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Abstract

Aims Left atrial (LA) myopathy is a key driver of atrial fibrillation (AF) development and progression. Late gadolinium 
enhancement (LGE) cardiovascular magnetic resonance enables non-invasive quantification of LA fibrosis, a 
hallmark of atrial myopathy. However, conventional LGE sequences lack sufficient spatial resolution to accur
ately depict the thin atrial wall, and reference data in healthy cohorts are scarce. This study aimed to evaluate a 
high-resolution isotropic 3D LGE Dixon sequence for assessing LA fibrosis in healthy controls and AF patients.

Methods 
and results

In this prospective study, 40 ablation-naïve AF patients (21 paroxysmal, 19 persistent) and 20 healthy controls 
underwent isotropic (1.3 mm3) 3D whole-heart LGE imaging. Segmentation was successfully performed using 
CemrgApp in all participants. A setup-specific threshold for fibrosis detection was defined as an image-intensity 
ratio (IIR) > 1.34 (mean + 2SD of healthy controls) and validated against pre-procedural electroanatomical map
ping (EAM) and follow-up imaging at six months post ablation. At baseline, total LA enhancement was higher in 
persistent than paroxysmal AF (3.65% [1.84–7.16] vs. 1.16% [0.43–2.27]; P = 0.044) and controls (1.25% [0.65– 
1.75]; P = 0.041). No significant correlation was observed between total LGE-derived fibrosis and bipolar low- 
voltage area (ρ = −0.03, P = 0.87), though point-by-point analysis showed a weak negative correlation 
(ρ = −0.05, P < 0.001). In patients with sinus rhythm at follow-up, total fibrosis increased from 1.68%  
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[0.64–6.51] to 6.30% [2.53–12.28]; P < 0.001, driven by peri-ablational scar formation, with no change in re
mote myocardium. Intra-reader correlation for LA-LGE was excellent: ICC 0.99 (95% CI 0.95–0.99).

Conclusion High resolution isotropic 3D LA-LGE enables robust detection of ablation-induced scarring and biologically 
plausible fibrosis differences between AF stages. However, its correlation with bipolar voltage mapping remains 
limited, suggesting that LGE and EAM provide complementary information on atrial myopathy.
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Introduction
Left atrial (LA) myopathy has been recognized to promote the 
development and progression of atrial fibrillation (AF).1
Fibrosis deposition is a hallmark of atrial myopathy, increases 
with AF progression and carries prognostic relevance.2,3 While 
histopathology remains the gold standard for assessing atrial fi
brosis,4 routine application in patients is not feasible. 
Electroanatomical mapping (EAM)–derived bipolar low-voltage 
areas are accepted surrogates for atrial fibrosis but require inva
sive procedures.5

Late gadolinium enhancement (LGE) cardiovascular magnetic 
resonance (CMR) has emerged as a non-invasive alternative for 
evaluating LA fibrosis, with potential applications in risk stratifi
cation,6 ablation guidance,7,8 prediction of treatment success,9
and assessment of ablation lesions.10 Some studies reported 
predictive value for AF recurrence9 and correlations between 
LGE signal intensity and atrial voltage11,12; however, these find
ings have not been consistently reproduced, even with high- 
density EAM and comparable post-processing approaches.13–15

The limited reproducibility likely reflects technical challenges. 
The spatial resolution of conventional LA-LGE exceeds atrial 
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wall thickness in at least one dimension,16 and anisotropic voxel 
sizing introduces measurement inaccuracies.17 Moreover, ac
curate identification of pathological changes requires a clear un
derstanding of the normal LA appearance; however, data 
describing LGE signal characteristics in healthy atria remain 
scarce.

Recent advances in 3D LGE imaging now permit isotropic, 
high-resolution acquisitions (1.3 mm3), potentially enabling a 
more accurate depiction of LA fibrosis.18 This technique, how
ever, has not yet been validated for the assessment of LA fibrosis.

The aim of this study was to evaluate high-resolution 3D LGE 
for the assessment of LA fibrosis and ablation induced scarring. 
Specifically, we sought to (1) establish a setup-specific normality 
threshold using healthy controls, (2) examine the correlation be
tween LGE-derived fibrosis and high-density EAM voltage, and 
(3) assess the ability of high resolution LGE to detect 
ablation-induced scar at follow-up.

Methods
Study design and population
This prospective study included ablation-naïve patients with symp
tomatic AF before undergoing catheter ablation for pulmonary vein 
isolation (PVI) at one tertiary care centre. Healthy subjects were in
cluded to form a control group. All AF patients underwent baseline 
CMR on the day of or one day before the ablation procedure. 
Participants presenting with AF were cardioverted into sinus 
rhythm to avoid arrythmia-induced motion artefacts. AF patients 
who could not remain in sinus rhythm or with incomplete isolation 
of all pulmonary veins were excluded from the study. Further exclu
sion criteria included contraindications to CMR or gadolinium-based 
contrast media, and claustrophobia. AF status (i.e. paroxysmal or 
persistent) was classified using ESC guideline criteria.19 All AF pa
tients were scheduled for 96-hour Holter monitoring and follow-up 
CMR at six months post-ablation. Arrhythmia recurrence was de
fined as any documented episode of AF, atypical atrial flutter or at
rial tachycardia lasting >30 s after a three-month blanking period. 
Healthy controls were referred for CMR to assess for a potential 
cardiac disease but had (1) no structural or functional abnormalities 
on CMR, (2) normal sinus rhythm on resting ECG, (3) no history of 
cardiovascular disease and (4) did not take any systemic medication. 
All subjects provided written informed consent to participate. 
Ethical approval was granted by the institutional ethics committee 
under EA1/111/18.

CMR protocol
Images were obtained using a 1.5T scanner (AvantoFit, Siemens 
Healtineers, Forchheim, Germany), ECG gating and a 32-channel 
surface phased-array coil. For the assessment of cardiac function 
and volumes, cine images with 30 phases were acquired in four 
long-axis views, consisting of a four-, two-, and three-chamber 
view, as well as a right ventricular view, and one short-axis stack 
covering both ventricles. Baseline and follow-up imaging followed 
the same protocol.

LA-LGE imaging
To assess LA fibrosis, an image-navigated free-breathing whole 
heart 3D fat/water-separated LGE research sequence18 with iso
tropic spatial resolution (1.3 mm3) was acquired in transversal orien
tation ∼15 min after application of 0.2 mmol/kg Gadoteridol. 
Typical sequence parameters were: FOV 320 mm × 320 mm ×  
104 mm, TR: 7.2 ms, TE1: 2.38 ms; TE2: 4.76 ms; FA: 20°. The 
inversion time (TI) was determined per patient using a TI-Scout. 
To account for the time delay between TI scouting and image acqui
sition, 21 ms were added on average. Data was acquired during the 
most quiescent phase of the heart which was determined using 4CV 
cine imaging.

Image analysis
LGE-derived fibrosis estimation was performed using open source soft
ware CemrgApp (v2018.4.02)20 and the previously described 
image-intensity ratio (IIR) approach. This approach normalizes LGE in
tensities to the blood pool to account for inter scan variability.11

Segmentation of the LA was conducted directly on fat-suppressed axial 
3D LGE images by manually contouring the LA epicardium to create an 
atrial surface shell. For each LA surface cell, the maximum signal inten
sity along its corresponding normal (length: 3 voxel inwards, 1 voxel 
outwards) was projected onto the surface of the LA shell and normal
ized against the mean blood pool signal intensity. Mean blood pool in
tensity was identified automatically, based on the mean voxel intensity 
inside the LA segmentation with a minimum distance of 3 voxels from 
the LA wall. The pulmonary veins, mitral valve and left atrial appendage 
were manually excluded before further analysis. An IIR threshold to dis
tinguish between healthy and fibrotic LA wall was defined as the 
healthy control group’s mean IIR plus two standard deviations (SD).21

Assessment of the distribution of IIR values and testing for the best- 
fitting distribution model are provided in the Supplementary Material. 
Once the threshold had been determined, the percentage of LA en
hancement was calculated as the number of cells in the LA wall shell 
with values above the threshold divided by the total number of cells. 
To assess intrareader variability, a blinded repeated LA-LGE image ana
lysis was performed for ten cases, with at least three months between 
reads. Assessment of atrial and ventricular function and dimensions 
was performed according to recent guidelines.22

Electro-anatomical mapping and ablation 
procedure
Bipolar endocardial LA voltage maps were acquired in sinus rhythm 
prior to catheter ablation using either a 20-polar Lasso-Nav or a 
Pentaray mapping catheter in combination with CARTO-3 
(Biosense Webster, Diamond Bar, CA). Efforts were made to distribute 
measurement points evenly throughout the LA. Detailed mapping 
settings can be found in the supplement. Following the mapping 
procedure, circumferential PVI was achieved using an irrigated-tip, 
contact force-enabled radiofrequency ablation catheter 
(Thermocool Smart Touch, tip electrode: 3.5 mm, interelectrode 
spacing: 2–5–2 mm, Biosense Webster, CA). Radiofrequency en
ergy of up to 35 W was applied at each point for 30–60 s. 
Additional linear lesions were not performed. Complete PVI was de
fined as bi-directional conduction block.

Image and electroanatomical mapping 
registration
The reconstructed 3D EAM LA geometry was transferred from 
CARTO-3 into open-source software Paraview (version 5.10.0) 
and the pulmonary veins, left atrial appendage and the mitral valve 
were manually excluded before further analyses. Prior to quantita
tive analyses, excluded areas on LA-LGE and CARTO maps were in
spected to ensure minimal discrepancies between excluded areas in 
both modalities. The relative fibrotic surface amount was calculated 
as the number of surface cells with a bipolar voltage < 0.5 mV di
vided by the total number of surface cells. To allow point-to-point 
and regional correlation between LGE and EAM, we used rigid 
and non-rigid registration to align the two 3D volumes using custom 
software (for a detailed description see supplementary material). 
The posterior wall was defined based on a recent consensus.23 To 
assess ablation induced changes in the peri-ablational and remote 
LA myocardium, baseline and follow-up LGE surface models were 
co-registered to the EAM geometry. Ablation points were projected 
onto the LA-LGE shells. The peri-ablational area was defined as the 
LA myocardium within ±7.5 mm surface distance from ablation 
sites.24 For an overview of the analysis pipeline refer to Figure 1.

Statistical analysis
Continuous variables are presented as mean ± SD or median [inter
quartile range], depending on their distribution. Categorical 
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variables are presented as frequencies and percentages and com
pared using χ2 analysis or Fisher’s exact test. Differences between 
groups were evaluated with t- or Mann-Whitney-U tests (two 
groups) and with ANOVA or Kruskal-Wallis tests (three groups) as 
appropriate. Post-hoc testing was performed using Tukey’s range 
test or Dunn’s test respectively. Differences between baseline and 
follow-up measurements were assessed using paired t- or 
Wilcoxon Signed-Rank Test. Relations between LGE and EAM 
data was evaluated using Spearman’s rank correlation. Intraclass 
correlation coefficient (ICC) and Bland-Altman analysis was used 
to assess intrareader reliability. A probability value <0.05 was con
sidered statistically significant. The statistical analyses were per
formed in R 4.3.2 using the core library’s stats package and the 
FSA (0.10.0) package (Dunn’s-Test). Interreader analysis was con
ducted in Matlab R2023b.

Results
Cohort
Our cohort included 40 ablation-naïve patients with AF. In this 
cohort, 21/40 (53%) had paroxysmal and 19/40 (47%) had per
sistent AF. The median age was 70 (62–74) years and 26/40 
(65%) were male. A total of 14 (74%) patients with persistent 
AF presented in AF and were cardioverted into sinus rhythm be
fore undergoing CMR. One patient with paroxysmal AF 

presented in AF but converted spontaneously into sinus rhythm. 
AF was recently diagnosed in most included patients with me
dian disease duration of 126 (65–365) days. Disease duration, 
CHA2DS2-Vasc scores and assigned medical treatment did not 
differ between the two patient groups (P > 0.05 for all). 
Healthy controls (n = 20) included eight men (40%) and the me
dian age was 39 years (34–43). Two volunteers were excluded 
after LGE imaging showed focal high signal intensities in the 
LA wall. The baseline demographic and clinical characteristics 
can be found in Table 1. Table 2 shows measurements of left 
ventricular and atrial size and function.

LGE results
Based on the healthy control group’s mean IIR + 2SD, a thresh
old of 1.34 was obtained. This threshold was applied to all fur
ther analysis. See Figure 2 for the groups’ IIR distributions.

Differences between groups
Persistent AF patients showed higher amounts of total LA en
hancement (3.65% [1.84–7.16]) compared with paroxysmal AF 
patients (1.16% [0.43–2.27], P = 0.044) and healthy controls 
(1.25% [0.65–1.75], P = 0.041). (Figure 3). There was no signifi
cant difference between paroxysmal AF and healthy controls 
(P = 1.00).

Figure 1 (A) The left atrium (LA) was manually segmented on late gadolinium enhanced (LGE) images, and blood pool normalized image 
intensities (IIR) were projected onto a 3D surface model. Pulmonary veins and the mitral valve were excluded from analysis (excluded 
areas shown in grey). Fibrosis (defined as IIR values >1.34 based on a healthy control group’s mean plus 2 standard deviations) is shown in 
red, non-fibrotic tissue (IIR <1.34) in purple. (B) Bipolar electroanatomic mapping (EAM) was performed prior to pulmonary vein isolation 
(red dots indicate ablation sites). (C ) EAM and LGE datasets were co-registered using rigid and non-rigid surface registration. (D) 
Quantification of LA fibrosis was performed 1) for the total LA surface 2) regional for the posterior wall only 3) on a point-by-point basis 
and 4) within peri-ablational regions in comparison to the remote myocardium.
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Correlation with disease duration
A weak and nonsignificant correlation (spearman) rho = 0.27, P  
= 0.154 was observed between self-reported disease duration 
and total LGE-scar burden in AF patients.

Relation between LGE and EAM
Thirty patients had EAM data available. In ten patients, high- 
density mapping in CARTO was not performed due to logistical 
reasons. A mean of 1032 ± 562 mapping sites per patient was 
acquired. The total fibrotic burden assessed by EAM was higher 
(18.93% [8.12–26.34]) than that assessed by LGE (1.53% [0.49– 
6.26], P < 0.001). In the posterior wall, fibrotic burden was high
er for LGE (1.28% [0.17–3.35] compared with EAM (0.11% 
[0.00–1.29], P = 0.030). On a per patient level, no correlation 
was observed between fibrotic burden assessed by LGE and 

EAM for the total atrial surface (rho = −0.03, P = 0.869) or the 
posterior wall (rho = 0.14, P = 0.484) (Figure 4). Point-by-point 
analysis revealed a very weak but significant negative correl
ation between IIR and bipolar voltage for both the total LA sur
face (rho = −0.05, P < 0.001) and the posterior wall (rho = −0.07, 
P < 0.001) (Figure 5).

Follow-up imaging: assessment of scar 
formation
At six-month follow-up, LA-LGE was available in 29 patients 
without recurrence. Figure 6 shows the study flow-chart. The to
tal fibrotic burden increased from baseline (1.68% [0.64–6.51]) 
to follow-up (6.3% [2.53–12.28], P < 0.001). Regional analysis 
attributed this increase to peri-ablational scar formation with 
an absolute increase of 8.58% [2.05–13.60], P < 0.001 from 
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Table 1 Baseline characteristics

Control (n = 20) Px-AF (N = 21) Ps-AF (N = 19) P

Age, years 36.0 (33.3–43.0) 71.0 (25.4–76.0)a 69.0 (62.0–71.0)a <0.001
Male, n (%) 9 (45) 8 (38) 18 (95)a,b <0.001
BMI, kg/m2 24.1 (22.4–26.0) 28.4 (25.4–31.0)a 29.4 (25.2–33.1)a 0.001
Sinus rhythm at baseline, n (%) 20 (100) 20 (95) 5 (26)a,b <0.001
Heart rate, bpm 74 ± 15 61 ± 9.4a 71.9 ± 11.5b 0.005
CHA2DS2-Vasc Score N/A 3 (2–4) 2 (1–3) 0.069
Median days since AF diagnosis (IQR) N/A 87 (61–198) 168 (97–613) 0.161
Diabetes, n (%) 0 (0) 6 (29) 2 (11) 0.241
Hypertension, n (%) 15 (75) 14 (74) 0.873
Hyperlipidemia, n (%) 0 (0) 10 (48) 6 32) 0.301
Heart failure, n (%) 0 (0) 2 (10) 2 11) 0.916
CAD, n (%) 0 (0) 5 (24) 3 (16) 0.698
Stroke, TIA or arterial thromboembolism, n (%) 0 (0) 3 (14) 3 (16) 0.916
Peripheral vascular disease, n (%) 0 (0) 4 (19) 4 (21) 0.874

Values are shown as mean ± SD, median (IQR) or N (%).
Px-AF, patients with paroxysmal AF; Ps-AF, patients with persistent AF.
aP < 0.05 vs. Healthy Controls.
bP < 0.05 vs. Px-AF.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Left ventricular and atrial size and function at baseline

Control (n = 20) Px-AF (N = 21) Ps-AF (N = 19) P

Left ventricle
LV EDV-I, mL/m2 87.4 ± 16.4 82.3 ± 17.9 86.8 ± 19.1 0.612
LVEF, % 60.1 ± 4.1 59.7 ± 7.7 56.6 ± 7.3 0.221
LV Mass-I, g/m2 35.8 ± 9.9 45.4 ± 10.8a 49.6 ± 11.2a <0.001
Left atrium
LAV-I mL/m2 38.0 ± 12.0 45.1 ± 9.4a 59.3 ± 18.0a,b <0.001
LAEF, % 68.8 ± 6.6 51.1 ± 11.7a 36.2 ± 14.1a,b <0.001
LA LGE, % 1.25% [0.65–1.75] 1.16 [0.43–2.27] 3.65 [1.84–7.16]a,b 0.018

Values are shown as mean ± SD or median (IQR).
Px-AF, patients with paroxysmal AF; Ps-AF, patients with persistent AF.
aP < 0.05 vs. Healthy Controls.
bP < 0.05 vs. Px-AF.
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baseline to follow-up in this area, whereas no significant change 
was observed in the remote LA myocardium 0.4% [−0.83–3.44], 
P = 0.169, see Figure 7.

Follow-up recurrence
Five patients experienced atrial arrhythmia recurrence. The me
dian baseline LGE burden was numerically higher in these pa
tients compared with those remaining in sinus rhythm (3.82% 
vs. 1.68%).

Intra-reader results
Ten randomly selected participants were analysed twice by the 
same reader more than three months apart. The ICC for LA-LGE 
was 0.99 (95%-confidence interval 0.95–0.99) with no signifi
cant bias (mean difference: 0.27%, P = 0.26). Bland-Altman plots 
are provided in the supplement.

Discussion
In this study, we used a high-resolution isotropic 3D LGE se
quence to establish a setup-specific normality threshold for LA 
fibrosis based on a large healthy control group and validated 
the approach against EAM and follow-up imaging. An upper 
IIR normality threshold of 1.34 was identified. Applying this 
threshold, we found an increase in LA-LGE from paroxysmal 
to persistent AF. The method reliably detected ablation-induced 
scar, while no significant changes were observed in remote atrial 
regions after six months. However, no significant correlation 
was found between LA-LGE and EAM bipolar voltage at the pa
tient and regional level, and only a weak point-by-point correl
ation was observed.

Figure 2 Image intensity ratio (IIR) distribution in healthy con
trols (green), paroxysmal AF (lilac), and persistent AF (red) pa
tients. The dashed line indicates the fibrosis threshold (IIR =  
1.34), defined as the mean plus two standard deviations (SD) 
of the healthy control group’s IIR values.

Figure 3 Total fibrosis burden, expressed as the number of 
surface cells with an IIR > 1.34, in healthy controls (green), par
oxysmal AF (lilac), and persistent AF (red) patients. Statistical 
significance was assessed using Dunn’s test with Bonferroni 
correction; bars and asterisks indicate significant differences 
(*P < 0.05; ns = not significant).

Figure 4 Correlation between total fibrosis burden on late 
gadolinium enhancement (LGE)—expressed as the percentage 
of surface cells with an image intensity ratio (IIR) > 1.34—and 
the percentage of low-voltage areas (LVA defined as regions 
with voltage < 0.5 mV) on bipolar electroanatomical mapping 
(EAM). No significant correlation was observed on a per- 
patient basis for the total left atrial surface (A) or the posterior 
wall (B).
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Technical considerations and fibrosis burden
Non-invasive assessment of LA fibrosis remains of clinical and 
research interest for personalized risk-stratification and predic
tion of ablation outcome.9,25,26 Since early reports of LA-LGE, 
concerns have persisted that conventional sequences lack suf
ficient resolution to adequately depict the thin atrial wall.27,28

Nevertheless, LGE, the gold standard for ventricular fibrosis 
imaging, remains promising for LA fibrosis assessment, pro
vided further technical refinements. Compared with 

conventional anisotropic 3D LA-acquisitions, the sequence 
used here offers higher and isotropic spatial resolution 
(1.3 mm3), reduces partial volume effects and avoids respira
tory navigator artefacts.

Since LGE signal intensity is expressed on an arbitrary scale 
which varies between scans and centres, centre-specific thresh
olds are essential to avoid over- or underestimation of fibro
sis.21,29 Using a large healthy cohort, we derived an IIR 
threshold of 1.34, with fibrosis extent in controls consistent 

Figure 5 Point-by-point comparison of late gadolinium enhancement (LGE) and bipolar electroanatomical mapping (EAM) data after 
rigid and non-rigid registration for (A) the total left atrial (LA) surface and (B) the posterior LA wall. Only points within a maximum distance 
of 5 mm were included in the analysis. Colour code: black = healthy tissue (IIR < 1.34, voltage > 0.5 mV); yellow = fibrosis by LGE only 
(IIR > 1.34, voltage > 0.5 mV); turquoise = fibrosis by EAM only (IIR < 1.34, voltage < 0.5 mV); red = fibrosis by both modalities (IIR >  
1.34, voltage < 0.5 mV). The y-axis is log-scaled for visualization purposes.
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with prior reports.21,30 The observed increase in fibrosis from 
paroxysmal to persistent AF is consistent with histological and 
LGE studies,2,4,21 although overall fibrosis extent in our cohort 
was low (persistent AF: median 3.65% [1.84–7.16]). In contrast, 
the DECAAF study reported a fibrosis burden ≥ 20% in 40% of 

patients.9 However, Takahashi et al. reported a mean LA fibrosis 
fraction of 7.0 ± 3.8% in biopsy specimens from 230 AF patients 
(37% paroxysmal, 63% persistent or longstanding persistent 
AF).4 Importantly, their study, consistent with other autopsy 
and biopsy data,2,31 confirms that LA fibrosis in AF is a diffuse 
interstitial process. While LGE is the non-invasive gold standard 
for detecting focal replacement fibrosis in the left ventricle, its 
ability to visualize diffuse interstitial disease remains limited32

and histological validation of LA-LGE is still scarce.33 In addition, 
there was substantial overlap in IIR distributions between 
healthy controls and AF subgroups. Autopsy studies suggest 
that the overall burden of diffuse atrial fibrosis is relatively lower 
in the earlier stages of AF,2 meaning that the majority of the at
rial wall is still composed of relatively healthy myocardium. The 
substantial overlap in IIR distributions between groups may 
therefore largely reflect overlap in the signal characteristics of 
predominantly non-fibrotic atrial tissue.

Correlation between LGE and EAM
Only a very weak correlation was observed between LA-LGE IIR 
and bipolar voltage from EAM, which is consistent with several 
reports,13–15,34,35 although some studies have also shown stron
ger associations.12,21,30,36 These discrepancies likely reflect dif
ferences in patient selection and methodology. Voltage 
amplitude is influenced by several factors such as wall thickness, 
heart rhythm, electrode size, and contact force,28 whereas LGE 
measurements depend on acquisition parameters, contrast type, 
-dose, and -timing as well as post-processing techniques. In add
ition, correlations appear stronger in patients with advanced dis
ease or prior ablation, where focal replacement fibrosis 
predominates.29,37 In contrast, ablation-naïve patients, such as 
those in our study, typically exhibit diffuse interstitial fibrosis 

Figure 6 Study flow chart; AF, atrial fibrillation; CMR, cardio
vascular magnetic resonance; PM, pacemaker; PVI, pulmonary 
vein isolation.

Figure 7 (A) Late gadolinium enhancement (LGE) images of the left atrium before (at baseline) and six months after pulmonary vein iso
lation (PVI). Yellow arrows indicate dense ablation induced scarring at follow-up. The corresponding 3D models show LGE quantification 
in the peri-ablational area (±7.5 mm from ablation sites) in comparison with the remote atrial wall (turquoise). Pulmonary veins and the 
mitral valve were excluded from remote myocardium analysis. Areas with IIR > 1.34 (scar) appear red; IIR < 1.34 (healthy myocardium) 
appear lilac. (B) Boxplots of total LGE extent before and after PVI demonstrate significant fibrosis increase in peri-ablational regions, with 
no significant change in remote myocardium. Significance was tested by paired Wilcoxon test (*P < 0.05; **P < 0.01; ***P < 0.001).
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that is harder to visualize with LGE.32 Biopsy studies support 
this interpretation: Takahashi et al. demonstrated diffuse inter
stitial fibrosis in all samples, with bipolar voltage correlating with 
fibrosis percentage.4 Similarly, Yamaguchi et al. found that low- 
voltage areas are surrogates of diffuse remodelling rather than 
focal fibrosis.31 Animal models of early atrial fibrosis have fur
ther shown that neither LGE nor EAM reliably capture early dif
fuse disease.38 Emerging high-resolution T1 mapping may 
improve detection of diffuse LA fibrosis in the future.

Detection of ablation-induced scar
Ablation-related scar was consistently detected by LGE, with re
producible increases at ablation sites and no changes in remote 
LA regions. These results align with previous reports demon
strating excellent agreement between LGE, EAM and histology 
in detecting ablation induced scarring.34,39 The difference in 
LGE visualization for ablation-related vs. AF-related fibrosis is 
pathophysiological: ablation lesions consist of dense, focal, 
transmural replacement fibrosis that is readily identified by 
LGE, whereas AF-related fibrosis is diffuse and interstitial, mak
ing it more difficult to visualize.4,38 The lack of benefit from 
LGE-guided ablation strategies, as seen in DECAAF II,7 likely re
flects these limitations. Overall, our findings suggest that 
LA-LGE is more sensitive for detecting advanced remodelling 
and ablation-induced scarring than for early, diffuse, interstitial 
fibrosis in ablation-naïve AF patients.

Limitations
While both LGE and bipolar voltage have been validated against 
histology for detection of ablation scar, only EAM has been his
tologically validated for native diffuse LA fibrosis.4 The density 
of EAM points was lower than in some more recent studies.14

However, at the time the study was initiated, the number of 
mapping points acquired was comparable to that reported in 
many contemporary studies.29

The study population was relatively small, particularly for 
follow-up and recurrence analyses, and EAM was not available 
in all patients. Consequently, we were unable to perform adjust
ment for potential confounding factors, and the findings should 
therefore be interpreted as exploratory. Larger patient cohorts 
with longer follow-up are required to confirm prognostic impli
cations of our findings, especially in relation to treatment 
outcomes.

Conclusions
High-resolution isotropic 3D LA-LGE allows robust detection of 
ablation-related scar and demonstrates biologically consistent 
associations between baseline fibrosis in ablation-naïve patients 
and AF persistence. However, its correlation with atrial bipolar 
voltage remains limited. These findings underscore the comple
mentary roles of EAM and LGE and highlight the need for con
tinued technical refinement, potentially including advanced T1 
mapping, for comprehensive characterization of atrial fibrosis.
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Supplementary data are available at European Heart Journal - 
Imaging Methods and Practice online.
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