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Abstract
The areas with electrically fractionated potentials (AEFP) during sinus rhythm are related to non-pulmonary vein triggers 
and may serve as substrates of atrial fibrillation (AF) maintenance. However, the histological properties of these compounds 
remain unclear. Therefore, we aimed to evaluate the late gadolinium enhancement (LGE) properties of AEFP in patients 
with AF. We enrolled 15 patients with AF who had undergone LGE magnetic resonance imaging before catheter ablation. 
AEFP in the left atrium was detected using the HD-Grid and NavX systems after pulmonary vein isolation. We compared 
LGE properties between AEFP and the surrounding non-fractionated areas (non-AEFP). LGE heterogeneity and density were 
evaluated through entropy (LGE entropy) and the volume ratio of the enhancement voxel (LGE volume ratio), respectively. 
Thirty-three AEFP were detected in the left atrium. LGE entropy and LGE volume ratio were significantly higher in AEFP 
than in non-AEFP [LGE entropy: 6.2 (6.1–6.4) vs. 5.9 (5.8–6.0), p ≤ 0.0001; LGE volume ratio: 23.0% (17.2–29.0%) vs. 
10.4% (3.4–20.2%), p ≤ 0.0001]. The atrial voltages did not differ [2.4 (1.3–3.7) vs. 2.5 (1.9–3.1) mV, p = 0.96]. AF recur-
rence was more significantly found in patients with more than three AEFP than in those without it (log-rank test: p = 0.009). 
AEFP is likely to be distributed in heterogeneous and moderate LGE areas, regardless of the atrial voltage.

Keywords  AEFP · Late gadolinium enhancement MRI · Atrial fibrillation · Left atrium · Atrial voltage

Introduction

Pulmonary vein isolation (PVI) is the standard ablation strat-
egy for patients with atrial fibrillation (AF). Several adjunc-
tive therapies for AF refractory to PVI have been reported [1, 
2]. The procedure that should follow PVI remains unclear. 
However, non-pulmonary vein (PV) trigger ablation is the 

only Class IIa recommendation in the 2017 HRS/EHRA/
ECAS/APHRS/SOLAECE expert statement [3].

Successful elimination of non‐PV triggers can improve 
the recurrence rate of AF ablation. However, the recurrence 
rate is higher if non-PV triggers remain in patients with AF 
[4, 5]. The main challenge in non-PV trigger ablation is the 
difficult mapping technique. Therefore, the novel mapping 
strategy using fractionated potentials in the atrium during 
sinus rhythm can help identify non-PV triggers [6]. Non-PV 
triggers are predominant at the site where the fractionated 
potential is observed in the sinus rhythm. Therefore, the new 
strategy utilizing areas with electrically fractionated poten-
tials (AEFP) in the atrium during sinus rhythm facilitates 
the identification of non-PV triggers more than conventional 
mapping.

However, the histological properties of AEFP in the 
atrium during sinus rhythm remain unclear. Late gadolinium 
enhancement–magnetic resonance imaging (LGE–MRI) has 
reportedly been used to delineate fibrosis of the left atrium 
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(LA) [7]. Therefore, we aimed to evaluate the LGE proper-
ties of AEFP in LA during sinus rhythm in patients with AF.

Materials and methods

A total of 15 consecutive patients with paroxysmal (n = 11) 
and persistent (n = 4) AF who underwent a first-time catheter 
ablation and LGE–MRI before ablation were enrolled in this 
study. This retrospective study complied with the principles 
of the Declaration of Helsinki and was approved by the Eth-
ics Committee of Kobe University Hospital (No. B220207). 
The patients consented to the use of their anonymized clini-
cal data for research purposes through an opt-out process.

MRI acquisition

Before AF ablation, all patients underwent contrast-
enhanced MRI using a 1.5‐T MR system (Achieva; Philips 
Medical, Best, The Netherlands) equipped with a 5-chan-
nel cardiac coil. We have previously reported on this scan 
technique [8]. First, contrast-enhancement magnetic reso-
nance angiography (CE‐MRA) of the PV-LA anatomy was 
acquired with a breath holding three‐dimensional (3D) fast 
field echo (FFE) sequence in the coronal plane during the 
first pass of a contrast agent (gadobutrol, Gadovist; Bayer 
Yakuhin, Osaka, Japan) injection at a dose of 0.1 mmol/kg 
[9]. Scanning in the coronal plane reduced the number of 
acquisition slices and shortened the breath holding time. 
Second, LGE–MRI of the LA with PVs was acquired using 
a 3D inversion recovery, respiration navigated, electrocar-
diogram-gated T1‐FFE sequence in the transverse plane 
15 min after injecting the contrast [10]. The typical param-
eters were as follows: repetition time/echo time = 4.7/1.5 ms, 
voxel size = 1.43 × 1.43 × 2.40  mm (reconstructed to 
0.63 × 0.63 × 1.20 mm), flip angle = 15°, SENSE = 1.8, and 
80 reference lines. The inversion time was set to 280–320 ms 
using a Look‐Locker scan. For patients with AF, data were 
acquired with the shortest trigger delay for cardiac synchro-
nization. However, for patients with sinus rhythm, data were 
acquired during the mid-diastolic phase of the left ventri-
cle. The typical scan time for the LGE–MRI was 7–12 min, 
depending on the patient’s heart rate and respiratory pat-
tern. Third, CE‐MRA and LGE–MRI scans were transferred 
to a customized software (MRI LADE Analysis; PixSpace 
Inc., Kitakyushu, Japan) for further image post‐processing 
and analysis.

3D visualization and assessment of tissue properties

We adopted the same protocol as that in our previous study 
for a more sensitive detection of weak LGE areas [11]. The 
3D visualization method for LGE was as follows: first, the 

LA on LGE–MRI was segmented semi-manually by con-
touring the endocardial and epicardial borders of the atrium, 
including PVs. Second, the mean value and the standard 
deviation (SD) of the voxel intensity were measured on 
the “healthy” LA wall where no hyper-enhanced areas on 
LGE-MRA were observed. Third, a voxel intensity histo-
gram analysis of the LA wall identified LGE as intensities 
≤1 SD on the “healthy” LA wall. Furthermore, the degree of 
intensity was categorized using color-coded scaling (green: 
>1 SD; yellow: 2–3 SD; red: >3 SD). Finally, 3D recon-
structions of the color-coded LGE and volume-rendered LA 
and PV images generated from CE-MRA were fused semi-
automatically. Atrial fibrosis was defined as an LGE site 
with a signal intensity >1 SD.

To evaluate tissue properties, the fibrotic heterogeneity of 
the tissue was defined as the value of entropy (LGE entropy) 
using the Shannon formula:

where Pi is the fraction of elements neighboring the ith ele-
ment, a tissue type different from that of the ith element. The 
fibrotic density of the tissue was defined as the volume ratio 
of LGE signal intensity >1 SD (LGE volume ratio). LGE 
entropy and density were automatically calculated using a 
customized software (MRI LADE Analysis; PixSpace Inc., 
Kitakyushu, Japan).

Ablation procedure

Before AF ablation, transesophageal echocardiography was 
performed to exclude thrombus formation. Patients were 
examined under moderate sedation while breathing sponta-
neously. Standard electrode catheters were placed at the right 
ventricular apex and coronary sinus, and a single transseptal 
puncture was performed. Unfractionated heparin was admin-
istered in bolus form before transseptal puncture to maintain 
an activated clotting time >350 s. Mapping and ablation 
were performed using an Eniste system (Abbott Laborato-
ries, IL, USA) as a guide after integrating a 3D model of the 
LA and PV anatomy obtained from the pre-interventional 
MRI. Before ablation, a high-density mapping catheter 
(Advisor HD-Grid; Abbott Laboratories) and the ablation 
catheter–reconstructed LA posterior anatomy were aligned 
with the MRI. First, we performed PVI. After confirming the 
bidirectional block of PVs, a stimulation protocol (burst pac-
ing from the coronary sinus at 300, 250, and 200 ms for 10 s 
each) was performed to test for inducibility. When AF was 
induced, the patient was cardioverted, and the procedure was 
terminated. No non-PV triggers were identified, and no fur-
ther RF applications were performed on AEFP. Additional 
ablation of the cavotricuspid isthmus was performed only if 

LGE-entropy =
∑

i

Pi ln(Pi)
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a typical right atrial flutter was previously documented or 
induced by burst pacing at the end of the procedure.

AEFP and low voltage

After PVI, we performed high-density voltage mapping of 
the LA using Advisor HD-Grid (Abbott Laboratories) during 
sinus rhythm. The low-voltage area (LVA) in the LA during 
sinus rhythm was defined as the bipolar voltage <0.5 mV.

We defined AEFP as follows: using the Fraction map of 
the Ensite system, we evaluated the atrial potential in the 
sinus rhythm. In the modified setting of the fraction map 
(Fractionation Threshold: 4, Sensitivity: 0.04 mV, Width: 
3 ms, and Refractory: 6 ms), we delineated the areas where 
the number of fragmented potentials was >4 as AEFP. Fur-
ther, to evaluate the distribution of AEFP, the entire LA 
region after PVI was divided into the following segments: 
roof, anterior, posterior, lateral, bottom, and septum.

Relationship between LGE properties and atrial 
voltage on AEFP

We compared LGE properties between AEFP and con-
trol areas (non-AEFP). We semi-manually delineated one 
non-AEFP, LA without AEFP, and enhancement using 
LGE–MRI. Moreover, we compared atrial voltages between 
AEFP and non-AEFP.

Relationship between AEFP and AF recurrence

After ablation, patients were monitored every 1–3 months. 
AF recurrence was defined as AF of a documented duration 
≥30 s. We investigated the relationship between AEFP and 
AF recurrence.

Furthermore, to assess the ablation impact on the LGE 
area associated with AEFP, we compared the rhythm out-
come between the current 15 cases with PVI alone and case-
matched 15 cases with PVI plus additional ablation on the 
LGE areas associated with AEFP.

Statistical analysis

Data are presented as means and SDs or proportions. Vari-
ables were compared using the chi-square or Fisher’s exact 
test, as appropriate. Receiver operating characteristic (ROC) 
curves were used to determine the LGE entropy and LGE 
volume ratio, which provided the best sensitivity and speci-
ficity for AEFP. A Kaplan–Meier analysis was performed 
to assess recurrence-free survival, and the log-rank test 
was used to compare the groups. To compare the rhythm 
outcome between the PVI plus additional ablation on LGE 
areas and PVI alone, sex-, left atrial diameter- (LAD), 
and left ventricular ejection fraction- (LVEF)—matched 

group was selected from the Kobe University AF registry 
as additional ablation group. All analyses were performed 
using IBM®SPSS® software, version 26 (IBM Corporation, 
Armonk, NY, USA), and statistical significance was set at 
p < 0.05.

Results

Patients and procedural characteristics

Table 1 shows patient and procedural characteristics. Mean 
age, left atrial dimension, and left ventricular ejection frac-
tion were 64.5 ± 7.9 years, 37.5 ± 4.1 mm, and 60.8 ± 8.0%, 
respectively. Eleven (73.3%) of the 15 patients had paroxys-
mal AF, and all patients underwent initial AF catheter abla-
tion. The mean time from MRI acquisition to AF ablation 
was 141.2 ± 96.9 days.

LGE properties on AEFP and non‑AEFP

All patients had at least one AEFP and LGE-positive area. 
The number of the AEFP in each patient ranged from 1 to 5. 
Overall, 33 AEFP were found in the LA after PVI, and 62 
non-AEFP were delineated. Figure 1 shows the distribution 
of AEFP. AEFP of the LA post-PVI was mostly observed 
in the anterior LA (54.5%). Table 2 shows the LGE proper-
ties of LGE entropy and LGE volume ratio between AEFP 
and non-AEFP. The LGE entropy was significantly higher 
in AEFP than in non-AEFP (LGE entropy: 6.2 [6.1–6.4] 
vs. 5.9 [5.8–6.0], p < 0.0001). LGE volume ratio was also 
significantly higher in AEFP than in non-AEFP (LGE 

Table 1   Baseline characteristics

BMI body mass index, Cre creatinine, BNP brain natriuretic peptide, 
AF atrial fibrillation, LAD left atrial diameter, LVEF left ventricular 
ejection fraction, LAA left atrial appendage, MRI magnetic resonance 
imaging

Total (n = 15)

Age (years old) 64.5 ± 7.9
Male, n (%) 13 (86.7)
BMI (kg/m2) 23.6 ± 2.5
Cre (mg/dL) 0.84 ± 0.16
BNP (pg/mL) 67.8 ± 61.8
CHADS2 score 1.07 ± 0.96
Paroxysmal AF, n (%) 11 (73.3)
Persistent AF, n (%) 4 (26.7)
Initial AF ablation (%) 15 (100)
LAD (mm) 37.5 ± 4.1
LVEF (%) 60.8 ± 8.0
LAA flow (m/s) 56 ± 24.5
The time from MRI acquisition to the ablation (days) 141.2 ± 96.9
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volume ratio: 23.0% [17.2–29.0%] vs. 10.4% [3.4–20.2%], 
p ≤ 0.0001). A ROC curve analysis yielded an optimal cutoff 
value of 6.0 and 11.5% for LGE entropy and LGE volume 
ratio, respectively. Regarding the optimal LGE entropy, 
sensitivity, specificity, and positive and negative predic-
tive values for the cutoff values were 100%, 79.0%, 71.7%, 
and 100%, respectively. However, for the optimal LGE vol-
ume ratio, sensitivity, specificity, and positive and negative 
predictive values for the cutoff values were 87.9%, 67.7%, 
59.2%, and 91.3%, respectively.

Based on an LGE entropy of 6.0 and LGE volume ratio 
of 11.5%, LGE properties were classified into four groups: 
heterogenous healthy area (Group 1 [G1]: LGE entropy 
≥6.0 and LGE volume ratio <11.5%), heterogenous LGE 
area (Group 2 [G2]: LGE entropy ≥6.0 and LGE volume 
ratio ≥10%), homogenous healthy area (Group 3 [G3]: LGE 
entropy <6.0 and LGE volume ratio <11.5%), and homog-
enous LGE area (Group 4 [G4]: LGE entropy <6.0 and LGE 
volume ratio ≥11.5%). Figure 2 shows the distribution of 
AEFP and non-AEFP according to the LGE entropy and 

LGE volume ratio. Notably, AEFP was not observed in 
regions with an LGE volume ratio ≥40%. Figure 3 shows 
the proportions of AEFP in each group.

As shown in Fig. 3, AEFP predominantly consisted of G2 
and, subsequently, G1. However, non-AEFP predominantly 
consisted of G3 and subsequently, G4 (AEFP: 2 [6.1%] in 
G1, 31 [93.9%] in G2, 0 [0.0%] in G3, 0 [0%] in G4; non-
AEFP: 6 [9.7%] in G1, 8 [12.9%] in G2, 27 [43.5%] in G3, 
21 [33.9%] in G4; p ≤ 0.0001).

Relationship between the atrial voltage and AEFP

Table 2 shows the proportion of LVA in AEFP and non-
AEFP. The atrial voltages were comparable between 
AEFP and non-AEFP (2.4 [1.3–3.7] vs. 2.5 [1.9–3.1] mV, 
p = 0.96). The LVA was also comparable between AEFP and 

Fig. 1   Distribution of AEFP. 
AEFP, area with electrically 
fractionated potential; LA, left 
atrium

Table 2   LGE properties and atrial voltages between AEFP and non-
AEFP

AEEP area with electrically fractionated potential, LGE late gadolin-
ium enhancement, LVA low-voltage area

AEFP (n = 33) Non-AEFP 
(n = 62)

p value

LGE–MRI
LGE entropy 6.2 (6.1–6.4) 5.9 (5.8–6.0) <0.0001
LGE volume ratio 

(%)
23.0 (17.2–29.0) 10.4 (3.4–20.2) <0.0001

Atrial voltage
Mean voltage (mL) 2.4 (1.3–3.7) 2.5 (1.9–3.1) 0.96
LVA (<0.5 mV) 

(%)
5 (15.2) 6 (9.7) 0.51

Fig. 2   Distribution of AEFP and non-fractionated areas according 
to LGE entropy and LGE volume ratio. AEFP (red) and non-AEFP 
(blue). AEFP and non-AEFP are classified into four groups (groups 
1–4) according to the ratio of LGE entropy of 6.0 and LGE volume of 
11.5%. AEFP, area with electrically fractionated potential; LGE, late 
gadolinium enhancement
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non-AEFP (5 [15.2%] vs. 6 [9.7%], p = 0.5). Figure 4 shows 
a representative example.

Relationship between AF recurrence and AEFP

AF recurrence was observed in 6 (40%) of 15 patients 
in the mean follow-up period of 36 months. The type of 
recurrent AF was PAF in 4 and non-PAF in 2 patients, 
respectively. Patients with more than three AEEP had 
more AF recurrence events than those with less than three 
AEEP (4 of 5 patients [80%] vs. 2 of 10 patients [20%], 
p = 0.09). Kaplan–Meier analysis showed a significant 
difference in cumulative hazard curves for AF recur-
rence between patients with more than three AEFP and 

those with less than three AEFP (log-rank test: p = 0.009; 
Fig. 5). Of interest, in the case-matched group of addi-
tional ablations on the LGE areas, non-PV triggers were 
found in 6 (40%) of 15 patients. Nevertheless, the rhythm 
outcome after PVI plus additional ablation on LGE areas 
was significantly better than PVI alone (AF rec: 6(40%) of 
15 pts vs. 1 (7%) of 15 pts, log-rank p = 0.038).

Fig. 3   Proportion of fibrotic 
tissue properties between AEFP 
and non-AEFP. AEFP, area 
with electrically fractionated 
potential

Fig. 4   Representative case. 
The left-hand side of the figure 
shows AEFP. Areas with a 
fractionation threshold ≥4 are 
shown in white. The right-hand 
side shows LGE properties. 
AEFP, area with electrically 
fractionated potential; LGE, late 
gadolinium enhancement
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Discussion

Main findings

The LGE entropy and LGE volume ratio was significantly 
higher in AEFP than in non-AEFP. However, the atrial 
voltages did not differ between AEFP and non-AEFP.

Fibrotic remodeling and non‑PV triggers

The relationship between pathophysiological properties 
and non-PV triggers remains unclear.

In previous studies, myofibroblasts depolarized car-
diomyocytes via heterocellular electronic interactions 
through gap junctions and generated ectopic activity in 
the myocardium with fibrotic remodeling [12, 13]. In this 
study, AEFP was distributed on high LGE entropy and 
mild LGE volume ratio areas, which indicates that het-
erogeneous fibrosis might be critical in non-PV triggers. 
Fibrosis is prevalent in patients with AF [14]. Vulnerabil-
ity to arrhythmia increases with the amount of fibrosis, 
and the texture of fibrosis is also crucial [15]. Patchy 
fibrosis mainly impairs transverse conduction. However, 
it leaves longitudinal conduction largely unaffected, 
resulting in zig-zag activation patterns. Diffuse fibrosis 
does not significantly influence the activation pattern; 
however, it causes an overall slowing of conduction. In 
an adult rabbit, the presence of patchy fibrosis gener-
ates fragmented potential [16]. However, the presence of 
high-frequency fractionated near-field components next 
to lower-frequency healthy voltage is relatively common 
in patients with AF [17].

Discrepancy of the LGE property and atrial voltage

Previous studies have shown a relationship between the LA 
bipolar endocardial voltage and LGE enhancement. Low-
voltage areas are associated with the extent of LGE enhance-
ment [18, 19]. However, a discrepancy between voltage 
mapping and LGE enhancement has been reported.

This discrepancy was explained by the possibility that 
the peak-to-peak bipolar voltage criterion causes an abnor-
mal electrocardiogram to be misinterpreted as a normal 
electrocardiogram [20]. An association between complex 
continuous fractionated atrial electrogram, a fragmented 
potential during AF, and LGE enhancement has been 
reported previously [19]. Recently, Kuo et al. reported the 
relationship between electrogram (EGM) fractionation dur-
ing sinus rhythm and LGE enhancement [17]. These EGM 
fractionations specifically correlated with de novo LGE 
but did not correlate with previous ablation lesions. They 
suggested that sites with EGM fractionation during sinus 
rhythm exhibited LGE enhancement despite normal voltage, 
which might signify structural changes, such as expanded 
extracellular space, fat infiltration, or inflammation. They 
also suggested that these atrial substrates enhance functional 
re-entry and AF perpetuation. In this previous study, among 
all fractionated EGMs during sinus rhythm, approximately 
30% were located in low-voltage areas and 70% in normal 
voltage areas. In our study, approximately 15% of AEFP 
was located in low-voltage areas, and AEFP was not associ-
ated with atrial voltage. Therefore, the fragmented potential 
during the sinus rhythm may reflect the change in the sub-
strate that does not appear as a change in voltage. A previous 
study reported a relationship between the signal intensity of 
LGE–MRI and fractionated EGMs during sinus rhythm. We 

Fig. 5   Kaplan–Meier analysis 
of time to first atrial ablation 
recurrence after catheter abla-
tion



Heart and Vessels	

also recently reported the relationship between heterogeneity 
and the burden of LGE enhancement and fragmented poten-
tial during sinus rhythm using LGE entropy.

Importance of AEFP as an AF substrate

In a previous study, ablation of AEFP for patients with AF 
recurrence after AF ablation decreased the recurrence rate 
of atrial tachyarrhythmia [21]. We previously reported that 
fragmented LGE area (heterogenous, LGE volume ratio 
10–50%) ablation for patients with AF could terminate AF 
or convert it to atrial tachycardia, and the rhythm outcome 
of this procedure was improved compared with that of a PVI 
[11]. We considered that the mechanism of the improved 
outcomes was ablation of heterogenous LGE areas as an 
intervention of the AF rotor. Using LGE–MRI and novel 
phase mapping system (ExTRa Mapping™) identifying AF 
rotor, we found that meandering re-entrant AF drivers could 
be due to heterogeneous fibrosis. This heterogeneous LGE 
site tended to have higher LGE entropy (>5.7) and was dis-
tributed in a mild LGE area (LGE volume ratio 10–50%) 
[22]. The previous computed model also showed that AF 
re-entrant drivers (rotors) were associated with high density 
and entropy of fibrosis on LGE–MRI [23]. In this study, 
AEFP was distributed in high LGE entropy (>6.0) and mild 
LGE volume ratio areas, which might indicate heterogene-
ous fibrosis. Moreover, no AEFP could be found in regions 
with an LGE‐volume ratio >40%. AEFP is likely to be dis-
tributed in heterogeneous and mild LGE areas. Moreover, 
in this study, AF recurrence events were highly observed in 
patients with more than three AEFP. Therefore, AEFP may 
be associated with non-PV triggers and the AF substrate.

Clinical implications

Ablation of AEFP of the atrium during sinus rhythm is 
a novel and effective strategy for recurrent AF; however, 
mapping of AEFP has the following limitations: (1) only 
available in cases that can maintain sinus rhythm, (2) time-
consuming, and (3) dependent on the operator’s skill in LA 
mapping. However, preoperative LGE–MRI can overcome 
these limitations by identifying Group 2 sites (high-entropy 
and mild LGE sites).

Limitations

First, the sample size is relatively small. Second, the LGE 
site may have been overestimated on the posterior wall 
adjacent to the vertebrae and the anterior wall adjacent 
to the aortic cusp because of wall compression by those 
organs. Third, novel mapping of AEFP has some unknown 
limitations.

Conclusion

AEFP are likely distributed in heterogeneous and moderate 
LGE areas, regardless of the atrial voltage. Therefore, AEFP 
might signify slight local structural remodeling.

Acknowledgements  The authors thank Mr. Tsuyoshi Sakamoto for 
developing the specially customized software (MRI LADE Analysis; 
PixSpace Inc., Kitakyushu, Japan) and Editage (https://​www.​edita​ge.​
com/) for linguistic assistance.

Funding  Open Access funding provided by Kobe University. This work 
was supported by JSPS KAKENHI grant Number 22K08182.

Data availability  The deidentified participant data will not be shared.

Declarations 

Conflict of interest  The arrhythmia department was supported by en-
dowments from Abbott Japan, Boston Scientific Japan, and Medtronic 
Japan. Ken-ichi Hirata chairs this department, and Koji Fukuzawa and 
Kimitake Imamura are members. None of the authors have any con-
flicts of interest to declare.

Ethics approval  This retrospective study complied with the principles 
of the Declaration of Helsinki and was approved by the Ethics Com-
mittee of the Kobe University Hospital (No. B220207). The patients 
consented to the use of their anonymized clinical data for research 
purposes through an opt-out process.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Nishida T, Takitsume A, Sugiura J, Keshi A, Kanaoka K, Hirai 
K, Yano H, Hashimoto Y, Ueda T, Nakagawa H, Onoue K, Soeda 
T, Watanabe M, Kawakami R, Saito Y (2022) Catheter ablation 
of ganglionated plexi in patients with adenosine triphosphate-
induced atrial fibrillation after pulmonary vein isolation. Heart 
Vessels 37(5):854–866

	 2.	 Hayashida S, Nagashima K, Kurokawa S, Arai M, Watanabe R, 
Wakamatsu Y, Otsuka N, Yagyu S, Iso K, Okumura Y (2022) 
Modified ablation index: a novel determinant of a success-
ful first-pass left atrial posterior wall isolation. Heart Vessels 
37(5):802–811

	 3.	 Calkins H, Hindricks G, Cappato R, Kim YH, Saad EB, Aguinaga 
L, Akar JG, Badhwar V, Brugada J, Camm J, Chen PS, Chen 
SA, Chung MK, Nielsen JC, Curtis AB, Davies DW, Day JD, 
d’Avila A, de Groot N, Di Biase L, Duytschaever M, Edgerton 

https://www.editage.com/
https://www.editage.com/
http://creativecommons.org/licenses/by/4.0/


	 Heart and Vessels

JR, Ellenbogen KA, Ellinor PT, Ernst S, Fenelon G, Gerstenfeld 
EP, Haines DE, Haissaguerre M, Helm RH, Hylek E, Jackman 
WM, Jalife J, Kalman JM, Kautzner J, Kottkamp H, Kuck KH, 
Kumagai K, Lee R, Lewalter T, Lindsay BD, Macle L, Mansour 
M, Marchlinski FE, Michaud GF, Nakagawa H, Natale A, Nattel 
S, Okumura K, Packer D, Pokushalov E, Reynolds MR, Sanders 
P, Scanavacca M, Schilling R, Tondo C, Tsao HM, Verma A, 
Wilber DJ, Yamane T (2017) 2017 HRS/EHRA/ECAS/APHRS/
SOLAECE expert consensus statement on catheter and surgical 
ablation of atrial fibrillation. Heart Rhythm 14(10):e275–e444

	 4.	 Hayashi K, An Y, Nagashima M, Hiroshima K, Ohe M, Makihara 
Y, Yamashita K, Yamazato S, Fukunaga M, Sonoda K, Ando K, 
Goya M (2015) Importance of nonpulmonary vein foci in cath-
eter ablation for paroxysmal atrial fibrillation. Heart Rhythm 
12(9):1918–1924

	 5.	 Tohoku S, Fukunaga M, Nagashima M, Korai K, Hirokami J, 
Yamamoto K, Takeo A, Niu H, Ando K, Hiroshima K (2021) 
Clinical impact of eliminating nonpulmonary vein triggers of 
atrial fibrillation and nonpulmonary vein premature atrial con-
tractions at initial ablation for persistent atrial fibrillation. J Car-
diovasc Electrophysiol 32(2):224–234

	 6.	 Hirokami J, Hiroshima K, Yamaji K, Korai K, Nagashima M, 
Fukunaga M, Morita J, Yamamoto K, Ando K, Goya M (2020) 
Relationship between fractionated signal areas in the atrial mus-
cle during sinus rhythm and atrial pacing and non-pulmonary 
vein foci: novel mapping strategy. Circ Arrhythm Electrophysiol 
13(8):e008667

	 7.	 Marrouche NF, Wilber D, Hindricks G, Jais P, Akoum N, March-
linski F, Kholmovski E, Burgon N, Hu N, Mont L, Deneke T, 
Duytschaever M, Neumann T, Mansour M, Mahnkopf C, Herweg 
B, Daoud E, Wissner E, Bansmann P, Brachmann J (2014) Asso-
ciation of atrial tissue fibrosis identified by delayed enhancement 
MRI and atrial fibrillation catheter ablation: the DECAAF study. 
JAMA 311(5):498–506

	 8.	 Kiuchi K, Okajima K, Shimane A, Yokoi K, Teranishi J, Aoki 
K, Chimura M, Tsubata H, Miyata T, Matsuoka Y, Toba T, Ohi-
shi S, Sawada T, Tsukishiro Y, Onishi T, Kobayashi S, Yamada 
S, Taniguchi Y, Yasaka Y, Kawai H, Ikeuchi K, Shigenaga Y, 
Ikeda T (2015) Visualization of the radiofrequency lesion after 
pulmonary vein isolation using delayed enhancement magnetic 
resonance imaging fused with magnetic resonance angiography. 
J Arrhythm 31(3):152–158

	 9.	 Kiuchi K, Okajima K, Shimane A, Shigenaga Y (2014) Visualiza-
tion of pulmonary vein-left atrium reconduction site on delayed-
enhancement magnetic resonance imaging in the second atrial 
fibrillation catheter ablation. Circ J 78(12):2993–2995

	10.	 McGann C, Akoum N, Patel A, Kholmovski E, Revelo P, Damal 
K, Wilson B, Cates J, Harrison A, Ranjan R, Burgon NS, Greene 
T, Kim D, Dibella EV, Parker D, Macleod RS, Marrouche NF 
(2014) Atrial fibrillation ablation outcome is predicted by 
left atrial remodeling on MRI. Circ Arrhythm Electrophysiol 
7(1):23–30

	11.	 Kiuchi K, Fukuzawa K, Takami M, Watanabe Y, Izawa Y, Shigeru 
M, Oonishi H, Suehiro H, Akita T, Takemoto M, Yatomi A, Naka-
mura T, Sakai J, Nakasone K, Sonoda Y, Yamamoto K, Taka-
hara H, Negi N, Kyotani K, Kono A, Hirata KI (2021) Feasibility 
of catheter ablation in patients with persistent atrial fibrillation 
guided by fragmented late-gadolinium enhancement areas. J Car-
diovasc Electrophysiol 32(4):1014–1023

	12.	 Miragoli M, Salvarani N, Rohr S (2007) Myofibroblasts induce 
ectopic activity in cardiac tissue. Circ Res 101(8):755–758

	13.	 Yue L, Xie J, Nattel S (2011) Molecular determinants of cardiac 
fibroblast electrical function and therapeutic implications for atrial 
fibrillation. Cardiovasc Res 89(4):744–753

	14.	 Burstein B, Nattel S (2008) Atrial fibrosis: mechanisms and 
clinical relevance in atrial fibrillation. J Am Coll Cardiol 
51(8):802–809

	15.	 Hanna N, Cardin S, Leung TK, Nattel S (2004) Differences in 
atrial versus ventricular remodeling in dogs with ventricular 
tachypacing-induced congestive heart failure. Cardiovasc Res 
63(2):236–244

	16.	 Campos FO, Wiener T, Prassl AJ, dos Santos RW, Sanchez-Quin-
tana D, Ahammer H, Plank G, Hofer E (2013) Electroanatomical 
characterization of atrial microfibrosis in a histologically detailed 
computer model. IEEE Trans Biomed Eng 60(8):2339–2349

	17.	 Kuo L, Zado E, Frankel D, Santangelli P, Arkles J, Han Y, March-
linski FE, Nazarian S, Desjardins B (2020) Association of left 
atrial high-resolution late gadolinium enhancement on cardiac 
magnetic resonance with electrogram abnormalities beyond volt-
age in patients with atrial fibrillation. Circ Arrhythm Electrophys-
iol 13(2):e007586

	18.	 Oakes RS, Badger TJ, Kholmovski EG, Akoum N, Burgon NS, 
Fish EN, Blauer JJ, Rao SN, DiBella EV, Segerson NM, Dac-
carett M, Windfelder J, McGann CJ, Parker D, MacLeod RS, 
Marrouche NF (2009) Detection and quantification of left atrial 
structural remodeling with delayed-enhancement magnetic reso-
nance imaging in patients with atrial fibrillation. Circulation 
119(13):1758–1767

	19.	 Khurram IM, Beinart R, Zipunnikov V, Dewire J, Yarmoham-
madi H, Sasaki T, Spragg DD, Marine JE, Berger RD, Halperin 
HR, Calkins H, Zimmerman SL, Nazarian S (2014) Magnetic 
resonance image intensity ratio, a normalized measure to enable 
interpatient comparability of left atrial fibrosis. Heart Rhythm 
11(1):85–92

	20.	 Muser D, Santangeli P, Liang JJ, Castro SA, Magnani S, Hayashi 
T, Garcia FC, Frankel DS, Dixit S, Zado ES, Lin D, Desjardins 
B, Callans DJ, Alavi A, Marchlinski FE (2018) Characterization 
of the electroanatomic substrate in cardiac sarcoidosis: correla-
tion with imaging findings of scar and inflammation. JACC Clin 
Electrophysiol 4(3):291–303

	21.	 Hirokami J, Nagashima M, Fukunaga M, Korai K, Sadohara Y, 
Kaimi R, Takeo A, Niu H, Ando K, Hiroshima K (2023) A novel 
ablation strategy for recurrent atrial fibrillation: fractionated sig-
nal area in the atrial muscle ablation 1-year follow-up. J Cardio-
vasc Electrophysiol 34(12):2461–2471

	22.	 Nakamura T, Kiuchi K, Fukuzawa K, Takami M, Watanabe Y, 
Izawa Y, Suehiro H, Akita T, Takemoto M, Sakai J, Yatomi A, 
Sonoda Y, Takahara H, Nakasone K, Yamamoto K, Negi N, Kono 
A, Ashihara T, Hirata KI (2021) Late-gadolinium enhancement 
properties associated with atrial fibrillation rotors in patients 
with persistent atrial fibrillation. J Cardiovasc Electrophysiol 
32(4):1005–1013

	23.	 Zahid S, Cochet H, Boyle PM, Schwarz EL, Whyte KN, Vigmond 
EJ, Dubois R, Hocini M, Haïssaguerre M, Jaïs P, Trayanova NA 
(2016) Patient-derived models link re-entrant driver localization 
in atrial fibrillation to fibrosis spatial pattern. Cardiovasc Res 
110(3):443–454

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Late gadolinium enhancement in areas with electrically fractionated potentials during sinus rhythm in patients with atrial fibrillation
	Abstract
	Introduction
	Materials and methods
	MRI acquisition
	3D visualization and assessment of tissue properties
	Ablation procedure
	AEFP and low voltage
	Relationship between LGE properties and atrial voltage on AEFP
	Relationship between AEFP and AF recurrence
	Statistical analysis

	Results
	Patients and procedural characteristics
	LGE properties on AEFP and non-AEFP
	Relationship between the atrial voltage and AEFP
	Relationship between AF recurrence and AEFP

	Discussion
	Main findings
	Fibrotic remodeling and non-PV triggers
	Discrepancy of the LGE property and atrial voltage
	Importance of AEFP as an AF substrate
	Clinical implications
	Limitations

	Conclusion
	Acknowledgements 
	References


