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Background: The optimal voltage threshold for determining low voltage areas 

(LVA) in non-paroxysmal atrial fibrillation (NPAF) is unclear. This study aims to 

evaluate a patient-specific voltage measurement using the left atrial 

appendage (LAA) as a benchmark to establish a normalized threshold for 

detecting LVA in NPAF.

Methods: Bipolar LA and LAA voltage in 40 NPAF and 42 patients with no AF 

(control group) were studied in sinus rhythm (SR) and AF (NPAF group) and 

SR only in the control group. Bipolar LA and LAA voltage distribution were 

compared between the NPAF and control groups. Fibrotic regions identified 

by late gadolinium-enhanced magnetic resonance imaging (LGE-MRI) was 

used as the reference standard comparison in the NPAF group.

Results: The median, 5th percentile (VLA5%), and the 95th percentile of bipolar 

voltage in the LA were significantly lower in NPAF patients than controls. No 

significant LAA voltage differences between groups [median = 3.303 (1.796) vs. 

3.100 (1.045); VLAA95% = 8.089 (3.571) vs. 7.604 (3.404), all p > 0.05]. A strong 

linear correlation between VLA5% and VLAA95% was observed in the control group. 

The standardized relative voltage index (RVI) factor of 0.1324 was identified as 

the threshold for defining LVA and calculated as VLA5% = 0.1324 × VLAA95%. The 

correlation between LVA guided by RVI was superior to the universal threshold 

for detecting LVA in sinus and AF rhythms using LGE-MRI as the gold standard.

Conclusion: A patient-tailored low voltage threshold can be obtained using a 

simplified equation and provides more accurate representation of LVA in NPAF 

than universal thresholds.

KEYWORDS

atrial fibrillation, electroanatomic mapping, fibrosis, low voltage areas, left atrium, left 

atrial appendage, magnetic resonance imaging

Introduction

Atrial fibrillation (AF), the most common cardiac arrhythmia, significantly contributes 

to increased risks of stroke, heart failure, and mortality (1, 2). Fibrosis of the left atrium 

(LA) represents a well-established pathological substrate that promotes both initiation 

and maintenance of AF (3). Notably, non-paroxysmal AF (NPAF) demonstrates greater 

fibrotic burden compared to paroxysmal AF (PAF) (4). This structural remodeling can 
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be non-invasively characterized through late gadolinium-enhanced 

magnetic resonance imaging (LGE-MRI), while electroanatomic 

mapping reveals corresponding low-voltage areas (LVA) (5–7). 

Substantial evidence confirms a robust correlation between LVA 

and atrial fibrosis in AF (8–12). Furthermore, the presence of 

LVA has been demonstrated as a significant predictor of AF 

recurrence following catheter ablation (13).

Although adjunctive LVA ablation has been proposed for NPAF 

substrate modification, clinical outcomes remain inconsistent (14). 

This variability may stem from non-standardized, patient- 

nonspecific LVA definitions. Thus, determining optimal voltage 

thresholds for clinically relevant LVA ablation targets in NPAF 

remains an area of ongoing research and debate. To address this 

knowledge gap, the aim of this study was to evaluate the 

feasibility of utilizing patient-specific voltage measurements from 

the left atrial appendage (LAA) as an intrinsic reference to 

establish a normalized LVA detection threshold in NPAF.

Materials & methods

Study population

A total of 82 patients were enrolled in the study between April 

2017 and August 2022. The NPAF group included 40 patients (24 

with persistent AF and 16 with long-standing persistent AF) who 

underwent initial radiofrequency catheter ablation (RFCA). The 

control group consisted of 42 patients with structurally normal 

hearts and no previous history of AF who underwent left-sided 

catheter ablation procedures [N = 35 left-sided accessory 

pathway, N = 7 idiopathic ventricular premature contractions 

(VPC)]. NPAF was defined as AF episodes lasting ≥7 days. If 

sinus rhythm (SR) could not be restored by cardioversion prior 

to electroanatomic mapping, those NPAF patients were excluded 

from the study. All antiarrhythmic medications were 

discontinued for a minimum of 5 half-lives, and amiodarone 

was ceased for a duration of 2 months prior to catheter ablation. 

Patient demographics, clinical characteristics, and medications 

details were obtained from electronic medical records.

This study was approved by the ethics committee of the Third 

People’s Hospital of Chengdu and conducted in compliance with 

the ethical principles of the Declaration of Helsinki. All patients 

provided written informed consent.

The LGE-MRI study

The aim of the LGE-MRI study was to quantify the extent of 

fibrosis in the LA and LAA. Patients with NPAF underwent LGE- 

MRI of the LA and LAA using a 3-Tesla scanner (Siemens Skyra, 

Germany) and a 32-channel cardiac coil within 1 week before the 

electrophysiological assessment and/or ablation procedure. All 

patients were in atrial fibrillation (AF) during scanning.

The specific scanning protocol employed a 3D inversion 

recovery gradient-echo sequence, combined with respiratory 

navigation and electrocardiogram gating, and was performed 

20 min after intravenous administration of gadolinium contrast 

agent (Gadobutrol, 0.2 mmol/kg). Scanning parameters were as 

follows: field of view, 350–390 mm; echo time (TE), 1.3–1.6 ms; 

repetition time (TR), 700–870 ms; inversion time, 310–350 ms; 

in-plane resolution, 1.37 × 1.37 mm; slice thickness, 1.5 mm; 

and voxel size, 1.25 × 1.25 × 2.5 mm (reconstructed dimensions: 

0.625 × 0.625 × 1.25 mm). Additional typical acquisition parameters 

included: TR/TE, 5.5/3.0 ms; Eip angle, 25°; in-plane resolution, 

1.25 × 1.25 mm; and slice thickness, 2.5 mm (reconstructed 

dimensions: 0.625 × 0.625 × 1.25 mm).

For image post-processing, LGE CMR images were analyzed 

and segmented using MASS imaging software (Medis Medical 

Imaging Systems, Leiden, Netherlands). First, raw LGE CMR data 

were imported into the MASS software. The endocardial and 

epicardial contours of the LA were then manually delineated on 

each of the 96 cardiac MRI slices. Based on these segmentation 

results, the software automatically generated a 3D model of the 

LA. Myocardial tissue was classified by signal intensity ratio (SIR) 

as follows (15): healthy atrial myocardium (SIR < 1.2), interstitial 

fibrosis (SIR: 1.2–1.32), and dense scarring (SIR > 1.32).

Electrophysiology mapping and ablation 
procedure

In patients with NPAF, pre-procedure computerized 

tomography angiography images of the LA were obtained, and 

transesophageal echocardiography was performed within 48 h prior 

to the study to rule out left atrial thrombus. Catheter ablation 

procedures were performed under general anesthesia and muscular 

paralysis with hemodynamic and electrocardiographic monitoring. 

A decapolar coronary sinus catheter (2-5-2 mm interelectrode 

spacing, P-curve, Biosense Webster) was positioned via femoral 

venous approach under Euoroscopic guidance. Intravenous heparin 

was administered to maintain an activated clotting time of 300– 

350 s. Subsequently, LA access was obtained by transseptal 

puncture, through which a 20-polar mapping catheter (2 mm 

center-to-center spacing, Pentaray, Biosense Webster) was 

advanced to create the electroanatomic map. After mapping, a 

3.5 mm tip irrigated ablation catheter (1-6-2 mm interelectrode 

spacing, ThermoCool SmartTouch, Biosense Webster) was 

advanced to perform ablation in the NPAF study group.

Intracardiac electrograms (EGMs) were recorded using an 

electrophysiological recording system (WorkMate Claris System, 

One St. Jude Medical, St. Paul, MN, USA) coupled with a three- 

dimensional electrophysiological navigating system (CARTO 3 

system, Biosense Webster, Diamond Bar, CA, USA). EGM 

recording was filtered at 30–500 Hz. A detailed fast anatomic 

map (FAM) was performed with a distribution of points using a 

fill threshold of 15 mm and an internal point filter was set to 

limit electric potential data acquisition to within 5 mm from the 
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geometrical surface. The respiration gating method, which 

ensured the acquisition of anatomic points limited to the end 

period of expiration during mechanical ventilation, was adopted 

to minimize the breath related mapping shifts. The 

CONFIDENSE module (Biosense Webster) was used for tissue 

proximity detection and to assess adequate tissue-catheter 

contact of each acquired point during FAM. All mappings were 

performed by a single, highly experienced electrophysiologist, 

who implemented rigorous quality control both during real-time 

data acquisition and ofEine post-processing.

The following steps were performed to assess bipolar voltage 

in AF and SR in the NPAF group: 

1. In patients presenting in AF, cardioversion was performed to 

obtain the first electroanatomic map in SR.

2. AF was induced using atrial burst stimuli from the distal or mid- 

coronary sinus at a cycle of 250–180 ms. Following a 5 min 

waiting period for rhythm stabilization, voltage mapping was 

conducted to create an electroanatomic map in AF.

3. Geometries of LA and LAA were created separately using 

Pentaray high density mapping catheter.

4. The LA geometrical surface was subdivided into 6 anatomical 

regions: anterior, posterior, roof, inferior, lateral, and septal (16).

5. Points within pulmonary veins (PVs) were excluded from the 

final analysis.

In consideration of temporal EGM amplitude variability during 

acquisition, each point was selected by recording a maximal peak- 

to-peak bipolar voltage amplitude value of local atrial EGM within 

window of interest during 10 consecutive QRS complexes (except 

atrial EGMs during each QRS duration). EGMs during premature 

beats were excluded. A goal of voltage mapping density was set to 

>200 points in LAA region and >500 points in LA.

In the control group, ablation of accessory pathway or VPC 

was performed after electroanatomic mapping of the LA and 

LAA in SR using the same technique as above for NPAF in SR.

Definitions

The bipolar voltage of dense scar was defined using the cut off value 

of 0.1 mV. Conventionally, any point with a bipolar voltage ≤ 0.5 mV 

during SR was classified as a low voltage point. LVA were defined as 

sites of ≥3 adjacent low voltage points, which were <5 mm apart. For 

the individualized LVA definition: sites with bipolar voltage ≤ the 

normalized LVA detection threshold were designated as abnormal 

substrate. The borders of LVAs were automatically reconstructed in 

3D using the CARTO® VOLTAGE VISITAGTM module.

Statistical analysis

Categorical data were presented as counts and percentages (%) 

and the comparison between two groups was assessed using the 

appropriate chi-square test. Continuous data were depicted as either 

the mean with standard deviation or the median with interquartile 

range (IQR), and the comparison between two groups was evaluated 

using the t-test or Mann–Whitney U-test, respectively. Linear 

regression analysis was used to evaluate the relationships in LA and 

LAA voltages. The relationships between LA and LAA voltages with 

SR and AF were assessed using Spearman correlation coefficients. 

A two-tailed p-value less than 0.05 was considered statistically 

significant. All statistical analyses were performed with either SPSS 

statistics version 26.0 (IBM Corporation, Chicago, IL, USA) or 

GraphPad Prism software version 9.0 (GraphPad Software, CA, USA).

Results

Baseline characteristics

The baseline characteristics of all study participants are 

presented in Table 1. Compared to patients without AF, those 

with NPAF had larger LA, were older, male, and exhibited a 

higher prevalence of hypertension and coronary heart disease.

Electroanatomic mapping and bipolar 
voltage map

During SR, a mean of 422 ± 185 and 498 ± 372 bipolar voltage 

points per patient were analyzed in the LA for the control and 

NPAF group, respectively; An average of 276 ± 139 and 167 ± 67 

bipolar voltage points per patient were analyzed in the LAA for 

the two groups, respectively.

Compared to patients without NPAF, the 5th, 25th, 50th, 75th, 

and 95th percentiles of bipolar voltage in the LA were significantly 

lower in patients with NPAF (Figure 1A). The bipolar voltage in 

the LAA was significantly higher than the LA in patients with 

NPAF, but not in the control group (Figure 1A). The median 

bipolar voltage in the LA was significantly lower in patients with 

NPAF when compared to the control group [2.970 (1.599) vs. 

0.870 (0.560), P < 0.001; Figure 1B]. However, there was no 

significant difference in LAA bipolar voltage between the two 

groups [3.303 (1.796) vs. 3.100 (1.045), P > 0.05; Figure 1B]. The 

5th and 95th percentiles of bipolar voltage in the LA were 

significantly lower in patients with NPAF compared to the 

control group [1.103 (0.529) vs. 0.085 (0.096), P < 0.001, 

Figure 1C; 7.937 (3.282) vs. 3.232 (2.087), P < 0.001, Figure 1D]. 

No significant difference was observed in the 95th percentile of 

bipolar voltage in the LAA (VLAA95%) between the two groups 

[8.089 (3.571) vs. 7.604 (3.404), P > 0.05; Figure 1D]. The 

VLAA95% in patients without NPAF conformed to a normal 

distribution. We used the VLAA95% as a benchmark given the 

relative similarity in patients with and without AF.

Defining patient-specific normalized low 
voltage threshold

In previous studies, in control patients without AF, the 5th 

percentile of all LA mapping points (VLA5%) was designated as a 

bipolar voltage threshold indicating abnormal atrial substrate (17, 
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18). Thus, a point with a voltage lower than VLA5% was defined as low 

voltage. In the present study, a strong linear correlation between VLA5% 

and VLAA95% (P < 0.0001, VLA5% = 0.1324 × VLAA95%, Figure 2A) was 

observed in the control group. The ratio of each point’s voltage to 

VLAA95% in each patient was termed the relative voltage index 

(RVI). When adjusting each point’s voltage in the LAA and LA by 

VLAaA95% and expressing them as RVI, the scattergrams revealed a 

notably stronger linear correlation of the electrogram amplitudes 

between SR and AF (Figures 2B,D). However, when directly using 

the absolute voltage of each point (AVI) in the LAA and LA, the 

scattergrams displayed a significant but weaker linear correlation of 

the bipolar voltage between SR and AF (Figures 2C,E).

Paired t-tests revealed that the absolute voltage index (AVI) 

values of the LA and LAA exhibited statistically significant 

differences in the same patient between SR and atrial AF states. 

In contrast, the RVI showed no statistically significant 

differences between SR and AF states in either the LA or LAA 

regions (Figures 3A,B). These results suggest that the correlation 

between VLAA95% and VLA5% established in control patients 

could applicability to patients with NPAF. These results suggest 

that the correlation between VLAA95% and VLA5% established in 

control patients could be applicable to patients with NPAF.

Determination of VLA5% in NPAF patients

In the control group, the RVI of VLA5% to VLAA95% approaches 

a constant as indicated by the regression equation mentioned above. 

This constant was identified as the standard relative voltage index 

(SRVI) in this study, serving as the threshold value for the RVI 

criterion in defining LVA. The VLA5% of normal LA is defined as 

the low voltage threshold value, and any point with a voltage 

lower than “normal” VLA5% should be classified as a low voltage 

point for that patient. However, the “normal” VLA5% in a patient 

with NPAF is unavailable due to diseased myocardium. Herein, 

the “normal” VLA5% for each NPAF patient can be calculated 

with the equation: VLA5% = 0.1324 × VLAA95%.

LVA determined by different threshold 
settings to match LGE-MRI

Following electroanatomic mapping of the LA and LAA, 

the VLAA95% is determined. Utilizing the formula 

VLA5% = 0.1324 × VLAA95%, the patient-specific VLA5% is 

calculated, which functions as the normalized threshold for 

identifying LVA within the LA in patients with NPAF. In the 

cohort of 40 NPAF patients, the SRVI-guided substrate mapping 

can be visually appreciated as a better match to the fibrotic 

regions of LGE in both rhythms as compared to the 

conventional voltage threshold for LVA (Table 2). Two 

retrospective cases of NPAF were presented to compare the 

distributions of LVA defined by SRVI and conventional 

threshold of 0.5 mV with fibrosis regions of LGE-MRI in both 

AF and SR (Figure 4). The VLA5% for Case 1 was 0.85 mV in AF 

and 1.0 mV in SR (Figures 4A,B). For Case 2, the VLA5% was 

0.28 mV in AF and 0.32 mV in SR (Figures 4C,D). In 

comparison to the conventional LVA threshold of 0.5 mV, LVA 

in both the anterior and posterior walls of the LA in NPAF 

TABLE 1 Baseline characteristics.

Variables Control NPAF (n = 40) P value*
P value**

Total Persistent AF Long-standing persistent AF

(n = 42) (n = 24) (n = 16)

Age, years 54.10 ± 16.48 64.15 ± 10.50 64.42 ± 11.67 63.75 ± 8.80 0.001 0.194

Sex, male, n (%) 19 (45.2) 28 (70.0) 17 11 0.023 0.888

BMI 23.11 ± 3.06 25.13 ± 3.60 25.12 ± 4.02 25.13 ± 2.96 0.008 0.277

Smoking, n (%) 11 (26.2) 15 (37.5) 11 (45.8) 4 (25) 0.271 0.182

Congestive heart failure, n (%) 1 (2.4) 4 (10.0) 2 (8.3) 2 (12.5) 0.15 0.667

Hypertension, n (%) 7 (16.7) 21 (52.5) 11 (45.8) 10 (62.5) 0.001 0.301

Diabetes mellitus, n (%) 6 (14.3) 4 (10.0) 4 (16.7) 0 0.553 0.085

Coronary heart disease, n (%) 1 (2.4) 12 (30.0) 8 (33.3) 4 (25) 0.001 0.573

Dyslipidemia, n (%) 6 (14.3) 4 (10.0) 3 (12.5) 1 (6.25) 0.553 0.519

Obstructive sleep apnea, n (%) 0 (0) 2 (5.0) 2 (8.3) 0 0.142 0.236

Prior stroke, n (%) 1 (2.4) 4 (10.0) 3 (12.5) 1 (6.25) 0.150 0.519

CHA2DS2-VASC score - 2.42 ± 1.30 2.42 ± 1.21 2.44 ± 1.46 - 0.229

BNP (pg/ml) 96.5 (35, 121.98) 94.6 (49.6, 341.1) 154.75 (67, 98.03) 164.55 (97.63, 320.08) 0.049 0.023

eGFR (ml/min*1.73 m2) 98.11 ± 20.36 90.98 ± 20.22 92.19 ± 19.14 89.16 ± 22.27 0.116 0.771

LAD (mm) 35.43 ± 4.62 42.95 ± 5.25 42.13 ± 5.21 44.19 ± 5.23 0.000 0.705

LVDd (mm) 45 (41.75, 48) 47 (44, 50) 47 (43, 50) 47 (44.25, 50) 0.166 0.793

LVEF (%) 60 (58, 63.25) 58.5 (57, 62) 58.5 (56.25, 62) 58.5 (57, 61.75) 0.000 0.883

Time since AF onset, day - 365 (30, 1,095) 60 (10, 333.75) 1,642.5 (730, 3,011.25) - <0.001

The baseline characteristics of the individuals with or without NPAF.

NPAF, non-paroxysmal atrial fibrillation; BMI, body mass index; BNP, brain natriuretic peptide; eGFR, estimated glomerular filtration rate; LAD, left atrial diameter; LVDd, left ventricular 

diastolic dimension; LVEF, left ventricular ejection fraction.
*P value, Control vs. NPAF.
**P value, Persistent AF vs. Long-standing AF.
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patients during AF, as defined by the normalized criteria-guided 

substrate mapping, exhibited a stronger correlation with the 

fibrotic regions of LGE.

The distribution and extent of LVA 
determined by different threshold settings

A low voltage index was employed to define the heterogeneity 

of the bipolar voltage amplitude by computing the coefficient of 

variance (standard deviation/mean value) of the voltage of all 

points (18). The regional and overall differences in the low 

voltage index based on SRVI and conventional LVA detection 

threshold of 0.5 mV in both rhythms are summarized in 

Table 3. During both rhythms, the low voltage index was 

significantly higher in AF than SR across all LA segments, 

regardless of the threshold settings. The correlation between the 

low voltage index in both rhythms, as defined by the normalized 

RVI-guided substrate mapping, was superior to the conventional 

LVA detection threshold value of 0.5 mV.

FIGURE 1 

Bipolar voltage comparisons between the LA and LAA. (A) The 5th, 25th, 50th, 75th, and 95th percentiles of the bipolar voltage for the LA and LAA in 

the Control group and NPAF group obtained during SR. (B) Voltage for the LA and LAA in the Control group and NPAF group. (C) The 5th percentile of 

voltage in the LA and LAA during SR. (D) The 95th percentile of voltage in the LA and LAA during SR. NPAF, non-paroxysmal atrial fibrillation; LA, left 

atrium; LAA, left atrial appendage; SR, sinus rhythm. ***, P < 0.001; **, P < 0.01; ns, no significance. Data are expressed as the median and interquartile 

range.

Yang et al.                                                                                                                                                              10.3389/fcvm.2025.1656983 

Frontiers in Cardiovascular Medicine 05 frontiersin.org



FIGURE 2 

Establishment and validation of a normalized relative voltage index equation. (A) The regression equation of the 5th percentile of voltage in the LA 

(VLA 5%) and the 95th percentile of voltage in the LAA (VLAA 95%) used in the normalized RVI threshold equation. Note correlation of the RVI in the LAA 

(B) and the LA (D) in SR and AF rhythm. Comparisons made to the AVI in the LAA and LA in SR and AF rhythm are shown in (C,E), respectively. RVI, 

relative voltage index; AVI, absolute voltage index. Other abbreviations as per Figure 1.
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Discussion

To the best of our knowledge, this study is the first to evaluate 

a novel patient-specific definition of LVA using a simplified 

equation in NPAF.

The main findings are as follows: 

1. A novel patient-specific SRVI threshold for low voltage 

outperforms conventional voltage thresholds for LVA and 

can be used in SR or AF.

2. Unlike LA voltage, LAA bipolar voltage amplitudes are not 

significantly different between patients with normal LA and 

patients with NPAF.

3. There is a strong linear correlation between VLA5% and 

VLAA95% in the normal LA.

Significance of voltage differences by 
electroanatomic mapping

The origin of low amplitude atrial electrograms can be 

multifactorial but atrial fibrosis is considered a primary 

structural cause (19). Bipolar voltage mapping is used as a 

surrogate for identification of histopathological LA fibrosis 

despite inherent limitations (8–10, 13, 20). Studies have 

demonstrated a strong correlation between bipolar voltage 

mapping and LGE-MRI, which is considered the gold standard 

for identification of LA fibrosis (5, 6). However, there is no 

unified criteria for detecting LVA in patients with NPAF across 

different rhythms and with different recording electrodes. 

Voltage is inEuenced by the extent of LA fibrosis which relates 

to clinical factors such as age, LA size, comorbidities, and 

duration of AF (18, 21, 22). Voltage is also affected by the 

rhythm mapped, regional wall thickness, and the duration of 

acquisition (21–25). Using a universal absolute voltage cut-off to 

define LVA in NPAF disregards the variable factors that may 

inEuence bipolar voltage in each individual case. Our study 

refines the definition of LVA in NPAF to account for a 

population with heterogeneous fibrotic burden and distribution.

Validation of voltage thresholds for 
defining LVA

Voltage thresholds to identify low voltage have been 

classified based on the 95th percentile of voltage in patients 

with and without AF (17, 18, 26). Multiple thresholds have 

been reported for identifying LVA across different phenotypes 

of AF (PAF and NPAF) during both AF and SR. A universal 

constant, such as 0.5 mV and 0.4 mV, has been established as 

the absolute threshold for identifying LVA in AF patients (18, 

27–29). Fibrotic burden by MRI remains the gold standard for 

identification of substrate. Low voltage thresholds have limited 

specificity and sensitivity for detection of fibrosis by MRI but 

appear to be more predictive when mapping in AF as 

compared to SR (25). Using the LAA voltage as a reference, 

the equation for determining a normalized LVA threshold 

value in the LA for NPAF is highlighted in the current study 

(VLA5% = 0.1324 × VLAA95%). We have validated this voltage 

FIGURE 3 

Establishing the applicability of the relative voltage index to patients with Non-paroxysmal atrial fibrillation. (A) Pairwise t-test of mapping results in LA 

for sinus rhythm (SR) and atrial fibrillation (AF) under relative voltage index (RVI) and absolute voltage index (AVI) in patients with non-paroxysmal atrial 

fibrillation (NPAF), n = 40. (B) Pairwise t-test of mapping results in LAA for SR and AF under RVI and AVI in patients with NPAF, n = 40.

TABLE 2 Comparing the efficacy of SRVI and AVI in detecting left atrial 
LVA in NPAF.

Imaging view SRVI Conventional 
setting (0.5 mV)

P value

(n = 40)

AP view, n (%) 26 (65) 15 (37.5) 0.014

PA view, n (%) 23 (57.5) 13 (32.5) 0.025

Visual comparison of the performance of the SRVI and the conventional voltage threshold 

(<0.5 mV) in detecting LVA based on MRI-defined fibrosis. SRVI, standard relative voltage 

index; LVA, low voltage areas. AP (anterior to posterior) and PA (posterior to anterior) 

views reference the imaging angle used to visualize the left atrium.
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index with gold standard MRI in our study and provided a more 

accurate representation of histopathological fibrosis during 

electroanatomic mapping.

Use of the LAA in normalizing bipolar 
voltage

The observed voltage discrepancy between the LAA as 

compared to the LA in NPAF is consistent with the study by 

Yagishita et al. noting that the highest voltages were observed in 

the LAA in patients with PAF and NPAF in SR and AF (24). 

Our study expands the analysis to patients with normal LA 

(control group—no PAF or NPAF). We found no significant 

difference in the distribution of LAA voltage between the 

control group and NPAF group during SR, especially for the 

VLAA95%. Notably, we extended this observation by including a 

control cohort (patients with normal LA, no PAF/NPAF) and 

demonstrating selective preservation of LAA voltage in NPAF: 

while all LA voltage percentiles (5th, 25th, 50th, 75th, 95th) 

were significantly lower in NPAF vs. controls, LAA voltage— 

including VLAA95%—has no significant difference between 

groups (median LAA voltage: 3.303 [1.796] vs. 3.100 [1.045], 

FIGURE 4 

Comparison between SRVI defined LVA and conventional voltage threshold in NPAF patients. Case 1. Comparison between LVA defined by SRVI 

[<0.85 mV in AF (A) and <1.0 mV in SR (B)] and the conventional low voltage threshold of <0.5 mV and correlation with LGE on cardiac MRI. Note 

the visual underestimation of fibrosis in the conventional voltage threshold as compared to LGE especially in AF whereas the SRVI provides a 

more accurate representation. Case 2. Comparison between LVA defined by SRVI [<0.28 mV in AF (C) and <0.32 mV in SR (D)] and the 

conventional low voltage threshold of <0.5 mV and correlation with LGE on cardiac MRI. Note the visual overestimation of fibrosis based on 

conventional voltage thresholds especially in AF whereas the SRVI provides a more accurate representation. LGE-MRI, late gadolinium 

enhancement MRI; SRVI, standard relative voltage index. Other abbreviations as per Figure 1.

TABLE 3 The extent of LVA detected by different threshold settings.

Anatomical 
region

SRVI Conventional 
setting (0.5 mV)

SR 
(n = 40)

AF 
(n = 40)

SR 
(n = 40)

AF 
(n = 40)

LAA (%) 26.09 ± 12.95 23.91 ± 15.44 15.44 ± 12.27 20.06 ± 15.33

Anterior (%) 62.39 ± 19.03 71.84 ± 25.20 37.92 ± 23.32 63.04 ± 27.39

Inferior (%) 50.05 ± 21.10 73.10 ± 19.83 29.41 ± 18.87 61.95 ± 23.60

Septal (%) 65.36 ± 18.17 71.92 ± 22.14 41.07 ± 19.23 64.21 ± 24.11

Lateral (%) 40.63 ± 24.49 63.77 ± 23.72 31.44 ± 24.23 56.21 ± 26.15

Posterior (%) 53.55 ± 23.51 68.35 ± 21.45 34.28 ± 25.14 59.14 ± 25.92

Roof (%) 53.51 ± 27.83 75.07 ± 24.82 35.07 ± 28.54 63.03 ± 31.46

LA (%) 54.11 ± 18.70 70.33 ± 17.34 34.74 ± 19.50 61.10 ± 23.37

LVA, low voltage areas; SR, sinus rhythm; AF, atrial fibrillation; SRVI, standard relative 

voltage index; LAA, left atrial appendage; LA, left atrium.
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P > 0.05; VLAA95%: 8.089 [3.571] vs. 7.604 [3.404], P > 0.05) during 

SR. This stability indicates the electrophysiological characteristics 

of LAA is spared from the structural remodeling that drives LA 

voltage attenuation in NPAF.

Consistent with prior studies in NPAF, which have 

demonstrated a lower LGE burden in the LAA compared with 

the LA, this reduced fibrotic involvement may explain the LAA’s 

electrophysiological stability (18, 25). Factors that may make the 

LAA less susceptible to fibrosis include a lower proportion of 

interstitial cells, robust arterial supply, and enhanced wall 

thickness (30, 31). Intuitively, the LAA voltage (VLAA95%) would 

be the most appropriate benchmark to establish a standard RVI 

for detection of LVA in each case of NPAF.

Rhythm-dependent low voltage 
assessment

Studies exploring the relationship between bipolar voltage 

in SR and AF have had mixed results. Linear correlations have 

been shown but the inEuence of other electrophysiological 

factors such as electrogram fractionation may play a 

significant role in voltage differences between SR and AF 

(22, 24). Moisés et al. suggested that bipolar voltage 

thresholds for LVA should be adjusted depending on the 

rhythm and found that employing a modified lower detection 

threshold for LVA during mapping might produce valid and 

reliable results for identifying regions with a voltage of 

<0.5 mV in SR (23). There is a paucity of data on the ideal 

voltage threshold for identifying LVA in AF, however. 

Differences due to wavefront collision, spiral waves, and 

critical repolarization/depolarization mass may result in 

significant voltage threshold changes in SR vs. AF. In one 

study, the LVA threshold during AF was half of the standard 

threshold used in SR (23). Variability in AF cycle length, 

location of recording, and substrate heterogeneity may limit 

the reproducibility of LVA thresholds when used during AF. 

The personalized RVI that we have proposed in this study 

simplifies the assessment of LVA during electroanatomic 

mapping. Our findings suggest that the RVI can be used for 

LVA assessment in a rhythm-independent fashion.

Clinical implications

A simplified and tailored approach to LVA threshold 

assessment with the RVI enhances the identification of atrial 

substrate in each individual patient without the inEuence of the 

type of rhythm. This may lead to improved efficiency of 

mapping and a better understanding of the underlying 

pathology for prognostication, especially if advanced cardiac 

imaging (LGE-MRI) is unavailable or undesired. Whether the 

use of RVI can more accurately identify and improve outcomes 

after voltage-based extra-pulmonary vein substrate modification 

during AF catheter ablation is unknown and deserves 

further investigation.

Study limitations

There were several limitations in our study. Patients with AF at 

the beginning of the case were cardioverted to SR for the first 

mapping study. This may not be achievable in all cases of NPAF. 

Although our LA mapping density meets current high-density 

standards, we acknowledge it may be relatively low depending on 

the contemporary mapping system used; future studies employing 

ultra-high-density mapping could potentially achieve finer 

substrate characterization. Voltage measurements in SR may be 

underestimated due stunned myocardium after cardioversion. 

Apart from comparing bipolar voltage, we did not analyze other 

electrogram characteristics, such as unipolar voltage, cycle length, 

fractionated electrograms, and rotational activity across varied 

voltage settings and rhythms. We also did not explore the 

inEuence of additional wavefronts during sinus rhythm on 

voltage amplitudes. Additionally, prior studies have shown that 

patients with left-sided accessory pathways [which constitute the 

majority of Wolff-Parkinson-White (WPW) syndrome cases] 

exhibit a significantly higher prevalence of AF compared to the 

general population, with paroxysmal AF occurring in up to one- 

third of WPW patients (32, 33). This association indicates that 

left-sided accessory pathways are linked to an atrial substrate with 

heightened AF susceptibility and the selection of such patients as 

the control group may introduce potential confounding.

Conclusions

A patient-tailored, rhythm-independent, low voltage threshold 

index can be obtained using a simplified equation and provides a 

more accurate representation of LVA in NPAF than universal 

voltage thresholds.
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