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ABSTRACT
Background: Obesity increases the risk of atrial fibrillation (AF). We hypothesize that ‘obese’ 
epicardial adipose tissue (EAT) is, regardless of comorbidities, associated with markers of AF 
vulnerability
Methods: Patients >40y of age undergoing bariatric surgery and using <2 antihypertensive drugs 
and no insulin were prospectively included. Study investigations were conducted before and 1y 
after surgery. Heart rhythm and p-wave duration were measured through ECGs and 7-d-holters. 
EAT-volume and attenuation were determined on non-enhanced CT scans. Serum markers were 
quantified by ELISA.
Results: Thirty-seven patients underwent surgery (age: 52.1 ± 5.9y; 27 women; no AF). Increased 
p-wave duration correlated with higher BMI, larger EAT volumes, and lower EAT attenuations 
(p < 0.05). Post-surgery, p-wave duration decreased from 109 ± 11 to 102 ± 11ms. Concurrently, 
EAT volume decreased from 132 ± 49 to 87 ± 52ml, BMI from 43.2 ± 5.2 to 28.9 ± 4.6kg/m2, and 
EAT attenuation increased from –76.1 ± 4.0 to −71.7 ± 4.4HU (p <0.001). Adiponectin increased 
from 8.7 ± 0.8 to 14.2 ± 1.0 μg/ml (p <0.001). However, decreased p-wave durations were not 
related to changed EAT characteristics, BMI or adiponectin.
Conclusion: In this explorative study, longer p-wave durations related to higher BMIs, larger EAT 
volume, and lower EAT attenuations. P-wave duration and EAT volume decreased, and EAT 
attenuation increased upon drastic weightloss. However, there was no relation between 
decreased p-wave duration and changed BMI or EAT characteristics.
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Introduction

Atrial fibrillation (AF) is the most common arrhythmia, 
and its prevalence is projected to grow at least 2-fold by 
2050 [1]. Obesity, defined as a body mass index (BMI) 
>30 kg/m2, is a worldwide growing pandemic and 
increases the risk of onset and progression of AF 
[2,3]. Conversely, weight loss reduces the duration 
and number of AF episodes and has been shown to 
reduce AF recurrences in outpatient settings [4,5]. 
Obesity may induce AF through systemic changes 
such as adiposopathy, i.e. remodelling of adipose tissue 
(AT) towards a low-grade inflammatory state [6]. This 
is reflected by increased secretion of inflammatory and 

decreased abundance of anti-inflammatory proteins 
(hereafter adipokines), such as adiponectin [7]. 
During obesity, changed levels of these adipokines can 
also be measured in the serum [8]. Inflammatory pro-
teins can affect atrial (or myocardial) fibrosis and ion- 
channel functioning, promoting AF vulnerability [9]. In 
addition to altered haemodynamics and sympathetic 
tone [10,11], obesity may induce AF vulnerability 
through metabolic syndrome, a cluster of diseases 
such as diabetes and hypertension [7,12]. Indeed, the 
risk of AF onset is 20% higher in metabolically healthy, 
and even 40% higher in metabolically unhealthy obese 
versus non-obese individuals [13].
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Especially, visceral adiposity plays a role in AF 
[14,15], potentially through its higher inflammatory 
potential compared to subcutaneous AT (SAT) [10]. 
Especially, the epicardial adipose tissue (EAT) has 
been associated with AF [15]. Interestingly, the secre-
tome of EAT, but not of SAT, facilitated re-entrant 
arrhythmias in cultured neonatal rat ventricular myo-
cytes [16,17]. Beyond volume, EAT density, measured 
by computed tomography (CT) attenuation, is asso-
ciated with inflammation and has gained significant 
interest as a marker for inflammatory EAT.

It remains largely unknown how metabolically 
healthy obesity and AF vulnerability are related and 
how these relationships may change upon drastic 
weight loss. We therefore performed an explorative 
study whereby we assessed 1. How markers of AF 
vulnerability, i.e. p-wave duration and LA size, relate 
to BMI, CT-EAT characteristics, and circulating pro- 
and anti-inflammatory adipokines and 2. How these 
markers change upon drastic weight loss induced by 
bariatric surgery.

Methods

Patient inclusion

Prior to undergoing Roux-en-Y gastric bypass 
(RYGB) or sleeve gastrectomy at Onze Lieve 
Vrouwe Gasthuis West Hospital in Amsterdam, 
patients underwent standard eligibility screening 
[18]. Specific to the current analysis, the primary 
inclusion criterion was an age of 40 years or older. 
Key exclusion criteria were the use of insulin, two or 
more antihypertensive medications, prior myocardial 
infarction or other cardiac diseases, active systemic 
inflammation disorders, and the intake of lipid- 
lowering medications such as statins and/or fibrates. 
A detailed list of the inclusion and exclusion criteria 
is displayed in supplementary table 1.

All participating patients had a study visit sched-
uled between 4 and 1 weeks prior to surgery and at 1  
year after surgery. During these visits, patients 
underwent cardiovascular history assessments, 
including the evaluation of AF symptoms, as well as 
physical examinations that included anthropometric 
measurements. Additionally, patients received a non- 
enhanced ECG-triggered CT scan, serum sample col-
lection, and an ECG. Rhythm monitoring was per-
formed using 7-d Holters. This comprehensive 
assessment was repeated 1 year after the surgery. At 
the time of surgical intervention, a 1 ml biopsy of 
omental visceral adipose tissue (VAT) was excised. 

The Weight Loss AF study (NL6205601817) con-
formed to the principles of the Declaration of 
Helsinki and was approved by the local Medical 
Ethics Review Committee (METC). All participating 
patients provided written informed consent.

EAT assessment through CT-scan analysis

A study-specific scan protocol for optimal low-dose 
EAT visualization was developed using a phantom 
pilot study. For image acquisition, prospective non- 
enhanced ECG-gated high-pitch cardiac CT in end- 
diastole was acquired with a third-generation dual- 
source CT scanner (Somatom Force, Siemens 
Healthineers, Erlangen, Germany), at baseline and at 
1 year of follow-up. We consistently applied the scans 
with fixed beam energy at 120 kVp with dosis modula-
tion based on a Quality reference (Qref.) of 30 mAs for 
all patients. Images were reconstructed with a slice 
thickness of 3 mm and increment of 1.5 mm, with 
a Br36 kernel and iterative reconstruction strength 
ADMIRE on level 3.

Total EAT was quantified with QFAT version 2.0, 
Cedars-Sinai Medical Center, with a built-in deep 
learning algorithm [19]. After delineating the epicar-
dium, EAT was defined as pixels within an HU range 
from −190 to −30 situated between the myocardium 
and the visceral layer of the epicardium. The superior 
and inferior limits of the pericardium were identified as 
the bifurcation of the pulmonary trunk and the most 
caudal point of the pericardial sac, respectively. We 
confirmed the automatically determined epicardial con-
tours and manually adapted them if necessary.

Collection of blood serum and visceral fat 
secretome

Serum was collected to assess the circulatory levels of 
selected pro- and anti-inflammatory adipokines myelo-
peroxidase and adiponectin in relation to anthropo-
metrics and CT-EAT characteristics. After serum 
withdrawal, serum samples were centrifuged and then 
stored at −80°C. Secondarily, we aimed to assess the 
relation between peripherally drawn serum and visceral 
AT adipokine secretion. During surgery, the omental 
VAT secretome was collected as a proxy for the EAT 
secretome for practical reasons, as the pericardium was 
not opened. Specimens of VAT were directly placed in 
phosphate-buffered saline (PBS) and cut into cubes of 
approximately 1 mm3 (±20 cubes/sample) for secre-
tome collection. These cubes were washed three times 
for 5 minutes to remove serum and other 
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contaminants. Individual cubes were incubated in 100  
µl PBS on a thermo-shaker at 250 rotations per minute 
at 37°C for 1 hour and subsequently centrifuged to 
remove cell and tissue debris. The secretome was har-
vested and snap-frozen in liquid nitrogen and stored 
at −80°C.

ELISA on serum and visceral fat secretome samples

To assess the protein count in serum and VAT secre-
tome, we utilized two Human Adiponectin/Acrp30 
Quantikine ELISA kits (Catalog#: DRP300) and two 
Human Total Myeloperoxidase Quantikine ELISA kits 
(Catalog#: DMYE00B), which are obtained from 
BioTeche, RnD Systems. All patients with complete 
baseline and follow-up samples were included for the 
serum analysis. For the secretome analysis, 16 ran-
domly selected samples were chosen from patients 
who had complete serum samples available.

The ELISA experiments were conducted in dupli-
cate, adhering to the manufacturer’s protocol. The 
maximum allowable coefficient of variation for the 
duplicates was set at ≤ 20%.

Markers of AF vulnerability

P-wave duration and LA area on CT were employed as 
surrogate markers for electrical and structural remodel-
ling [20,21]. Both were determined before and 1-year 
post-surgery. P-wave duration was determined in lead 
II from the 12-lead electrocardiograms (ECGs) by two 
researchers independently (E.R.M., M.M.T). Per ECG, 
the duration of three subsequent p-waves was manually 
measured in ImageJ and averaged. For the evaluation of 
the LA size, the LA area at the mitral valve level (one 
slice) in axial view CT scans served as a proxy and was 
delineated in ITK-SNAP version 3.4.0 [20] by two 
researchers independently (E.R.M., P.Z). Subsequently, 
the slice-based 3D volume calculation (mm3) was con-
verted to a surface area (mm2) by the open source 
program MeshLab.

Statistics

Data normality was examined through the visual 
interpretation of the data distribution histogram and 
Q-Q plots, along with the application of the Shapiro- 
Wilk test. Associations between EAT characteristics 
(volume and attenuation), as well as BMI and serum 
proteins (adiponectin and myeloperoxidase abun-
dance), and AF vulnerability markers were evaluated 
using linear mixed effect models. Both preoperative 
and follow-up measures were combined for these 

analyses; linear mixed models were correct for the 
potential correlation between these measures. 
Depending on data normality, differences in pre- ver-
sus post-surgical values were tested by either the 
paired sample t-test or the Wilcoxon signed-rank 
test. Pearson’s correlation or Spearman’s rank correla-
tion coefficient was used to assess the relation between 
changes in these variables upon surgery. To assess 
inter-person variability for p-wave duration and LA 
area, intraclass correlations (ICC) were calculated. 
Statistical analyses were carried out using the R lme4 
package (1.1–35.1) and all other statistics with SPSS 
version 28.0. Normally- and non-normally distributed 
variables were presented as value±standard deviation 
(SD) and value[interquartile range (IQR)], 
respectively.

Results

Clinical characteristics before and after surgery

From 2018 to 2020, a total of 40 patients were initially 
enrolled in the study. Three of them later decided not 
to undergo bariatric surgery and were excluded from 
further follow-up. Thirty-six patients successfully com-
pleted the follow-up. Due to the impact of the COVID- 
19 pandemic, for 11 patients, serum withdrawal at 
follow-up, requiring an extra visit, could not be per-
formed, resulting in the absence of complete baseline- 
follow-up serum data for those patients.

Table 1 displays the baseline characteristics of the 
study cohort. Patients were on average 52.1 ± 5.9 years 
old, 27 (73%) were female, 11 (30%) used antihyper-
tensive medication, 2 (5%) had diabetes, and none had 
AF. At follow-up, three patients (8%) continued with 
antihypertensives, and none used diabetes medications.

Markers of AF vulnerability upon drastic weight 
loss

P-wave duration decreased from 109.2 ± 11.1 to 102.2  
± 10.6 ms, (p = 0.002), and LA area remained 
unchanged, 25.1 ± 4.2 to 25.0 ± 6.1 cm2, (p = 0.93), at 
follow-up. ICC for p-wave duration was 0.75, CI: 0.57 
to 0.84, (p < 0.001), and for LA area 0.76, CI: 0.60 to 
0.86, (p < 0.001).

Changing anthropometrics and CT-EAT 
characteristics upon drastic weight loss

Following weight loss surgery, there was a significant 
decrease in BMI from 43.2 ± 5.2 to 28.9 ± 4.6 kg/m2, 
(p < 0.001). Waist circumference, reflecting abdominal 
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VAT adiposity, decreased from 128 ± 15 to 96 ± 15 cm, 
(p < 0.001). EAT volume decreased from 130 [87] to 
79 [54] ml, and EAT attenuation increased from 
−76.1 ± 4.0 to −71.7 ± 4.4 HU, (p < 0.001).

Markers of AF vulnerability in relation to BMI and 
CT-EAT characteristics

Next, we investigated AF vulnerability markers in 
relation to BMI and CT-EAT characteristics 
(Table 2). A longer p-wave duration was associated 
with a larger EAT volume (19.4 ml/10 ms p = 0.005, 
Figure 1a), a lower EAT attenuation (−1.7HU/10 ms 
p = 0.002, Figure 1b), and a higher BMI (2.4 kg/m2/ 
10 ms p = 0.02, Figure 1c). There was a trend towards 
an association between p-wave duration and LA area 
(0.4 cm2/10 ms, p = 0.07). Larger LA areas were asso-
ciated with larger EAT volumes (p = 0.03) but not 

with EAT attenuations (p = 0.19). The decrease in 
p-wave duration was neither associated with the 
decrease in BMI (r = 0.07, p = 0.69) nor with the 
decrease in EAT volume (r = −0.02, p = 0.92) or the 
increase in attenuation (r = 0.16, p = 0.41). Thus, 
although there was a strong relation between BMI, 
EAT volume or EAT attenuation, and p-wave dura-
tion, their respective changes did not correlate.

Adiponectin and myeloperoxidase in relation to 
BMI, EAT characteristics, and AF vulnerability

Next, we assessed how BMI and EAT characteristics 
relate to the anti- and proinflammatory adipokines 
adiponectin and myeloperoxidase. A higher serum 
adiponectin was associated with lower EAT volumes 

Table 1. Patient characteristics.
Variable Before surgery (n = 37) 12 months after surgery (n = 36)

Age, y ± SD 52 ± 6 53 ± 8
Female sex n (%) 27 (73) 26 (72)

Anthropometrics
BMI, kg/m2 ± SD 43.2 ± 5.1 28 ± 4.5
weight (kg) ± SD 127 ± 20 84.3 ± 19
waist (cm) ± SD 128 ± 15 96.6 ± 15
hip (cm) ± SD 137 ± 13 111 ± 12
Fat percentage ± SD 46.0 ± 5.3 34.9 ± 7.1

Cardiovascular (co)morbidities
Atrium fibrillation (holter) n (%) 0 (0) 0 (0)
Congestive heart disease n (%) 0 (0) 0 (0)
Hypertension n (%) 11 (30) 3 (8)

Systolic RR ± SD 131 ± 8 129 ± 22
Diastolic RR [IQR] 81 [72-90] 75 [62-88]
Mean RR [IQR] 95[88-103] 91[70-112]

Diabetes mellitus n (%) 2 (5) 0 (0)
Stroke n (%) 0 (0) 0 (0)
Vascular disease n (%) 0 (0) 0 (0)
Sleep apnoea n (%) 28 (76) not available

Lab
Cholesterol ± SD 5.1 (0.8) 4.2 (0.7)
LDL ± SD 3.5 (0.8) 2.6 (0.7)
HDL ± SD 1.3 (0.2) 1.6 (0.3)
totHDL_chol ± SD 4.1 (1.0) 2.7 (0.5)

Medication
Antihypertensive drugs, all (%) 11 (27) 4 (11)

β-Blocker n (%) 3 (8) 1 (3)
Ca-blocker n (%) 3 (8) 1 (3)
ACE-remmers n (%) 2 (5) 0 (0)
diuretics n (%) 1 (3) 1 (3)
ARBs n (%) 3 (8) 1 (3)
alfa-blockers n (%) 1 (3) 1 (3)

anti-diabetic drugs, all n (%) 2 (5) 0 (0)
Metformine n (%) 1 (3) 0 (0)
Gliclazide n (%) 1 (3) 0 (0)

Statins n (%) 0 (0) 1 (3)

ARB, angiotensin receptor blockers; BMI, body mass index; RR, blood pressure, LDL, low density lipid; HDL, high 
density lipid. 

Table 2. AF vulnerability markers in relation to BMI and CT-EAT characteristics.
p-wave duration (ms) Serum adiponectin (ng/ml)

Adipose tissue (AT) depot
Change AT variable per 10 ms longer  

p-wave duration std. error p-value
Change AT variable per 5.5 μg  

higher adiponectin std. error p-value

EAT volume (ml) 19.4 ml higher 7.0 0.005 27 ml lower 4.2 <0.001
EAT attenuation (HU) 1.7HU lower 0.6 0.002 2.9HU higher 1.2 <0.001
BMI (kg/m2) 2.4 kg/m2 higher 1.0 0.02 4.1 kg/m2 lower 1.1 0.004
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(−27 ml/5.5 μg p < 0.001, Figure 2a), a higher EAT 
attenuation (2.9 HU/5.5 μg p < 0.001, Figure 2b), and 
a lower BMI (4.1 kg/m2 p = 0.004, Figure 2c). 
Adiponectin concentration was not associated with 
p-wave duration (Figure 2d).

There was a trend towards an inverse association 
between the concentration of adiponectin in serum 
and in VAT secretome (n = 16, r = −0.46, p = 0.08). 
Adiponectin increased significantly after weight loss 
from 8.7 ± 0.8 to 14.2 ± 1.0 μg/ml (p < 0.001). The 
mean adiponectin concentration in VAT secretome 
was 0.006 ± 0.005 μg/ml. Serum myeloperoxidase 
remained unchanged upon weight loss: 0.3 ± 0.2 to 
0.3 ± 0.1 μg/ml (p = 0.24) and was not associated 
with VAT secretome levels (n = 13, r = 0.37, 
p = 0.29). VAT secretome levels of adiponectin and 
myeloperoxidase were not related to CT-EAT char-
acteristics or AF vulnerability markers.

Upon weight loss, the decrease in EAT volume 
showed a trend towards association, and the 
increase in EAT attenuation was significantly asso-
ciated with the increase in serum adiponectin con-
centration 

(r = −0.38, p = 0.10 and r = 0.47, p = 0.02, respec-
tively). EAT characteristics were not associated 
with myeloperoxidase concentrations. Adiponectin 
and myeloperoxidase changes were not associated 
with alterations in p-wave duration or LA area.

Impact of age and sex on CT-EAT characteristics 
and markers of AF vulnerability

There was a trend towards a positive relation between 
age at baseline and EAT volumes (r = 0.31, p = 0.06). 
Age was significantly associated with lower EAT 
attenuations (r = −0.35, p = 0.03).

In terms of sex differences, baseline EAT volumes 
were smaller in women (123 ± 47) compared to men 
(188 ± 81 ml). Despite the lesser decrease in EAT 
volume upon weight loss in women than in men, 
EAT volume persisted to be lower in women (76 [44]) 
compared to men (101 [55]ml, p = 0.01) at follow-up. 
Meanwhile, baseline EAT attenuation was −75.7 ± 3.9 
in women and −77.6 ± 4.9HU in men (p = 0.2). After 
weight loss, attenuation increased to −72.0 ± 4.4 for 
women versus −70.5 ± 4.7 for men (p = 0.43). Women 

Figure 1. Figure 1 shows the relation between p-wave duration on the x-axes and EAT characteristics and BMI on the y-axes. 
Analyses were performed with linear mixed models: 10 ms increase in p-wave relates to 1a: a 19.4 ml larger volume of EAT 
(p = 0.005), 1b: −1.7HU units lower EAT attenuation (p = 0.002), and 1c: a 2.4 kg/m2 higher BMI (p = 0.02).
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had a smaller baseline waist circumference (123 ± 12) 
than men (140 ± 14 cm [2], p < 0.001) which decreased 
after weight loss to 93 ± 11 vs 107 ± 18 cm2 (p = 0.01), 
respectively. Nevertheless, BMI was similar between 
sexes both at baseline (women: 42.9 ± 4.8 vs men: 
44.2 ± 6.3 kg/m2) and at follow-up (women: 28.8 ± 4.3, 
men: 29.4 ± 5.5 kg/m2, (p = 0.76)). P-wave duration at 
baseline was 108 ± 10 for women and 114 ± 112 ms for 
men (p = 0.15) and decreased to significantly lower 
duration in women than in men at follow-up (to 100  
± 10 and 112 ± 8 ms, p = 0.01), respectively. LA areas 
were similar between sexes.

Discussion

In this cohort of metabolically healthy obese indivi-
duals, we demonstrated that a longer p-wave duration 
was associated with a higher BMI, larger EAT volumes, 
and lower EAT attenuations on CT. Similarly, the LA 
area was associated with EAT volume. Importantly, 
except for the LA area, all of these markers significantly 
changed after substantial weight loss. This suggests that 

weight loss may (in part) reverse atrial remodelling and 
mitigate AF vulnerability. However, the absence of 
a relation between the decrease in p-wave duration 
and changes in CT-EAT or circulating EAT markers 
implies that either peripherally measured adipokines do 
not reflect local EAT adipokine secretion and effect or 
that alterations of EAT characteristics are not the pri-
mary drivers of reduced AF vulnerability after weight 
loss, at least not within this metabolically healthy 
cohort. Alternatively, the adaptation of p-wave dura-
tion follows a different time course that of BMI or EAT 
characteristics on CT. Furthermore, changed haemody-
namics and increased sympathetic tone may contribute 
to the change in p-wave duration [10,11].

Reversed atrial remodelling upon weight loss: 
a role for EAT?

Both the relation between increased p-wave duration 
and obesity and the decrease in p-wave duration after 
bariatric surgery were shown previously [21]. In line 
with our findings, Friedman et al. showed that CT-EAT 

Figure 2. Figure 2 shows the relation between serum adiponectin on the x-axes and EAT characteristics and BMI on the y-axes. 
Analyses were performed with linear mixed models: 5.5 μg (5532 ng) higher serum adiponectin relates to 2a: the decrease of 27 ml 
of EAT (p < 0.001), 2b: the increase of 2.9HU units EAT attenuation (p < 0.001), 2c: the decrease of 4.1 kg/m2 BMI (p = 0.004), and 2d: 
unchanged p-wave duration (−2.0 ms, p = 0.22).
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volume positively correlated with p-wave duration [22]. 
In a different study with a healthy obese cohort com-
parable to our study, including 20 patients, p-wave 
duration decreased and LA size remained unchanged 
upon bariatric surgery, also similar to our findings [23]. 
Differently, these authors showed that the decrease in 
EAT volume and p-wave duration upon weight loss 
were interrelated. The discrepancy may be explained 
by their more precise ECG acquisition at the same 
time of the day before and 12 months after surgery, 
excluding potential circadian changes in the ECG 
from their analysis. However, these authors also 
reported that p-wave duration was quantified in a non- 
blinded fashion and by only one assessor, leaving the 
possibility of bias in this relatively small study. In our 
study, p-wave duration was assessed by two experi-
enced ECG readers independently. Whether drastic 
weight loss reverses electrical remodelling through 
EAT should be further investigated in a prospective, 
large-scale study, blinded for a moment of visit. 
Preferably, this also includes local EAT biopsies and 
more extensive electrophysiological measurements.

While the decrease in EAT volume upon significant 
weight loss is a well-known phenomenon, the reported 
data on EAT attenuation in obesity and its change upon 
drastic weight loss are limited. EAT attenuation reflects 
tissue density. Both high and low attenuation have been 
associated with cardiovascular outcomes [24,25]. 
Increased attenuation has been associated with inflam-
matory cell infiltration and oedema and decreased 
attenuation with adipocyte hypertrophy, both related 
to a proinflammatory status of EAT [26]. In our 
study, lower EAT attenuations were associated with 
longer p-wave durations and decreased adiponectin 
levels. EAT attenuation increased after 1 year of follow- 
up, irrespective of advancing age. An older age at base-
line was associated with a lower EAT attenuation. 
Furthermore, the interrelated increase in EAT attenua-
tions and adiponectin levels may be indicative of an 
improved metabolic profile of the EAT after weight loss 
(which could manifest, among other things, in changes 
in secretome). The absence of interrelation between 
changes in p-wave duration and EAT characteristics 
in this study implicates that mechanisms other than 
EAT volume or density also affect p-wave duration 
changes upon drastic weight loss. Alternatively, adipo-
kines measured peripherally do not necessarily reflect 
adipokine levels in EAT. MPO is abundantly present in 
EAT [17]. Locally applied MPO caused both arrhyth-
mogenic structural and electrical remodelling in neo-
natal rat ventricular myocyte monolayers [27]. EAT 
vesicles carry a major proportion of the secreted adi-
pokines. Upon secretion, the directly attached 

myocardium is exposed to these vesicles. The concen-
tration in the EAT secretome is up to 31 times larger 
than the SAT secretome [28]. Therefore, the concentra-
tion and inherent effect of local EAT adipokines such as 
myeloperoxidase may be difficult to detect peripherally 
where adipokine levels are a reflection of a mixed, 
whole-body fat vesicle secretion. Another explanation 
would be that p-wave and EAT characteristics change 
with a different time constant following weight loss. LA 
area remained unchanged at 1 year after bariatric sur-
gery. Our findings are in line with Henry et al. who 
studied geometric cardiac changes in CMR after baria-
tric surgery [29]. Interestingly, they found that LA size 
primarily decreased after surgery and suggest that this 
is due to the initial reduction in cardiac output and 
a reduction in EAT (leaving more space for LA). 
Towards 1 year and later of follow-up, LA size 
increased again to the pre-surgical size and there was 
a reversal of obesity-induced myocardial hypertrophy. 
Henry et al. suggest that this late reversal was related to 
a decrease in blood pressure and normalization of 
insulin and leptin, which are inducers of myocyte 
hypertrophy [30,31]. Another study showed that all 
components of the LA strain significantly improved, 
1 year after bariatric surgery, suggestive of improved 
atrial function independent from atrial size [32]. These 
findings may support a different temporal change in LA 
anatomical and electrical remodelling and form an 
explanation for our findings in this study.

Potential clinical implications of alterations in 
EAT attenuation

Low CT-EAT attenuations relate to cardiovascular 
(CV) risk factors and outcomes, including coronary 
artery disease, in patients without AF [24,33,34]. Also, 
it was shown that lower CT-EAT attenuations were 
associated with higher CT calcium scores in men but 
not in women, independent of EAT volume and BMI 
[35]. Lower EAT attenuation is generally interpreted as 
a pathological marker for CV outcomes, especially for 
men. Here, we show that, upon weight loss, men seem 
to have a larger increase in EAT attenuation than 
women, while BMI decreased similarly between sexes. 
In the context of CV risk, men may benefit more from 
weight loss surgery. These suggestions should be inter-
preted with caution, as the number of male patients in 
our cohort was limited.

Conversely, in studies comparing AF to non-AF 
patients, attenuation was increased instead of 
decreased in AF (Meulendijks et al., submitted 
[36]). This may suggest that AF imposes a different 
or additional pathological process in the EAT 
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compared to other CV diagnoses. Furthermore, it 
may be that in AF, EAT composition is affected by 
the mechanical effect of the myocardium itself. 
Interestingly, the EAT directly adjacent to the myo-
cardium contains smaller adipocytes compared to 
EAT closer to the epicardium, which may be the 
consequence of myocardial effects on EAT [37]. 
Moreover, the current study was performed in 
patients with a significantly younger age compared 
to patients cohorts with AF. This, as well as hetero-
geneity in scan settings and quantification tools, 
complicates the interpretation of attenuations 
among different studies [38].

Anti- and proinflammatory adipokines

Higher EAT volumes and lower EAT attenuations were 
associated with lower serum adiponectin concentra-
tions, in line with Goeller et al. [24]. It was also 
shown previously that adiponectin levels increase after 
weight loss [39]. Adiponectin is an adipocyte-enriched 
hormone and has demonstrated insulin-sensitizing, 
anti-inflammatory, and cardioprotective properties in 
experimental studies [40]. Adiponectin inhibits AngII- 
ROS-induced cardiomyocyte remodelling (MMP 
expression), in rat ventricular myocytes [41]. Also, 
after inducing myocardial ischaemia and subsequent 
reperfusion, infarct size and formation of nitric oxide, 
superoxide, and their cytotoxic product were signifi-
cantly higher in cardiac tissue obtained from adiponec-
tin-/- than from wild-type mice. This was largely 
normalized upon applying adiponectin [42]. 
Furthermore, adiponectin decreases inflammation 
induced by oxidized low-density lipoprotein [43,44]. 
Myeloperoxidase is a peroxidase associated with 
inflammation and oxidative stress and has been asso-
ciated with AF, both locally in atrial EAT and in the 
circulation [17]. However, the relation between myelo-
peroxidase and obesity or weight loss is heterogeneous 
[45–48] and potentially mediated by cardiovascular and 
other comorbidities. In our study, myeloperoxidase 
concentration did not change upon weight loss nor 
did it correlate with EAT characteristics. It may be 
that in these metabolically healthy obese patients with 
presumable limited oxidative stress, myeloperoxidase 
was present at baseline only at very low concentrations, 
which may have limited to potential to further decrease 
after drastic weight loss. Therefore, although physiolo-
gically plausible, we cannot demonstrate a direct rela-
tion between circulating MPO and change in AF 
markers upon weight loss. Additionally, this study is 
limited to the electrophysiological variable p-wave 
duration, extracted from ECGs. More elaborate 

electrophysiological investigation of the patients before 
and after surgery may add new, valuable insight into 
the impact of myeloperoxidase on AF risk upon baria-
tric surgery.

Limitations

Our study cohort consists of relatively young patients. 
It is conceivable that despite the obese state, atrial 
remodelling had not fully emerged at the time of sur-
gery, and therefore, reverse remodelling would only be 
possible to a limited extent.

There is a possibility that haemodynamic and peri-
cardial constraints contributed to the increased AF 
vulnerability in obesity. In the current study, we used 
CT scans rather than echocardiography for being better 
able to delineate the EAT volumes and attenuation. 
However, dynamic echocardiographic data could have 
added to establish this.

Conditions such as hypertension may induce EAT 
adiposopathy, exacerbating the relationship between 
EAT inflammation and AF vulnerability. The absence 
of these comorbid conditions may be responsible for 
the lack of interrelations between changing circulating 
adipokines and AF vulnerability upon bariatric surgery. 
The study’s sample size is modest but adequate and 
sufficient for our explorative objectives. While the 
COVID-19 situation limited our available serum sam-
ples, the vast majority of patients had sequential serum 
samplings and the number of patients was sufficient for 
the explorative nature of our study to determine corre-
lations. Women were overrepresented in this study. 
Despite this, our sample size remains adequate to high-
light differences between sexes. Our study lacks a true 
AF group for direct comparison. We intentionally 
selected individuals with healthy obesity to assess the 
specific effects of adiposity without other comorbid-
ities. Additionally, accessing a healthy AF population 
undergoing bariatric surgery is inherently challenging.

While being from the same embryonic source, 
omental VAT may differ from EAT. Therefore, the 
relations between EAT secretome adipokines and AF 
vulnerability may be different than described here.

Conclusion

Longer p-wave durations are associated with larger 
EAT volumes, lower EAT attenuations, and lower cir-
culating levels of the anti-inflammatory adipokine adi-
ponectin. Importantly, all of these markers significantly 
changed after substantial weight loss, but the decrease 
in p-wave duration was not associated with the change 
in BMI or EAT characteristics. This suggests that 
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drastic weight loss (in part) reverses atrial remodelling 
and mitigates AF vulnerability in relatively healthy 
morbid obese patients. Our findings also suggest that 
alterations of EAT characteristics may either not be the 
primary drivers of reduced AF vulnerability after 
weight loss or may follow a different time course than 
markers of atrial reverse remodelling.
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