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

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

Assessing left atrial intramyocardial fat 
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Aims Epicardial adipose tissue might promote atrial fibrillation (AF) in several ways, including infiltrating the underlying atrial myo
cardium. However, the role of this potential mechanism has been poorly investigated. The aim of this study is to evaluate the 
presence of left atrial (LA) infiltrated adipose tissue (inFAT) by analysing multi-detector computer tomography (MDCT)- 
derived three-dimensional (3D) fat infiltration maps and to compare the extent of LA inFAT between patients without 
AF history, with paroxysmal, and with persistent AF.

Methods 
and results

Sixty consecutive patients with AF diagnosis (30 persistent and 30 paroxysmal) were enrolled and compared with 20 
age-matched control; MDCT-derived images were post-processed to obtain 3D LA inFAT maps for all patients. Volume 
(mL) and mean signal intensities [(Hounsfield Units (HU)] of inFAT (HU −194; −5), dense inFAT (HU −194; −50), and 
fat-myocardial admixture (HU −50; −5) were automatically computed by the software. inFAT volume was significantly 
different across the three groups (P = 0.009), with post-hoc pairwise comparisons showing a significant increase in 
inFAT volume in persistent AF compared to controls (P = 0.006). Dense inFAT retained a significant difference also after 
correcting for body mass index (P = 0.028). In addition, more negative inFAT radiodensity values were found in AF patients. 
Regional distribution analysis showed a significantly higher regional distribution of LA inFAT at left and right superior 
pulmonary vein antra in AF patients.

Conclusion Persistent forms of AF are associated with greater degree of LA intramyocardial adipose infiltration, independently of body 
mass index. Compared to controls, AF patients present higher LA inFAT volume at left and right superior pulmonary vein 
antra.
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Graphical Abstract

MDCT-derived LA intramyocardial fat infiltration in patients with AF

Popula�on Methods New findings

• Increased LA intramyocardial fat infiltra�on across the 
con�nuum «no AF, paroxysmal AF and persistent AF»

• Increased regional infiltra�on at le" and right superior 
pulmonary vein antra in AF pa�ents
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AF, atrial fibrillation; LA, left atrium; LSPV, left superior pulmonary vein; LIPV, left inferior pulmonary vein; MDCT, multi-detector computed tom
ography; RSPV, right superior pulmonary vein; RIPV, right inferior pulmonary vein
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What’s new?

• Post-processing of multi-detector computed tomography images al
lows to create patient-specific three-dimensional left atrial myocar
dial fat infiltration maps;

• In non-excessively remodelled left atria, a greater degree of adipose 
infiltration at the level of atrial myocardium is associated with per
sistent forms of AF, independently of body mass index;

• Atrial fibrillation patients show a significantly higher relative infiltra
tion of the proximal portion (antrum) of the two superior pulmon
ary veins, compared to controls.

Introduction
Over the last two decades, a substantial amount of scientific evidence 
has been gathered, pointing towards a correlation between obesity 
and cardiac arrhythmias.1 In particular, obesity has emerged as an inde
pendent risk factor for the development of atrial fibrillation (AF), the 
most common arrhythmia encountered in clinical practice,2–5 with 
nearly an additional 25% risk of incident AF for every five-unit increase 
in body mass index (BMI).6 In addition, excessive body weight is also re
lated to sub-optimal results of AF catheter ablation and weight loss has 
been proven to be beneficial, in a dose-dependent fashion, to increase 
the likelihood of long-term sinus rhythm maintenance after the inter
vention, as well as in reducing AF burden and symptoms severity in 
the general AF population.2,7–10

The mechanisms by which overweight and obesity contribute to the 
risk, progression, and severity of AF are multifactorial. In recent years, 
there has been increasing interest in the role of cardiac fat in the devel
opment of AF, particularly epicardial adipose tissue (EAT), which has 
been shown to be more prominent in patients with higher BMI.11,12

Several studies employing cardiac imaging techniques [primarily multi- 
detector computed tomography (MDCT)] have demonstrated an asso
ciation between EAT and AF, with the former being an independent 
predictor of AF development and recurrence after catheter abla
tion.13,14 In addition, it was demonstrated a positive linear relationship 
between the increase of EAT and the continuum of no AF, paroxysmal 
AF, persistent AF, and long-lasting persistent AF.15 Several mechanisms 
have been proposed to explain how EAT might contribute to AF, in
cluding pro-inflammatory/pro-fibrotic paracrine influence on the 
underlying atrial myocardium, an increased activity of the ganglionated 
plexi (which are located inside EAT), and fatty infiltration of atrial myo
cardium (potentially altering local conduction and cellular electro
physiological properties).16 However, the role of this last potential 
mechanism [infiltrated adipose tissue (inFAT)] has been poorly investi
gated and all past research efforts have basically focused on EAT, most 
likely due to the difficulty in defining the epicardial aspect of the atrial 
myocardium by a standardized and reproducible approach.

We recently demonstrated that pre-procedural MDCT-derived 
images can be post-processed and the endocardial and epicardial as
pects of the atrial myocardium can be easily and reproducibly segmen
ted,17 with the potential to derive 3D left atrial wall thickness (LAWT) 
maps which can be used for a personalized AF ablation approach.18,19

Aim of the present study is to evaluate the feasibility of creating 3D 
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LA inFAT maps and to compare the extent of inFAT between patients 
without AF history, with paroxysmal, and with persistent AF.

Methods
Patient sample
This study is a single-centre, observational, retrospective, proof-of-concept, 
case-control study. Consecutive patients >18 years old, referred to Teknon 
Medical Center (Barcelona, Spain) to undergo first AF ablation20,21 from 
January 2022 to February 2023, were screened for possible inclusion in 
the study. We excluded patients with significant LA remodelling (LA diam
eter ≥42 mm) in order to ensure greater comparability with a control 
group of non-AF patients; indeed, this cut-off has been clinically associated 
in previous studies with an increased risk of AF recurrence after catheter 
ablation.22,23 After applying the main exclusion criteria, 30 persistent AF pa
tients and 30 propensity score-matched paroxysmal AF patients (based on 
age, sex, and LA diameter) were included. Paroxysmal and persistent AF 
was defined according to the definition of the last European Society of 
Cardiology (ESC) guidelines.24 The control group was constituted of 20 
age-matched patients, without a history of AF, older than 18 years old, 
who underwent cardiac MDCT in the same time period.

The study complied with the Declaration of Helsinki and was approved 
by the Institutional Ethics Committee. All participants included in the study 
provided informed written consent.

Pre-procedural multi-detector cardiac 
tomography and image post-processing
The use of pre-procedural cardiac imaging is increasingly supported by sci
entific evidence for accurate diagnostic classification, prognostic stratifica
tion, and peri-procedural support.25–28 In all patients, a pre-procedural 
MDCT was obtained with a Revolution™ CT scanner (General Electric 
Healthcare). The images were acquired during an inspiratory breath-hold 
using retrospective ECG-gating technique with tube current modulation 
set between 50% and 100% of the cardiac cycle. MDCT images were ana
lysed with ADAS 3D™ software (ADAS3D Medical, Barcelona, Spain) to 
obtain 3D LAWT maps and 3D inFAT maps. Image post-processing 
was performed blinded to the allocation in the different study groups. LA 
endocardial layer was delineated by means of a semi-automatic using a 
threshold-based segmentation, while the epicardial layer was defined in a 
semi-automatic way by using an artificial-intelligence-based segmentation 
pipeline integrated into the software, which could be then manually 
re-adjusted by the user (in the present case, minor manual corrections 
were required in nearly all the patients). The reproducibility agreement 
of LAWT-maps derived by the described semi-automatic threshold-based 
segmentation was recently analysed, with the results of the studies report
ing a colour agreement between LAWT maps of 95.5% and 92.9% intra- 
and inter-observer, respectively. For all analyses, the concordance increased 
with user-experience. Altogether, these results suggest that LAWT mea
surements are reproducible.17 Subsequently, LAWT was automatically 
computed at each point as the distance between each endocardial point 
and its projection to the epicardial shell and displayed as a colour-coded 
3D map (red < 1 mm, 1 mm ≤ yellow < 2 mm, 2 mm ≤ green < 3 mm, 
3 mm ≤ blue < 4 mm, and purple ≥ 4 mm). 3D inFAT maps were gener
ated using a threshold-based segmentation of the volume between the 
endocardial and the epicardial LA shells. inFAT was defined as a tissue 
with reduced radiodensity, in the range of −194 Hounsfield Units (HU) 
to −5HU.29,30 In addition, two specific subranges were explored, the for
mer between −194HU and −50HU (dense inFAT) and the latter between 
−50HU and −5HU (fat-myocardium admixture), as previously done by 
Sung et al.29,30 Left atrial appendage as well as the more distal segments 
of the pulmonary veins (>5 mm from the ostia) were excluded from the 
segmentation. Volume (mL) and mean signal intensities (HU) of inFAT, 
dense inFAT, and fat-myocardial admixture were automatically calculated 
by the software, as well as the LA volume (mL). Finally, we also computed 
inFAT, dense inFAT, and fat-myocardial admixture normalized values 
[arbitrary units—a.u.] by diving the original values by MDCT-derived 
patient-specific LA volume and by the segmented LA wall volume. This al
lowed us to conduct a sensitivity analysis, in addition to the comparison 
of the main outcome variables (absolute values of inFAT, dense inFAT, 

and fat-myocardial admixture), on volume-normalized metrics of inFAT 
and its subcomponents.

Regional analysis of left atrial intramyocardial 
fat infiltration
Using a methodology that semi-automatically divides the LA into anatomic
ally meaningful regions, we were able to assess the regional distribution of 
inFAT within the endocardium and the epicardium of the 3D LA shell. We 
adopted a modified version of the semi-automatic LA regionalization previ
ously described by Benito et al.,31 which finally provides 19 LA segments 
(after excluding LA appendage and mitral valve), as depicted in Figure 1: 

• Segments 1–4, posterior wall: these segments are bounded by the line 
between the superior edge of the ostium of superior pulmonary veins 
(PVs), the line that joins the inferior and superior ostia of homolateral 
PVs, and the line that joins the inferior edge of inferior PVs;

• Segments 5–6, floor: these segments are bounded by the inferior aspect 
of the posterior wall and the posterior aspect of the mitral annulus;

• Segment 7, interatrial septal wall;
• Segments 8–11, anterior wall: these segments are delimited by the su

perior aspect of the posterior wall and the anterior aspect of the mitral 
annulus and the LA appendage;

• Segment 12, left lateral wall: this segment is bounded by the anterior wall 
and the left floor (Segment 5) and it includes the mitral isthmus;

• Segment 13, left pulmonary veins carina;
• Segment 14, right pulmonary veins carina;
• Segment 15 and 16: left inferior pulmonary vein (LIPV) and left superior 

pulmonary vein (LSPV) antra, respectively;
• Segment 17: LA ridge;
• Segments 18 and 19: right inferior pulmonary vein (RIPV) and right su

perior pulmonary vein (RSPV) antra, respectively.

Using a custom-made MATLAB script, we evaluated segment-specific 
volumes of inFAT and we obtained and compared between the study sub- 
groups the regional distribution of left intra-atrial fat infiltration by calculat
ing relative percentage of inFAT volume in every LA segment, defined as 
amount of fat in that region divided by the total amount of inFAT in LA 
wall. To put the regional inFAT volume in perspective, we also calculated 
the regional volume percentage, defined as the volume of a specific segment 
divided by the total segmented wall volume. This approach has been recent
ly used to assess the regional distribution of MRI-based late gadolinium en
hancement (LGE) by Assaf et al.32 in a post-hoc analysis of the DECAAF-II 
trial.

Statistical analysis
In case of normal distribution, continuous variables were reported as mean  
± standard deviation and were compared between different groups using 
two-sample t-test (two groups) or one-way analysis of variance 
(ANOVA) test (more than two groups; post-hoc t-test with Bonferroni 
correction used for pairwise sub-group comparison). If not normally dis
tributed, continuous variables were reported as median with interquartile 
range (IQR) and between-group comparison was performed using Mann– 
Whitney U test (two groups) or Kruskall–Wallis test (more than two 
groups; post-hoc Kruskall–Wallis test with Bonferroni correction were 
used for pairwise sub-group comparison). Categorical variables were pre
sented as counts and percentage, and between group comparison was per
formed using chi-squared test. Analysis of covariance (ANCOVA) was used 
to compare continuous outcome variables, adjusting for potential confoun
ders. All statistical tests were two-tailed, and a significance level of P < 0.05 
was used to determine statistical significance. Data were analysed with R 
version 4.0.0 (R Foundation for Statistical Computing, Vienna, Austria) 
and Matlab statistics toolbox (Matlab R2010a, The Mathworks, Inc., 
Natick, MA, USA).

Results
Table 1 reports the clinical characteristics of the 80 patients included in 
the present analysis, stratified by the study sub-groups. Overall, the ma
jority of the patients were male (45, 56.2%), with a mean age of 64 ± 9.9 
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years and a mean LA diameter of 36.2 ± 3.1 mm. BMI was the only 
baseline clinical feature that differed significantly between the study 
groups (paroxysmal AF: 26.7 ± 3.9 kg/m2; persistent AF: 27.8 ±  
3.9 kg/m2; controls: 24.8 ± 3.3 kg/m2; P = 0.028).

MDCT images were post-processed, as detailed in the Methods section, 
to obtain 3D LAWT maps and 3D inFAT maps. The derived mean LAWT 
and LA volume were different across the three study groups (Table 2), with 
post-hoc analysis showing no significant differences between paroxysmal 

PA

1 2
18

14

19
7

9

8 11 12

1710

43
15

13

16

5 6

LAO

Figure 1 Nineteen-segment semi-automatic LA region segmentation. PA, postero-anterior projection; LAO, left anterior oblique projection; LA, left 
atrial.
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Table 1 Baseline characteristics of the included patients

Total (N = 80) Paroxysmal AF (N = 30) Persistent AF (N = 30) Controls (N = 20) P-valuea

Sex 0.577

Male 45 (56.2%) 15 (50.0%) 17 (56.7%) 13 (65.0%)

Female 35 (43.8%) 15 (50.0%) 13 (43.3%) 7 (35.0%)

Age 64.0 ± 9.9 64.9 ± 10.2 64.1 ± 10.4 62.7 ± 9.0 0.737

BMI 26.7 ± 3.9 26.7 ± 3.9 27.8 ± 3.9 24.8 ± 3.3 0.028

Hypertension 32 (40.0%) 10 (33.3%) 16 (53.3%) 6 (30.0%) 0.164

Dyslipidemia 16 (20.0%) 8 (26.7%) 5 (16.7%) 3 (15.0%) 0.508

Diabetes 1 (1.2%) 1 (3.3%) 0 (0.0%) 0 (0.0%) 0.430

Smoker 3 (3.8%) 2 (6.7%) 1 (3.3%) 0 (0.0%) 0.472

CHA2DS2-VASc score 1.8 ± 1.4 1.7 ± 1.4 1.9 ± 1.5 1.2 ± 1b 0.151

LA diameter 36.2 ± 3.1 36.2 ± 2.9 36.9 ± 3.0 35.2 ± 3.2 0.149

LVEF 60.9 ± 5.3 61.8 ± 6.3 59.9 ± 5.9 60.6 ± 2.3 0.479

aReported P-value refers to the comparison between the three sub-group of interest (chi-squared test, one-way ANOVA test and Kruskall–Wallis test, as appropriate); P-values < 0.05 
are reported in bold. 
b‘Potential’ CHA2DS2-VASc score (control patients are not AF patients). 
AF, atrial fibrillation; LA, left atrial; LVEF, left ventricular ejection fraction.

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

Table 2 MDCT-derived LA volume, wall thickness and segmented wall volume, stratified by study sub-groups

Total (N = 80) Paroxysmal AF (N = 30) Persistent AF (N = 30) Controls (N = 20) P-valuea

LA volume (mL) 100 ± 20 106 ± 21 102 ± 14 89 ± 22 0.007

LA wall thickness (mm) 1.25 ± 0.22 1.25 ± 0.22 1.33 ± 0.20 1.13 ± 0.21 0.006

LA segmented wall volume (mL) 11.1 ± 4.1 11.3 ± 4.6 11.9 ± 4.3 9.7 ± 2.7 0.181

aReported P-value refers to one-way ANOVA test between the three sub-group of interest; P-values < 0.05 are reported in bold. 
AF, atrial fibrillation; LA, left atrial.
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AF and persistent AF sub-group (P = 0.43 and 1.00 for LAWT and LA vol
ume, respectively). Instead, we did not detect statistically significant differ
ences in terms of LA segmented wall volume (Table 2).

Table 3 and Figure 2 reports, respectively, median (IQR) and violin plot 
of inFAT, dense inFAT, and fat-myocardium admixture volumes, strati
fied by the study sub-groups. The median (IQR) HU of inFAT compo
nents is also reported in Table 3. InFAT volume was significantly 
different across the three study groups [persistent AF: 0.46 (0.35– 
1.45) mL; paroxysmal AF: 0.42 (0.25–0.59) mL; controls: 0.28 (0.20– 
0.38) mL; P = 0.009]. Post-hoc pairwise comparisons showed that 
persistent AF patients were characterized by an increased inFAT volume 
as compared to controls (P = 0.006), while other pairwise comparisons 
do not detect statistically significant differences. Concerning the two 
components of inFAT, dense inFAT volume was also significantly different 

between the study groups (P = 0.001), while fat-myocardium admixture 
volume showed a trend towards difference, albeit not formally reaching 
the statistical significance (P = 0.059). In the case of dense inFAT, the 
only significant difference detected at post-hoc pairwise comparisons 
was between persistent AF group and controls (P = 0.001). ANCOVA 
analysis revealed that, after correcting for the potential confounding 
factor of BMI, only dense inFAT volume retained a statistically significant 
difference across the three study sub-groups (P = 0.10, 0.028, and 0.27 
for total inFAT, dense inFAT and fat-myocardial admixture, respectively). 
Figure 3 shows an anterior–posterior and a posterior–anterior view of 
3D LA inFAT maps for three paradigmatic cases, one per each study group, 
while Figure 4 shows 3D LAWT maps for the same patients. LA inFAT was 
distributed throughout the atrial wall, with no preference for epicardial or 
endocardial location (Figure 5). The sensitivity analyses focusing on the 
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Figure 2 Violin plot reporting volumes and mean radiodensities of inFAT and its two subcomponents (dense inFAT and fat-myocardial admixture) in 
the study groups. P-values are referred to Kruskal–Wallis test. inFAT, infiltrated adipose tissue.
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volumes of inFAT and its subcomponents normalized by patient- 
specific MDCT-derived LA volume and by segmented LA wall volume 
showed that both the normalized metrics of dense inFAT were signifi
cantly different across the three sub-groups (P = 0.003 and 0.004, re
spectively). Also, total inFAT showed a statistically significant 
difference concerning LA volume-normalized values (P = 0.043), while 
the other normalized metrics were not significantly different across 
the three study groups (Table 3).

Concerning the median HU of inFAT and its two subcomponents 
(dense inFAT and fat-myocardium admixture), we found significant 
differences between the study groups (P-value <0.001, 0.034 and 
0.014, respectively), with controls showing the least negative values 
[inFAT: −34.9 (−39.3; −27.9) HU; dense inFAT: −73.7 (−79.1; 
−71.4) HU; fat-myocardium admixture: −22.9 (−23.8; −21.0) HU] 
and persistent AF patients presenting the most negative ones 
[inFAT: −43.1 (−48.7; −38.4) HU; dense inFAT: −78.7 (−81.8; 
−76.0) HU; fat-myocardium admixture: −23.7 (−24.4; −23.2) HU]. 
The differences were statistically significant also adjusting for BMI 
(P-value <0.001, 0.027, and 0.004 for inFAT, dense inFAT, and fat- 
myocardial admixture, respectively).

Finally, Figure 6 shows the results of the regional assessment of fat in
filtration, reporting the average segment-specific relative percentage of 
inFAT volume, stratified by each sub-group. A significant difference in 
the relative distribution of infiltrating fat was found for the left and right 
superior pulmonary vein antra [segment 16—LSPV (P-value 0.014), and 
segment 19—RSPV (P-value 0.002)], with AF patients presenting higher 
regional inFAT volume percentage in these segments. No statistically sig
nificant differences were found concerning segment-specific regional vol
ume percentages (see Supplementary material online, Table S1).

Discussion
In this study, performed in AF patients without a significantly remod
elled LA and control patients without an history of AF, we found 
that by adequate post-processing of MDCT images, it is feasible to cre
ate patient-specific 3D fat infiltration maps of LA. Specifically, we found 
that the degree of LA fatty infiltration was different between the three 
study groups (paroxysmal AF, persistent AF, and control); of note, per
sistent AF patients showed the highest degree of LA fat infiltration, 
while control patients were characterized by the lowest inFAT amount. 
We have also observed a differential regional distribution of inFAT 
across the three study groups, with AF patients presenting higher rela
tive percentage of inFAT localized at the antra of the superior pulmon
ary veins.

inFAT volume and radiodensity
One of the possible ways in which EAT might contribute to AF is 
through fat infiltration of the underlying atrial myocardium.16 To 
date, however, no study have assessed in vivo the extent of myocardial 
fat infiltration at the level of LA. Based on recent demonstration that 
the epicardial aspect of the LA myocardium might be easily and repro
ducibly segmented through computerized tomography angiography 
(CTA) imaging,17 we here report, for the first time, that adequate post- 
processing of MDCT LA images allows to construct LA inFAT maps and 
to accurately quantify the degree of fat infiltration in the LA. Our data 
suggest that in patients who do not present a significantly remodelled 
left atrium (the study only included patients with a LA diameter 
>42 mm), the degree of LA fatty infiltration is associated with an 
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Figure 3 Antero-posterior (AP) and postero-anterior (PA) views of left intra-atrial fat maps in three patients from the different study groups (con
trols, paroxysmal AF, and persistent AF). Left atrial endocardial shell is depicted in light blue, while epicardial shell is shown in ‘glass-mode’. Dense fat and 
myocardial-fat admixture are reported in dark yellow and light yellow, respectively. AP, Antero-posterior; PA, postero-anterior; AF, atrial fibrillation.
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Figure 4 Antero-posterior (AP) and postero-anterior (PA) views of LAWT maps in the same three patients of the previous figure, from the different 
study groups (controls, paroxysmal AF, and persistent AF). AP, Antero-posterior; PA, postero-anterior; AF, atrial fibrillation; LAWT, left atrial wall 
thickness.
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Figure 5 Zoomed antero-posterior (AP) view of the inFAT map, superimposed on the LA wall thickness map, from a paroxysmal AF patient showing 
that LA inFAT distribution was distributed throughout the atrial wall, with no preference for epicardial or endocardial location. CTA-LA-WT, com
puterized tomography angiography-derived left atrial wall thickness. AP, Antero-posterior; PA, postero-anterior; AF, atrial fibrillation, inFAT, infiltrated 
adipose tissue; LA, left atrial.
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increased probability of AF. Of note, the degree of fatty infiltration, at 
least in its dense subcomponent (which shows statistically significant 
difference both in absolute and in normalized values), is independent 
of BMI and it appears to be related to a gradient in the arrhythmic 
phenotype (from low level of fatty infiltration in control patients, to 
highest level of fatty infiltration in patients presenting with persistent 
form of AF). In addition, the analysis of the mean radiodensities of 
the inFAT gives additional relevant insights in the fatty infiltration pro
cess. In fact, we should take into account the phenomenon of the ‘par
tial volume effect’, which is the radiological phenomenon determines 
that, if a radiological pixel volume is comprised of a number of different 
substances (in this case, fat and atrial myocardium, considering that the 
infiltration might exist at an histological level and that the resolution of 
the CT is sub-millimetric), the resulting CT attenuation value (HU) re
presents some average of their properties. In this sense, the present 
finding of a gradient in the inFAT radiodensities across the study groups, 
which presented the most negative values in persistent AF patients and 
the least negative ones in control patients, supports the hypothesis of a 
higher fat-to-myocardial ratio in the evaluated voxels, adding further 
characterization of the fatty infiltration in addition to the inFAT volume 
analysis.

These results should be considered in the light of the findings of the 
elegant study recently published by Nalliah et al.33 In their work, the 
authors clearly demonstrated that infiltration of the atrial myocardium 

by EAT locally increased the conduction heterogeneity of the action 
potential, both by constituting a physical cellular barrier to the signal 
propagation and by a paracrine influence of the surrounding atrial myo
cytes, ultimately leading to an increased vulnerability of three- 
dimensional re-entrant circuits. This might help explaining why patients 
without the ‘classical’ substrate of an increased LA diameter might how
ever present with a de novo persistent AF in case of significant LA fatty 
infiltration, which may constitute the predominant electrophysiological 
substrate in this kind of patients.

inFAT regional distribution
The generation of the 3D fat infiltration maps also allows a detailed 
characterization of the regional distribution of the LA fatty infiltration. 
Overall, the superior sub-segments of the anterior wall (also including 
the LA roof) and septal wall showed the most prominent fatty infiltra
tion. Focusing on potential difference in relative fat distribution across 
the three study groups, we found a significant difference in relative fat 
amount at the level of the superior pulmonary vein antra (RSPV and 
LSPV), with AF patients showing the highest relative percentage of 
fat infiltration in these sites and control patients the lowest values. Of 
note, considering that the mean amount of absolute fat volume in 
the overall LA was higher in persistent AF patients, this indicates that 
persistent AF forms present the highest magnitude of antral RSPV 
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and LSPV fatty infiltration. This biological gradient might be suggestive 
of the fact that the total amount of inFAT is not the only relevant player 
in this process, but also the specific region of fatty infiltration might have 
an influence on the arrhythmic phenotype of the patients. In fact, it 
might be speculated that the present finding of an increased fatty infil
tration at the level of the connexion site of the superior pulmonary 
veins and LA could constitute an element of further architectural com
plexity in an already peculiar anatomical site such as that of 
LA-pulmonary vein junction,34 potentially promoting anchoring of 
micro-re-entrant drivers that sustains more persistent forms of AF, 
even in relatively small LA. In addition, this finding could also imply a 
greater difficulty in performing transmural lesions at this level, due to 
the likely higher electrical impedance provided by the infiltrating fatty 
tissue,35,36 thus resulting in a worse long-term outcome of catheter ab
lation in such patients, whichever the energy source used.

Limitations
Some limitations of our work must be acknowledged. First, small errors 
in technical and post-processing parameters may generate misinterpre
tations in the results, particularly related to the accuracy of manual and 
semi-automated identification of the endocardial and epicardial aspect 
of LA myocardium. However, as already stated, it was previously shown 
that with a minimum experience, the segmentation process was highly 
reproducible, thus lowering the likelihood of wrongly identifying the 
endo- and epicardial shell of LA myocardium. Second, the adopted 
HU range (−194 to −5 HU) and its two specific subranges (dense 
inFAT and fat-myocardial admixture) were originally used by Sung 
et al. in the ventricular myocardium29,30; slightly different cut-offs 
(−194 to −30 HU), without the distinctions in the two subranges, 
were used by Samanta et al. in the atrial myocardium,37 however, we 
used the cut-offs by Sung et al. because they provided the opportunity 
to better investigate the pathophysiology of the phenomenon, by sep
arately assessing the dense fat infiltration and the fat-myocardial admix
ture component. We cannot, however, exclude that the presently used 
cut-off might be sub-optimal when applied to atrial myocardium. Third, 
the semi-automatic partitioning of LA in different segments, which ori
ginates from the previous experience of Benito et al.,31 might be an 
over-simplification of the different areas of LA, thus not being able to 
capture all the potential differences in regional inFAT distribution. 
Fourth, the findings of this present proof-of-concept study apply to a 
population with normal/mildly dilated LA and cannot be presently gen
eralized to the whole AF population. Finally, even though the present 
findings support an association between LA intramyocardial fat infiltra
tion and more persistent forms of AF, this does not prove a causal 
relationship.

Conclusions
In non-excessively remodelled LA, a greater degree of adipose infiltra
tion at the level of atrial myocardium is associated with persistent forms 
of AF, independently of BMI. In addition, the relative distribution of fat 
infiltration appears to be different between AF and control patients, 
with AF patients showing a significantly higher relative infiltration of 
the antrum of the two superior pulmonary veins.
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