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BACKGROUND Fibrotic remodeling of epicardial adipose tissue
(EAT) is crucial for proinflammatory atrial myocardial fibrosis, which
leads to atrial fibrillation (AF).

OBJECTIVES We tested the hypothesis that the ratio of central to
marginal adipocyte diameter in EAT represents its fibrotic remodel-
ing. Based on a similar concept, we also tested whether the percent
(%) change in EAT fat attenuation determined using computed
tomographic (CT) images can detect this remodeling.

METHODS Left atrial appendages were obtained from 76 consecu-
tive AF patients during cardiovascular surgery. EAT in the central
area (central EAT: C-EAT) and that adjacent to the atrial myocardium
(Marginal EAT: M-EAT) were evaluated histologically. CT images for
all of the 76 patients were also analyzed.

RESULTS The adipocyte diameter was smaller, fibrotic remodeling
of EAT (EAT fibrosis) was more severe, and infiltration of macro-
phages and myofibroblasts was more extensive in M-EAT than in
C-EAT. EAT fibrosis was positively correlated with adipocyte diam-
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eter in C-EAT and negatively correlated in M-EAT, resulting in a pos-
itive correlation between EAT fibrosis and the ratio of central to
marginal adipocyte diameter (C/M diameter ratio; r 5 0.73, P ,
.01). The C/M diameter ratio was greater in patients with persistent
AF than in those with paroxysmal AF. CT images demonstrated that
the %change in EAT fat attenuation was positively correlated with
EAT fibrosis.

CONCLUSION Our results suggest that the central-to-marginal
adipocyte diameter ratio is tightly associated with fibrotic remodel-
ing of EAT. In addition, the %change in EAT fat attenuation deter-
mined using CT imaging can detect remodeling noninvasively.

KEYWORDS Atrial fibrillation; Computed tomography; Epicardial
adipose tissue; Fat attenuation; Fibrosis; Inflammation
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Introduction
The volume of epicardial adipose tissue (EAT) has been
shown to be associated with atrial fibrillation (AF), indepen-
dent of traditional risk factors.1 In this regard, Haemers and
colleagues2 demonstrated that subepicardial fatty infiltration
(fibro-fatty infiltration) in right atrial samples obtained during
cardiovascular surgery contributes to structural remodeling,
forming a substrate for AF. Using left atrial (LA) appendage
(LAA) samples obtained from 59 consecutive AF patients
during cardiovascular surgery, we recently reported that the
severity of fibrotic remodeling of EAT was associated with
LA myocardial fibrosis and the progression of AF.3 We
also found that proinflammatory and profibrotic cytokines/
chemokines, including interleukin (IL)-6, monocyte chemo-
attractant protein-1, and tumor necrosis factor (TNF)-a in
peri-LA EAT were associated with atrial myocardial
fibrosis.3,4 Commonly, expansion of adipose tissue mass is
characterized by an increase in the size and/or number of ad-
ipocytes.5 In visceral adipose tissue (VAT), however, fibrosis
has been reported to negatively correlate with adipocyte
diameter.6 We therefore firstly tested the hypothesis that
en access article https://doi.org/10.1016/j.hroo.2021.05.006
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KEY FINDINGS

- The diameter of adipocytes was smaller, fibrotic remod-
eling of epicardial adipose tissue (EAT) was more se-
vere, and infiltration of macrophages and
myofibroblasts was more abundant in marginal EAT
(M-EAT) compared with central EAT (C-EAT).

- EAT fibrosis was positively correlated with adipocyte
diameter in C-EAT but negatively correlated with adipo-
cyte diameter in M-EAT, resulting in a tight positive
correlation between EAT fibrosis and the ratio of central
to marginal adipocyte diameter (C/M diameter ratio).

- The percent change in EAT fat attenuation using
computed tomography images was positively corre-
lated with EAT fibrosis.

- EAT fibrosis, myocardial fibrosis, total collagen in
myocardium, C/M diameter ratio, and percent change
in EAT fat attenuation were greater in patients with
persistent atrial fibrillation (AF) than in patients with
paroxysmal AF.
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the ratio of central to marginal adipocyte diameter in EAT
might represent fibrotic remodeling of EAT, a crucial state
for promoting atrial myocardial fibrosis and forming a sub-
strate for AF.

Antonopoulos and colleagues7 recently presented a
method for detecting coronary inflammation by character-
izing the changes in peri-coronary adipose tissue computed
tomography (CT) attenuation. In a large cohort of patients
undergoing cardiac surgery, they demonstrated that the
average attenuation of adipose tissue is inversely correlated
with the average adipocyte size, which is driven by intracel-
lular lipid accumulation.7 Based on a similar concept, we
tested the hypothesis that the percent (%) change in EAT
fat attenuation determined using CT images can predict the
fibrotic remodeling of EAT noninvasively.
Methods
This study protocol was approved by the Ethics Committee
of Oita University Hospital. This study was conducted in
accordance with the guidelines proposed in the Declaration
of Helsinki. Materials and methods are described in detail
in the Supplemental Materials.
Definition of central EAT and marginal EAT
To study the phenotypic differences between the adipose tis-
sue in contact with the atrial myocardium and the adipose tis-
sue separated from the atrial myocardium, we divided the
EAT into the following 2 areas: (1) central EAT (C-EAT);
and (2) marginal EAT (M-EAT) (Figure 1). C-EAT was
defined as the central area of EAT that is not attached to either
the myocardium or epicardium. M-EAT was defined as the
area within 150 mm from the myocardium, including the
adipocytes in contact with the myocardium.

Quantitative real-time polymerase chain reaction
Quantitative real-time polymerase chain reaction was
performed as previously described.8 Primer sequences and
conditions are listed in Supplemental Table S1.

Statistical analyses
Continuous data were evaluated for normality using the
Shapiro-Wilk test. Normally distributed continuous data are
expressed as the mean 6 standard deviation. The Student t
test was used for comparison between groups if the data
were normally distributed. The Wilcoxon test was used for
nonparametric tests. Correlations between continuous vari-
ables were assessed by bivariate analysis, and the Pearson co-
efficient (r) was estimated.

All statistical tests were performed with JMP v.14 soft-
ware (SAS, Cary, NC). A value of P , .05 was considered
to be statistically significant.
Results
Patient characteristics
Clinical characteristics of the 76 patients are summarized in
Table 1. The mean age was 71.9 6 8.2 years. Thirty-six pa-
tients (47%) were female. The mean CHADS2 and
CHA2DS2-VASc scores for all patients were 2.6 6 1.1 and
4.0 6 1.4, respectively. Twenty-eight patients (37%) had
paroxysmal AF (PAF group), while 48 patients (63%) had
persistent AF (PeAF group). EAT volume, assessed by CT
imaging, was greater in the PeAF group than in the PAF
group (99 6 51 vs 71 6 28 mL, P , .05).

Fibrotic remodeling of EAT (EAT fibrosis) and
adipocyte diameters in C-EAT and M-EAT
Macroscopically, excised LAA samples were invariably sur-
rounded by EAT (Figure 2A(a), Supplemental Figure S1).
Fibrotic remodeling of EAT was observed at the marginal
area (M-EAT) but not in the central area (C-EAT)
(Figure 2A(b)(c), Supplemental Figure S2). Masson’s tri-
chrome staining revealed that atrial myocardial fibrosis corre-
lated with EAT fibrosis (r 5 0.51, P , .01) and that EAT
fibrosis was greater in the PeAF group than in the PAF group
(11.0% 6 3.6% vs 14.9% 6 4.5%, P , .01) (Supplemental
Figure S3A and S3B). In M-EAT, abundant infiltration by a-
smooth muscle actin (SMA)-positive cells was observed
(Figure 2B(a)). The a-SMA-positive cells were morphologi-
cally identified as myofibroblasts by transmission electron
microscopy (Figure 2B(b)), and the infiltration of CD68-
positive and CD3-positive cells were abundantly observed
in M-EAT (Figure 2B(c)). In all 76 cases, the number of a-
SMA-positive cells was greater in M-EAT than in C-EAT
(9.8 6 6.2 cells/mm2 vs 2.2 6 2.3 cells/mm2, P , .01)
(Figure 2B(d)). Similarly, the number of CD68-positive
and CD3-positive cells was greater in M-EAT than in C-
EAT (15.0 6 9.9 vs 7.0 6 6.7 cells/mm2 and 21.6 6 11.5
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vs 9.5 6 8.1 cells/mm2, respectively, both P , .01)
(Figure 2B(e)(f)). RepresentativeMasson’s trichrome images
of sections from 2 individual patients in which the area of
fibrotic remodeling of EAT (EAT fibrosis) and the adipocyte
diameter were measured are shown in Figure 2C(a). In these
2 cases, fibrosis was rare in C-EAT but abundant in M-EAT.
Adipocyte diameter was larger in C-EAT than in M-EAT.
Quantitative analyses of all 76 cases revealed less fibrosis
in C-EAT than in M-EAT (1.1% 6 0.8% vs 13.4% 6
4.6%, P , .01) (Figure 2C(b)). Adipocyte diameter was
smaller in M-EAT than in C-EAT (44 6 5.9 mm vs 57 6
8.4 mm, P , .01) (Figure 2C(c)).

Correlation of adipocyte diameter with body mass
index and EAT volume
CT images and Masson’s trichrome staining of samples from
2 representative patients (normal weight and overweight) are
shown in Figure 3A(a) and 3A(b). In all 76 cases, adipocyte
diameters in both C-EAT and M-EAT were positively corre-
lated with body mass index (BMI) (both P , .01)
(Figure 3B(a)). Similarly, adipocyte diameters in both C-
EAT and M-EAT were positively correlated with EAT vol-
ume (both P , .01) (Figure 3B(b)).

Gene expression profile of C-EAT and M-EAT by
microarray analysis
To test the hypothesis that specific cytokines in M-EAT may
inhibit the normal development of preadipocytes, resulting in
300 μm

C-EAT

50 μm

150 μm

M

C

Figure 1 Definition of 2 types of epicardial adipose tissue (EAT). Central EAT (C
myocardium or epicardium (orange area). Marginal EAT (M-EAT) was defined a
contact with the myocardium (green area).
smaller adipocytes in M-EAT, microarray analysis of 2
distinct adipocyte clusters obtained from C-EAT and M-
EAT was carried out using adipocytes from 3 randomly
selected patients. The EAT areas isolated and evaluated are
illustrated in Supplemental Figure S4, and the results of the
microarray analysis are shown in Figure 4A(a–c) and
Supplemental Table S2. In these 3 cases, 871 genes were up-
regulated and 1741 genes were downregulated in C-EAT
compared with M-EAT (Supplemental Table S2). Genes
associated with inflammation, including IL-6, transforming
growth factor (TGF)-b, and TNF, were downregulated in
C-EAT (Figure 4A(a)). Genes associated with fibrosis,
including COL, MMP, and TIMP, were also downregulated
in C-EAT (Figure 4A(b)). On the other hand, genes associ-
ated with adipogenesis, including FABP4, PPARG, and
CEBPA, were upregulated in C-EAT (Figure 4A(c)).

Effects of proinflammatory cytokines on
expression of adipogenic and profibrotic genes in
cultured human EAT
EAT was isolated from LAA of 6 randomly selected pa-
tients and cultured with the proinflammatory cytokines
that were shown to be downregulated in C-EAT (upregu-
lated in M-EAT) (Figure 4A(a)). Expression levels of
mRNAs associated with adipogenesis after 24 hours of
exposure to the cytokines are shown in Figure 4B. The
mRNA expression levels of FABP4, PPARg, and CEBPA
were reduced in EAT incubated with IL-6, TGF-b1, and
M-EAT

Marginal EAT
(M-EAT)

Central EAT
(C-EAT)

Epicardial adipose �ssue
(EAT)

50 μm

-EAT) was defined as the central area of EAT that is not attached to either the
s the area within 150 mm from the myocardium, including the adipocytes in



Table 1 Patient characteristics

All patients (n 5 76) Paroxysmal AF (n 5 28) Persistent AF (n 5 48) P value

Age (years) 71.9 6 8.2 69.9 6 10.2 73.2 6 6.7 .09
Sex
Male 40 (53) 12 (43) 28 (58) .19
Female 36 (47) 16 (57) 20 (42) .19

BMI (kg/m2) 23.2 6 3.6 22.6 6 2.7 23.6 6 4.0 .24
History of present and past illness
Hypertension 39 (51) 14 (50) 25 (52) .86
Diabetes mellitus 18 (24) 4 (14) 14 (29) .14
Dyslipidemia 30 (39) 12 (43) 18 (38) .64
Coronary artery disease 17 (22) 7 (25) 10 (21) .67
Cerebral infarction 14 (18) 6 (21) 8 (17) .61
Sleep apnea 1 (1) 0 (0) 1 (1) .44

Smoking 28 (37) 11 (39) 17 (35) .74
Alcohol use 22 (29) 4 (14) 18 (38) ,.05
CHADS2 score 2.6 6 1.1 2.5 6 1.1 2.6 6 1.1 .50
CHA2DS2-VASc score 4.0 6 1.4 4.0 6 1.3 4.1 6 1.5 .85
Surgical procedure
Valve replacement/repair 51 (67) 21 (75) 30 (63) .26
Aorta replacement 6 (8) 0 (0) 6 (13) .05
CABG 1 (1) 0 (0) 1 (2) .44
Combined (CABG and valve) 14 (18) 7 (25) 7 (15) .26
Combined (aorta and valve) 3 (4) 0 (0) 3 (6) .17
Combined (ASD closure and valve) 1 (1) 0 (0) 1 (2) .44

BUN (mg/dL) 25 6 13 23 6 14 25 6 12 .39
Cr (mg/dL) 1.4 6 1.8 1.8 6 2.8 1.2 6 0.6 .13
BNP (pg/mL) 358 6 435 430 6 500 311 6 388 .31
eGFR (mL/min/1.73 m2) 51 6 20 53 6 22 50 6 19 .45
LAD (mm) 52 6 10 47 6 8 54 6 11 ,.01
LVDd (mm) 53 6 9 52 6 9 53 6 9 .45
EF (%) 59 6 12 62 6 13 58 6 13 .13
E/e’ 22 6 13 25 6 13 20 6 12 .11
AR II�-III� 19 (25) 5 (18) 14 (29) .27
AS moderate-severe 18 (24) 8 (29) 10 (21) .44
MR II�-III� 47 (62) 17 (61) 30 (63) .88
MS moderate-severe 11 (14) 6 (21) 5 (10) .19
EAT volume (mL) 89 6 46 71 6 28 99 6 51 ,.05
EAT volume corrected by BMI 3.8 6 1.6 3.1 6 1.1 4.1 6 1.8 ,.01

Data are given as mean 6 SD or n (%).
AF5 atrial fibrillation; AR5 aortic regurgitation; AS5 aortic stenosis; ASD5 atrial septal defect; BMI5 body mass index; BNP5 brain natriuretic peptide;

BUN 5 blood urea nitrogen; CABG 5 coronary artery bypass graft; Cr 5 creatinine; E/e 5 the ratio of the peak early mitral inflow velocity (E) over the early
diastolic mitral annular velocity (e0); EAT5 epicardial adipose tissue; EF5 ejection fraction; eGFR5 estimated glomerular filtration rate; LAD5 left atrial diam-
eter; LVDd 5 left ventricular end-diastolic diameter; MR 5 mitral regurgitation; MS 5 mitral stenosis.
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TNF-a compared with EAT incubated with vehicle (all
P , .01) (Figure 4B(a–c)). The mRNA expression levels
of ADIPOQ and PLIN1 were suppressed by IL-6, TGF-
b1, and TNF-a (Figure 4B(d) and 4B(e)). The mRNA
expression levels of SLC2A4 and AGPAT2 were not signif-
icantly affected by IL-6, TGF-b1, and TNF-a (Figure 4B(f)
and 4B(g)). In contrast, the mRNA expression levels of
LEP were upregulated by IL-6, but not by TGF-b1 and
TNF-a (Figure 4B(h)). The mRNA expression levels of
COL6A1, MMP15, and TIMP1 were upregulated by IL-6,
TGF-b1, and TNF-a (Figure 4C(a–c)).
Ratio of adipocyte diameter in C-EAT to that in
M-EAT and EAT fibrosis
In samples from 1 patient, the adipocyte diameter in C-EAT
(51 mm) was almost equal to that in M-EAT (47 mm)
(Figure 5A(a)), resulting in a ratio of adipocyte diameter in
C-EAT to that in M-EAT (C/M diameter ratio) of 109%. In
this case, EAT fibrosis was 8.6%. In samples from another
patient, the adipocyte diameter in C-EAT (55 mm)was clearly
larger than that in M-EAT (42 mm), resulting in a C/M diam-
eter ratio of 131% (Figure 5A(b)). In this case, EAT fibrosis
was 17.0%. Quantitative analyses using all 76 cases demon-
strated that EAT fibrosis was positively correlated with
adipocyte diameter in C-EAT (r 5 0.35, P , .01)
(Figure 5B(a)). EAT fibrosis was, however, negatively corre-
lated with adipocyte diameter in M-EAT (r5 -0.33, P, .01)
(Figure 5B(b)). EAT fibrosis thus showed a tight positive cor-
relation with the C/M diameter ratio of adipocytes (r5 0.73,
P , .01) (Figure 5B(c)).
C/M diameter ratio and atrial myocardial fibrosis
Data for the representative patient with comparable adipocyte
diameters in C-EAT and M-EAT and less atrial myocardial
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Figure 4 Microarray analyses and effects of cytokines on expression levels of adipogenesis-related mRNAs. A: (a)–(c) Downregulation (green) and upregu-
lation (yellow) of inflammation-, fibrosis-, and adipogenesis-related genes in central epicardial adipose tissue (C-EAT) compared with marginal EAT (M-EAT).
B: (a)–(h) Gene expression related to adipogenesis in EAT treated with IL-6 (25 ng/mL), TGF-b1 (1 ng/mL), and TNF-a (5 ng/mL).
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fibrosis are shown in Figure 6A(a) and data for the represen-
tative patient with larger adipocyte diameters in C-EAT than
in M-EAT and more atrial myocardial fibrosis are shown in
Figure 6A(b). Quantitative analyses using all 76 cases
showed that atrial myocardial fibrosis was positively corre-
lated with C/M diameter ratio (r 5 0.46, P , .01)
(Figure 6B(a)). Total collagen in atrial myocardium also
showed a positive correlation with C/M diameter ratio (r 5
0.64, P, .01) (Figure 6B(b)). Both atrial myocardial fibrosis
and total collagen in the atrial myocardium were greater in
the PeAF group than in the PAF group (14.9% 6 4.5% vs
11.0% 6 3.6% and 20.6 6 7.1 mg/mL･mg vs 12.3 6 3.8
mg/mL･mg, respectively, both P , .01) (Figure 6B(c) and
6B(d)). The C/M diameter ratio was greater in the PeAF
group than in the PAF group (136.4% 6 17.5% vs 120.8%
6 12.1%, P , .01) (Figure 6C).
Association of C/M diameter ratio of adipocytes
with cytokines/chemokines in EAT
The C/M diameter ratio was positively correlated with the
amounts of the following proteins: IL-1b, IL-2, IL-4, IL-6,
IL-7, IL-9, IL-10, IL-12, IL-13, IL-17, eotaxin,
granulocyte-colony stimulating factor, granulocyte
macrophage-colony stimulating factor, monocyte chemoat-
tractant protein-1, macrophage inflammatory protein-1b,
platelet-derived growth factor-bb, RANTES, TNF-a,
vascular endothelial growth factor, matrix metalloproteinase
(MMP)2, MMP9, and angiopoietin-like protein2
(Supplemental Table S3).
CT imaging to determine %change in EAT fat
attenuation
The representative EAT fat attenuation using CT images is
shown in Supplemental Figure S5 and Figure 7A(a) and
7A(b). In a patient with mild fibrotic remodeling of EAT
(EAT fibrosis 5 7.6%), the %change in EAT fat attenuation
was gradual and calculated to be 24% (Figure 7A(a)). In
contrast, in a patient with severely fibrotic remodeling of
EAT (EAT fibrosis5 27.3%), the %change in EAT fat atten-
uation was large and calculated to be 61% (Figure 7A(b)).
The %change in EAT fat attenuation in all 76 patients was
positively correlated with EAT fibrosis (r 5 0.47, P , .01)
(Figure 7B). The %change in EAT fat attenuation was greater
in the PeAF group than in the PAF group (50.1%6 9.8% vs
39.7%6 10.4%, P, .01) (Figure 7C). The %change in EAT
fat attenuation was positively correlated with the histologi-
cally assessed C/M diameter ratio (r 5 0.70, P , .01)
(Figure 7D).
Influence of BMI and left atrial size
Myocardial fibrosis, total collagen in myocardium, C/M
diameter ratio, and %change in EAT fat attenuation did not
correlate with BMI. These 4 parameters remained significant
predictors of PeAF after correction with respect to BMI. On
the other hand, myocardial fibrosis (r5 0.33, P, .01), total
collagen in myocardium (r 5 0.30, P , .05), and C/M
diameter ratio (r 5 0.24, P , .05) all correlated with LAD.
Because LAD itself was able to predict PeAF, the ability of
C/M diameter ratio and %change in EAT fat attenuation to
predict PeAF was not significant after correction with respect
to LAD.
Discussion
Major findings
The main findings of the present study are as follows. First,
the diameter of adipocytes was smaller, fibrotic remodeling
of EAT was more severe, and infiltration of macrophages
and myofibroblasts was more abundant in M-EAT compared
with C-EAT. Second, EAT fibrosis was positively correlated
with adipocyte diameter in C-EAT but negatively correlated
with adipocyte diameter in M-EAT, resulting in a tight posi-
tive correlation between EAT fibrosis and the ratio of central
to marginal adipocyte diameter (C/M diameter ratio). Third,
the %change in EAT fat attenuation using CT images was
positively correlated with EAT fibrosis. Finally, EAT
fibrosis, myocardial fibrosis, total collagen in myocardium,
C/M diameter ratio, and %change in EAT fat attenuation
were greater in patients with PeAF than in patients with PAF.

In the histological study, the EAT that randomly attached
to the tip of the LAA was analyzed. On the other hand, in the
CT imaging study, a cross-sectional EAT close to the LAA
was analyzed. This suggests that we did not evaluate exactly
the same EAT between the histological and the CT imaging
study. Nevertheless, this is the first study to demonstrate that
qualitative assessment of EAT using CT imaging may detect
fibrotic remodeling of EAT, based on the histological obser-
vations in the same subjects.
Large-sized adipocytes in C-EAT and small-sized
adipocytes in M-EAT
In agreement with a previous report,5 we found that adipo-
cyte diameters in both C-EAT and M-EAT were positively
correlated with BMI and EAT volume (Figure 3B). The
expansion of adipocytes leads to activation of macrophages
and a heightened inflammatory state.9,10 This has been sug-
gested to result in hypoxic adipocytes, which initiate a vi-
cious cycle of local proinflammatory activation.11 In the
present study, the majority of EAT was present as C-EAT.
Because EAT fibrosis was positively correlated with adipo-
cyte diameter in C-EAT (Figure 5B(a)), it is conceivable
that large-sized adipocytes in C-EAT are associated with
fibrotic remodeling of EAT. On the other hand, Divoux and
colleagues6 found that fibrosis of omental white adipose tis-
sue, a type of VAT, was negatively correlated with the diam-
eters of omental adipocytes in surgical biopsies of
subcutaneous white adipose tissue and omental adipose tis-
sue taken from 65 obese subjects undergoing bariatric sur-
gery. Interestingly, they concluded that fibrosis may play a
role limiting adipocyte hypertrophy in omental adipose tis-
sue.6 EAT is an ectopic adipose tissue and has been shown
to have a phenotype closer to that of VAT, with smaller ad-
ipocytes.7 The findings by Divoux and colleagues6 in
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omental adipose tissue are, in any case, consistent with our
own observation that EAT fibrosis was negatively correlated
with adipocyte diameter inM-EAT.Wewould like to empha-
size the tight positive correlation between EAT fibrosis and
the C/M adipocyte diameter ratio (Figure 5B(c)), which sug-
gested that both the larger adipocytes in C-EAT and the
smaller adipocytes in M-EAT were closely associated with
the severity of fibrotic remodeling of EAT.
Mechanisms for reduction in size of adipocytes in
M-EAT
In agreement with Divoux and colleagues,6 a recent review
article12 concluded that visceral fibrosis may play a role in
limiting adipocyte expansion, thus acting as an adaptive
mechanism to reduce the negative effect of adipocyte hyper-
trophy. Such a mechanism could explain the reduced size of
adipocytes in M-EAT, as shown in Figure 2. In this regard,
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Lee and colleagues13 recently demonstrated that glucocorti-
coids restrain cell-autonomous TGF-b signaling in adipose
stem cells and thus facilitate adipogenesis and healthy re-
modeling in abdominal subcutaneous adipose tissue and
that these processes are impaired in omental adipose tissue.
In the case of adipogenesis, we previously showed that the
concentrations of IL-6 and TNF-a in EAT were associated
with atrial myocardial fibrosis.3 It is noteworthy that IL-6
and TNF-a have been reported to inhibit the normal develop-
ment of preadipocytes and to promote a proinflammatory
phenotype.14 TGF-b1 also reportedly caused differentiated
adipocytes to revert to a state characteristic of preadipo-
cytes.15 In our microarray analysis, mRNAs corresponding
to IL-6, TNF-a, and TGF-b1 were more highly expressed
in M-EAT than in C-EAT (Figure 4A(a)). Incubation of
cultured EAT with IL-6, TNF-a, and TGF-b1 also sup-
pressed expression of mRNAs for FABP4, CEBPA, and
PPARg (Figure 4B(a–c)), all of which are known to promote
adipogenesis.13,16 Based on these findings, we suggested that
IL-6, TNF-a, and TGF-b1 contributed to the smaller size of
adipocytes in M-EAT, at least in part, by suppressing adipo-
genesis.

We have previously demonstrated a correlation between
the protein content of total collagen in atrial myocardium
and the protein content of cytokines/chemokines in EAT.3

In a previous study,3 the protein content of total collagen
showed the strongest correlation with TNF-a in EAT (r 5
0.452, P 5 .0006). Therefore, we hypothesized that the C/
M diameter ratio correlates with the protein content of these
cytokines/chemokines in EAT. As expected, the C/M diam-
eter ratio showed the strongest correlation with TNF-a in
EAT (r 5 0.579, P , .0001; Supplemental Table S3).
%change in EAT fat attenuation in CT imaging
CT images of adipose tissue with larger adipocytes show
lower attenuation because of the increased oil droplet
size.17 Poorly differentiated smaller adipocytes show higher
attenuation in CT images.18,19 Tissue inflammation and sub-
sequent fibrosis can also lead to increase the tissue attenua-
tion in CT scans.20 In a large cohort of patients undergoing
cardiac surgery, Antonopoulos and colleagues7 demonstrated
that the average attenuation of adipose tissue is inversely
correlated with the expression of adipogenic genes and
average adipocyte size, which is driven by intracellular lipid
accumulation. More recently, Goeller and colleagues21

showed that the attenuation of peri-coronary adipose tissue
measured from routine CT angiography is related to the pro-
gression of noncalcified plaque. This concept can also be
applied to a study by Ciuffo and colleagues,22 who used
mean CT attenuation in a standard 4-chamber view to mea-
sure the quality and quantity of peri-LA fat tissue by area
(mm2) in 143 consecutive patients with drug-refractory AF
referred for the first catheter AF ablation. Because LA fat
attenuation correlated with peri-LA fat volume and was asso-
ciated with AF recurrence, they concluded that peri-LA fat
attenuation assessments can improve AF ablation outcomes
by refining patient selection. The present study may be
more valuable because it compared EAT fat attenuation using
CT imaging with histological findings in each patient. In fact,
the %change in EAT fat attenuation in CT imaging was well
correlated with the histologically assessed C/M diameter ra-
tio (Figure 7D).

Clinical implications
Our results suggested that fibrotic EAT remodeling is crucial
to promote atrial myocardial fibrosis and AF and can be de-
tected by CT imaging. There are many patients who undergo
coronary artery CT angiography examinations. The evalua-
tion of EAT fat attenuation in these individuals may identify
subjects who are at a high risk for developing new AF.

Limitations
Several limitations existed in this study. First, the present
study did not include a control group without AF. Second,
3 patients were randomly selected for the microarray anal-
ysis. The clinical characteristics of these 3 patients were
generally similar to those of all 76 patients studied (data
not shown). However, the influence of AF type and risk fac-
tors on gene expression in C-EAT in comparison to M-EAT
remains unclear owing to the limited number of the analyzed
patients. Third, we retrospectively analyzed CT scans that
were performed before cardiovascular surgeries. To improve
spatial resolution and reduce the radiation dose, the field of
view was manually corrected by radiology technologists ac-
cording to the patient physique (field of view, median 365
mm [interquartile range, 350–387.5 mm]). Therefore, there
were individual differences in pixel size (pixel size, median
0.71 mm [0.68–0.76 mm]). These differences slightly
reduced the accuracy in calculating the %change in EAT
fat attenuation.
Conclusion
Our results suggest that the central-to-marginal adipocyte
diameter ratio was tightly associated with fibrotic remodeling
of EAT and severity of AF. The results also suggest that the
%change in EAT fat attenuation using a CT image approach
can detect the fibrotic remodeling of EAT noninvasively.
Acknowledgment
Data availability: The data underlying this article are avail-
able in the GEO-NCBI at https://www.ncbi.nlm.nih.gov/
geo/ with the accession number: GSE154436.
Funding Sources
This work was supported by a Grants-in-Aid for Scientific
Research (B) 19H04490 (Naohiko Takahashi) and Early-
Career Scientists18K18400 (Ichitaro Abe) from the Japan
Society for the Promotion of Science.
Disclosures
The authors have no conflicts to disclose.

https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/


Ishii et al Detection of Fibrotic Remodeling of EAT 323
Authorship
All authors attest they meet the current ICMJE criteria for
authorship.

Patient Consent
Written informed consent was obtained from all patients.

Ethics Statement
This study protocol was approved by the Ethics Committee
of Oita University Hospital. This study was conducted in
accordance with the guidelines proposed in the Declaration
of Helsinki.

Appendix
Supplementary data
Supplementary data associated with this article can be found
in the online version at https://doi.org/10.1016/j.hroo.2021.
05.006.

References
1. Wong CX, Ganesan AN, Selvanayagam JB. Epicardial fat and atrial fibrillation:

current evidence, potential mechanisms, clinical implications, and future direc-
tions. Eur Heart J 2017;38:1294–1302.

2. Haemers P, Hamdi H, Guedj K, et al. Atrial fibrillation is associated with the
fibrotic remodelling of adipose tissue in the subepicardium of human and sheep
atria. Eur Heart J 2017;38:53–61.

3. Abe I, Teshima Y, Kondo H, et al. Association of fibrotic remodeling and cyto-
kines/chemokines content in epicardial adipose tissue with atrial myocardial
fibrosis in patients with atrial fibrillation. Heart Rhythm 2018;15:1717–1727.

4. Kira S, Abe I, Ishii Y, et al. Role of angiopoietin-like protein 2 in atrial fibrosis
induced by human epicardial adipose tissue: analysis using organo-culture sys-
tem. Heart Rhythm 2020;17:1591–1601.

5. Spalding KL, Arner E, Westermark PO, et al. Dynamics of fat cell turnover in hu-
mans. Nature 2008;453:783–787.

6. Divoux A, Tordjman J, Lacasa D, et al. Fibrosis in human adipose tissue: compo-
sition, distribution, and link with lipid metabolism and fat mass loss. Diabetes
2010;59:2817–2825.
7. Antonopoulos AS, Sanna F, Sabharwal N, et al. Detecting human coronary
inflammation by imaging perivascular fat. Sci Transl Med 2017;9.

8. Abe I, Terabayashi T, Hanada K, et al. Disruption of actin dynamics regulated by
Rho effector mDia1 attenuates pressure overload-induced cardiac hypertrophic
responses and exacerbates dysfunction. Cardiovasc Res 2021;117:1103–1117.

9. Antonopoulos AS, Tousoulis D. The molecular mechanisms of obesity paradox.
Cardiovasc Res 2017;113:1074–1086.

10. Kwon EY, Shin SK, Cho YY, et al. Time-course microarrays reveal early activa-
tion of the immune transcriptome and adipokine dysregulation leads to fibrosis in
visceral adipose depots during diet-induced obesity. BMC Genomics 2012;
13:450.

11. Rutkowski JM, Stern JH, Scherer PE. The cell biology of fat expansion. J Cell
Biol 2015;208:501–512.

12. Sun K, Tordjman J, Clément K, Scherer PE. Fibrosis and adipose tissue dysfunc-
tion. Cell Metab 2013;18:470–477.

13. Lee MJ, Pickering RT, Shibad V, et al. Impaired glucocorticoid suppression of
TGFb signaling in human omental adipose tissues limits adipogenesis and may
promote fibrosis. Diabetes 2019;68:587–597.

14. Gustafson B, Smith U. Cytokines promote Wnt signaling and inflammation and
impair the normal differentiation and lipid accumulation in 3T3-L1 preadipocytes.
J Biol Chem 2006;281:9507–9516.

15. Torti FM, Torti SV, Larrick JW, Ringold GM. Modulation of adipocyte differen-
tiation by tumor necrosis factor and transforming growth factor beta. J Cell Biol
Mar 1989;108:1105–1113.

16. Lacasa D, Taleb S, Keophiphath M, Miranville A, Clement K. Macrophage-
secreted factors impair human adipogenesis: involvement of proinflammatory
state in preadipocytes. Endocrinology 2007;148:868–877.

17. Baba S, Jacene HA, Engles JM, Honda H, Wahl RL. CT Hounsfield units of
brown adipose tissue increase with activation: preclinical and clinical studies. J
Nucl Med 2010;51:246–250.

18. Lake JE, Moser C, Johnston L, et al. CT fat density accurately reflects histologic
fat quality in adults with HIV on and off antiretroviral therapy. J Clin Endocrinol
Metab 2019;104:4857–4864.

19. Nerlekar N, Thakur U, Lin A, et al. The natural history of epicardial adipose tissue
volume and attenuation: a long-term prospective cohort follow-up study. Sci Rep
2020;10:7109.

20. Eich HT, Eich PD, Stuschke M, M€uller RD, Sack H. [CT densitometry for the
grading of subcutaneous fibrosis after the photon-neutron therapy of malignant
salivary gland tumors]. Strahlenther Onkol 1999;175:128–132.

21. Goeller M, Tamarappoo BK, Kwan AC, et al. Relationship between changes in
pericoronary adipose tissue attenuation and coronary plaque burden quantified
from coronary computed tomography angiography. Eur Heart J Cardiovasc Imag-
ing 2019;20:636–643.

22. Ciuffo L, Nguyen H, Marques MD, et al. Periatrial fat quality predicts atrial fibril-
lation ablation outcome. Circ Cardiovasc Imaging 2019;12:e008764.

https://doi.org/10.1016/j.hroo.2021.05.006
https://doi.org/10.1016/j.hroo.2021.05.006
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref1
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref1
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref1
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref2
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref2
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref2
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref3
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref3
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref3
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref4
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref4
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref4
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref5
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref5
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref6
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref6
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref6
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref7
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref7
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref8
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref8
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref8
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref9
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref9
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref10
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref10
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref10
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref10
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref11
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref11
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref12
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref12
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref13
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref13
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref13
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref14
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref14
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref14
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref15
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref15
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref15
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref16
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref16
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref16
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref17
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref17
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref17
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref18
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref18
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref18
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref19
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref19
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref19
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref20
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref20
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref20
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref20
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref21
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref21
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref21
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref21
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref22
http://refhub.elsevier.com/S2666-5018(21)00089-1/sref22

	Detection of fibrotic remodeling of epicardial adipose tissue in patients with atrial fibrillation: Imaging approach based  ...
	Introduction
	Methods
	Definition of central EAT and marginal EAT
	Quantitative real-time polymerase chain reaction
	Statistical analyses

	Results
	Patient characteristics
	Fibrotic remodeling of EAT (EAT fibrosis) and adipocyte diameters in C-EAT and M-EAT
	Correlation of adipocyte diameter with body mass index and EAT volume
	Gene expression profile of C-EAT and M-EAT by microarray analysis
	Effects of proinflammatory cytokines on expression of adipogenic and profibrotic genes in cultured human EAT
	Ratio of adipocyte diameter in C-EAT to that in M-EAT and EAT fibrosis
	C/M diameter ratio and atrial myocardial fibrosis
	Association of C/M diameter ratio of adipocytes with cytokines/chemokines in EAT
	CT imaging to determine %change in EAT fat attenuation
	Influence of BMI and left atrial size

	Discussion
	Major findings
	Large-sized adipocytes in C-EAT and small-sized adipocytes in M-EAT
	Mechanisms for reduction in size of adipocytes in M-EAT
	%change in EAT fat attenuation in CT imaging
	Clinical implications
	Limitations

	Conclusion
	Acknowledgment
	Funding Sources
	Disclosures
	Authorship
	Patient Consent
	Ethics Statement
	Appendix. Supplementary data
	References


