symptoms, catheter ablation has been shown to be more effective than antiarrhythmic drug 

therapy.1 The cornerstone of AF ablation is electrical isolation of the pulmonary veins (PVs) 

from the left atrium (LA) at the ostial or antral level, sometimes with the addition of lesions 

targeting arrhythmogenic atrial substrate or triggers outside the PVs. Currently, the optimal 

lesion set for catheter ablation of AF is unknown. Long-term clinical outcomes, especially 

for persistent AF, have been disappointing, considering the expense and risk of LA ablation 

procedures.2,3 Recent studies have raised doubts about the benefits of empiric atrial 

substrate ablation beyond pulmonary vein isolation (PVI), even for treatment of persistent 

AF in which such lesion sets were previously thought to be necessary.4

To improve these results, one approach is identification and targeting of patient-specific 

localized sources of AF. Various methods of mapping during AF have been developed, 

targeting regions of maximum dominant frequency,5 high Shannon entropy,6 and focal or 

rotational sources from body surface mapping.7 One such method is focal impulse and rotor 

modulation (FIRM), a proprietary computational spatiotemporal phase mapping algorithm 

that identifies potential rotors. This approach is now commercially available as an AF 

mapping product (Rhythm View, Topera Medical, Abbott, Abbott Park, IL). In a previous 

publication, we reported quantitative analysis of FIRM-identified rotor sites and acute 

results of catheter ablation at those sites.8 Although previously published clinical outcomes 

of FIRM ablation have been favorable, independent results with long-term follow-up are 

lacking.9,10 In this study, we sought to describe long-term clinical outcomes of FIRM 

ablation at 2 academic medical centers.

Methods

Patient population

The institutional review boards at the University of California, Los Angeles, and Virginia 

Commonwealth University Medical Center approved retrospective review of these data. 

Consecutive patients undergoing FIRM-guided ablation for paroxysmal or persistent AF at 

these institutions between January 2012 and October 2013 were included in the study. 

Patients included underwent FIRM-guided ablation alone (FIRM-only) or FIRM-guided 

ablation followed by PVI (FIRM+PVI). Previous publications included data from 1 of these 

patients,11 11 of these patients,10 and 23 of these patients,8 although none reported long-

term outcomes as in this study.
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Electrophysiologic study and catheter ablation

Antiarrhythmic medications were discontinued in paroxysmal AF patients for at least 5 half-

lives (60 days for amiodarone) before the ablation procedure but were left to operator 

discretion in persistent AF patients. All patients took oral anticoagulants for at least 30 days 

before ablation. Warfarin was uninterrupted warfarin, and dabigatran, rivaroxaban, or 

apixaban was held for 24 hours preoperatively. Transesophageal echocardiography was 

performed in all cases to rule out left atrial (LA) thrombus immediately before the 

procedure. Catheters were advanced from the femoral and jugular veins to the His-bundle 

position, coronary sinus, and via double transseptal access to the LA. The 64-pole basket 

catheter (Constellation, Boston Scientific, Natick, MA) was advanced through a long sheath 

(8.5Fr SL0 or SL1, Daig Medical, Minnetonka, MN) to map activation during AF in both 

atria, with optimal electrode contact and maximal coverage of the entire chamber, using an 

electrode from a quadripolar catheter situated in the superior vena cava as a unipolar 

reference.

Intracardiac echocardiography was used to guide transseptal puncture and catheter position 

in the LA. Electroanatomic mapping was performed using the EnSite Velocity system 

(NavX, St. Jude Medical, Minneapolis, MN). Heparin was infused before deployment of the 

basket catheter to achieve activated clotting time >300 seconds. Unipolar electrograms were 

recorded for analysis as described in previous publications.9

If patients were in sinus rhythm at the beginning of the procedure, atrial burst pacing was 

performed, beginning at cycle length of 500 ms down to 180 ms until AF was induced. If AF 

was not sustained for at least 5 minutes, isoproterenol was infused and pacing was repeated 

as necessary to induce sustained AF.

FIRM mapping was performed as described elsewhere, and the phase maps obtained with 

this system can be viewed in prior publications.11–13 Representatives from Topera Medical 

were present for all cases and helped determine the presence and location of rotor sites. 

FIRM sources in both the atria were targeted using an irrigated radiofrequency (RF) ablation 

catheter (ThermoCool, Biosense-Webster, Diamond Bar, CA) at 25 to 35 W, maximum 

temperature 42°C. Tissue adjacent to the identified rotor region was targeted for ablation, 

using fluoroscopy and electroanatomic mapping. Energy was applied until loss of local 

electrogram and drop in impedance at the site (20–40 seconds per lesion). All electrically 

active tissue within a 1- to 2-cm radius of the rotor core was ablated until AF terminated, 

organized to another tachycardia, or the entire rotor region had been ablated (5–10 minutes 

of RF). Whenever AF organized into atrial flutter or tachycardia, this was treated with 

conventional mapping and ablation. If AF terminated to sinus rhythm either spontaneously 

or during ablation, it was reinduced with pacing and another FIRM map was created. If AF 

persisted, each additional rotor site was similarly ablated until no additional rotor sites could 

be detected. Cardioversion was performed for patients remaining in AF after ablation of all 

FIRM-identified rotor sites. After FIRM ablation was completed, most patients underwent 

PVI with the aid of a circular mapping catheter (Optima, St. Jude Medical, St. Paul, MN; or 

Lasso, Biosense-Webster) to verify loss of LA–PV conduction. No patients underwent 

additional substrate ablation, such as roof or mitral isthmus lines, and non-PV sources were 

not routinely targeted, given the length of the procedure. Application of RF energy directly 
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on the esophagus was avoided, and ablation was stopped for any esophageal temperature 

rise >1°C.

Acute procedural end-points

For patients initially in AF, the primary procedural end-point was termination, organization, 

or slowing of AF (>10% increase in cycle length) during the procedure. For patients initially 

in sinus rhythm, noninducibility after ablation was also required because these patients 

frequently showed spontaneous termination even before ablation. Procedural safety end-

point included adverse events within 30 days of the procedure.

Long-term follow-up

Patients were seen in the outpatient clinic at 1, 3, and 6 months, and then every 6 months 

postprocedure. ECG was performed at each visit and for any symptoms suggesting 

arrhythmia. Although not mandated by protocol, 7-day ambulatory rhythm monitoring at 3, 

6, and 12 months was encouraged to detect asymptomatic recurrence. Antiarrhythmic drugs 

were discontinued at 3 months postprocedure for asymptomatic patients. Oral 

anticoagulation was discontinued after 3 months for those with CHA2DS2Vasc score of zero 

but was continued for the other patients. AF recurrence was defined as any office ECG 

showing AF or any episode of AF lasting >30 seconds detected on ambulatory rhythm 

monitoring after the 90-day blanking period. Atrial tachyarrhythmia was defined as >30 

seconds of atrial flutter or atrial tachycardia at least 170 bpm.

Statistical analysis

Frequencies and proportions were used to describe categorical variables, whereas means and 

standard deviations were used to describe continuous variables. Associations between 

categorical variables were assessed using χ2 tests of independence and Fisher exact tests. 

Independent-samples t tests were used to test for differences among continuous measures 

between patients grouped by long-term clinical success (successful vs unsuccessful). 

Kaplan–Meier estimates of the time to freedom from recurrent AF were graphed. Effects of 

type of AF, prior ablation, and FIRM vs FIRM+PVI on time to freedom from AF were 

estimated using Cox proportional hazards regression models. Two-tailed P < .05 was 

considered significant. STATA statistical analysis software was used for all analyses. Power 

analysis was not performed because this descriptive study included all available FIRM 

ablation cases at the 2 participating medical centers.

Results

Patient characteristics

During the study period, 43 FIRM-guided ablation procedures for AF were performed and 

were included in the analysis (Table 1). Most patients were male (74%), had paroxysmal AF 

(56%), and had previously failed AF ablation (67%). Mean duration of AF before the index 

procedure was 7.3 ± 5.4 years, and CHA2DS2VaSC score was 1.7 ± 1.1. Normal LA size 

was seen in 28%, mild or moderate LA enlargement in 47%, and severe LA enlargement in 

26%. At the time of ablation, 31 patients (72%) were on antiarrhythmic drugs, which were 

held before the procedure according to protocol.
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Acute procedural results

At the beginning of the procedure, 51% of patients (n = 22) were in normal sinus rhythm 

and required rapid pacing for AF induction; 10 of these patients (45%) also required 

isoproterenol. Rotors or focal sources were seen in all patients, with a mean of 2.0 ± 1.0 in 

the LA (range 0–5) and 0.6 ± 0.8 in the right atrium (range 0–2). Patients with persistent AF 

had significantly more right atrial rotors than did paroxysmal AF patients (1.0 vs 0.3, P <.

01), whereas the number of LA rotors was similar (2.1 vs 1.8, P = .78). PVI was not 

performed in 10 of 43 of patients, either because PVs were already completely isolated from 

prior ablation (n = 9) or the patient refused PVI (n = 1). At least 1 PV reconnection was 

identified in the majority of patients who had undergone prior PVI (20/29 [69%]), and these 

veins were reisolated. Average procedure length was 314 ± 82 minutes, with mean 55 ± 24 

minutes of fluoroscopy time, and 39 ± 18 minutes of RF ablation time (Table 2). Acute 

procedural success was seen in 20 of 43 patients (47%), with termination of AF in 4 (9%), 

organization to another tachyarrhythmia in 7 (16%), and AF cycle length prolongation in 9 

(21%). Acute success was achieved in 12 of 22 patients with induced AF (55%) and in 8 of 

21 patients with spontaneous AF (38%). Among patients who began the procedure in AF, 

rotor ablation and PVI resulted in AF termination in 2 patients (9%) and organization of AF 

in 2 patients (9%). Cardioversion was required to restore normal sinus rhythm in 81% of 

patients in AF at the beginning of the procedure. Major complications were seen in 4 of 43 

patients (9.3%), including 2 heart failure exacerbations requiring hospitalization, 1 cardiac 

tamponade requiring drainage, and 1 fatal atrioesophageal fistula, which was previously 

reported.8

Long-term clinical outcomes

At 18 ± 7 months of follow up, recurrent atrial tachyarrhythmia was documented in 30 of 43 

patients (70%), consisting of AF in 27 and atrial tachycardia or flutter in 3. Figure 1 shows 

Kaplan–Meier curves of freedom from AF in paroxysmal and persistent AF patients, which 

were not significantly different. A total of 9 of 43 patients (21%) were free from recurrent 

atrial tachyarrhythmias and off antiarrhythmic drugs at last follow-up, 6 of 24 (25%) with 

paroxysmal AF and 3 of 19 (16%) with persistent AF (Figure 2). Among patients with acute 

procedural success (n = 20), 30% were free from recurrent atrial tachyarrhythmias off 

antiarrhythmic drugs at last follow-up. No baseline demographic characteristic, paroxysmal 

vs persistent pattern of AF, or prior ablation predicted AF recurrence after ablation (Tables 1 

and 2), nor did acute procedural success (including AF termination, organization, or 

slowing) or concomitant PVI.

Discussion

This is the first independent study of FIRM-guided rotor ablation outcomes with rigorous, 

long-term clinical follow-up. The major findings in 43 patients at 2 academic centers are as 

follows. (1) Despite identification of rotors by the FIRM technology in every patient, 

ablation of these sites resulted in a low rate of AF termination or organization (25%). (2) 

Among patients with AF as the initial rhythm, termination during ablation was seen in 9%. 

(3) Single-procedure success rate after mean 18 months of follow-up was 30% free from 
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documented AF recurrence and 21% free from atrial tachyarrhythmias and off 

antiarrhythmic drugs. A rapid falloff in success was seen after 6 months.

Outcomes with catheter ablation of persistent AF using empiric lesion sets, even when 

extensive, have been disappointing. Single-procedure success rates of only 20% to 30% 

have been reported even in experienced, high-volume centers.2,14 In order to move beyond 

purely anatomic ablation and tailor lesion sets to individual patient substrate, several 

methods of mapping activation during AF have been proposed, including ablation of 

complex fractionated atrial electrograms,15 areas of maximum dominant frequency on 

spectral analysis,16 and sites with high Shannon entropy.6 To date, none of these has been 

shown to improve outcomes over anatomic approaches in a randomized controlled study. 

The RADAR-AF randomized trial showed no improvement in outcomes when ablation of 

high-frequency sites was added to circumferential PVI for persistent AF.5 In the STAR AF 2 

randomized trial, substrate ablation in addition to PVI was associated with a trend toward 

higher recurrence rates than PVI alone.4

Building on demonstrations of stable microreentrant rotational activity in tissue 

preparations17 and isolated animal hearts,18 Narayan et al proposed that human AF might be 

sustained by spatially and temporally stable rotors that could be identified with a phase-

mapping algorithm and targeted for ablation. In 2012, the CONFIRM study generated 

considerable excitement in the field because FIRM seemed to offer a method of effectively 

treating AF with limited, patient-specific ablation.9 Other publications also showed 

favorable results, although they generally combined rotor ablation with PVI and did not 

include control groups.10

More recently, several investigators found that rotor ablation failed to achieve acute and 

long-term outcomes similar to those seen in the CONFIRM study. Tilz et al19 observed AF 

termination in only 11 of 24 patients (46%), all but 1 of whom had induced rather than 

spontaneous AF, and 24% AF recurrence during a short follow-up of 6 months post-

blanking. Kuklik et al20 found significant technical limitations with the 64-pole basket 

catheter, which was able to map only 43% of LA surface area. Schade et al21 observed that 

after pure rotor ablation based on FIRM mapping (no PVI), early recurrences of AF or atrial 

tachyarrhythmias were seen in 67% of patients. Finally, Gianni et al22 performed FIRM-

only ablation in 30 patients with persistent AF and found no AF termination during ablation, 

as well as 80% recurrence rate within 4 months.

Why did ablation of FIRM-identified rotors fail to terminate AF or prevent recurrence in 

most patients? In our study, both acute and long-term results of rotor ablation were markedly 

different from those of the CONFIRM study. One possible explanation is that the data used 

to generate the FIRM maps and identify rotor sites were inadequate because of poor contact 

by the basket catheter electrodes and clustering of splines, resulting in incomplete sampling 

of the atrial surface, as we described in a previous publication.8 However, the proprietary 

phase-mapping algorithm purported to identify rotors in every single patient, even though 

the signal quality was often too poor or the atrial coverage insufficient to generate a 

solution. Another possibility is that rotors were not temporally stable or meandered over too 

large an area to be eliminated by focal ablation of ~2 cm2, in keeping with the findings of 
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multiple investigators using phase mapping and other methods.7,23 Moreover, it remains 

unclear whether functional rotors can be effectively ablated.24 Finally, it is still a matter of 

active scientific debate whether stable rotors are responsible for maintenance of human AF, 

rather than a passive epiphenomenon of disorganized fibrillatory activation.25,26 This is in 

line with the finding that quantitative analysis of electrograms from patients undergoing 

FIRM ablation failed to identify characteristics that would be expected if rotors were 

present.8 Therefore, the area targeted for ablation by the software may not be related to the 

pathophysiologic mechanisms underlying the arrhythmia.

In our study, most patients had PVI in addition to rotor ablation, yet the recurrence rates 

were higher than would be expected from PVI alone in a mixed paroxysmal–persistent 

cohort. This might have resulted from selection bias, as many patients were referred for 

FIRM ablation because they were deemed poor candidates for conventional ablation, and 

67% had previously failed ablation (compared to 42% of FIRM-guided patients in the 

CONFIRM study.) Moreover, a larger proportion of patients in our study (95%) had 

previously failed at least 1 antiarrhythmic drug compared to CON (44%), suggesting the 

possibility of a less favorable atrial substrate. These were the initial cases performed at both 

centers, and it is possible that better outcomes would be achieved with more experience. 

However, 11 of the 24 cases at UCLA were performed by an experienced operator and 

developer of the system. Another potential explanation is that because rotor ablation was 

performed first and usually lasted several hours, PVI was less thorough at the end of a long 

procedure. This is supported by the relatively modest amount of RF delivered (39 ± 18 

minutes) for combined rotor ablation and PVI. Finally, there is the potential that rotor 

ablation could be proarrhythmic by creating islands of atrial scar tissue that could facilitate 

macroreentrant circuits. However, this is less likely considering that most recurrences were 

AF rather than atrial tachycardia or flutter.

Study limitations

Limitations of this study include the relatively small sample size and lack of a control group. 

These procedures were performed before the wide availability of contact force sensing 

catheters, which might have improved the efficacy of rotor ablation. Another limitation is 

that postprocedure rhythm monitoring was less intense than in many prospective trials; 

however, arrhythmia recurrence was still documented at a high rate. Finally, because the 

majority of patients in this study underwent both PVI and FIRM-guided ablation, we could 

not assess the independent effects of rotor ablation, only the outcomes after a combined 

ablation strategy.

Future research in this area should be directed toward better understanding the mechanisms 

underlying AF maintenance and assessing the independent contribution of rotor ablation to 

clinical outcomes. Uncontrolled retrospective studies, like most of the published literature 

on rotor ablation, will not provide this evidence, particularly when patients undergo 

additional ablation lesion sets such as PVI. Randomized trials will be particularly useful, 

especially those in which 1 of the treatment arms is treated only with rotor ablation. The 

FIRMAT-PAF trial randomly assigned patients with paroxysmal AF to FIRM-only ablation 

vs PVI. However, that study was terminated because of lack of enrollment 
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(Clinicaltrials.gov, accessed August 27, 2015). The REAFFIRM trial is currently enrolling 

patients with persistent AF for randomization to standard PVI vs rotor ablation and PVI. 

This study will be less compelling because 1 arm will undergo more extensive ablation than 

the other.

Conclusion

In a cohort of patients at 2 medical centers treated with FIRM-guided rotor ablation and 

PVI, we observed a low rate of acute AF termination and a high rate of recurrence during 

long-term follow-up. Prospective, randomized controlled trials with this technology are 

needed to clarify its role as an ablation strategy.
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CLINICAL PERSPECTIVES

Long-term outcomes after catheter ablation for atrial fibrillation (AF) have been 

disappointing. There has been increasing interest in new technologies for mapping AF to 

guide ablation, with promising early results. One such approach is focal impulse and 

rotor mapping (FIRM), a proprietary phase-mapping algorithm that identifies rotors 

sustaining AF. Here we report the acute and long-term outcomes in 43 patients with AF 

(56% paroxysmal, 44% persistent) using FIRM technology to guide ablation. We found a 

low rate of AF termination (9%) or organization (16%) with rotor ablation, with a 9% 

procedural complication rate. During mean 18 months of follow-up, recurrent AF was 

documented in 63% of patients; only 21% were free of recurrent atrial arrhythmias and 

off antiarrhythmic drugs. This technology and others that identify new targets for catheter 

ablation of AF should be rigorously examined in randomized controlled trials before 

widespread incorporation into clinical practice. Until then, anatomic approaches such as 

antral pulmonary vein isolation, as well as patient-specific strategies such as trigger 

elimination, should continue to be the primary strategies for AF ablation.
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Figure 1. 
Kaplan–Meier plot of atrial fibrillation-free survival after FIRM ablation. Hatch marks 

indicate censored patients. Bottom row shows number of patients at risk. Blanking period is 

90 days.
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Figure 2. 
Kaplan–Meier plot of atrial tachyarrhythmia-freesurvival off antiarrhythmic drugs after 

FIRM ablation. Hatch marks indicate censored patients. Bottom row shows number of 

patients at risk. Blanking period is 90 days.
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Table 1

Baseline characteristics

All patients (n = 43) Clinical success (n = 16) AF recurrence (n = 27) P value

Age 61 ± 11 62 ± 11 61 ± 12 .79

Male gender (%) 32 (74) 13 (81) 19 (70) .43

Paroxysmal pattern of AF (%) 24 (56) 7 (44) 17 (63) .22

AF duration (years from diagnosis) 7.3 ± 5.4 7.9 ± 5.6 6.9 ± 5.3 .56

Prior AF ablation (%) 29 (67) 11 (69) 18 (67) .89

No. previous AF ablations 1.2 ± 1.0 1.3 ± 1.0 1.1 ± 1.1 .55

No. failed antiarrhythmic drugs 1.6 ± 0.8 1.7 ± 0.9 1.6 ± 0.7 .69

CHA2DS2-Vasc score 1.7 ± 1.1 1.5 ± 1.1 1.9 ± 1.2 .28

Left ventricular ejection fraction (%) 59 ± 6.4 59 ± 5.0 59 ± 7.1 1

Values are given as no. (%) or mean ± SD.

AF = atrial fibrillation.
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Table 2

Acute procedural results

All patients (n = 43) Clinical success (n = 16)
Atrial fibrillation
recurrence (n = 27) P value

No. left atrial rotors targeted 2.0 ± 1.0 (0–5) 1.8 ± 0.9 (1–4) 2.1 ± 1.1 (0–5) .36

No. right atrial rotors targeted 0.6 ± 0.8 (0–2) 0.7 ± 0.7 (0–2) 0.6 ± 0.8 (0–2) .68

Procedural time (minutes) 314 ± 82 (144–489) 336 ± 70 (227–452) 301 ± 88 (144–489) .18

Fluoroscopy time (minutes) 55 ± 24 (14–126) 58 ± 27 (27–126) 53 ± 23 (14–01) .52

Total radiofrequency ablation time (minutes) 39 ± 18 (12–72) 41 ± 16 (18–68) 37 ± 20 (12–72) .50

Acute procedural success 20 (47%) 10 (63%) 10 (37%) .11

Values are given as no. (%) or mean ± SD.
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