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Abstract

Aims Excessive visceral adiposity (VAT) plays an essential role in metabolic derangements with those close to heart further
mediates myocardial homeostasis. The disparate biological links between region-specific VAT and cardiometabolic profiles as
mediators influencing atrial kinetics remain unexplored.
Methods and results Among 1326 asymptomatic individuals, region-specific VAT including peri-aortic root fat (PARF) and to-
tal pericardial fat (PCF) of cardiac region, together with thoracic peri-aortic adipose tissue (TAT), was assessed using
multiple-detector computed tomography. VAT measures were related to functional left atrial (LA) metrics assessed by
speckle-tracking algorithm and clinical outcomes of atrial fibrillation (AF) and heart failure (HF). Multivariate linear regression
models incorporating body fat, metabolic syndrome, and E/TDI-e’ consistently demonstrated independent associations of
larger PARF/PCF with peak atrial longitudinal systolic strain (PALS) reduction, higher LA stiffness, and worsened strain rate
components; instead, TAT was independently associated with cardiometabolic profiles. PARF rather than PCF or TAT conferred
independent prognostic values for incident AF/HF by multivariate Cox regression (adjusted hazard ratio: 1.56, 95% confidence
interval: 1.17–2.08, P = 0.002) during a median of 1790 days (interquartile range: 25th to 75th: 1440–1927 days) of follow-up,
with subjects categorized into worst PALS and largest VAT tertiles demonstrating highest events (all log-rank P < 0.001). Me-
diation analysis showed that higher triglyceride and lower high-density lipoproteins may serve as intermediary factors for ef-
fects between VAT and LA functional metrics, with lesser role by glucose level.
Conclusions Visceral adiposity surrounding atrial region was tightly associated with subclinical atrial dysfunction and incident
AF or HF beyond metabolic factors. Instead, peri-aortic adiposity may mediate their toxic effects mainly through circulating
cardiometabolic profiles.
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Introduction

Total body adiposity depots offer biological survival advan-
tages including energy reserve to fuel essential physiological
functions, while also playing several pivotal biochemical roles,
including hormone production.1,2 Excessive energy consump-
tion, however, is harmful and has led to unhealthy obese, in-
sulin resistance, or clustered manifestations of metabolic
derangements known as ‘metabolic syndrome’ (MetS).3 Re-
cent evidence has shown that visceral adiposity (VAT), espe-
cially surrounding the heart, may contribute independently
to adverse biological effects on the myocardium through che-
motactic, pro-inflammatory cytokines (e.g. interleukin 6) and
cardiometabolic factors in unhealthy obesity or under meta-
bolic stress, leading to ‘cardiac steatosis’ and diabetic
cardiomyopathy.4–7 Except for dysglycaemic signalling, an al-
ternative pathophysiological link between excessive VAT and
myocardial damage has recently been proposed from high
levels of circulating free fatty acids and dysregulated meta-
bolic profiles [such as high-density lipoprotein (HDL) or tri-
glyceride (TG)4] in mediating excessive myocardial TG
accumulation and lipotoxicity.8,9

More recently, phenotypic obesity has been shown to be
associated with mechanical atrial dysfunction in a
pre-clinical stage10,11 and higher risk for incident atrial fibrilla-
tion (AF).12,13 As a thin-walled structure, the atrium is partic-
ularly prone to pathological inflammatory processes or
elevated ventricular filling pressure acting as a ‘barometer’,
which serves as a clinical hallmark in preserved ejection frac-
tion heart failure (HF) (HFpEF) and AF.13 Owing to asymmet-
rical atrial structure and geometry, quantitative functional
metrics of the left atrium utilizing speckle-tracking technique
can be more sensitive, relatively load-independent14 and may
better characterize mechanical LA functions at a pre-clinical
stage prior to overt chamber dilation with improved prognos-
tic values.15

Despite these known associations, little is known regarding
the potential disparate pathological effects and intermediary
metabolic process of region-specific VAT on atrial kinetics
using deformational indices. Therefore, we aimed to investi-
gate these associations and further examined their prognos-
tic values in a large, asymptomatic population.

Methods

Study subjects

The study subjects comprised a subpopulation from a previ-
ously published asymptomatic population who underwent an-
nual cardiovascular health surveys (from June 2009 to
December 2012).16 A total of the 4848 participants were eligi-
ble for a comprehensive physical examination, 12-lead

complete electrocardiogram (ECG), biochemical analysis, com-
prehensive transthoracic echocardiography (equipped with
tissue Doppler imaging/speckle-tracking technique), and
multiple-detector computed tomography (MDCT) for coronary
calcium screening. Individuals currently using anti-lipid medi-
cations (statins or fibrate) were excluded to eliminate possible
interference with mediator analysis. Comparisons of baseline
characteristics of study subjects included and not included in
the current study are presented in Supporting Information,
Table S1 (final n = 1326). A detailed, structured questionnaire
about subjective symptoms was administered to all study par-
ticipants. Hypertension was defined by a mean systolic blood
pressure (SBP) ≥140 mmHg and/or a mean diastolic blood
pressure ≥90mmHgmeasured three times consecutively from
the brachial artery. Diabetes diagnosis followed the 2011 Stan-
dards of Medical Care in Diabetes guidelines developed by the
American Diabetes Association, or known diabetes history, or
the current use of diabetes medication. Patients with cardio-
vascular disease (CVD) included known coronary artery dis-
ease or cerebrovascular disease. This study was approved by
the ethics committee of the MacKay Memorial Hospital (No.
14MMHIS202) in compliance with the Declaration of Helsinki.

Conventional echocardiography and myocardial
atrial deformation

Echocardiography was performed using a 2–4 MHz trans-
ducer following the recommendations of the American Soci-
ety of Echocardiography and included wall thickness, left
ventricular (LV) mass, with LA/LV volume (maximum and min-
imum) assessed by a modified biplane Simpson’s method.
The LA emptying fraction (LAEF) was defined as follows:
LAEF = 100 × (maximum LA volume � minimum LA vol-
ume)/maximum LA volume. Haemodynamic Doppler of early
(E) and late mitral inflow (A), deceleration time, and
isovolumic relaxation time values were obtained. Tissue
Doppler information defined LV systolic (TDI-s’) and early di-
astolic (TDI-e’) myocardial velocities were also determined
and averaged from LV septal and lateral basal segments.
The deformational metrics of the left atrium were further
analysed according to a previous published protocol utilizing
EchoPAC software (version 10.8, GE Vingmed Ultrasound,
Norway) by an experienced technician blinded to clinical
information.16 Based on a built-in algorithm, the peak atrial
longitudinal systolic strain (PALS) and strain rate (SR) curves
for each LA segment were automatically generated from
the cardiac apex 4CH and 2CH views after manual tracing
using R–R gating method as our previous work.16 Global peak
atrial longitudinal systolic strain (PALS) and LA SR curves from
three distinct phases, systolic (SRs) during the reservoir
phase, early diastolic (SRe) during the conduit phase, and late
diastolic (SRa) as atrial contractile/booster pump function,
were assessed. All representative LA deformational indices
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were derived from averaged 4CH and 2CH values. A high ab-
solute value of the PALS or SR measures indicated better
myocardial atrial deformation. The reproducibility of 50 ran-
dom subjects showed coefficient of variance of 6.4%, 5.6%,
4.4%, and 5.8% between raters (inter-observer variability) of
PALS, LA reservoir, conduit, and contractile and 4.8%, 4.4%,
4.0%, and 4.6% within the same rater (intra-observer variabil-
ity), respectively.16

Three-dimensional quantitative assessment of
region-specific visceral adiposity by
multiple-detector computed tomography

All VAT measures, including those surrounding visceral heart
organs [peri-aortic root fat (PARF) and pericardial fat (PCF)]
classified as cardiac region, and those surrounding thoracic
peri-aortic region classified as non-cardiac region, were quan-
tified after three-dimensional reconstruction using cardiac
computed tomography by dedicated workstation (Aquarius
3D Workstation, TeraRecon, San Mateo, CA, USA) with high
spatial resolution. Scans were performed using a 16-slice
MDCT scanner (Sensation 16; Siemens Medical Solutions,
Forchheim, Germany) with 16 × 0.75 mm collimation, rota-
tion time of 420 ms, and tube voltage of 120 kV. PCF was de-
fined as adipose tissue located within the pericardial sac.
Thoracic peri-aortic adipose tissue (TAT) was defined as adi-
pose tissue surrounding the thoracic aorta extending
67.5 mm caudally from the level of the bifurcation of pulmo-
nary arteries. In addition, PARF was defined as adipose tissue
within the pericardial sac near aortic root region extending
cranially 24 mm from the left main coronary artery as previ-
ously validated and published6,17 (Figure 1).

Assessment of total body composition

Total body fat (TBF) was determined utilizing a bioelectrical
impedance method measured based on foot-to-foot imped-
ance assessed through a Tanita-305 Body-Fat Analyser (Tanita
Corp, Tokyo, Japan). The assessment of body fat composition
enables objective quantification of body fat percentage and
provides segmental and total body measure of fat, fat-free,
and water composition presented as fractions/percentage.
In this study, TBF was defined as follows: 100 × (body weight
[in kg] × body fat composition in percentage [%]) as a contin-
uous variable.

Biochemical laboratory analysis

All biochemical data were collected from venipuncture and
analysed using a Hitachi 7170 Automatic Analyser (Hitachi
Corp. Hitachinaka Ibaraki, Japan), with blood glucose levels

[before and after a meal (hexokinase method), glycosylated
haemoglobin], complete blood lipid profiling (total choles-
terol, TG, HDL, and low-density lipoprotein), and kidney func-
tion tests (creatinine) that were determined by homogenous
enzymatic colorimetric assay. Systemic inflammation marker
high-sensitivity C-reactive protein (hs-CRP) was determined
using a highly sensitive, latex particle-enhanced immunoassay
(Elecsys 2010, Roche, Mannheim, Germany). Insulin was ex-
cluded from comparison because of limited data (n = 710).

Definition of metabolic syndrome

We defined subjects with MetS as having at least three of the
following criteria: (i) abnormal high BP: SBP ≥130 mmHg or
diastolic BP ≥85 mmHg or known hypertension; (ii)
sex-stratified central obesity (waist circumference ≥90 cm
for men or ≥80 cm for women; (iii) TG ≥150 mg/dL; (iv) HDL
<40 mg/dL in men or <50 mg/dL in women; and (v) abnor-
mal blood sugar level defined by fasting plasma sugar
≥100 mg/dL or known diabetes history.

Endpoints

We specified two primary endpoints of interest as a compos-
ite endpoint: (i) new-onset AF and (ii) incidental HF hospital-
ization adjudicated by cardiologists. Body surface ECG was
obtained and new onset AF was considered to present when-
ever a new diagnosis code of AF (ICD code: 427.31) or atrial
flutter (ICD code: 427.32) was present during unscheduled
outpatient visits or during sequential regular follow-up
(biennially).

Statistical analysis

Continuous variables were expressed as mean ± standard de-
viation or median and interquartile range provided where
necessary, with categorical variables expressed as percentage
or ratio and compared by X2. Relevant demographic clinical
data and echocardiography parameters as continuous vari-
ables were presented across VAT tertiles using Cuzick’s
non-parametric trend test, with categorical variables exam-
ined using the chi-square test (Table 1). Univariate and multi-
variate linear regression models were used to identify the
associations of distinct VAT measures with LA volume
(indexed) and deformational indices of global LA strain (i.e.
PALS), LA stiffness, global LA reservoir (SRs), conduit (SRe),
and booster function (SRa), with clinical co-variates of age,
sex, SBP, heart rate, lifestyles including active smoking, alco-
hol use, regular exercise, and medical history of hypertension,
diabetes, and CVD. To eliminate the possible confounding ef-
fects of body fat burden, LV filling pressure, or several cardio-
metabolic profiles on LA structural/functional indices, we

Ectopic visceral fat and atrial dysfunction 3547
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Figure 1 Schematic illustration and delineation of region-specific visceral adiposity fat depots and LA strain/strain rate measures. Delineation on the
boundary and region of interest on the definition of quantifying all visceral adiposity fat measures (A). Pericardial fat (PCF), right ventricle (RV), thoracic
peri-aortic adipose tissue (TAT), and peri-aortic root fat (PARF) surrounding the aortic root in front of left atrium region (B–D). Case examples from
study subjects with low PARF (13.2 mL) and larger PALS (62.4%), LA SRs, and SRe (E), and another participant with high PARF burden (28.4 mL) and
lower PALS (25.8%), LA SRs, and SRe (F). Arrows denoted values for peak PALS, and LA strain rate curves (SRs, SRe, and SRa) from three distinct phases
(E, F). Ao, aorta; LA, left atrial ; LMC, left main coronary artery; LV, left ventricle; PA, pulmonary artery; PALS, peak atrial longitudinal systolic strain; SR,
strain rate.
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further adjusted TBF, LV E/TDI-e’, and the presence of MetS
with age, gender, body mass index (BMI), heart rate, esti-
mated glomerular filtration rate, active smoking, alcohol use,
exercise, and CVD as another model (Table 2). We further ex-
plored the prognostic implication of VAT on the clinical end-
point of incident AF/HF using Cox regression analysis (Table
3), where MetS and LV E/TDI-e’ again were subsequently en-
tered into models (Table 3). We further tested the impact of
VAT and PALS data on the probability (compared by log-rank
test) of clinical endpoint (AF/HF incidence) by stratifying vari-
ous VAT and PALS tertiles. By selecting outcome-driven VAT
cut-offs using receiver operating characteristic curve, we
tested whether adding excessive VAT to abnormal PALS
(<23%) may significantly expand the prediction models by
likelihood ratio test, with individual odds ratio (OR) and
chi-square (X2) values reported.

Mediator analysis was performed to examine potential ef-
fects of several key cardiometabolic factors (such as TG, HDL,
and sugar) in the association of VAT with LA dysfunction. The
relationship between VAT, senescence, MetS, and myocardial
functions has been investigated,2,18,19 with most studies
adopting linear correlation for statistical analysis. As media-
tion analysis may yield a causal model based on a predefined
causal relation to determine the direction and size of the ef-
fect in cross-sectional studies, we also applied bootstrapping
analysis20 to ensure the role of TG, HDL, and sugar as poten-
tial mediators. The definitions of mediation and methods in
biomedical statistical studies are detailed in the Supporting
Information.

All statistical analyses were performed using Statistical
Analysis System Version 9.4 (SAS Institute Inc., Cary, NC,
USA) and STATA Version 14.0 (Stata Corp LP, College Station,
TX, USA), with significance set at P < 0.05.

Results

Baseline characteristics and echocardiography by
peri-aortic root fat tertiles

Demographic characteristics and conventional echocardiogra-
phy data according to PARF tertiles from 1326 study partici-
pants are presented in Table 1. More advanced age, male
sex, higher BP, greater waist circumference, higher TBF,
greater BMI, and more unfavourable electrocardiography
presentations (ECG) were observed with greater PARF tertiles
(all P < 0.001). Higher insulin levels, higher TG, low-density li-
poprotein, uric acid, lower HDL, and estimated glomerular fil-
tration rate were also observed across greater PARF strata (all
P< 0.001) (Table 1). Marked increase of PCF and TAT was ob-
served across larger PARF tertiles (both P for trend: <0.001),
with greater PARF positively correlated with PCF and TAT
(R = 0.81 and 0.70, both P < 0.001). Subjects with higher

PARF were more likely to have hypertension, diabetes, gout,
and coronary artery disease (all P < 0.05) (Table 1). Older age
was positively associated with larger PCF, TAT, and PARF
(r = 0.29, 0.38, and 0.29, all P < 0.001). In general, increasing
PARF by tertiles was associated with unfavourable LV remod-
elling, greater LV mass, lower TDI-s’, larger LA volumes (with/
without index), lower TDI-e’, more prolonged DT/IVRT, more
impaired LA mechanical properties (lower PALS, higher LA
stiffness, and worsened SR components), and higher E/TDI-
e’ (Table 1, all P < 0.05). Compared with those without
VAT, subjects included in the current study showed subtle
and significantly lower PALS (37.9 ± 8.1% vs. 36.6 ± 8.1%,
P < 0.001), although prevalent abnormal PALS (<23%) did
not differ significantly between groups (Supporting Informa-
tion, Figure S2).

Associations of visceral adiposity with metabolic
profiles

To examine whether VAT may be independently associated
with individual component of MetS (such as BP, fasting sugar,
TG, HDL levels, or waist) beyond BMI and TBF, we performed
linear regressions on these associations. VAT of non-cardiac
region TAT was strongly associated with lower HDL, higher
TG, higher fasting glucose, and larger waist after adjusting
for age, sex, BMI, and TBF, with larger PARF independently
related to higher TG, sugar, and waist (Figure 2, all
P < 0.05); instead, larger PCF was only associated with higher
BP independent of BMI and TBF measure. Per 1 standardized
increase of PARF, PCF and TAT were independently associ-
ated with higher risk for MetS [adjusted OR: 1.31, 95% confi-
dence interval (CI): 1.08–1.60; 1.25, 95% CI: 1.04–1.50; and
1.52, 95% CI: 1.24–1.86, P = 0.006, 0.017, and <0.001, re-
spectively]. Higher systemic inflammatory marker hs-CRP
along with higher circulating white counts was observed
across greater PARF tertiles (Table 1, trend P: <0.001), with
same trends observed across PCF and TAT tertile groups
(0.05, 0.07, and 0.14 for hs-CRP median values, both trend
P: <0.001).

Associations of visceral adiposity with left atrial
kinetics

Data regarding detailed LA structural (LA volume,
with/without index) and functional mechanics [PALS, LAEF,
global LA stiffness, LA reservoir (SRs), and conduit (SRe)] in
relation to PCF and TAT tertiles were further displayed in
Supporting Information, Table S2. Overall, greater PARF,
PCF, and TAT were associated with worsened PALS,
supporting a pathological link between excessive VAT and
subclinical LA dysfunction (Supporting Information, Figure
S3). In fully adjusted models including all clinical co-variates,

Ectopic visceral fat and atrial dysfunction 3551

ESC Heart Failure 2020; 7: 3545–3560



Ta
b
le

2
M
ul
ti
va
ri
at
e
an

al
ys
is
sh
ow

in
g
th
e
re
la
ti
on

sh
ip

be
tw

ee
n
ad

ip
os
it
y
an

d
ec
ho

ca
rd
io
gr
ap

hy
pa

ra
m
et
er
s

LA
V
i(
BS

A
)
(m

L/
m

2
)

LA
st
iff
ne

ss
PA

LS
(%

)
Re

se
rv
oi
r
(S
Rs
)
(1
/s
)

C
on

du
it
(S
Re

)
(1
/s
)

Bo
os
te
r
(S
Ra

)
(1
/s
)

C
oe

f.
P
va
lu
e

C
oe

f.
P
va
lu
e

C
oe

f.
P
va
lu
e

C
oe

f.
P
va
lu
e

C
oe

f.
P
va
lu
e

C
oe

f.
P
va
lu
e

U
ni
va
ria

te
PA

RF
0.
25

5
<
0.
00

1
0.
36

5
<
0.
00

1
�0

.3
71

<
0.
00

1
�0

.2
97

<
0.
00

1
0.
47

0
<
0.
00

1
0.
07

1
0.
01

M
ul
ti
va
ri
at
e

M
od

el
1

0.
30

9
<
0.
00

1
0.
46

8
<
0.
00

1
�0

.3
99

<
0.
00

1
�0

.3
26

<
0.
00

1
0.
62

7
<
0.
00

1
0.
18

7
<
0.
00

1
M
od

el
2
+

TB
F
+

E/
TD

I-e
’

0.
38

4
<
0.
00

1
0.
84

1
<
0.
00

1
�0

.4
56

<
0.
00

1
�0

.4
66

<
0.
00

1
0.
70

1
0.
00

2
0.
36

7
0.
01

8
M
od

el
3
+

TB
F
+

M
et
S
+

E/
TD

I-e
’

0.
37

4
<
0.
00

1
0.
83

7
<
0.
00

1
�0

.4
50

<
0.
00

1
�0

.4
57

0.
00

1
0.
69

7
0.
00

5
0.
35

0
0.
02

9

U
ni
va
ria

te
PC

F
0.
19

1
<
0.
00

1
0.
34

2
<
0.
00

1
�0

.3
59

<
0.
00

1
�0

.2
79

<
0.
00

1
0.
44

9
<
0.
00

1
0.
07

5
0.
00

7

M
ul
ti
va
ri
at
e

M
od

el
1

0.
24

5
<
0.
00

1
0.
43

8
<
0.
00

1
�0

.3
86

<
0.
00

1
�0

.2
99

<
0.
00

1
0.
60

4
<
0.
00

1
0.
18

8
<
0.
00

1
M
od

el
2
+

TB
F
+

E/
TD

I-e
’

0.
36

3
0.
00

8
0.
84

0
<
0.
00

1
�0

.4
58

<
0.
00

1
�0

.4
65

<
0.
00

1
0.
70

0
0.
00

2
0.
36

8
0.
01

0
M
od

el
3
+

TB
F
+

M
et
S
+

E/
TD

I-e
’

0.
35

1
0.
01

9
0.
83

7
<
0.
00

1
�0

.4
53

<
0.
00

1
�0

.4
57

0.
00

1
0.
69

6
0.
01

0
0.
35

3
0.
00

8

U
ni
va
ria

te
TA

T
0.
15

5
<
0.
00

1
0.
28

2
<
0.
00

1
�0

.3
17

<
0.
00

1
�0

.2
19

<
0.
00

1
0.
44

9
<
0.
00

1
0.
00

1
0.
97

M
ul
ti
va
ri
at
e

M
od

el
1

0.
24

4
<
0.
00

1
0.
42

2
<
0.
00

1
�0

.3
50

<
0.
00

1
�0

.2
71

<
0.
00

1
0.
60

7
<
0.
00

1
0.
16

1
0.
00

2
M
od

el
2
+

TB
F
+

E/
TD

I-e
’

0.
35

8
0.
16

0
0.
83

8
0.
38

0
�0

.4
45

0.
03

4
�0

.4
59

0.
00

7
0.
70

0
0.
00

2
0.
36

2
0.
42

0
M
od

el
3
+

TB
F
+

M
et
S
+

E/
TD

I-e
’

0.
34

7
0.
16

0
0.
83

4
0.
74

3
�0

.4
40

0.
12

5
�0

.4
49

0.
02

5
0.
69

6
0.
00

5
0.
34

6
0.
65

3

A
ll
ad

ip
os
it
y
m
ea

su
re
s
w
er
e
na

tu
ra
lly

lo
g-
tr
an

sf
or
m
ed

an
d
th
en

st
an

da
rd
iz
ed

to
a
m
ea

n
of

0
an

d
an

SD
of

1
to

fa
ci
lit
at
e
co

m
pa

ri
so
n
of

re
gr
es
si
on

co
ef
fi
ci
en

ts
be

tw
ee

n
di
ff
er
en

t
fa
t

de
po

ts
.M

od
el

1:
ag

e
+

ge
nd

er
;M

od
el

2:
ag

e,
ge

nd
er
,b

od
y
m
as
s
in
de

x,
sy
st
ol
ic
bl
oo

d
pr
es
su
re
,h

ea
rt

ra
te
,e

st
im

at
ed

gl
om

er
ul
ar

fi
lt
ra
ti
on

ra
te
,a

ct
iv
e
sm

ok
in
g,

al
co

ho
lu

se
,e

xe
rc
is
e,

hy
pe

rt
en

si
on

,d
ia
be

te
s,
an

d
ca
rd
io
va
sc
ul
ar

di
se
as
e;

M
od

el
3:

ag
e,

ge
nd

er
,b

od
y
m
as
s
in
de

x,
he

ar
t
ra
te
,e

st
im

at
ed

gl
om

er
ul
ar

fi
lt
ra
ti
on

ra
te
,a

ct
iv
e
sm

ok
in
g,

al
co

ho
lu

se
,e

xe
rc
is
e,

an
d

ca
rd
io
va
sc
ul
ar

di
se
as
e.

V
ar
ia
nc

e
in
fl
at
io
n
fa
ct
or

w
as

<
2
in

al
lm

od
el
s.
C
oe

f.
,c
oe

ffi
ci
en

t;
LA

,l
ef
ta

tr
ia
l/l
ef
ta

tr
iu
m
;M

et
S,

m
et
ab

ol
ic
sy
nd

ro
m
e;

PA
LS
,p

ea
k
at
ri
al
lo
ng

it
ud

in
al
sy
st
ol
ic
st
ra
in
;

PA
RF

,p
er
i-a

or
ti
c
ro
ot

fa
t;
PC

F,
pe

ric
ar
di
al

fa
t;
TA

T,
th
or
ac
ic

pe
ri-
ao

rt
ic
ad

ip
os
e
ti
ss
ue

;T
BF

,t
ot
al

bo
dy

fa
t;
SR

,s
tr
ai
n
ra
te
.

3552 B.-H. Huang et al.

ESC Heart Failure 2020; 7: 3545–3560



TBF composition and E/e’, independent associations were ob-
served among greater VAT, larger LAVi, and worse PALS and
phasic global LA reservoir (SRs)/conduit (SRe) kinetics (Table
2). However, in an alternative model incorporating MetS,
TBF composition, and LV E/TDI-e’, these associations became
attenuated or insignificant in TAT, with both higher cardiac
region VAT of PARF and PCF associated with functional de-
cline of PALS (Coef: �0.45 for PARF/PCF, both P < 0.001),
higher LA stiffness (0.84 for PARF/PCF, both P < 0.001), and
deteriorated LA SR components (all P < 0.05). No significant
interaction was found between sex and adiposity measures in
the LA deformation index (all Pinteraction = NS).

Mediators of obesity and cardiovascular function

After adjustment for age and sex, we confirmed that the po-
tential mediators TG, HDL, and sugar level were related to
PCF, TAT, and PARF (Supporting Information, Table S3). In
our mediator analysis, TG, HDL, and fasting glucose explained
9.9%, 6.3%, and 5.0%; 7.4%, 9.8%, and 1.9%; and 11.7%,
10.2%, and 2.8% of the mediating effects in the relationships
of PARF with PALS, SRs (reservoir), and SRe (conduit), respec-
tively (Supporting Information, Figure S4). Overall, TG, HDL,
and fasting sugar showed larger mediating effects in the rela-
tionships between TAT with PALS, SRs (reservoir), and SRe
(conduit). Co-mediation analysis showed that combined three

Figure 2 Associations of region-specific visceral adiposity with metabolic components. Linear associations of various visceral adiposity [peri-aortic root
fat (PARF), pericardial fat (PCF), and TAT] with each metabolic component after adjusting for age, sex, body mass index, and body fat, with coefficient
values, 95% confidence intervals (CIs), and P values presented. HDL, high-density lipoprotein; SBP, systolic blood pressure; TG, triglyceride.

Table 3 Cox models showing associations of various visceral adiposity measures with composite outcomes (including atrial fibrillation/
heart failure)

Endpoint by Cox regression models HF/AF

Event number/rate 63 (4.7%)
PARF (per +1 Z score) HR (95% CI) P value

Crude 2.23 (1.86–2.68) <0.001
Multivariate Model 1 + E/TDI-e’ 1.7 (1.29–2.24) <0.001
Multivariate Model 2 + MetS + E/TDI-e’ 1.56 (1.17–2.08) 0.002

PCF (per +1 Z score) HR (95% CI) P value
Crude 2.08 (1.73–2.50) <0.001
Multivariate Model 1 + E/TDI-e’ 1.33 (1.02–1.73) 0.034
Multivariate Model 2 + MetS + E/TDI-e’ 1.20 (0.92–1.577) 0.18

TAT (per +1 Z score) HR (95% CI) P value
Crude 1.72 (1.44–2.04) <0.001
Multivariate Model 1 + E/TDI-e’ 1.03 — —

Multivariate Model 2 + MetS + E/TDI-e’ 1.00 — —

Model 1: age, sex, body mass index, estimated glomerular filtration rate, and history of hypertension, diabetes, and cardiovascular dis-
ease; Model 2: age, sex, body mass index, estimated glomerular filtration rate, and cardiovascular disease. AF, atrial fibrillation; CI, con-
fidence interval; HF, heart failure; HR, hazard ratio; MetS, metabolic syndrome; PARF, peri-aortic root fat; PCF, pericardial fat.
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circulating metabolic profiles (TG + HDL + glucose) explained
13.7%, 13.3%, and 16.3% of the mediating effects in the rela-
tionships of PARF with PALS, SRs, and SRe, respectively
(Supporting Information, Figure S4). These mediating effects
were broadly significant. Overall, TG, HDL, and fasting sugar
showed larger mediating effects in the relationships between
TAT with PALS, SRs (reservoir), and SRe (conduit). The
bootstrapping method validated that all the mediators were
statistically significant in the relationships between various ad-
iposity measures with LA PALS, reservoir, and conduit func-
tions (the 95% CI did not include 0) (Supporting Information,

Table S4). By categorizing study participants by BMI, those
classified into more severe degree of obesity consistently
showed graded and significantly larger VAT (PCF, TAT, and
PARF), more impaired LA mechanical properties, and devel-
oped higher AF and HF events (Supporting Information, Table
S5).

Clinical endpoints

Over a median of 1790 days (interquartile range: 25th to
75th: 1440–1927 days) of follow-up, 63 subjects developed

Figure 3 Event-free probability based on region-specific visceral adiposity and PALS tertiles. Kaplan–Meier survival curves demonstrating event-free
probability for incident atrial fibrillation (AF)/heart failure (HF) using peri-aortic root fat (PARF) adiposity and peak atrial longitudinal systolic strain
(PALS) strata (A), and bars of event rates by integrated PARF/PALS tertiles (B), as well as Kaplan–Meier survival curves by pericardial fat (PCF)/TAT
and PALS strata (C, D). Q1–Q3 represent first to third tertile groups, respectively.
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either AF (n = 33) or HF (n = 48). Each increment of PARF,
PCF, and TAT was associated with a greater risk of AF/HF in-
cidence (Table 3) by a Cox regression model, with PARF and
PCF remaining consistently significant after accounting for
baseline characteristics of age, sex, BMI, BP, known medical
histories of hypertension, diabetes, and CVD, but not TAT
(P = 0.26), with similar trends after adjusting for LV mass
and LAEF. By categorizing PALS into tertiles, subjects at the
highest PARF adiposity and lowest PALS tertile groups experi-
enced significantly higher clinical endpoints compared with
the highest PALS and lowest PARF measures (Figure 3A and
3B, Pinteraction = NS for modifying effects of PARF on PALS).
Similar trends were observed by stratifying study participants
into PCF/PALS or TAT/PALS tertiles (Figure 3C and 3D). Finally,
adding optimal PCF/PARF cut-offs (>86.4 and >23.6 mL, re-
spectively) to abnormal PALS (<23%) successfully expanded
the model prediction [X2: 10.8, OR: 4.31, 95% CI: 2.01–9.25
for abnormal PALS to 46.1, OR: 6.15, 95% CI: 3.48–10.86,
and 46.7, OR: 6.29, 95% CI: 3.44–11.53, after adding PCF
and PARF cut-offs to abnormal PALS, both P < 0.001] for
AF/HF events at long-term (at 5 years) follow-up (Figure 4).

Discussion

In the current study, we showed that excessive visceral fat
may cause significant detrimental effects on LA structures
and functions in fully adjusted model including body fat,
BMI, and E/TDI-e’, with fat surrounding cardiac region (i.e.
PARF/PCF) exerted independent effects when MetS were

incorporated into models; instead, peri-aortic adiposity
(TAT) showed stronger independent and positive links to cir-
culating cardiometabolic factors including HDL, TG, and sugar
levels when body fat and BMI were adjusted. Mediator anal-
ysis showed in general larger mediating effects of HDL and TG
between all VAT and altered diverse LA functional indices that
appeared to be more pronounced in TAT, with relatively mi-
nor contribution by fasting glucose. During follow-up, visceral
fat of PARF surrounding LA region remained independent
predictor in the development of AF or HF when MetS and
LV E/TDI-e’ were taken into account.

Region-specific visceral adiposity and
cardiovascular risks

Obesity, defined by excessive body fat or adiposity using BMI
measure, is a well-known risk factor for HF and AF incidence
and plays a central key role in HFpEF pathophysiology.21 Ex-
cept for its haemodynamic effects, BMI per se, however,
comprises both fat and non-fat fractions (e.g. lean muscle
mass) and therefore fails to reflect true total adiposity bur-
den and precise partitioning and may not be an optimal clin-
ical surrogate to define excessive adiposity.3 The classic
concept of visceral adipose tissue surrounding vital organs
(e.g. those in direct contact with the heart) under physiolog-
ical conditions may include its role as lipogenic capacity for lo-
cal energy store and mechanical protection of the heart22 and
likely serve as source of energy reserve in highly catabolic
chronic disorders known as ‘obesity paradox’.23 On the other

Figure 4 Prognostic utilization by adding visceral adiposity of TAT and peri-aortic root fat (PARF) to peak atrial longitudinal systolic strain (PALS).
Adding visceral adiposity cut-offs of pericardial fat (PCF) (>86.4 mL) and PARF (>23.6 mL) to abnormal left atrial strain (<23%) expanded the risk
models for predicting combined atrial fibrillation (AF)/heart failure (HF) events.
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hand, VAT as biologically active endocrine organ capable of
buffering excessive energy intake has been proposed to be
a key player in determining metabolic disturbances,
pro-inflammatory adipokines secretion, and cardiovascular
events.8 Aging and obesity from calorie-rich diet tightly linked
to MetS had shown to involve differential lipid and
microbiome changes that may widely impact on immune con-
dition and elicited systemic inflammatory responses as possi-
ble mechanism for HF development.24 In this regard,
continuous expansion of dysregulated VAT from positive en-
ergy balance may cause free fatty acid (FFA) overload
resulting in toxic fatty acid saturation (e.g. paracrine actions)
that enable local paracrine effects on vital organs (e.g. heart
or liver25). More recent advances in imaging modalities and
techniques have rendered more precise VAT distribution (re-
gion-specific) and quantification assessable beyond subcuta-
neous or lean body mass, which has substantially improved
the understanding of region-specific effects (remote or local)
of VAT depots in distinct CVD.26,27

Hypothetical mediating effects of circulating
metabolic profiles between region-specific
visceral fat and left atrial dysfunction

Free fatty acid as the primary myocardial energy source from
circulating TG influx/uptake to generate myocardial energy is
temporarily stored in hypertrophied adipocytes within vis-
ceral fat as triacylglycerols (or TG) lipid droplets when a pos-
itive energy balance is met.8,9 It has been therefore proposed
that lipid intermediates, such as HDL or TG, may signal biolog-
ical triacylglycerol turn-over and serve as mediators of VAT in
MetS,7,28 with excessive myocardial TG storage from up-
stream free fatty acid overload or under-utilization shown
to exert cardiac lipotoxicity causing subclinical LV dysfunction
in type 2 diabetes.8,29 In this regard, higher TG level can be
viewed as a remote circulating marker of failure in buffering
excessive TG from saturated VAT capacity. Conversely, recent
molecular evidence has also indicated that HDL can resist ox-
idative stress and protect cardiomyocytes30 by serving as a

Figure 5 Pathophysiological framework and mediation effect between visceral adiposity and left atrium function. Conceptual framework illustrating
hypothetical influences of visceral adiposity (VAT) fat on diastolic and atrial structure/function using different metrics and the mediating effects in
modelling. FFA, free fatty acid; HDL, high-density lipoprotein; LA, left atrial; PARF, peri-aortic root fat; PCF, pericardial fat; TG, triglyceride.
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scavenger to reverse imbalanced lipid/energy metabolism
and likely provides key beneficial regulatory effects via neuro-
hormonal inactivation.31 In aggregate, we speculated that
both TG and HDL may therefore serve as markers or play es-
sential roles in regulating myocardial homeostasis and func-
tions through their remote effects. Interestingly, we
observed independent associations of higher TAT with lower
HDL, higher TG or fasting glucose but not PCF, with larger
PARF independently related to higher TG, sugar, and waist.
Overall, TG/HDL and glucose appeared to show larger inter-
mediary effects between TAT and LA mechanical indices com-
pared with PARF/PCF, implying that TAT as visceral fat near
the central aortic area may rely on these metabolic profiles
to a greater degree in regulating myocardium than
PARF/PCF (Figure 5).

Associations of region-specific visceral adiposity
and left atrial structural/functional alterations

Excessive accumulation of adiposity surrounding the heart
may directly impede LV filling though a local physical con-
straint and impair diastolic mechanical properties.32 Further-
more, a great body of literatures have also demonstrated
direct and local negative impacts on myocardial tissue from
VAT through elicited oxidative stress and several pathological
pro-inflammatory mechanisms with excessive LA interstitial fi-
brotic replacement, causing ‘atrial myopathy’ prone to AF on-
set or perpetuation,6,13,19,33 leading to HFpEF/AF
development.33,34 Indeed, independent pathological links
were observed between abundant epicardial adiposity and
structural atrial dilation35 or subclinical impaired LA mechan-
ics by either speckle-tracking or MRI assessment.14,36,37 How-
ever, these studies were limited by relatively small number
and lack of comprehensive LA measures or follow-up data.
Under normal physiological status, left atrium plays a central
role in modulating cardiac performance by interacting with
passive LV filling with three distinct phasic components
throughout one cardiac cycle including reservoir, conduit,
and active booster pump.38 Despite complex LA kinetics ob-
served, deformational imaging analysis can be readily used
to assess these physiological and pathologic states.16 In the
present study, we observed that VAT of cardiac region (i.e.
PARF/PCF) remained independently associated with adverse
LA kinetics even when body fat, MetS, and LV E/TDI-e’ were
adjusted (Table 2), indicating detrimental effects of
PARF/PCF on LA kinetics beyond body fat partitions and LV fill-
ing status (Figure 4). Instead, the independent associations
between TAT and LA kinetics were largely attenuated when
the presence of metabolic derangements (containing TG,
HDL, and sugar information) was entered into model. These
findings, when taken collectively with the observed stronger
mediating effects of metabolic profiles between TAT and LA
mechanics, may imply that VAT without anatomic contact

with myocardium (i.e. TAT) may confer its negative effects
mainly from cardiometabolic mediators remotely. On con-
trary, while cardiac region VAT of PCF or PARF were either
confined to the pericardial sac adjacent or in close spatial re-
lation to the atrium (especially PARF), VAT of these regions
could exert more direct local pathological biological effects.14

Study limitations

Our study has several limitations. First, male sex was predom-
inant in this study, partly because men were more willing to
undergo MDCT owing to their higher coronary risk. Secondly,
although we did observe that visceral fat (PCF, TAT, and
PARF) affected LA functions through the mediating effects
of TG, HDL, and sugar level, the role of blood sugar as a me-
diator between visceral fat and LA function was relatively
weak (2–6%). The study participants mainly comprised a
lower risk population undergoing the health survey, and thus,
blood sugar may not play a dominant role in mediating
unfavourable cardiac effects at such an early, pre-clinical
stage. Hence, further research should examine individuals
across a broader spectrum of CVD to confirm these
associations.

Conclusions

Our current study revealed that region-specific visceral fat
depots likely exert diverse biological effects on cardiometa-
bolic health and widely influence LA structure and function
at a pre-clinical stage. Ectopic visceral fat surrounding the
heart, especially those near atrial region, may have a direct
and greater impact on LA remodelling and several functional
atrial surrogates for HF or AF pathophysiology. However, VAT
near the aortic area are tightly associated with cardiometa-
bolic profiles and more likely mediate their toxic effects
mainly through remote and circulating metabolic profiles.

Perspectives

Clinical competencies

As the global burden of HFpEF and AF continues to increase
dramatically due to rapid global aging and obesity, our find-
ings offer an opportunity for early recognition of potential
targets that tightly link to atrial cardiomyopathy and likely im-
prove individualized risk stratification. Furthermore, insights
on the observed disparities underlying region-specific VAT
and atrial functions may represent certain clinical HFpEF phe-
notypes mainly affecting atrial functions and likely serve as
useful clinical surrogates for subsequent successful
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pharmacological/surgical interventions or lifestyle modifica-
tions. For example, recent clinical trials have demonstrated
the beneficial effects of sodium glucose co-transporters 2 in-
hibitors in reducing burden of body mass, metabolic distur-
bances, and favourable HF outcomes in diabetes,39 with
hypothetical key therapeutic interventions targeting on VAT
reduction. Early identification of a specific population at
higher risk for subsequent HF development with phenotypic
obesity or those featured by metabolic derangements moving
towards precision medicine may therefore facilitate more ag-
gressive pharmacological treatment.

Translational outlook

The current study hypothesis was based on relevant research
and was established within a framework of causal relation-
ships from mediation analysis, which may contribute substan-
tially to the knowledge and exploration of pathway-specific
signalling in the pathogenesis of atrial cardiomyopathy by ex-
cessive VAT accumulation or in certain obese-related HFpEF
at higher risk of incident AF/HFpEF. The differential effects
of region-specific adiposity on various cardiovascular disor-
ders beyond phenotypic obesity may also require further ex-
perimental research at a molecular basis to verify and
elucidate the precise pathological mediation involved. Finally,
our current study may also implicate the initiation of innova-
tive precision medicine and personalized approached to de-
liver primary preventive therapeutic strategies.
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Figure S4. Illustration of mediating effect (β denotes regres-
sion coefficient). Potential mediators of association between
of various ectopic visceral fat depots and left atrial function.
Table S1. Comparisons of baseline characteristics of study
subjects included and not included in current study cohort.
Table S2. Conventional LA echocardiography parameters and
deformations stratified by tertiles of PCF and TAT.
Table S3. Age- and sex-adjusted Pearson’s correlations be-
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Table S4. 95% Confidence intervals by bootstrapping analysis
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