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The more you reveal the secrets
about it
the more I stay loyal
to the legends of the heart

Gianfranco Iacobellis
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The idea of looking at the epicardial adipose tissue hit me about 20 years ago. 
At the beginning, it was purely an observation. I was completing my fellow-
ship in endocrinology but had an obvious passion for the heart and its poten-
tial as an endocrine organ. When my father, a professor of cardiology, was 
performing echocardiograms, I started noticing a consistent link between the 
patient’s belly and that echo-free space in the echocardiographic imaging. 
The more abdominally obese the patient, the bigger the echo-free space. That 
would have been the epicardial fat.

So, first, I developed and validated the ultrasound technique to measure 
epicardial fat. However, my curiosity was not yet satisfied. I searched the 
literature on the epicardial adipose tissue but found scarce and dusty informa-
tion, mostly from old textbooks of human and comparative anatomy. It was 
clearly a neglected adipose tissue, just silently standing by the heart. At least, 
it was so believed. Few anatomists from the nineteenth century were ques-
tioning the meaning and causes of the fatty heart. The comparative anatomy 
was actually more intriguing, as I learned that some animals, particularly 
those who hibernate, had a large fat cushion that could protect the heart dur-
ing the hibernation. I thought that was fascinating but basically unexplored in 
humans.

So my pioneering work in this field began. This book’s intent is to sum-
marize the enormous and continuously growing scientific-based evidence on 
the multifaceted aspects of epicardial fat and its clinical applications. Novel 
discoveries regarding epicardial fat occur on an almost daily basis. I have 
done my best to present the most updated literature and to report the newest 
findings in this book. The purpose of this volume is not only to provide an 
overview of the anatomical, biomolecular, genetic, imaging, and clinical fea-
tures of epicardial fat but also to stimulate further research and any clinical 
implications generated by current research. The book will literally take you 
from cell to clinic, from the lab to your patient.

I have had the privilege to be accompanied by renowned colleagues and 
friends who greatly contributed to this book with their expertise and dedica-
tion. You will read that epicardial fat is actually a very active endocrine (or, 
better, paracrine) organ that cross-talks with the myocardium and the coro-
nary arteries, as no muscle fascia separates the fat from these contiguous 
structures. You will be amused by the unique transcriptome of the epicardial 
fat, so enriched with genes encoding for pro-inflammatory, pro-fibrotic, and 
atherogenic factors. This volume wants to reach out to a broad spectrum of 
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readers and specialists. Having a biomarker that is peculiar, unique, measur-
able, and ultimately modifiable is appealing to any basic scientist and clini-
cian. Epicardial fat can play a key role in the development and progression of 
eliminating diseases such as the coronary artery disease and atrial fibrillation, 
as nicely described here by worldwide experts in these fields.

We can now, quantitatively and qualitatively, measure this fat depot with 
routine, noninvasive imaging procedures and predict the cardiovascular risk, 
as comprehensively discussed in three focused chapters. Experts in the field 
will guide you through the neuromodulation of the epicardial fat. A beautiful 
chapter is dedicated to the perivascular fat, so different but also so similar to 
the epicardial fat. You will also read and learn about the dual role of the epi-
cardial fat, both detrimental and protective. As a Janus Bifrons, epicardial fat 
will show you its dichotomous face.

The topic is certainly innovative, the results are promising, but further 
investigations are necessary to address key questions. In my view, future 
research on epicardial fat will take two main streams—causality and utility. 
First, it will be focused on understanding the independent causative role of 
epicardial fat in coronary artery disease and atrial fibrillation. Currently, we 
have evidence that epicardial fat is a sensitive target of drugs modulating the 
fat. Future studies will explore how the pharmacological manipulation of epi-
cardial fat could eventually restore its physiological and protective proper-
ties. Breaking from traditional schemes, the research on the epicardial adipose 
tissue can open new and important avenues. This book will guide you through 
this exciting journey.

Miami, FL, USA� Gianluca Iacobellis
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Anatomy of the Epicardial Adipose 
Tissue

Gianluca Iacobellis

�Introduction

The role and presence of adipose tissue in humans 
are intriguing, but far to be completely under-
stood. Until the early 2000s, the adipose tissue of 
the human heart was considered an innocent and 
somehow irrelevant bystander. This previously 

neglected fat depot emerged to the attention of 
pathologists, clinicians, and scientists only very 
recently [1]. Understanding the anatomy and 
pathology of the cardiac fat depots played a key 
role in highlighting the peculiar features of the 
epicardial fat (EAT) and their clinical implica-
tions. The perception of the potential role of the 
adipose tissue in humans is therefore profoundly 
changed.

�Comparative Anatomy

Anatomy, genes, and metabolic pathways of adi-
pose tissues have been studied from their inverte-
brate origins through lower vertebrates to 
mammals and birds. Comparative studies have 
suggested similarities in anatomical sites of car-
diac fat depot between animals and humans. For 
example, bovine heart presents a large cardiac fat 
resembling the pathological EAT accumulation 
in humans (Fig. 1.1).

Embryologically, EAT has been detected in 
the fetus of sheep [2] and also in mice [3]. 
Primary epicardial cells can be grown from 
embryonic heart tissue explants. The presence of 
epicardial fat in the mouse atrioventricular (AV) 
groove starts around 2 weeks after birth and rep-
resents a unique postnatal aspect of epicardial 
differentiation [3]. Interestingly when human and 
mouse epicardial fat cells are treated with palmi-
tate, the human line showed prominent adipocyte 

Key Points
•	 Epicardial adipose tissue (EAT) is the 

visceral fat depot located between the 
myocardium and the visceral layer of 
the pericardium. No fascia separates the 
EAT from the underlying myocardium; 
the two tissues share the same 
microcirculation.

•	 EAT derives from the splanchnopleuric 
mesoderm, along with mesenteric and 
omental fat.

•	 EAT can be located directly within the 
myocardium or around the coronary 
artery adventitia. EAT is commonly 
found in the atrioventricular and inter-
ventricular grooves.
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differentiation, whereas mouse cells had not. 
Peroxisome proliferator-activated receptor 
gamma (PPARγ) activity is necessary for the 
development of mouse AV EAT [3]. Comparing 
human epicardial adipocytes and myocardium 
with the developmental origins and maturation of 
homologous tissues in mice explains its appear-
ance early in life and much of the contrasts 
between species [3]. Epicardial and pericardial 
fat depots can be also found in mammals, espe-
cially large species, and in large birds, such as 
swans [4] (Fig. 1.2).

Guinea pigs have a small but variable amount, 
and the tissue is well known in domestic live-
stock (sheep, pigs, etc.), but there is little epicar-
dial fat in laboratory rats and mice, so the tissue 
has not been thoroughly studied experimentally. 
The epicardial fat mass is highly variable among 
individuals, especially in nidifugous species such 
as ungulates, and in very lean and emaciated 
animals.

Epicardial fat depot amounts to only 0.02% of 
the total adipose mass and is unrelated to total 
fatness or body mass. The lack of relationship 
between the epicardial adipose tissue and general 
adiposity has been confirmed in human studies, 

in which it was found that body mass index 
(BMI) was not the main determinant of EAT 
thickness [1].

Both epicardial and pericardial adipose tissue 
are found in most lean, healthy wild mammals, 

Fig. 1.1  Bovine heart with large fat accumulation resembling human fatty heart. (From author’s own collection)

Fig. 1.2  Cardiac fat in swan. (From author’s own 
collection)
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especially large species, such as polar artic bears 
(Fig. 1.3), and large birds such as swans (Cygnus 
olor) [5] but are absent in the huge marine turtles 
[6] and probably other lower vertebrates. They 
are selectively spared in starvation, so both ema-
ciated and very lean, healthy specimens may 
have lipid-filled adipocytes only in the cardiac 
and perinodal depots. Interestingly, artic polar 
bears can use the large epicardial depot as fuel of 
energy to the myocardium during their long peri-
ods of hibernation. This is likely an example as 
EAT in some animals can serve as brown fat to 
release heat to the heart in conditions of high 
demand, such as starvation and cold tempera-
tures. As in humans, epicardial adipocytes are 
not bounded by fascia and always adhere tightly 
to the myocardium. In species that naturally 
become obese, no correlation between the 
masses of these depots and those elsewhere in 
the body is found [4].

EAT is minimally represented in murid 
rodents so can be mostly studied experimen-
tally in guinea pigs or larger animals [4, 5]. The 
difficulties of developing commonly used 
experimental animal models have been a limita-
tion in understanding the physiology and patho-
physiology of EAT.  Rodents are generally 
considered to not have much epicardial fat, 
although they have paracardial fat, an anatomi-
cally and functionally different noncardiac fat 
depot. However, more recent studies have 

shown that EAT is actually present in mice and 
can therefore be used as experimental model 
[3]. Using genetic fate mapping approaches, 
Yagamuchi et  al. showed that EAT in mice is 
derived by mesenchymal transformation of the 
epicardium.

While human hearts show a significant amount 
of adipose tissue covering the entire surface or a 
large portion of the ventricles, adult hearts from 
mice and rats show no ventricular EAT and have 
direct contact of the epicardium to the myocar-
dium. EAT in mouse, histologically defined as 
subepicardial, is limited to specific location 
between the atrial and ventricular chambers on 
the dorsal to dorsolateral sides of the heart, also 
known as the AV groove. Remarkably, mouse 
EAT is perfused by coronary vasculature rather 
than from systemic vessels [3]. By performing a 
retroaortic ink perfusion of isolated adult mouse 
hearts, Yamaguchi found an ink perfusion into 
the small vessels of the EAT located in the AV 
groove and into the major and minor coronary 
vessels of the ventricle [3]. This finding is of 
great importance as it confirms the crosstalk 
between the fat and the heart throughout a shared 
microcirculation.

Rodent EAT is not well predictable in amount. 
Given the intrinsic metabolism of EAT is very 
fast in mice, its accumulation is commonly very 
small. The development of experimental mouse 
model of EAT in response to diet is therefore 
challenging. However, Ace22/y mutant mice 
(ACE2KO) were recently used to evaluate EAT 
in response to different diet [7]. Male wild-type 
and ACE2KO mice were fed either a high-fat diet 
or a control diet from weaning to 6  months of 
age. EAT was collected under a stereo micro-
scope after removal of the pericardium and peri-
cardial fat [7].

There is a compelling need for animal models 
to study dynamics of the EAT that could not be 
analyzed in humans, such as pre- and postsurgi-
cal changes. The Ossabaw miniature swine, 
which naturally represents human components of 
metabolic syndrome and coronary artery disease, 
have been used to study EAT [8]. This animal’s 
coronary arterial supply more closely resembles 
that of humans compared to rodent research 

Fig. 1.3  Large cardiac fat accumulation in polar artic 
bear. (From author’s own collection)
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models. Ossabaw pig’s epicardial fat can be visu-
alized macroscopically and potentially surgically 
removed [8].

Sheep, specifically Bluefaced Leicester cross 
Swaledale ewes were used to evaluate postnatal 
changes within the function and development of 
EAT [9]. At 7 days of life, EAT exhibited mod-
ules enriched with genes associated with cardio-
myocyte cell differentiation.

�Human Anatomy

�Embryology

EAT is the fat depot located between the myo-
cardium and the epicardium including the sur-
roundings of the epicardial coronary vessels 
(subepicardial fat), while the pericardial fat is 
located over the extrinsic leaf of the pericar-
dium, corresponding to the tissue located 
within the pericardial sac [10]. EAT and peri-
cardial fat are two different cardiac fat depots. 
Their embryology and vascular irrigation are 
completely different [11]. EAT derives from the 
splanchnopleuric mesoderm, along with mes-
enteric and omental fat. This common embryo-
genesis has been confirmed by genomic studies 
in animals such as chick [12] and mouse [13]. 
Starting at the 4th week of gestation, the heart 
is suspended in a mesh of tubes from its cranial 
and caudal side [5]. The myocardial cells start 
to secret hyaluronic acid (cardiac gel) which 
separates them from the endothelium. The 
mesothelial cells that are located in the septum 
transversum will become part of the epicardium 
once they have migrated near the venous sinus. 
The pericardial fat comes from the thoracic 
mesenchyme which also originates the parietal 
pericardium [5]. The epicardium is the outer 
noncontractile mesothelium of the heart. Once 
formed, the epicardium serves as a source of 
secreted factors that influence mitogenic expan-
sion of the ventricular myocardium and assem-
bly of coronary blood vessels [14, 15]. 
Interestingly, the epicardium is a multipotent pro-
genitor cell population. The epicardium undergoes 
transformation to generate mesenchymal cells that 

first reside in the subepicardial space between the 
epicardium and myocardium [16, 17].

A recent study looked at the gene pathway 
development in human EAT during early life [18]. 
EAT was collected from children, aged from 
6 days to 7 years, with congenital cardiomyopa-
thies who required cardiac surgery [18]. This ele-
gant study highlighted the complexity of the 
processes implicated in the control of thermogen-
esis in EAT of neonates and the way in which 
these gene-to-gene interactions shift towards lipo-
genesis through infancy. Of note, the authors 
noted that EAT in the neonate has limited flexibil-
ity and responsiveness. With aging, epicardial 
adipocytes become more susceptible to environ-
mental factors. These activate transcriptional reg-
ulatory pathways that gradually change epicardial 
fat function from thermogenic to energy storage.

�Microscopic Anatomy

EAT lies between the myocardium and the vis-
ceral layer of the pericardium. Remarkably, no 
fascia (as found on skeletal muscle) separates the 
fat from the underlying myocardium (Fig.  1.4). 
The absence of anatomical separation between 
the fat and the myocardium is unique to EAT. 
EAT can be located directly within the myocar-
dium or around the coronary artery adventitia. 
Hence, its contiguity to the adventitia and the 
absence of muscle fascia suggest the possibility 
of a paracrine or vasocrine crosstalk between 
EAT and the myocardium. Although EAT and 
myocardium share a common blood supply, as 
coronary artery supplies both, a direct microcir-
culatory interconnection between the two tissues 
has not been fully proven, yet. However, there are 
stronger evidences of a microcirculatory connec-
tion between the EAT in the AV groove and the 
coronary wall via vasa vasora [3, 5, 10].

Microscopically, EAT is composed of mainly 
adipocytes, but also inflammatory, stromovas-
cular and immune cells, ganglia, and intercon-
necting nerves [10]. Intrinsic cardiac neurons 
and ganglionated plexuses, containing adrener-
gic and cholinergic neurons, are embedded in 
EAT [19, 20].

G. Iacobellis
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When compared to other visceral fat depots, 
including the pericardial, epicardial adipocytes 
are generally smaller, possibly due to the peculiar 
anatomical location, the larger number of pre-
adipocytes than mature adipocytes, but also due 
to a high-consuming metabolism that may pre-
vent large lipid storage [21]. This latter finding 
may also explain why it is poorly represented in 
fast-metabolic animals such as mice. EAT is gen-
erally thought to be a white adipose tissue. 
However, recent findings suggest epicardial adi-
pocyte may have brown fatlike or beige fat fea-
tures. In fact, small unilocular adipocytes without 
uncoupling protein- 1 (UCP-1) immuno-staining 
have been described in EAT suggesting some his-
tological similarities with those described in vitro 
in beige lineage adipocytes [22].

Beige cells were originally described as a dis-
tinct group of brown adipocytes derived from a 
subpopulation of progenitors in murine predomi-
nantly white subcutaneous fat [23]. Beige adipo-
cytes express low amounts of UCP-1 under basal 
conditions but could be induced to differentiate 
and proliferate in  vivo or in  vitro into mature 
multilocular thermogenically active brown adi-
pocytes with high amounts of UCP-1 after stimu-
lation by cold exposure, drugs such as β3 
adrenergic agents, and PPARγ agonists. These 

cells had a different cellular lineage from classi-
cal, constitutive brown adipocytes in the inter-
scapular fat pad of mice. Human beige fat cells 
have been identified in mesenteric and retroperi-
toneal fat as well as posterior mediastinal fat 
from newborn infants, children, and teenagers, 
and more recently in human EAT.  Adult EAT 
exhibits beige cell characteristics while simulta-
neously expressing low levels of some genes 
typifying white adipocytes [24].

�Macroscopic Anatomy

EAT constitutes a significant cardiac component. 
The heart and great vessels are enclosed by epi-
cardial tissue comprised of a mesothelium cover-
ing fibroelastic tissue corresponding to the tunica 
adventitia. It is important to distinguish the epi-
cardial from the pericardial adipose tissue [11]. 
In fact, the two fat depots are embryologically, 
anatomically, and functionally different. The ana-
tomical difference between epicardial and peri-
cardial adipose tissue depots is clearly depicted 
in Fig. 1.5 [25]. The presence of fatty heart has 
been reported from the eighteenth century [26]. 
In the early nineteenth century, Dr. Latham 
described the case of a patient who died by rup-

Fig. 1.4  (a) Microscopic appearance of the epicardial 
layer in the left ventricle. (b) Microscopic appearance 
of  the epicardial layer in the right ventricle. The arrow 
shows the isles of mature adipocytes. No fascial structure 
divides the epicardial adipose tissue from the underlying 

myocardium. Mature adipocytes are more frequent in the 
right-hand side than the left and might be seen within the 
subepicardic myocardium. Scale bar  =  1  mm. (From 
Iacobellis et al. [10], with permission)
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ture of the heart. In his autoptical examination 
[27], Dr. Latham reported that “the fat in some 
parts occupied the place of the muscular fibers, 
the external layers especially”; he also noted that 
the heart rupture could have occurred “for no 
other reason rather than because the heart is fat.” 
The presence of EAT has been described at the 
end of the nineteenth century. However that first 
observation could not be totally correct. In 1884 
The German anatomist Rindfleisch described an 
abundance of adipose tissue in the ascending 
aorta fold [28]. Rindfleisch reported the presence 
of a previously unrecognized fibrofatty epicardial 
fold on the side of the human ascending aorta, 
and then called the fold of Rindfleisch. Rindfleisch 
hypothesized that the large lobular pads of fat 
enhanced the elasticity of the visceral pericar-
dium and suggested that they played a significant 
role in the pathogenesis of aortic arch aneurysms. 
He also named this apparatus vincula aortae. 
Nevertheless, later in 1927 Davis reported this fat 
depot as periaortic fat, rather than epicardial fat 
that extended from the tunica adventitia [29]. The 
histological and ultrastructural demonstration of 
type I and type II cells similar to those of the 
carotid body suggests that the fold is probably a 

homologue of the mammalian aortic bodies and 
carotid body also enriched in ganglia and para-
ganglia [30–33]. Hence, Rindfleisch’s fold is 
indeed surrounded by adipose tissue, but this 
could be a peri-aortic fat rather than myocardial 
epicardial fat. Also, the fold or plica reflects the 
structure on the aorta depending upon the diam-
eter of the aorta. As soon as the aorta enlarges 
(e.g., in aortic diseases), the fold flattens or disap-
pears and cannot be seen.

EAT is located between the myocardium and 
the visceral layer of the epicardium, whereas the 
pericardial fat is between the visceral and parietal 
pericardium [25]. The pericardial fat is therefore 
situated outside the visceral pericardium, on the 
external surface of the parietal pericardium, origi-
nates from the primitive thoracic mesenchyme, and 
is supplied by non-coronary arteries. EAT is physi-
ologically represented within the human heart and 
is commonly found in the atrioventricular and 
interventricular grooves, but it could expand from 
the epicardial surface into the myocardium as rep-
resented in Fig.  1.6 [10]. EAT fills the adjacent 
atrioventricular groove, surrounding the circumflex 
coronary artery and the coronary sinus.

Recent radiological studies using steady-state 
free precession (SSFP) cardiac magnetic reso-
nance (CMR) imaging showed the presence of 
EAT in anatomical areas of the heart that were 
not previously well described [34]. Excessive 
EAT can deeply infiltrate into the interatrial 
groove. Externally, this fold (also called 
Waterston’s groove) is filled with EAT and con-
tains the artery supplying the sinus node. EAT 
surrounds the fossa ovalis extending superiorly, 
posteriorly, and inferiorly. The presence of EAT 
in the interatrial groove may have important clin-
ical implications in the genesis of arrhythmias. 
Abundant EAT can accumulate between the 
atrioventricular junction and the inferior pyrami-
dal space, also called crux cordis. EAT can accu-
mulate below the atrioventricular junction or 
merge the fat depot within the inferior pyramidal 
space. The inferior pyramidal space includes 
arteries, veins, and nerves [35].

EAT can also be located between the two atrial 
walls in a region called left lateral ridge, a fold 
between the orifice of the left atrial appendage 
and the left pulmonary veins. Remarkably, as 

Parietal
pericardium

Serous
pericardium

Epicardial fat

Visceral
pericardium

Myocardium

Pericardial fat

Fig. 1.5  Schematic of the heart and its fat depots. 
Epicardial fat is located between the myocardium and the 
visceral layer of the epicardium, whereas the pericardial 
fat is between the visceral and parietal pericardium, so it 
is external to the myocardium. (From Iacobellis [25], with 
permission)
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EAT reaches the hinge of the mitral valve posterior 
leaflets, it can serve as electrical insulator between 
left atrium and ventricle [34]. EAT can also cover 
the entire AV groove around the tricuspid valve ori-
fice [36]. An excessive amount of EAT can also 
invade the transverse pericardial sinus, separating 
the aortic sinuses from the atrial walls. The presence 
of EAT in the transverse pericardial sinus helps to 
better understand the aortic-mitral fibrous continu-
ity, as elegantly discovered by Leo et al. [34].

EAT can be further differentiated in pericoronary 
and myocardial epicardial fat [37]. Coronary epicar-
dial adipose tissue is the adipose tissue depot located 
on the surface of the heart, encasing the epicardial 
coronary arteries. Peri-coronary epicardial adipose 
tissue (cEAT) is directly around or on the coronary 
artery adventitia, whereas myocardial epicardial fat 
(mEAT) is the fat depot over the myocardium since 
the two components may be functionally distinct, 
despite their anatomic contiguity. Epicardial blood 
supply comes from the coronary arteries (the same 
microcirculation as the myocardium), while pericar-
dial fat derives from branches of the internal mam-

mary gland. Hence we can summarize that, 
macroscopically, human EAT is located and visible 
on the free wall of the right ventricle, in the left ven-
tricular apex, in the atrioventricular and interatrial 
grooves, around the two appendages, between the 
atrioventricular junction and the inferior pyramidal 
space, around and between the atria walls, directly 
over the myocardium and also following the adven-
titia of the coronary arteries [33, 34, 38].
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Physiology and Cardioprotection 
of the Epicardial Adipose Tissue

Gianluca Iacobellis

�Introduction

Epicardial adipose tissue (EAT) is a peculiar vis-
ceral fat depot with a dichotomous role, either 
physiological or pathological. EAT has cardio-
protective properties and functions. The mecha-

nisms that regulate the balance between 
protective and harmful effects of EAT are not 
clearly understood. Most of the physiological 
properties of the EAT are well preserved in 
healthy individuals. The thermogenic functions 
of the EAT rapidly decreased in the first months 
or years of life, but they remain potentially 
active. The equilibrium between the detrimental 
and beneficial effects is delicate and under the 
influence of several hemodynamic and metabolic 
factors. EAT expresses potential cardioprotec-
tive gene pathways that are downregulated by 
unfavorable local and systemic conditions. 
Otherwise, EAT can upregulate protective genes 
in response to chronic or acute damages. 
Certainly, the physiological role of EAT within 
the heart is complex and not completely explored. 
However, the EAT functions can be grossly dis-
tinguished in nutritional, regulatory, metabolic, 
thermogenic, and mechanical (Table  2.1). 
Because of its anatomical proximity to the heart 
and the absence of fascial boundaries, EAT inter-
acts and modulates the myocardium and coro-
nary arteries through the local and direct 
secretion of bioactive molecules (Fig. 2.1).

G. Iacobellis (*) 
Division of Endocrinology, Diabetes and Metabolism, 
Department of Medicine, University of Miami, 
Miller School of Medicine, Miami, FL, USA
e-mail: giacobellis@med.miami.edu

2

Key Points
•	 Epicardial adipose tissue (EAT) has 

physiological and cardioprotective 
properties.

•	 EAT expresses genes encoding for adipo-
kines, such as adiponectin, adrenomedul-
lin, and omentin, and other pathways with 
potential cardioprotective functions.

•	 EAT serves as a buffer protecting the 
heart against high fatty acid levels, as 
source of energy feeding the myocar-
dium with fatty acids, as brown fat 
defending the myocardium against hypo-
thermia, and as pad protecting abnormal 
curvature of the coronary arteries.
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�Epicardial Fat Nutrifying 
the Myocardium

EAT is actively involved in lipid and energy 
homeostasis, serving as both lipid storage and 
local source of energy by channeling free fatty 
acids (FFAs) to the myocardium [1]. EAT dis-
plays the greatest capacity for free fatty acid 
release and uptake and lower rate of glucose uti-
lization, among any other visceral fat depots. In 
fact, free fatty acid synthesis, rate of incorpora-
tion and breakdown, rates of lipolysis, and 
insulin-induced lipogenesis are higher in EAT 
than in other visceral fat depots [1]. Insulin 
increases the rate of lipogenesis but not that of 
fatty acid incorporation in EAT [1]. Myocardium 
uses and metabolizes free fatty acids from the 
coronary arterial blood, and free fatty acid oxida-
tion is responsible for about 70% of the energy 
production of the heart. Physiologically EAT 
works as a buffer, absorbing free fatty acids and 
protecting the heart against the toxic effect of 
excessively high fatty acid levels. The high basal 
rates of fatty acid incorporation and lipogenesis 
of EAT serve as a rapidly mobilizable energy 
store for the myocardium. Given the proximity to 
the heart, due to the absence of muscle fascia that 
separates the two tissues, FFAs are transported 
from the EAT directly into the myocardium. Free 
fatty acids can diffuse bidirectionally in intersti-
tial fluid across concentration gradients. EAT 

Table 2.1  Cardioprotective properties of epicardial fat

Nutritional
Mobilizable energy store for the myocardium; local 
energy source by channeling fatty acids to the 
myocardium; highest free fatty acid synthesis, 
incorporation, and breakdown; high lipolysis and 
insulin-induced lipogenesis; buffering high fatty acid 
levels to protect the heart
Metabolic
Adiponectin effects: anti-inflammatory, decreased 
expression of adhesion molecules, suppression of 
cytokine production and lipid accumulation in 
macrophages, increase myocardial fatty acid 
combustion
Adrenomedullin effects: vasodilation, antioxidative, 
angiogenic, anti-apoptotic, and anti-inflammatory
Omentin effects: vasodilation, improved insulin 
sensitivity
Expression of glucagon-like peptide-1 receptor 
(GLP-1R), and sodium-glucose cotransporter 2 
(SGLT2)
Thermogenic
Brown fatlike activity via expression of uncoupling 
protein 1 (UCP-1) and other markers of BAT: defend 
the myocardium against hypothermia, white-to-beige 
adipocyte transformation; improve mitochondrial 
signaling genes; regulation of myocardial lipid and 
glucose metabolism; UCP-1-mediated reduced 
inflammation and oxidative stress
Regulatory
Regulation of potassium channel activity, mesoderm 
development, regulation of body fluid levels, wound 
healing, ER nuclear signaling pathway, membrane 
organization, and biogenesis
Mechanical
Mechanical protection against abnormal curvature of 
the coronary arteries

Nutritional

FFAs

Mechanical

EPICARDIAL ADIPOSE TISSUE
(WITH EMBEDDED CORONARY VESSELS)

A
dipokines

Metabolic

Regulatory

Thermogenic
MYOCARDIUM

UCP-1

Fig. 2.1  Graphic depicting how epicardial adipose tissue 
(EAT) modulates the proximal and underlying myocar-
dium through the local and direct secretion of bioactive 

molecules that exert nutritional, regulatory, metabolic, 
thermogenic, and mechanical functions
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also secretes vasoactive factors that regulate cor-
onary arterial tone and so facilitate the FFA 
influx. Fatty-acid-binding protein 4, highly 
expressed in EAT, participates in the intracellular 
transport of FFAs from epicardial fat into the 
myocardium [2]. Compared to subcutaneous adi-
pose tissue, human EAT is rich in saturated fatty 
acids [3], such as myristic acid (14:0), palmitic 
acid (16:0), and stearic acid (18:0), whereas 
unsaturated fatty acids are lower. This profound 
difference in fatty acid composition accounts for 
the different rate of mobilization, deposition, and 
synthesis of FFAs between epicardial and subcu-
taneous fat.

�Epicardial Fat Cardioprotective 
Adipokines

EAT can be considered an endocrine organ. It is a 
metabolically active organ and a source of sev-
eral bioactive molecules that can influence the 
myocardium and coronary arteries [4–6]. EAT 
expresses and secretes a number of cytokines, 
pro- and anti-inflammatory adipokines, vasoac-
tive factors, and growth factors [4–6]. Two major 
mechanisms of interaction between the myocar-
dium and the epicardial fat, i.e., paracrine and 
vasocrine, have been suggested [7, 8]. Paracrine 
release of cytokines from periadventitial EAT 
could traverse the coronary wall by diffusion 
from outside to inside. Given the dense inflam-
matory infiltrate within the human EAT and its 
complex cellularity, it seems reasonable to sus-
pect that cytokines are secreted by different cells. 
Adipokines secreted from epicardial adipocytes 
and stromal and vascular cells may diffuse in 
interstitial fluid across the adventitia, media, and 
intima and then interact respectively with vasa 
vasorum and endothelial and vascular smooth 
muscle cells of the coronary arteries. Alternatively, 
adipokines and free fatty acids might be released 
from epicardial tissue directly into vasa vasorum 
and be transported downstream into the arterial 
wall, in a vasocrine signaling mechanism [7, 8]. 
EAT is enriched in genes coding for cardiopro-
tective adipokines such as adiponectin and adre-
nomedullin, both with potential anti-inflammatory 

and anti-atherogenic properties [9–11]. It is 
unclear how the expression and secretion of these 
adipokines is regulated [12]. EAT might exert its 
cardioprotective effect through adiponectin and 
adrenomedullin secretion in response to local or 
systemic metabolic or mechanical insults. 
Alternatively, it has been suggested that EAT 
cardioprotective adipokine gene and protein 
expression is higher in individuals with lower 
risk of cardiovascular, hypothesizing therefore a 
protective transcriptome reducing the risk of 
major cardiovascular events. However, it is plau-
sible to hypothesize that both mechanisms may 
coexist.

�Adiponectin

Adiponectin, a serum protein of 30 kDa, a mem-
ber of the complement factor C1q family, is pro-
duced and secreted exclusively by adipose tissue. 
Adiponectin may have anti-inflammatory and 
anti-atherogenic properties, and hypoadiponec-
tinemia can play a role in the pathogenesis of 
coronary artery disease [9–11]. Human EAT 
expresses adiponectin, as first discovered by 
Iacobellis et al. [13]. Adiponectin protein expres-
sion was studied in EAT in vivo both in patients 
with severe coronary artery disease and in sub-
jects without normal coronary arteries. Given the 
anatomical proximity, epicardial fat could exert 
its favorable effects on the adjacent coronary 
artery through increased adiponectin production. 
Adiponectin can decrease the expression of adhe-
sion molecules in the endothelial cells in response 
to local inflammation and suppress cytokine pro-
duction and lipid accumulation in macrophages. 
EAT secreted adiponectin which contributes to 
myocardial fatty acid combustion. Unfortunately, 
adiponectin gene and protein expression in 
patients with coronary artery disease is down-
regulated (Fig. 2.2) [13, 14]. The lower EAT adi-
ponectin expression can therefore contribute to 
favor free fatty acid myocardial accumulation 
over combustion. However, is EAT adiponectin 
secreted directly into the intracoronary circula-
tion? Given the absence of anatomical barriers 
separating the fat from the underlying coronary 

2  Physiology and Cardioprotection of the Epicardial Adipose Tissue



12

arteries, this could be assumed. To address 
whether EAT secretosome can be directly trans-
ported into the coronary lumen, plasma levels of 
adiponectin were measured in peripheral vein 
circulation and in left coronary artery during cor-
onary angiography [14]. EAT for adiponectin 
protein extraction was obtained from the same 
subjects with or without coronary artery disease 
who underwent elective cardiac surgery. 
Remarkably, intracoronary plasma adiponectin 
levels significantly correlated with epicardial fat 
adiponectin protein expression (r  =  0.68, 
p = 0.02) in all subjects. The intracoronary adipo-
nectin levels were predicted by both peripheral 
adiponectin levels and EAT adiponectin protein 
expression. It is interesting to note that intracoro-
nary adiponectin levels rapidly and significantly 
increased after coronary revascularization [15]. 
Although these studies could not demonstrate an 
independent correlation, EAT could contribute, at 
least partially, to adiponectin levels in the coro-
nary circulation.

�Adrenomedullin

Adrenomedullin has been indicated to have car-
dioprotective effects, as well as adiponectin. 
Adrenomedullin is a peptide with vasodilating, 
antioxidative, angiogenic, anti-apoptotic, and 
anti-inflammatory properties [16–18]. However, 
the role of adrenomedullin in cardiovascular dis-
eases is not completely understood and results 

are contradictory. Some studies found higher 
whereas others lower adrenomedullin circulating 
levels in subjects with coronary artery disease 
[18–21]. Circulating plasma adrenomedullin lev-
els are upregulated after an acute myocardial 
infarction suggesting an adaptive response to 
modulate myocardial tolerance to ischemia-
reperfusion injury [18–20]. Whether EAT 
expresses adrenomedullin and plays a protective 
role on the coronary arteries mediated by this adi-
pokine was evaluated. Adrenomedullin and its 
receptors are expressed and secreted by the EAT 
[22]. Adrenomedullin proteins were present in 
blood vessel walls and in the stromal fraction of 
EAT. Adrenomedullin could originate from epi-
cardial adipocytes and macrophages infiltrating 
the fat depot [22]. Interestingly it has been sug-
gested that adrenomedullin can increase epicar-
dial adipocyte sizes by inhibiting the 
catecholamine-induced lipolysis [22]. EAT adre-
nomedullin was investigated in different cardio-
vascular conditions, such as heart failure and 
coronary artery disease. Findings of these studies 
seem to be contradictory, although explanatory 
mechanisms may clarify the apparent discor-
dance. Adrenomedullin is related to 11beta-
HSD-1 expression and its expression in EAT was 
higher in subjects with chronic coronary artery 
disease [22]. Higher expression of mRNA encod-
ing for adrenomedullin was observed also in the 
epicardial fat of patients with systolic heart fail-
ure [20]. On the contrary, intracoronary adreno-
medullin concentrations were significantly lower 

1
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Fig. 2.2  (a) Western blot showing higher epicardial adi-
pose tissue (EAT) adiponectin expression in patients with-
out coronary artery disease (CAD), lanes 1–2, as compared 
to that in patients CAD lanes from 3 to 9. Total proteins 
were extracted from frozen EAT collected in patients who 

underwent cardiac surgery. (b) Monoclonal antibody for 
adiponectin (dilution 1:2500) that recognizes the 
C-terminal globular domain of human adiponectin. (© 
Georg Thieme Verlag KG.  From Iacobellis et  al. [14], 
with permission)
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in subjects with coronary ischemic disease than 
in those without [24]. This study failed to demon-
strate that EAT independently contributes to 
intracoronary adrenomedullin levels [24]. 
Coronary sinus adrenomedullin levels were not 
statistically different than those in left coronary 
artery suggesting that adrenomedullin was not 
secreted from EAT into the coronary artery lumen 
[24]. If adrenomedullin was secreted transmu-
rally from epicardial fat into the coronary artery 
lumen, adrenomedullin levels in coronary sinus 
should have been higher than those in arterial 
blood. EAT adrenomedullin expression can be 
upregulated in response to acute hypoxemia, 
such as in myocardial infarction or acute heart 
failure [18–20, 23]. By the contrast, the chronic 
hypoxic insult can progressively downregulate 
epicardial fat adrenomedullin secretion and so 
explain the lower plasma concentration in 
advanced stages of coronary artery disease [21, 
24]. Undoubtedly, EAT is a source of adreno-
medullin under pathological conditions. 
However, epicardial fat adrenomedullin secretion 
is regulated by coronary status and other hemo-
dynamic factors that can differently affect its cir-
culating levels.

�Omentin

Omentin-1, another adipocytokine mainly 
expressed in visceral adipose tissue, displays also 
cardioprotective functions by inhibiting the 
inflammatory response and improving insulin 
resistance. Omentin is closely associated with 
adiponectin. Remarkably, omentin treatment 
increases adipogenesis-induced adiponectin lev-
els on stromal cells of epicardial fat [25]. EAT 
expresses omentin-1 gene but the mRNA levels 
are lower in patients with coronary artery disease 
[26]. Interestingly EAT omentin-1 expression 
was lower in fat depot adjacent to coronary ste-
notic segments than in that proximal to non-
stenotic segments [26]. However, results are not 
univocal. In fact, omentin expression in the EAT 
was found higher in nonobese patients with coro-
nary artery disease [27] and affected by type 2 
diabetes [28].

�Epicardial as Brown Fat

Brown adipose tissue generates heat, nonshiver-
ing thermogenesis, in response to cold tempera-
tures and activation of the autonomic nervous 
system. Brown fat dissipates energy through 
uncoupling protein (UCP)-1-mediated heat pro-
duction. Brown fat is also a secretagogue depot. 
Brown fat secretosome can locally and systemi-
cally influence fuel and energy metabolism. 
However, the role of brown fat in humans is 
unclear. Activation of brown fat can increase 
energy expenditure, reduce adiposity, and 
improve insulin sensitivity, glucose, and lipid 
metabolism. Brown fat activation would be the 
ideal fat burner and therefore weight loss media-
tor, but unfortunately most of the brown fat is 
lost in the transition from infancy to adult life in 
humans. Brown fat was first identified in hiber-
nating animals and newborns. More recent stud-
ies found brown fat or brown fatlike, also called 
beige, adipocytes also in adult humans. Brown 
adipose tissue could be further categorized as 
visceral and subcutaneous [29, 30]. Visceral 
brown fat is represented around the heart and the 
vessels. Visceral brown fat can be located around 
the aorta, common carotid artery, brachioce-
phalic artery, and anterior mediastinum internal 
mammary artery. Clinically, a significant uptake 
of 18F-fluorodeoxyglucose (18F-FDG) by the 
heart suggested that brown adipose tissue may 
lie close to the heart or directly within the myo-
cardial tissue [31]. Brown fat can be visualized 
also around the kidneys, adrenals, liver, and pan-
creas. It is of interest to report that the mRNA 
expression of adiponectin was found signifi-
cantly higher in brown adipose tissue than in 
white adipose tissue surrounding pheochromo-
cytoma and that catecholamine and serum adipo-
nectin levels significantly correlated with brown 
fat markers and adiponectin mRNA levels [32]. 
Subcutaneous brown fat includes depots located 
between the anterior neck muscles, in the supra-
clavicular fossa posterior to the brachial plexus, 
under the clavicles, in the axilla, and in the 
inguinal area [29, 30].

Human EAT also displays brown fat fea-
tures and properties, as recently discovered by 
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Sacks and colleagues [33–35]. Histologically, 
EAT should better defined as beige fat [35]. In 
fact, small unilocular adipocytes without 
UCP-1 immunostaining are described in EAT 
(Fig.  2.3). Hence, epicardial adipocytes dis-
play histological similarities with in  vitro in 
beige lineage adipocytes [35]. Brown fat-spe-
cific gene UCP-1 and other brown fat regula-
tory genes, such as brown adipocyte 
differentiation transcription factors 
PR-domain-missing 16 (PRDM16) and peroxi-
some proliferator-activated receptor gamma 
coactivator-1 alpha (PGC-1α), were all highly 
expressed in human EAT [34]. PRDM16 and 
PGC-1α regulate the transformation of brown 
adipocyte precursors into their mature cellular 
forms containing UCP-1  in humans. UCP-1 
was found significantly higher in human EAT 
as compared to other fat depots and basically 
undetectable in subcutaneous fat [34]. EAT 
UCP-1 expression increased with body mass 
index and was similar in women and men, 
whereas it was not influenced by statin or thia-
zolidinedione therapy [34]. In cases of hypo-
thermia, chronic exposure to cold promotes 
EAT PGC-1α activation, a key mediator of the 
white-to-beige adipocyte transformation [34].

While age seems to have only a minimal or no 
effect on EAT volume or thickness in humans, 
the brown fat activity of EAT changes and 
decreases with aging [35]. The structure and 
architecture of EAT differs among the neonate, 
infant, and child, with profound regulatory 

effects on UCP-1, as nicely described by Ojha 
et al. [36]. In their study, the authors noted that 
epicardial fat can maintain a good number of 
UCP1-positive cells into childhood. Autoptic 
studies confirmed histological evidence of brown 
fat in the pericardium and EAT in human infants 
and children under 10 years [29, 30]. The pro-
portion of brown adipocytes decreases in favor 
of more unilocular white adipocytes in subjects 
older than 25 years. This suggests the transition 
from brown to beige fat features of EAT in adult 
life. To evaluate the loss of brown adipocytes 
with age and maturation, the presence of UCP1 
was analyzed within the EAT and other adipose 
tissues in young sheep during the first month of 
life [37]. The authors found that UCP1 abun-
dance was reduced by 28 days of age, although 
UCP1 signal remained in the EAT as compared 
to the other fat depots [37].

All together, these findings suggest that under 
physiological conditions EAT displays brown fat 
like activity to protect the myocardium against 
hypothermia. However, the role of EAT to serve 
as brown fat to the myocardium is still unclear. 
EAT is thought to provide direct heating to the 
myocardium and protect the heart during a drop 
in core body temperature or during unfavorable 
hemodynamic conditions, such as ischemia or 
hypoxia.

If this is correct, brown fatlike activity of EAT 
would be either up- or downregulated in 
advanced coronary artery disease. Upregulation 
would be anticipated as compensatory response 
to the chronic hypoxic insult whereas downregu-
lation would be expected as consequences of the 
fibrotic and apoptotic involution that EAT may 
suffer in end-stage organ disease, as suggested 
by McAninch et al. [38]. Nevertheless results are 
controversial and not yet conclusive. In fact, 
UCP-1 expression was similar in patients with-
out and with severe coronary atherosclerosis in a 
single study [34]. However, an alternative path-
way has been recently proposed. Singh et  al., 
using a genetic approach and heatmap, identified 
other possible cardioprotective pathway genes 
involving PGC-1α for evaluation of their effects 
to attenuate heart failure in both mice and 
humans. Interestingly, the authors suggested a 

Fig. 2.3  Epicardial histology section from patient show-
ing the small and unilocular epicardial adipocytes. (From 
Sacks et al. [35], with permission from Oxford University 
Press)
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role of the epicardial fat heme oxygenase-1 
(HO1) PGC-1α in modulating the inflammation, 
mitochondrial activity, and left ventricle func-
tion [39]. PGC-1α and PRDM16 are the major 
inducers of adipocyte browning and thermogenic 
activation of brown fat. This study highlights the 
role that EAT PGC-1α and HO-1 can play in 
mitochondrial function and biogenesis. Singh 
et  al. have shown that humans with heart dis-
eases have a reduction of HO-1 PGC-1α and 
PRDM16 in EAT compared to visceral controls, 
with reciprocal increases in pro-inflammatory 
cytokines. Remarkably, the increase in brown fat 
and mitochondrial signaling genes was associ-
ated with a decrease in inflammatory adipokines 
in EAT and an improvement in left ventricular 
function in obese mice. Of note, EAT was highly 
enriched with KCNK17, overexpressed in human 
brown fat in comparison to white fat [40].

Interestingly, potential UCP-1-mediated car-
dioprotective function of EAT may be not only 
related to the myocardial thermoregulation. In 
fact, recent transcriptomic analysis of different 
fat depots confirmed that EAT has a unique 
UCP-1 signature profile and the higher UCP1 
expression in EAT was associated with a down-
regulation of T cell-related immune pathways, 
such as T cell receptor signaling, iCOS-iCOSL 
signaling in T helper cells, Th2 pathway, T helper 
cell differentiation, calcium-induced T lympho-
cyte apoptosis, and B cell receptor [41]. 
Upregulation of UCP1 in EAT was also associ-
ated with a downregulation of TNFα and reactive 
oxygen species [41].

So it is plausible to think that epicardial fat 
may function like brown fat to defend the heart 
against hypothermia and possibly again inflam-
mation and oxidative stress. While EAT turns 
into a beige fat depot in adult life, it retains the 
genetic and cellular potential to switch on its 
early brown fat activity. In fact, UCP-1 expres-
sion was present and abundant in epicardial of 
adult humans [34]. EAT may adapt itself to dif-
ferent metabolic circumstances and function as 
brown-like or beige fat depot as needed. However, 
this fascinating hypothesis requires further 
investigations.

�Epicardial Fat Regulatory 
Transcriptome

Microarray study showed the human EAT is 
also highly enriched in genes encoding for fac-
tors and proteins that play a regulatory function 
of the heart morphology and structure [38]. 
Epicardial and subcutaneous fat samples were 
obtained from patients undergoing cardiac sur-
gery and evaluated using Genechip Human 
Gene 2.0 ST arrays (Affymetrix, Santa Clara, 
CA, USA). EAT was highly enriched in gene 
coding for potassium channel activity, meso-
derm development, regulation of body fluid lev-
els, wound healing, ER nuclear signaling 
pathway, membrane organization, and biogen-
esis as compared to subcutaneous adipose tis-
sue collected from the same subject. ADORA1 
coding for receptor implicated in cardioprotec-
tion in the face of ischemia was also upregu-
lated in human EAT [38, 42].

�Epicardial Fat Mechanical 
Cardioprotection

In addition to its important metabolic and 
thermos-energetic properties, EAT has the 
mechanical function of protecting the coro-
nary artery against the torsion induced by the 
arterial pulse wave and cardiac contraction 
[43]. Positive vessel remodeling was evaluated 
in 147 patients by using intravascular ultra-
sound (IVUS). IVUS identification of septal 
branches, which emerge on the side of the ves-
sel opposite the pericardium, can be used to 
divide the plaque into a myocardial and peri-
cardial surface. As they are unimpaired by 
myocardial extravascular resistance, lesions 
facing the pericardium undergo a vessel 
expansion that is also favored by the permis-
sive role of EAT. There is a possibility that a 
rim of fat tissue separates the proximal left 
anterior coronary artery from the underlying 
myocardium. This is an anatomical variant but 
it is unlikely to contrast the splinting effect of 
the myocardium during systole.
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�Effect of Aging and Gender 
on Epicardial Fat Cardioprotection

As physiological process, aging may also influ-
ence the function of EAT.  This seems to occur 
more in female than in male, as recently sug-
gested. A study showed decrease in EAT-secreted 
both pro- and anti-inflammatory cytokines in 
older female rather than in older male rats [44]. 
Another study in rats found profound changes in 
the expression profile of obesity-related genes in 
EAT with aging in female, but not in male [45]. 
These changes could be attributed to differences 
in hormonal control, adipocyte remodeling, 
endothelium changes, or macrophage infiltration 
between female and male rats [46]. A very recent 
study confirmed the transition from brown to 
white fat at 2 weeks of age in EAT of fetus lambs 
and showed the effect of maternal cortisol on epi-
cardial fat maturation [6].

In humans, the effect of aging on EAT has 
been not well investigated, but it could affect its 
thermogenic properties, as previously discussed. 
If these results would be confirmed in humans, 
the detrimental effect of aging on female EAT 
may contribute to the higher cardiovascular risk 
in postmenopausal women.
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�Introduction

Adipose tissue is mainly composed of adipo-
cytes. Adipocytes are specialized cells that store 
energy as lipids and triglycerides in a vacuole. 
Based on appearance in histological analysis, 
adipose tissues are classified as white, brown, or 
beige. Adipose tissues are subdivided into sub-
cutaneous and visceral based on their anatomical 
location [1]. Subcutaneous and visceral fat are 
further subdivided according to location [1]. In 
the white adipocyte tissue (WAT), the adipocytes 
store lipids in a central vacuole that pushes the 
nuclei and the rest of the cytoplasm to the periph-
ery of the cell. Depending of the size of the vacu-
ole, these cells can increase in size from 30 to 
230 microns. Based on the energy needs of the 
body, adipocytes can also synthesize fatty acids 
and release them to the bloodstream and are 
therefore located in close proximity to capillar-
ies and other blood vessels. Brown adipose tis-
sue (BAT) consists of smaller adipocytes [15–60 
microns] which contain lipid droplets in multiple 
small vacuoles. They have larger cytoplasm, 
nuclei, and mitochondria that give them a dis-
tinct color. BAT is abundant in the fetus, human 
newborns, and hibernating animals. Production 
of heat by the mitochondria is considered to be 
the main role of BAT and can be regulated by 
extensive sympathetic innervation within the tis-
sue [2]. Beige adipocytes are brown-like adipo-
cytes that can appear in between white adipose 

Key Points
•	 Epicardial adipose tissue (EAT) 

expresses a unique set of genes setting it 
apart from other human adipose tissues.

•	 Transcriptomic and proteomic studies 
show that EAT is a local source of adi-
pokines with paracrine influence on the 
myocardium due to the intimate micro-
circulation shared by both tissues.

•	 EAT displays a unique pro-inflammatory 
and thermogenic gene signature.
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depots. These cells also have thermogenic func-
tion like BAT and can be induced in deposits of 
WAT by certain physiological conditions like 
cold temperatures or exercise [3]. Adipose 
depots serve as energy supply due to their ability 
to release fatty acids into the blood stream as 
needed for energy. However, adipose tissue can 
also serve as an insulator and give mechanical 
protection to the underlying tissue by acting as a 
cushion. Furthermore, adipose tissue serves 
endocrine and paracrine functions which were 
relatively overlooked until the discovery of adi-
pokines (such as tumor necrosis factor α (TNF-
α), leptin, adipsin, and adiponectin) that are 
produced and secreted by adipose tissue and 
modulate numerous physiological processes [3, 
4]. Epicardial adipose tissue [EAT] is derived 
from the splanchnopleuric mesoderm that 
evolved during embryogenesis [5–8]. It is inti-
mately located on the myocardium and coronary 
arteries without separation by a fascia. This tis-
sue has a beige phenotype and is composed of 
small adipocytes, fibroblasts, immune cells, vas-
culature, and neural cells [6]. This heteroge-
neous tissue was historically viewed as a 
pathological fat deposit with no functional role. 
Recent proteomic studies and the rise of high-
throughput sequencing technologies have now 
led to discoveries suggesting this to be far from 
the truth, providing great new insight into the 
physiological role of EAT.

�Epicardial Fat Transcriptomics 
in Animals and Humans

Studies investigating EAT function have adopted 
numerous cellular and animal models. Studies of 
a diverse group of wild and domesticated animals 
have shown that EAT is present in many small 
mammals including guinea pigs, rabbits, mon-
keys, and cats, as well as in many large mammals 
like horses, whales, and humans [9]. The pres-
ence of EAT has also been found to be unrelated 
to the leanness of the animal. The best EAT ani-
mal model is the guinea pig, as they have epicar-
dial fat next to the myocardium that increases in 
size with age, similar to humans. Additionally, 

they have a relatively low cost of maintenance in 
comparison to larger animals [10, 11]. Several 
gene expression studies have been done in larger 
animals such as pigs [12–15], but the cost of 
maintaining large animals in conjunction with 
their longevity can be limiting. Mouse models 
with all their available genetic tools would be 
ideal, but gene expression studies in mice are 
limited due to the small size or lack of EAT; 
therefore, genetically obese models like Zucker 
rats are typically used [9, 14, 16]. Mice can be 
induced to develop EAT by promoting the expres-
sion of the peroxisome proliferator-activated 
receptor-γ [PPARγ] which induces epithelial-to-
mesenchymal transition, suggesting that a similar 
mechanism might occur for the development of 
EAT in humans and other mammals, but this has 
not been fully demonstrated [17].

The use of tissue explants or conditioned 
media from EAT is another approach to study the 
function of EAT [11, 18–23]. The disadvantage 
of tissue explants is that once the tissues are 
removed from their natural environment, their 
gene expression profile can change significantly. 
Using conditioned media from explants has been 
particularly useful for studying the effect of EAT 
on myocytes in cell culture systems. Additionally, 
human tissue recovered from autopsies has also 
been used to study EAT [24]. Unfortunately, 
postmortem studies are limited and difficult to 
interpret. The cause of death and the time of sam-
ple collection can lead to deterioration of the 
sample, which can yield low-quality RNA and 
may even cause a change in expression profiles, 
thus making gene expression studies difficult to 
execute.

The most common method to study EAT in 
humans is the use of biopsies collected during 
elective cardiovascular surgery. These biopsies 
are often compared with other adipose tissues 
collected from the same individual or between 
groups of differing pathologies. These approaches 
have been very useful to our understanding of 
EAT, but caution should be taken when interpret-
ing results since healthy people do not undergo 
cardiovascular surgery. Moreover, factors such as 
the type of surgery, anesthesia, the time of biopsy 
collection, or the anxiety and medication used 
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before surgery can alter EAT gene expression 
patterns [25–29].

�Unique Gene Expression 
in Epicardial Fat

The initial work of the Caroline M. Pond lab at 
the end of the 1980s characterizing EAT sug-
gested that this adipose tissue is different from 
other adipose tissues [9]. EAT has an increase in 
the uptake and release of fatty acids compared to 
other adipose tissues, and the size of adipocytes 
is significantly smaller [9, 30]. These phenotypic 
changes suggest that EAT would have a different 
transcriptomic profile from other adipose tissue. 
In 1995 the obese gene leptin [LEP] was found to 
be expressed at different levels in adipose tissues 
from different parts of the body [31]. By the 
beginning of the 2000s, it was clear that there 
was a regional difference in the gene expression 
of adipose tissue and that EAT may exhibit 
unique transcriptomic properties [32, 33].

The first exploration of gene expression in 
EAT was done at a single-gene level through 
qPCR. The majority of these studies investi-
gated the expression of adipokines. One early 
study investigated the expression of adipokines 
in EAT compared to subcutaneous adipose tis-
sue (SAT) from patients after coronary artery 
bypass grafting (CABG) surgery [34] (Fig. 3.1). 
In this study, it was found that EAT expresses 
IL-1β, IL-6, TNF-α, and MCP-1 at higher lev-
els than subcutaneous fat. In 2005, adiponectin 
was found to be expressed in EAT and is thought 
to be the source of adiponectin found in coro-
nary circulation [35, 36]. Despite the constitu-
tive expression of adiponectin in EAT, levels 
are low in comparison to the levels in other adi-
pose tissues like SAT or omental adipose tissue. 
The expression of adiponectin in EAT can 
decrease further under certain conditions like 
coronary artery disease (CAD) [35, 37–40]. 
Resistin, another adipokine, was found to be 
expressed in EAT along with CD45 (inflamma-
tory cell marker) and t-PA (endothelial cell 
marker) [37]. Other adipokines also found to be 
expressed in EAT include visfatin, leptin, 

omentin, RANTES (the protein encoded by the 
CCL5 gene), adrenomedullin, natriuretic pep-
tide receptor, PPAR-gamma, and SFRP4 [39, 
41–44]. Cellular pathways activated by adipo-
kines are subsequently found to be upregulated 
in EAT.  Inflammatory pathways like 
NF-kappa-B (NFκB) and c-Jun N-terminal 
kinases (NFκB, IkK, IKK-β, JNK-1 and 2) were 
found to be upregulated in the EAT of patients 
with CAD compared to the EAT of patients 
without CAD [45].

Proteomic approaches followed qPCR. 
Using these approaches, it was found that pro-
teins involved in the oxidative stress pathway 
were upregulated in EAT relative to SAT [46]. 
It was suggested that due to its proximity to 
myocardium, EAT is under higher oxidative 
stress and this might drive its inflammatory 
response. Another mechanism that could 
explain increased oxidative stress in EAT is the 
AGE-RAGE pathway, which has also been 
shown to have higher expression in EAT com-
pared to SAT [47]. Pathways that regulate lipid 
metabolism are also activated in EAT but at a 
lower level than in SAT [48].

EAT has been found to express uncoupling 
protein 1 [UCP1], a thermogenic protein also 

Fig. 3.1  EAT is collected (average 0.5–1 gram) during 
cardiothoracic surgeries. EAT samples are usually 
obtained near the proximal segment of the right coronary 
artery, deep to the visceral layer of the pericardium prior 
to the patients being placed on-pump. SAT samples can be 
obtained from the median sternotomy site. Each tissue 
sample is immediately frozen over dry ice and then stored 
at −80  °C until processing for RNA analysis. Fresh fat 
sample is used for flow cytometry
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considered to be a brown adipocyte marker [49]. 
Further studies confirmed the high expression of 
UCP1  in EAT along with other thermogenic 
markers like Prdm16, Cpt1b, Ppargcla, and 
Cox4iL [23]. Other brown adipocyte markers like 
Zicl and Lhx8 were not detectable in EAT, while 
beige markers TBX1, SLC36a2, TMEM26, 
P2rx5, and Tnfrsf9 were expressed [23]. These 
markers suggests that EAT is a beige fat and gives 
support to the hypothesis of epicardial adipogen-
esis by mesenchymal transformation induced by 
PPAR γ activation [17, 23]. Genes involved in 
autophagy and unfolded protein response (UPR) 
were found to have high expression in EAT com-
pared to SAT, such as GRP78, GRP94, ERN1, 
PERK, CEBE, mTOR, BECN1, PINK1, and 
BIM [50].

Several studies have investigated the secre-
tome, or the repertoire of all secreted molecules, 
of adipocytes from both EAT and SAT using tis-
sue explants. Apolipoprotein A-1, fatty acid bind-
ing protein (FABP), orosomucoid, resistin, actin 
A, FABP4, apolipoprotein A1, and S100A9 were 
found to be released from EAT [18, 19, 51–55, 
56]. EAT was found to express pregnancy-associ-
ated plasma protein-A (PAPP-A) at 15 times the 
level of SAT.  PAPP-A enhances insulin-like 
growth factor (IGF) action through cleavage of 
IGF binding-protein 4 (IGFBP4). Addition of 
PAPP-A to the culture of human cardiomyocyte 
cell lines subsequently induced IGF signaling, 
indicating that PAPP-A secretion from EAT can 
induce IGF signaling in the heart [57]. 
Additionally, the expression and secretion of 
genes involved in inflammatory response was 
high in EAT compared to SAT, consistent with 
transcription studies [22]. Moreover, a reduction 
in adiponectin expression after stimulation with 
high glucose and macrophage conditioned media 
was found in EAT, but not in SAT [20].

Later studies investigated large numbers of 
genes through the use of microarray technology. 
The first microarray study found 73 genes upreg-
ulated and 94 genes downregulated in EAT of 
patients with CAD in comparison to SAT. In the 
same study of CAD patients, EAT was found to 
have only 23 genes upregulated in comparison to 
mediastinal adipose tissue (MAT), an adipose tis-

sue that displays characteristics of brown adipose 
tissue. This experiment indicated that the EAT 
expression profile is more closely related to MAT 
than SAT.  Analysis of the biological pathways 
found that genes upregulated in EAT in compari-
son to SAT were involved in cardiotoxicity, hepa-
totoxicity, and nephrotoxicity. Of particular note, 
ADORA1 is involved in myocardial ischemia 
and prostaglandin D2 involved in atherosclerosis, 
both of which are upregulated in EAT [58].

A 2013 microarray study looked into the dif-
ference between EAT, SAT, and omental adipose 
tissue (OAT) in patients with CAD [59]. In EAT, 
55 genes were found upregulated in the inflam-
matory and immune response, confirming the 
previous observations that found these pathways 
to be preferentially expressed in EAT [59]. One 
important finding was a high expression of ser-
glycin (SRGN) in EAT. Using adipocyte mouse 
cell lines, this group further confirmed that ser-
glycin was secreted from the adipocytes and that 
TNF-α can stimulate its secretion.

A microarray study in 2015 confirmed that 
EAT is an inflammatory tissue and that in com-
parison with SAT, it has high expression of gene 
involved in endothelial function, coagulation, 
immune signaling, potassium transport and apop-
tosis and lower expression of genes involved in 
protein metabolism, oxidative stress, and TGF-
beta signaling [60] (Fig. 3.2).

Microarray analysis has been used to deter-
mine whether different regions of adipose depots 
in EAT can have differential gene expression 
[61]. This study assessed gene expression in the 
preatrial, peri-ventricular, and pericoronary EAT 
from a large population of 40 individuals. They 
found first that globally EAT when compared 
with SAT matches the gene expression a beige 
fats because of the upregulation of genes 
involved in cell-cell interaction, oxidative phos-
phorylation, and cardiac muscle contraction 
[61]. Genes involved in the peroxisome prolifer-
ator-activated receptor (PPAR) gamma signaling 
and fatty acid metabolism were downregulated 
[61]. Using gene ontology analysis, they also 
found extracellular matrix remodeling, thrombo-
sis, and inflammatory processes to be high in all 
EAT compared to SAT. Additionally, they found 
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a subset of genes to be enriched in EAT from 
each region. A total of 622 genes were preferen-
tially expressed in peri-ventricular EAT includ-
ing UCP1 and genes involved in inflammation. 
Peri-atrial EAT had 2571 preferentially expressed 
genes including genes involved in oxidative 
phosphorylation, cell adhesion, cardiac muscle 
contraction, and intracellular calcium signaling. 

Peri-coronary EAT had 1170 genes preferen-
tially expressed, many involved in proliferation, 
O-N- glycan biosynthesis, and sphingolipid 
metabolism. The differences reported indicate 
the there is a specific signature in the transcrip-
tome of EAT in comparison to SAT. Additionally, 
each fat depot within the EAT has its own spe-
cific gene expression suggesting that the role of 

Fig. 3.2  Heat map of the 50 most enriched genes in EAT 
samples compared with SAT samples. Heat mapping 
demonstrates the unique transcriptome of EAT.  Gene 
expression values are represented as colors (red, increased 
expression; blue, decreased expression) with the degree of 
color saturation indicating the degree of expression. As 
compared to SAT from the same subject, EAT is enriched 

with genes involved in endothelial function, coagulation, 
immune signaling, potassium transport, and apoptosis. 
Heat map generated by Broad Institute’s Gene Set 
Enrichment Analysis. EAT, epicardial adipose tissue; 
SAT, subcutaneous adipose tissue. (From McAninch et al. 
[60], with permission from John Wiley)
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the EAT varies depending of where it is located 
around the heart [61].

In 2016 a study was published using microar-
ray to investigate the expression of miRNA in 
EAT [62]. In comparison to SAT, EAT was found 
to have a miRNA expression pattern that indi-
cates that it is pro-inflammatory and highly meta-
bolically active [62]. In patients with CAD, EAT 
was found to have an altered miRNA profile with 
a downregulation of genes involved in lipid 
metabolism, mitochondrial function, nuclear 
receptor transcriptional activity, and an upregula-
tion of miRNAs involved in antigen presentation, 
chemokine signaling, and inflammation. For 
example, miR103 3p was found to be a modula-
tor of CCL13 in EAT [62].

While microarrays have proven very useful, 
they are limited to only a predetermined set of 
probes that correspond to a selected group of 
genes. Whole transcriptome sequencing [RNA-
seq] technology allows for unbiased quantifica-
tion of transcripts expressed in tissue. In 2017, 
an RNA-seq study compared the transcriptomes 
of EAT and SAT in a small set of patients with 
and without type 2 diabetes mellitus (T2DM) 
[63]. The SAT between diabetic and nondiabetic 
patients had only 3 differential transcripts, indi-
cating that T2DM did not significantly alter the 

transcriptome of SAT.  In contrast, 592 genes 
were found to be differentially expressed in 
EAT between the diabetic and nondiabetic 
patients. Gene enrichment analysis found an 
upregulation of genes involved in many inflam-
mation-related pathways in diabetic EAT, 
including inflammatory response, cytokine pro-
duction, leukocyte migration, NF-κB, JAK-
STAT, and AGE-RAGE (Fig.  3.3). This large 
change in gene expression might be explained 
by changes in expression of a set of transcrip-
tion factors which can drive massive transcrip-
tomic changes [63]. Fifty transcription factors 
were found to be differentially expressed 
between diabetic and nondiabetic EAT, includ-
ing members of the NF-κB family (RELB, REL, 
NFκB1, and NFκB2) and FOS family (FOSL1 
and FOSL2) [63] (Fig.  3.4). Additionally, 
numerous adipokines and adipokine receptors 
were found to be upregulated. Surprisingly, 
there were no observed changes in genes related 
to oxidative stress. This study demonstrates that 
the transcriptome in EAT is markedly different 
from that in SAT, especially in pathological 
states such as diabetes. It also indicates that 
there is an increase in inflammation, innate 
immune response, and endothelium damage in 
diabetic patients (Fig. 3.5) [63].

a b c

Fig. 3.3  Gene set enrichment analysis of EAT in diabetic 
samples. (a) Genes in the NF-κB pathway are signifi-
cantly enriched in diabetic samples, NES  =  −1.42, 
FDR = 0.034. (b) Genes in the adipokine database are sig-
nificantly enriched in diabetic samples. NES  =  −1.39, 
FDR = 0.029. (c) Genes in the AGE-RAGE database are 
significantly enriched in diabetic samples. NES = −1.47, 

FDR  =  0.042. GSEA,  gene set enrichment analysis; 
NES, normalized enrichment score; FDR, false discovery 
rate; NF-κB,  nuclear factor-κB; AGE-RAGE,  advanced 
glycation end-products-receptor advanced glycation end 
products. (From Camarena et  al. [63], with permission 
from Elsevier)
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UCP1 has been reported to affect the meta-
bolic activity of EAT. UCP1 is the gene for ther-
mogenin, found in the mitochondria of BAT and 
responsible for the generation of heat. A 2019 
RNA-seq study compared the transcriptome of 
EAT with high UCP1 expression to the transcrip-
tome of EAT with low UCP1 expression [23, 
64]. The EAT from patients with high UCP1 
exhibited a low level of expression of genes in 
immune-related pathways [including T-cell 

homeostasis] and had lower production of reac-
tive oxygen species. These results suggest a 
reciprocal relationship between UCP1 and adap-
tive immunity.

Another method for investigating differ-
ences between EAT and SAT is to study the 
lipid profile which is consequently influenced 
by the transcriptomic profile of the cell through 
proteins. One study used liquid chromatogra-
phy–mass spectrometry to investigate the lipid 
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profile of SAT and EAT.  They found a lower 
content of triacylglycerols (TAGs) and glycero-
phosphatidylethanolamine (Pes), but a higher 
content of glycerophosphocholines (PCs) in 
EAT. These lipid types are generally found in 
protective adipose tissues rather than in ones 
that are traditionally used for energy storage. 
This suggests a protective function of EAT for 
sheltering the heart against lipid overload, 
whereas the SAT is thought to be a depot of 
energetically rich lipids [65].

In summary, EAT has a unique gene expres-
sion profile that distinguishes it from other adi-
pose tissues. It has a beige phenotype, with small 
adipocytes and a stroma made of other cells 
including immune cells, endothelial cells, fibro-
blast, and nervous cells. The expression profile 
differs not only from other fat deposits in the 
body but also between different fat deposits 
around the heart. Newer technologies such as 
high-throughput sequencing allows for detailed 

investigation of the whole transcriptome. 
Furthermore, profound changes in gene and pro-
tein expression have been found to occur in dis-
ease states such as diabetes or CAD.

�Epicardial Fat Paracrine/Endocrine 
Function

One of the unique aspects of EAT is that in addi-
tion to protecting underlying tissue and providing 
metabolic support for the heart, it also has unique 
endocrine and paracrine functions [18, 36, 42, 
45, 66–69]. From the first initial investigations 
into EAT gene expression, it has been 
demonstrated that EAT is a source of adipokines, 
which can serve both endocrine and paracrine 
functions [26, 34, 35, 37–40, 70]. Paracrine, or 
local effects, will have a direct impact on the 
heart for two main reasons: (1) EAT touches the 
myocardium and lacks a fascia to separate the 
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tissues as normally happens in other parts of the 
body, and (2) the EAT is also supported by coro-
nary circulation that irrigates the heart [7, 9, 71, 
72]. Evidence of local diffusion of adipokines 
has been found in studies correlating EAT gene 
expression with levels of adipokines found in 
both global plasma collected in major veins and 
the local plasma collected in the coronary arteries 
[36, 42, 43, 68, 69, 73–75].

One of the adipokines with paracrine effects is 
activin A, which is released from EAT. Activin A 
has been found to induce the expression of cer-
tain microRNAs in cardiomyocytes including 
miR-143, which has been found to block insulin 
signaling by reducing the insulin-induced AKT 
phosphorylation [52]. Another secreted adipo-
kine is orosomucoid, which has been shown to 
increase endothelial proliferation [55]. Further 
release of orosomucoid can be caused by treat-
ment with isoproterenol, suggesting that the 
innervation of EAT can influence the release of 
adipokines [55].

Some adipokines have also been shown to 
exhibit endocrine effects. Examples include 
neuromedin U, which regulates blood pressure 
among other functions. Chemokine ligand 5 
(CCL5 or RANTES) and secreted frizzled-
related protein (SFRP4) are both adipokines 
with endocrine function that have been found to 
be expressed in EAT and are both involved in 
metabolic syndrome [42, 44, 76]. The hormones 
secreted from the EAT have also been found to 
be important for the migration of monocytes 
and adhesion of those monocytes to endothelial 
cells [19].

The secretion of adipokines has been found to 
change in disease states such as diabetes and 
CAD. Resistin, among other proteins, was found 
to be secreted at higher levels from the EAT of 
patients with CAD [18]. Furthermore, the condi-
tioned media from EAT explants from CAD 
patients was found to increase endothelial cell 
permeability in culture more than conditioned 
media from EAT explants from patients without 
CAD [18]. Despite having similar levels of 
APOA1 RNA transcripts, the EAT from patients 
with CAD was found to release significantly less 
APOA1 protein than the EAT from healthy 

patients [51]. APOA1 is an adipokine that affects 
the lipid metabolism in cells that it reaches. EAT 
from diabetic patients was found to express 27 
adipokines and adipokine receptors at higher lev-
els than EAT from nondiabetic patients. In par-
ticular, the adipokines that increased in expression 
affected pathways including NF-κB, JAK-STAT, 
and AGE-RAGE [63]. These diabetes-related 
changes in adipokine expression were not found 
in the SAT from the same patient cohort.

The EAT, like all adipose tissues, is composed 
of multiple cell types. The most abundant and 
distinct cells are the adipocytes, but other stromal 
cells are found in the EAT as well, including 
fibroblasts, immune cells, nervous cells, and 
endothelial cells. Histological analysis and cor-
relation and gene expression indicate that the adi-
pocytes are not the only cells secreting adipokines 
in the EAT [30, 43, 59, 70, 77]. Immune cells 
have been thought to be particularly important. 
Several studies have separated out the different 
cell types using various methods and studied the 
effects of each cell type [82]. Analysis of separate 
cell types showed that endothelial cells have a 
high secretion of molecules involved in inflam-
mation and adhesion (VCAM and ICAM) com-
pared to adipocytes [20, 23].

The non-adipocyte cells within the EAT have 
been shown to influence the expression patterns 
in adipocytes. For instance, when adipocytes 
from EAT are cultured with media from immune 
cells in culture, there is a reduction in the expres-
sion of adiponectin in the adipocytes [20]. 
Stromal vascular cells secrete adiponectin in 
EAT. This secretion of adiponectin was found to 
increase after treatment with omentin, which then 
reduced TNF-α expression in the adipocytes [58]. 
Furthermore, the culture media from the omentin-
treated adipocytes led to less migration of smooth 
muscle cells than media from untreated adipo-
cytes [78]. Mesenchymal cells collected from 
EAT were found to express pregnancy-associated 
plasma protein A [PAPP-A], while mature adipo-
cytes from EAT did not, and the levels of PAPP-A 
were higher in cultures of EAT than SAT [57].

The cells within EAT not only influence other 
cells of the body but are influenced by cells 
around them. Using large numbers of EAT and 
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myocardium samples from human patients, the 
paracrine effect of adiponectin on the myocar-
dium and the feedback from this tissue was dem-
onstrated [14]. Oxidation products released from 
cardiomyocytes trigger PPAR-gamma receptor 
activation in EAT, mediating upregulation of adi-
ponectin [14]. The increased adiponectin helps 
the myocardium suppress free radical production 
through inhibition of nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidases in the 
cardiomyocytes [14]. Polymorphism that 
increase ADIPOQ expression led to reduced 
myocardial NADPH oxidase-derived O2 [14]. 
These feedback mechanisms showed that 
increased myocardial oxidative stress elevates 
local EAT adiponectin expression to subse-
quently reduce oxidative stress in the adjacent 
myocardium.

Further studies with more extensive gene 
expression analysis like microarrays or high-
throughput sequencing further elaborate upon the 
endocrine/paracrine function of adipose tissue. 
For example, prostaglandin D2 (PTGDS0, 
involved in atherosclerosis was upregulated in 
EAT [59]. Serglycin found in the serum was 
found to be secreted from adipocytes in culture 
[59]. Large sets of genes involved in secretion by 
the immune system were found upregulated in 
the EAT of CAD patients [79].

Even there is differential paracrine/endocrine 
activities in different EAT deposit locations. For 
example, in peri-ventricular EAT, there are high 
levels of omentin when compared with other 
regions [61]. Furthermore, whole genome tran-
scriptome sequencing of patient EAT from dia-
betics and non-diabetics found large changes in 
gene expression of adipokines and their putative 
downstream pathways like NF-κB pathway, 
JAK-STAT pathway, and the AGE-RAGE path-
way [63].

The secretion of proteins are not the only 
mechanism to regulate the endocrine/paracrine 
function of the EAT and miRNA are also 
involved. For example, miR-103-3p was found 
highly expressed in the EAT of CAD patients, 
and it could be regulating the expression of 
CCL13 [62]. Moreover, secretome from T2DM 
EAT patients reduce cardiomyocyte contractility 

in vitro via activation of renin angiotensin system 
and induction of miR-208a [34].

In summary, it is clear that gene expression 
profiling gives strong support to the hypothesis 
that EAT is an endocrine/paracrine organ. The 
adipokines secreted have been shown to have 
both endocrine and paracrine effects. These 
secretions do not match those of other adipose 
tissues. The expression and secretion of adipo-
kines change in disease states. Stromal cells such 
as fibroblasts, immune cells, and endothelial cells 
within the EAT have been found to express adi-
pokines and influence the expression of adipo-
kines in adipocytes. These findings provide 
evidence of the unique endocrine/paracrine func-
tion occurring in EAT and its importance in car-
diac function.

�Epicardial Fat Immunological/
Inflammation Function

Gene expression analysis studies have shown that 
EAT has high expression of immune cell-specific 
markers as well as genes involved in immune 
regulation. Markedly high levels of cytokines and 
chemokines were noted in even the earliest gene 
expression studies on EAT biopsies [10, 19, 39, 
43, 45, 53, 73, 75, 77, 80–83]. These findings 
have been repeatedly confirmed in findings from 
microarrays [59, 61, 79], microRNA microarrays 
[62], proteomics [23, 84], and whole-
transcriptome sequencing [63, 64]. Interestingly, 
different regions of the EAT were also found to 
exhibit different levels of inflammatory markers. 
Peri-ventricular EAT was found to have higher 
expression of genes involved in inflammation 
than other regions of the EAT [61].

Experimental data show the presence of many 
types of immune cells and inflammation in EAT 
[45, 74, 77, 85]. However, the presence of many 
of these immune cells only occurs in EAT along 
with specific pathologies such as CAD, meta-
bolic syndrome, or diabetes [86]. Surprisingly, 
inflammatory rheumatic disease does not result 
in increased EAT inflammation [86]. The immune 
cells found in EAT include macrophages, T cells, 
and dendritic cells [77, 85, 87–90].
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As with other aspects of gene expression, the 
expression of immune-related genes changes in 
disease states such as diabetes and CAD. Cytokine 
signaling pathways such as the NF-κB and JNK 
pathways were found upregulated in EAT in 
patients with CAD compared to patients without 
CAD [45]. A second study confirmed the finding 
that a large set of genes involved in immune sig-
naling was upregulated in the EAT of CAD 
patients [79]. Many genes involved in inflamma-
tory response, particularly within the AGE-
RAGE pathway, were also found upregulated in 
the EAT from patients with diabetes in compari-
son to patients without diabetes [63].

The driving force behind inflammation in 
healthy EAT is not well understood. Human 
biopsies and explant experiments have the draw-
back of being collected only from patients under-
going surgery, indicating that they are unhealthy. 
Some animal models have shown constituent 
inflammation in the EAT, particularly in guinea 
pigs [10, 12]. Chronic or acute inflammation 
elsewhere in the body has been suggested to pos-
sibly drive changes in expression in the EAT that 
lead to an inflammatory response. Surprisingly, 
the inflammatory response of EAT has been 
found to be much higher in disease states than the 
response in SAT and other adipose tissues [63].

An alternative explanation for inflammation in 
EAT is that the EAT might have an immune 
response due to bacterial infections. One study 
showed that the EAT could have bacterial 
DNA. Using high-throughput sequencing, DNA 
from 76 bacterial species were detected in the 
EAT of humans undergoing coronary artery 
bypass grafting [91]. The presence of this DNA 
most likely represents antigen-presenting cell 
translocation after engulfing bacteria in other 
locations of the body. Surprisingly, the most 
abundant species of bacteria detected was 
Cyanobacteria streptophyta, which is also known 
as blue-green algae and not known to colonize 
humans.

In summary, EAT is known to have high 
expression of inflammatory markers, and many 
different types of immune cells can be found in 
the EAT depending on the disease physiology. 
An increase of inflammation in the EAT has 

been shown in both CAD and diabetes. The 
cause of constitutive inflammation in the EAT is 
unknown, but some studies suggest that the EAT 
may simply have a much stronger inflammatory 
response than other adipose tissues, causing it to 
become inflamed more often than would be 
expected.

�Factors That Modulate Epicardial 
Fat Gene Expression

�Exercise

Exercise has been hypothesized to have an effect 
on gene expression in EAT. A study in pigs dem-
onstrated that exercise can change the expression 
of inflammatory genes in EAT [12]. Specifically, 
the inflammatory response in the peri-myocardial 
EAT was decreased in guinea pigs after 16 weeks 
training of aerobic exercise. In the same experi-
ment, it was found that exercise causes a decrease 
in adiponectin expression in visceral adipose tis-
sue, but little changes in the inflammatory 
response of SAT were observed [12].

�Age and Sex

Expression differences in adipose tissue due to 
sex have been reported [92, 93]. The most obvi-
ous difference is the preferential deposition of 
SAT in different locations of the body according 
to the sex. In EAT specifically, it has been 
reported that adiponectin and leptin expression 
were both higher in women than in men [38]. 
However, a later study has found only minimal 
differences [63]. Age has also shown to influence 
expression in EAT [94]. Elderly patients exhib-
ited lower levels of adiponectin in EAT than 
young non-obese patients, but similar levels to 
young obese patients [95]. Changes in expression 
in the myocardium were also found in elderly 
patients, particularly an increase in LKB1, PP2A, 
PP2C, and AMPK activation [95]. The possible 
effect of age and sex in the EAT gene expression 
is still unclear and need to be further 
investigated.
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�Surgery

The difficulty of accessing a tissue that touches 
the heart has led to the majority of human EAT 
samples being collected during surgery. The pro-
cess of surgery, however, is believed to impact 
the gene expression profile of EAT.  Cardiac 
surgery results in an increase in cytokine produc-
tion in both SAT and EAT cytokine production, 
which could play a role in postoperative insulin 
resistance [25]. Additionally, markers of many 
immune cell types increased in EAT, while a 
small number of immune cell markers increased 
in SAT after surgery. In the blood, it was found 
that resistin, leptin, IL-6, TNF-α, MCP-1, and 
cortisol increase in the blood after surgery while 
adiponectin decreases [25]. This is consistent 
with findings that cardiac surgery activates 
peripheral monocytes, which would be found 
throughout the body after surgery [29]. 
Angiotensinogen expression increased in EAT 
following surgery but remained unchanged in 
SAT [27]. Fibroblast growth factor 21 and other 
factors such as serum glucose, insulin, CRP, IL-6, 
IL-8, MCP-1, and TNF-α also increase in the 
EAT following cardiac surgery [28].

Overall, these findings indicate that surgery 
itself is an important factor that affects the gene 
expression profile of EAT. Researchers working 
with EAT cannot avoid the surgical procedure but 
should therefore try to minimize its effect and 
standardize sample collection by taking samples 
at the beginning of the surgical procedure.

�Diseases

Due to the prevalence of surgeries related to 
CAD, it has been the best-studied disease for 
EAT expression, and several differences in 
expression between patients with CAD and with-
out CAD have been reported [18, 19, 35, 37, 39, 
40, 43, 45, 47, 48, 58, 68, 69, 73, 80, 87, 96–99]. 
However, the genetic profile of EAT has been 
studied in other diseases like hypertension [40, 
76, 100], atrial fibrillation [13, 21, 84, 101–105], 

myocardial infarction [54, 79, 106, 107], heart 
failure [108, 109], and metabolic syndrome [11, 
15, 16, 34, 42, 50, 52, 55, 63, 65, 90, 109–114], 
and diabetes [63]. The genetic profile of EAT in 
disease has numerous implications in cardiac 
pathology. Due to limitations of space, these 
effects will not be thoroughly covered here, but 
these changes include an increase in the expres-
sion of inflammatory markers and adipokines, as 
mentioned in previous sections of this chapter.

�Medication

Most human samples obtained for study come 
from patients that are acutely or chronically med-
icated. Unfortunately, there is evidence that med-
ication can alter the expression profile of EAT. For 
example, IL-6 levels in EAT were reduced in 
CABG patients treated with statin when com-
pared to patients that did not receive treatment 
[37]. Metabolic syndrome is associated with an 
increased expression of IL1B, IL1RA, and IL-10, 
but this increase in expression was not found in 
patients treated with pioglitazone [115]. 
Pioglitazone was also found to reduce the pres-
ence of macrophages and lymphocytes in patients 
with CAD, which would affect the expression 
pattern in EAT [116]. Simvastatin was found to 
actually increase the number of inflammatory 
cells in CAD patients, but the cells were found to 
gather at the edge of the EAT and around blood 
vessels rather than distributed throughout the tis-
sue [116]. Sildenafil [PDE5 inhibitor] has been 
found to downregulate miR-22-3p in patients 
with T2DM, which would affect the expression 
of SIRT1  in tissues including EAT [117]. 
Liraglutide (a glucagon-like peptide 1 analog) 
indicated in T2DM has an unexplained cardio-
protective effect in patients with diabetic cardio-
myopathy [118, 119]. This beneficial effect could 
be directly modulated by receptors of glucagon-
like peptide 1 and 2 that were found to be 
expressed in EAT and that might be responsible 
for the liraglutide-mediated reduction of EAT in 
T2DM patients [119].
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�Concluding Remarks

The EAT does have a unique expression profile 
which greatly influences its effect on the heart 
and cardiovascular function. However, many 
conditions may affect the expression profile of 
EAT.  These conditions include exercise, age, 
sex, surgery, disease, and medications. It is 
particularly important to keep this in mind 
regarding studies of gene expression in EAT 
because the majority of studies will include sam-
ples taken from patients undergoing surgery, 
who are more likely to be elderly, sedentary, dis-
eased, and currently taking medication. The 
need for practical models that can be better con-
trolled and manipulated will fuel the develop-
ment of new approaches to study the function of 
EAT. Animal models like guinea pig are promis-
ing since gene expression studies showed similar 
findings to what was already observed in humans, 
though additional models are warranted. 
Nevertheless, the analysis of gene expression is 
probably the best window to offer a glimpse into 
the functional role of the EAT.
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of the Epicardial Adipose Tissue

Gianluca Iacobellis

�Visceral Adiposity 
and Cardiovascular Risk

Historically obese individuals have been consid-
ered at higher cardiovascular risk than individu-
als with normal body weight. However, there is 
an almost univocal consensus in considering the 

visceral fat a stronger independent cardio-
metabolic risk factor than overall obesity. 
Subjects with visceral fat accumulation are con-
sidered at higher cardiovascular risk than indi-
viduals with prevalent peripheral adiposity. The 
exact mechanisms that lead to a different anatom-
ical fat accumulation in humans are still unclear. 
Different visceral fat depots seem to have differ-
ent physiological and pathological properties.

Human body fat is functionally heterogeneous 
and not equally distributed. Local fat accumula-
tion seems to be more important than overall 
body fat. Indeed, more attention was recently 
focused on the visceral and intra-organ fat and 
their local pathological effects and clinical impli-
cations. If increased visceral fat is considered a 
major determinant of a poor cardio-metabolic 
profile, the excessive intra-organ fat is recently 
thought to play a key role in the obesity-related 
organ damages. Intracellular ectopic fat infiltra-
tion seems to be even more important than gen-
eral obesity or intra-abdominal visceral adiposity. 
Intra-organ fatty infiltration is associated with 
end-organ damages and increased cardiovascular 
risk [1–3]. Ectopic fat deposition occurs also 
within the heart and may cause a metabolic car-
diomyopathy [1–3]. EAT can exert cardiotoxic 
effects through different and complex mecha-
nisms which are discussed in this chapter and 
summarized in Table 4.1.

Key Points
•	 Myocardial lipid content increases with 

the degree of visceral adiposity and may 
contribute to cause cardiomyocytes 
apoptosis and adverse structural and 
functional cardiac changes.

•	 Large and abnormal epicardial fat accu-
mulation can increase myocardial tri-
glyceride content and cause 
morphological changes of the heart, 
such as left ventricular hypertrophy and 
atrial myopathy.

•	 Excessive epicardial fat can affect both 
diastolic filling and relaxation, in some 
cases the systolic function.
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�Myocardial Lipotoxicity of 
Epicardial Fat

Obesity leads not only to increased fat depots in 
classical adipose tissue locations but also to sig-
nificant lipid accumulation and infiltration within 
and around other tissues and internal organs. 
Ectopic fat deposition may occur within the heart 
and affect cardiovascular function. EAT can be 
considered ectopic fat accumulation of the heart.

EAT is higher in high-fat-diet-fed experimen-
tal animals and in obese subjects, particularly in 
those presenting with excessive abdominal adi-
posity [4, 5]. Excessive epicardial adipose tissue 
can produce lipotoxic effects throughout an 
abnormal lipid deposition and fatty infiltration in 
the myocardium [6–9]. As cardiomyocytes fat 
storage capacity is very limited, high levels of 
plasma lipids cause cardiac steatosis, dysfunc-
tion, and ultimately failure, as observed in mor-
bid obesity and uncontrolled diabetes [6]. 
High-fat feeding increases the rate of fatty acid 
incorporation in all adipose depots [10]. An 
imbalance between myocardial uptake and oxi-
dation of nonesterified fatty acids has been pro-
posed as a possible causative mechanism of this 
relation [8]. Nonadipocytes and cardiac cells 
have a very limited capacity to store excess fat. If 
they are exposed to high levels of plasma lipids, 
as usually occurs in obesity, triglycerides can 
accumulate and increase within cardiomyocytes. 
Although much of this excess lipid may be stored 
in a relatively neutral form such as triglycerides, 
some fatty acids that enter the cell may contribute 

to apoptosis by lipotoxicity [1, 2]. An imbalanced 
diet can affect gut microbiome and consequently 
influence adipose tissue metabolism, including 
EAT.  Pericardial and epicardial adipose tissue 
respond similarly to high-fat feeding, but the 
magnitude of the response is greater in the EAT 
depot [10]. The increased myocardial triglycer-
ide content can be considered as result of the free 
fatty acids overload and saturation of the physio-
logical free fatty acids oxidative capacity by the 
heart. Intra-myocardial free fatty acids undergo 
peroxidation and saturation, leading to the accu-
mulation of fatty acid intermediates in the cyto-
plasm and functional damage to the heart.

Myocardial lipid content increases with the 
degree of adiposity and may contribute to the 
adverse structural and functional cardiac adap-
tations seen in obese persons. The detrimental 
accumulation of high triglycerides levels in 
cardiomyocytes affects left ventricle and pro-
motes cardiac fibrosis and apoptosis in obese 
rats and in high-fat-fed rabbits. Postmortem 
studies showed excessive triglycerides accu-
mulation within the cytosol in morbid obese 
subjects and that the infiltration of EAT 
between myocardial fibers occurred especially 
in the right ventricular wall.

The term myocardial apoptosis implies car-
diomyocyte loss that occurs through apoptosis or 
programmed cell death [1, 2]. Myocardial apop-
tosis has been reported in heart failure and car-
diomyopathies. When lipids over-accumulate in 
nonadipose tissues during overnutrition, fatty 
acids enter deleterious pathways such as ceramide 
production, which, through increased nitric oxide 
formation, causes apoptosis of lipid-laden cells, 
such as beta cells and cardiomyocytes. Long-
chain saturated fatty acids induce apoptosis 
through a mechanism involving the generation of 
reactive intermediates. In human cardiomyopa-
thies, lipid accumulation that results from down-
regulation of fatty acid metabolism may also 
trigger apoptotic cell death.

Remarkably, EAT is highly enriched in genes 
coding for cell apoptosis, as described in a micro-
array analysis in patients with coronary artery 
diseases [11]. The same study showed that EAT 
inflammatory transcriptome was downregulated 

Table 4.1  Mechanisms of epicardial fat cardiotoxicity

Imbalance between myocardial uptake and oxidation of 
nonesterified fatty acids
Increased rate of fatty acid incorporation and 
infiltration within the cardiomyocytes
Accumulation of fatty acid intermediates in the 
cytoplasm
Cardiomyocytes steatosis
Cardiomyocytes fibrosis
Cardiomyocytes apoptosis
Dense inflammatory cell infiltrate
Fibrotic changes within epicardial fat ganglia
Electromechanical changes in atrial tissue due to higher 
free fatty acids infiltration
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in subjects with advanced disease, whereas the 
pro-fibrotic genes were actually upregulated. 
It could be speculated that the apoptotic activity 
of the EAT led to fibrotic changes within the adi-
pocytes and contiguous cardiomyocytes.

Excessive release of free fatty acids from the 
EAT into the cardiomyocytes has been recently 
evoked as contributory to the development and 
progression of atrial fibrillation [12, 13]. Free 
fatty acids can be transported from the peri-atrial 
EAT to the left atrium and lead to electromechan-
ical changes in atrial tissue, favoring electrical 
impulses breakthrough and reentry. Increased 
EAT could also influence the intrinsic autonomic 
system, increasing the propensity for atrial 
fibrillation.

Magnetic resonance spectroscopy studies 
described that EAT in humans and myocardial 
fat in animals were both positively associated 
with the mass of the left ventricle and let ven-
tricular hypertrophy [14–18]. Hydrogen-1 MR 
(1H-MR) spectroscopy was used to determine 
myocardial fat content. Magnetic proton spec-
troscopy was validated for the evaluation of 
myocardial fat content in humans by showing 
similar accuracy of direct biochemical measure-
ments in lean and obese Zucker rats [14–18]. 
1H-MR spectroscopic myocardial fat content is 
expressed as a percentage of triglycerides con-
tent compared to water content. An independent 
and significant relation of EAT, as measured 
with echocardiography, and myocardial triglyc-
erides content, as measured by proton magnetic 
resonance spectroscopy, has been described by 
Iacobellis’s group [19]. Multivariate linear 
regression analysis showed EAT thickness as the 
most significant independent correlate of myo-
cardial fat (p  <  0.001). Kankaanpaa found an 
important and concurrent threefold and twofold 
elevation in myocardial and EAT in obese indi-
viduals [8]. The independent correlation of epi-
cardial, visceral fat depot, and lipid content 
within the cardiac cells further suggests the 
occurrence of a direct crosstalk between the epi-
cardial adipocytes and the cardiomyocytes. This 
is allowed by the absence of anatomical barriers 
between the EAT and the myocardium. 

Additionally this underlines the difference 
between epicardial and pericardial fat, external 
to the myocardium.

Myocardial fat has been previously associated 
with increased visceral and hepatic fat and more 
generally with obesity and diabetes mellitus. 
Intrahepatic fat accumulation is a major determi-
nant of the hepatic insulin resistance causing 
hyperglycemia. The accumulation of triglyceride 
in and around the myocardium leads to periph-
eral vascular resistance and left ventricular 
hypertrophy in obese individuals [8]. Obesity and 
insulin resistance are associated with an increased 
myocardial uptake and oxidation of fatty acids. 
This leads to increased oxygen requirements and 
decreased cardiac efficiency. This also causes a 
mismatch between free fatty acid uptake and oxi-
dation that eventually increases the production of 
fatty acid intermediates, free radicals, and excess 
storage in myocardial triglycerides, causing car-
diomyocyte apoptosis, increased oxidative stress, 
and impairment in cardiac function.

However, the role of intramyocardial triglyc-
eride accumulation in the pathogenesis of left 
ventricular dysfunction is not fully elucidated. 
Myocardial triglycerides content may present a 
separate entity that is influenced by factors 
beyond visceral adiposity. The correlation 
between EAT and intra-myocardial lipid con-
tent was not univocally described [20]. One 
study found myocardial triglycerides as the 
only parameter independently associated with 
EAT volume [21]. Myocardial triglycerides 
content decreased and epicardial and pericar-
dial fat depots increased in non-diabetic sub-
jects with dilated cardiomyopathy. Myocardial 
triglycerides could play a specific role in the 
myocardial energy metabolism in congestive 
heart failure [22].

�Epicardial Fat and Heart Chambers

�Microscopic Changes

The presence of subepicardial adipose tissue and 
adiposity cordis have been described in the early 

4  Pathology and Cardiotoxicity of the Epicardial Adipose Tissue
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nineteenth century as depicted in Fig.  4.1. 
Epicardial adipocytes display an intrinsic pro-
inflammatory and atherogenic profile. A dense 
inflammatory infiltrate, mainly represented by 
macrophages, is commonly detected in EAT of 
subjects with coronary artery disease [10, 23]. 
Compared with subcutaneous fat, EAT showed 
thickened connective tissue septa with dense 
inflammatory cell infiltrates that extended to the 
periseptal areas of the fat lobules (Fig. 4.2) [24]. 
Microvessels of EAT contained variable degrees 
of leukocyte accumulation, whereas no sign of 
cellular retention was observed in subcutaneous 
fat. When specific inflammatory cell markers 
were used, epicardial adipose tissue demon-
strated presence of T lymphocytes (CD3+), mac-
rophages (CD68+), and mast cells (Fig.  4.3). 
Interestingly, the ratio of EAT pro-inflammatory 
M1 macrophages and anti-inflammatory M2 
macrophages is unbalanced in patients with coro-
nary artery disease [24, 25]. The presence of 
macrophages and mast cells in epicardial adipose 
tissue could also be reactive to underlying plaque 
rupture and instability. The number of CD8+ T 
cells is significantly higher in patients with coro-
nary artery disease as compared to control, 
whereas CD4+ cells were not detected in the 
EAT.  The cardiac ganglionated plexus in EAT 

incorporates the autonomic innervation (both 
sympathetic and parasympathetic) of the heart. 
Fibrotic changes within EAT ganglia can affect 
atrial function and contribute to the development 
of atrial fibrillation [26].

�Macroscopic Changes

Excessive local fat accumulation can affect the 
heart through both biochemical and physical 
mechanisms. Due to its anatomical and func-
tional vicinity to the myocardium, EAT has been 
reported to have an impact on all the heart cham-
bers and influence their morphology and func-
tion, as discussed in detail below and summarized 
in Table 4.2.

�Epicardial Fat and Ventricles
In the 1950s, Reiner et al. studied epicardial adi-
pose tissue in normal, hypertensive and ischemic 
hearts [27, 28]. In a later autoptic study of human 
hearts, Corradi et al. investigated the relationship 
between ventricular myocardial and EAT in nor-
mal hearts and those that were ischemic, hyper-
trophic, or both [29]. Left, right, and total 
ventricular fat weights were significantly greater 
in hypertrophic hearts, but there was no 
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Fig. 4.1  Example of adiposity cordis with presence of fat 
cells (indicated by number 2) within the myocardium 
(indicated by number 1) (left panel). Subepicardial adi-
pose tissue (indicated by number 2) in a case of acute 

turberculosis pericarditis (right panel). (Microanatomical 
lithograph from Anst v. F.  Reichhold. München, 1899. 
From author’s own collection)
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relationship to ischemia. EAT located over both 
ventricles accounted for around 20% of the total 
ventricular mass in all groups. When hypertro-
phied, EAT occupies the space between the ven-
tricle, sometimes even covering the whole surface 
of the epicardium [29, 30].

Although left ventricular mass far exceeds 
that of the right ventricle, the absolute amount of 
fat tissue was similar in the right and left ventri-
cles. As a result, the ratio of fat to myocardium 
weight for the right side of the heart was more 
than three times that of the left side: the mean 
weight of fat per 1  g muscle mass in the right 
ventricle was 0.61 g in women and 0.48 g in men, 
while the values in the left ventricle were 0.17 
and 0.15  g, respectively. Although in non-

hypertrophied hearts there was a significant cor-
relation between body mass index and the total 
EAT weight (p < 0.05), this was not the case in 
hypertrophied hearts. Corradi et  al. thus con-
cluded that a constant ratio of fat to muscle exists 
in each ventricle, which is not influenced by isch-
emia or hypertrophy [29]. In the hypertrophic 
heart, the hypertrophy is mainly on the right-hand 
side and the adipose tissue also fills the epicardial 
spaces between these sites (Fig. 4.4) [30].

The effect of EAT on the ventricles has been 
evaluated in clinical studies. Increased EAT has 
been largely associated with increased left ven-
tricular mass and abnormal geometry [31–35]. A 
recent meta-analysis reviewed the clinical studies 
measuring EAT with either computed  

Epi-fat Sc-fat

Epi-fat Sc-fat

Fig. 4.2  Histopathological features of epicardial and 
subcutaneous adipose tissues. On the left, epicardial adi-
pose tissue (Epi-fat) shows dense inflammatory infiltrates 
(arrow) involving mostly septa. On the right, subcutane-
ous adipose tissue (Sc-fat) from the same patient shows 

absence of inflammatory cells. Hematoxylin and eosin 
stain; magnification ×10. (From Mazurek et al. [24], with 
permission https://www.ahajournals.org/doi/10.1161/01.
CIR.0000099542.57313.C5)
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tomography (CT) or magnetic resonance imaging 
(MRI) and its relationship with left ventricular 
mass and geometry [36]. This meta-analysis con-
sidered only EAT volume whereas did not include 
linear, echocardiographic, measurement of EAT 
thickness. Most of the studies agreed that EAT 
can independently affect left ventricular mass, 
although one study suggests this effect could be 
limited to not obese subjects, due to the  

concurrent influential roles of obesity by itself 
[37]. EAT volume is correlated with left ventricu-
lar mas and left ventricular remodeling index 
(ratio of mass/end-diastolic volume) [33], 
although the effect of EAT on left ventricular 
geometry is controversial [31]. Multiple factors, 
such as obesity, hypertension, and coronary 
artery disease, can influence left ventricle geom-
etry. Higher EAT volume was associated with 
higher left ventricular mass in obese participants 
in the Framingham Heart study, although the 
association was attenuated after adjustment for 
other adiposity [38]. However, this study mea-
sured the overall fat depot located within the peri-
cardial sac, with no distinction between epicardial 
and pericardial fat. Interestingly studies in meta-
bolically healthy, yet severe obese subjects, 
showed that the uncomplicated obesity was asso-
ciated with adapted and appropriate changes in 

T Cell

MØ

Mast Cell

NC

Fig. 4.3  Immunohistochemistry of cellular infiltrates in 
epicardial adipose tissue shows T cells (CD3+), macro-
phages (MØ; CD68+), and mast cells (tryptase +) that are 

depicted by arrows. NC indicates negative control. 
Magnification ×40. (From Mazurek et  al. [24], with 
permission)

Table 4.2  Epicardial fat-related heart abnormalities

Increased left ventricular mass
Left ventricular hypertrophy
Left ventricular remodeling
Right ventricle hypertrophy
Atrial dilation
Impaired diastolic relaxation
Impaired diastolic filling
Reduced systolic function
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left ventricle structure and function [39, 40]. 
Metabolically healthy obese are likely to present 
with more peripheral, subcutaneous fat accumu-
lation, rather than with visceral, abdominal, or 
truncal fat phenotype. The peripheral adiposity 
phenotype, not well described by the body mass 
index, is associated with lower EAT.  This can 
likely explain the appropriateness of the left ven-
tricular changes in obese subjects with lower 
EAT accumulation.

The positive relationship between the amount 
of EAT and ventricular myocardial mass was also 
reported in echocardiographic studies. EAT 
thickness was related to indexed left ventricular 
mass, independently of body mass index, fat mas, 
and age in healthy individuals with a wide range 
of adiposity [31]. Echocardiographic findings are 
therefore in agreement with postmortem and CT 
or MRI studies. It can be assumed that EAT has 
an impact on left ventricular mass, regardless if it 
is calculated as linear or volumetric measure. 
Autopsy and imaging findings strongly suggest, 
therefore, that an increase in myocardial mass 
during cardiac hypertrophy is associated with a 
consensual and proportional increase in epicar-
dial adipose mass. Mechanical and biomolecular 
mechanisms have been evoked to explain these 

correlations. Increased EAT by adding to the 
mass of the ventricles may increase the work of 
pumping. Increased left ventricle mass in mor-
bidly obese subjects could be due to a direct 
effect of excess EAT. Higher EAT can increase 
left ventricle afterload and subsequent increased 
the output, ultimately leading to left ventricular 
remodeling in central obese subjects.

The physiological and pathological accumula-
tion of EAT of the right ventricle has been also 
investigated in both autoptic and clinical studies 
in humans [40–43]. Schejbal found that the high-
est epicardial fat layer thickness was along the 
sharp heart edge – the ventrolateral edge of the 
right ventricle – decreasing from the heart bases 
to the apex [40]. Interestingly, the thickness of 
the EAT on the surface of the right ventricle in 
the histological slides was concordant with the 
echocardiographic values described by Iacobellis 
and others [43]. As the EAT mass increases, the 
weight of the ventricle wall increases, and in 
some cases the whole heart weight may be posi-
tively affected. Interestingly, a decompensated 
right ventricle is associated with thinning of the 
EAT layer. Autoptic studies in humans found age 
not to be a major factor of EAT morphology and 
thickness.

a b

Fig. 4.4  Macroscopic appearance of epicardial fat in 
pathology. (a) Anterior view of a hypertrophic (900  g) 
heart. (b) Posterior view of a hypertrophic (900 g) heart. 

In the hypertrophic heart – the hypertrophy is mainly on 
the right hand. (From Iacobellis et  al. [30], with 
permission)
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�Epicardial Fat and Atria
As EAT is ubiquitously distributed around the heart 
chambers, it is likely to affect the atria, as well. 
EAT can be found in the free walls of the atria and 
around the two appendages. The detrimental effect 
of abnormal EAT on atrial morphology and func-
tion has been investigated. A very recent quantita-
tive meta-analysis showed that CT measured EAT 
volume was associated with left atrial dilation 
(pooled B-coefficient: 0.12 mm; 95% confidence 
interval [CI] 0.08 to 0.17; I2: 97%) [44]. Increase 
in ultrasound-measured EAT thickness is signifi-
cantly correlated with enlarged atria in morbidly 
obese subjects [45]. EAT thickness in morbidly 
obese subjects was significantly related to left 
atrium(r = 0.65, p = 0.02) and right atrium (r = 0.63, 
p = 0.02) diameter [45]. The amount and the fibro-
fatty changes of epicardial adipose tissue that accu-
mulates around the atria are associated with the 
risk, persistence, and severity of atrial fibrillation 
[46]. Fibro-fatty infiltrations of the subepicardium 
could also contribute to the functional disorganiza-
tion of the atrial myocardium. Given its contiguity, 
EAT is thought to contribute to fibrosis of the 
neighboring atrial myocardium by secreting 
inflammatory cytokines such as interleukins (ILs), 
tumor necrosis factor (TNF)-alpha, and profibrotic 
factors such as matrix metalloproteinases (MMPs) 
and activin A [13].

�Epicardial Fat and Diastole
Obesity and conditions with excessive visceral 
adiposity, such type 2 diabetes, have been com-
monly associated with diastolic dysfunction 
[47]. However, due to its anatomical and func-
tional contiguity to the atria, EAT may directly 
affect the diastole. Obese subjects, particularly 
those with abdominal and truncal fat accumula-
tion, tend to have higher EAT. Both EAT vol-
ume and thickness effects on diastolic function 
were evaluated. CT EAT volume was associ-
ated with higher E/E′ ratio (pooled B-coefficient: 
0.28 cm/s; 95% CI 0.08 to 0.49; I2: 67%), lower 
E′ velocity (pooled B-coefficient: −0.16 cm/s; 
95% CI −0.22 to −0.09; I2: 43%), and E/A 
ratio (pooled B-coefficient: −0.01; 95% CI 
−0.02 to −0.001; I2: 70%), independently of 

body mass index, from a recent meta-analysis 
of 19 studies [44]. Increase in EAT thickness is 
significantly correlated with enlarged atria and 
impaired right and left ventricular diastolic fill-
ing in morbidly obese subjects [45]. EAT thick-
ness in morbidly obese subjects was 
significantly related to both mitral (r  =  0.40, 
p  =  0.04) and tricuspidal (r  =  0.41, p  =  0.04) 
E/A ratio. Correlations were essentially 
unchanged when echocardiographic variables 
were adjusted for BMI, age, and sex [45].

The effects of epicardial adipose tissue can be 
mediated by both biochemical and mechanical 
pathways. The local release of EAT adipokines 
can affect diastolic function and impair diastolic 
relaxation through fibrosis, inflammation, and 
collagen turnover [48, 49]. The lower expression 
of the cardioprotective adiponectin can also 
modify diastolic function [50–52]. EAT may 
directly contribute to impair diastolic function in 
subjects with increased visceral adiposity. A 
direct mechanical obstacle and compression of 
the excessive EAT pad can affect the diastolic 
filling. The association of EAT with aortic stiff-
ness has been proposed as another mechanism 
affecting diastolic filling [53]. Increased pres-
sure in late systole can also affect diastolic 
dysfunction.

A recent meta-analysis showed that CT- or 
MRI-measured EAT volume has an indepen-
dent effect on diastolic function parameters 
over adiposity markers [36]. However, the 
cause-effect relation between the fat and the 
diastole can be confounded by the effects of 
age, obesity-related changes, normal systolic 
function, and the U-shaped relationship of E/A 
ratio with diastolic function that makes it dif-
ficult to assess without taking into consider-
ation additional covariates [54]. Obese subjects 
may present with adaptive changes in both fill-
ing and relaxation. However, it is important to 
underline that some of the studies have also 
included pericardial fat that misses the direct 
contiguity with the myocardial atria. This 
could explain the lack of independent correla-
tion with E/A ratio. Hence, causality cannot be 
fully proved; some of these findings should be 
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interpreted with caution. As noted for the left 
ventricular mass, the methodology used to 
measure EAT, either CT or echocardiography, 
seems not to be so relevant in determining the 
association between the fat and the diastolic 
dysfunction.

�Epicardial Fat and Systole
The role of EAT in affecting the systole has been 
studied. Nevertheless, if there is almost a con-
sensus about the effects of the fat on left ventri-
cle morphology and diastole, not all of the 
studies found a similar correlation with the sys-
tolic function. Two recent meta-analyses con-
cluded there was no or weak association between 
epicardial and left ventricular systolic function 
[36, 44]. There were weak and inconsistent asso-
ciations of CT measured EAT volume and sys-
tolic parameters. However, one study found a 
strong and independent association between 
EAT and longitudinal strain as a marker of sub-
clinical myocardial dysfunction [55]. EAT vol-
ume was also independently associated with 
impaired myocardial systolic function despite 
preserved left ventricular ejection fraction and 
absence of severe coronary artery disease, in 
nonobese and obese subjects [55, 56]. EAT 
seems to inversely correlate with systolic param-
eters in conditions of preserved ejection fraction. 
The correlation with EAT and systolic function 
can actually be linear rather than inverse, in the 
setting of heart failure. In fact, a stepwise 
decrease in CT or ultrasound measured EAT vol-
ume in patients with impaired cardiac function 
and congestive heart failure was reported [35, 
57]. Subjects with reduced ejection fraction tend 
to have less EAT as compared to controls or 
those with normal ejection fraction. The mecha-
nism causing a decreased EAT in patients with 
impaired systolic function is unclear. Several 
mechanisms have been evoked to explain this 
finding. As myocardial function deteriorates, 
EAT may suffer fibrotic changes and turn up 
apoptotic mechanisms contributing to EAT mass 
reduction. However, the relation and role of EAT 
with systolic function is still not completely 
understood.
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of the Epicardial Adipose Tissue

Gianluca Iacobellis

�Introduction

Excessive visceral adiposity is a well-established 
risk factor for cardiovascular diseases. The measure-
ment of visceral fat can help with the stratification of 
the cardiovascular risk [1, 2]. In a clinical setting, 
visceral fat can be measured by surrogate markers, 

such as waist circumference alone or the ratio of 
waist circumference to hip circumference. However, 
these markers are not precise and greatly operator 
dependent. More direct measurements of visceral 
fat, including magnetic resonance imaging (MRI) 
and/or computed tomography (CT), are certainly 
precise, but they are expensive and cumbersome. 
There is therefore a compelling need and growing 
interest in less expensive and more reliable imaging 
markers of visceral adiposity [3]. Although much 
attention has been focused on the measurement of 
intra-abdominal fat, interest in nontraditional vis-
ceral fat depots, such as EAT, is relatively recent. 
Iacobellis et al. first developed a method to measure 
EAT thickness by using standard transthoracic echo-
cardiography [4, 5]. Echocardiographic assessment 
of EAT thickness meets the criteria of specificity, not 
invasivity and easy availability, although there are 
advantages and limitations, summarized in Table 5.1.

Key Points
•	 Epicardial fat can be visualized and 

measured using standard two-
dimensional echocardiography.

•	 Epicardial fat thickness is generally 
identified as the echo-free space between 
the outer wall of the myocardium and 
the visceral layer of pericardium and is 
measured perpendicularly on the free 
wall of the right ventricle at 
end-systole.

•	 Echocardiographic epicardial fat mea-
surement has several advantages, 
including its low cost, easy accessibility, 
rapid applicability, and good 
reproducibility.
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Table 5.1  Advantages and limitations of echocardio-
graphic epicardial fat thickness

Advantages Limitations
Direct measure of 
visceral fat

High variability

Consistency with autopsy 
finding

Operator dependent

Noninvasive, simple, and 
inexpensive

No volumetric assessment

Correlation with 
myocardial fat content

No regional epicardial fat 
measurement

Concurrent assessment of 
cardiac function

Inaccurate estimate of the 
total amount of fat

Reproducible during 
interventions

No direct assessment of 
myocardial fat content
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�Methodology

EAT thickness can be visualized and measured 
with two-dimensional (2D) echocardiography 
using commercially available echocardiographic 
equipment, as first invented and validated by 
Iacobellis et al. [3–5].

Standard parasternal long-axis and short-axis 
views from 2D images permit the most accurate 
measurement of EAT thickness on the right ven-
tricle with optimal cursor beam orientation in 
each view. The measurement of EAT on top of 
the right ventricle is consistent with anatomical 
findings. In fact, autopsy showed large EAT 
accumulation on the right ventricle [6]. EAT is 
commonly identified as the relatively echo-free 
space between the outer wall of the myocardium 
and the visceral layer of pericardium; its thick-
ness is measured perpendicularly on the free wall 
of the right ventricle at end-systole in three car-
diac cycles (Fig. 5.1). Because it is compressed 
during diastole, EAT thickness is best measured 
at end-systole at the point on the free wall of the 
right ventricle at which the ultrasound beam is 
oriented in a perpendicular manner, using the 
aortic annulus as an anatomic landmark. EAT 
thickness can also appear as hyperechoic space, 

if in large amount (>15  mm). Maximum EAT 
thickness is measured from 2D parasternal long-
axis images at the point on the free wall of the 
right ventricle along the midline of the ultrasound 
beam, perpendicular to the aortic annulus, used 
as an anatomic landmark for this view. For mid-
ventricular parasternal short-axis assessment, 
maximum EAT thickness is measured from 2D 
images on the right ventricular free wall along 
the midline of the ultrasound beam perpendicular 
to the interventricular septum at midchordal and 
tip of the papillary muscle level, as anatomic 
landmarks. The average value of three cardiac 
cycles from each echocardiographic view is 
determined. The majority of population-based 
clinical studies have reported excellent interob-
server and intraobserver agreement for EAT 
thickness measurement [7–10]. Intraclass corre-
lation coefficients have ranged from 0.90 to 0.98 
and from 0.93 to 0.98, respectively, indicating 
good reproducibility and reliability. Concordance 
of long-axis and short-axis average EAT thick-
ness measurement was also excellent at 0.98 
(95% confidence interval, 0.97–0.98) [5].

�Epicardial Versus Pericardial Fat 
Thickness

Epicardial and pericardial fat are two embryologi-
cally, anatomically, and clinically distinct depots. 
This is not a matter of terminology. Ultrasound-
measured EAT can be distinguished from pericar-
dial fat. Pericardial fat thickness can be identified 
as the hypoechoic space anterior to the EAT and 
parietal pericardium (Fig.  5.2). Pericardial fat 
usually does not deform substantially with car-
diac cycles and does not appear hyperechoic. 
However, fat thickness deformation is not a good 
way of distinguishing between the two depots.

�Epicardial Fat Thickness Range

Echocardiographic EAT thickness varies from a 
minimum of 1  mm to a maximum measured 
value of almost 25  mm [5]. The wide range of 
EAT thicknesses likely reflects the substantial 

Fig. 5.1  Epicardial fat thickness (within red dashed 
shape) is identified as the echo-free space between the 
outer wall of the myocardium and the visceral layer of 
pericardium in the parasternal long-axis view. Epicardial 
fat thickness is measured during end-systole at the point 
on the free wall of the right ventricle along the midline of 
the ultrasound beam, with the best effort to be perpen-
dicular to the aortic annulus, used as an anatomic land-
mark. (From Iacobellis et al. [3], with permission from 
Elsevier)
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variation in abdominal visceral fat distribution. 
Iacobellis et al. found median EAT thicknesses of 
7 mm in men and 6.5 mm in women in a large 
population of patients who underwent transtho-
racic echocardiography for standard clinical indi-
cations [5]. Jeong et  al. reported a mean EAT 
thickness of 6.3 mm in more than 200 subjects 
who underwent coronary angiography [8]. Natale 
et al. set the normal upper limit to 7 mm, on the 
basis of the mean value and distribution of EAT 
thickness in 50 normal volunteers [9].

�Echocardiographic Epicardial Fat Is 
a Marker of Visceral Fat

EAT thickness is a marker of visceral fat. 
Echocardiographic EAT strongly reflects the 
intra-abdominal accumulation of visceral fat as 
measured on MRI and does so better than waist 
circumference [9]. Correlation between echocar-

diographic EAT thickness and EAT volume, 
assessed by MR imaging, was excellent (r = 0.90, 
p  <  0.01). Bland-Altman test confirmed the 
agreement between MR imaging of EAT volume 
and echocardiographic EAT thickness [4]. 
Subjects with higher waist circumferences have 
higher EAT thickness. Echocardiographic EAT 
thickness is therefore an independent predictor of 
visceral adiposity and weakly reflects the degree 
of obesity as defined by body mass index [11].

�Advantages of Echocardiographic 
Epicardial Fat Thickness

Echocardiographic EAT measurement may have 
some advantages as an index of high cardiometa-
bolic risk:

	(a)	 It is a direct measure of visceral fat rather 
than an anthropometric measure, such as 
waist circumference, that includes muscle 
and skin layers. The echocardiographic mea-
surement of EAT provides a more sensitive 
and specific measure of true visceral fat con-
tent, avoiding the possible confounding effect 
of increased subcutaneous abdominal fat.

	(b)	 The location of the EAT measurement is con-
sistent with autopsy describing a large accu-
mulation at the ventrolateral edge of the right 
ventricle.

	(c)	 It is an objective, noninvasive, simple, and 
certainly less expensive measure of visceral 
fat than MRI or CT.

	(d)	 Echocardiographic EAT is a direct measure 
of ectopic fat deposition, whereas anthropo-
metric measures can be associated only with 
ectopic fat deposition.

	(e)	 It can be measured even from echocardiograms 
that were not specifically performed to opti-
mize the measurement of EAT. It can be quanti-
fied with other echocardiographic parameters, 
such LV mass and ejection fraction, tradition-
ally associated with cardiovascular risk.

	(f)	 Echocardiographic EAT could be a more 
reliable quantitative therapeutic marker dur-
ing interventions modulating and reducing 
visceral adiposity.

Fig. 5.2  Pericardial fat (within yellow arrows and yel-
low dashed shape) can be identified as the hypoechoic 
space anterior to the epicardial fat (within red arrows and 
red dashed shape). Pericardial fat usually does not 
deform substantially with cardiac cycles and does not 
appear as hyperechoic space. Modified parasternal long-
axis view. (From Iacobellis et  al. [3], with permission 
from Elsevier)
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�Limitations of Echocardiographic 
Epicardial Fat Thickness

Echocardiography may be not the optimal tech-
nique for the quantification of EAT. Although the 
majority of studies have shown excellent coeffi-
cients of interobserver and intraobserver variabil-
ity, a single study raised some concerns on the 
dispersion and variability in the measurement of 
EAT thickness [12]. A moderate concordance in 
echocardiographic EAT measurement and a rela-
tively poor agreement with measurement on mul-
tidetector computed tomography (MDCT) were 
reported in this study. Given the small number of 
patients with interpretable results on MDCT and 
the use of end-diastolic EAT thickness in the 
study, the actual variability of this measurement 
is still in question. However, if the echocardio-
graphic quantification of EAT is performed for 
cardiometabolic risk stratification, the reproduc-
ibility of this measurement is undoubtedly a criti-
cal issue.

Echocardiographic EAT thickness is a linear 
measurement at a single location and therefore 
may not reflect the variability of fat thickness or 
total EAT volume. Although the anterior layer of 
EAT is the one commonly measured by echocar-
diography, this region may have the most vari-
ability in fat content as measured using MRI and 
MDCT. EAT thickness is usually smaller in the 
vicinity of the mid right ventricular free wall and 
greater in the distal portion of the right ventricu-
lar free wall. MRI or CT measurements of EAT 
thickness in the atrioventricular groove or inter-
ventricular groove areas may give a more accu-
rate assessment of EAT amount. MDCT is more 
sensitive and specific than echocardiography for 
measuring fat thickness in deeper EAT layers as 
well as the thickest part of the EAT in the atrio-
ventricular grooves [13–15]. EAT has a conspic-
uous distribution around the heart, and 2D 
echocardiographic assessment may not be a com-
pletely accurate estimate of the total amount of 
fat. Three-dimensional echocardiography could 
provide a noninvasive and more accurate volu-
metric assessment of EAT thickness. EAT vol-
ume, rather than its thickness, may in fact be the 
most consistent measure of risk [16].

The variability of echocardiographic mea-
surement techniques has also resulted in incon-
sistencies among studies. EAT thickness when 
measured just to the right of the aortic annular 
plane may increase in size abruptly compared 
with thickness measured either at or just to the 
left of the aortic annular plane (Fig. 5.3). This 
abrupt increase in end-systolic EAT thickness is 
due to the steep downward turn of the free wall 
of the right ventricle as it approaches the proxi-
mal ascending aorta. In such cases, we recom-
mend measuring the largest EAT thickness to 
the left of the annular plane. During which car-
diac cycle echocardiographic EAT should be 
measured has also been a subject of debate. 
Some echocardiographic studies have measured 
EAT thickness at end-diastole rather than end-
systole. We recommend that maximum EAT 
thickness is better measured at end-systole, as 
highlighted before [3]. When scrolling through 
the cardiac cycle, in some cases, the largest EAT 
thickness may fail to correspond to true end-
systole or end-diastole. Also in these cases, we 
recommend measuring EAT thickness at 
end-systole.

Fig. 5.3  Large echocardiographic epicardial fat thick-
ness. Large epicardial fat thickness (within red arrows 
and red dashed shape) when measured just to the right of 
the aortic annular plane may abruptly increase in size. 
This abrupt increase in end-systolic epicardial fat thick-
ness is due to the steep downward turn of the free wall of 
the right ventricle as it approaches the proximal ascending 
aorta. In these cases, it is recommended to measure the 
largest epicardial fat thickness to the left of the annular 
plane. (From Iacobellis et  al. [3], with permission from 
Elsevier)
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Potential limitations of echocardiography also 
include difficulties in differentiating between 
EAT thickness and pericardial fat, as well as 
changes in the velocity of sound in adipose tis-
sue. Although there are no current data on how 
and whether the latter might affect the accuracy 
of EAT thickness measurement using echocar-
diography, it would be of interest to evaluate 
whether it is necessary to correct for this con-
founding factor when determining the amount of 
EAT.
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�Imaging Tools as Part of Primary 
and Secondary Prevention

Key for guiding the appropriate treatment strat-
egy for cardiovascular disease is accurate assess-
ment of the cardiovascular risk of an individual 
patient. The link between conventional risk fac-
tors for cardiovascular disease and extent of ath-
erosclerosis manifestation can vary substantially 
between individual patients. Since Framingham 
Heart Study investigators first confirmed the 
existence and importance of cardiovascular risk 
factors in 1961 [1], scientists and clinicians have 
been seeking to refine the prediction of risk for 
cardiovascular disease. As atherosclerosis begins 
at a young age but is clinically silent for many 
years and, in addition, delaying or prevention of 
systemic clinical manifestations is possible dur-
ing this latent period, identifying patients at risk 
is of major interest in daily clinical practice [2, 
3]. Therefore, clinical risk stratification tools like 
the Framingham Risk Score (FRS) or the pooled 
risk equation (ASCVD score) were developed to 
help clinicians to assess the risk of their patients. 

These algorithms usually estimate the 10-year 
risk for cardiovascular disease events according 
to the patient’s age, gender, ethnicity, and tradi-
tional risk factors such as total-, low-, and high-
density cholesterol levels, smoking status, 
diabetes, and blood pressure [4]. According to 
these characteristics, patients are divided into 

Key Points
•	 Computed tomography (CT) is the gold 

standard for quantification of epicardial 
adipose tissue volume, as it allows for a 
three-dimensional assessment, based on 
a semiautomated Hounsfield unit-based 
measurement.

•	 Once non-contrast- or contrast-
enhanced cardiac CT imaging is per-
formed, information on epicardial 
adipose tissue volume and attenuation is 
readily available. In addition to overall 
epicardial adipose tissue assessment, 
cardiac CT allows for quantification of 
local fat components such as peri-
coronary fat or peri-atrial fat.

•	 While CT-derived epicardial adipose 
tissue volume is strongly associated 
with cardiovascular risk factors, mark-
ers of subclinical atherosclerosis, as 
well as prevalent and incident cardio-
vascular disease manifestation, also fat 
attenuation may allow for enhanced risk 
prediction.
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risk groups for cardiovascular disease events. 
While patients in the high-risk group qualify for 
aggressive medical treatment, treatment for inter-
mediate- and low-risk patients remains contro-
versial [4].

In addition, several studies have outlined limi-
tations of the risk scoring algorithms to distin-
guish the risk for cardiovascular disease [5–7]. In 
a retrospective analysis of subjects below the age 
of 55 in males and below 65 in females, sustain-
ing their first myocardial infarction, Akosah et al. 
estimated the risk profile based on traditional risk 
factors. In this young collective, 88% of the MI 
patients would have been considered to be at low 
or intermediate risk immediately before the event 
[6]. Likewise, Brindle et al. found that 63% of MI 
occurred in a group of subjects of <15% of FRS 
in a prospective population-based study in 6643 
British men [7]. Möhlenkamp et  al. looking at 
asymptomatic marathon runners suggested that 
traditional risk factors underestimate the risk in 
master athletes [8]. Likewise, for the ASCVD 
score, an overestimation of risk has been 
described in European populations [9]. Due to 
this inherent limitation of the risk scoring algo-
rithms and the uncertainties of treatment of sub-
jects with an intermediate risk of cardiovascular 
events, further risk factors and risk stratification 
tools are needed.

Over the last three decades, the use of imaging 
tools has gained interest for further risk stratifica-
tion. In the classification of an individual’s car-
diovascular risk and in the primary prevention 
stage, the use of different imaging modalities can 
be beneficial. Hence, in line with clinical guide-
lines appropriate use and implementation of these 
different imaging techniques for risk assessment 
purposes can influence the outcomes of cardio-
vascular disease prevention [10, 11]. These 
include cardiac computed tomography imaging 
that allows for detection and quantification of 
coronary artery calcium as a marker of underly-
ing cardiovascular disease. Coronary artery cal-
cium has incremental value for risk prediction 
and, according to the 2018 update of the American 
Heart Association and American College of 
Cardiology guidelines, is recommended for as 
decision aid in patients with elevated risk for 

future cardiovascular events [11–15]. Coronary 
artery calcium can be obtained noninvasively 
from every ECG-gated non-contrast computed 
tomography exam of the heart with comparable 
low radiation dose [16, 17]. Once non-contrast 
ECG-gated CT imaging of the heart and major 
parts of the thorax is performed, information on 
cardiac and vascular structures other than the 
coronary arteries as well as thoracic fat tissues 
can be obtained from the same examination with-
out any further radiation exposure or contrast 
administration. The quantification of other ana-
tomic markers than coronary artery calcium then 
may help to further improve the risk assessment 
of asymptomatic patients and therefore may 
increase the prognostic value of this imaging 
tool.

In addition to non-contrast cardiac CT, mag-
netic resonance imaging [MRI] of the heart and 
contrast-enhanced coronary CT angiography 
have gained more influence on cardiovascular 
risk stratification, especially to define structural 
cardiac abnormalities and robust imaging of the 
coronary arteries [18]. Broad availability and 
technical improvements of MRI and CT scanners 
have led to a regular use of both diagnostic meth-
ods in clinical setup. Contrast-enhanced cardiac 
CT is predominantly used in symptomatic patient 
cohorts for evaluation of suspected coronary 
artery disease and can reliably be used for exclu-
sion of disease because of its high negative pre-
dictive value in clinical routine [18].

As for non-contrast-enhanced cardiac CT, also 
coronary CT angiography allows for evaluation 
of other structures, providing information on 
EAT volume and attenuation without the need for 
addition radiation exposure or contrast media to 
the patient. Methods and potential consequences 
of fat quantification from cardiac CT will be dis-
cussed in this chapter.

�CT Imaging for Quantification 
of Fat Depots

With advances in imaging modalities, regional 
fat depots including visceral abdominal fat and 
EAT have been identified as novel markers with 
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implications for potential risk prediction. Several 
studies have highlighted EAT and visceral 
abdominal fat as unique, pathogenic fat depots 
[19–23]. Abdominal visceral abdominal fat is the 
largest visceral fat depot in the human body with 
more than ten times the volume of EAT [24]. It is 
significantly correlated to cardiovascular disease 
risk factors, the metabolic syndrome [24], and 
systemic markers of inflammation [25]. 
Therefore, visceral abdominal fat is hypothesized 
to have a systemic effect on atherosclerosis.

Within the thorax, the pericardial sac is the 
anatomical border between the epicardial and the 
extrapericardial adipose tissues. The potential 
impact of a variety of fat depots on cardiovascu-
lar disease manifestation has been described and 
investigated. While EAT is commonly defined as 
fat within the pericardial sac, extrapericardial 
adipose tissues are defined as fat outside the peri-
cardial sac. For pericardial adipose tissue, vari-
ous definitions are used in the literature. While 
some authors define it as fat inside the pericardial 
sac [equal to EAT], others also include fat adja-
cent to the outer layer of the pericardial fat [26, 
27]. In addition, total thoracic adipose tissue is 
defined as all fat within the thorax [usually only 
from the pulmonary artery bifurcation to the 
apex], which includes epicardial and extraperi-
cardial fat but also fat surrounding the aorta and 
other mediastinal structures.

In addition, more selective adipose tissues 
within the thorax have been described from CT 
imaging of the thorax. This includes periaortic 
fat, peri-coronary fat, peri-atrial fat, and others 
[28–30].

�Requirements for CT Imaging

Generally, the requirements regarding CT imag-
ing that allow for fat quantification are low. A 
large amount of available data arises from CT 
exams that were acquired from electron beam CT 
scanners [31–33]. Similarly, other population-
based studies used such as the Framingham Heart 
Study or the Multi-Ethnic Study of Atherosclerosis 
used four-slice or eight-slice multi-detector CT 
scanners for assessment of EAT [34–36].

Non-contrast CT scans of the heart are pre-
dominantly performed for quantification of coro-
nary artery calcification using the Agatston 
method [16]. As this requires a fixed tube voltage 
of 120 kV, this is found in the vast majority of 
publications using non-contrast CT. As for coro-
nary CT angiography, tube voltage frequently 
varies by scanner type, the patient’s habitus, and 
institutional preferences. Differences in tube 
voltage and likewise tube current affect CT atten-
uation of tissue including fat tissues. This does 
not relevantly affect EAT volume but has to be 
taken into account, when fixed thresholds for fat 
attenuation are used. In these cases, scanning 
parameters are commonly included as confound-
ers into multivariable regression analyses [37].

�Methods for Assessment of EAT 
from CT Imaging

Most available data are based on semiautomated 
quantification of EAT.  Fat volume and attenua-
tion is usually quantified offline from using a 
dedicated workstation [38, 39]. EAT volume can 
be assessed by manual tracing of the pericardial 
sac as outer border in axial planes from the right 
pulmonary artery to the apex of the heart as 
region of interest [38, 39] (Fig. 6.1). Some inves-
tigations additionally define upper and lower lim-
its of the pericardial sac as the bifurcation of the 
pulmonary trunk and the slice caudal to the pos-
terior descending artery [40].

Within the manually traced region of interest, 
pixels accounted as fat (based on a predefined 
Hounsfield unit window) are summed for assess-
ment of three-dimensional volume. The 
Hounsfield unit window used as definition of fat 
slightly varies in the literature. Generally, for 
non-contrast CT a slightly lower Hounsfield unit 
window is used. Table  6.1 [26, 31, 34, 37, 38, 
41–44] gives an overview over selective studies 
and Hounsfield unit window used for definition 
of fat.

Another key advantage of CT-based quantifi-
cation of three-dimensional quantification of tho-
racic fat depots is its very high reproducibility. 
An intraclass correlation coefficient of >0.9 was 
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reported in different cohorts, independent of adi-
pose tissue evaluated and scanning characteristics 
[e.g., contrast enhanced vs. non-contrast]. This 

very low variability makes CT-derived assess-
ment of thoracic fat depot robust and reliable 
measures in research and clinical practice. In 
addition, quantification of EAT volume from car-
diac CT is less dependent of image quality as, for 
example, coronary anatomy. Therefore, only very 
few exclusion criteria apply for assessment of 
EAT in most studies, with previous open-heart 
surgery being the most commonly reason for 
exclusion. 

In addition to semiautomated measures of 
epicardial and thoracic adipose tissue volumes 
by manual delineation of the pericardial sac in 
axial images, also fully automated measures 
have been described. Using a deep learning algo-
rithm, Commandeur and colleagues found that 
automated assessment of EAT volume and atten-
uation is feasible within seconds using on a stan-
dard personal computer with good agreement to 
manual measures [45]. Further studies are 
needed to link these measures with predictive 
models.

With the use of CT imaging, radiation expo-
sure is frequently of concern. However, with 

Pericardial sac

a b

Epicardial fat

3-dimensional reconstruction of epicardial fat

Fig. 6.1  Epicardial fat quantification from cardiac CT 
examination from non-contrast cardiac CT. (a) The peri-
cardial sac is usually manual traced in axial images as 
region of interest. Within this region of interest, pixels 
according to a predefined Hounsfield unit range are 
accounted as fat. After three-dimensional reconstruction, 

epicardial adipose tissue volume is calculated by summa-
tion of all pixels accounted as fat. (b) Three-dimensional 
reconstruction of epicardial fat by summation of all pixels 
within the region of interest, accounted as fat [38, 39]. 
Quantification of epicardial fat from contrast-enhanced 
cardiac CT can be performed in similar fashion

Table 6.1  Hounsfield unit window for definition of fat in 
CT imaging of the heart

Study
CT 
imaging

HU 
window Fat depot

Rosito et al. 
[26]

Non-
contrast

−195 to −45 Pericardial fat

Ding et al. 
[34]

Non-
contrast

−190 to −30 Pericardial fat

Mahabadi 
et al. [31]

Non-
contrast

−195 to −45 Epicardial fat

Nichols 
et al. [41]

Contrast 
enhanced

−190 to −30 Pericardial fat

Hell et al. 
[42]

Contrast 
enhanced

−190 to −30 Epicardial fat

Schlett 
et al. [43]

Contrast 
enhanced

−190 to −30 Periaortic fat

Balcer et al. 
[38]

Non-
contrast

−195 to −45 Peri-coronary 
fat

Oikonomou 
et al. [37]

Contrast 
enhanced

−190 to −30 Peri-coronary 
fat

Maurovich-
Horvat et al. 
[44]

Contrast 
enhanced

−149 to −30 Epicardial, 
peri-coronary, 
and periaortic fat
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modern scanners, effective doses of 1 mSv and 
below can routinely be achieved, which is similar 
to the dose of a clinical mammogram [46]. 
Modern dose reduction protocols have the ability 
to further relevantly reduce radiation exposure of 
CAC scoring scans, which may ultimately rela-
tivize this concern [47].

�Reference Values for CT-Derived 
EAT

Investigators from the Framingham Heart Study 
defined reference values for epicardial and extra-
pericardial fat in a healthy reference sample of the 
Offspring and Third Generation cohort [48]. They 
found that men had slightly higher EAT volume 
as compared to women, while extrapericardial fat 
volume was relevantly higher in men as compared 
to women. In addition, both fat depots relevantly 
increased with increasing age group, independent 
of gender. The investigators defined a fat volume 
>90th age- and gender-specific percentile in the 
healthy reference sample as high fat volume. In 
the overall cohort, 25–35% had a fat volume 
above this threshold, which was associated with 
higher body mass index and higher prevalence of 
metabolic syndrome [48]. However, the reference 
values for thoracic fat depots as described by 
Framingham investigators may not apply for other 
cohorts. With a mean EAT volume of >100 ml, 
they observed higher values as, e.g., for the 
European population-based Heinz Nixdorf Recall 
study cohort, for which a mean EAT volume of 
85.9  ml has been observed [31]. While ethnical 
differences may impact overall amount of EAT 
volume, investigators from the Multi-Ethnic 
Study of Atherosclerosis found that its relation-
ship with coronary atherosclerosis did not differ 
by ethnicity [35].

�CT-Derived EAT and Cardiovascular 
Risk Factors

In the well-defined cohort of the Framingham 
Heart Study, investigators evaluated the associa-
tion of CT-derived EAT and total thoracic volume 
with traditional risk factors [26]. They found that 

both fat depots were associated with other mea-
sures of obesity, including body mass index and 
waist circumference. For visceral adipose tissue 
volume, a strong correlation of epicardial and total 
thoracic fat was observed. In addition, EAT was 
positively linked to systolic blood pressure, blood 
glucose levels, and triglycerides, while a negative 
correlation was found with HDL cholesterol. 
Overall, associations were found to be stronger for 
women as compared to men. Within each tertile of 
visceral adipose tissue, the tertile of EAT further 
stratified the incidence of hypertension and 
impaired fasting glucose in women as well as met-
abolic syndrome in men [26]. In the European 
Heinz Nixdorf Recall study, CT-derived EAT was 
found to be significantly associated with age, gen-
der, waist circumference, antihypertensive medi-
cation use, LDL and HDL cholesterol, diabetes, 
and smoking status in multivariable regression 
analysis [31]. Of all investigated traditional car-
diovascular risk factors, systolic blood pressure 
and lipid-lowering therapy were the only factors 
without significant association in multivariable 
regression analysis. Unlike in the Framingham 
Heart Study, in this population-based cohort no 
relevant interaction with gender was observed. 
Interestingly, despite the lack in association 
between lipid-lowering therapy and EAT, investi-
gators from the randomized controlled BELLES 
trial found that intensified as compared to moder-
ate lipid-lowering therapy [atorvastatin 80 mg vs. 
pravastatin 40 mg] was associated with EAT vol-
ume regression. The effect of therapy regime on 
change in fat volume was present irrespective of 
changes in LDL cholesterol [49].

�CT-Derived EAT and Markers 
of Subclinical Atherosclerosis

Multiple studies evaluated the link of epicardial 
and extrapericardial fat depots with markers of 
atherosclerosis. In the Offspring cohort of the 
Framingham Heart Study, Rosito and colleagues 
observed a link of epicardial and total thoracic fat 
volume with both coronary and aortic calcifica-
tion when controlling for age and gender [26]. 
Interestingly, this effect was further strengthened 
when ancillary adjusting for visceral adipose 
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tissue volume. In contrast, when only adjusting 
for traditional risk factors, no significant associa-
tion of both thoracic fat depots with coronary and 
aortic calcification was observed. But again, the 
effect sizes were strengthened upon ancillary 
adjustment for visceral adipose tissue, observing 
a significant association of EAT volume with 
coronary artery calcification as well as a signifi-
cant association of total thoracic fat volume with 
aortic calcification [26]. This observation sup-
ported the hypothesis of a local role of visceral 
adipose tissues on atherosclerosis development 
in the underlying vasculature. In a subset of the 
Multi-Ethnic Study of Atherosclerosis (MESA), 
one standard deviation increase in pericardial fat 
was associated with nearly twofold odds of calci-
fied coronary plaque [35]. The significant asso-
ciation remained upon further adjustment of 
other cardiovascular factors and did not differ by 
gender and ethnicity. On the other hand, body 
mass index and height-adjusted waist circumfer-
ence were not associated with calcified coronary 
plaque, suggesting that local EAT volume is a 
stronger predictor of coronary atherosclerosis 
than general measures of adiposity [35]. In the 
European Heinz Nixdorf Recall study, the asso-
ciation of CT-derived EAT volume with coronary 
artery calcification was no longer present when 
adjusting for traditional risk factors, suggesting 
that the link of EAT with calcified coronary 
plaques is ultimately explained by shared risk 
factors [31]. In a cross-sectional analysis of 120 
patients undergoing contrast-enhanced CT angi-
ography, pericardial fat volume was found to be 
associated with overall plaque burden [50]. 
Interestingly, pericardial fat volume was compa-
rable in patients with predominantly calcified and 
with predominantly noncalcified plaque burden. 
In this study, addition of pericardial fat volume to 
Framingham risk score relevantly improved the 
prediction of coronary plaque. In the prospec-
tively enrolled ROMICAT study of patients 
undergoing CT angiography for acute chest pain, 
EAT volume was not only higher in patients with 
plaque burden as compared to patients without 
detection of coronary plaque. In patients with 
high-risk plaque characteristics [defined as >50 
luminal narrowing and positive remodeling, low 

attenuation plaque, or spotty calcification], even 
higher EAT volumes were observed [43]. In lon-
gitudinal analysis with serial non-contrast CT 
imaging, EAT volume was found to be signifi-
cantly associated with progression of coronary 
artery calcification [33]. This effect was more 
pronounced in subjects <55 years of age and in 
subjects with low calcium scores at baseline 
examination, suggesting that the impact of EAT 
on plaque development is more pronounced in 
the early phase of atherosclerosis. Likewise, EAT 
was only relevantly associated with onset of cal-
cification (coronary artery calcification score of 
zero at baseline and greater zero after 5 years) in 
the age group of <55 years [33].

�CT-Derived EAT Volume 
and Atherosclerotic Disease 
Manifestation

Patient-based studies with cross-sectional design 
provided the first reports of an association 
between EAT and prevalent cardiovascular dis-
ease. In 2001, Taguchi et  al. described an 
increased EAT volume determined by cardiac 
computed tomography in subjects with coronary 
artery disease compared to those without coro-
nary disease in a Japanese patient cohort [51]. 
These results were confirmed in a population-
based sample when investigators from the 
Framingham Heart Study described increased 
EAT volumes in subjects with prevalent coronary 
artery disease in a cross-sectional analysis in 
1267 subjects from the Offspring cohort. In con-
trast to EAT, intrathoracic fat, as fat depot inside 
the thorax but outside the pericardial sac, showed 
no association with cardiac events. In this study, 
the association with coronary artery disease was 
independent of age and gender as well as body 
mass index and waist circumference, but no lon-
ger reached statistical significance when further 
adjusting for traditional cardiovascular risk fac-
tors [27]. Interestingly, a more pronounced link 
of EAT with coronary heart disease and myocar-
dial infarction was observed, while only visceral 
abdominal adipose tissue volume as largest vis-
ceral fat depot of the human body was associated 
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with stroke. This finding further supported the 
hypothesis of a local effect of EAT on coronary 
artery disease development, which ultimately 
overruled the systemic effect of visceral abdomi-
nal fat in this analysis. In a case-controlled subset 
of the Multi-Ethnic Study of Atherosclerosis, one 
standard deviation increase in pericardial fat was 
associated with 30% higher odds of developing 
incident coronary heart disease, while no relevant 
link was observed with body mass index [34]. 
Effect sizes for pericardial fat remained stable 
upon adjustment for traditional risk factors. In a 
population-based cohort study, Mahabadi et  al. 
first investigated the association of CT-derived 
EAT volume with incident myocardial infarction 
with more than 32.000 patient years of follow-up 
[31]. In this analysis, incidence of myocardial 
infarction increased fivefold from 1st to 4th quar-
tile of EAT volume. In log transformed Cox 
regression analysis, doubling of EAT volume was 
associated with 50% increased risk of incident 
myocardial infarction. Effect sizes were stronger 
for women as compared to men, which was in 
major parts explained by a more pronounced 
effect in subjects with less coronary artery cal-
cium score (<100). This finding suggested that 
EAT may impact coronary artery disease devel-
opment in early stages and its assessment may be 
of greatest value in patients with only low detec-
tion of subclinical atherosclerosis. In an observa-
tional study of 843 consecutive HIV-infected 
patients receiving antiretroviral therapy for at 
least 6 months, Raggi and colleagues investigated 
the complemental value of EAT and coronary 
artery calcification score for prediction of myo-
cardial infarction and all-cause mortality [52]. 
They found that both CT-derived measures [EAT 
within upper tertile and coronary artery calcifica-
tion score >100] independently predicted a com-
bined endpoint of myocardial infarction and 
death. Likewise, in an Asian cohort of patients 
without known coronary artery disease undergo-
ing coronary CT angiography, Kunita and col-
leagues found that the combination of EAT 
volume above the median and coronary artery 
calcification score >100 together significantly 
improved prediction in Cox regression analysis 
[53]. When investigating the link of EAT volume 

for prediction of coronary events with other non-
coronary measures derived from non-contrast 
cardiac CT, EAT volume in the model together 
with left ventricular and left atrial axial area 
index, ascending and descending aortic diame-
ters, as well as aortic valve, mitral ring, and tho-
racic aortic calcification remained independently 
associated with a combined endpoint of myocar-
dial infarction, stroke, and cardiovascular death 
[32]. Of all included noncoronary measures, only 
left atrial size index, EAT volume, and thoracic 
aortic calcification from non-contrast-enhanced 
cardiac CT improve the prediction of incident 
hard cardiovascular events above CAC and estab-
lished risk factors, indicating that quantification 
of these noncoronary measures may improve the 
prognostic value of this imaging technology.

However, despite the overwhelming evidence 
of a strong association of CT-derived EAT vol-
ume with prevalent and incident coronary artery 
disease manifestation, its assessment is not 
included into daily clinical routine. Further stud-
ies are needed to investigate how assessment of 
EAT directly impacts patient outcome and can 
alter patient management.

�CT-Derived EAT and Non-
atherosclerotic Cardiac Diseases

Besides the association of thoracic adipose tis-
sues with coronary atherosclerosis, also a link of 
CT-derived EAT with noncoronary heart disease 
has been described in many studies. For develop-
ment of atrial fibrillation, a role of EAT was 
described, which was suggested to be mediated 
by the inflammatory effects of EAT. Al Chekakie 
et  al. reported higher EAT volume in subjects 
with atrial fibrillation compared to subjects with 
sinus rhythm [30]. In this study, subjects with 
persistent atrial fibrillation had even higher fat 
volume than subjects with paroxysmal atrial 
fibrillation. As a local effect of adipose tissue on 
atrial fibrillation was suggested, Wong et  al. 
quantified peri-atrial, periventricular, and total 
EAT volume in 110 patients undergoing first-
time ablation of atrial fibrillation compared to 20 
controls in sinus rhythm [54]. They found a 
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significant association between overall EAT vol-
ume as well as peri-atrial and periventricular fat 
with left atrial volumes, the presence and severity 
of atrial fibrillation, and poorer outcome after 
ablation. When comparing total EAT volume 
with peri-atrial fat volume, similar effects were 
described for atrial fibrillation burden and chro-
nicity. Framingham investigators also reported an 
association of EAT with atrial fibrillation, inde-
pendent of age, gender, hypertension, and body 
mass index in over 3000 subjects in cross-
sectional analysis [55]. Furthermore, a significant 
correlation between EAT and left atrial dimen-
sion is described, which by itself is a strong pre-
dictor of atrial fibrillation [36]. In the Heinz 
Nixdorf Recall study, the link between EAT and 
atrial fibrillation was ultimately attenuated, when 
left atrial size was added to the model, whereas 
the association of left atrial size with atrial fibril-
lation was independent of the amount of fat [56]. 
However, longitudinal analyses are needed to 
establish a pathophysiological mechanism of 
EAT and incidence of atrial fibrillation. 

Moreover, a link of EAT with left ventricular 
function via a lipotoxic mechanism has been sug-
gested in the literature [57]. However, an analysis 
based on participants from the Framingham 
Heart Study could not confirm a correlation of 
EAT volume with left ventricular structure or 
function, independent of effects from general 
adiposity [36]. In a study on 110 patients from a 
health screening program without known coro-
nary artery disease, Cavalcante et al. described a 
significant correlation of EAT with e´ and E/e´ as 
well as to left atrial size, suggesting that EAT 
may be associated with diastolic dysfunction 
[58]. These results confirm data from Iacobellis 
et al., showing that increase in EAT thickness is 
significantly correlated with atrial enlargement 
and impairment in diastolic filling in morbidly 
obese subjects [59]. Likewise, a strong associa-
tion of EAT thickness with aortic valve stenosis 
was recently described, again suggesting a local 
role via promotion of inflammation [60]. Further 
studies are needed to confirm these results and to 
establish potential mechanisms for the link of 
EAT with measures of left ventricular size and 
function.

�CT-Derived EAT Attenuation: 
A Novel and Complemental Risk 
Marker?

In addition to volume, CT-derived fat attenuation 
is suggested to reflect unfavorable metabolic 
activity, as it increases with vascularization, 
reflects higher concentration of mitochondria, 
and is correlated with local and systemic inflam-
matory markers [61–63].

Mahabadi et al. evaluated the additive value of 
EAT volume and attenuation in a cohort of 
patients with myocardial infarction. In patients 
with any myocardial infarction compared to sta-
ble coronary artery disease, epicardial volume 
was slightly higher. In addition, EAT attenuation 
was significantly different between both groups. 
Likewise, patients with type-I myocardial infarc-
tion had higher EAT attenuation and a tendency 
toward higher fat volume than subjects without 
type-I myocardial infarction. In logistic regres-
sion analysis, they observed positive associations 
of EAT volume with any myocardial infarction 
and type-I myocardial infarction in varying 
adjustment sets. However, despite stable effect 
sizes, no significant associations were observed 
in fully adjusted models. Likewise, also EAT 
attenuation was positively associated with any 
and type-I myocardial infarction, independently 
of EAT volume. In contrast to EAT volume. For 
fat attenuation, association with any and type-I 
myocardial infarction remained stable and statis-
tically significant upon adjustment for risk fac-
tors. Interestingly, both EAT volume and 
attenuation were associated with myocardial 
infarction when adjusting for each other. To fur-
ther evaluate the potential complementary value 
of EAT volume and attenuation, they assessed the 
frequencies of acute coronary syndromes in the 
investigated cohort stratified by EAT volume and 
attenuation below vs. above the median. Lowest 
frequencies of myocardial infarctions were 
observed for patients with EAT volume and 
attenuation below their median. Patients with 
diverse EAT profiles showed comparable fre-
quencies of myocardial infarction. The highest 
frequencies of myocardial infarction were 
observed for patients with both EAT volume and 
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attenuation above their median [39]. In the popu-
lation of the EISNER study, Goeller et al. investi-
gated the association of EAT volume and density, 
assessed by non-contrast-enhanced cardiac CT, 
with coronary artery calcification, markers of 
systemic inflammation, and major adverse car-
diac events in asymptomatic patients [64]. They 
found that EAT volume was higher and fat atten-
uation was lower in patients with coronary ath-
erosclerosis detection. Likewise, fat volume was 
positively linked with levels of PAI-1 and MCP-1 
and inversely related to adiponectin and HDL 
cholesterol. In contrast, EAT density was 
inversely related to PAI-1 and LDL cholesterol 
and positively associated to adiponectin, sICAM-
1, and HDL cholesterol. While both EAT volume 
and density were associated with major adverse 
cardiovascular events in univariate analysis, in 
multivariate analysis only for fat density a statis-
tically significant association remained.

However, when EAT attenuation is assessed, 
methods of CT imaging have to be taken into 
account as scanning parameters including tube 
current and tube voltage and most importantly 
the use of contrast media relevantly impact the fat 
attenuation. Therefore, comparability between 
studies may be limited due to differences in scan-
ning protocols.

�CT-Derived Perivascular Fat 
Assessment and Its Implications

Following the hypothesis of a local influence of 
visceral adipose tissue with atherosclerosis 
development in the underlying vasculature, 
researchers started investigating the link of local 
peri-coronary fat depots with disease manifesta-
tion in the underlying segment. In this context, 
peri-coronary adipose tissue as part of the overall 
EATs is defined as any fat located within the peri-
cardial sac directly surrounding the coronary 
arteries without any further anatomical land-
marks or borders. In the literature, several ana-
tomical definitions of peri-coronary fat have been 
used, including any fat until the myocardium, 
pericardial sac, or other coronary arteries, a radial 
distance from the outer vessel wall equal to the 

diameter of the vessel, or a maximum radius of 
3  mm from the coronary artery [65–67]. 
Evaluating the link between the amount of local 
peri-coronary fat volume with the presence of 
plaque burden in the underlying coronary artery 
segment, Mahabadi et al. evaluated 311 coronary 
segments from contrast-enhanced coronary CT 
angiography [67]. They observed that per each 
doubling of peri-coronary fat volume, the odds 
for presence of plaque in the underlying coronary 
segment was 2.5. Associations remained statisti-
cally significant with stable effect sizes after 
adjustment for traditional cardiovascular risk fac-
tors and when additionally accounting for overall 
EAT volume. Interestingly, the effect did not dif-
fer by coronary artery segment and was not 
related to type of plaque [calcified or 
noncalcified].

In a post hoc analysis of the randomized con-
trolled BELLES trial, the investigators found that 
statin therapy was associated with a decrease in 
peri-coronary fat attenuation [68]. The change of 
fat attenuation was independent of total choles-
terol, low-density lipoprotein cholesterol, coro-
nary artery calcium, and EAT volume. In contrast 
to EAT, the attenuation of subcutaneous fat was 
not impacted by statin therapy [68].

In a subset of a population-based cohort of 
more than 4000 subjects, Mahabadi et al. evalu-
ated the CT-derived peri-coronary fat area of 
patients developing incident nonfatal myocardial 
infarction during 8  years of follow-up. They 
found that coronary arteries that developed a cul-
prit lesion during follow-up causing a coronary 
event had significantly higher peri-coronary fat 
area at baseline as compared to coronary arteries 
without consecutive culprit lesion in the same 
patient [31].

Overall, the assessment of regional peri-
coronary adipose tissue volume and attenuation 
can be performed differently and different meth-
ods have been described in the literature. For 
instance, the evaluation of Balcer et  al. was 
based on manual delineation of regions of inter-
est of a coronary segmentation model divided in 
seven coronary segments in axial planes accord-
ing to  the Society of Coronary Computed 
Tomography (SCCT): left main  =  5  mm 
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proximal to bifurcation, proximal LAD = 5 mm 
distal from bifurcation, mid LAD = 5 mm distal 
from origin of the first diagonal branch, proxi-
mal LCX = 5 mm distal from bifurcation, mid/
distal LCX = 5 mm distal from origin of the first 
obtuse marginal branch, proximal RCA = 5 mm 
distal from the ostium, and mid RCA =  in the 
middle of the descending part of the RCA 
(Fig. 6.2) [38, 69].

Contrary to that, Hell et  al. used a different 
method. Attenuation analysis of peri-coronary fat 
was performed in perpendicular cross-sectional 
images using multiplanar reformatted CT angiog-
raphy images orthogonal to the specified coronary 
artery longitudinal axis on a dedicated off-line 
workstation. Furthermore, a predefined image dis-
play setting (window 450 Hounsfield units, level 
50 Hounsfield units) was applied to manually cir-
cle the outer vessel contour. Peri-coronary adipose 
tissue density was measured in circular regions of 
interest with a radius of 0.25, 0.5, 0.75, 1.0, and 
1.25 cm from the outer vessel border [40].

Marwan et al. evaluated data sets of patients 
who were referred for invasive coronary angiog-
raphy and in whom intravascular ultrasound of a 
coronary vessel was performed for clinical rea-
sons. They identified sixty corresponding coro-
nary artery segments in 29 patients within the 
coronary artery system in both dual source com-
puted tomography and intravascular ultrasound 
using bifurcation points as fiducial markers. 
Coronary segments with lipid-rich plaque, 
fibrous plaque, and normal coronary segments 
were identified in CT angiography data sets and 
intravascular ultrasound according to fiducial 
markers. CT attenuation of peri-coronary adi-
pose tissue for segments with any coronary ath-
erosclerotic plaque was significantly higher as 
compared to segments without plaque. When 
comparing mean density of peri-coronary fat 
surrounding proximal, mid, and distal segments, 
significantly highest density was observed in 
proximal segments, followed by mid and distal 
segments [65].

Outer border of
peri-coronary fat

Pericoronary fat

3-dimensional reconstruction of
peri-coronary fat

a b

Fig. 6.2  Peri-coronary fat as quantified from non-
contrast cardiac CT exams. For quantification of peri-
coronary fat here, for example, the peri-coronary adipose 
tissue around the proximal LAD is manually traced as 
region of interest. (a) Within this region of interest, pixels 
between −195 and −45 Hounsfield units are accounted as 

fat. (b) After three-dimensional reconstruction, peri-
coronary fat volume is calculated by summation of all 
pixels accounted as fat. Peri-coronary adipose tissue 
attenuation is defined as mean Hounsfield units of all fat 
pixels of the epicardial adipose tissue volume
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In addition, the study detected a significantly 
lower peri-coronary adipose tissue attenuation 
for normal versus atherosclerotic coronary seg-
ments [65], in contrast to Balcer et al., where no 
correlation between peri-coronary fat attenuation 
and culprit lesions was described.

In terms of reference values for peri-coronary 
fat volume and attenuation, it has to be taken into 
account that its amount varies between different 
locations of the coronary artery tree. In a recent 
analysis on patients presenting with acute coro-
nary syndrome, highest peri-coronary adipose 
tissue volume was observed in proximal right 
coronary artery, followed by the middle segment 
of the right coronary artery. Overall, peri-
coronary fat volume was found to be significantly 
higher in RCA than in the other coronary arteries. 
In contrast, local fat volume was not significantly 
different among left main, left anterior descend-
ing, and left circumflex coronary artery. For the 
left anterior descending coronary artery, peri-
coronary fat volume was significantly higher in 
segments with culprit lesions, than peri-coronary 
fat volume for all left anterior descending coro-
nary segments without culprit lesions [38]. 
Likewise, Balcer et  al. observed a trend toward 
higher peri-coronary fat volume surrounding cul-
prit lesions in the right coronary artery compared 
to segments in this vessel without culprit lesions, 
but not reaching statistical significance. Lowest 
fat attenuation was detected in mid left anterior 
descending and highest fat attenuation in left 
main. Overall, peri-coronary fat attenuation was 
lower in distal segments compared to proximal 
segments [38]. When interpreting the present 
results with respect to local differences in peri-
coronary fat volume and attenuation, it has to be 
taken into account that in this analysis most cul-
prit lesions were in the right coronary artery, 
while according to larger studies, coronary ath-
erosclerosis most frequently occurs in the proxi-
mal left anterior descending [70–72]. A study 
published by Khawaja et  al. investigated global 
and regional EAT volume by determination of the 
specific amount of perivascular EAT adjacent to 
each major coronary artery and especially the 
direct proximity to the coronary arteries. They 
suggest that regional alterations in EAT may play 

an important role in the pathogenesis of myocar-
dial ischemia. They found a regional specific adi-
pose tissue distribution with higher EAT volume 
around the right and left anterior descending 
coronary artery compared to the left circumflex 
artery [73].

Following the hypothesis that local peri-
coronary fat attenuation as measure of coronary 
inflammation is linked with coronary artery dis-
ease manifestation, Antonopoulos et al. described 
a method of peri-coronary fat attenuation assess-
ment [66]. They found that inflamed human ves-
sels release cytokines that prevent lipid 
accumulation in perivascular fat-derived preadi-
pocytes in vitro, ex vivo, and in vivo and validated 
a three-dimensional analysis method using CT 
images of human adipose tissue explants from 
453 patients undergoing cardiac surgery, relating 
the ex vivo images with in vivo CT scan informa-
tion on the biology of the explants. This measure 
of local perivascular fat attenuation had high sen-
sitivity and specificity for detecting tissue inflam-
mation as assessed by tissue uptake of 
18F-fluorodeoxyglucose in positron emission 
tomography. In addition, in a validation cohort, 
the fat attenuation around human coronary arter-
ies identified early subclinical coronary artery 
disease in  vivo, as well as detected dynamic 
changes of peri-coronary adipose tissue in 
response to variations of vascular inflammation, 
and inflamed, vulnerable atherosclerotic plaques 
during acute coronary syndromes. Consecutively, 
this group evaluated the association of peri-
coronary fat attenuation with incidence of all-
cause and coronary mortality in two large 
prospective studies using coronary CT angiogra-
phy [37]. In the derivation cohort, they first 
observed that peri-coronary fat attenuation values 
around the proximal right coronary artery and 
left anterior descending artery [but not around the 
left circumflex artery] were predictive of all-
cause and cardiac mortality and correlated 
strongly with each other. They consecutively 
used the perivascular fat attenuation measured 
around the right coronary artery as a representa-
tive biomarker of global coronary inflammation 
and found a strong association with cardiac mor-
tality in Cox regression analysis in the derivation 
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cohort and in the validation cohort. Further, they 
defined optimum cutoff for the perivascular fat 
attenuation of −70.1 Hounsfield units [HU] or 
higher in the derivation cohort. This cutoff value 
was applied in the validation cohort and provided 
improved prediction of cardiac and all-cause 
mortality in addition to traditional cardiovascular 
risk factors, coronary artery calcification score, 
overall EAT volume, and high-risk plaque char-
acteristics [37].

Machine learning algorithms are now on the 
horizon [74], which may further evaluate charac-
teristics that have not been determined so far. 
This may in addition enhance the prognostic 
value of fat quantification form cardiac CT via 
imaging of the residual inflammatory cardiovas-
cular risk.

�Periaortic Fat

Besides peri-coronary fat, also the fat depot adja-
cent to the thoracic and abdominal aorta has been 
investigated as potential risk marker of aortic ath-
erosclerosis. Both thoracic and abdominal peri-
aortic fat depots can be quantified with high 
reproducibility using CT imaging and show high 
correlation with visceral abdominal fat, waist cir-
cumference, and body mass index [28]. In the 
Offspring cohort of the Framingham Heart Study, 
Lehmann et  al. examined associations between 
adipose tissue depots immediately surrounding 
the thoracic aorta, metabolic risk factors, and 
vascular calcification [75]. In this cross-sectional 
analysis including over 1.000 participants free of 
cardiovascular disease, they found that periaortic 
fat volume was associated with traditional risk 
factors including body mass index, waist circum-
ference, visceral abdominal fat volume, hyper-
tension, low HDL cholesterol, serum triglyceride 
levels, impaired fasting glucose, and presence of 
diabetes. These associations remained significant 
after adjustment for body mass index and waist 
circumference but were attenuated after adjust-
ment for visceral abdominal fat. When compar-
ing periaortic fat with aortic calcification, they 
found that thoracic aortic fat was associated with 
thoracic calcification even after adjustment for 

visceral adipose tissue but effect sizes were atten-
uated after adjustment for traditional cardiovas-
cular risk factors. In contrast, thoracic aortic fat 
was associated with abdominal aortic calcifica-
tion and coronary artery calcification even in 
models including risk factors and visceral adi-
posity [75].

�Future Perspective

To date, quantification of EAT volume and 
attenuation as well as peri-coronary fat assess-
ment is not routinely performed in clinical prac-
tice. One of the key reasons is the relatively 
time-consuming manual delineation of the peri-
cardial sac as region of interest in axial images. 
However, with recently described machine 
learning approaches for quantification of both 
epicardial and peri-coronary fat, this obstacle 
may not be relevant in the future [45, 66]. 
Currently, non-contrast cardiac CT is routinely 
performed for risk stratification in primary pre-
vention to quantify coronary artery calcification 
score as an imaging-based test of subclinical 
atherosclerosis [12]. In contrast, coronary CT 
angiography is suggested for symptomatic 
patients with a low to intermediate pretest likeli-
hood, allowing exclusion of coronary artery dis-
ease due to its high negative predictive value 
[76]. Assessment of peri-coronary fat attenua-
tion as measure of coronary inflammation repre-
sents a novel aspect in the evaluation of coronary 
CT angiography. It improves prediction, dis-
crimination, and reclassification of all-cause 
and cardiac mortality. These results are in line 
with findings of other measures from contrast-
enhanced cardiac CT such as severity of coro-
nary artery disease and high-risk plaque 
characteristics to predict future events [77, 78]. 
When combining epicardial as well as peri-cor-
onary fat volume and attenuation with informa-
tion on the extent of plaque burden and plaque 
composition, coronary CT angiography has the 
potential to allow for a more accurate risk pre-
diction compared to the Agatston score as 
assessed by non-contrast CT [79]. Therefore, 
the routine assessment of thoracic fat depots 
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may lead toward extended indications for coro-
nary CT angiography to prevention cohorts.

�Conclusion

EAT is a visceral adipose tissue, directly sur-
rounding the heart. It is located within the peri-
cardial sac, which is the anatomical border from 
extrapericardial fat. The term pericardial fat is 
frequently defined as the combination of epicar-
dial and extrapericardial adipose tissue, while 
some researches use it as synonymic for 
EAT. With its ability of three-dimensional imag-
ing of the heart and the surrounding structures 
with isometric voxels, cardiac CT allows for reli-
able assessment of various thoracic fat depots 
including EAT. Over the last two decades, there 
has been growing evidence from patient-centered 
and population-based cohort studies that 
CT-derived EAT volume is associated with tradi-
tional cardiovascular risk factors and markers of 
coronary artery plaque burden. In addition, exist-
ing literature suggests a robust impact of EAT 
volume on cardiovascular disease manifestation 
in cross-sectional and longitudinal analyses. In 
addition to overall fat volume, its CT-derived 
attenuation via quantification of mean Hounsfield 
units of the fat depot has gained interest, as it 
reflects metabolic and most importantly inflam-
matory activity. Available data suggests that 
assessment of EAT attenuation provides comple-
mental information to fat volume with regard to 
prediction of cardiovascular diseases and there-
fore may enhance the value of quantification of 
EAT from cardiac CT imaging. Besides overall 
EAT volume, local perivascular visceral fat 
depots such as peri-coronary fat have increas-
ingly been described in the recent literature. 
Available data suggests that the volume and 
attenuation of local peri-vascular fat may be a 
more robust measure of risk, supporting the 
hypothesis of a paracrine effect of metabolites, 
secreted by EAT, on the development of athero-
sclerosis in the adjacent vasculature. With the 
advent of machine learning-based algorithms that 
allow for automated assessment of epicardial and 
peri-coronary fat volume as well as fat attenua-

tion within seconds, these CT-derived measures 
of thoracic fat may play a more prominent role in 
clinical routine in the near future.
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Magnetic Resonance Imaging 
of the Epicardial Adipose Tissue

Gianluca Iacobellis

�Introduction

Epicardial fat (EAT) is a measurable risk factor 
and marker of visceral adiposity. It can be easily 
and not invasively measured with echocardiogra-
phy, as proposed by Iacobellis et  al. [1, 2]. 
However this method has some limitations, such 
as the operator dependency and the linear mea-
surement. The echocardiographic measurement 

of EAT has been validated with magnetic reso-
nance imaging (MRI) and actually showed a 
good agreement. MRI is considered the gold 
standard technique to measure the adipose tissue 
[3]. MRI is noninvasive and does not use ionizing 
radiation, and therefore it is well suitable to mea-
sure EAT in both research and clinical setting.

�Cardiac MRI of the Epicardial Fat

A dedicated cardiac magnetic resonance (CMR) 
imaging has been developed to assess EAT vol-
ume. Flüchter et al. were the first to develop a pro-
tocol to measure EAT using CMR [4]. EAT was 
measured using a dark blood prepared 
T1-weighted multislice turbo spin-echo pulse 
sequence with a water suppression prepulse to 
obtain a transversal four-chamber view and short-
axis images in the same orientations used for the 
cine short-axis images. Both EAT thickness and 
volume were measured using CMR by Flüchter 
and colleagues. Following the anatomical find-
ings and the method previously described by 
Iacobellis et  al. [1, 2], EAT thickness was mea-
sured on the right ventricular free wall. Maximum 
epicardial fat thickness at the right ventricular free 
wall was measured in different views: in a trans-
versal four-chamber view (Fig. 7.1a) and in con-
secutive short-axis views (EFT-SAX) covering 
the whole ventricle (Fig. 7.1b) [4]. Epicardial fat 
in and near the atrioventricular and interventricular 

Key Points
•	 Cardiac magnetic resonance (CMR) 

imaging provides a precise and noninva-
sive assessment of both epicardial adi-
pose tissue (EAT) thickness and 
volume.

•	 Steady-state free precession (SSFP) 
CMR can measure EAT filling in differ-
ent and deeper heart areas.

•	 Proton magnetic resonance spectros-
copy (1H-MRS) is the gold standard 
technique to measure myocardial tri-
glyceride content that is independently 
correlated with EAT thickness
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grooves was not considered. While EAT thickness 
measured with CMR well correlated with autopsy 
[5], results were different from the EAT thickness 
values, measured according to the ultrasound 
methodology proposed by Iacobellis [1, 2]. This 
discrepancy could be attributed to the measure-
ment of EAT thickness from the four-chamber 
view with the CMR rather than from the long-axis 
view as described in the echocardiographic 
method. The population studies by Flüchter and 
Iacobellis were also quite different, as some of the 
patients assessed with CMR presented with con-
gestive heart failure. The left ventricular remodel-
ing could have therefore influenced EAT 
measurements from the four-chamber view.

In the CMR study, EAT volume was calcu-
lated by using the modified Simpson’s rule with 
integration over the image slices: EAT contours 
were outlined at end-diastole in the short-axis 
views covering the entire left and right ventricle 
[4]. The area subtended by the manual tracings 
was determined in each slice and multiplied by 
the slice thickness to yield the fat volume. Total 
EAT volume was obtained after the summation of 
data of all slices (Fig. 7.2). CMR-measured EAT 
volume showed excellent agreements with 
autopsy results [6].

Overall, CMR provides a precise and non-
invasive assessment of both EAT thickness 
and volume. However, the method used by 
Flüchter may have some limitations. A recent 
study raised up the concern and need of detect-
ing the diverse EAT anatomy and distribution 
[7]. EAT is not equally distributed through the 
heart. EAT is located at the interatrial groove, 
the atrioventricular septum, and the inferior 
pyramidal space, the left lateral ridge, the 
atrioventricular grooves, and the transverse 
pericardial sinus. Leo et al. recently proposed 
to use balanced steady-state free precession 
(SSFP) sequences of CMR to measure the dif-
ferent EAT locations [7]. SSFP sequences have 
the ability to distinguish the fat from the blood 
and the muscle, so providing a great quality 
imaging of EAT distribution. The authors nicely 
underline that EAT, particularly when abun-
dant, should not be considered as accumulation 
of layers covering the surface of the heart, but 
rather fat deeply penetrating into the heart and 
filling any possible folding. SSFP CMR can 
catch and detect the folding appearance of 
human EAT.

Regional fat distribution of EAT plays an 
important role in the development and potentially 

a b

Fig. 7.1  Epicardial fat thickness of the right ventricular free wall measured in the four-chamber view (a) and in a rep-
resentative short-axis view (b). (From Flüchter et al. [4], with permission from John Wiley & Sons)
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stratification of different conditions. For exam-
ple, peri-atrial EAT has shown to be strongly cor-
related with atrial fibrillation. Hence, clinical 
assessment of peri-atrial EAT could be instru-
mental in the prognosis of patients with atrial 
fibrillation. One study validated the use of a 
semiautomated three-dimensional atrial PAT 
model utilizing standard (clinical) CMR 

sequences for accurate and reproducible assess-
ment of atrial PAT [8].

Nelson et  al. also criticized the method pro-
posed by Flüchter [9]. They used an ovine model, 
to validate a CMR-derived paracardial adipose 
tissue volume assessment [9]. The measurement 
was not limited to the adipose thickness over the 
RV free wall, but included epicardial, paracardial, 

Fig. 7.2  Volumetric measurement of epicardial fat mass. 
The contours of epicardial adipose tissue were outlined in 
end-diastolic images of short-axis views covering the 

whole left and right ventricle. (From Flüchter et al. [4], 
with permission from John Wiley & Sons)

7  Magnetic Resonance Imaging of the Epicardial Adipose Tissue
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and pericardial adipose depots. Starting at the 
mitral annulus, consecutive end-diastolic ven-
tricular images were used to determine the area 
and volume of epicardial, paracardial, and peri-
cardial adipose tissue included paracardial adi-
pose tissue mass. Unquestionably this method 
allows the measurement of the entire cardiac adi-
posity. Nevertheless, this approach is argumenta-
tive, as EAT, pericardial, and paracardial adipose 
tissue are embryologically, anatomically, and 
functionally very different. The inclusion of the 
three fat depots as one single entity may not 
reflect the separate functions and clinical impli-
cations of each single adipose tissue.

CMR has been used in several studies to eval-
uate EAT in patients with different cardiac dis-
eases, such as CAD, HF, and dilated 
cardiomyopathy [10–12]. CMR imaging can not 
only measure EAT but also detect myocardial fat 
infiltration [13–15]. In patients with aortic steno-
sis, CMR imaging myocardial steatosis corre-
lated with the degree of left ventricular strain 
impairment [14]. CMR study using variable pro-
jection water/fat separation showed a relation 
between left ventricular function and fat accumu-
lation within the septal myocardium in patients 
with dilated cardiomyopathy [15]. Additionally, 
multiparametric CMR provides imaging of car-
diac function and myocardial fibrosis by late 
gadolinium enhancement.

�Advantages of CMR Imaging 
of Epicardial Fat

CMR allows a clear visualization of EAT. CMR 
imaging using SSFP allows a clear distinction 
between muscular and adipose tissue. This 
sequence provides a high signal/noise ratio and 
an optimal blood/myocardial contrast, which 
allows a precise definition of the endocardial bor-
ders. When using SSFP CMR, the strength of the 
signal comes from different tissues and depends 
on T1/T2 ratio. Water (blood) and fat have the 
same high T1/T2 ratio; then both tissues produce 
a very high signal. On the contrary, the muscular 
tissue has a low T1/T2 ratio and produces weak 
signal. SSFP CMR can distinguish the different 

EAT locations better than any other noninvasive 
imaging technique.

�Limitations of CMR Imaging 
of Epicardial Fat

When abundant, EAT not only covers the entire 
epicardial surface but also invades spaces and 
folds that usually are almost virtual [7]. Some 
CMR protocols may be not able and reliable in 
depicting the exact and deeper EAT distribution. 
CMR images side by side with corresponding 
anatomic specimens should be used. CMR is 
more expensive than echocardiography and 
requires different skills and labor in measuring 
EAT. CMR may not be readily available in non-
academic hospitals or non-research centers.

�Proton Magnetic Resonance 
Spectroscopy and Epicardial Fat

Myocardial fat accumulation has gained growing 
attention as independent and direct cause of car-
diac diseases. The presence of myocardial fat 
deposition, otherwise called cardiac steatosis, 
could represent an additional CMR imaging fea-
ture of prognostic importance in high-risk 
patients. The significance of cardiac steatosis in 
normal hearts remains to be determined. Proton 
magnetic resonance spectroscopy (1H-MRS) is 
the gold standard technique to measure myocar-
dial triglyceride content [16, 17]. 1H-MRS is used 
as a noninvasive, non-radiation exposure tech-
nique for the clinical assessment of myocardial 
lipid content. The recent use of high-field scan-
ners (3.0 T) has improved the chemical shift reso-
lution and signal-to-noise ratio of cardiac 
1H-MRS. This feature allows the discrimination 
between fatty acid (FA) and unsaturated fatty acid 
(UFA) deposition in the myocardium. Myocardial 
TG signals and the water signal are acquired from 
spectra with water suppression and without water 
suppression, respectively (Fig. 7.3). The spectro-
scopic signals are acquired at end-systole and 
end-expiration with electrocardiographic trigger-
ing and respiratory navigator gating.
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In clinical studies with 1H-MRS, myocardial 
triglyceride content is correlated with left ven-
tricular mass and systolic function in patients 
with heart failure and left ventricular hypertrophy 
[18, 19]. Ultrasound measured EAT thickness has 
shown to independently correlate with 1H-MRS 
myocardial triglyceride content (R  =  0.79, 
p < 0.01) in subjects with a wide range of obesity 
and body fat distribution [20]. EAT, as measured 
by standard cardiac ultrasound, may serve a pre-
dictor of triglyceride fat content better than waist 
circumference and other more traditional bio-
chemical risk factors. This statistical correlation 
is based on the lack of barrier separating EAT 
from the underlying myocardium. Hence, EAT 
excessive free fatty acid influx can reach directly 
the myocardium via paracrine or vasocrine path-
ways. It is plausible to speculate that the consen-
sual increase in EAT and myocardial fat might 
affect the heart morphology and function.
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Coronary Artery Disease 
and Epicardial Adipose Tissue

Gianluca Iacobellis

�Introduction

Epicardial adipose tissue (EAT) can locally affect 
the coronary arteries and play a significant role in 
the development and progression of coronary 
artery disease (CAD), as emerged only recently. 
The mechanisms through which EAT can cause 
atherosclerosis are complex, multifactorial, and 
not completely understood. However, several 
players have been already identified such as its 

anatomical proximity to the heart, lack of muscle 
fascia and shared microcirculation, the unique 
transcriptome, and the intense proteasome [1]. 
EAT lies in direct contiguity with the myocar-
dium without fascial barrier such that some EAT 
adipocytes even appear to invaginate the epicar-
dial surface. EAT directly surrounds the adventi-
tia and is supplied by branches of the coronary 
arteries. The absence of anatomical barriers 
allows a direct interaction and bidirectional cross 
talk between the epicardial fat and the coronary 
arteries. In addition to being an anatomically 
unique adipose depot, EAT demonstrates a tran-
scriptome markedly different from that of subcu-
taneous fat in the same subjects. EAT secretosome 
can go directly into the coronary lumen through 
paracrine or vasocrime mechanisms. The athero-
genicity of epicardial fat can be grossly caused 
and associated to inflammation, innate immunity, 
oxidative stress, lipotoxicity, and glucotoxicity.

�Epicardial Fat Inflammation

Inflammation is a major player in the develop-
ment and progression of CAD.  EAT should be 
considered a highly inflammatory organ [2]. 
Microarray analysis yields the transcriptional 
identity of EAT in CAD versus no CAD patients 
(Fig. 8.1) [3]. Epicardial adipocytes are enriched 
with pro-inflammatory and pro-atherogenic 
genes [3]. Upregulated EAT genes code for 

Key Points
•	 Epicardial adipose tissue (EAT) can 

locally affect the coronary arteries and 
play a significant role in the develop-
ment and progression of coronary artery 
disease (CAD).

•	 The incidence of major adverse cardiace 
event (MACE) increases with higher 
EAT independently of coronary calcium 
calcification score and obesity.

•	 Clinical imaging of EAT provides prog-
nostic information and improves the 
prediction of first coronary events.
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Fig. 8.1  Heat map of the 50 most enriched genes in 
EATCAD samples compared with EATVal samples. Heat 
mapping demonstrates the unique features of EAT, where 
expression values are represented as colors (red: increased 
expression; blue: decreased expression) with the degree of 

color saturation indicating the degree of expression. Heat 
map generated by Broad Institute’s Gene Set Enrichment 
Analysis. EAT epicardial adipose tissue, CAD coronary 
artery disease, and Val valvulopathy. (From McAninch 
et al. [3], with permission from John Wiley & Sons)
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pro-inflammatory cytokines, such as T cell and 
macrophage markers and B cell-associated fac-
tors, like tumor growth factor (TGF)beta2, mul-
tiple chemokine ligands, and chemokine 
receptors. Multiple chemokine ligands and che-
mokine receptors are over expressed in EAT of 
CAD subjects. The high inflammatory infiltrates 
in the EAT has been described in several studies 
[2–6]. Most of the analyses found EAT with 
higher inflammatory activity than any other vis-
ceral fat depots. EAT CD45 expression is signifi-
cantly higher than omental fat depot indicating a 
unique and significant infiltration of macrophages 
within epicardial adipocytes [4]. Messenger RNA 
(mRNA) expression of interleukin 6 (IL-6) and 
monocyte chemoattractant protein-1 (MCP-1) 
and tumor necrosis factor alpha (TNF-α) was 
higher in EAT collected from patients who under-
went cardiac surgery for CAD [5].

This intense pro-inflammatory proteasome is 
directly secreted into the coronary lumen. The 
secretion of epicardial inflammatory molecules 
into the coronary bloodstream promotes athero-
genesis, more likely through vasocrine rather 
than paracrine pathways as the plaque built-up 
tends to increase the arterial wall thickness. 
Regardless of the pathway, inflammatory cells 
secreted by the epicardial fat surrounding the 
adventitia may stimulate the proliferation of vasa 
vasorum and ultimately cause intramural 
changes. Coronary atherosclerotic plaque seems 
to be more prominent where epicardial fat deposit 
is more abundant [7, 8]. The pro-inflammatory 

transcriptome is higher and specific in the epicar-
dial fat depot adjacent to severe, but stable coro-
nary plaques [8].

The atherogenic effect of the epicardial fat is 
exerted not only but its anatomical vicinity to the 
plaque, but also mostly by its intense activity. 
Epicardial fat could affect the coronary arteries 
via multiple pathways including macrophage 
activation, oxidative stress, innate inflammatory 
response, and plaque destabilization. A dense 
inflammatory infiltrate, mainly represented by 
macrophages, pro-inflammatory M1 macro-
phages, and mast cells is commonly detected in 
epicardial fat of subjects with CAD (Fig. 8.2) [9]. 
Under pathological circumstances, epicardial 
adipocytes display an intrinsic pro-inflammatory 
and atherogenic profile. Interestingly, the ratio of 
epicardial fat pro-inflammatory M1 macrophages 
and anti-inflammatory M2 macrophages is unbal-
anced in patients with CAD [9]. The presence of 
macrophages and mast cells in epicardial adipose 
tissue could also be reactive to underlying plaque 
rupture and instability. EAT of CAD patients 
showed higher infiltration of macrophages and 
CD8-positive T cells than in EAT samples 
obtained from non-CAD patients [10]. Epicardial 
fat expresses adhesion molecules contributing to 
different phases of the atherosclerotic process, 
such as MCP-1, growth-related oncogene α, and 
regulated upon activation T cell and secreted 
(RANTES) [2–5].

The imbalance between anti- and pro-
inflammatory epicardial fat adipokines secretion 

CD68 CD11c CD206

Fig. 8.2  Epicardial adipose tissue (EAT) presents with 
intense inflammatory infiltrate in coronary artery disease 
(CAD). Immunohistochemical staining showing accumu-

lation of CD68-, CD11c-, and CD206-positive cells in 
EAT of patients with CAD. Scale bar = 100 μm. (From 
Hirata et al. [9], with permission from Elsevier)
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is strongly linked to human coronary atheroscle-
rosis [11]. In fact, epicardial fat production of 
pro-inflammatory adipokines is significantly 
higher than that of the subcutaneous fat in patients 
with coronaropathies. IL6, interleukin 8 (IL8), 
MCP-1, plasminogen activator inhibitor 1, 
growth-related oncogene-alpha, and macrophage 
migration inhibitory factor are the most abundant 
inflammatory cytokines, whereas anti-
inflammatory adiponectin was downregulated 
[11]. Both adiponectin gene and protein expres-
sion were significantly lower in patients with 
coronary artery disease [12]. However, not 
always the messenger RNAs (mRNAs) of the 
EAT inflammatory genes was associated with the 
circulating levels of the proteins [8].

The innate inflammatory response is also an 
active component of the atherogenicity of the 
epicardial adipose tissue. Epicardial fat inflam-
mation and innate immunity response are 
closely interrelated. Nuclear factor-kappaB 
(NFκB), c-Jun N-terminal kinase (JNK) activ-
ity, and toll-like receptors (TLRs) expression 
are higher in EAT as compared to other visceral 
fat depots of individuals with CAD [13]. The 
activated TLRs lead the translocation of NFκB 
into the nucleus. This cascade causes an upregu-
lation and higher release of inflammatory cyto-
kines such as interleukins (IL) 1 and 6, TNF-α, 
and resistin [14].

EAT plays a role in the endothelial damage. 
Higher expression and secretion of EAT resistin 
was associated with increased in vitro endothelial 
cell permeability in subjects with CAD [14]. EAT 
secreted resistin plays a role in the endothelial 
damage. Interestingly, vasodilator-stimulated 
phosphoprotein (VASP) is involved in resistin-
related endothelial dysfunction and the pheno-
type conversion of epicardial adipocytes [15]. 
The modulation of the endothelial function by 
EAT was investigated and further demonstrated 
the inflammatory properties of this tissue. In fact, 
EAT is enriched in factors involved in endothelial 
function such as, among others, bradykinin 
receptor B2 which mediates vasodilatation, natri-
uresis, nitric oxide, prostaglandin release and is 
involved in cross talk with the renin–angiotensin 
system [3]. EAT is also implicated in the oxida-

tive stress. KCNN3 involved in endothelial func-
tion is also overexpressed in EAT from CAD 
subjects [3]. The enrichment of these endothelial 
related genes in the EAT likely reflects a differ-
ence in gene expression between peripheral and 
the cardiac vasculature, as the EAT is supplied by 
branches of the coronary arteries. Interestingly, 
EAT-conditioned media caused a migration of 
monocytic tryptophan hydroxylase 1 (THP-1) 
cells to human coronary artery endothelial cells 
in subjects with CAD [10].

EAT is subject of oxidative stress and in a 
higher extent than subcutaneous fat in patients 
with cardiovascular disease. Higher reactive oxy-
gen species (ROS) and lower expression of anti-
oxidant enzymes, such as catalase, glutathione 
S-transferase P, and protein disulfide isomerase, 
are observed in the epicardial fat of individuals 
with CAD [16]. Lower catalase and higher ROS 
trigger the local inflammation and secretion of 
inflammatory factors, such as TNFα, IL8, and 
neutrophil-binding adhesion molecules. As com-
pared to subcutaneous fat, proteomic analysis 
showed posttranslational modification of EAT 
antioxidant markers GSTP1 and PDIA1 that dis-
play protective effects against oxidative and 
endoplasmic reticulum stress [16].

Microarray analysis showed that EAT is also 
enriched with genes involved in the hemostasis 
and coagulation. These genes included tissue 
plasminogen activator, an inhibitor of 6 endoge-
nous fibrinolysis that links fibrinolysis and 
inflammation in fat and impairs adipose tissue 
development. Evidence that EAT represents a 
highly inflammatory fat depot is supported not 
only by the enrichment of genes directly involved 
in the immune response, but also by these endo-
thelial and coagulation factors.

In addition to the inflammatory component of 
this adipose depot, EAT expresses markers of cel-
lular stress. MAP kinase stress response including 
MAP2K3 and MAP3K5, markers of adipocyte 
stress and inflammation were enriched in EAT 
[3]. ER stress markers including ERN1, ATF6, 
EIF2AK3, DNAJC1, and PDIA3 are also enriched 
in EAT [3]. Multiple proteases that play roles in 
lysosomal degradation and apoptosis including 
cathepsins K, S, G, H, B, and K as well as caspase 
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8 were also upregulated EAT [3]. Cathepsin B 
activation in adipocytes contributes to adipocyte 
cell death and macrophage infiltration in obesity.

The pro-atherogenic activity of EAT is also 
mediated by recently discovered inflammatory 
cytokines. One study showed that EAT of CAD 
patients had significantly higher levels of chemerin 
than that of controls [17]. Chemerin mRNA 
expression in EAT was positively correlated with 
Gensini score. Significantly higher expression of 
serglycin, a pro-inflammatory adipokine, was 
reported in in EAT [18]. Serglycin expression was 
induced during adipocytic differentiation of 
3T3L1 cells. TNF-α stimulates serglycin expres-
sion and secretion in adipocytes. Omentin-1, a 
novel adipocytokine mainly expressed in visceral 
adipose tissue, mRNA, and protein expression 
were found to be higher in EAT than in paired sub-
cutaneous fat [19]. EAT from CAD subjects have 
lower omentin-1 mRNA levels than those with no 
CAD. Omentin-1 expression in patients with CAD 
is lower in EAT adjacent to coronary stenotic seg-
ments than non-stenotic segments.

�Epicardial Fat Lipotoxicity

The mechanisms underlying the atherogenicity of 
epicardial fat involve also the lipid homeostasis. 
Toll-like receptors (TLRs), located within epicar-
dial fat macrophages and adipocytes response to 

excessive FFAs, recognized as endogenous anti-
gens, by upregulating the expression of transcrip-
tion factors, such as NF-κ B and FOS, and then 
enhancing their translocation of into the nucleus 
of epicardial adipocytes. The upregulation of 
these transcription factors causes an overexpres-
sion of epicardial fat inflammatory factors such as 
IL-1, IL-8, IL-6, and TNF-α. Inflammatory medi-
ators then activate macrophages derived from 
transdifferentiated adipocytes, inducing lipolysis 
and upregulation of intracellular adhesion mole-
cule-1 (ICAM-1), IL-6, and MCP-1, ultimately 
leading to the lipid accumulation within the ath-
erosclerotic plaque. Lipase G (LIPG), solute car-
rier family 7 member 5 (SLC7A5), and solute 
carrier family 16 member 10 (SLC16A10), all 
involved in lipid metabolism and nutrient trans-
port, are among the top upregulated genes in dia-
betic epicardial fat [20]. Epicardial fat could 
contribute to the lipid accumulation within the 
atherosclerostic plaque thanks to the higher secre-
tion of the secretory type II phospholipase A2 
(sPLA2-II) [21]. A microarray of EAT compared 
to subcutaneous adipose tissue (SAT) in both 
CAD and non-CAD subjects found the highest 
ranked gene encoding for a secreted protein to be 
secretory type II phospholipase A2 (sPLA2-IIA), 
the rate-limiting enzyme in the synthesis of a pro-
inflammatory lipid mediator. Epicardial fat is 
highly enriched in sPLA2-IIA in CAD subjects 
(Fig. 8.3) [21]. The upregulation of sPLA2 is cer-

Fig. 8.3  Immunohistochemical staining of sPLA2 in epi-
cardial adipose tissue (EAT) (b) and subcutaneous adi-
pose tissue (SAT) (a), showing a stronger signal in EAT 

than SAT. Bar, 50 μm. (From Dutour et al. [21], with per-
mission of Oxford University Press)
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tainly an additional factor contributing to the lipid 
build-up in the coronary arteries. The lipogenic 
effect of epicardial fat has also been attributed to 
its highest fat content of conjugated fatty acids 
[22]. EAT overexpression of low-density lipopro-
tein receptor-related protein 1 and very low-den-
sity lipoprotein receptor has been suggested to 
play a role diabetic dyslipidemia [23].

�Epicardial Fat Glucotoxicity

While insulin resistance and hyperglycemia are 
traditional and well-established risk factors, EAT 
recently emerged as novel player in the develop-
ment and progression of diabetes atherosclerosis. 
Epicardial fat per se can be considered a rela-
tively insulin resistant fat depot. In fact, the rate 
of insulin-stimulated lipogenesis in epicardial fat 
tissue is significantly greater than other visceral 
fat depots, but insulin had little or no effects on 
epicardial fat fatty acids incorporation and glu-
cose uptake. Epicardial adipose tissue glucose 
utilization is about half that of the intra-abdominal 
fat depots in monkeys [24].

However, the peculiarity of EAT in subjects 
with diabetes is in its genetic profile. In fact 
recent RNA-seq analysis from Iacobellis’s group 
showed that diabetic epicardial fat transcriptome 
is unique and markedly different from that of 
subcutaneous fat, suggesting a novel atherogenic 
pathway in diabetes [20]. Omentin (ITLN1) is 
the most upregulated gene and secreted adipo-
kine in both diabetic and not diabetic epicardial 
fat. The top upregulated genes (based on fold 
changes) appeared to have diverse functions. 
RNA-sequencing analysis showed that diabetic 
epicardial fat is highly enriched in genes involved 
in inflammation. Upregulated genes in diabetic 
epicardial fat included different pathways of the 
inflammatory response such as cytokine produc-
tion, leukocyte migration, cytokine–cytokine 
interaction, innate inflammatory response, and 
advanced glycation end products/receptor for 
advanced glycation end products (AGE-RAGE) 
signaling [20]. Gene enrichment analysis of tran-
scription factors showed that diabetic epicardial 
fat genes expression is mostly due to the action of 

upregulated transcription factors, such as those 
belonging to NF-κB family and FOS family [20]. 
KEGG pathway analysis further confirmed that 
the upregulated genes were involved in inflam-
matory related pathways, such as cytokine–cyto-
kine interaction, TNF, NF-κB, JAK-STAT, and 
AGE-RAGE signaling. Notably, 20 upregulated 
genes in diabetic EAT belonged to the AGE-
RAGE pathway. Important ligands of this path-
way include S100A8 and S100A9, which were 
increased in diabetic EAT. Enlargement of adipo-
cyte size was related to S100A9 expression levels 
in stromal cells, but not in epicardial cells [25]. 
The correlation between RAGE and CAD was 
observed in another study [26].

EAT could also contribute to create a local 
coronary insulin resistance. Interestingly, glucose 
transporter-4 (GLUT4) mRNA levels are lower in 
epicardial fat, whereas renitol-binding protein 4 
(RBP4) are higher than those in subcutaneous fat 
in patients with coronary artery disease [27]. 
Interestingly, the expression of p53, another gene 
involved in adipogenesis, in epicardial stromal 
cells is related to adipocyte enlargement in obese 
patients with cardiovascular disease [26].

Diabetic epicardial fat glucose and lipid 
metabolism are closely interrelated. Epicardial 
fat endothelial LIPG is upregulated in diabetes, 
as recently reported [20]. LIPG is a gene involved 
in the lipid uptake, endothelium regulation and 
may contribute to the pathogenesis of diabetic 
cardiomyopathy. LIPG expression was higher in 
epicardial fat from diabetic compared with non-
diabetic patients [27]. Diabetic epicardial fat is 
highly enriched in GOS2, another protein coding 
gene, considered one of the target genes of per-
oxisome proliferator-activated receptor alpha 
(PPARα) and PPARγ, transcription factors 
involved in the regulation of lipid metabolism, 
mitochondrial fatty acid oxidation, inflammation, 
and immunity. Notably, a recent study pointed 
out a role of epicardial fat in type 1 diabetes pos-
sibly mediated by leptin [28]. Remarkably, epi-
cardial adipocytes size has been correlated with 
serum leptin levels [29]. The lipotoxic effects of 
palmitate, highly enriched in diabetic epicardial 
fat, could increase serum soluble leptin receptor 
levels and consequently circulating leptin levels. 
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PTX3, a key component of innate and adaptive 
immune responses is upregulated in diabetic 
EAT, as only recently discovered [20]. However, 
the role of PTX3 in atherosclerosis is controver-
sial, as recent observations suggested PTX3 may 
actually have cardiovascular protective functions. 
The upregulation of PTX3 in diabetic EAT may 
be an adaptive response to CAD.

Long intergenic nonprotein coding RNA 1348 
(LINC01348) was upregulated in diabetic EAT, 
as only recently detected [20]. LINC01348 
belongs to long noncoding RNAs (lncRNAs) 
genes. Although their function is unclear, 
lncRNAs can regulate gene expression at epigen-
etic, transcription, and posttranscription levels.

Epicardial fat fatty acid composition is also 
peculiar in patients with diabetes. Diabetic epicar-
dial fat shows a significant increase in unsaturated 
fatty acids 12:0 and16:0 and a significant decrease 
in unsaturated fatty acid 20:4n–6 levels [14]. 
Epicardial fat in diabetic patients displays a sig-
nificant decrease in palmitic acid (16:0) level and 
ω3 fatty acids (20:5n–3 and 22:6n–3) and their 
precursor, 18:2n–6, and increase in trans- and 
conjugated fatty acids that could contribute to the 
diabetic cardiomyopathy mediated by the exces-
sive epicardial fat. Diabetic EAT atherogenicity is 
also linked to its elevated content of sphingolipids 
and ceramide [30]. The content of EAT sphingo-
lipids (SPA, S1P, C14-Cer, C16-Cer, C18:1-Cer, 
C18-Cer, and C24:1-Cer) is higher in the obese 
diabetic comparing to the lean nondiabetic group. 
Total ceramide content was higher in both obese 
groups comparing to the lean nondiabetic group 
and was significant higher in the obese diabetic 
group as compare to the obese nondiabetic group 
(p < 0.01). All measured DAG species are higher 
in the EAT of obese diabetic subjects as compared 
to the lean nondiabetic subjects.

�Epicardial Fat Downregulation 
in Advanced Coronary Artery 
Disease

Notably, a large number of genes and gene sets 
involved in housekeeping cellular functions are 
underrepresented in the EAT of CAD patients, 

suggesting a global downregulation of the tissue. 
These genes are related to a broad spectrum of 
cellular processes including intracellular traffick-
ing, proliferation/transcription regulation, pro-
tein catabolism, innate immunity, and lectin 
pathway [3]. The EAT transcriptome is primarily 
characterized by markers of inflammation but 
goes into a relative state of cellular inactivity in 
subjects with CAD.  The most downregulated 
gene in diabetic EAT was LINC01105, an ncRNA 
[20]. Adaptive, or better maladaptive, mecha-
nisms of CAD progression might result in deple-
tion of the EAT cellular activities. EAT could also 
encounter fibrotic and apoptotic changes in 
advanced stages of atherosclerosis and ischemic 
cardiomyopathies. The chronic hypoxia and 
unfavorable hemodynamic milieu can eventually 
affect the regulatory component of EAT protea-
some. Future studies of EAT taken from individu-
als with variable stages of CAD, or in which 
samples are collected from the same individuals 
as disease progresses, would further clarify 
which transcriptional changes occur with disease 
progression aid in determining causation.

�Clinical Role of Epicardial Fat 
in Coronary Artery Disease

In addition to the above-described complex and 
multifactorial causative mechanisms, epicardial 
fat plays a clinical role in the prediction, stratifica-
tion and progression of coronary artery disease. 
The association between epicardial fat and CAD 
was investigated and confirmed in several large 
population studies. EAT, regardless whether it is 
measured as volume or thickness, is higher in 
patients with CAD as compared to individuals 
without atherosclerosis. Patients with a coronary 
artery calcium (CAC) score > 10 had significantly 
higher CT measured EAT volume than patients 
with calcium scores ≤10 [31]. In that early study 
by Djaberi et al., a cutoff EAT volume of 75 ml 
provided the sensitivity and specificity of 72% 
and 70%, respectively, to detect the presence of 
atherosclerosis [31]. CT measured pericoronary 
EAT thickness showed a graded relation with 
CAD and coronary calcification in healthy 
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postmenopausal women and only in subjects with 
lower degree of obesity [32–33]. The suggestion 
that the relation of EAT and CAD is not simply 
explained by the concurrence of obesity, but 
rather by independent effects, was confirmed by 
echocardiographic studies [34]. In fact EAT thick-
ness was significantly higher in CAD patients 
despite these subjects presented a significantly 
lower BMI than obese subjects [34]. The lack of a 
linear correlation between obesity, EAT, and CAD 
is also due to the fact that obesity is still defined 
by BMI categories that could not reflect body fat 
distribution, and discriminate between visceral 
and subcutaneous fat accumulation. Although, CT 
is the gold standard technique to measure EAT, 
echocardiography confirmed that epicardial fat 
was an independent factor of CAD [35–36].

The presence and amount of calcium within 
the coronary arteries have a great importance in 
the development of CAD. Imaging and quantifi-
cation with coronary calcium score (CAC) is a 
milestone of the screening of CAD in asymptom-
atic, but potentially at high cardiovascular risk 
individuals. The interaction between EAT and 
CAC has been object of investigations, although 
results are not univocal. After adjusting for all 
considered confounders, an independent associa-
tion with a CAC increase of 3.7% per additional 
10  ml of EAT was detected in patients without 

known CAD [37]. EAT was associated with CAC 
score irrespective of body size, body fat, and car-
diovascular risk factors in men but not in women 
in the EPICHEART study [38]. Subjects with 
more severe CAC had higher EAT volume than 
those with lower CC in the Heinz Nixdorf Recall 
cohort study [39]. Interestingly, the strongest 
association of EAT with CAC progression was 
found in younger individuals (<55 years old) and 
in those with lower BMI. These findings suggest 
that EAT is independent of obesity, at least as 
defined by BMI, and may promote early athero-
sclerosis development. The role of EAT in caus-
ing and predicting early atherosclerosis in 
high-risk subjects was also confirmed in other 
studies also including diabetic patients asymp-
tomatic for CAD [40–41].

Of note, the correlation of epicardial fat with 
risk of CAD can also be independent of coronary 
calcification. A multivariate analysis showed that 
EAT volume as a predictor of the presence of an 
obstructive and a CT-derived vulnerable plaque in 
symptomatic patients with a zero-calcium score 
[42]. Higher EAT volume was associated with the 
presence of noncalcified vulnerable, unstable 
plaques (Fig. 8.4) [43, 44]. It is, therefore, plau-
sible that EAT plays an earlier, and possibly inde-
pendent of coronary calcium, role in promoting 
atherosclerotic plaque and plaques with high-risk 
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Fig. 8.4  Epicardial adipose tissue 
(EAT) volume is higher in non-
calcified plaques indicating the 
atherosclerotic effect of EAT can be 
independent of coronary calcium 
content. (From Alexopoulos et al. [44], 
with permission from Elsevier)
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features. The prevalence of obstructive plaques 
and MDCT-derived vulnerable features of coro-
nary plaques were significantly elevated in 
patients with increased EAT [45]. The correlation 
of EAT with indices of microvascular dysfunction 
in the absence of obstructive plaques suggests the 
earlier atherogenic effect of this fat depot [46]. 
EAT may be linked to early plaque components or 
noncalcified plaque burden in the underlying cor-
onary artery.

EAT is not equally distributed through the 
heart. The importance of regional EAT depots 
has only recently emerged. Pericoronary EAT has 
a direct effect on the proximal coronary arteries 
due to the anatomical proximity (Fig. 8.5). Unlike 
the echocardiography, computed tomography or 
MRI allows the detection and measurement of 
EAT in different locations. Pericoronary fat 
thickness correlates with stenotic coronary ves-
sels and more severe CAC [33]. Another study 
showed that EAT thickness in the left atrioven-
tricular groove, but not total EAT volume, was 
significantly associated with coronary athero-
sclerosis [47]. Regional epicardial fat rather than 
total volume was associated with active myocar-
dial ischemia [48]. EAT inflammatory activity 
also differs with fat distribution. As extensively 
discussed, inflammation is a key component of 
both CAD and EAT. The dense EAT inflamma-
tory infiltrate and secretosome leads to higher 
inflammation atheromatous plaques in underly-
ing coronary vessels. This effect has been con-
firmed also clinically. 18F-fluoro-2-deoxyglucose 
positron emission tomography/computed tomog-
raphy (18F-FDG PET/CT) studies showed that 
inflammatory activity of pericoronary adipose 
tissue was higher than any other EAT locations 
[49]. Pericoronary adipose tissue inflammation 
correlates also with the plaque burden and 
necrotic core component of coronary plaque [50].

More importantly, epicardial fat has shown not 
only to correlate with marker of atherosclerosis, 
but also to predict major cardiovascular events. 
CT measured EAT volume was prospectively 
evaluated in subjects with no history of CAD 
from the Heinz Nixdorf Recall cohort study [51]. 
The incidence of fatal or nonfatal coronary event 
significantly increased by quartile of EAT and 

remained significant even after adjustment for 
coronary calcium calcification (CAC) score [51]. 
More than 4000 patients were followed for 
8.0  ±  1.5  years, and fatal or nonfatal coronary 
events occurred in 130 subjects. EAT volume was 
higher in subjects with events (121 ml vs. 95 ml, 
p < 0.001) [51] (Fig. 8.6). In the Heinz Nixdorf 
Recall cohort study, individuals in the highest 
quartile of EAT had a fivefold higher risk of new 
major coronary events compared with subjects in 
the lowest quartile (Fig.  8.7). The independent 

Fig. 8.5  Pericoronary epicardial adipose tissue (EAT) 
has a direct effect on the proximal coronary arteries due to 
the anatomical proximity. (a) Region of interest (yellow) 
on a cross-sectional image determines EAT area (green). 
(b) Pericoronary fat thickness (green). LV left ventricle, 
RCA right coronary artery, RV right ventricle. (From 
Gorter et al. [33], with permission from Elsevier)
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correlation of EAT with major adverse cardiac 
event (MACE), defined as myocardial infarction 
or cardiovascular death, was confirmed by another 
study of 48-month follow-up [52]. The Multi-
Ethnic Study of Atherosclerosis (MESA) and 
another large-size population study found that an 
independent relation of EAT with the incidence of 
acute coronary events [53–54]. EAT provides 
prognostic information and improves the predic-
tion of first coronary events. EAT volume was 
greater in subjects with incident coronary heart 
disease. Remarkably, in the unadjusted analysis, a 
1-SD increment in pericardial fat was associated 
with a 33% greater risk of developing incident 
coronary heart disease. MESA participants in the 
highest quartile of pericardial fat had more than 
double the risk of CAD than those in the lowest 
pericardial fat quartile. It is worthy to note that 
these large studies measured the fat depot within 
the pericardial sac, so inclusive of both pericardial 
and epicardial fats. However, MESA investigators 
measured EAT in a random sample of 159 partici-
pants and found a strong correlation between peri-
cardial and epicardial fats [53].

Finally, whether EAT could be related signs 
and symptoms of CAD was investigated. Notably, 
epicardial fat was significantly correlated with 
chest pain, unstable angina and with coronary flow 
reserve [55–57]. Patients with acute coronary 
events have significantly higher EAT volume than 
patients with stable angina pectoris [55]. Of note, 
EAT volume was associated with lipid-rich plaque 
in patients with acute coronary syndrome, whereas 
no correlation between EFV and coronary plaque 
occurred in patients with stable angina [55].

While many studies clearly showed an associa-
tion between EAT and CAD, some failed to demon-
strate this relation. One study found no significant 
associations between EAT volume and CAC, sever-
ity of ≥50% stenosis by quantitative coronary angi-
ography, or abnormal myocardial perfusion [58].

�Impact of Epicardial Adipectomy 
on CAD

The question whether removing epicardial fat 
could benefit or even resolve CAD was tempting. 
One experimental study by McKenney-Drake 

et  al. tried to address this challenging issue. In 
Ossabaw miniature swine, the selective surgical 
excision of adipose tissue in direct contiguity 
with one of the epicardial coronary arteries atten-
uated the progression of atherosclerosis [59]. 
This complex experimental study supports the 
hypothesis that cEAT could contribute to under-
lying coronary atherogenesis. However, results 
should be taken with caution, as several limita-
tions can be identified. The findings may be 
applicable to the early stages of CAD because of 
the relatively young age of the animals, the short 
duration of atherogenic diet feeding, and the lack 
of observed flow-limiting coronary stenosis typi-
cal of advanced clinical disease. Also the obese 
pigs had substantially high LDL cholesterol lev-
els (>500 m/dL). The authors initially suggested 
the potential mechanisms whereby selective EAT 
removal could attenuate the progression of 
CAD. The hypotheses include the (a) removal of 
pro-inflammatory and atherogenic factors 
secreted by cEAT that could contribute to athero-
genesis by direct diffusion through the adventitia 
into the coronary intima-media and (b) the dis-
ruption of vasa vasorum in the adventitia and in 
the closely adjacent cEAT and, therefore, affect 
the vasocrine cross talk between EAT and the 
coronary arteries. However, the same authors 
performed another experiment in a different sam-
ple of female Ossabaw miniature swine [60]. In 
this study, they found that cEAT resection was 
not associated with a decrease in the inflamma-
tory cytokines, whereas increased positive out-
ward remodeling and arrest of atherogenesis 
could be the most putative mechanism. These 
hypotheses are intriguing, but they should be 
proven and confirmed in humans. Given the fact 
that EAT has also a physiological and cardiopro-
tective role, the indications for its complete surgi-
cal removal are questionable. Pharmacological 
manipulation to restore EAT physiological func-
tion may be a more desirable strategy.

�Conclusion

From the basic scientist perspective, EAT is 
clearly and independently associated with the 
coronary atherosclerosis. In addition to being an 
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anatomically unique adipose depot, EAT demon-
strates a transcriptome markedly pro-atherogenic 
and different from that of subcutaneous fat. The 
EAT transcriptome is highly enriched with genes 
encoding for inflammatory factors more actively 
involved in the early development of lipid-rich 
and noncalcified coronary plaque, rather than in 
the advanced and calcified atheroma. These find-
ings provide the basis for new hypothesis gener-
ation in the understanding of the physiologic 
role of EAT and its pathophysiologic involve-
ment in CAD.  In the clinical setting, the inci-
dence of MACE increases with higher EAT 
independently of coronary calcium calcification 
score and obesity. Clinical imaging of EAT pro-
vides important prognostic information and 
improves the prediction of first coronary events. 
Routine assessment of EAT could be imple-
mented for a better prediction and stratification 
of CAD.
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Key Points
•	 Perivascular adipose tissue (PVAT) is a 

diverse structure surrounding the human 
vessels, with a highly diverse secretome, 
including adipokines, cytokines, gas-
eous messengers, and miRNAs, among 
others, and is implicated in a bi-
directional interplay with the adjacent 
vascular wall, affecting and being 
affected by aspects of its biology, mainly 
vascular inflammation.

•	 Coronary inflammation, a key compo-
nent of atherosclerosis, induces molecu-
lar, transcriptional and structural changes 
to PVAT, which alter PVAT’s phenotype, 
creating concentric three-dimensional 
gradients characterized by small adipo-

cytes with low lipid content, interstitial 
space expansion, edema, fibrosis and 
neovascularization, around inflamed 
vessels.

•	 PVAT phenotypic changes can be 
tracked non-invasively utilizing imag-
ing techniques that capture three-dimen-
sional attenuation and texture changes 
in the visualized adipose tissue and that 
have important implications in cardio-
vascular disease diagnosis and progno-
sis. The Fat Attenuation Index (FAI), an 
artificial-intelligence enhanced bio-
marker, captures weighted attenuation 
gradients in the perivascular space 
inherent to coronary inflammation, pro-
viding an excellent surrogate of both 
baseline inflammatory burden in the 
vasculature as well as localized inflam-
mation around the vulnerable plaque. 
Fat radiomic profiling has also emerged 
as another promising marker for non-
invasively describing permanent struc-
tural changes in PVAT that arise from 
direct inflammation aftereffects, such as 
fibrosis and neovascularization.
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�Introduction

Perivascular adipose tissue is a metabolically 
active and dynamic structure surrounding most 
vessels in the human body. It comprises adipo-
cytes, nerves, microvasculatvvure, stem cells, and 
inflammatory cells. Its close proximity to the vas-
cular wall, being a natural continuation of the vas-
cular adventitia, allows a continuous crosstalk, 
which has been highlighted recently as an impor-
tant factor in the pathogenesis and natural course 
of a range of pathologies [1]. Despite being 
regarded until recently as simply a structural unit 
providing mechanical support to the vasculature, 
its role as modulator of vascular biology is gain-
ing attention, especially in the case of vascular 
inflammation and coronary artery disease [2].

Coronary artery disease (CAD) continues to 
claim a spot at the top of the table with leading 
causes of death in the western world, as demon-
strated by the World Health Organization’s (WHO) 
most recent report [3]. Being responsible for 1 in 7 
deaths in the USA, killing over 366,800 people a 
year, it is a major contributor to the ever-increasing 
medical costs associated with its management, 
which are projected to amount to $1.1 trillion by 
2035 [4]. Despite the fact that mortality rates have 
seen major declines during recent years compared 
to past decades, reflecting advances made in pri-
mary and secondary prevention [5], the disease 
remains a significant mortality contributor, and the 
so-called residual cardiovascular risk persists [6]. 
Indeed, residual cardiovascular risk has been pro-
posed as a promising target in many large clinical 
trials utilizing novel, effective but at the same time 
costly therapies, such as anti-PCSK9 monoclonal 
antibodies [7] or antibodies targeting chemokines 
[8]. These therapeutic agents have proven to be 
rather robust and promising, successfully reducing 
the global inflammatory burden in patients at high 
cardiovascular risk; however, their high cost hin-
ders the clinical adaptation by healthcare systems, 
highlighting the imperative need for early and 
accurate detection of the target populations [9]. As 
we move further into the era of personalized medi-
cine, the development and deployment of new 
“companion diagnostics,” will enable the detec-
tion of the true “vulnerable patient,” meaning the 
patient that is indeed at the greatest risk and will 

therefore benefit the most out of these new and 
expensive therapeutics. These applications will 
revolutionize the prevention of development of 
clinical cardiovascular disease, including ischemic 
heart disease, and at the same time prevent the use 
of unnecessary invasive therapy in patients with 
severe but stable CAD, who may mistakenly be 
considered “vulnerable” under current traditional 
diagnostics.

This chapter elaborates on the biology of peri-
vascular adipose tissue (PVAT) and its contribu-
tion to atherosclerosis, with a special focus on its 
bidirectional interplay with the vascular wall, and 
how imaging of perivascular fat can be a window 
to vascular inflammation and a promising marker 
of cardiovascular disease with diagnostic and 
prognostic value.

�Atherogenesis and Inflammation

Inflammation is a key player in the natural history 
of atherogenesis, especially the development of 
the vulnerable atherosclerotic plaque [10]. The 
links between inflammatory processes and athero-
sclerosis are well established, with both innate 
and adaptive immunity involved in a complex net-
work of molecular and cellular interactions [11, 
12]. Components of the innate arm of immunity 
can be triggered by pathogens in a non-specific 
manner, leading to the activation of mast cells, 
neutrophils, macrophages (respiratory burst), and 
the complement [13]. At the same time, antigen-
presenting cells are activated by toll-like receptors 
(TLRs), leading to pro-inflammatory signaling 
responses, and cross-linking with adaptive immu-
nity, which is highly organized and more relevant 
to atherogenesis. T-cell activation, antibody pro-
duction, and secretion of a range of pro-inflam-
matory cytokines, such as IFN-γ, IL-1, IL-6, are 
all responses related to the state of systemic low-
grade inflammation inherent to atherosclerosis. 
This state still accounts for residual risk for car-
diovascular events in the population [14].

Low-grade inflammation is induced by the 
release of pro-inflammatory cytokines that lead 
to endothelial dysfunction, depletion of nitric 
oxide bioavailability, and accumulation of cell 
adhesion molecules to the vascular bed, which 
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attract circulating leukocytes into the arterial 
intima [15]. Reactive oxygen species produced 
in the sub-endothelial space, as part of the local-
ized inflammatory cascade, oxidize LDL, which 
is taken up by macrophages, turning them into 
foam cells and initiating plaque development 
[16]. Activated T-lymphocytes are brought into 
action, while vascular smooth muscle cells 
(VSMCs) exhibit an increase in proliferation and 
migration, reaching the intima and differentiat-
ing into osteoblasts, contributing to the local 
deposition of calcium and overall stabilization of 
the plaque [17]. Nevertheless, perpetuating 
excess local inflammation and sheer stress 
induce metalloproteinases and lead to extracel-
lular matrix degradation, remodeling, and ulti-
mately destabilization of the plaque, resulting in 
fissures, erosion, rupture, occlusive thrombosis, 
and fatal complications [15, 16].

The inflammatory hypothesis in atheroscle-
rosis development and progression has ignited 
the search for inflammation markers used as 
surrogate markers of presence and prognosis of 
cardiovascular disease. Systemic indices, 
mainly high sensitivity C-reactive protein 
(hsCRP) and proinflammatory cytokines in the 
plasma, have been associated with cardiovascu-
lar risk prediction, beyond traditional cardiovas-
cular risk factors, supporting the concept of 
residual inflammatory risk [18]. This hypothesis 
became ever more prominent when large trials 
such as the JUPITER and CANTOS trials were 
reported. JUPITER [19] showcased a reduction 
in cardiovascular risk in individuals with ele-
vated hsCRP following treatment with the statin 
rosuvastatin. However, the full extent of rosuv-
astatin’s pleiotropic anti-inflammatory effects 
was not fully documented, as LDL levels were 
also reduced in line with the risk reduction 
observed, obscuring the true size effect. More 
recently, the CANTOS trial [8] reported for the 
first time in humans that targeting IL-1β using 
the monoclonal antibody canakinumab reduces 
the risk for cardiovascular events. However, 
fatal infections and sepsis were observed more 
frequently in the treatment group, raising safety 
concerns regarding the targeting of central key 
players of innate immunity. Importantly, inflam-
mation should not be perceived as a singular 

therapeutic target, but rather as a spectrum of 
signaling pathways, each one constituting a sin-
gular target with variant therapeutic potential. 
This remark was underlined by the 
Cardiovascular Inflammation Reduction Trial 
(CIRT) [20], in which low-dose methotrexate 
failed to reduce events versus placebo as well as 
by a post-hoc analysis of the CANTOS trial data 
which showed that substantial residual inflam-
matory risk related to both IL-18 and IL-6 
remains after IL-1β inhibition with canakinumab 
[21]. It is consequently evident that, despite its 
well-established connection with vascular dis-
ease pathogenesis, inflammation needs to be 
further studied, both as a marker aiding the 
selection of the vulnerable patient, who would 
benefit the most from novel expensive therapies, 
and at the same time as a consistent therapeutic 
target [22]. Circulating biomarkers, like hsCRP 
or IL6, have excellent capacity in detecting sys-
temic inflammation but are often driven by other 
systemic (obesity, diabetes, cancer) or local 
inflammatory conditions (arthritis, infection) 
that usually co-exist with coronary inflamma-
tion. Therefore, unveiling the role of inflamma-
tion in atherogenesis to its full extent, both from 
a diagnostic as well as a therapeutic point of 
view, is of key importance. Studying in particu-
lar the localized inflammation-induced changes 
in the human arteries as well as in their perivas-
cular space, may lead to the development of 
new, local biomarkers of inflammation, driving 
restratification protocols and revolutionizing the 
management of CAD. Perivascular adipose tis-
sue  – its biology and imaging  – has recently 
emerged as a promising player, projected to pro-
vide reliable and promising insight into the 
detection of vascular inflammation, in a local-
ized and specific manner.

�Defining Perivascular Adipose 
Tissue

Adiposity in the human body is distributed ana-
tomically into two major compartments, subcuta-
neous fat (SAT) and visceral fat (VAT). In terms 
of functionality, adipose tissue can be catego-
rized into three depots: white, brown, and “beige” 
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or “brite” [23]. White adipose tissue acts mainly 
as metabolic energy storage, brown adipose tis-
sue is primarily tasked with non-shivering ther-
mogenesis, whereas the term “beige” refers to 
brown-like adipocytes inside white adipose tissue 
that present the ability to produce heat via uncou-
pling of mitochondrial respiration [24].

The term epicardial adipose tissue (EAT) 
refers to white adipose tissue located between the 
myocardium and the visceral layer of the pericar-
dium. It differs embryologically from pericardial 
(or paracardial) fat, which is the part of intratho-
racic visceral adipose tissue attached to the out-
side of the parietal layer of the pericardium [25]. 
EAT derives from the splachnopleuric mesoderm, 
as does the heart, and is supplied with blood by 
the coronary circulation [26]. On the other hand, 
intrathoracic VAT originates from the primitive 
thoracic mesenchyme and is vascularized by non-
coronary arteries [25]. In addition, EAT differs 
greatly from VAT and SAT at a functional level. 
Low expression levels of adiponectin and high 
levels of IL-6 and C-C motif chemokine ligand 2 
(CCL2) have been associated with higher infiltra-
tion of macrophages in coronary artery disease 
and also linked to other phenotypes such as 
hypertension [27]. Furthermore, macroscopic 
measures of EAT, such as thickness and volume, 
are considered surrogates for metabolically 
unhealthy obesity and have been used for cardio-
vascular risk stratification [28].

The need for a separate and clear definition 
for adipose tissue around the human arteries 
originated from the observation that the part of 
EAT in close proximity to the coronary arteries 
has different morphological and functional 
characteristics compared to the rest of the depot 
[29]. In bulk literature, PVAT is vaguely defined 
as adipose tissue surrounding the blood vessels. 
However, recently a series of experiments exam-
ining the molecular phenotype of pericoronary 
fat at increasing distances from the coronary 
artery wall revealed regional variability, result-
ing from complex, paracrine vessel–PVAT inter-
actions [29]. This led to the proposal of a new 
robust definition of pericoronary fat  – and by 
extension PVAT in general – as any adipose tis-
sue located within a radial distance from the 

outer vessel wall equal to the whole vessel 
diameter of the adjacent coronary artery [29]. 
This definition highlights the importance of 
biology, as opposed to crude anatomical bor-
ders, in defining distinct fat depots and has the 
potential to address the contradicting variable 
definitions of PVAT that have appeared in litera-
ture so far (Fig. 9.1).

Perivascular adipose tissue (PVAT) is a 
highly dynamic and metabolically active tissue 
surrounding most vascular beds in the human 
body, except for neural and pulmonary vascula-
ture [30]. In large vessels, PVAT is contiguous 
with the adventitial layer, whereas in small ves-
sels and microvessels, PVAT adipocytes are an 
integral part of the vascular wall itself [31]. 
Typically, healthy PVAT comprises adipocytes, 
microvasculature, nerves, stem cells, and 
inflammatory cells, although the exact pheno-
type depends on anatomical location and will 
vary significantly with pathogenesis [32]. Also, 
despite containing predominantly WAT, it has 
been reported to exert BAT thermogenic capa-
bilities after exposure to cold [31].

�PVAT Effects on the Vascular  
Wall – Outside to Inside Signaling

Adipose tissue produces a wide variety of bioac-
tive molecules, including adipokines (such as 
adiponectin, leptin, apelin) and inflammatory 
cytokines, jointly referred to as adipocytokines. 
A summary of the main roles and clinical rele-
vance of the key adipocytokines secreted by 
PVAT can be found in Table  9.1. PVAT further 
secrets micro-RNAs, microvesicles, inorganic 
molecules such as hydrogen sulfide, reactive 
oxygen species, fatty acid metabolites, and others 
(Fig. 9.2). Products from remote depots, such as 
the subcutaneous adipose tissue, act on distant 
sites of the cardiovascular system in an endocrine 
manner, after being released into the bloodstream 
through the adipose tissue microvessels [23]. 
Perivascular fat, on the other hand, can utilize 
other, more direct routes, so as to affect vascular 
biology. Given its close anatomical affinity with 
vessels, PVAT has the unique ability to exert 
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direct effects on the adjacent vascular wall 
through the paracrine release of bioactive media-
tors. Furthermore, PVAT is implicated in a third 
form of signaling, vasocrine signaling, in which 
PVAT-derived adipokines can travel through the 
underlying vascular wall and reach the lumen, 
thereby being able to circulate in downstream 
microcirculation and potentially act upon entire 
vascular beds [33].

Regardless of the route they employ, adipose 
tissue-derived products influence many aspects 
of vascular biology, including vascular tone, 
inflammation, vascular smooth muscle cell 
migration, endothelial function, and vascular 
redox state [34, 35]. It has been shown that the 
secretome of PVAT contains anti-inflammatory 
and antioxidant components, and it may host 
defense mechanisms for the vascular wall [36, 
37]. Adiponectin induces 5ʹ-AMP-activated pro-
tein kinase (AMPK) or RACα serine/threonine-

protein kinase (AKT)-mediated endothelial nitric 
oxide synthase (eNOS) phosphorylation acting as 
a vasorelaxant [34]. Hydrogen sulfide (H2S) and 
palmitic acid methyl ester also influence vascular 
tone, by activating ATP-regulated and voltage-
gated potassium channels, respectively [38, 39]. 
PVAT also regulates angiotensinogen expression 
and the ensuing increase in angiotensin II, which 
acts on smooth muscle cells in the vessel walls to 
regulate vasoactivity and blood pressure in a cir-
cadian fashion, through the production of the aryl 
hydrocarbon receptor nuclear translocator-like 
protein 1 (known as BMAL1) in brown adipo-
cytes [40]. The anti-contractile effects of PVAT 
include also the uptake and metabolism of vaso-
active amines, such as norepinephrine [41], 
whereas the gaseous messenger nitric oxide 
(NO), which is produced by adipocyte or macro-
phage NOS, exerts paracrine anti-inflammatory 
effects [42]. Finally, adipokines adiponectin and 

Epicardial AT

Pericardium

Vessel diameter

Perivascular AT

Paracardial
intrathoracic AT

Subcutaneous AT

Fig. 9.1  Defining distinct adipose tissue depots. Axial 
cross-sectional slice of a coronary CTA, depicting the dis-
tinct adipose tissue (AT) depots within the thorax. 
Adiposity in the human body is distributed anatomically 
into two major compartments, subcutaneous fat (SAT) 
and visceral fat (VAT). VAT within the thoracic cavity can 
be further divided into paracardial or pericardial fat, 
which is the part of intrathoracic visceral adipose tissue 

located outside of the parietal layer of the pericardium, 
and epicardial fat which is located between the myocar-
dium and the visceral layer of the pericardium. PVAT is 
defined as any adipose tissue located within a radial dis-
tance from the outer vessel wall equal to the whole vessel 
diameter of the adjacent coronary artery. (CTA computed 
tomography angiography, PVAT perivascular adipose 
tissue)

9  Perivascular Adipose Tissue and Atherosclerosis



96

Ta
bl

e 
9.

1 
Su

m
m

ar
y 

of
 k

ey
 a

di
po

ki
ne

s 
se

cr
et

ed
 b

y 
pe

ri
va

sc
ul

ar
 a

di
po

se
 ti

ss
ue

 (
PV

A
T

)

A
di

po
ki

ne
Pr

od
uc

in
g 

ce
lls

V
as

oc
on

st
ri

ct
or

 o
r 

va
so

di
la

to
r

Pr
o-

 o
r 

an
ti-


in

fla
m

m
at

or
y

O
th

er
 b

io
lo

gi
ca

l r
ol

es
C

lin
ic

al
 r

el
ev

an
ce

A
di

po
ne

ct
in

A
di

po
cy

te
s

V
as

od
ila

to
r

A
nt

i-
Im

pr
ov

es
 in

su
lin

 s
en

si
tiv

ity
In

cr
ea

se
s 

gl
uc

os
e 

up
ta

ke
N

or
m

al
iz

es
 B

P 
in

 o
be

se
 

m
ic

e

N
or

m
al

 s
ub

je
ct

s:
 L

ow
 p

la
sm

a 
le

ve
ls

 r
efl

ec
t h

ig
h 

C
A

D
 r

is
k;

 g
en

e 
po

ly
m

or
ph

is
m

s 
as

so
ci

at
ed

 w
ith

 
C

A
D

A
dv

an
ce

d 
C

A
D

 s
ub

je
ct

s:
 H

ig
h 

pl
as

m
a 

le
ve

ls
 

pr
ed

ic
t a

dv
er

se
 o

ut
co

m
es

L
ep

tin
A

di
po

cy
te

s
V

as
od

ila
to

r
Pr

o-
D

efi
ci

en
cy

/r
es

is
ta

nc
e 

as
so

ci
at

ed
 w

ith
 h

yp
er

te
ns

io
n 

an
d 

IR
E

ne
rg

y 
st

or
ag

e 
re

gu
la

tio
n

Po
ly

m
or

ph
is

m
s 

in
 it

s 
ge

ne
 a

nd
 r

ec
ep

to
rs

 in
ke

d 
to

 
ob

es
ity

 a
nd

 C
V

D

A
pe

lin
A

di
po

cy
te

s
U

nc
le

ar
 (

va
so

di
la

to
r 

in
 s

m
al

l 
ar

te
ri

es
/v

as
oc

on
st

ri
ct

or
 in

 
ve

in
)

A
nt

i-
A

pe
lin

-1
3 

in
cr

ea
se

s 
B

P
A

pe
lin

-1
2 

an
d 

ap
el

in
-1

7 
re

du
ce

 B
P

In
cr

ea
se

s 
gl

uc
os

e 
ut

ili
za

tio
n

U
pr

eg
ul

at
ed

 a
s 

a 
co

m
pe

ns
at

or
y 

m
ec

ha
ni

sm
 in

 
ea

rl
y 

he
ar

t f
ai

lu
re

V
is

fa
tin

St
ro

m
al

 c
el

ls
V

as
oc

on
st

ri
ct

or
Pr

o-
In

su
lin

 m
im

et
ic

 in
 c

ul
tu

re
d 

hu
m

an
 o

st
eo

bl
as

ts
E

le
va

te
d 

pl
as

m
a 

le
ve

ls
 in

 h
yp

er
te

ns
io

n
O

be
si

ty
 a

lte
rs

 p
ro

du
ct

io
n 

pa
tte

rn
s

C
ir

cu
la

tin
g 

vi
sf

at
in

 is
 e

nh
an

ce
d 

in
 m

an
y 

ca
nc

er
s

O
m

en
tin

A
di

po
cy

te
s

V
as

od
ila

to
r

A
nt

i-
A

nt
io

xi
da

nt
R

ed
uc

es
 B

P
E

nh
an

ce
s 

in
su

lin
-m

ed
ia

te
d 

gl
uc

os
e 

up
ta

ke

Pl
as

m
a 

le
ve

ls
 a

ss
oc

ia
te

d 
w

ith
 f

av
or

ab
le

 C
V

D
 

ou
tc

om
es

R
es

is
tin

M
on

oc
yt

es
/

m
ac

ro
ph

ag
es

V
as

oc
on

st
ri

ct
or

Pr
o-

Pr
o-

ox
id

an
t

Pr
o-

at
he

ro
ge

ni
c

Im
pa

ir
s 

in
su

lin
-s

tim
ul

at
ed

 
gl

uc
os

e 
tr

an
sp

or
t

E
le

va
te

d 
in

 h
um

an
 h

yp
er

te
ns

iv
e 

pa
tie

nt
s

Pa
lm

iti
c 

ac
id

 m
et

hy
l 

es
te

r
A

di
po

cy
te

s
V

as
od

ila
to

r
Pr

o-
R

ed
uc

es
 g

lu
co

se
 tr

an
sp

or
t

O
be

si
ty

 a
ss

oc
ia

te
d 

w
ith

 d
ec

re
as

ed
 e

xp
re

ss
io

n

A
ng

io
te

ns
in

-(
1–

7)
A

di
po

cy
te

s 
pr

od
uc

e 
A

C
E

2
V

as
od

ila
to

r
A

nt
i-

C
om

po
ne

nt
 o

f 
R

A
A

S
E

nh
an

ce
s 

in
su

lin
 s

ig
na

lin
g 

pa
th

w
ay

A
ng

io
te

ns
in

-(
1–

7)
 s

tim
ul

at
es

 b
ro

w
n 

ad
ip

os
e 

tis
su

e 
an

d 
re

du
ce

s 
di

et
-i

nd
uc

ed
 o

be
si

ty

C. P. Kotanidis and C. Antoniades



97

C
he

m
er

in
A

di
po

cy
te

s
V

as
oc

on
st

ri
ct

or
Pr

o-
R

ed
uc

es
 g

lu
co

se
 u

pt
ak

e 
an

d 
in

su
lin

 s
ec

re
tio

n
C

hr
on

ic
 tr

ea
tm

en
t o

f 
m

ic
e 

w
ith

 c
he

m
er

in
 in

cr
ea

se
s 

B
P

C
ir

cu
la

tin
g 

ch
em

er
in

 is
 in

cr
ea

se
d 

in
 p

so
ri

as
is

, 
ob

es
ity

, t
yp

e 
2 

di
ab

et
es

, m
et

ab
ol

ic
 s

yn
dr

om
e,

 a
nd

 
C

A
D

.
C

he
m

er
in

 is
 a

ss
oc

ia
te

d 
w

ith
 e

nd
ot

he
lia

l 
ac

tiv
at

io
n 

an
d 

at
he

ro
sc

le
ro

si
s 

in
 r

he
um

at
oi

d 
ar

th
ri

tis
T

N
Fa

M
on

oc
yt

es
/

m
ac

ro
ph

ag
es

U
nc

le
ar

Pr
o-

In
fla

m
m

at
or

y 
ca

sc
ad

e
Pr

o-
ox

id
an

t
G

lo
ba

l i
nfl

am
m

at
io

n 
m

ar
ke

r
N

o 
sp

ec
ifi

ci
ty

 f
or

 C
V

D
IL

-6
M

on
oc

yt
es

/
m

ac
ro

ph
ag

es
V

as
od

ila
to

r 
(a

s 
pa

rt
 o

f 
in

fla
m

m
at

or
y 

re
sp

on
se

)
Pr

o-
In

fla
m

m
at

or
y 

ca
sc

ad
e

Pr
o-

ox
id

an
t

K
ey

 c
om

po
ne

nt
 o

f 
lo

w
-g

ra
de

 in
fla

m
m

at
io

n 
in

he
re

nt
 to

 C
V

D
E

nd
ot

he
lin

-1
A

ll 
ty

pe
s

V
as

oc
on

st
ri

ct
or

Pr
o-

Pr
o-

ox
id

an
t

It
s 

im
pl

ic
at

io
n 

in
 th

e 
pa

th
og

en
es

is
 o

f 
C

V
D

 is
 

es
ta

bl
is

he
d

B
P

 b
lo

od
 p

re
ss

ur
e,

 C
A

D
 c

or
on

ar
y 

ar
te

ry
 d

is
ea

se
, C

V
D

 c
ar

di
ov

as
cu

la
r 

di
se

as
e,

 I
R

 i
ns

ul
in

 r
es

is
ta

nc
e,

 R
A

A
S 

re
ni

n-
an

gi
ot

en
si

n-
al

do
st

er
on

e 
sy

st
em

, T
N

Fa
 t

um
or

 n
ec

ro
si

s 
fa

ct
or

 
al

ph
a,

 I
L

-6
 in

te
rl

eu
ki

n 
6,

 A
C

E
2 

an
gi

ot
en

si
n-

co
nv

er
tin

g 
en

zy
m

e 
2

9  Perivascular Adipose Tissue and Atherosclerosis



98

omentin act as antioxidants by inhibiting the 
activity of the NOX1 and NOX2 isoforms of 
NADPH oxidase in the vascular wall, by prevent-
ing the activation and membrane translocation of 
RAC1 and by downregulating the p22phox (also 
known as CYBA) regulatory protein, conse-
quently reducing superoxide production [43].

On the other hand, PVAT may also contribute 
to inflammatory processes. Pro-oxidant adipo-
kines such as leptin and resistin promote activa-
tion of NADPH oxidase isoforms and lead to 
increased vascular oxidative stress, which is a key 
contributor of vascular inflammation and has been 
linked with senescence and adverse clinical out-
comes [37]. eNOS coupling status may also be 
modulated by adipose tissue, leading either to the 
beneficiary production of NO or to the damaging 
production of superoxide; chemerin in particular 
reduces the bioavailability of the enzyme’s cofac-

tor tetrahydrobiopterin (BH4) promoting the 
enzyme’s uncoupling and decreasing nitric oxide 
(NO) production in favor of superoxide [36, 44]. 
Vascular inflammation can be promoted further 
by expression of endothelial cell adhesion mole-
cules, which is induced by adipokines such as vis-
fatin and adipose tissue-derived pro-inflammatory 
cytokines such as IL-1β and tumor necrosis factor 
(TNF) [23]. The nuclear factor-κB pathway is yet 
again implicated as a central signaling pathway 
exerting a critical role in orchestrating the wide 
range of pro-atherogenic effects from the PVAT to 
the vascular wall [45]. Moreover, the migration of 
inflammatory cells into the adventitia promotes 
the deposit of collagen and leads to localized 
upregulation of inflammatory chemokines, TGF-
β-dependent differentiation of fibroblasts to 
migratory myofibroblasts, and increased vasa 
vasorum neovascularization [46]. Also, we have 

Outside-to-inside
signaling

Vascular tone

Adipocyte

Perivascular edema

Redox state

VSMC migration

EC activation

Inflammation

Endothelium

Inside-to-outside
signaling

Differentiation

Lipid accumulation

Oedema

Fibrosis

Neovascularisation

T-Iymphocyte

Macrophage

Inflammatory
cytokine4-HNE

Adventitia

VSMC

Atheroma

Plaque lipid content

eNOS coupling

Fig. 9.2  Illustration of the major components of the bidi-
rectional interplay between the vascular wall and fat in the 
perivascular space. Perivascular adipose tissue (PVAT) is 
involved in a crosstalk with the vascular wall. Outside to 
inside signals, including hormones (adiponectin, visfatin, 
leptin, apelin, etc.), cytokines (IL-6, TNFa, etc.), gaseous 
messengers (hydrogen sulfide and nitric oxide), fatty acids, 
reactive oxygen species, microRNAs, and other molecules, 
are implicated in the regulation of vascular tone, vascular 
smooth muscle cell (VSMC) migration, regional redox 
state (NADPH oxidase (NOX) activity and endothelial 
nitric oxide synthase (eNOS) coupling status), inflamma-

tion (M1–M2 macrophage polarization), and local endo-
thelial cell (EC) activation. Inside to outside signals, 
including components of vascular inflammation (such as 
pro-inflammatory cytokines), can in turn affect PVAT biol-
ogy, and more specifically lead to increased edema and 
decreased adipocyte size, differentiation and lipid accumu-
lation, fibrosis, and neovascularization. Conversely, vascu-
lar oxidative stress products, such as 4-hydroxynonenal 
(4-HNE), upregulate adiponectin’s ADIPOQ gene in PVAT 
via a peroxisome proliferator-activated receptor-γ 
(PPARγ)-dependent mechanism allowing it to exert its 
beneficiary antioxidant and vasoprotective effects
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recently shown that WNT5A, a wingless-related 
integration site (WNT) signaling pathway mole-
cule, secreted by PVAT is implicated in vascular 
redox signaling in obesity. Circulating WNT5A is 
increased in obese individuals, who also present 
with increased release of WNT5A from PVAT 
and upregulation of WNT5A receptors in the arte-
rial wall. These receptors increase arterial sensi-
tivity to the non-canonical WNT signaling 
pathway and enhance arterial NADPH oxidase 
activity, increasing superoxide generation and 
inducing endothelial dysfunction and eNOS 
uncoupling (Fig. 9.3) [47].

In addition, microRNAs, which comprise a vast 
spectrum of small RNA molecules involved in 
post-transcriptional regulation, are also produced 
by PVAT.  MicroRNAs have been implicated in 
several processes, ranging from the recruitment of 
inflammatory cells to adipose tissue browning, 
myocardial fibrosis, atherosclerosis, and vascular 
smooth muscle cell activation, and their profile 
changes in response to obesity, insulin resistance, 
and coronary artery disease [48]. Furthermore, 
PVAT-derived exosomes have been shown to pro-
mote M1 pro-inflammatory polarization of macro-
phages and to accelerate atherosclerosis in 
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Fig. 9.3  The adiponectin and WNT5A paradigms of 
PVAT and vascular wall interactions. WNT5A is released 
from PVAT and binds to Frizzled receptors on the arte-
rial wall, activating the non-canonical WNT signaling 
pathway. This leads to a USP17/RAC1-mediated 
increase in NADPH oxidase activity and superoxide 
generation and induces endothelial dysfunction via 
eNOS uncoupling. Enhanced production of superoxide 
leads to increased local production of lipid peroxidation 
products such as 4-HNE, which are able to diffuse to 
PVAT and upregulate adiponectin’s ADIPOQ gene 
expression via a PPARγ-mediated mechanism, that leads 

to adiponectin secretion. Adiponectin, in turn, secreted 
by PVAT, exerts antioxidant and vasoprotective roles in 
the adjacent vasculature by inhibiting the activity of 
NADPH-oxidases as well as through Akt-mediated stim-
ulation of eNOS activity and coupling, resulting in 
increased production of NO. (PVAT perivascular adipose 
tissue, NADPH nicotinamide adenine dinucleotide phos-
phate, eNOS endothelial nitric oxide synthase, BH4 tet-
rahydrobiopterin, BH2 dihydrobiopterin, NO nitric 
oxide, O2

− superoxide, 4HNE 4-hydroxynonenal, PPARγ 
peroxisome proliferator-activated receptor gamma, 
ADIPOQ adiponectin)
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ApoE−/− mice [49]. The differential regulation of 
adipose tissue-derived exosomes and microRNAs 
in obesity and diabetes mellitus, as well as the 
proven effects of weight loss and exercise on the 
levels of specific micro-RNAs in the adipose tis-
sue, has highlighted microRNAs as potential ther-
apeutic targets in obesity-related CVD.

Finally, the immunologic state of adipose tis-
sue, mainly macrophage infiltration and polariza-
tion, is described as a crucial regulator of its 
function, as PVAT inflammation, through the 
release of a range of cytokines and chemokines, 
is associated with vascular dysfunction [50]. It is 
becoming evident that adipose tissue, with its 
highly diverse secretome, can be critical to both 
health and disease. PVAT exerts anti-contractile, 
anti-inflammatory, and antioxidant effects to the 
adjacent vasculature, while at the same time 
retaining the ability to undergo remodeling, and 
adapt an inflamed, pro-oxidant profile, shifting 
its phenotype from protective to detrimental for 
the vessels [24].

�Adipose Tissue Remodeling 
in Response to Signals Form 
the Circulation

Shifts in adipose tissue phenotype and biology 
are observed in the presence of cardiometabolic 
disease, including obesity, insulin resistance, dia-
betes mellitus, and inflammation [51]. The nature 
of these changes dictates whether adiposity will 
exert protective or adverse effects in the course of 
cardiovascular disease pathogenesis. Obesity is 
characterized by excessive calorie uptake, in 
response to which the adipose tissue undergoes 
an increase in adipocytes number (hyperplasia) 
and/or size (hypertrophy) [52]. Pre-adipocytes 
are mobilized and differentiated into mature adi-
pocytes as part of a traditionally considered 
healthy mechanism of adipose tissue expansion, 
whereas at the same time hypertrophy causes adi-
pocytes to acquire a more dysfunctional, lipid-
laden phenotype in the setting of adipose tissue 
inflammation [53]. The latter happens in many 
chronic diseases such as obesity, diabetes melli-
tus, and atherosclerosis, where the adipose tissue 

is infiltrated by increasing populations of inflam-
matory cells, such as lymphocytes (including T 
helper 1 (TH1) cells and B cells), neutrophils, 
macrophages, and mast cells, whereas the popu-
lation of eosinophils, TH2 cells, and regulatory T 
cells remains unchanged or reduces [53]. This 
balance between the different types of inflamma-
tory cells and immune responses affects also 
macrophage polarization, with TH2 cytokines 
promoting the M2 anti-inflammatory macro-
phage phenotype, while the dominant production 
of TH1 cytokines (mainly IFNγ) shifts the mac-
rophage phenotype toward the M1 pro-
inflammatory type [54]. The M1 phenotype is 
also involved in  localized neoangiogenesis 
through secretion of platelet-derived growth 
factor-β, which activates pericytes [55].

Dysfunction of the expanded adipose tissue in 
obesity is further characterized by endothelial 
cell activation with increased expression of adhe-
sion molecules (P-selectin and E-selectin) that 
promote inflammatory cell infiltration, and vaso-
motor dysfunction of the vasculature, resulting in 
capillary rarefaction. The reduced delivery of 
nutrients and oxygen to the adipose tissue creates 
a hypoxic microenvironment that triggers adi-
pose tissue fibrosis, through increased expression 
of the hypoxia-inducible factor 1α, and eventu-
ally promotes further its dysfunction and insulin 
resistance [56, 57]. In addition, the escape of 
chyle from lymphatic vessels into the dysfunc-
tional adipose tissue has been implicated in its 
phenotypic shifts. Lipids are known to be adipo-
genic and the leakage of lipid-rich lymph in vis-
ceral adipose tissue has been shown to stimulate 
adipose tissue hypertrophy and ectopic adipose 
tissue expansion [58].

Metabolic disease may also alter adipose tissue 
qualitative composition between the relatively 
protective BAT and beige adipose tissue pheno-
types and the deleterious WAT phenotype. BAT is 
characterized by increased metabolic activity, 
thermogenic capacity, and the release of BAT-
specific adipokines, which exert beneficial auto-
crine, paracrine, and endocrine effects on 
peripheral tissues, including the cardiovascular 
system [59]. Obesity is associated with lower BAT 
volumes [60]. Beiging of WAT – characterized by 
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increased expression of mitochondrial brown fat 
uncoupling protein 1 (UCP1) in adipocytes  – is 
associated with weight loss and improved insulin 
resistance, whereas its downregulation in human 
epicardial adipose tissue leads to increased adi-
pose tissue oxidative stress and dysfunction [61].

Finally, the secretome of adipose tissue is 
another factor undergoing changes in response to 
signals from the periphery. Obesity, insulin resis-
tance, and diabetes mellitus are linked to a secre-
tory and biochemical profile, consistent with a 
shift toward a more pro-inflammatory phenotype 
[62]. Higher circulating levels of visfatin, 
chemerin, vaspin, and resistin and lower levels of 
omentin and adiponectin are between the changes 
occurring. It should be noted though that circulat-
ing adipokine levels are not always correlated 
with the expression levels in the adipose tissue 
itself, underlying the existence of complex para-
crine mechanisms governing crosstalks in the 
adipo–vascular axis [34].

Overall, it becomes evident that adipose tis-
sue has the ability to sense and respond to sig-
nals originating from other tissue’s pathologies. 
Diseases with chronicity, such as cancer, conges-
tive heart failure, infectious and inflammatory 
disease (i.e., tuberculosis, rheumatoid arthritis, 
Crohn’s disease, etc.), as well as advanced age, 
are characterized by cachexia [63]. Cachexia 
refers to a state of chronic low-grade inflamma-
tion, characterized by a hypercatabolic state 
leading to unintentional weight loss through 
lipolysis of adipose tissue [64]. Systemic low-
grade inflammation suppresses adipose-tissue 
produced adiponectin levels and abolishes its 
insulin-sensitizing and anti-atherogenic proper-
ties in humans with or without significant car-
diovascular disease [65]. Therefore, it is apparent 
that adipose tissue undergoes changes, ranging 
from expansion in the presence of high calorie 
intake in obesity, to atrophy seen in many condi-
tions presenting with cachexia, to transcriptome 
changes driven by circulating inflammatory mol-
ecules. This perception of fat is being high-
lighted by the so-called obesity paradox. A 
large-scale meta-analysis including over 30 mil-
lion individuals showed that the association 
between BMI and all-cause mortality in the gen-

eral population can be described as U-shaped or 
J-shaped [66]. The obesity paradox can easily be 
explained if we take into consideration that 
despite the fact that excess adipose tissue is asso-
ciated with reduced survival, significantly 
reduced adipose tissue in chronic disease (such 
as cancer, heart failure, renal failure, chronic 
inflammatory diseases, and other conditions) 
will also lead to poor survival rates. The concept 
that there is only a positive association between 
BMI and short-term (5–10 years) survival in the 
general population is therefore misleading, as it 
ignores the negative effects of the reduced and 
dysfunctional adipose tissue in the presence of 
chronic disease [67, 68].

�PVAT as a Sensor of Early Vascular 
Disease Signals – Inside to Outside 
Signaling

The concept that cardiovascular biology can 
affect adipose tissue biology in a localized man-
ner through a bidirectional crosstalk loop has 
been introduced lately with important implica-
tions in our understanding of CVD pathogenesis 
and diagnosis (see Fig. 9.2). Early studies under-
lined that overxpression of p22phox – a subunit 
of the NOX1, NOX2, and NOX4 isoforms of 
NADPH oxidase  – in vascular smooth muscle 
cells (VSMC) exaggerates obesity and insulin 
resistance in mice with high-fat feeding [69]. 
Intravascular injury, balloon-induced or wire-
induced, in mice has been described to produce 
rapid phenotypic modifications of the perivascu-
lar adipose tissue through the upregulation of 
proinflammatory adipocytokines, primarily 
TNFa [70]. Following these initial observations, 
we found that increased vascular oxidative stress 
induces the release of products of lipid peroxida-
tion, such as 4-hydroxynonenal (4-HNE), that 
diffuse into the perivascular space; adipocytes 
within PVAT receive these signals, through a pro-
cess termed “adipose tissue sensing,” and upreg-
ulate adiponectin’s ADIPOQ gene via a 
peroxisome proliferator-activated receptor-γ 
(PPARγ)-dependent mechanism. Subsequently, 
adiponectin is released back to the vessel wall, 
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exerting its beneficiary antioxidant and vasopro-
tective effects, in a protective loop, that concludes 
a defense mechanism within the proposed bi-
directional crosstalk between PVAT and vascula-
ture [34]. Similar links have also been suggested 
to govern interactions between the myocardium 
and epicardial adipose tissue. As in vessels, oxi-
dation products from the myocardium lead to 
PPARγ-mediated upregulation of adiponectin 
expression and release in the adjacent epicardial 
fat, which then exerts antioxidant effects on the 
cardiomyocytes (see Fig. 9.3) [71].

In addition, we have more recently reported 
that inflammation in the human vascular wall 
triggers the release of inflammatory cytokines, 
such as TNFα, IL-6, and IFNγ, which also diffuse 
into the perivascular space. PVAT responds by 
adopting a “cachexia-type” sequence of biologic 
events within adipocytes; differentiation becomes 
suppressed and intracellular lipid formation 
decreases. Adipocytes get smaller in size as their 
intracellular lipid content depletes due to an 
increase in lipolysis and simultaneous decrease 
in adipogenesis, both resulting from the adverse 
microenvironment inside the perivascular space 
caused by vascular inflammation [29]. Further to 
lipolysis and reduced adipogenesis, perivascular 
edema may also appear around the inflamed 
artery as a result of increased inflammation-
induced permeability in the microcirculation and 
expansion of the interstitial space in the perivas-
cular space. Finally, vascular inflammation has 
the potential to induce more permanent changes 
in the surrounding fat, such as fibrosis and neoan-
giogenesis, which are known to occur in the set-
ting of chronic inflammation [72]. Indeed, 
inflammatory changes of coronary PVAT, as 
assessed in vivo by 18F-fluorodeoxyglucose posi-
tron emission tomography (18F-FDG PET), were 
significantly enhanced at sites of coronary injury 
caused by everolimus-eluting stents as compared 
to untouched control sites in an in vivo porcine 
model [73].

All these biological modifications result in the 
development of a gradient of adipocyte size 
around the inflamed human coronary artery, with 
smaller adipocytes closer to the vessel wall that 
gradually increase to match the baseline size of 

the rest of epicardial fat adipocytes moving fur-
ther away from the vessel. At a macroscopic 
level, these changes can be identified as a gradual 
shift in the balance between the lipid and aqueous 
phase in the adipose tissue directly adjacent to 
the inflamed artery [29]. As adipocytes get 
smaller in size through suppression of differenti-
ation and decrease in intracellular lipid content, 
the lipid phase of the tissue starts to become 
depleted and gradually the aqueous phase reflect-
ing localized edema and increased interstitial 
space becomes more apparent. It should be noted 
though that, although these changes are dynamic 
and subject to the degree of coronary inflamma-
tion, their kinetics are not entirely understood.

However, these observations about macro-
scopic changes in the PVAT in response to the 
presence of coronary inflammation and therefore 
atherosclerosis, have had a substantial impact in 
highlighting this otherwise neglected adipose tis-
sue depot as a very promising and applicable 
marker of disease presence in the clinical setting. 
Taking into account all the above, it becomes evi-
dent that vascular inflammation is being commu-
nicated to the PVAT close to it, which in turn 
adjusts its biology by entering a state of hyperca-
tabolism and suppressed adipogenesis, leading 
ultimately to macroscopic phenotypic alterations. 
The possibility to detect these molecular changes 
around the inflamed human artery using non-
invasive imaging brings up new potential in using 
PVAT as a “thermometer,” to detect and quantify 
coronary inflammation.

�Imaging Perivascular Adipose 
Tissue

Taking into account the fact that it was only until 
recently that PVAT acquired a clear anatomic 
definition and more knowledge about its biology 
became available, this adipose tissue depot has 
been mainly studied in literature so far as part of 
epicardial adipose tissue. However, during the 
last few years, interest in this area by the imag-
ing community has sparked and novel techniques 
and methodologies are being proposed. Adipose 
tissue imaging has been used for patient risk 
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stratification in clinics and can be visualized by 
exploiting a wide and diverse range of imaging 
modalities, which provide quantitative and qual-
itative information on adipose tissue anatomy.

Dual Energy X-Ray Absorptiometry  Dual 
energy X-ray absorptiometry (DXA) is a method 
for measuring bone mineral density and soft tis-
sue composition and is commonly used to calcu-
late body fat mass. It utilizes the absorption of 
two X-ray beams at different energy levels. 
Although it is a fairly easy, widely available and 
cheap modality, used as the method of choice for 
measuring body composition in athletes, DXA 
cannot provide detailed information about adi-
pose tissue distribution [74].

Ultrasonography  Echocardiography is an easy, 
low-cost method for evaluating the thickness of 
adipose tissue depots accessible to the ultrasound 
beam. It can provide an easy assessment of epi-
cardial adipose tissue thickness; it is readily 
accessible in routine clinical practice but is heav-
ily operator dependent and limited to the two-
dimensional plane [75].

Computed Tomography Imaging  Computed 
tomography is considered to be the gold standard 
for three-dimensional phenotyping of adiposity, 
with excellent computer-processed algorithms 
for segmentation and adipose tissue characteriza-
tion. It can be combined with CT angiography for 
PVAT phenotyping and also with PET imaging 
for quantification of radiotracer uptake and provi-
sion of functional information on inflammatory 
and metabolic tissue activity. It is widely used 
and commonly available in clinical practice, and 
has received a Class I indication by the European 
Society of Cardiology (ESC) guidelines as a first-
line investigation of suspected CAD [76], but it 
involves radiation exposure [77].

Magnetic Resonance Imaging  MRI includes a 
range of sequences that provide excellent 3D 
quantification, while combination with proton 
spectroscopy can give further characterization of 
adipose tissue. It avoids radiation exposure but 
involves long scanning times, complex protocols, 

and expensive equipment that may not always be 
available [78]. Importantly its spatial resolution 
is not enough to allow accurate quantification of 
epicardial adipose tissue, while it can’t visualize 
pericoronary adipose tissue in humans [79].

�Quantitate Imaging Features

EAT thickness has been consistently associated 
with the metabolic syndrome and relative clinical 
features such as high blood pressure, high levels 
of low-density lipoprotein cholesterol, and insu-
lin resistance [80]. However, the most studied 
quantitative index is EAT volume, with several 
large-scale cohorts exploring its significance in 
atherosclerosis. In low-risk asymptomatic popu-
lations, EAT volume, measured on non-contrast 
CT scans, was associated with the presence of 
ischemic heart disease, coronary calcification, 
and progression [81, 82]. In cohorts consisting of 
individuals with intermediate cardiovascular risk, 
higher EAT volume was described to be associ-
ated with coronary stenosis, ischemia, and high-
risk plaque features [83–85]. Nonetheless, when 
analyzing data from subjects in high cardiovascu-
lar risk, Tanami et  al. found no correlation 
between EAT volume and obstructive coronary 
artery disease or coronary calcification [86], 
highlighting the fact that the significance of EAT 
volume in characterizing atherosclerosis is highly 
dependent on the subject’s baseline risk profile 
and the stage of disease progression. Of note, the 
SMART (Secondary Manifestations of ARTerial 
disease) study reported that low EAT attenuation, 
independently of EAT volume, on CT was asso-
ciated with coronary artery calcification, indicat-
ing that quality features of the adipose tissue are 
also of importance, bearing the potential to add 
complementary information to that provided by 
quantitative measures [87].

�Qualitative Imaging Features

Evaluation of PVAT inflammation assessed by 
FDG uptake using positron emission tomography 
(PET) showed greater standardized uptake values 
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(SUV) in pericoronary fat compared with other 
fat depots, while in overweight patients with 
CAD, a positive correlation between PVAT SUV 
and respective coronary artery stenosis was 
described [88]. However, low spatial resolution, 
high background noise, high exposure to radia-
tion, and low clinical availability are limiting fac-
tors for PET imaging and may restrict its 
extensive use in low-risk populations. 
Conventional cardiac CT angiography is able to 
provide information on adipose tissue quality, by 
analyzing attenuation shifts. In the SMART 
study, Franssens et al. found a negative associa-
tion between EAT attenuation and age, BMI, 
waist circumference, visceral abdominal AT, 
fasting glucose, and insulin resistance [87]. 
Similarly, in 609 asymptomatic low to intermedi-
ate risk patients, Abazid et al. observed a negative 
correlation between EAT density and coronary 
calcification independently of EAT volume [89]. 
On the contrary, in a cross-sectional analysis of 
patients with acute myocardial infarction (MI) 
and stable CAD controls, Mahabadi et  al. 
observed a positive association between EAT 
attenuation and type I acute MI [90], while Hell 
et al. did not report a link between EAT attenua-
tion and myocardial ischemia on SPECT [91]. 
These contradictory findings can be attributed to 
a number of factors such as small sample size, 
selection, bias and methodological limitations, 
but the most significant point to be noted here 
would be that all aforementioned studies derive 
attenuation data by analyzing EAT as a whole, 
without taking into account the regional biologi-
cal – and therefore imaging – variability of adi-
pose tissue in close proximity to the coronaries, 
stressing the critical need for a standardized 
CT-based approach for qualitative analysis of 
PVAT. Toward that end, phenotypic mapping of 
PVAT has been recently introduced utilizing 
algorithms constantly evolving though artificial 
intelligence processes to capture non-invasively 
PVAT phenotypic alterations, such as reduction 
in adipocyte size, edema, fibrosis, and neovascu-
larization, which have been shown to chaperon 
coronary inflammation [29].

�Measuring PVAT Attenuation: 
Introducing the Fat Attenuation 
Index (FAI)

In PVAT around the coronaries, the attenuation is 
affected by inflammatory signals coming from 
the vascular wall that induce structural changes at 
a microscopic level, resulting in a gradient of adi-
pocyte size in the first few millimeters around the 
inflamed coronary arterial wall, as discussed 
extensively above. This gradient is reflected on 
PVAT, as its attenuation swings between a more 
aqueous/less lipophilic phase close to the 
inflamed artery to a less aqueous/more lipophilic 
phase in the non-PVAT within the epicardial fat 
[92]. Indeed, large, fully differentiated, adipo-
cytes with high lipid content drive attenuation 
values toward the more negative values within 
the widely accepted Hounsfield Unit (HU) range 
(−190HU to −30HU) for adipose tissue charac-
terization in computed tomography. The presence 
of small, less differentiated adipocytes, with low 
lipid content, causes attenuation to shift to the 
less negative values (toward the −30HU end), 
reflecting the shift in tissue composition that can 
be attributed to several factors: (a) reduced intra-
cellular lipid content, (b) increased intracellular 
aqueous phase, which replaces intracellular lip-
ids after lipolysis, (c) increased extracellular fluid 
from the shrinking adipocytes, and (d) edema in 
the inflamed environment [62]. This important 
observation led to the creation of the perivascular 
Fat Attenuation Index (FAI), an imaging tool that 
measures weighted three-dimensional attenua-
tion gradients of adipose tissue in the perivascu-
lar space (Fig. 9.4) [93].

�Calculating FAI

Perivascular FAI was developed using a radio-
transcriptomic approach to describe molecular 
changes in the transcriptomic, metabolic, and 
phenotypic profile of PVAT in response to sig-
nals originating from the adjacent vascular wall 
driven by coronary inflammation [29]. The cal-
culation of FAI is performed using artificial 
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intelligence-enhanced algorithms (CaRi-
HEART, Caristo Diagnostics, Oxford, UK) that 
provide accurate and reproducible weighted 
measures of 3D attenuation gradients within 
perivascular tissue around the human arterial 
wall [92]. Quantifying perivascular FAI is a par-
ticularly complex process, involving multiple 
analysis steps. The heart is initially segmented, 
and the vessel wall of interest is defined in a 
fully automated way by the CaRi-HEART appli-
cation, followed by analysis algorithms depen-
dent on the type of analysis requested 
(standardized proximal segment analysis or 
plaque-specific). The longitudinal length of 
PVAT is determined by the vessel segment of 
interest, and the analysis takes place in multiple 
layers of PVAT in the perpendicular dimension. 
This is essential to capture the gradient of PVAT 
density around the human artery. These analyses 
are performed within the standard adipose tissue 

HU range window of −190 to −30HU by algo-
rithms that involve multiple adjustments and are 
constantly evolving through artificial intelli-
gence processes [92]. Indeed, it should be 
stressed that FAI differs to the crude “mean CT 
attenuation (or radiodensity),” since it is appro-
priately corrected and weighted for parameters 
related to the coronary segment of interest itself, 
the patient, such as obesity status and other ana-
tomical factors, and technical scanning parame-
ters, such as scanner type and settings, 
reconstruction algorithms, tube voltage, etc. All 
this information is incorporated and extracted 
by the FAI algorithm from the coronary com-
puted tomography angiography (CCTA) file 
data. Crude measurement of perivascular atten-
uation on the other hand, without taking into 
account attenuation gradients around inflamed 
arteries, may misinterpret coronary inflamma-
tion. Obese individuals have overall larger adi-
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Fig. 9.4  Schematic representation of the biology under-
lying FAI and its prognostic value. Morphological appear-
ance of perivascular adipose tissue surrounding healthy 
and inflamed coronary arteries, depicting the gradient of 
adipocyte size induced by exogenous vascular inflamma-
tion (a). Illustrative visualization of the perivascular FAI 
gradient and radial distance from vascular wall in the 
presence of low versus high inflammation (b, c). Kaplan–
Meier curves of cardiac mortality with high versus low 
perivascular FAI for the derivation and validation cohorts. 
HRs are adjusted for risk factors, technical factors, the 
extent of coronary artery disease, and number of high-risk 
plaque features (d). Comparison of time-dependent ROC 
curves (at 6  years) and respective AUC of two nested 

models for discrimination of cardiac mortality in the deri-
vation (top) and validation (bottom) cohorts. Model 1 rep-
resents the current state of the art in risk assessment and 
consists of age, sex, risk factors (hypertension, hypercho-
lesterolemia, diabetes mellitus, smoker status, epicardial 
adipose tissue volume), modified Duke coronary artery 
disease index, and number of high-risk plaque features on 
coronary CTA.  Model 2 incorporates perivascular FAI 
values into model 1 (e). AUC area under the curve, FAI 
Fat Attenuation Index, PVAT perivascular adipose tissue, 
HR hazard ratio, HU Hounsfield unit, HRP high-risk 
plaque. (From Oikonomou et  al. [93], with permission 
from Lancet and Elsevier)
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pocytes in their epicardial fat driving the 
attenuation closer to −190HU and leading to 
underestimations of vascular inflammation. 
Similarly, in lean individuals, smaller adipo-
cytes, with lower lipid content, lead to less neg-
ative crude attenuation values that overestimate 
the inflammatory burden, even in the absence of 
local inflammation in the adjacent artery. 
Furthermore, measurement of absolute attenua-
tion may be affected by the hardware used, CT 
scan settings, reconstruction algorithms, and 
many other technical parameters, all of which 
are corrected for in the CaRi-HEART algorithm. 
Importantly, FAI is not affected by arterial calci-
fication or lumen attenuation, thus having an 
advantage over coronary wall biomarkers, 
although the information provided is comple-
mentary to high-risk plaque features [29].

�FAI as an Internal “Thermometer” 
of the Entire Coronary Tree

As suggested by recent translational studies 
exploring the regional biological variability of 
EAT, coronary PVAT around the coronary arter-
ies is defined as the adipose tissue located within 
a radial distance from the outer vessel wall equal 
to the diameter of the adjacent coronary vessel 
[29]. Outside this region, the cellular composi-
tion and biological signature of epicardial adi-
pose tissue reaches a “steady state” and can no 
longer be affected by vascular biology. In initial 
analyses, the measurement of FAI was limited to 
the proximal 40 mm segments of the three major 
coronary arteries: right coronary artery (RCA), 
left anterior descending artery (LAD), and left 
circumflex artery (LCX) [29]. These areas were 
chosen due to lack of molecular validation of FAI 
measurements in other coronary segments, given 
that the amount of PVAT and its biological char-
acteristics vary from segment to segment in the 
coronary tree, and that absolute values of perivas-
cular attenuation are highly dependent on the 
segment under examination. However, it became 
clear that following this standardized measure-
ment of perivascular FAI in the proximal 40 mm 
segments of the big coronaries yields comparable 

results with measurements in the anatomical cor-
onary segments proposed by the Society of 
Cardiovascular CT guidelines [94]. This stan-
dardized measurement provides an excellent sur-
rogate of the background vascular inflammatory 
burden of the entire coronary tree  – indepen-
dently of the presence of plaque – which may be 
abnormal even in the absence of any visible coro-
nary atherosclerotic plaque. Perivascular FAI 
measured in these standardized proximal coro-
nary segments is significantly higher in patients 
with coronary artery disease compared to indi-
viduals with non-atherosclerotic vessels, while it 
is not related with local coronary calcification or 
overall coronary calcium score (CCS), after 
adjusting for age, gender, and other cardiovascu-
lar risk factors [29]. Thus, FAI is a robust bio-
marker of low-grade inflammation that precedes 
atherosclerotic plaque formation, acting as an 
internal “thermometer” of the entire coronary 
arterial tree.

�FAI as a Local Biomarker of Coronary 
Plaque Inflammation 
and Vulnerability

Apart from standardized segments, FAI analysis 
can also be performed around atherosclerotic 
plaques, in an effort to quantify local variability 
of coronary inflammation that comes along with 
the vulnerable plaque. Implementing a different 
type of analysis, FAI measurements around 
lesions are an excellent surrogate of the localized 
inflammatory burden on top of any background 
coronary inflammation [29]. Indeed, FAI is sig-
nificantly increased around the culprit lesions in 
patients with acute coronary syndrome as com-
pared with non-culprit lesions of the same patient 
or around stable lesions in stable patients [29]. 
Notably, perivascular FAI around the culprit 
lesion decreases to baseline levels 5 weeks after 
the acute event, highlighting its ability to tracks 
changes in coronary inflammation that are inher-
ent to the events leading up to acute myocardial 
infarction [29]. To correct for any background 
effects of overall inflammation present in the 
coronary tree and enable accurate identification 
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of the localized increases in the inflammatory 
burden around the vulnerable “inflamed” plaque, 
the change of perivascular FAI, referenced to a 
segment proximal to the lesion, was found to be 
superior to crude perivascular attenuation mea-
surement [29], although the magnitude of the 
changes in PVAT attenuation around culprit 
lesions during ACS is so high that measurement 
of the crude PVAT attenuation can also contribute 
to the detection of vulnerable plaques [95]. 
Importantly, a shift of perivascular attenuation 
was observed around coronary segments with 
atherosclerotic plaques compared with segments 
without disease [96]. To further confirm the abil-
ity of perivascular attenuation shifts to detect 
coronary inflammation, increased PVAT crude 
attenuation has been associated with an increase 
in 18F-NaF PET uptake in stable patients with 
high-risk plaques on CTA [97]. Also, coronary 
dissection, a pathology that stems from coronary 
inflammation, has also been linked with high 
attenuation values closer to the vascular wall, 
confirming the proof of principle that acute local 
inflammation in the vascular wall drives shifts of 
perivascular attenuation [98].

�FAI as a Predictor of Long-Term 
Outcomes

Perivascular FAI is a biomarker that can detect 
both baseline background low-grade inflamma-
tion in the entire coronary tree (measured in stan-
dardized proximal coronary segments) and 
coronary plaque vulnerability (measured around 
plaques). We recently reported its predictive 
value in the CRISP-CT (Cardiovascular RISk 
Prediction using Computed Tomography) study, 
which explored the ability of perivascular FAI 
around the proximal segments of the three main 
epicardial arteries, to predict clinical outcomes in 
almost 4000 individuals undergoing CCTA as 
part of their clinical care in Erlangen, Germany 
and Cleveland, USA (as derivation and validation 
cohorts respectively, with ~2000 individuals 
each) [93]. A J-shaped association between peri-
vascular FAI and the risk for cardiac death was 
observed and perivascular FAI around the proxi-

mal segment of the LAD or RCA was strongly 
predictive of all-cause and cardiac mortality but 
not non-cardiac mortality [93]. Among individu-
als with perivascular FAI above −70.1HU, the 
risk for all-cause mortality was HR (95%CI) 2.55 
(1.65–3.92) in the derivation and 3.69 (2.26–
6.02) in the validation cohort. When looking into 
cardiac mortality specifically, patients with 
“abnormally high” perivascular FAI had ninefold 
higher risk in the derivation cohort and 5.6 times 
higher risk in the validation cohort. This predic-
tive value was incremental to the current state of 
the art in risk assessment using CCTA, as assessed 
by comparison with a model that includes clini-
cal risk factors, calcium score, the extend of cor-
onary atherosclerosis, and the presence of 
high-risk plaque features (deltaAUC  =  0.049, 
p  =  0.0054  in the derivation and delta-
AUC  =  0.075, p  =  0.0069  in the validation 
cohorts) (see Fig.  9.4). In addition, abnormal 
perivascular FAI was also predictive of non-fatal 
heart attacks but was only weakly correlated with 
calcium score or plasma hsCRP (marker of sys-
temic inflammation). This permits reclassifica-
tion of an individual’s risk, independently of their 
background calcium score, the presence of CAD, 
or any high risk plaque (HRP) features [93]. 
Importantly, individuals with high FAI but 
absence of HRP features exerted a higher cardiac 
risk as opposed to patients with HRP features but 
low FAI values, highlighting yet again that FAI 
captures biology not detectable by other indices 
[92]. With respect to the predictive value of FAI 
in secondary prevention, it has to be noted that 
the vast majority of the participants in the 
CRISP-CT study were low-intermediate risk 
individuals, which are commonly the ones 
referred for CCTA. Regarding higher risk popu-
lations, although the numbers of patients with 
CAD in the CRISP-CT study were rather low 
(467  in the derivation and 286  in the validation 
cohort), the HR for fatal heart attacks remained 
significant (8.54 [2.41–30.21] and 3.85 [1.21–
12.27] in the derivation and validation cohorts, 
respectively). The predictive value also remained 
significant in those with or without high-risk 
plaque features. Interestingly, perivascular FAI 
lost its predictive value among those individuals 
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who started treatment with statin and aspirin 
immediately after CCTA, while among those 
who didn’t change their medication, the hazard 
ratio for cardiac mortality was more than dou-
bled. This suggests that the risk identified by 
perivascular FAI is modifiable and could poten-
tially be tracked by repeat CCTA after treat-
ments initiation. This finding was later validated 
in a cohort of psoriasis patients, in which bio-
logic therapy with anti-TNFα, anti-IL12/23, or 
anti-IL17 antibodies was associated with a 
reduction in FAI values used to assess coronary 
inflammation [99].

�Entering the Big Data Era: PVAT 
Radiomic Phenotyping

Recent advances in computational and imaging 
processing methodologies have enabled the 
extraction of large amounts of quantitative data 
from images. Specialized data-characterization 
algorithms can identify patterns of data behavior 
within an image, which are not perceived by the 
human reader and can have significant clinical 
relevance [100]. Imaging studies in oncology 
were the first to identify this new field of poten-
tial  – termed “radiomics”  – linking specific 
shape- and texture-related patterns within the 
volume of the tumor to the underlying tumor 
biology and overall clinical prognosis [101]. 
These patterns are the product of complex math-
ematical data transformations that collectively 
describe the structure imaged in a far more com-
prehensive way than what is perceived by the 
human eye.

In a recent large study, we performed a 
radiotrancriptomic experiment using adipose 
tissue biopsies in an effort to identify radiomic 
signatures that best describe non-invasively 
three major aspects of adipose tissue biology: 
inflammation – using the expression of TNFa 
as marker; fibrosis  – evidenced by collagen 
(COL1A1 gene) expression; vascularity  – 
reflected by the expression of endothelial 
marker CD31 (PECAM1 gene). Features 
related mostly to tissue attenuation (captured 
by the FAI) were highly correlated with TNFA 

expression, confirming yet again the concept 
that attenuation metrics are descriptive of 
inflammation. Of note, features associated with 
the texture of adipose tissue were found to 
detect more permanent changes in its pheno-
type, such as fibrosis (COL1A1 expression) 
and microvascular remodeling (CD31 expres-
sion), which are also affecting the histological 
heterogeneity of adipose tissue. Interestingly, 
authors report that different radiomic signa-
tures were differentially associated with tissue 
inflammation, fibrosis, and vascularity, propos-
ing that radiomic phenotypic can provide a 
comprehensive phenotyping of the biological 
variation within adipose tissue [102].

Following these initial observations, a 
machine-learning approach was applied to con-
struct a radiomic-based PVAT signature that 
would enable increased cardiac risk detection 
(Fig.  9.5). Indeed, internal validation of this 
signature  – namely the Fat Radiomic Profile 
(FRP) – showed that it can accurately identify 
cardiac risk (AUC: 0.77 [0.62–0.93]) [102]. 
Applying FRP phenotyping to a population of 
1575 individuals (CCTA arm of the SCOT-
HEART trial) showed a striking 11-fold higher 
risk for major adverse cardiovascular events for 
patients classified in the high HRP group, inde-
pendently of traditional risk factors, presence 
of coronary artery disease (≥50% stenosis), 
presence of HRP features, Agatston coronary 
calcium scoring, and scanner type [102]. 
Importantly, FRP offered incremental prognos-
tic information beyond current CCTA-based 
tools (including Agatston CCS, HRP features, 
and luminal stenosis), suggesting a residual 
level of cardiac risk that is not detected by tra-
ditional risk stratification algorithms (delta-
AUC  =  0.13, p  <  0.001). Further analyses 
revealed that after performing serial CCTA 
scans in patients with AMI, FRP remained 
unchanged with FAI significantly decreasing as 
discussed above, suggesting that FRP captures 
permanent PVAT structural changes and can be 
useful for initial screenings, whereas FAI cap-
tures the dynamic inflammatory burden of the 
coronary vasculature [102].

C. P. Kotanidis and C. Antoniades



109

100

–4 –2 0
Z score

2 4

95

F
re

ed
om

 fr
om

 M
A

C
E

 (
%

)

F
re

ed
om

 fr
om

 M
A

C
E

 (
%

)

S
en

si
tiv

ity
 (

%
)

90

0 2 4 6 8

100

PVAT radiomic featuresa b c

d

e f g

Discovery phase
Validation phase

Energy RCA
(HHL)4.5

4

3.5

3

2.5

2

1

0

1.5

0.5

Radiomic features

The high-risk PVAT radiomic signature Biological correlates of AT radiomics

–l
og

(P
 v

al
ue

 fo
r 

M
A

C
E

 d
is

cr
im

in
in

at
io

n)

S
en

si
tiv

ity

Mean RCA

Median RCA Run entropy RCA
(LLL)

Skewness
RCA (LLL)

P = 0.001

P = 0.01

P = 0.05

1.0

0.8

0.6

0.4

0.2

0

0 0.2 0.4 0.6

1-specificity

AUCexternal = 0.774

(95% CI 0.622–0.926)

0.8 1

90

95

85 0

20

40

60

80

100

Variable Importance

0 20 40 60

Kurtosis (RCA)

Skewness (RCA)

Energy HLL (RCA)
Busyness LHH (RCA)
SALGLE LHH (RCA)

Skewness HHL (LCA)
Small area emphasis HLH (RCA)

Kurtosis  LHL (LCA)
Cluster shade LHL (LCA)

Skewness LHL (LCA)

Skewness LLH (LCA)
Imc2 LHL (RCA)

Gray level variance 2(RCA)
Run entropy HHL (RCA)

Idmn LLH (LCA)

Size zone nonuniformity HHL (RCA)

Correlation LHH (RCA)

Idmn HLH (LCA)
Max 2D diameter Slice (LCA)

Skewness LLL (RCA)

80 100 -:ns; +:P < 0.05; ++: P < 0.01; +++: P < 0.001; ++++: P < 0.0001

+

Inflammation Fibrosis Vascularity

++++

++ ++
+++
+++

++

++

++
++

+

+

n/a n/a
–

–

–

+

–
–
–

–

–

–

+++
–
–

++++ ++

++
+
+
++

++

++++
++++

+++
+++

++

++

++

+ –

–
–

–

–
–
–

–
+

+

+
–

+

n/a

+

+

+

0 2 4 6 8 0 20 40 60

1-specificity (%)Years post-CTA scanYears post-CTA scan

Low FRP (<0.63, n = 1253)

Adj. HR (95% CI)

FRP-/HRP- (n = 768): reference Traditional model

Traditional model + FRP

∆[AUC]=0.126, P < 0.001

FRP-/HRP+ (n = 485): 5.97 (1.24–28.69), P = 0.03

FRP+/HRP- (n = 197): 32.44 (7.00–150.38), P < 0.001

FRP+/HRP+ (n = 125): 43.33 (9.14–205.48), P < 0.001

Adj. HR 10.84
(95% CI: 5.06–23.22), P < 0.001

High FRP (≥0.63, n = 322)

80 100

Fig. 9.5  The pericoronary Fat Radiomic Profile. (a) 
Heatmap of scaled radiomic features in the SCOT-HEART 
population revealing between-patient variance across the 
cohort. (b) A forest plot of the discriminatory value of 
each radiomic feature in univariable analysis. (c) 
Validation of the final model in the validation set (20% of 
the initial sample). (d) Variable importance of the top 20 
radiomic features of the final random forest model and 
corresponding strength of association with adipose tissue 
inflammation, fibrosis, and vascularity (e, f) Kaplan–
Meier curves and adjusted hazard ratios for major adverse 
cardiac events across strata of FRP and HRP features. (g) 
Time-dependent receiver operating characteristic curves 
(t = 5 years) for two nested prediction models consisting 
of age, sex, systolic blood pressure, diabetes mellitus, 
body mass index, smoking status, presence of coronary 

artery disease (≥50% stenosis), total cholesterol, high-
density lipoprotein levels, scanner type, presence of high-
risk plaque, as well as Agatston coronary calcium scoring 
[log(CCS  +  1)] with (AUC: 0.880) or without (AUC: 
0.754) FRP.  AUC area under the curve, CI confidence 
interval, CCTA coronary computed tomography angiog-
raphy, FRP Fat Radiomic Profile, H high filter, Imc2 
informational measure of correlation 2, Idmn inverse dif-
ference moment normalized, L low filter, LCA left coro-
nary artery, MACE major adverse cardiac events, MI 
myocardial infarction, RCA right coronary artery, CCS 
coronary calcium score, HR hazard ratio, HRP high-risk 
plaque feature. (++++P  <  0.0001; +++P  <  0.001. 
++P < 0.01, +P < 0.05, and –P ≥ 0.05). (From Oikonomou 
et  al. [102], with permission from Oxford University 
Press)
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An increasing number of studies are being 
reported in cardiovascular medicine utilizing 
these novel imaging processing methodologies 
[103]. It was recently shown that radiomic fea-
tures within the arterial wall can reliably discrim-
inate the napkin-ring HRP sign between 
metabolically active from inactive lesions [104]. 
Radiomics is a promising new area of research 
bridging the fields of imaging and biology, offer-
ing tremendous potential for early, effective, and 
accurate clinical diagnosis.

�Summary

Perivascular adipose tissue is a distinct, dynamic 
fat depot involved in a wide range of interactions 
with the cardiovascular system. PVAT produces a 
highly diverse secretome that regulates vascular 
biology. Hormones, cytokines, gaseous messen-
gers, lipid esters, micro-RNAs, and vesicles, 
among others, are secreted by PVAT and dissemi-
nate into the adjacent vascular wall to regulate 
vascular tone, inflammatory infiltration, redox 
state, endothelial activation, and other biological 
processes that are implicated in the pathogenesis 
of atherosclerosis. Conversely, PVAT biology is 
being affected by exogenous signals arising from 
the inflamed arterial wall. Adipocytes in the peri-
vascular space respond by adopting a cachexia-
type phenotype, characterized by reduced 
adipogenesis and suppressed differentiation, that 
results in decreased cell size. Furthermore, edema 
appears, the interstitial space is expanded, and as 
inflammatory signals persist, the extracellular 
matrix becomes degraded and fibrosis and neo-
vascularization are induced. All these lead to 
structural changes in the macroscopic appearance 
of PVAT with the creation of a gradient of adipo-
cyte size and edema around the coronary artery 
presenting very early pathological signs of 
atherosclerosis.

Interestingly, alterations in the PVAT pheno-
type can be captured non-invasively using com-
puted tomography imaging. The aforementioned 
changes in the transcriptional and metabolic phe-
notype of PVAT disturb the balance between the 
lipid and aqueous phases in the attenuation maps. 

Consequently, the biological gradient is reflected 
by a three-dimensional gradient of weighted 
attenuation values around the vascular wall of the 
inflamed vessel. This information is captured by 
the recently developed perivascular Fat 
Attenuation Index (FAI), which is a biomarker 
both of baseline background inflammation in the 
coronary tree and of the increased inflammatory 
burden around the vulnerable plaque that is likely 
to rupture and create atherothrombotic events. 
The relation of FAI with future outcomes has 
been well described and established, allowing for 
a unique risk classification system with strong 
implications for guiding medical management in 
patients undergoing CCTA.  Incorporating peri-
vascular FAI in standard CCTA reporting could 
guide the use of primary and secondary preven-
tion measures, whereas by assessing vascular 
inflammation with FAI, abnormal perivascular 
FAI may provide guidance for expensive, novel 
risk-reducing therapeutics (e.g., anti-PCSK9 
inhibitors or monoclonal antibodies). 
Nevertheless, FAI analysis can be challenging 
given the complexity of calculations involved, 
and its implementation demands dedicated, com-
putationally powerful workstations.

In addition, recent advances in image process-
ing algorithms perusing big data and artificial 
intelligence applications have enabled the devel-
opment of radiomic signatures of PVAT biology. 
For instance, the recently reported Fat Radiomic 
Profile (FRP) index is a high-risk radiomic signa-
ture of coronary PVAT, derived from CCTA 
scans, which detects adverse structural changes 
associated with PVAT fibrosis and microvascular 
remodeling. FRP was shown to have excellent 
prognostic value for major adverse cardiovascu-
lar events, improving risk prediction beyond the 
current state-of-the-art and discriminates patients 
with AMI from those with stable disease. It is 
therefore clear that incorporating PVAT imaging 
markers, such as FAI and FRP, facilitates the 
development of a more comprehensive individu-
alized cardiac risk profile for each patient. In 
conclusion, radiomic characterization of PVAT 
constitutes a novel, promising approach to cap-
turing coronary inflammation and its associated 
residual cardiac risk. CCTA recently received a 
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Class I indication by the European Society of 
Cardiology (ESC) guidelines as a first-line imag-
ing modality in suspected CAD [76]. Hence, 
PVAT and its imaging could be used as a “com-
panion diagnostic” streamlined in CCTA, con-
tributing to improved diagnosis and stratification 
of CAD and guiding the deployment of personal-
ized therapeutic solutions in primary and second-
ary prevention.
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Atrial Fibrillation and Epicardial 
Adipose Tissue

Ghaith Zaatari and Jeffrey J. Goldberger

�Introduction

Atrial fibrillation (AF) is linked with increased car-
diovascular morbidity and mortality [1, 2]. AF is the 
most common sustained heart rhythm disorder 
affecting humans [3]. AF affects 5.2  million 
Americans as of 2010 with projections that it will 
affect 12.1 million people in the United States by 
2030 [4]. Incremental cost related to AF has been 
estimated at $6–26 billion per year in the United 
States alone [5]. This rise in AF prevalence is par-
tially connected to a growing elderly population 
with AF prevalence doubling with each advancing 
decade of age >50 years [6, 7]. Besides age, various 
risk factors predispose to the development of AF, 
such as coronary artery disease [8, 9], obesity [10, 
11], hypertension [6, 12–14], diabetes mellitus [15–
17], heart failure, [6, 18], and sleep apnea [19–21].

As these risk factors do not directly affect the 
atrium, their association with AF is likely medi-
ated by intermediate pathways causing disease 
in the atrial myocardium. Moreover, as in coro-
nary artery disease, the clinical manifestation of 
AF is likely preceded by years of subclinical 
progressive atrial disease (atrial myopathy), 
which may involve inflammation, oxidative 
stress, fibrosis, and electrical, structural, and 
autonomic remodelling [22–26]. Multiple stud-
ies show that obesity is associated with the 
development of AF substrate via various mecha-
nisms [27–30]. Obesity may contribute to the 
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Key Points
•	 Obesity has been associated with atrial 

fibrillation, while weight loss decreases 
atrial fibrillation (AF) burden and recur-
rence post-ablation.

•	 Epicardial adipose tissue is a risk factor 
for development of AF and predictor of 
recurrence after catheter ablation.

•	 The mechanism by which epicardial 
adipose tissue contributes to the patho-
genesis of atrial fibrillation remains 
unclear. Various mechanisms have been 
proposed including fatty infiltration, 
fibrosis, inflammation, oxidative stress, 
atrial remodelling, and genetic factors.

•	 Peri-atrial epicardial adipose tissue 
(EAT) may play a more prominent role 
in the pathogenesis of AF due to its 
proximity to the atrial myocardium and 
local paracrine effect.
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development of AF indirectly via its effects on 
comorbidities such as hypertension (activation 
of renin-angiotensin-aldosterone system) and 
obstructive sleep apnea (hypoxia and hypercap-
nia, systemic information). Obesity may also be 
directly implicated in the development of AF via 
local pro-inflammatory effects [27–30].

Obesity is associated with epicardial adipose 
tissue (EAT) [10, 31–46]. Due to its contiguity to 
the underlying atrial myocardium, it is possible 
that epicardial adipose tissue (EAT) is associated 
with the development of AF. In this chapter, we 
will explore the nature of the relation between 
EAT and AF, pathophysiological mechanisms, 
clinical correlation, and some proposed future 
therapeutic options targeting EAT.

�Obesity and Atrial Fibrillation

The role of adipose tissue in multiple disease 
states has now been clearly established. Adipose 
tissue is a heterogeneous tissue that includes 
mature adipocytes, inflammatory cells of various 
phenotypic characteristics, fibroblasts, and stem 
cells as well as vascular cells coming from micro-
vascular structures embedded in the tissue [47]. 
All cell types contribute to the adipose tissue sec-
retome, which may contain pro-inflammatory 
and pro-atherogenic adipocytokines (e.g., resis-
tin, leptin, visfatin, and monocyte chemoattrac-
tant protein-1) in metabolically unhealthy obesity 
[48]. The adipocytokines secreted by the adipose 
tissue can exert paracrine effects on the neighbor-
ing vascular wall (i.e., perivascular adipose tis-
sue) [49] or myocardium (i.e., epicardial adipose 
tissue) [50], as well as endocrine effects (i.e., 
from “remote” depots like subcutaneous adipose 
tissue) on the cardiovascular system through the 
circulation [51].

The most widely used assessment of adiposity 
is weight/body mass index [52]. The population 
disease burden due to the obesity epidemic is 
widely recognized. Obesity rates worldwide have 
nearly tripled in the last 40 years, with more than 
a third of the world’s population being obese or 
overweight [53]. As for the United States, 38% of 
adults are obese, with a body mass index (BMI) 

over 30 kg/m2, and an additional 33% are over-
weight with BMI between 25 and 30 kg/m2 [54]. 
In recent years, obesity has been shown to be an 
independent risk factor for development of AF 
(Table  10.1) [10, 31–46]. Importantly, the 
Framingham Heart Study revealed a 4% increased 
risk in incident AF per unit increase in body mass 
index in both men and women [31]. A meta-
analysis of 51 studies involving more than 
600,000 individuals evaluated the impact of obe-
sity on AF [36]. It was found that every 5-unit 
rise in BMI confers an additional 19–29% risk of 
incident AF, a 10% risk of postoperative AF, and 
a 13% risk of post-ablation AF [36]. The associa-
tion of obesity with other coexisting risk factors 
for AF (such as diabetes and hypertension) raises 
uncertainty in the independent association 
between obesity and AF. To account for this, Lee 
et  al. recently conducted a retrospective study 
with a cohort of nearly 400,000 obese patients 
free of comorbidities [37]. The association 
between AF and obesity remained significant 
with a hazard ratio of 1.3 (95% confidence inter-
vals 1.14–1.48) when compared to healthy non-
obese patients [37]. Additionally, one study that 
followed 3248 patients for 5.1 years found that 
BMI independently predicted progression of AF 
from paroxysmal to permanent – hazard ratio of 
1.04 (95% CI, 1.03–1.06; P < 0.0001) [38]. BMI 
was also shown to be an independent predictor of 
AF relapse post-ablation therapy in a recent mul-
ticenter observational study hazard ratio of 1.01 
per kg/m2 (95% CI, 1.01–1.02, P = 0.002) [39].

The impact of weight loss on AF is also well 
established and evident in multiple recent studies 
[55–60]. Abed et  al. conducted a randomized, 
interventional clinical trial in Australia for over-
weight or obese patients (body mass index >27 kg/
m2) with symptomatic AF. Patients were random-
ized into a structured weight management group 
(intervention) or general lifestyle advice (control) 
[55]. The interventional group showed a dramatic 
reduction in weight, AF symptom burden scores, 
symptom severity scores, and number of AF epi-
sodes when compared to control [55]. The 
Aggressive Risk Factor Reduction Study for Atrial 
Fibrillation (ARREST-AF) study [59] included a 
cohort of patients who underwent a structured risk 
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factor management program following catheter 
ablation for treatment of AF in one arm, and a con-
trol group who did not participate in the risk factor 
management program in the second arm. Patients 
in the risk factor management program experi-
enced a 13% decrease in body mass index (versus 

1% for the control group) after a median follow-up 
of 42.8 months with significant decline in blood 
pressure and LA volume index [59]. Additionally, 
patients in this program after 2 years of follow-up 
achieved arrhythmia free survival at final follow-up 
of 32.9% (P < 0.001) after a single procedure and 

Table 10.1  Epidemiological studies showing association between obesity and atrial fibrillation

Study Country Study design Population Follow-up
Key findings for atrial 
fibrillation

Wang  
et al. [31]

USA Community-based 
prospective 
observational study

N = 5282
Age 
57 ± 13 years
55% female

13.7 years AF adjusted HR 1.04 (95% CI, 
1.01–1.04; P = 0.02) for men 
and 1.04 (95% CI, 1.01–1.07; 
P = 0.009) for women per unit 
increase in BMI

Frost  
et al. [10]

Denmark Population-based 
prospective cohort

N = 47,589
Age 56 years 
(50–64)
53% female

5.7 years Adjusted HR of 1.08 (95% CI, 
1.05–1.11) for men and 1.06 
(95% CI, 1.03–1.09) for 
women for AF/flutter per unit 
increase in BMI

Tedrow 
et al. [33]

USA Prospective women’s 
health study

N = 34,309
Age 
54.6 ± 7.0 years
100% female

12.9 years BMI was linearly associated 
with AF risk, with adjusted HR 
1.04 (95% CI, 1.03–1.06)

Huxley 
et al. [40]

USA Prospective
The Atherosclerosis 
Risk in Communities 
study (ARIC)

N = 14,598
54.2 ± 5.8
55% female

17.1 years 17.9% AF incident attributed to 
overweight and obesity

Long  
et al. [41]

China Community-based 
nested case control 
study Giangzhou 
Biobank cohort study

N = 19,964
Age 62 years
71% female

2.9 years Adjusted HR 1.06 (95% CI, 
1.01–1.11 per unit increase in 
BMI)

Karasoy 
et al. [42]

Denmark Prospective 
observational study

N = 271,203
Age 
30.6 ± 4.7 years
100% female

4.6 years Adjusted HR = 1.07 (95% CI, 
1.04–1.11; P < 0.0001) per unit 
increase in BMI

Knuiman 
et al. [34]

Australia Prospective 
observational study

N = 4267
56% female

15 years Adjusted HR 1.34 (95% CI, 
1.21–1.49; P < 0.0001) per 1 
SD increase in BMI

Berkovitch 
et al. [43]

Israel Prospective 
observational study

N = 18,290
Age 
39 ± 11 years
73% male

6.4 years Adjusted HR compared to 
normal weight 1.49 (95% CI, 
1.11–2.00; P = 0.008) for 
overweight and 2.34 (95% CI, 
1.64–3.34; P = 0.001) for obese

Lee  
et al. [37]

South 
Korea

Retrospective 
observational study

N = 389,321
Age 
45.6 ± 11 years
27% female

7.5 years Compared to non-obese HR for 
obesity 1.19 (95% CI, 
1.12–1.27)

Foy  
et al. [44]

USA Prospective 
observational cohort 
study

N = 67,278
76.9% female

8 years Adjusted OR 1.40 (95% CI, 
1.26–1.56) for obesity

Lim  
et al. [45]

South 
Korea

Korean National Health 
Insurance Service–
Health Screening cohort

N = 171,324
39% female

47.4 months Adjusted HR 1.01 (95% CI, 
0.9–1.12; P = 0.85) for risk of 
new onset AF for BMI >25

AF atrial fibrillation, BMI body mass index, CI confidence interval, EAT epicardial adipose tissue, HR hazard ratio, OR 
odds ratio, PAF paroxysmal atrial fibrillation, PeAF persistent atrial fibrillation, PVI pulmonary vein isolation
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87% (P < 0.001) after multiple procedures versus 
9.7% (P  <  0.001) for a single procedure and 
17.8% (P < 0.001) for patients requiring multiple 
procedures in the control group [59]. The 
LEGACY study noted that weight loss ≥10% 
resulted in six times greater probability of 
AF-free survival (95% confidence interval: 3.4–
10.3; P  <  0.001) compared to the groups with 
3–9% and <3% weight loss [60]. Moreover, the 
REVERSE-AF study assessed the progression 
and reversal of AF in the same cohort of the 
LEGACY study. In patients with ≥10% weight 
loss, 88% experienced reversal from persistent to 
paroxysmal or no AF (P < 0.001) at final follow-
up after individualized arrhythmia management, 
a striking difference when compared to 49% and 
26% reversal in patients who lost 3–9% and <3% 
of their body weight, respectively (P  <  0.001) 
[58]. Despite the uncertainty of the exact mecha-
nisms by which weight loss impacts AF, the evi-
dence seems clear and strong. Hence, and for the 
first time, the 2019 focused update to the AF 
guidelines [61] introduced a class I recommenda-
tion: “For overweight and obese patients with AF, 
weight loss, combined with risk factor modifica-
tion, is recommended” based on emerging data 
[36, 55, 59].

The mechanisms by which obesity impacts 
AF require investigation. In theory, obesity may 
directly (in addition to indirect effects through 
hypertension and diabetes) contribute to AF via 
systemic effects of visceral adiposity or from 
direct effects of the cardiac adipose tissue on the 
adjacent myocardium. The cardiac adipose tissue 
has been studied as the epicardial adipose tissue 
(EAT) or pericardial adipose tissue (PAT) and is 
associated with the development of AF (see 
Clinical Evidence of Association between EAT 
and AF) [62–66]. EAT is associated with 
increased body mass index (BMI) and is a well-
documented risk factor for AF initiation and per-
petuation [66–68]. EAT is a unique visceral 
adipose depot with anatomic and functional 
proximity to the myocardium and coronary arter-
ies [69–72]. Advanced cardiac imaging has paved 
the way for better characterization of EAT and 
studying its effect on cardiovascular health [65, 
73]. Under physiologic conditions, EAT has car-

dioprotective metabolic, thermogenic, and 
mechanical characteristics [70]. The pathophysi-
ological mechanisms that link EAT to AF, how-
ever, remain elusive and are not entirely 
understood. Atrial electrical and structural 
remodeling, inflammation, oxidative stress, neu-
ral mechanisms, and genetic factors may be path-
ways mediating EAT effects on AF occurrence 
[22–26]. This will be discussed in the next 
section.

�EAT and Atrial Fibrillation: 
Anatomy, Physiology, 
and Pathophysiological 
Mechanisms

�Anatomy

EAT is a peculiar visceral fat depot with anatomi-
cal and functional contiguity to the myocardium 
and coronary arteries [69–72]. EAT is situated 
between the myocardium and visceral layer of 
the pericardium and is present in the atrioven-
tricular and interventricular grooves without a 
structure or fascia separating it from the myocar-
dium and the epicardial vessels [72, 74–76]. This 
means EAT and the myocardium share common 
microcirculation, suggesting a close and strong 
interaction between the two structures [77]. A 
paracrine process is one possible biological inter-
action between EAT and its adjacent myocar-
dium. A vasocrine pathway is also likely via the 
vasa vasorum [72]. In contrast, pericardial adi-
pose tissue is another cardiac fat deposit situated 
outside the visceral pericardium and on the outer 
surface of the parietal pericardium [77]. Although 
PAT and EAT are close in proximity, they are dis-
tinct [77]. Unlike EAT, PAT is separated from the 
myocardium by visceral pericardium [78]. PAT 
and EAT are also embryologically different [72]. 
EAT originates from the splanchnopleuric meso-
derm, which also gives rise to mesenteric and 
omental fat [79], while PAT is derived from the 
primitive thoracic mesenchyme [79]. EAT is per-
fused by the coronary arteries, while PAT is sup-
plied by a branch of the internal mammary artery, 
the pericardiophrenic artery [79]. However, it is 
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noteworthy that the effects of PAT rather than 
EAT on the heart are often reported [63–65, 80–
84]. This likely relates to the methods of quanti-
tation. A more detailed look at anatomy and 
terminology is described in Chap. 1.

Moreover, recent findings indicate that regional 
EAT distribution is important. Left atrial EAT 
(LAEAT) is significantly increased in patients 
with AF and may be related to the recurrence of 
AF after catheter ablation [65, 83, 85–89]. LAEAT 
displays a unique genetic pattern when compared 
to peri-coronary and peri-ventricular EAT [90]. 
LAEAT is enriched in genes involved in oxidative 
phosphorylation, muscular contraction, and cal-
cium signaling when compared to other EAT 
areas [90].

�Physiology

The functional complexity of human EAT is not 
yet fully understood. However, under physiologi-
cal conditions, EAT’s role in the heart is generally 
distinguished by mechanical, metabolic, thermo-
genic, and endocrine/paracrine functions [70]. 
EAT mechanically serves as a cushion protecting 
the coronary arteries from extreme distortion 
caused by arterial pulsation and myocardial con-
traction via its compressibility and elasticity [91]. 
Metabolically, EAT differs from other visceral fat 
in its ability to synthesize and break down free 
fatty acids (FFA) at a higher rate and a lower rate 
of glucose utilization [75, 92]. EAT contains 
abundant saturated fatty acids, and this enrich-
ment and increased metabolism of free fatty acids 
(FFAs) maintain myocardial energy supplies, par-
ticularly during periods of high demand [71, 93]. 
FFA oxidation is responsible for about 50–70% of 
the energy production of the heart, and it is pro-
posed that EAT functions as a buffer to protect the 
heart against excessively high levels of FFAs [72].

Moreover, EAT has higher expression of 
uncoupling protein-1 (UCP1) genes when com-
pared to fat depots in other parts of the body [94]. 
This may provide EAT the thermogenic ability to 
produce heat (like brown adipose tissue) to pro-
tect the coronary arteries from hypothermia dam-
age similar to what we see in hibernating animals 

[75]. EAT also acts as a source for paracrine 
modulators of myocardial inflammation and oxi-
dative stress by producing multiple bioactive 
cytokines [95]. Under normal physiological con-
ditions, cytokines such as adiponectin and adre-
nomedullin have antidiabetic, antiatherogenic, 
antioxidative, and anti-inflammatory roles exert-
ing cardioprotective functions [96–99]. This is 
discussed in detail in Chap. 2. However, despite 
its cardioprotective mechanisms, EAT in the 
pathological state can be harmful, producing 
inflammatory factors exacerbating cardiovascu-
lar diseases and may participate in the pathogen-
esis of AF via various mechanisms that will be 
discussed next.

�Pathophysiological Mechanisms

Multiple studies have established an association 
between EAT and AF (see Clinical Evidence of 
Association between EAT and AF). However, the 
exact mechanisms by which EAT contribute to AF 
development are unresolved and remain an 
intriguing topic in translational research. Multiple 
mechanisms have been identified. These mecha-
nisms could include a direct effect of EAT on the 
atrium (e.g., by the infiltration of adipose tissue 
into the myocardium leading to altered atrial elec-
trophysiological properties) or indirect mecha-
nisms (e.g., by acting as a source for paracrine 
modulators of myocardial inflammation and oxi-
dative stress). Altered gene expression may play a 
role in the contribution of EAT to AF. Alternatively, 
EAT may influence local atrial and pulmonary 
vein electrophysiologic properties, such as the 
refractory period, which interact with a remod-
eled atrial substrate to sustain AF [100]. These 
mechanisms are discussed in detail below.

�Fatty Infiltration

Given its location and the lack of fascia separat-
ing EAT from the underlying myocardium, direct 
fatty infiltration into the atrium is possible. 
Multiple previous studies have noted that the 
abundance of epicardial fat is associated with 
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direct adipocyte infiltration into the underlying 
atrial myocardium [78, 101]. This may contribute 
to myocardial functional disorganization and the 
formation of local arrhythmogenic substrate 
[102]. Mahajan et  al., for example, found an 
accumulation of epicardial fat with pronounced 
myocardial infiltration by adipocytes, particu-
larly over the posterior left atrial wall in diet-
induced obese sheep [101]. In contrast, non-obese 
control sheep had less epicardial fat accumula-
tion and minimal adipocyte infiltration into the 
myocardium. Such direct fatty infiltration can 
mechanically separate myocytes and could 
directly result in conduction slowing or could 
promote side-to-side cell connection loss similar 
to that seen with microfibrosis [103, 104]. 
Simultaneous endo-epicardial mapping of atrial 
electrical activity has shown that breakthrough 
and micro reentry circuits increase with increas-
ing AF substrate complexity. Losing epicardial 
layer continuity due to atrial fibrosis appears to 
be one of the major determinants of the complex-
ity of fibrillatory conduction pathways [105]. In 
addition to the direct anatomical effect of fatty 
infiltration, Haemers et  al. [106] reported that 
patients with a history of AF had a higher histo-
logical degree of fibrosis of the adipose tissue 
present in sub-epicardium, with abundance of 
active inflammatory cells [106]. These observa-
tions suggest that this adipose tissue component 
of the atrial myocardium may not be an innocent 
bystander.

�Inflammation

Inflammation is a potential contributor to the 
pathogenesis of AF. It may play a role in AF ini-
tiation and perpetuation [107]. Notable markers 
of inflammation, like C-reactive protein (CRP), 
interleukin-6 (IL-6), interleukin-8 (IL-8), inter-
leukin-1b (IL-1b), and tumor necrosis factor-α 
(TNF-α), have been associated with the inci-
dence, severity, and recurrence of AF [108–112]. 
These markers are produced by EAT and may 
have local pro-inflammatory effects on the adja-
cent atrial myocardium that facilitate arrhythmo-
genesis. Aviles et  al. first demonstrated that 

elevated CRP predicted increased risk of devel-
oping AF in a large population-based prospective 
cohort including 5806 patients [111]. In another 
study, it was found that high levels of CRP were 
a predictor of arrhythmia recurrence after cardio-
version [110]. Li et al. demonstrated that serum 
TNF-α blood levels were higher in patients with 
AF compared with those in sinus rhythm and in 
persistent and permanent AF compared with par-
oxysmal AF [113].

The immunohistochemistry of the left atrial 
appendage obtained from 16 patients during car-
diac surgery showed immunologically active 
monocytes, and macrophages with abundance of 
inflammatory proteins like monocyte chemoat-
tractive protein-1, intracellular adhesion mole-
cule-1, and vascular cell adhesion molecule-1 
that were more expressed in the endocardium of 
patients with AF compared to those in sinus 
rhythm [114]. This supports the hypothesis of a 
local immunologic inflammatory response in the 
atrium of patients with AF [114]. Moreover, the 
neutrophil-to-lymphocyte ratio was also shown 
to be an independent predictor for non-valvular 
AF [115]. Interestingly, it was demonstrated that 
elevated levels of monocyte chemoattractant pro-
tein-1 were found to be associated with increased 
epicardial fat thickness [116]. A significant cor-
relation was found between EAT thickness and 
neutrophil-to-lymphocyte ratio [117].

In addition, the inflammatory activity of EAT 
reflected by maximal standardized uptake value 
(SUV) of 18-fluorodeoxyglucose(FDG)-positron 
emission tomography (PET) which reflects glu-
cose metabolism was found to be higher in 
patients with AF compared to controls, and 
inflammatory activity of EAT adjacent to the LA, 
atrioventricular groove, and left main artery was 
greater than in subcutaneous or visceral thoracic 
tissue [118]. Kusayama et al. [119] reported that 
inflammation of EAT around the LA, but not sub-
cutaneous adipose tissue is related to the pres-
ence of paroxysmal AF.

In addition to pro-inflammatory cytokines, 
adipose tissue also secretes adiponectin, an 
adipocytokine with anti-inflammatory effects 
[120]. Kourliouros et al. conducted a study to 
investigate the role of adiponectin in the patho-
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genesis of postoperative AF.  Ninety patients 
undergoing coronary artery bypass graft 
(CABG) surgery had adiponectin level mea-
sured in serum and EAT.  Increased levels of 
adiponectin were associated with sinus rhythm 
(SR) following surgery, thus reinforcing the 
inflammatory hypothesis in the pathogenesis of 
postoperative AF [121]. Moreover, an inverse 
relationship between adiponectin and LA size, 
independent of age, sex, insulin resistance, and 
left ventricular mass, has been reported, sug-
gesting that adiponectin could influence atrial 
remodeling [122]. Taken together, if inflamma-
tory pathways in peri-atrial adipose tissue are 
implicated in the pathogenesis of AF, this could 
be a potential future target for the prevention 
of AF. For example, intraoperative dexametha-
sone administration demonstrated significant 
protection against AF after cardiac surgery in 
one large clinical study [123]. A recent meta-
analysis demonstrated that steroid therapy 
reduces the incidence of postoperative AF and 
the length of stay in the intensive care unit or 
in the hospital [124]. It is possible that the 
greatest benefit of anti-inflammatory interven-
tions is limited to settings of inflammatory 
reaction due to tissue damage such as in car-
diac surgery and catheter ablation. More stud-
ies are needed to elucidate the role of 
inflammation and the benefit of anti-inflamma-
tory interventions in patients with AF.

�Atrial Remodelling

�Electrical Remodelling
Left atrial EAT can directly modulate electrical 
properties and ion currents of LA myocytes. When 
LA myocytes were incubated with epicardial adi-
pocytes, they had longer action potential dura-
tions, a more-positive resting membrane potential, 
larger late sodium currents, L-type calcium cur-
rents, and transient outward potassium currents 
(Ito), but smaller delayed rectifier potassium and 
inward rectifier potassium (Kir) currents than con-
trol LA myocytes [125]. In the clinical setting, epi-
cardial fat was independently associated with 
atrial conduction time in a large population study 

as indicated by P-wave indices [126]. Moreover, 
left atrial EAT was associated with lower bipolar 
voltage and electrogram fractionation in 30 
patients assessed in sinus rhythm before AF abla-
tion. Multivariate analysis for the potential nonlin-
ear association between EAT and low voltage 
zones was significant with OR = 1.60 (P < 0.001) 
[127]. Another small study using a 3D merge pro-
cess and dominant frequency left atrial map identi-
fied EAT locations to correspond to high dominant 
frequency during AF [128, 129]. These data sug-
gest a possible role of EAT on AF electrophysio-
logical substrate that requires further research.

�Structural Remodeling
Another potential mechanism is the role of EAT in 
atrial structural remodeling. Atrial fibrosis is the 
hallmark of structural remodeling. Interstitial fibro-
sis leads to heterogeneity of conduction, which 
provides a substrate for AF [130]. Atrial fibrosis is 
the primary pathologic abnormality seen in 
AF-related structural remodeling, and the degree of 
fibrosis has clinical implications [116, 131]. EAT 
may contribute to atrial fibrosis by exerting a para-
crine effect on the atrium secreting profibrotic 
cytokines [132] such as activin A and matrix metal-
loproteinases (MMP) [72, 78, 121, 133, 134].

Activin A is a member of the TGF-ß super-
family. First recognized as an inducer of follicle-
stimulating hormone release, activin A is a 
multifunctional cytokine expressed in various tis-
sue types. A profibrotic effect of activin A has 
already been described for liver fibrosis [135–
137]. In rats, the supplementation of culture 
media with recombinant human activin A-induced 
marked rat atrial myocardial fibrosis, while anti-
activin A antibody neutralized these profibrotic 
effects [138]. Both EAT-conditioned medium and 
activin A induced the expression of TGF-ß1  
and -β2 in the atria, which could indirectly medi-
ate the profibrotic effect of activin A [138]. 
Activin A-induced cardiac effects other than 
fibrosis have also been described. For instance, 
this cytokine has anti-hypertrophic and anti-
apoptotic properties on the myocardium when it 
is exposed to ischemia, reperfusion, and pres-
sure overload injuries [139, 140]. Activin A 
causes a negative inotropic effect on isolated 
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guinea pig cardiac myocytes, suggesting a 
direct effect of this cytokine on the excitation-
contraction coupling process [141].

MMPs are important regulators of extracellu-
lar matrix homeostasis, including the various col-
lagen fibers and basement membrane components. 
During AF, it has been demonstrated that 
upregulated activity of several MMPs, notably 
MMP2 and 7, contribute to the accumulation of 
interstitial fibrosis [142]. Levels of serum MMP2, 
which has been implicated in atrial remodeling, 
were higher in patients with greater EAT volume 
[143]. MMP8, which is abundantly expressed in 
EAT, is known to be involved in the formation of 
atherosclerotic plaques [144, 145], whereas little 
is known of its role in myocardial fibrosis [146]. 
Venteclef et al. found that the level of both activin 
A and MMP8 are enhanced in patients with heart 
failure. Moreover, Greulich et  al. [139] report 
that activin A is more abundantly expressed in the 
EAT of obese patients with type 2 diabetes.

In a recent study, Wang et  al. [147] showed 
that connective tissue growth factor (cTGF) 
expression is significantly higher in EAT than in 
subcutaneous or pericardial adipose tissue from 
patients with AF and in EAT from patients with 
sinus rhythm. They concluded that cTGF is asso-
ciated with atrial fibrosis and can be an essential 
risk factor for AF [147].

EAT may also affect the atrial cellular compo-
nents by altering the proliferation of myofibro-
blasts and the number of dedifferentiated and 
dystrophic myocytes [148, 149]. In fact, adipose 
tissue contains abundant stem cells located in the 
stroma fraction [150, 151] that are capable of dif-
ferentiating not only into adipocytes but also into 
cardiomyocytes [152] or myofibroblasts [153]. 
Therefore, cardiac fatty tissue may constitute a 
source of precursor cells that can differentiate 
into myofibroblasts, contributing to atrial struc-
tural remodeling.

EAT may contribute to structural remodeling 
by promoting ventricular diastolic dysfunction. 
Patients with left ventricular diastolic dysfunc-
tion have a significant increase in EAT volume 
[154]. Suffee et al. [155] demonstrated that adult 
atrial epicardial progenitor cells can transition to 
adipocytes and provided evidence that this pro-

cess is driven by atrial natriuretic peptide (ANP) 
secreted by the myocardium. EAT accumulation 
in adult atria is a slow process that could occur in 
response to chronic alterations of atrial myocar-
dium workload and metabolic conditions. Hence, 
these data indicate a possible crosstalk between 
EAT expansion and mechanical function of the 
atrial myocardium [155].

�Oxidative Stress

EAT is known to be a source of reactive oxygen 
species that could contribute to the pathogenesis 
of AF [156]. Recently, Antonopoulos et al. [50] 
demonstrated that products of oxidation, such as 
4-hydroxynonenal which is generated in the 
human cardiac tissue under conditions of 
increased oxidative stress, can act as signaling 
molecules and result in adiponectin upregulation 
in neighboring EAT.  Adiponectin has a cardio-
protective paracrine effect, and its upregulation is 
evidence of local defensive response of EAT 
against oxidative stress. Previous data have 
shown that the production of reactive oxygen 
species is higher in human EAT than it is in sub-
cutaneous adipose tissue [156]. Ascorbat, an anti-
oxidant and peroxynitrite decomposition catalyst, 
inhibited reactive oxygen species in dogs and 
appeared to attenuate atrial remodeling induced 
by rapid pacing [157].

�Neural Mechanism

The autonomic nervous system plays an impor-
tant role in the initiation and maintenance of 
AF. EAT is the anatomic site of the intrinsic car-
diac autonomic nervous system, namely, gangli-
onated plexi (GP) and interconnecting nerves, 
especially in the posterior wall around pulmonary 
vein ostia [70]. These ganglia are a critical ele-
ment responsible for the initiation and mainte-
nance of AF [158, 159]. Sympathovagal imbalance 
detected by both impaired heart rate variability 
and heart rate turbulence parameters has been 
demonstrated to be related to EAT thickness 
[160]. Activation of the ganglionated plexi (GP) 
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located within the epicardial fat tissue can cause 
both parasympathetic and sympathetic stimula-
tion, resulting in shortening of action potential 
duration and increases in calcium transient, 
respectively, in the atrial myocardium [161]. 
Recent evidence also suggests that it is the gangli-
onated plexi activity to the PVs that is important 
in the pathogenesis of AF [162]. One study dem-
onstrated that stimuli applied to PVs do not induce 
AF, unless there is simultaneous stimulation of 
the adjacent GP that does not excite the atrial 
myocardium [163]. In isolated canine PV prepa-
rations, simultaneous administration of acetyl-
choline plus norepinephrine [164] or local 
autonomic (both parasympathetic and sympa-
thetic) nerve electrical stimulation [165] has been 
shown to induce early after depolarizations 
(EADs) and short surges of triggered firing from 
the PVs, similar to the pattern recorded from the 
PVs in patients with paroxysmal AF [164].

Multiple clinical studies have investigated the 
role that neuromodulation may have in control-
ling AF, particularly by ablation of ganglionated 
plexi of the intrinsic cardiac nervous system 
[166]. It is possible that the encasing epicardial 
fat influences the ganglionated plexi and thus 
contributes to arrhythmogenesis. It is interesting 
to note that botulinum toxin injection into epicar-
dial fat pads during surgery may reduce cardiac 
autonomic nervous activity and have long-term 
effects on AF, potentially by suppressing gangli-
onated plexi [167].

�Genetic Factors

Gene expression represents a new perspective in 
understanding the precise role of EAT in AF 
pathogenesis. In an experimental study that uti-
lized human and pig atrial samples, both AF and 
rapid pacing were associated with significant 
changes in atrial gene expression consistent with 
the induction of an adipocyte-related expression 
profile [168]. These genes favor the development 
of important risk factors for AF like obesity and 
diabetes mellitus and may facilitate AF substrate 
formation by increasing atrial ectopic fat and fat 
infiltration [168].

The peri-atrial EAT transcriptome profile is 
notable for the expression of genes implicated 
in oxidative phosphorylation, muscular con-
traction, and Ca2+ signaling [90]. The SERCA1 
gene codes for a Ca2+/ATP-dependent intracel-
lular pump that translocates the cytosolic Ca2+ 
into the lumen of the sarcoplasmic reticulum 
and promotes excitation-contraction coupling 
[169]. Moreover, EAT secretome was described 
as a possible substrate for postoperative AF 
[170]. It encompasses various proteins differ-
entially expressed in patients who later develop 
postoperative AF. Among those, gelsolin reduc-
tion, a protein involved in inflammation and ion 
channel regulation, was associated with postop-
erative AF [170].

�Clinical Evidence of Association 
Between EAT and Atrial Fibrillation

Several studies have described the association 
between cardiac adipose tissue and AF 
(Table 10.2) [64, 65, 80–82, 85, 86, 102, 171–
174] and AF recurrence post-catheter ablation 
(Table 10.3) [65, 83, 85, 87–89, 175–179]. One 
of the largest studies that examined the rela-
tionship between pericardial fat and AF is from 
the Framingham Heart study. In this study 
involving 3217 participants, the investigators 
characterized pericardial fat (defined as adi-
pose tissue within the pericardial sac) with 
computed tomography (CT) and observed that 
pericardial fat volume predicted AF risk inde-
pendent of other measures of adiposity 
OR  =  1.28 (95% CI, 1.05–1.6; P  =  0.03) for 
every standard deviation increase in PAT vol-
ume [64]. This relation remained significant 
despite adjustment for common AF risk fac-
tors, including age, sex, myocardial infarction, 
heart failure, BMI, and other regional fat 
deposits [64]. Importantly, the study did not 
show similar association of AF with other fat 
deposits such as intrathoracic or abdominal 
visceral fat. This suggests that contiguity of 
adipose tissue rather than generalized increases 
in fat depots may be essential in the pathogen-
esis of AF [64].
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Another study showed a correlation of pericar-
dial adipose tissue with the severity of AF subtypes. 
Al Chekakie et al. [80] demonstrated that pericar-
dial fat correlated with paroxysmal (OR  =  1.11; 
95% CI: 1.01–1.23, P  =  0.04) and persistent AF 
(OR = 1.18; 95% CI: 1.05–1.33, P = 0.004), inde-

pendent of traditional AF risk factors including 
age, hypertension, sex, left atrial (LA) enlarge-
ment, valvular heart disease, left ventricular ejec-
tion fraction, diabetes mellitus, and BMI.  This 
correlation was further confirmed in a recent meta-
analysis that reported that EAT volume is associ-

Table 10.2  Studies showing association between epicardial and pericardial adipose tissue with atrial fibrillation

Study
Study design 
and location

Fat 
depot Imaging Population Findings

Thanassoulis 
et al. [64]

Retrospective 
study
Framingham 
Heart Study
USA

PAT CT N = 3217
54 AF

PAT associated with prevalent AF in 
multivariable-adjusted models OR 1.28 per SD 
of PAT volume (95% CI, 1.03–1.58; P = 0.03)

Batal  
et al. [171]

Retrospective 
study
USA

LAEAT CT 73 no AF
60 PAF
36 PeAF

LAEAT was a multivariate predictor of AF 
burden (OR 5.30; 95% CI, 1.39–20.24; 
P = 0.015)

Al Chekakie 
et al. [80]

Retrospective 
study
USA

PAT CT 76 no AF
126 PAF
71 PeAF

PAT multivariate predictor of PAF (OR = 1.11; 
95% CI, 1.01–1.23, P = 0.04) and PeAF (OR 
1.18, 95% CI, 1.05–1.33; P = 0.004)

Tsao et al. [85] Retrospective 
study
Taiwan

EAT CT 34 no AF
68 AF

EAT increased in AF (29.9 ± 12.3 vs 
20.2 ± 6.5 cm3; P < 0.001)

Nagashima 
et al. [86]

Retrospective 
study
Japan

EAT CT 37 no AF
24 PAF
16 PeAF

Increased EAT and LAEAT in PAF vs no AF 
and PeAF vs PAF and no AF

Shin  
et al. [172]

Retrospective 
study
South Korea

EAT CT 80 no AF
40 PAF
40 PeAF

Increased EAT in PAF vs no AF and PeAF vs 
PAF and no AF

Wong  
et al. [65]

Retrospective 
study
Australia

PAT MRI 20 no AF
38 PAF
34 PeAF
30 
permanent 
AF

PAT (OR 11.25; 95% CI, 2.07–61.24; 
P = 0.005) and peri-atrial fat (OR 5.35; 95% 
CI, 1.25–22.66; P = 0.02) are predictors of AF

Nakanishi 
et al. [173]

Retrospective 
study
USA

EAT 
volume

CT 262 no AF
16 AF

Peri-atrial EAT a multivariate predictor of AF 
(P < 0.001)

Greif  
et al. [81]

Retrospective 
study
Germany

PAT CT 934 no AF
223 PAF
131 PeAF

PAT multivariate predictor of AF (OR 1.52; 
95% CI, 1.14–2.00; P = 0.03) and of PeAF 
(OR 2.58; 95% CI, 1.69–3.99; P < 0.001)

Drossos  
et al. [82]

Prospective 
study
Greece

PAT CT 55 no AF
28 AF

PAT multivariate predictor of AF post-CABG 
(OR 1.018; 95%, CI, 1.009–1.027; 
P = 0.0001)

Kanazawa 
et al. [174]

Prospective 
study
Japan

PAT CT 120 no AF
80 PAF
40 PeAF

PAT predictor of AF (OR 1.024; P < 0.001) 
and was independently associated with PeAF 
(OR = 1.018; P < 0.018)

Yorgun  
et al. [102]

Retrospective 
study
Turkey

EAT
Peri-
atrial fat

CT 192 no AF
169 PAF
133 PeAF
124 
permanent 
AF

EAT thickness were associated with AF 
(OR = 1.69; 95% CI, 1.54–2.85; P = 0.002) 
and peri-atrial fat associated with AF (OR 
1.76; 95% CI, 1.35–3.22; P = 0.001)

AF atrial fibrillation, CI confidence interval, CT computed tomography, EAT epicardial adipose tissue, LA left atrial, OR 
odds ratio, PAF paroxysmal atrial fibrillation, PeAF persistent atrial fibrillation
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ated with increased risk of AF  – one standard 
deviation was associated with 2.2 higher odds of 
persistent AF compared to paroxysmal AF 
(OR  =  2.19, 95% CI: 1.66–2.88) [66, 68, 180]. 
Noteworthy, the strength of associations of AF with 
EAT was greater than for measures of abdominal or 
overall adiposity [66]. Increased EAT has also been 
independently associated with AF after coronary 
artery bypass grafting [82, 181], electrical cardio-
version [182], or ablation [65, 83, 85–89, 176, 177, 

183]. Moreover, pericardial fat, when measured by 
MRI in 130 patients, showed a strong dose-
response association with LA volume (P < 0.001), 
AF chronicity (P  <  0.05), symptom burden 
(P  <  0.05), and recurrence of AF after ablation 
(P = 0.035) [65]. However, systemic measures of 
obesity, including body mass index and body sur-
face area, were not associated with these outcomes. 
These associations remained valid despite multi-
variate adjustment and adjustment for body weight.

Table 10.3  Studies showing association between epicardial and pericardial adipose tissue with atrial fibrillation recur-
rence post-catheter ablation

Study
Study design  
and location Fat depot Imaging Population Findings

Wong  
et al. [65]

Retrospective 
study
Australia

PAT MRI 20 no AF
38 PAF
34 PeAF
30 permanent 
AF

PAT predictive long-term AF recurrence 
post-ablation (P = 0.035)

Tsao  
et al. [85]

Retrospective 
study
Taiwan

EAT CT 34 no AF
68 AF

EAT multivariate predictor of AF 
recurrence after ablation (P = 0.038)

Murakami 
et al. [175]

Prospective 
study
Japan

EAT CT 32 PAF
6 PeAF

EAT a multivariate predictor of AF 
recurrence post-ablation (HR = 1.36; 95% 
CI, 1.10–1.66; P < 0.004)

Chao  
et al. [87]

Retrospective 
study
Taiwan

EAT TTE 227 PAF
56 non-PAF

Independent predictor of AF recurrence
Non-PAF HR = 2.361 (95% CI, 1.4–3.98; 
P < 0.001)
EAT thickness HR = 2.863 (95% CI, 
2.11–3.88; P < 0.001)

Kim  
et al. [83]

Prospective 
study
South Korea

PAT CT 450 PAF
215 PeAF

PAT a significant predictor for AF 
recurrence post-ablation in PeAF 
(HR = 1.1; 95% CI, 1.05–1.16; P < 0.001)

Soucek  
et al. [176]

Prospective
USA

EAT CT 74 PAF
28 PeAF

EAT a predictive of 3 months AF 
recurrence after PVI (RR 1.01; 95% CI, 
1.001–1.018; P = 0.018)

Kocyigit 
et al. [88]

Retrospective 
study
Turkey

Peri-atrial 
EAT

CT 249 patients 
with AF

Peri-atrial EAT thickness multivariate 
predictor of late AF recurrence (HR 
1.086; 95% CI, 1.037–1.137; P = 0.001)

Masuda  
et al. [89]

Prospective 
study
Japan

EAT CT 53 AF Left atrial EAT multivariate predictor of 
early AF recurrence (OR 1.02; 95% CI, 
1.01–1.03; P < 0.003)

Canpolat 
et al. [177]

Prospective 
study
Turkey

EAT TTE 190 PAF
44 PeAF

EAT thickness is a multivariate predictor 
of AF recurrence (HR 1.36; 95% CI, 
1.10–1.66, P < 0.004)

Ciuffo  
et al. [178]

Prospective 
study
USA

LA-peri-
atrial fat

CT 143 AF Higher LA-peri-atrial fat attenuation 
multivariate predictor of AF recurrence 
(HR 2.65; P = 0.001)

Mirolo  
et al. [179]

Retrospective 
study
France

EAT Cardiac 
MRI

231 AF EAT a multivariate predictor of AF 
recurrence at 4 months (HR 1.96; 95% CI, 
1.20–3.18; P = 0.007)

AF atrial fibrillation, CI confidence interval, CT computed tomography, EAT epicardial adipose tissue, HR hazard ratio, 
LA left atrial, MRI magnetic resonance imaging, OR odds ratio, PAF paroxysmal atrial fibrillation, PeAF persistent atrial 
fibrillation, PVI pulmonary vein isolation, RR risk ratio, TTE transthoracic echocardiogram
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Recently, Shin et  al. also reported that epi-
cardial fat volumes and peri-atrial fat thickness 
measured by CT scan were significantly associ-
ated with the prevalence and persistence of AF 
[172]. Moreover, a multivariate analysis 
revealed that only total EAT (P  =  0.004) and 
thickness of intraatrial septum (P = 0.016) were 
independently associated with left atrial vol-
ume in patients with AF even after adjusting for 
BMI. These studies have shown that EAT vol-
ume may be more predictive of the presence 
and severity of AF than the conventional mea-
sures of obesity.

It is important to note that EAT distribution is 
often asymmetric and may exert different effects 
according to its location [184, 185]. As men-
tioned earlier, it was found that peri-atrial epi-
cardial fat has distinct characteristics and 
genetic profile compared to peri-ventricular or 
peri-coronary epicardial fat [90]. Hence, due to 
its proximity and unique genetic profile, it fol-
lows that peri-atrial epicardial fat may be more 
directly related to the pathogenesis of AF. This 
was observed in many studies that showed left 
atrial EAT was significantly increased in patients 
with AF and may be related to the recurrence of 
AF after catheter ablation [65, 83, 85–89, 171]. 
Batal et  al. [171] examined 169 patients who 
underwent CT scans for AF or CAD, measuring 
EAT thickness. The study found posterior LA 
fat thickness was a statistically significant pre-
dictor of AF burden even after adjusting for age, 
BMI, or LA area OR  =  5.30 (95% CI, 1.39–
20.24; P  =  0.015). On the other hand, what 
stands true for the left atrial EAT is not neces-
sarily valid for right atrial EAT.  Hasebe et  al. 
[186] compared two groups of patients with par-
oxysmal AF referred for catheter ablation. They 
reported that EAT volumes around both the RA 
and LA in the patients whose AF was thought to 
originate from the RA were significantly smaller 
than those in the patients whose AF was thought 
to originate from the LA.  Thus, EAT may be 
more involved in the pathogenesis of AF whose 
source is the LA.  It is important to note that 
there was no statistical difference in the total 
volume of EAT surrounding the whole heart 
between the two groups.

Despite the inability of these studies to dem-
onstrate causation, there is ample evidence of a 
strong association/correlation between EAT/PAT 
and AF.  This opens the door for questioning 
about its future clinical implications.

�Clinical Implications of EAT in Atrial 
Fibrillation and Possible 
Therapeutic Options

�EAT as Risk Predictive Biomarker 
for Atrial Fibrillation

Epicardial adipose tissue is a novel risk predic-
tion marker, and it may have multiple clinical 
applications in the future. EAT has been linked 
with various acute coronary syndrome risk pre-
diction scores [187–190]. These include the 
GRACE (Global Registry of Acute Coronary 
Events) score, the Syntax score for the severity of 
coronary lesions, and the TIMI score for the pre-
diction of adverse coronary events. They all have 
shown positive correlations with increased epi-
cardial fat volume or thickness [187, 189, 191]. 
Similarly, an increased quantity of adipose tissue 
surrounding the heart has been shown to predict 
major adverse cardiac events, including myocar-
dial infarction and death in subjects with acute 
coronary syndromes, as well as in those with sus-
pected coronary artery disease [192–194]. Like 
in acute coronary syndromes, multiple studies 
have established an association between atrial 
fibrillation and EAT independent of coronary ath-
erosclerosis and classical cardiovascular risk fac-
tors [195]. The pericardial adipose tissue was 
shown to be independently associated with the 
incidence, severity, recurrence of AF after cathe-
ter ablation, and poor ablation outcomes [65, 83].

EAT volume is also associated with stroke 
and adverse cardiovascular outcomes in AF 
patients. Akdag et  al. [196] calculated the 
CHA2DS2-VASc score and baseline EAT thick-
ness in 96 consecutive patients with AF and 52 
age- and sex-matched controls and found that the 
group with high CHA2DS2-VASc score had 
higher EAT thickness compared to the group 
with low-intermediate CHA2DS2-VASc score; 
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the CHA2DS2-VASc score was positively corre-
lated with EAT.  Tsao et  al. [197] evaluated 
whether EAT situated in the vicinity of the LA 
and the LA appendage (LAA) is correlated with 
atrial function and the subsequent development 
of AF-related stroke. They reported that 
increased accumulation of EAT (OR  =  1.12, 
P   <   0.001) around the LA was independently 
associated with stroke in AF patients [197]. 
Moreover, peri-atrial EAT was negatively corre-
lated with the mechanical function of the LA 
(LAEF r = −0.369, P < 0.001). Total EAT was 
negatively correlated with active EF of the LAA 
(r  = −0.464, P   <   0.001). This contractile dys-
function and the circulatory stasis of the LAA 
may account for the pathophysiological associa-
tion of EAT- and AF-related stroke [197]. 
Similarly, Chu et  al. [198] demonstrated that 
increased EAT thickness per 1 mm is associated 
with adverse cardiovascular events (cardiovascu-
lar mortality, hospitalization for heart failure, 
myocardial infarction, and stroke) OR  =  1.224 
(95% CI, 1.096–1.368; P  <  0.001). Moreover, 
the addition of EAT thickness to a model con-
taining CHA2DS2-VASc score, LA volume 
index, and left ventricular systolic and diastolic 
function significantly improved the predictive 
value for cardiovascular events [198].

�Potential Therapeutic Options 
Targeting EAT

�Weight Loss
Weight loss has been recognized to reduce the 
pericardial fat burden [199]. Weight loss after 
bariatric surgery in obese subjects has also been 
associated with a decrease in EAT [200]. A recent 
meta-analysis showed a significant reduction in 
EAT with diet and bariatric surgery, but not with 
exercise [201]. Furthermore, in severe obesity, 
successful long-term weight reduction was asso-
ciated with improved left ventricular diastolic 
function and exercise capacity, while reduction 
of epicardial fat thickness predicted improved 
diastolic function [202]. Sustained weight loss, 
as described in the ARREST-AF study [59] and 
LEGACY study [60], showed improved arrhyth-

mia free survival and substantial AF burden 
reduction. Whether a reduction in EAT mediates 
this effect, at least in part, remains unknown and 
requires further research.

�Medications
Interestingly, statin therapy has been shown to 
decrease EAT. In hyperlipidemic post-menopausal 
women, statin therapy caused EAT regression, 
and intensive therapy was more effective than 
moderate-intensity therapy [203]. This, however, 
does not seem linked to low-density lipoprotein 
lowering and may be secondary to other actions of 
statins such as their anti-inflammatory effects 
[203]. A recent meta-analysis reported that peri-
operative statin therapy in patients with sinus 
rhythm undergoing cardiac surgery was associ-
ated with reduction in the development of postop-
erative AF, hospital length of stay, and CRP level 
[204]. This meta-analysis showed that the benefi-
cial effects on AF and CRP were more marked in 
patients receiving atorvastatin compared to other 
statins [204]. Another meta-analysis showed that 
the use of statins is significantly associated with 
decreased risk of AF in patients with sinus rhythm, 
but did not examine changes in EAT [205]. 
Notably, the greatest benefit for statins was seen 
for postoperative AF prevention, as well as for 
secondary prevention of the arrhythmia [205]. 
Whether this effect is partially mediated by a 
decrease in EAT remains to be seen.

Antidiabetic medications may play a role in 
targeting EAT, leading to its reduction. In a 
study performed in type 2 diabetes patients, 
insulin replacement therapy resulted in a reduc-
tion of epicardial fat thickness [206]. EAT was 
recently collected from 9 patients during car-
diac surgery, and it was found that human EAT 
expresses the GLP-1 receptor (GLP-1R) [207, 
208]. Liraglutide is a glucagon-like peptide-1 
(GLP-1) receptor agonist; in an interventional 
case-controlled study, there was a rapid and sub-
stantial reduction in EAT thickness when lira-
glutide was given in addition to metformin vs 
metformin as monotherapy [209]. In the liraglu-
tide plus metformin group, EAT thickness 
decreased by 29% and 36% (P < 0.001) at 3 and 
6  months, respectively, whereas there was no 
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EAT reduction in the metformin group [209]. 
Liraglutide is currently being investigated as a 
potential pharmaceutical therapeutic option as 
adjunctive therapy to catheter ablation in the 
Liraglutide Effect in Atrial Fibrillation (LEAF) 
clinical trial (NCT03856632, https://clinicaltri-
als.gov/). It is proposed that liraglutide reduces 
EAT and may thereby stabilize the atrial 
substrate.

�Conclusion

AF is a complex arrhythmia. The initiation and 
maintenance of AF are dependent on the pres-
ence of both trigger and substrate, including elec-
trical and structural atrial remodelling. Obesity 
has been identified as an important modifiable 
risk factor for AF, and recent evidence showed 
that weight loss has a positive impact on 
AF. Given the growing prevalence of obesity and 
the expected rise in AF incidence in the future, it 
is essential to establish a better understanding of 
the pathogenesis of AF and find alternative ther-
apy that can address the underlying substrate. 
EAT is also clearly associated with AF. It is rea-
sonable to speculate that the association between 
obesity and AF may be mediated, at least in part, 
by EAT.  Under pathological condition, EAT 
could contribute to the pathogenesis of AF via 
various mechanisms: fatty infiltration, inflamma-
tion, oxidative stress, atrial remodelling (electri-
cal and structural), alterations in gene expression, 
and neuronal mechanisms. EAT could serve as a 
new risk predictive biomarker of atrial fibrillation 
and a potential therapeutic target in the future.
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Heart Failure and Epicardial 
Adipose Tissue

Gianluca Iacobellis

�Introduction

Heart failure (HF) is a complex clinical syn-
drome that results from both structural and func-
tional impairment of ventricular pump or filling. 
The causes leading to HF are multiple, and often 
co-occurring, such as coronary artery disease 
(CAD), atrial fibrillation (AF), preexisting car-
diomyopathies, myocarditis, metabolic disor-
ders, and acute organ failure. Heart failure can 
be classified into two types according to the left 

ventricular ejection fraction (reduced or pre-
served): systolic heart failure with reduced ejec-
tion fraction (HFrEF), and diastolic heart failure 
with preserved ejection fraction (HFpEF) [1].

Epicardial adipose tissue (EAT) has been 
investigated in patients with heart failure and 
suggested to play a pathogenic role. Given its 
peculiar location and intense metabolic activity, 
it is plausible to see the role of EAT in the 
development and progression of EAT.  Also, 
abnormal or excessive EAT has shown to be 
correlated with both systolic and diastolic func-
tions. Hence, it would be logical to attribute 
some action of EAT in affecting either the left 
ventricular pump or the filling phase. However, 
the results are quite scarce and controversial, 
also due to the occurrence of other conditions 
that can affect EAT. Hence, the role of EAT in 
independently causing or contributing to the 
development of HF is still uncertain.

�Thermogenic Epicardial Fat 
and Heart Failure

EAT displays genetic and functional features 
similar to those of the brown fat [2]. Human 
EAT has the potential to serve as a thermogenic 
source for the myocardium and therefore protect 
it against hypothermia. A recent study found 
that patients with HFrEF expressed significantly 
lower thermogenic genes in EAT than those 
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Key Points
•	 Epicardial adipose tissue plays a patho-

genic role in heart failure. Thermogenic, 
paracrine, and neural factors seem to be 
involved.

•	 Epicardial fat volume is higher in sub-
jects with both systolic and diastolic 
heart failure.

•	 Epicardial fat can be reduced in patients 
with severe heart failure due to fibrotic 
and apoptotic changes.
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with HFpEF [3]. In fact, uncoupling protein 1 
(UCP1), peroxisome proliferator-activated 
receptor gamma coactivator 1-alpha (PGC1α), 
and PR-domain-missing 16 (PRDM16) expres-
sion were significantly lower in EAT of patients 
with HRrEF than those with HFpEF. The corre-
lation of EAT brown fat genes with HF was not 
independent. In fact, age, male gender, and dif-
ferent cardiovascular diseases were also associ-
ated with the levels of thermogenic genes 
expression. This study suggests that an adequate 
expression of thermogenic genes could serve a 
possible protective factor against congestive 
heart failure. Consequently, a loss of functional 
EAT brown-like features would contribute to the 
development of HFrEF. This hypothesis seems to 
be confirmed by another study in both mice and 
humans with obesity and heart failure [4]. The 
authors suggested a role of the epicardial fat 
heme oxygenase-1 (HO1) PGC-1α in modulating 
the left ventricle function. HO-1 PGC-1α and 
PRDM16 were inversely correlated with left ven-
tricular ejection fraction. In summary, these stud-
ies suggest a potential protective role of the brown 
fat features of EAT against systolic heart failure. 
EAT thermogenic genes could serve as a therapeu-
tic target in patients with HFrEF. Pharmacological 
manipulation would be certainly challenging as 
EAT brown fat-like properties tend to significantly 
decrease with aging [5]. However, these findings 
should be confirmed in larger and multicenter 
research trials.

�Epicardial Fat Adipokines  
and Heart Failure

EAT is an active paracrine and endocrine organ. 
EAT secretome is large and includes both pro- 
and anti-inflammatory adipokines. Among these, 
EAT adiponectin has shown to provide potential 
cardioprotective effects. EAT adiponectin expres-
sion is downregulated in patients with coronary 
artery disease [6]. In a study with patients under-
going cardiac surgery, p53 and adiponectin 
mRNA expression was measured in frozen fat 

biopsies or explants culture from both EAT and 
subcutaneous fat (SAT). p53 expression in adi-
pose tissue is involved in the development of 
insulin resistance and inflammation [7]. Higher 
p53 expression was linked to increased produc-
tion of pro-inflammatory cytokines. p53 mRNA 
expression levels were higher in EAT of HF 
patients as compared to SAT. p53 was inversely 
correlated with adiponectin and regulated by 
sympathetic activation pathway in patients with 
HF. A neuromodulatory role of EAT in heart fail-
ure will be discussed in details in chap. 12.

�Epicardial Fat in Diastolic 
and Systolic Heart Failure

The relationship between EAT and HF was 
evaluated by a number of studies, although few 
of these were focused to specifically address it. 
In these studies, populations were quite hetero-
geneous with patients with or without coronary 
artery disease (CAD) and other confounding 
factors such as diabetes and hypertension. The 
role of EAT in the development or progression 
of HF can be better interpreted if results are 
adjusted by these factors, and diastolic and 
systolic functions are factored in the relation. 
A recent meta-analysis included 26 studies 
accounting for more than 4000 patients [8]. 
This analysis was conducted on the basis of 
diagnosis of left ventricular diastolic and sys-
tolic dysfunction and their correlation with 
EAT.  Left ventricular diastolic dysfunction 
(LVDD) was defined echocardiographically by 
a ratio of early mitral valve flow velocity (E) to 
early diastolic lengthening velocity (e′; E/e′) 
during tissue Doppler imaging of ≥10; left 
ventricular systolic dysfunction (LVSD) was 
defined with ejection fraction (LVEF) ≤50%. 
Patients with preserved systolic function 
(HFpEF) are those with LVDD, whereas those 
with reduced systolic function (HFrEF) are 
presenting with LVSD.  As previously dis-
cussed, EAT can be measured either with stan-
dard echocardiography or CT or CMR, as 
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thickness or volume, respectively. The rela-
tionship between ultrasound measured EAT 
thickness and LVDD was reported in eight 
studies that included 775 cardiac patients with 
LVDD and 695 controls without LVDD [9–15]. 
Overall, EAT thickness was significantly 
higher in patients with LVDD as compared to 
those without it. The relationship between EAT 
volume and LVDD was investigated in six 
studies that included 433 cardiac patients with 
LVDD and 272 controls without LVDD [16–
20]. Overall, EAT volume in cardiac patients 
with LVDD was increased compared to those 
without LVDD. One study measured EAT vol-
ume with cardiac magnetic resonance in 
patients with HFpEF defined by an LVEF 
>40% [21]. EAT volume was significantly 
higher in HFpEF patients compared to controls 
(107 mL/m2 vs. 77 mL/m2, P < 0.0001), despite 
similar body mass index. HF patients with 
atrial fibrillation and/or type 2 diabetes melli-
tus had higher EAT than HF patients without 
these comorbidities. We can conclude that EAT 
is higher in patients with LVDD as compared 
to patients without LVDD, irrespective of 
whether is measured as volume or thickness. 
Hence, diastolic heart failure is more com-
monly associated with increased EAT.

The role of EAT in systolic heart failure 
(HFrEF) is less consistent, as findings are 
actually quite conflicting. The association 
between EAT and LV function was evaluated 
using either CMR or echocardiography. In 
some studies, EAT was found higher in sub-
jects with LVSD [22–25]. One study showed 
that patients with HFrEF had significantly 
higher indexed EAT volume as measured with 
cardiac magnetic resonance imaging when 
compared with patients with HFpEF or the 
control group [22]. Another study reported an 
association between EAT and global longitu-
dinal strain, a subclinical measure of myocar-
dial function [23]. An independent correlation 
between echocardiographic EAT thickness 
and LVEF was also observed [24]. Epicardial 
fat thickness is associated with the severity of 

HF in patients with nonischemic dilated car-
diomyopathy [25]. In fact, patients with HF 
had significantly lower epicardial fat thickness 
than those in the control group. Some of these 
results may be confounded by the co-occur-
rence of diabetes or CAD or obesity. 
Mechanical restriction from excessive EAT 
during the diastole may affect the ventricular 
filling and, consequently, reduce cardiac out-
put in obese subjects [25].

However, some other studies found opposite 
results. Doesch et al. reported a reduced EAT 
in patients with congestive, HFrEF [26–28]. 
When EAT was adjusted by LV end-diastolic 
mass was significantly reduced in patients with 
severe HF (EF  <  35%) compared to healthy 
controls (Fig. 11.1). In the analysis performed 
by Doesch and colleagues, the reduction of 
EAT was irrespective of the underlying cause 
of the cardiomyopathy [26]. In fact, there were 
no differences in EAT between patients with or 
without CAD.  Doesch attributes the reverse 
correlation between LVEF and indexed EAT to 
the left ventricular remodeling occurring in 
heart failure. Lower EAT in patients with poor 
systolic function was also confirmed in another 
study [24]. EAT volume, as measured with car-
diac magnetic resonance, was also found to be 
significantly lower in obese patients with 
HFpEF, and no correlation between EAT and 
EF was observed [29].

EAT thickness, as measured according to the 
method first described by Iacobellis et  al. [33, 
30], was also found to be lower in subjects with 
HFrEF (EF < 50%) as compared to those without 
HF, independent of atrial fibrillation and HF [31]. 
Some mechanisms can be evoked to explain these 
findings. Epicardial fat reduction in HF subjects 
may reflect the overall fat mass reduction, com-
monly observed in these patients. It is also pos-
sible to hypothesize that epicardial fat pad may 
incur in fibrotic changes during chronic cardiac 
failure [32]. However, the exact interaction of 
EAT and HF is still unclear. Whether EAT plays 
a role in the long-term prognosis of HF requires 
future investigation.
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Fig. 11.1  EAT in 
healthy controls and 
patients with HFrEF. 
Volumetric measurement 
of EAT outlining the 
contours of EAT in 
end-diastolic images of 
short axis covering the 
left and right ventricles 
in a healthy control with 
normal EAT mass (Panel 
A) and in an HFrEF 
patient with reduced 
EAT mass (Panel B). 
CHF chronic heart 
failure, EAT Epicardial 
adipose tissue, and 
LV-EDM left ventricular 
end-diastolic mass. 
(From Doesch et al. 
[26], with permission)
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Autonomic Nervous System 
Modulation of the Epicardial 
Adipose Tissue in Heart Failure 
and Atrial Fibrillation

Celina M. Pollard, Jennifer Maning, 
and Anastasios Lymperopoulos

�Introduction

Epicardial fat is most commonly defined as adi-
pose tissue surrounding the heart, located between 
the myocardium and the visceral pericardium. 
Although epicardial fat can be considered as part of 
total-body visceral adipose tissue, most studies 
assessing associations of visceral adipose tissue 
with cardiovascular conditions do not include epi-

cardial (or any intrathoracic) fat with their imaging 
technique and instead quantify either intra-abdom-
inal fat alone or a combination of intra-abdominal 
and intrapelvic fat. At the molecular level, fat exists 
as lipid in the form of triglycerides [1]. While body 
fat is mostly found in adipose tissue, it also exists 
within other tissues. EAT, contrary to paracardial 
fat, separated from the myocardium by the pericar-
dium, has no physical boundaries with the underly-
ing myocardium. Epicardial fat is perfused by the 
coronary arteries and serves to store energy in the 
form of lipids for the myocardium, for thermoregu-
lation, to protect autonomic ganglia and neuronal 
tissue, and regulation of coronary artery vasomo-
tion and luminal size [1]. A range of pathophysio-
logic mechanisms could contribute to an association 
between epicardial fat and atrial fibrillation (AF) 
(Fig. 12.1) [1]. Epicardial fat may lead to AF via 
structural and electrical remodeling of the atria by 
both direct (e.g., by the infiltration of adipose tissue 
leading to altered atrial electrophysiological prop-
erties) and indirect mechanisms (e.g., by acting as 
a source for paracrine modulators of myocardial 
inflammation and oxidative stress).

�Sympathetic Nervous System 
of the Heart

The sympathetic nervous system (SNS), respon-
sible for orchestrating the body’s response to sit-
uations of stress or emergency (“fight-or-flight”), 
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Key Points
•	 Epicardial adipose tissue (EAT) receives 

significant amount of autonomic inner-
vation (both sympathetic and 
parasympathetic).

•	 Both autonomic branches modulate 
EAT transcriptome and secretome, 
thereby regulating EAT’s contribution 
to cardiac function and dysregulation.

•	 Targeting of both cholinergic and adren-
ergic neuronal inputs into EAT can have 
therapeutic value in heart disease.
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forms cardiac sympathetic ganglia along the side 
of the viscera column (paravertebral ganglia) [2]. 
These ganglia comprise the sympathetic trunks 
with their connecting fibers. The postganglionic 
fibers extend to the heart. In general, sympathetic 
preganglionic neurons are shorter than sympa-
thetic postganglionic neurons [2]. The 
(postganglionic) sympathetic neurotransmitter is 
norepinephrine, although the neurotransmitter of 
the preganglionic neurons of both the sympa-
thetic and parasympathetic systems is acetylcho-
line (ACh) [2]. Thus, these sympathetic 
postganglionic fibers are called (nor)adrenergic 
neurons. Norepinephrine and its close relative 
epinephrine exert their actions through three α1, 
three α2, and three β adrenergic receptor (AR) 
subtypes, which are all G protein-coupled recep-
tors (GPCRs) [3–13]. β1ARs are expressed in the 
heart (in the sinoatrial and atrioventricular nodes 
and in atrial and ventricular cardiomyocytes). 
Their activation increases heart rate (positive 
chronotropy), contractility (positive inotropy), 
and atrioventricular node conduction velocity 
(positive dromotropy) [3–13]. β1AR is also pres-
ent in the juxtaglomerular apparatus cells of the 
kidney where it induces renin release to activate 

the renin-angiotensin-aldosterone system 
(RAAS). β2ARs are mainly expressed in vascular 
smooth muscle, in skeletal muscle, and in the 
coronary circulation [5]. Their activation elicits 
vasodilatation, which, in turn, increases blood 
perfusion to target organs. These receptors are 
located in non-sympathetic innervated tissues 
and thus are primarily stimulated by circulating 
epinephrine secreted by the adrenal medulla [5]. 
There are also some low numbers of expression 
of β2ARs in cardiomyocytes [14]. α1ARs are 
expressed in vascular smooth muscle proximal to 
sympathetic nerve terminals and they mediate 
vasoconstriction [15–17]. Cardiac myocytes also 
express some (minute) levels of α1ARs [14]. 
Finally, α2ARs are expressed in vascular smooth 
muscle distal from sympathetic nerve terminals, 
where they also elicit vasoconstriction, but they 
are also in the central nervous system mediating 
autoinhibition of sympathetic outflow and in the 
adrenal medulla mediating autoinhibition of NE 
and Epi secretion [17–21]. Myocardial contrac-
tility represents the ability of the heart to increase 
force of contraction, determined by the strength 
of the actomyosin filament interaction, which, in 
turn, depends on the cytoplasmic Ca2+ concentra-

EAT
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Fibrosis (MMPs,
activin A)

Inflammation (IL-
6, 8, 1β, TNFα)

Oxidative
stress

Diastolic dysfunction-Systolic dysfunction-Autonomic
dysfunction-Maladaptive gene expression

AF

Fig. 12.1  Potential mechanisms underlying EAT involvement in autonomic dysfunction leading to AF pathogenesis. 
MMP matrix metalloproteinase, IL interleukin, TNF tumor necrosis factor
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tion of the myocyte [22]. Catecholamine binding 
to the β1AR is among the most powerful stimuli 
for elevation of intracellular Ca2+ concentration 
in the cardiomyocyte and, consequently, for con-
traction of both the atria and ventricles [8, 22]. Of 
note, the β3AR subtype mediates atrial contrac-
tion but ventricular relaxation, rather than con-
traction, via nitric oxide generation in the 
myocardium [23, 24].

�Parasympathetic Nervous System 
of the Heart

The parasympathetic nervous system plays, in 
most (but not all) cases, an antagonistic, to the 
sympathetic system, role in regulating heart func-
tion [2]. Parasympathetic preganglionic fibers 
innervate organs of the thorax and upper abdo-
men as parts of the vagus nerve, which carries 
~75% of all parasympathetic nerve fibers passing 
to the heart and many other visceral organs [2]. 
The short postganglionic neurons reside essen-
tially inside or very close to the effector organs. 
Unlike the sympathetic ones, most parasympa-
thetic preganglionic fibers reach the target organs 
and form the peripheral ganglia in the wall of the 
organ [2]. The preganglionic fibers synapse 
within the ganglion, and then short postgangli-
onic fibers leave the ganglia to the target organ. 
Thus, in the parasympathetic system, pregangli-
onic neurons are generally longer than postgan-
glionic neurons [2]. ACh is the neurotransmitter 
of both preganglionic and postganglionic para-
sympathetic neurons (thus, they are called cho-
linergic neurons). ACh exerts its effects via two 
types of cholinergic receptors called nicotinic 
receptors (nAChRs) and muscarinic receptors 
(mAChRs) [25]. mAChRs are GPCRs located in 
the membranes of effector cells at the end of 
postganglionic parasympathetic nerves and at the 
ends of cholinergic sympathetic fibers. Responses 
from these receptors are excitatory and relatively 
slow [2, 9]. The nAChRs are ligand-gated ion 
channels located at synapses between pre- and 
postganglionic neurons of the sympathetic and 
parasympathetic pathways. Exactly because they 
are ion channels, nAChRs produce rapid, excit-

atory responses, in contrast to mAChRs [9]. Out 
of the five different known subtypes of mAChRs, 
M2 mAChR is the major cholinergic receptor 
subtype in the mammalian heart. It is abundantly 
expressed in the atria and in conductive fibers, 
such as the sinoatrial and atrioventricular nodes, 
but, notably, its expression is negligible in the 
ventricles [26–28]. This means that ACh reduces 
heart rate via this receptor, shortening both action 
potential duration and conduction velocity (nega-
tive chronotropy and dromotropy) [29–31]. 
However, given the negligible contribution of the 
atrial muscle into the overall myocardial contrac-
tility, the negative effect of ACh on cardiac inot-
ropy is negligible [2]. M3 receptors are mainly 
expressed in vascular endothelium, where they 
mediate nitric oxide-dependent vasodilatation 
[2]. In conclusion, the parasympathetic system 
opposes the effects of the sympathetic nervous 
system on heart rate and nodal conduction but the 
effect on myocardial contractility is minimal. 
Nevertheless, reduced ACh secretion due to 
decreased neuronal cholinergic activity has been 
documented to accompany various cardiovascu-
lar diseases, such as arrhythmias, hypertension, 
myocardial infarction, and heart failure [32–40].

�Autonomic Dysregulation and EAT: 
Implications for Human AF 
and Heart Failure

The autonomic nervous system has ganglions 
within the heart located in the EAT pads that reg-
ulate cardiac autonomic nervous input [41]. Vagal 
stimulation is modulated through multiple car-
diac ganglionic plexi prior to arriving at the sino-
atrial (SA) and atrioventricular (AV) nodes [41, 
42]. The autonomic dysfunction leading to AF is 
well documented. The cholinergic system con-
tributes significantly to AF in young, otherwise 
healthy patients [43]. Significant vagal innerva-
tion of the atrial muscle sleeves exists that extends 
into the pulmonary circulation [44]. As men-
tioned above (see section “Parasympathetic 
Nervous System of the Heart”), ACh-activated 
mAChRs (particularly of the M2 subtype, which 
is Gi/o protein-coupled) stimulate G protein-gated 
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atrial K+ channels (GIRKs) leading to hyperpo-
larization and indirectly inhibition of cyclic ade-
nosine monophosphate (cAMP), the main second 
messenger synthesized by the βARs of the car-
diac SNS [22, 45, 46]. This results in shortening 
of the atrial action potential duration with 
increased spatial heterogeneity [47] allowing for 
AF occurrence. On the other hand, the SNS can 
also trigger AF or ventricular arrhythmias by 
directly eliciting intracellular Ca2+ elevations in 
response to βAR activation [22, 48]. Since auto-
nomic ganglionic plexi are anatomically found 
within the EAT pads, EAT plays important roles 
in regulating autonomic nervous system tone. In 
obese or diabetic individuals, autonomic signals 
emanating from epicardial fat become dysregu-
lated and cause dysrhythmias. Abnormal increase 
of pericardial or epicardial fat is associated with 
abnormal regulation of autonomic nervous sys-
tem activity, which might lead to increased ven-
tricular arrhythmias and enhanced morbidity and 
mortality [49].

Since the autonomic nervous system crucially 
regulates heart rhythm and ganglionated plexi are 
located in EAT [50, 51], activation of these gan-
glionated plexi can cause both parasympathetic 
and sympathetic stimulation, resulting in short-
ened action potentials and increased calcium 
transients, respectively (Fig.  12.2) [42]. Thus, 
several clinical studies have investigated the role 
that neuromodulation may have in controlling 
AF, particularly by ablation of ganglionated plexi 
of the intrinsic cardiac nervous system. It is plau-
sible that EAT influences these encased ganglion-
ated plexi contributing to arrhythmogenesis. 
Indeed, botulinum toxin injection, which inhibits 
ACh release from preganglionic nerve terminals, 
into epicardial fat pads reduces cardiac auto-
nomic nervous activity and AF by potentially 
suppressing ganglionated plexi [52, 53]. In that 
particular very recent study, biopsies, explants, or 
primary cultures were obtained from the EAT of 
85 patients that underwent open-heart surgery. 
M3 mAChR (a Gq/11 protein-coupled receptor) 

EAT

mAChR

GIRKbAR

NE
Epi

SNS

Ca2+ transient

cAMP

ACh

Heart
failure

Depressed
action

potential

K+

K+

Fig. 12.2  Potential 
mechanisms underlying 
EAT involvement in 
autonomic dysfunction 
contributing to heart 
failure pathophysiology. 
NE norepinephrine, Epi 
epinephrine, GIRK G 
protein-gated (coupled) 
inwardly rectifying K+ 
channel, cAMP 3′, 
5′-(or cyclic) adenosine 
monophosphate

C. M. Pollard et al.



149

was found upregulated after adipogenesis induc-
tion and cholinergic fibers in EAT were detected 
by vesicular ACh transporter levels and acetyl-
cholinesterase activity [54]. ACh treatment modi-
fied the secretome of the EAT of these patients, 
with various EAT-secreted proteins displaying 
differential levels between patients who devel-
oped AF post-surgery compared to those who did 
not. Thus, cholinergic activity of EAT regulates 
the interplay among EAT, autonomic nervous 
system dysfunction, and AF in a clinically mean-
ingful manner [54].

Another interesting recent study examined 
the relationship between vagal response during 
cryoballoon catheter ablation for AF and cardiac 
autonomic nervous system modulation by eval-
uating EAT locations and heart rate variability 
analysis [55]. More specifically, the effects of 
vagal response on the cardiac autonomic ner-
vous system in patients with paroxysmal AF 
who underwent second-generation cryoballoon 
ablation were compared between patients 
receiving vagal stimulation and patients that did 
not. The vagal response-receiving group exhib-
ited greater EAT volume encasing the left 
atrium-left superior pulmonary vein junction 
than the non-vagal stimulated group. 
Additionally, volume of the EAT occupying this 
anatomical location correlated well with 
changes in heart rate variability immediately 
post-cryoablation. Thus, EAT volume on top of 
the left atrium-left superior pulmonary vein 
junction is useful for heart rate variability 
assessment and autonomic nervous system 
modulation of the heart [55]. A similar study 
from a Turkish group demonstrated that patients 
with higher EAT volume (i.e., thicker EAT) dis-
played significantly more heart rate variability 
and turbulence compared to patients with lower 
volume EAT [56]. The authors concluded that 
sympathovagal (i.e., autonomic) imbalance is 
directly related to EAT thickness, and thus, EAT 
volume and composition may play an important 
arrhythmogenic role, not necessarily limited to 
AF.  Another piece of evidence supporting this 
conclusion was provided by a study in Japanese 
obese subjects, which performed a cross-sec-
tional analysis of their EAT thickness [57]. 

These authors found that higher EAT thickness 
correlated with impaired recovery and lower 
cardiorespiratory fitness compared to subjects 
with lower EAT thickness. Moreover, higher 
EAT thickness in men was reported to represent 
cardiac autonomic dysfunction and poor para-
sympathetic response to exercise [57, 58].

Of note, an interesting study in dogs reported 
that a neural pathway from the cervical vagus 
trunk to the sinoatrial node and left atrium runs 
through the sinoatrial node-encasing EAT but 
eventually converges at the atrioventricular node-
encasing EAT and suggested that the latter serves 
as an “integration center” for the former EAT in 
modulation of sinoatrial node function [59]. In 
other words, the atrioventricular node-encasing 
EAT may play a more critical role in the initiation 
and maintenance of AF.  However, a study in 
patients undergoing coronary artery bypass graft-
ing (CABG) surgery showed that, although main-
tenance of the EAT pad prevented attenuation of 
parasympathetic tone after CABG, it did not 
reduce post-surgery AF or total hospital costs in 
any appreciable way [60].

As far as EAT involvement in diabetic heart 
abnormalities is concerned, Burgeiro et al. inves-
tigated EAT metabolism in heart failure patients 
with or without diabetes [61]. They found that the 
differential between basal and insulin-stimulated 
glucose uptake was significantly decreased in 
epicardial vs. control, subcutaneous adipocytes. 
Moreover, lipolysis stimulated by isoproterenol 
(a catecholaminergic βAR full agonist) was also 
decreased in EAT compared to subcutaneous fat, 
which strongly correlated with lipolysis, lipid 
storage, and inflammation-related gene expres-
sion [61]. Finally, fatty acid composition of both 
of these fat tissues was significantly altered by 
diabetes. Thus, significant metabolic differences 
between EAT and subcutaneous adipose tissue in 
the presence of diabetic heart failure exist, and 
EAT metabolism might be a therapeutic target in 
diabetes-related heart failure [62].

Finally, an Italian study in systolic heart 
failure patients identified a highly significant 
correlation between EAT thickness and the 
extent of cardiac sympathetic denervation [63]. 
Specifically, EAT thickness was reported to be 
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useful as an independent predictor of SNS dys-
function, since left ventricular mass, EAT 
thickness, and cardiac sympathetic denervation 
were found to correlate well with one another 
in systolic heart failure patients [64]. EAT 
becomes thicker as cardiac SNS activity 
decreases and left ventricular mass increases. 
In addition, this study demonstrated that EAT 
is a source of catecholamines itself, as both 
norepinephrine and epinephrine were present 
in higher concentrations in EAT compared 
with subcutaneous adipose tissue [64]. In heart 
failure patients, norepinephrine levels were 
increased 5.6-fold in EAT compared with sub-
cutaneous adipose tissue and 2-fold compared 
with plasma. Importantly, these increases were 
attributed to increased catecholamine biosyn-
thesis within the EAT, since the catecholamine 
biosynthetic enzymes tyrosine hydroxylase 
and dopamine beta-hydroxylase were found 
massively upregulated at both the mRNA and 
protein levels, compared to the control, subcu-
taneous adipose tissue of the patients [64]. 
Although the reported elevations in expression 
of these enzymes were astonishingly vast (~8-
fold for the mRNAs and ~15-fold (!) for the 
proteins), raising concerns about the accuracy/
validity of the assessing techniques employed, 
this study clearly identified human EAT as a 
significant source of both norepinephrine and 
epinephrine, at least in the context of systolic 
heart failure, and may contribute to the well-
documented SNS hyperactivity that accompa-
nies and aggravates human heart failure (see 
Fig.  12.2). The increased catecholamine bio-
synthetic activity of EAT in systolic heart fail-
ure, which is obviously the result of a thickened 
EAT (higher volume EAT contains more adipo-
cytes, which express higher levels of biosyn-
thetic enzymes; hence catecholamine synthesis 
is elevated), adds to the total catecholamine 
accumulation in the failing heart’s EAT.  In 
conclusion, this study provides evidence for 
EAT thickness being an index of cardiac adren-
ergic nerve activity and derangement and for 
use in determining prognosis in systolic heart 
failure patients. Whether these findings apply 
also to diastolic heart failure or HFpEF (heart 
failure with preserved ejection fraction) 

patients [65–67] remains an open question 
awaiting an answer in future studies.

�Summary

Although our understanding of the relationship 
between EAT and AF or heart failure has rapidly 
increased in recent years, this exciting new field 
of research is still in its infancy. An increasing 
number of clinical and epidemiological studies 
demonstrate consistent associations between epi-
cardial fat and AF, but more research is warranted 
to clarify causation, due to the fact that all these 
reported associations of epicardial fat with AF 
(and with heart failure) are confounded by other 
adipose tissue depots or comorbidities, such as 
hypertension, diabetes, obesity, metabolic syn-
drome, and obstructive sleep apnea. Additional 
evidence from larger, prospective cohort studies 
is definitely needed, especially for statistically 
meaningful comparisons of the different visceral 
adipose tissues and sub-depots of epicardial fat. 
Both basic science and translational studies will 
be needed to enhance our understanding of the 
mechanisms underlying the role of EAT in the 
autonomic dysfunction that precipitates AF and 
heart failure. Thanks to its currently rapidly 
evolving epidemic throughout the Western world, 
obesity will continue to emerge as a principal risk 
factor and causative trigger of both AF and heart 
failure but also of other cardiovascular diseases 
in the coming years. Thus, investigations into the 
roles the various human body fat depots, includ-
ing EAT, play in the pathophysiology of AF and 
heart failure will continue to be one of the hottest 
research topics of the biomedical field. The ulti-
mate hope is that they will produce novel weap-
ons to combat heart disease for the cardiologist of 
the future.
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�Introduction

Epicardial fat (EAT) is a unique adipose tissue 
with peculiar anatomical, genetic, and biomolec-
ular features [1–9]. Excessive or abnormal EAT 
is associated with higher cardiometabolic risk 
[10, 11]. EAT is a measurable risk factor as it can 
be detected and assessed with standard imaging 
techniques [11–13]. Regardless of how it is mea-
sured, EAT is a marker of visceral adiposity, 
rather than overall obesity. EAT correlates with 
traditional and unconventional risk indicators 
[10]. Altogether, these features make EAT a novel 
and appealing risk factor to be used in both clini-
cal and research setting. In this chapter, we 
review and discuss the role of EAT as biomarker 
in clinical conditions that increase the cardiomet-
abolic risk.

�Metabolic Syndrome

Metabolic syndrome (MetS) is a cluster of meta-
bolic conditions that increase the cardiovascular 
risk. The first definition was proposed in 1998 by 
the World Health Organization (WHO) [14], fol-
lowed by a definition in 2001 by the National 
Cholesterol Education Program (NCEP) [15]. 
Other classifications were discussed until the 
most recent worldwide harmonizing criteria were 
made in 2009 as a revision to the NCEP criteria 
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Key Points
•	 Epicardial adipose tissue (EAT) is a 

quantifiable and modifiable biomarker 
that can be assessed with standard imag-
ing techniques.

•	 EAT reflects visceral adiposity and 
strongly correlates with fatty liver infil-
tration and insulin resistance. Imaging 
of EAT can stratify the cardiovascular 
risk in subjects with type 2 diabetes and 
pre-diabetes.

•	 Higher EAT is associated with higher 
cardiometabolic risk, independently of 
traditional risk markers. EAT increases 
the risk of cardiovascular diseases in 
patients with HIV, psoriasis, and post-
menopausal women.
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[16]. According to the 2009 definition, the five 
established components of MetS include abdomi-
nal obesity defined by ethnicity-specific waist 
circumference, elevated blood pressure, impaired 
fasting glucose, increase triglyceride levels, and 
decreased high-density lipoprotein (HDL) cho-
lesterol levels. However, there is some contro-
versy; for example, the American Diabetes 
Association and the European Association for the 
Study of Diabetes stated that the existing criteria 
for MetS do not actually meet the definition of a 
syndrome, whereas WHO indicated that the crite-
ria for MetS were an educational concept for a 
premorbid condition rather than a diagnostic or 
therapeutic tool [17, 18].

�Adipose Tissue Changes in Metabolic 
Syndrome

The development and progression of the MetS is 
strongly linked to the adipose tissue inflamma-
tion, ectopic lipid infiltration, oxidative stress, 
and mitochondrial dysfunction, particularly in 
skeletal muscle and liver [19]. MetS is thought to 
be a systemic manifestation of adipose tissue dis-
array [19]. Briefly, adipose tissue secretes many 
proinflammatory bioactive molecules, such as 
tumor-necrosis factor-alpha and interleukins. 
Inflammation leads to changes in VAT including 
activated lipolysis, release of free fatty acids, 
hypoxia, oxidative stress, and apoptosis of adipo-
cytes [20]. Specifically, increased secretion of 
TNF-alpha leads to increased aggregation of acti-
vated macrophages from bone marrow and infil-
tration of macrophages into adipose tissue [21, 
22]. Cell oxidative stress within the mitochon-
dria, nucleus, and endoplasmic reticulum due to 
excess delivery of fuel leads to mitochondrial 
dysfunction [19, 23, 24].

�Epicardial Fat as Marker of Visceral 
Adiposity

Visceral adipose tissue (VAT) is the adipose tis-
sue that surrounds internal organs, as opposed to 
subcutaneous adipose tissue that is more superfi-

cially located. The separation between these two 
fat depots is not simply anatomical, but more 
complex and accounts for genetic and biomolec-
ular differences. Visceral obesity is associated 
with metabolic disorders including insulin resis-
tance, impaired glucose tolerance, T2DM, and 
polycystic ovarian syndrome [25]. Increased VAT 
is known to play a key role in the development of 
MetS [26–33]. VAT is also associated with car-
diovascular disease including hypertension, heart 
failure, coronary artery disease (CAD), valvular 
disease, and arrhythmias; pulmonary disease 
including sleep apnea; brain disease including 
stroke and dementia; and reduced bone density 
[25]. Furthermore, VAT is an independent predic-
tor of mortality in males [34].

However, more recently the focus has moved 
and narrowed to the visceral fat accumulating 
and infiltrating the internal organs, such as the 
liver and the heart. There is a growing number of 
data suggesting that organ-specific fat depots 
play a direct role in producing organ damages. 
Because VAT is anatomically and functionally 
linked to the internal organs, this hypothesis can 
be likely true. Hence, there is a compelling need 
of novel markers and not invasive methods for 
the assessment of local VAT. Anthropomorphic 
measurements used to estimate VAT are impre-
cise, with waist circumference being the best 
anthropomorphic predictor of intra-abdominal 
fat mass [35, 36]. Given the poor accurateness 
and sensitivity of the traditional anthropometric 
markers of body fatness and intra-abdominal fat, 
such as BMI and waist circumference, there is a 
great scientific effort in finding reliable and easy 
markers of the visceral, organ-specific adiposity. 
Imaging techniques are more precise for measur-
ing VAT, with magnetic resonance imaging 
(MRI) being the gold standard [37–41]. However, 
MRI is costly, time intensive, and difficult for 
patients with claustrophobia to undergo. 
Computed tomography (CT) imaging is also 
another method of measuring VAT [42, 43], but it 
is costly and required exposure to radiation. 
Abdominal ultrasound has been used to measure 
abdominal VAT but can be confounded by subcu-
taneous adipose tissue in obese subjects [44–46]. 
Iacobellis et al. developed a method of measuring 
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EAT thickness via transthoracic echocardio-
graphic ultrasound as a proxy for determination 
of overall VAT [12, 47]. Authors showed that 
EAT independently and accurately correlates 
with intra-abdominal VAT as measured by MRI 
and does so better than waist circumference does 
[12, 48].

�Epicardial Fat and Metabolic 
Syndrome

VAT is a key component of the MetS. The patients 
with higher cardiometabolic risk have been his-
torically considered as the one with high intra-
abdominal fat. While this is still a correct 
observation and intra-abdominal fat remains a 
major predictor of risk and therapeutic target, the 
interest into less traditional visceral fat depots 
has grown.

EAT, as marker of VAT, was therefore evalu-
ated in individuals with or without MetS. In 
healthy subjects without diabetes, hypertension, 
dyslipidemia, or metabolic disease, those with 
visceral fat phenotype showed higher EAT thick-
ness than those with predominant peripheral fat 
distribution [47]. EAT thickness was also higher 
in subjects with central fat accumulation and at 
least two clinical and metabolic parameters of 
MetS than subjects with predominant peripheral 
fat distribution and no clinical or metabolic alter-
ations [12]. EAT thickness was positively corre-
lated with diastolic blood pressure, fasting 
insulin, low-density lipoprotein (LDL) choles-
terol, glucose, and systolic blood pressure [12]. 
On the contrary, EAT had a negative linear cor-
relation with plasma adiponectin and HDL cho-
lesterol [12]. Diastolic blood pressure and fasting 
insulin levels were the variables most strongly 
correlated with EAT thickness as per multiple 
regression analysis [12]. No correlation was 
found with EAT and plasma triglycerides, 
C-reactive protein, fibrinogen, heart rate, uric 
acid, or microalbuminuria in this study [12].

In a 2012 meta-analysis of nine studies on 
echocardiographic EAT thickness in patients 
with and without MetS pooling 2027 subjects 
from nine studies, of whom 1030 had MetS, EAT 

thickness was significantly higher in those with 
MetS [49]. This meta-analysis found that patients 
with MetS tended to be older and that MetS was 
distributed evenly among men and women. It 
also found that the difference in EAT thickness 
was more pronounced in non-Hispanic white 
subjects followed by Hispanic, Turkish, and 
Asian subjects [49]. In one included study of 246 
subjects, 58% of which had MetS, EAT was sig-
nificantly thicker in both men and women with 
MetS compared to those without MetS [50].

Some studies sought to propose EAT thickness 
values to identify high-risk patients. However, 
there is no consensus yet. The individuals who 
were enrolled in some of these trials were quite 
diverse in terms of gender and race. As body fat 
distribution and visceral adiposity vary by gender 
and ethnicity, EAT threshold values may be dif-
ferent for ethnic group and not apply well in the 
general population. Iacobellis et al. provided the 
reference range and threshold values of high-risk 
echocardiographic epicardial fat thickness in both 
white men and women. The reference range was 
extremely wide with values from 1  mm up to 
20 mm indicating a physiological and pathologi-
cal epicardial fat depot in humans [50].

Higher EAT is likely to be involved in the 
pathophysiology of the MS, because it produces 
factors that can influence insulin sensitivity, 
inflammation, and lipid accumulation. However, 
a local impact of abnormal and excessive EAT 
appears more plausible than a systematic effect. 
EAT thickness is mainly an objective and repro-
ducible indicator of excessive visceral fat accu-
mulation. The measurement of EAT therefore 
represents an effective approach to identify 
patients at high risk for MetS and its subsequent 
consequences.

�Epicardial Fat, Diabetes, and Insulin 
Resistance

Increased VAT, insulin resistance, and chronic 
inflammation are major factors contributing to 
the development and progression of type 2 diabe-
tes mellitus (T2DM). Adipose expression of 
inflammatory markers is directly linked with the 
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development of insulin resistance in obesity and 
T2DM [51]. EAT is a highly inflammatory and 
insulin-resistant fat depot. The proinflammatory 
activity of EAT presents peculiar and unique fea-
tures in T2DM.  Remarkably, recent RNA 
sequencing analysis showed that diabetic EAT 
transcriptome is significantly different than not 
diabetic EAT [52]. Also, when compared to dia-
betic subcutaneous fat, diabetic EAT is highly 
enriched with genes involved in inflammation, 
innate immune response, and endothelium [52]. 
EAT inflammatory genes expression is upregu-
lated by transcription factors, mainly, primarily 
activated by the overexpressed advanced glyca-
tion end products – receptor advanced glycation 
end products (AGE-RAGE) signaling [52]. 
Clinically, EAT is increased in people with 
T2DM independently of BMI or total body fat 
[53]. EAT has a greater capacity for uptake and 
release of free fatty acids compared to other vis-
ceral adipose depots, and it also has a lower rate 
of glucose utilization [1, 17]. Animal studies 
have shown higher rates of insulin-induced lipo-
genesis in EAT compared to other visceral adi-
pose depots [1, 17].

In a study of thirty obese subjects without a 
history of metabolic, cardiovascular, pulmonary, 
or hepatic disease, EAT thickness was associated 
with insulin resistance and impaired glucose tol-
erance [53]. In this study, all subjects underwent 
transthoracic echocardiography, a euglycemic 
hyperinsulinemic clamp to estimate insulin sensi-
tivity, and an oral glucose tolerance test to evalu-
ate glucose tolerance [54]. Among these subjects, 
three were found to have impaired fasting glu-
cose, seven had impaired glucose tolerance, and 
twenty had no evidence of dysglycemia [54]. In 
particular, EAT was significantly correlated with 
waist circumference, fasting insulin, BMI, 120-
min insulin, fasting glucose, and area under the 
curve for insulin even after adjusting for BMI and 
waist circumference in this study. No correlation 
was found between EAT thickness and age, area 
under the curve for glucose, area under the curve 
for insulin-to-glucose ratio, triglyceride-to-HDL 
cholesterol ratio, and 120-min glucose levels in 
this study [55]. Early glucose abnormalities that 
may precede the development of T2DM have 

been associated with higher cardiometabolic risk. 
Excessive VAT can be co-responsible of the 
higher cardiovascular risk in patients with pre-
diabetes. EAT thickness was therefore measured 
in patients with impaired fasting (IFG) defined as 
fasting glucose between 100 and <126 mg/dl and 
found to be significantly higher in subjects with 
IFG than in euglycemic subjects [55]. Clinical 
assessment of EAT thickness or volume can serve 
as early biomarker of risk in subjects with pre-
diabetes or IFG. Diabetes is often associated with 
a peculiar and unique cardiomyopathy, although 
the causes are probably multifactorial. A recent 
experimental study on rats showed that secretory 
profile of epicardial fat may contribute to the 
pathogenesis of diabetes mellitus-related cardio-
myopathy [56]. However, larger studies are 
required to establish an independent correlative 
or predictive role of epicardial fat in type 2 diabe-
tes. While the link between VAT and T2DM 
seems to be intuitive and somehow expected, the 
role of excessive visceral adiposity in subjects 
with type 1 diabetes has been only recently sug-
gested. Phenotype of type 1 diabetes includes 
now also patients with central adiposity, as obe-
sity incidence is increasing. Recent evidences 
pointed out a possible correlation between vis-
ceral fat and type 1 diabetes. Few studies showed 
a relation of EAT with central obesity in type 1 
diabetic subjects [57–59]. EAT thickness was 
higher in type 1 diabetic subjects independently 
of BMI, HbA1c, and daily insulin requirement 
[59]. Interestingly, EAT thickness and serum 
leptin levels are correlated in patients with type 1 
diabetes. However, the mechanisms that link 
EAT to type 1 diabetes remain to be elucidated.

�Epicardial Fat and Liver Steatosis

Hepatic steatosis or nonalcoholic fatty liver dis-
ease (NAFLD) is the accumulation of adipose tis-
sue in and around the liver. VAT is an independent 
causative risk factor for liver steatosis, rather than 
overall obesity [60]. Both liver and visceral fat 
are independent risk factors for major cardiovas-
cular events. NAFLD is caused by the excessive 
accumulation of fat in the liver and commonly 
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associated with obesity and MetS. NAFLD can 
be considered the hepatic expression of the meta-
bolic syndrome. Elevations in alanine amino-
transferase [61] and gamma-glutamyltransferase 
[62] have been found to predict MetS. NAFLD is 
also known to be associated with increased car-
diovascular risk including CAD [63], increased 
coronary artery calcium score [64], atrial fibrilla-
tion [65], and overall cardiovascular risk in dia-
betics [66, 67].

In 2014, Iacobellis et al. compared 62 obese 
subjects with ultrasonographic evidence of 
NAFLD with 62 obese controls and found for the 
first time that EAT was significantly thicker in 
subjects with nonalcoholic fatty liver disease 
[68]. In that study, among waist circumference 
and BMI, EAT thickness correlated most closely 
with liver steatosis. At that time, it had been 
known that EAT was associated with increased 
alanine transaminase levels [69] and that EAT 
and hepatic steatosis were correlated with 
abdominal adiposity and hypertriglyceridemia 
[70]. Serum transaminases are surrogate markers 
of fatty liver in subjects with regional fat redistri-
bution and higher visceral fat.

It was also known that patients with fatty liver 
had abnormal left ventricle energy metabolism 
[71] and reduced coronary flow reserve [72] and 
abnormal cardiac geometry [73]. More recently, 
Turan found that nonalcoholic fatty liver disease 
fibrosis score is related to EAT thickness and 
CAD [74]. A recent meta-analysis of thirteen case 
control studies looking at 2260 subjects found 
that EAT was significantly increased in subjects 
with nonalcoholic fatty liver disease compared to 
controls [75]. The increase in the EAT was associ-
ated with the severity of hepatic steatosis, hepatic 
fibrosis, and cardiovascular disease in patients 
with nonalcoholic fatty liver disease [75]. Hepatic 
triglyceride content decreases rapidly during 
very-low-calorie dietary interventions in mor-
bidly obese subjects who are candidate for bariat-
ric surgery. Interestingly, EAT has shown to 
quickly and significantly shrink after very-low-
calorie diet in morbid obese subjects. The magni-
tude and responsiveness of both hepatic and 
cardiac fat to dietary changes highlight the simi-
larities between the two fatty infiltrates.

In fact, the link between EAT and fatty liver 
can be explained by several mechanisms. Both 
epicardial and intra-abdominal fat evolve from 
brown adipose tissue during embryogenesis, sug-
gesting a potential explanation for similar biomo-
lecular properties between the two tissues. Both 
are organ-specific fat depots and markers of vis-
ceral adiposity. EAT and fatty liver share similar 
biochemical properties with the intra-abdominal 
visceral fat. EAT is one of the highest sources of 
free fatty acids and correlates with circulating 
free fatty acid levels in humans. The increased 
flux of free fatty acids to the liver impairs hepatic 
handling of fat inside the hepatocyte. Cardiac and 
hepatic fat are associated with insulin resistance 
and lipotoxicity. The accumulation of triglycer-
ide around the myocardium and liver is related to 
free fatty acids exposure. Although higher EAT 
free fatty acid breakdown and release unlikely 
reach the hepatic circulation, all these features 
underlie the strong clinical correlation between 
EAT thickness and biomarkers of liver steatosis. 
An imbalance between cardioprotective and 
inflammatory cytokines such as adiponectin, 
transforming growth factors endothelin, and 
fibroblast growth factors is considered one of the 
possible mechanisms linking the severity of liver 
disease and the presence of cardiac alterations 
[76]. EAT pro-fibrotic and proinflammatory sec-
retome may correlate and possibly contribute, 
even a systemic effect is likely, to the metabolic 
components of the hepatic steatosis. EAT sympa-
thetic hyperactivity has been also linked to liver 
steatosis [77]. While EAT has been correlated 
with cardiac autonomic function, the evidences 
that this may interfere and lead to liver damage 
has not been demonstrated yet.

�Epicardial Fat and HIV-Related 
Cardiovascular Risk

The treatment of HIV-infected patients with 
HAART has been associated with metabolic dys-
regulation and changes in body fat deposition. 
This syndrome, known as HIV/HAART-
associated lipodystrophy syndrome, is mainly 
characterized by increased visceral adiposity, 
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which contributes to an increased cardiovascular 
risk among these patients. The introduction of 
highly active antiretroviral therapy (HAART) has 
significantly improved the clinical outcome of 
HIV disease with increased survival rates. 
However, some HAART regimens, especially 
those including protease inhibitors, have been 
shown to cause in a high proportion of HIV-
infected patients metabolic (dyslipidemia, insulin 
resistance) and somatic (lipodystrophy/lipoatro-
phy) changes that are associated with an increased 
risk of cardiovascular disease (coronary artery 
disease and stroke). The pathogenesis of HAART-
associated metabolic syndrome and of its athero-
genic profile is complex, and several factors are 
involved, including direct effects of HAART on 
lipid metabolism, endothelial and adipocyte cell 
function, activation of proinflammatory cyto-
kines, and mitochondrial dysfunction. HAART-
associated metabolic syndrome is mainly 
characterized by increased visceral adiposity, 
which contributes to an increased cardiovascular 
risk among these patients.

EAT has been found to be increased in people 
infected with HIV on highly active antiretroviral 
therapy [78, 79]. EAT thickness in patients with 
HIV was correlated with waist circumference, 
HDL cholesterol level, and plasma triglyceride 
level [78]. EAT thickness may be related to dura-
tion of antiretroviral therapy as well as markers 
of chronic inflammation [80].

In a 2014 study of 579 HIV-infected and 353 
HIV-uninfected men aged 40–70 using CT to 
measure EAT and coronary artery calcium, HIV-
infected men were found to have greater EAT 
than uninfected men [81]. EAT volume was asso-
ciated with duration of antiretroviral therapy, 
specifically azidothymidine. EAT was associated 
with the presence of coronary artery plaque and 
noncalcified plaque. In men with positive coro-
nary artery calcium, EAT was associated with the 
extent of coronary artery calcium [81]. In a 2012 
study of 583 HIV-infected men, EAT and VAT 
but not body mass index were associated with 
cardiovascular disease [82]. In a cross-sectional 
study of 876 HIV-infected men and women on 
antiretroviral therapy, EAT as measured by CT 
was associated with central fat accumulation, 

mixed lipodystrophy phenotype, cumulative 
exposure to antiretroviral therapy, and coronary 
artery calcium, among other factors [83]. In a 
study of 78 HIV-infected men and 32 HIV-
negative controls, EAT was associated with fast-
ing glucose and plasma insulin levels [84].

The first study looking at EAT in the HIV-
infected population was a 2007 study by 
Iacobellis et  al. in which 60 HIV-infected sub-
jects on antiretroviral therapy, MetS, and lipodys-
trophy were compared with 45 HIV-infected 
subjects [85]. Their EAT and carotid intima-
media thickness were measured by ultrasonogra-
phy and MRI was used to calculate VAT [85]. 
EAT by ultrasound was found to correlated with 
VAT by MRI. Patients with HIV and antiretroviral-
associated MetS and lipodystrophy had increased 
EAT thickness and carotid intima-media thick-
ness as compared with HIV-infected patients 
without MetS and lipodystrophy [85].

�Epicardial Fat and Psoriasis-Related 
Cardiovascular Risk

Psoriasis is an immune-mediated skin disease 
associated with increased proinflammatory cyto-
kines and the actions of T-helper-17 and 
T-helper-1 cells. Patients with psoriasis are at 
higher risk for cardiovascular diseases. Psoriasis 
is associated with systemic comorbidities includ-
ing MetS.  There is thought to be a crosstalk 
between skin inflammation and adipose tissue 
inflammation [86]. Increased EAT was first 
described as a marker of cardiovascular disease 
risk in psoriasis patients in a 2013 cross-sectional 
and observational study looking at 65 patients 
with psoriasis and 50 controls [87]. In a 2014 
case-control study evaluating patients with pso-
riasis and 32 control subjects, EAT was found to 
be significantly higher in patients with psoriasis, 
and this was independent of preexisting MetS 
[88]. In a study of 38 patients with psoriasis and 
38 controls, EAT as measured by CT was higher 
in patients with psoriasis and EAT was indepen-
dently associated with the presence of coronary 
calcium in all subjects [89]. Another study of 115 
adults with psoriasis and 60 matched controls 
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found that EAT as measured by transthoracic 
echocardiography was higher in the psoriasis 
group and also found that high-sensitivity CRP 
was higher in the psoriasis group [90]. A study of 
100 patients with severe psoriasis and without 
ASCVD and 202 controls underwent CT to mea-
sure EAT, abdominal VAT, and coronary artery 
calcification found that psoriasis was associated 
with subclinical atherosclerosis and with EAT 
independently of abdominal VAT [91]. A 2016 
systematic review and meta-analysis including 
the five aforementioned trials concluded that pso-
riasis was associated with increased VAT [92].

�Epicardial Fat and Menopause-
Related Cardiovascular Risk

It is well established that postmenopausal women 
have higher risk for developing cardiovascular dis-
ease. The role of EAT in increasing the cardiovascu-
lar risk in postmenopausal women has been 
specifically evaluated by few focused studies. The 
SWAN Cardiovascular Fat Study showed that peri-/
postmenopausal women have greater CT measured 
EAT volumes compared with pre-/early perimeno-
pausal women independent of age and obesity [93]. 
In menopausal women with endothelial dysfunc-
tion, menopausal transition is associated with 
increased carotid arterial stiffness and ultrasound-
measured EAT thickness, independent of age [94]. 
Vitamin D deficiency is associated with a signifi-
cant increase in EAT thickness in premenopausal 
women [95]. Differential EAT pro-inflammatory 
activity between pre- and postmenopausal women 
has been also reported. More longitudinal and ran-
domized clinical trials are desirable to evaluate the 
predictive role of EAT in postmenopausal women.

�Racial and Ethnic Differences 
in Epicardial Fat

The difference in EAT thickness between sub-
jects with and without MetS varies with ethnicity 
[49, 96, 97]. It is unclear whether this variability 
depends on racial differences in visceral adipose 
tissue amount, as reported in some ethnic groups 

or on differences concerning the extent of vis-
ceral fat increase needed to trigger the MetS [96–
100]. A 2012 meta-analysis of nine studies on the 
relationship between EAT and MetS found that 
the difference in EAT thickness between subjects 
with or without the MetS was more evident in 
Caucasian subjects, followed by Hispanic, 
Turkish, and Asian subjects [49]. In a study of 
150 patients admitted to a clinical decision unit in 
Michigan for chest pain, EAT as measured by 
echocardiography was significantly greater in 
non-Hispanic white Caucasians compared with 
non-Hispanic black African Americans [96]. This 
was true even when adjusted for age, sex, BMI, 
and waist circumference [96]. Similar results 
were found in a study in Miami where EAT was 
measured by echocardiography [97] and another 
study in South Carolina where EAT was mea-
sured by CT even when adjusted for cardiovascu-
lar risk factors [98]. A larger study of 1199 
middle-aged men (24.2% white, 7.0% black, 
23.6% Japanese Americans, 22.0% Japanese, 
23.2% Koreans) found that EAT volumes as mea-
sured by CT were highest among Japanese 
Americans and lowest among blacks [99]. 
Furthermore, associations of EAT with BMI and 
VAT differed by racial/ethnic groups. A 2017 
Australian study of 150 subjects found that EAT 
was significantly higher in South Asians and 
Southeast or East Asians when compared with 
whites [100]. South Asians were also found to 
have a higher aggregative plaque volume in the 
left anterior descending artery compared with 
whites [100].

�Conclusion

EAT is a measurable biomarker and modifiable 
therapeutic target. Measurement of EAT is an 
accurate and reproducible method of measuring 
VAT. Increased EAT is a risk factor for MetS and 
cardiovascular disease. EAT is associated with 
T2DM, insulin resistance, and liver steatosis. 
EAT is elevated in HIV patients on antiretroviral 
therapy and in psoriasis patients, two groups with 
increased risk of MetS.  Normal EAT varies by 
race and ethnic group. EAT measurement serves 
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as a powerful potential diagnostic tool in assess-
ing cardiovascular risk. In fact, measurement of 
VAT via EAT may be a useful diagnostic tool for 
risk stratification of MetS and its associated con-
ditions including sleep apnea, atrial fibrillation, 
stroke, dementia, various cancers, and osteoporo-
sis [25]. Furthermore, modification of EAT thick-
ness via weight loss [101] and pharmacologic 
therapy has therapeutic implications for cardio-
vascular disease, T2DM, and MetS. It would be 
useful to measure EAT in patients with high risk 
of cardiovascular disease and MetS. We also rec-
ommend taking into account race and ethnicity 
when measuring EAT.
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Adrenal Secretome and Epicardial 
Adipose Tissue
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and Claudio Letizia

�Introduction

Epicardial adipose tissue (EAT) has specific 
properties that set it apart from other depots of 
visceral fat. In healthy people adipocytes in the 
epicardium have characteristics of brown adipose 
tissue, inasmuch as it burns fatty acids and nour-
ishes adjacent tissues [1].

During conditions of low oxidative stress, 
the physiological epicardial adipocytes secrete 
adiponectin, which protects cardiomyocytes 
from hypertrophic stimuli and further mini-
mizes inflammation and fibrosis in the heart 
[2]. On the other hand, in obesity EAT builds 
up (acting as adipose tissue surrounding vis-
ceral organs), modifying its biological fea-
tures. It takes on many of the characteristics of 
white adipose tissue, with tendency to lipolysis 
leading to the release of fatty acids and reac-
tive inflammation [3]. Moreover, in obesity and 
other metabolic disorders, EAT shifts its pro-
file of adipokine synthesis. The release of adi-
ponectin declines, whereas the fat depot 
synthesizes a family of proinflammatory adi-
pokines (leptin, interleukin 1-β, tumor necrosis 
factor-α, resistin, interleukin-6), promoting the 
infiltration of macrophages, destroying micro-
vascular systems, and activating profibrotic 
pathways [4, 5].

In addition, the increase in body fat mass cor-
responds to an increased production of aldoste-
rone, which is synthesized in an excessive way 
both by the adrenal gland and by adipocytes in 
obese people [6]. Excess production of aldoste-
rone itself can lead to the accumulation of EAT 
as well as its shift to a dysfunctional state [7]. 
Elevated mineralocorticoid signaling is critically 
involved in the secretion of proinflammatory 
cytokines by EAT and in the increased traffic of 
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Key Points
•	 Adrenal gland diseases, such as primary 

aldosteronism and Cushing syndrome, 
are associated with higher cardiovascu-
lar risk.

•	 Excessive aldosterone can promote the 
accumulation of epicardial adipose tis-
sue (EAT) and enhance its proinflamma-
tory features.

•	 EAT thickness is higher in subjects with 
adrenal incidentaloma as compared to 
healthy controls.
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profibrotic mesenchymal stem cells from the 
epicardium [8]. The activation of these pathways 
in the contiguous myocardium may explain why 
heightened levels of aldosterone are strongly 
associated with cardiac fibrosis in both experi-
mental and clinical models [9]. Enhancement of 
the actions of aldosterone may explain why 
obese patients with heart failure are particularly 
sensitive to mineralocorticoid receptor antago-
nists [10].

Since aldosterone can promote the accumula-
tion of EAT and enhance its proinflammatory 
features, mineralocorticoid receptor antagonists 
may have important benefits in obese people. 
Eplerenone prevented and reversed obesity-
related adipose tissue inflammation [11], and the 
drug was particularly effective in reducing the 
risk of cardiovascular death and hospitalization 
for heart failure in patients with reduced ejection 
fraction and abdominal obesity [10].

Apart from heart failure model, interaction 
between EAT and aldosterone is also observed in 
primary aldosteronism (PA). Moreover, recent 
studies have highlighted the importance of EAT 
as a cardiovascular risk marker in adrenal 
diseases.

�Epicardial Adipose Tissue 
and Primary Aldosteronism

Recent studies show that primary aldosteron-
ism (PA) is one of the most frequent forms of 
secondary hypertension [12], around 7–10% of 
hypertensive patients in population-based stud-
ies and up to 20% of patients with resistant 
hypertension attending specialized centers are 
actually affected by PA [13, 14]. The disease is 
mainly caused by bilateral adrenal hyperplasia 
(as idiopathic hyperaldosteronism [IHA]) or 
aldosterone-producing adenoma (APA), which 
together account for over 90% of cases. Beyond 
moderate–severe hypertension and resistant 
hypertension, PA is associated with increased 
cardiovascular risk, independent of blood pres-
sure values [15–21]. Early detection and treat-
ment reduces cardiovascular and metabolic 
comorbidities and mortality of patients affected 

by PA [15–20]. Recently, it was shown that 
individuals with PA have greater left ventricu-
lar mass (LVM) than patients with essential 
hypertension and similar blood pressure con-
trol [17]. Moreover, several prospective and 
retrospective observational studies that com-
pared patients with PA and essential hyperten-
sion—in order to analyze the association 
between PA and stroke, coronary artery disease 
(as co-primary endpoints), atrial fibrillation 
and heart failure, target organ damage, meta-
bolic syndrome (MS), and diabetes (as second-
ary endpoints)—showed increased risk of 
stroke (odds ratio [OR] 2.58), coronary artery 
disease (OR 1.77), atrial fibrillation (OR 3.52), 
and heart failure (OR 2.05), as well as increased 
the risk of diabetes (OR 1.33), MS (1.53), and 
left ventricular hypertrophy (2.29) [16, 20, 
22–34].

Although the causes of these cardiac 
changes are not clearly understood, an inde-
pendent effect of aldosterone and locally 
secreted adipokines has been suggested [17]. 
In fact, in PA patients it was a significant cor-
relation between aldosterone levels and circu-
lating adipokines levels (increase in leptin and 
resistin, reduction of adiponectin) was clearly 
evident, independently of the presence of 
MS. Given its peculiar biomolecular and ana-
tomic properties EAT, the visceral fat depot of 
the heart, can cause LV changes and increased 
LVM, as observed in obese and nonobese pop-
ulation [35–37].

In recent study [7], it was found that ultra-
sound measured EAT significantly correlates 
with LVM, plasma aldosterone levels, and plasma 
renin levels, better than traditional body fat mark-
ers such as body mass index (BMI) and waist cir-
cumference (WC). This novel finding suggests 
the emerging concept of an interplay between 
visceral fat depots and adrenal tumors and hor-
mones [38, 39]. Previous studies suggest an 
active role of the fat depot surrounding the adre-
nal gland—paracrine secretion of adipokines [39, 
40] from adipose tissue surrounding the adrenal 
neoplasia being hormonally active.

Echocardiographic EAT is a clear marker of 
organ-specific visceral fat [37, 41]. In fact, 
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echocardiographic EAT strongly reflects the 
intra-abdominal visceral fat as measured by 
magnetic resonance imaging (MRI), better than 
WC does. Moreover, ultrasound measured EAT 
is associated with proton magnetic resonance 
spectroscopy (1H-MRS) intramyocardial lipid 
content [40, 42]. Myocardial lipid content 
increases with the degree of adiposity and may 
contribute to adverse structural and functional 
cardiac adaptations.

Furthermore, echocardiographic findings 
were in agreement with autoptic studies. 
Mechanical and biomolecular mechanisms have 
been evoked to explain these correlations. 
Increased EAT, by adding to the mass of the ven-
tricles, may increase the work of pumping. It 
could be argued that higher LVM could be 
expected in patients with hypertension, regard-
less of its cause. Also, EAT has been shown to 
correlate with blood pressure [38]. However, LV 
changes in PA may actually be due to an interplay 
between aldosterone and adipose tissue, indepen-
dently from the hypertension. For example, it 
was recently shown that the effect of aldosterone 
on LV morphology and function could be medi-
ated by elevated circulating levels of resistin [17]. 
Interestingly, human EAT expresses resistin, and 
its higher expression was thought to contribute to 
the postoperative insulin resistance in cardiac 
surgery patients [43]; additionally, EAT is inde-
pendently associated with insulin resistance [44]. 
Hence, the interaction between insulin resistance, 
aldosterone, and EAT, and their cumulative effect 
may contribute to cause cardiac and, specifically, 
LV changes in patients with PA.

Recent studies suggest that activation of the 
cardiac-specific renin–angiotensin system (RAS) 
may affect cardiac function and structure, inter-
fering with secretory products from EAT in 
patients with type 2 diabetes, impairing cardio-
myocyte function, through several mechanisms, 
such as alterations in miRNA expression (i.e., 
induction of miR-208a), a well-known regulator 
of energy metabolism [45, 46].

In adult rat, cardiomyocytes generated from 
EAT biopsies of patients with type 2 diabetes after 
mechanical stimulus, showed reduced sarcomere 
shortening and increased miR-208a expression, 

phenomenon reversed by the angiotensin II recep-
tor type 1 (AGTR1) antagonist losartan. On the 
other hand, incubation with angiotensin II (Ang 
II) reduced sarcomere shortening and lowered 
palmitate-induced mitochondrial respiration and 
carnitine palmitoyltransferase 1c (CPT1c) expres-
sion in cardiomyocytes; locked-nucleic-acid-
mediated inhibition of miR208a function reversed 
the detrimental effects induced by Ang II.  It is 
well known that Ang II levels in EAT-type 2 dia-
betes were increased by 2.6-fold after culture with 
cardiomyocytes; these data show that secretory 
products from EAT-type 2 diabetes impair cardio-
myocyte contractile function and mitochondrial 
β-oxidation via activation of the cardiac-specific 
RAS system and induction of miR-208a, suggest-
ing that alterations in the secretory profile of EAT 
may contribute to the development of diabetes-
related heart disease [47–49].

�Epicardial Adipose Tissue 
and Adrenal Incidentaloma

Adrenal incidentaloma (AI) is an adrenal mass 
incidentally detected during a radiologic proce-
dure not directly performed for the evaluation of 
adrenal disease [50, 51]. AIs are increasingly dis-
covered with the widespread use of thoracic and 
abdominal imaging. While the majority of AIs 
are non-functional adenomas, the occurrence of 
mild Cushing’s syndrome has been found in 
5–20% of patients [32, 33]. It was recently sug-
gested that patients with AI may have an increased 
cardiovascular risk [37–40]. Interestingly, abnor-
mal LVM has been described in patients with AI, 
although the causes of these cardiac changes are 
not clearly understood [52].

Recent studies have shown that EAT thickness, 
measured with echocardiography, is higher in 
subjects with AI when compared to healthy con-
trols [50]; both incidentaloma and mild Cushing’s 
syndrome are associated with increased LVM 
[51], and EAT thickness correlates with LVM 
regardless of the hypercortisolism [52].

The clinical significance and management of 
AIs is the object of recent debate [53, 54]. 
Interestingly, an higher prevalence of MS and in 
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general a higher cardiovascular risk have been 
described in patients with AI [55, 56]. 
Remarkably, early cardiac changes have been 
reported in subjects with AI, although the 
mechanisms behind the LV abnormalities remain 
unknown [56].

It is clear that increased EAT thickness was 
associated with increased LVM in subjects with 
a wide range of adiposity [36]. Mechanical and 
biomolecular mechanisms have been evoked to 
explain this correlation [38]. Increased EAT by 
adding to the mass of the ventricles may increase 
the work of pumping. Based on the previous 
observations and present findings, it is plausible 
to affirm that excessive EAT could contribute to 
cause the early changes in LVM in patients with 
AIs [41]. These results seem to be consistent 
with the independent role of visceral adiposity 
and mostly organ-specific fat depots in causing 
end-organ damage, as recently suggested [34]. 
Notably, EAT thickness is stronger than WC and 
BMI in predicting LVM in our study population 
[40]. The possibility of the increased visceral fat 
being evoked to explain the higher prevalence of 
MS in these individuals is highly suggestive.

Moreover, increased EAT and LVM have been 
associated with MS and coronary artery disease 
[34, 40, 57, 58]. Subjects with mild Cushing’s 
syndrome showed higher LVM than those with 
non-functional adenomas, suggesting that these 
individuals may be at higher risk. Given that all 
the study subjects were indeed asymptomatic for 
cardiovascular disease, the predictive role of EAT 
thickness in detecting early cardiac changes 
would be important.

�Epicardial Adipose Tissue 
and Cushing Syndrome

As recently observed in patients with AI and 
subclinical hypercortisolism [40], EAT mea-
surement may serve as a simple and reliable 
marker of organ-specific visceral adiposity and 
cardiac changes in the clinical setting of adrenal 
disease. In Cushing syndrome important struc-
tural and functional modifications of the heart 

and vessels are present. Detecting the early 
marker predictors of cardiovascular dysfunction 
such as EAT and carotid intima-media thickness 
(cIMT) leads to a better understanding of global 
risk in patients with Cushing syndrome, also in 
the first stages of the disease. Moreover, the 
importance of these markers is easily recog-
nized, the changes before and after treatment of 
the disease being easy to observe. In fact, in 
pediatric female patients with Cushing syn-
drome, there was a significant decrease in EAT 
after successful surgery, and a strong correlation 
between EAT and intima media thickness was 
also found in these patients [59].

Given its objective and readily available mea-
surability, ultrasound measured EAT thickness 
could be implemented in the routine assessment 
of patients with endocrine-caused hypertension.
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Targeting the Epicardial  
Adipose Tissue

Gianluca Iacobellis

�Introduction

Epicardial fat (EAT) can be clinically measured 
and quantified using standard imaging method-
ologies [1, 2]. EAT nicely and independently 
correlates with intra-abdominal visceral fat and 
intra-organ triglycerides content [3, 4]. However, 
the quantification of these ectopic fat depots 
often requires cumbersome and expensive meth-
ods. On the contrary, EAT can be easily and not 
invasively measured with standard echocardiog-
raphy. More recently, EAT has shown to express 
the specific receptors of some medications with 
cardiometabolic effects. All together this makes 
EAT a measurable risk factor and a modifiable 
therapeutic target. Given its rapid metabolism, 
organ fat specificity, and simple objective mea-
surability, EAT can serve as a target for medica-
tions commonly used in subjects with diabetes, 
dyslipidemia, and in general higher cardiovascu-
lar risk. The effect on EAT by pharmaceutical 
drugs or other therapeutic actions directly or 
indirectly targeting the fat has been evaluated in 
a good number of studies. The results of these 
studies are here discussed and summarized in 
Table 15.1 [5–19].
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Key Points
•	 Epicardial fat can be visualized and 

measured using standard two-
dimensional echocardiography or car-
diac computed tomography.

•	 Given its rapid metabolism, organ fat 
specificity, and simple objective mea-
surability, epicardial fat can serve as a 
target for pharmaceutical agents target-
ing the adipose tissue.

•	 Newer anti-diabetic drugs, such as 
glucagon-like peptide-1 receptor 
(GLP-1R) agonists and sodium-glucose 
cotransporter 2 inhibitors (SGLT2i), 
have shown to directly target and 
decrease excessive epicardial fat. 
GLP-1R modulation of epicardial fat 
promotes fatty acids beta-oxidation and 
white-to-brown adipocyte differentia-
tion, therefore leading to favorable met-
abolic changes.
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�Weight Loss Interventions  
Effects on Epicardial Fat

�Diet

Earlier and selective visceral fat reduction has been 
recently thought to be a key factor in the metabolic 
improvement that follows a weight loss. Diet-
induced weight loss may affect visceral fat prefer-
entially, but this effect may be attenuated with 
greater weight loss. Hence, EAT changes were 
evaluated after different weight loss interventions. 
Epicardial fat was also used as a marker of visceral 
fat changes during not pharmaceutical weight loss 
procedures. Echocardiographic epicardial fat thick-
ness has been reported to significantly and quickly 
decrease after a very-low-calorie diet (VLCD) in 
morbidly obese subjects [20]. The changes in epi-
cardial fat thickness were significantly higher than 
changes in body mass index and waist circumfer-
ence after the very-low-calorie diet program. 
Remarkably, the magnitude of epicardial fat reduc-

tion following a low-calorie diet was higher and 
faster than that of body mass index (BMI) and 
waist circumference. The changes in epicardial fat 
thickness were consensually and independently 
associated with the improvement in cardiac param-
eters in these subjects. EAT thickness reduction 
after weight loss intervention was associated with a 
decrease of plasma inflammatory marker [21]. 
Another study confirmed the effects of a 16-week 
VLCD and of subsequent 14 months follow-up on 
a regular diet on pericardial fat in obese patients 
with type 2 diabetes [22]. VLCD-induced weight 
loss in obese diabetic patients is accompanied by a 
substantial decrease in pericardial fat volume. 
Interestingly, cardiac fat reduction sustained even 
after subsequent weight regain.

�Bariatric Surgery

Substantial and sustainable weight loss is the 
primary goal to reduce cardiometabolic risk in 

Table 15.1  Epicardial fat response to pharmaceutical agents

Authors Drug Class
EAT  
change (%) Weeks

Iacobellis et al. [5] Liraglutide GLP-1R agonist ~ −40 24
Morano et al. [6] Exenatide GLP-1R agonist ~ −13 18
Lima-Martinez  
et al. [7]

Sitagliptin DPP4i ~ −15 24

Sato et al. [8] Dapagliflozin SGLT2i ~ −16 24
Yagi et al. [9] Canagliflozin SGLT2i ~ −20 24
Fukuda et al. [10] Ipragliflozin SGLT2i ~ −13 12
Bouchi et al. [11] Luseogliflozin SGLT2i ~ −5 12
Nagai et al. [12] Pioglitazone TZD ~ −24 36
Elisha et al. [13] Detemir Insulin analogue ~ −20 24
Elisha et al. [13] Glargine Insulin analogue ~ −14 24
Park et al. [14] Atorvastatin Statin ~ −10 24
Alexopoulos et al. [15] Atorvastatin Statin ~ −3 48
Alexopoulos et al. [15] Pravastatin Statin ~ −1 48
Raggi et al. [16] Atorvastatin or pravastatin Statin ~ −6a 48
Park et al. [17] Simvastatin + ezetimibe Statin + cholesterol  

absorption inhibitor
~ −3 24

Ferrante et al. [18] rGH Recombinant hormone ~ −29
~ −40

24
48

Francomano et al. [19] Testosterone Replacement hormone 54
Fiore et al. [20] Sildenafil PDE5 inhibitor 3 12

EAT epicardial adipose tissue, GLP1-R glucagon-like peptide-1 receptor, DPP4i dipeptidyl peptidase-4 inhibitor, 
SGLT2i sodium-glucose cotransporter 2 inhibitors, TZD thiazolidinedione, and rGH recombinant growth hormone
aHUs Hounsfield units
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obese subjects. Bariatric surgery has proved to 
be an effective strategy in treating obesity and 
improving metabolic profile. Nevertheless, 
whether the proportion changes in overall and 
visceral adiposity can be different is partially 
unanswered. Visceral fat reduction is associated 
with a significant improvement of the cardio-
metabolic profile. However, it is unclear how 
much visceral adipose tissue loss is needed to 
induce favorable cardiac changes. Bariatric sur-
gery is the most effective treatment for severe 
and morbid obesity [23–28]. Surgical treatment 
of obesity generally results in more long-lasting 
weight loss and a significant reduction of car-
diovascular risk than other treatments. In the 
phase of rapid weight loss after laparoscopic 
bariatric surgery, a preferential mobilization of 
visceral abdominal fat, as compared with total 
and subcutaneous adiposity, was observed [29–
32]. However, this preferential visceral fat 
reduction may occur only in those patients pre-
senting higher levels of visceral fat deposition at 
baseline. The effects of weight loss on abdomi-
nal fat depots induced by nonsurgical and surgi-
cal therapies have been reported, although the 
data and conclusions from these studies are not 
consistent [29]. Greater reduction in visceral fat 
than in subcutaneous fat (SAT) 1 year after gas-
tric banding has been reported [29]. Nevertheless, 
the ratio between visceral and subcutaneous 
abdominal fat was found constant 6 months fol-
lowing bariatric surgery [29].

The effects of bariatric surgery procedures on 
EAT have been studied. Undoubtedly, bariatric 
surgery has shown beneficial effects on cardiac 
morphology and function. A significant reduction 
in left ventricular mass indices and improvement 
in diastolic function have been reported in sub-
jects who undergo bariatric surgery. Bariatric sur-
gery is able to produce a “reverse cardiac 
remodeling” in morbidly obese subjects [24]. 
Nevertheless, the mechanisms behind these 
effects are not completely clear. It is presently 
unknown whether a decrease of the visceral fat 
depot of the heart is needed to reverse the cardiac 
abnormalities observed in morbidly obese sub-
jects. Whether the improvement in cardiac 
parameters after bariatric surgery is due to a 

decrease in overall body fat or to an early reduc-
tion in the local fat depot of the heart is also 
unclear.

The evaluation of EAT changes after bariatric 
surgery-induced weight loss could address these 
questions. Nevertheless, the results are not univo-
cal. One study showed that epicardial fat 
decreased significantly after laparoscopic bariat-
ric surgery in 23 severely obese subjects [33]. 
Epicardial fat thickness decreased from 5.3 ± 2.4 
to 4.0 ± 1.6 mm (p = 0.001). The change in epi-
cardial fat correlated with initial epicardial fat 
thickness was measured using echocardiography 
(r = 0.71, p < 0.001) [33].

Although of interest, this study was conducted 
in a small sample size. In addition, the role of 
EAT in cardiac reverse remodeling after bariatric 
surgery was not evaluated.

However, the shrinking effect of bariatric sur-
gery on epicardial fat thickness was confirmed in 
a larger sample size study. A total of 105 patients 
(79 women and 26 men) with the mean age of 
43.61 ± 12.42 were followed before and after the 
bariatric surgical procedure [34]. Epicardial fat 
thickness significantly decreased after sleeve 
gastrectomy (8.68 ± 1.95 mm vs. 7.41 ± 1.87 mm; 
p  <  0.001) concurrently with a reduction of 
carotid intima-media thickness [34].

Whether EAT reduction is greater or smaller 
than visceral fat loss after bariatric surgery is an 
important question that Gaborit et  al. sought to 
address [35]. The relation of post-bariatric sur-
gery EAT and myocardial fat changes was also 
investigated. Epicardial fat volume, myocardial 
triglyceride content, cardiac function, and com-
puted tomography visceral abdominal fat mea-
surements at baseline and 6 months after bariatric 
surgery were calculated [35]. This study found 
that 6-month bariatric surgery induced a signifi-
cant decrease in epicardial fat, but no change in 
myocardial fat. Epicardial fat volume decreased 
significantly (from 137 ± 37 ml to 98 ± 25 ml, 
p < 0.0001), but in a lower amount than visceral 
fat diminution (−27 vs. −40%) [35]. Epicardial 
fat volume variation was not correlated with the 
percentage of body mass index or visceral fat 
loss. Epicardial fat volume loss was more promi-
nent in patients with sleep apnea.

15  Targeting the Epicardial Adipose Tissue
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Another study found a smaller reduction of 
EAT compared to other larger fat depots after 
bariatric surgery [36]. Computed tomography 
epicardial and paracardial adipose tissue were 
measured in bariatric surgery and exercise-
treated subjects at baseline and 3 months after the 
intervention. While the authors found that sur-
gery group had a greater loss in abdominal and 
cardiac visceral adipose tissue as compared to the 
exercise group, the decrease in EAT was small 
compared with the other compartments.

The effect of bariatric surgery, mostly Roux-
en-Y gastric bypass, or sleeve gastrectomy in 
shrinking epicardial fat is controversial, with 
some variability in the percentage of EAT reduc-
tion among the studies. Epicardial fat certainly 
decreases after bariatric surgery, but EAT loss is 
smaller than larger fat depots. Bariatric surgery 
causes a large fat mass reduction, whereas EAT 
seems to be more sensitive to direct intervention. 
Pharmaceutical intervention directly targeting 
EAT may be more effective. EAT dysfunction in 
patients with complicated advanced stage dis-
eases may also explain the smaller response of 
EAT to bariatric surgery. Hypoxia and fibrosis 
may affect EAT’s capacity to be modulated by 
large weight loss.

�Exercise Effects on Epicardial Fat

The effect of exercise on adipose tissue is com-
plex. Exercise modulates adipokines secretion, 
improves adipose tissue mitochondrial activity 
and glucose uptake, and stimulates fat mobiliza-
tion. These changes can lead to decreases in adi-
pocyte size and lipid content. Exercise also 
upregulates uncoupling protein 1 (UCP-1) levels 
and causes a browning or beiging change of the 
white adipose tissue. Overall, fat metabolism and 
homeostasis improve with physical activity.

The effect of exercise on EAT was investi-
gated, but to date not well established, yet. 
However, there is a growing evidence that EAT 
significantly decreases with exercise, although the 
results are not fully concordant about the extent of 
this reduction. Nevertheless, the disagreement 
between recent and previous studies could be 

attributed to the poor utilization of resistance 
training and exercise programs meeting weight 
loss recommendations. It could be also due to the 
difficulties to quantify and track exercise, or phys-
ical activity in general, during a clinical trial.

A recent study showed that both 12-week 
endurance and resistance training reduced EAT, 
as measured with cardiac magnetic resonance 
imaging, in subjects with abdominal obesity 
[37]. Fifty participants were randomized to a 
supervised high-intensity interval endurance 
training (three times a week for 45  min) and 
resistance training (three times a week 
for 45  min). Endurance training and resistance 
training reduced epicardial adipose tissue mass 
by 32% and 24%, respectively, as compared with 
the no-exercise controls [37]. Hence, this study 
on supervised subjects showed a very significant 
reduction of EAT after exercise. Interestingly, 
the authors found no significant reduction in 
pericardial adipose tissue after endurance train-
ing. The different effects of exercise further 
underline the difference between the two fat 
depots. It may also suggest the idea of custom-
izing the exercise programs based on these func-
tional and anatomical differences. Another study 
in a smaller population of young obese women 
found that high-intensity, moderate-volume 
endurance-resistance training reduced EAT vol-
ume [38]. A significant EAT reduction was also 
reported in patients with major depression and 
associated metabolic syndrome [39].

How can exercise reduce EAT? Which are the 
putative mechanisms? A complex study by 
Company et  al. sought to address these ques-
tions. The authors evaluated the effects of 
16-week aerobic exercise training on the epicar-
dial fat inflammatory transcriptome in peri-coro-
nary epicardial, peri-myocardial epicardial, and 
visceral and subcutaneous adipose tissues from a 
castrated male pig model of familial hypercho-
lesterolemia with coronary artery disease (CAD) 
[40]. The results showed that the inflammatory 
transcriptome of the myocardial epicardial fat 
decreased after exercise, whereas peri-coronary 
epicardial inflammatory gene profile did not 
change. This suggests that EAT has distinct loca-
tions, functions, and heterogeneous response to 
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exercise. Aerobic exercise training reduced a 
cluster of inflammatory and redox genes in myo-
cardial EAT.  Myocardial EAT expression of 
interleukins (IL1-Ra, IL-6, IL-8), PAI-1, and 
PGDS and redox genes eNOS and cytochrome c 
oxidase significantly reduced after exercise in 
these experimental animals [40]. Notably, aero-
bic exercise training increased myocardial EAT 
mass, possibly due to the lack of functional 
UCP-1 in pigs [40].

The role of interleukin 6 (IL-6) in mediating 
the effects of exercise on epicardial adipose tis-
sue in humans is under investigation [41].

Hence, the most recent investigations are 
showing substantial effects of structured and 
supervised exercise on EAT, much greater than 
those previously reported [42]. In fact, other 
studies showed a significant, but modest reduc-
tion in EAT thickness (mean change of approxi-
mately −0.7 mm) [43, 44]. In one study, patients 
used a stationary ergometer for 45 min of cycling 
3 days/week at a moderate intensity, whereas in 
another study, patients used a cycling ergometer. 
Exercise certainly produces EAT changes and 
significant reduction. The magnitude and the 
impact of this effect on patient’s cardiometabolic 
profile would require further studies using super-
vised resistance exercise programs.

�Anti-Diabetes Drugs Effects 
on Epicardial Fat

�Glucagon-Like Peptide-1 Receptors 
Agonists

Glucagon-like peptide-1 receptor (GLP-1R) ago-
nists rapidly emerged as effective anti-diabetic 
medications with pleiotropic effects. GLP-1R 
agonists are injectable medications indicated for 
the treatment of type 2 diabetes mellitus. 
However, GLP-1R agonists have shown to pro-
vide weight loss and cardiovascular protective 
effects beyond the diabetes control [45–47]. 
Clinical trials found that overall GLP-1R ago-
nists reduced major adverse cardiovascular 
events [45–47]. Liraglutide, a daily GLP-1R ago-
nist, improves glycemic control and causes 

weight loss in type 2 diabetic patients. Liraglutide 
has shown to reduce the risk of cardiovascular 
events, as recently reported in the LEADER 
study [45]. Clinical trials found that weekly 
GLP-1R agonists, semaglutide, and dulaglutide 
reduced major adverse cardiovascular events and 
mortality for all causes by 12% [46, 47]. Weekly 
GLP-1R agonists are an effective and convenient 
therapeutic option to improve glycemic control, 
induce weight loss, and reduce cardiometabolic 
risk in type 2 diabetics. SUSTAIN 6 trial showed 
that semaglutide significantly reduced the rate of 
cardiovascular death, nonfatal myocardial infarc-
tion, or nonfatal stroke in patients with type 2 
diabetes as compared to those receiving placebo 
[46].

Whether the GLP-1R agonists could have an 
effect on EAT has been explored only very 
recently. Liraglutide effect on epicardial fat was 
tested in a 24-week interventional case-controlled 
study in overweight/obese type 2 diabetic sub-
jects on metformin monotherapy [5]. Individuals 
were randomized in two groups to receive addi-
tional liraglutide up to 1.8 mg sc once daily or to 
remain on metformin up to 1000 mg twice daily. 
Ultrasound measured EAT thickness decreased 
from 9.6  ±  2.0 to 6.8  ±  1.5 and 6.2  ±  1.5  mm 
(p  <  0.001) after 3 and 6  months, respectively, 
accounting for a 36% reduction at 24  weeks, 
whereas there was no significant EAT reduction 
in the metformin group. Interestingly, EAT 
decrease was associated with a decrease in 
indexed left ventricular mass. A milder reduction 
of EAT thickness was observed after 12 weeks of 
treatment either with liraglutide or exenatide, a 
weekly GLP-1R agonist, in a smaller group of 
patients with type 2 diabetes [6]. There was no 
significant difference between the two agents.

Another study looked at the effects of exena-
tide epicardial and other visceral fat depots, such 
as myocardial, hepatic, and pancreatic adipose 
pads [48]. Measurements of EAT thickness were 
performed by magnetic resonance imaging and 
spectroscopy at baseline and at 26 weeks EAT 
was reduced by approximately 8.8% after treat-
ment with exenatide. Also, hepatic triglyceride 
content significantly reduced in patients treated 
with exenatide.

15  Targeting the Epicardial Adipose Tissue
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Whether GLP-1R agonist’s effect on EAT is 
specific or mediated by overall weight loss was 
the object of very recent investigations. Recent 
data from the Iacobellis group lab showed that 
human EAT expresses GLP-1R, supporting a 
role for a direct effect of GLP-1 agonism on EAT 
[49]. RNA-sequencing analysis and quantitative 
real-time RT-PCR were performed to evaluate 
the presence of GLP-1R in EAT obtained from 
subjects with CAD and type 2 diabetes mellitus 
undergoing elective cardiac surgery. The RNA-
sequencing analysis showed that EAT expresses 
GLP-1R genes. Immunofluorescence clearly con-
firmed the presence of GLP1R protein within EAT 
whereas the signal was absent in the SAT sample 
obtained from the same patient [49] (Fig. 15.1).

Given the presence of the GLP-1R within 
EAT, it is plausible to hypothesize a specific fat-
depot effect. However, as GLP-1R agonists 
induce a substantial body fat loss, the reduction 
of EAT is likely to be associated with weight loss. 
However, GLP-1R agonists’ effects may be 

therefore visceral fat-specific and target EAT. The 
mechanisms behind the fat reduction in response 
to the GLP-1R activation are unclear. It has been 
also suggested that GLP-1 promotes EAT preadi-
pocyte differentiation, improves insulin sensitiv-
ity, and stimulates EAT thermogenesis and 
adipocyte browning [50–53]. Central injection of 
liraglutide, in mice, stimulates brown adipose tis-
sue thermogenesis and adipocyte browning inde-
pendent of nutrient intake. It has been also 
suggested that GLP-1 promotes preadipocyte dif-
ferentiation. The differentiated small adipocytes 
may have a positive effect on insulin resistance 
and obesity. Experiments with the 3T3-L1 cell 
line also showed both lipolytic and lipogenic 
dose-dependent effects of GLP-1. Iacobellis’ 
group is currently investigating the effects of lira-
glutide on EAT inflammatory genes in patients 
with CAD and type 2 diabetes (NCT 03260881). 
Interestingly, a correlation between epicardial fat 
GLP-1R and genes encoding for brown fat activ-
ity and fatty acid oxidation has been recently 

Epicardial adipose tissue

Non diabetic Non diabeticDiabetic Diabetic

Subcutaneous adipose tissue

Fig. 15.1  Immunofluorescence signal for glucagon-
like peptide-1 receptor (GLP-1R) was present in epicar-
dial adipose tissue (EAT), whereas it was absent in 
subcutaneous fat (SAT) from the same patient (top pan-
els). Interestingly, GLP-1R presence within EAT was 
irrespective of diabetes. Immunofluorescence analysis 

performed on EAT and SAT samples from patient who 
underwent cardiac surgery using Mab3f52 against 
GLP-1R.  GLP1R/488/DAPI control (lower panels). 
(From the lab of Gaofeng Wang, Department of Human 
Genetics, University of Miami Miller School of 
Medicine, Miami, FL)
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reported [54]. EAT GLP-1R was directly correlated 
with genes promoting beta-oxidation and white-to-
brown adipocyte differentiation, and inversely with 
pro-adipogenic genes (Table  15.2). GLP-1 levels 
were higher in CAD than controls and in patients 
with greater EAT thickness. GLP-1 analogs may 
target EAT GLP-1R and therefore reduce local adi-
pogenesis, improve fat utilization, and induce 
brown fat differentiation. GLP-1-induced brown-
ing effect on EAT is a potential mechanism and 
certainly warrants further investigations. EAT path-
ways are then potential targets for intervention 
strategies, including diet and/or pharmaceuticals 
designed to promote brown fat function.

�Dipeptidyl-4 Inhibitors

GLP-1 is susceptible to cleavage at position 2 
(alanine) by the ubiquitous DPP-4, which occurs 
almost immediately upon the secretion of GLP-1, 

rendering it a short half-life. DPP-4 inhibitors are 
a relatively new class of drugs for type 2 diabetes 
mellitus that exert a hypoglycemic effect by 
inhibiting the degradation of GLP-1. The add-in 
therapy with sitagliptin produced a significant 
and rapid reduction (approximately 15%), of 
EAT in overweight/obese individuals with type 2 
diabetes inadequately controlled on metformin 
monotherapy [7]. Although it is likely driven by 
the activation of the GLP-1R, the mechanism 
behind the effect of sitagliptin on epicardial fat is 
unknown. A prolonged half-life of GLP-1 medi-
ated by the inhibition of DPP-4 may have an 
important effect on the EAT reduction shrinkage. 
Epicardial fat presents a massive macrophages 
infiltrate; the previously described anti-
inflammatory properties of DDP4 inhibition can 
certainly contribute to modify the fat depot [55, 
56]. Interestingly, DDP4 inhibition increased the 
levels of uncoupling proteins in brown adipose 
tissue in mice with diet-induced obesity [57].

Table 15.2  Positive and negative correlations of glucagon-like peptide-1 receptor (GLP1-R) with genes involved in 
fatty acid metabolism

Genes positively 
correlated Family group Function

Correlation 
coefficient, P-value

ACAD10 Acyl-CoA dehydrogenases Promote FA oxidation 0.543, 0.007
ACADL 0.560, 0.006
ACOT6 Acyl-CoA thioesterases Regulate FA oxidation in mitochondria  

and peroxisomes
0.861, <0.0001

ACOT 12 0.872, <0.0001
ACSBG2 Acyl-CoA synthetases Activate long- and medium-chain  

FA for oxidation
0.915, <0.0001

ACSL6 0.477, 0.021
ACSM3 0.699, 0.0002
ACSM4 0.903, <0.0001
CPT1B Fatty acid transport Transport FA into mitochondria for oxidation 0.415, 0.049
FABP1 Fatty acid transport Facilitate FA transfer across membranes 0.709, 0.0002
FABP2 0.911, <0.0001
FABP6 0.598, 0.003
FABP7 0.918, <0.0001
GK Triacylglycerol metabolism Esterification of FA with reduced FA efflux 0.664, 0.0006
GK2 0.930, <0.0001
HMGCS2 Ketogenesis and ketone 

body metabolism
Synthesis and utilization of lipid-derived 
energy

0.797, <0.0001
OXCT2 0.694, 0.0002
PRKAA1 Fatty acid biosynthesis 

regulation
Alpha catalytic subunit of AMPK: switch off 
ATP-consuming biosynthetic pathways

0.612, 0.0019
PRKAA2 0.799, <0.0001
PRKAG2 Fatty acid biosynthesis 

regulation
Gamma subunit of AMPK: switch off 
ATP-consuming biosynthetic pathways

0.430, 0.0403
PRKAG3 0.681, 0.0004
SLC27A1 Fatty acid metabolism Long-chain FA import into tissue at high 

levels of beta-oxidation
0.782, <0.0001

Spearman correlation coefficients and corresponding p-value are reported. (From Dozio et al. [54], with permission 
from Elsevier)
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�Sodium-Glucose Cotransporter 2 
Inhibitors

Selective sodium-glucose cotransporter 2 inhibitors 
(SGLT2i) are new oral anti-diabetic agents that 
reduce hyperglycemia in patients with T2DM by 
increasing urinary glucose excretion. SGLT2 is 
responsible for the 80–90% glucose reuptake. 
Diabetic patients treated with SGLT2i com-
monly lose weight. Weight loss could result from 
reduced body fat secondary to caloric loss or 
from fluid loss secondary to osmotic diuresis or 
from a combination of both factors. Large clinical 
trials, the EMPA-REG OUTCOME, CANVAS, 
and DECLARE-TIMI 58, have recently shown that 
SGLT2i reduce major adverse cardiovascular events 
mainly in patients with established atherosclerotic 
cardiovascular disease [58–60]. SGLT2i reduce the 
incidence of hospitalization for heart failure and pro-
gression of renal disease regardless of existing ath-
erosclerotic cardiovascular disease or a history of 
heart failure [58]. The effect of SGLT2i on EAT has 
been investigated only recently.

Dapagliflozin is SGLT2i that improves glu-
cose control and induces weight loss in patients 
with type 2 diabetes mellitus [61]. Clinical trials 
showed significant weight loss and visceral fat 
reduction in type 2 diabetic patients who received 
additional dapagliflozin [62]. Iacobellis and col-
leagues are currently leading a randomized clini-
cal trial (NCT 02235298) to evaluate the effects 
of dapagliflozin on the epicardial fat thickness in 
patients with type 2 diabetes and obesity.

A recent study showed that 6-month therapy 
with dapagliflozin caused a significant decrease in 
the EAT volume and inflammatory markers [8]. 
To understand the mechanism behind the effects 
of dapagliflozin on EAT, SGLT2 expression was 
analyzed by real-time polymerase chain reaction, 
western blot, and immunohistochemistry from fat 
samples obtained from patients undergoing car-
diac surgery by Díaz-Rodríguez et  al. [63]. Fat 
explants were then treated with dapagliflozin and/
or insulin and glucose transporters expression was 
measured. SGLT2 was expressed in EAT whereas 
was absent or low in SAT (Fig. 15.2). Of note, the 
authors found that dapagliflozin increased EAT 
glucose uptake, reduced the secretion of pro-

inflammatory chemokines, improved the differen-
tiation of epicardial adipocytes, and benefited 
wound healing in endothelial cells [63].

Canagliflozin, another commonly prescribed 
SGLT2i, decreased EAT thickness after 6 months of 
treatment in patients with type 2 diabetes [9]. 
Epicardial fat volume was decreased also in patients 
treated with two other recently developed SGLT2i 
agents, ipragliflozin and luseogliflozin [10, 11].

Overall, SGLT2i have shown promising 
effects on EAT.  The exact mechanism is still 
unknown. Whether this is a direct effect or medi-
ated by the weight loss is unclear. Further studies 
are warranted to better evaluate the independent 
effects of SGLT2i on epicardial adipose tissue.

�Thiazolidinediones

Thiazolidinediones (TZDs), also known as gli-
tazones, are a group of oral anti-diabetic drugs 
indicated to treat patients with type 2 diabetes. 
TZDs are insulin sensitizers that act as agonists 
of the peroxisome proliferator-activated recep-
tors (PPARs) a group of nuclear receptors. PPARs 
are the regulator of insulin and glucose levels and 
lipid profile. TZDs were targeted to the epicardial 
fat. Treatment with pioglitazone, a commonly 
used TZD, was associated with a reduction of 
pro-inflammatory and anti-inflammatory genes 
in EAT in type 2 diabetic patients with CAD [64]. 

¥40

Fig. 15.2  Immunohistochemistry image showing the 
presence of sodium-glucose transporter 2 (SGLT2) anti-
body in epicardial adipose tissue (EAT). (From Díaz-
Rodríguez et  al. [63], with permission from Oxford 
University Press)
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Interestingly, subjects treated with pioglitazone 
showed a lower expression of interleukin-1β and 
other pro-inflammatory genes in epicardial fat. 
Worthily, PPAR-gamma (PPAR-γ) agonist can 
induce a rapid browning of the epicardial fat in 
experimental models. In addition to the beneficial 
effects on EAT inflammatory transcriptome, pio-
glitazone has been reported to significantly 
reduce EAT thickness in type 2 diabetic subjects, 
with more prominent results in the subjects that 
had a greater EAT depot at baseline [12]. This 
finding was not confirmed in a 24-week prospec-
tive, double-blind, randomized, controlled study 
comparing pioglitazone with metformin [65]. In 
fact, pioglitazone increased pericardial fat vol-
ume whereas metformin had no effect on the fat 
depot. However the effect of piogitazone on the 
pericardial fat was not associated with changes in 
left ventricular function. It is should be noted that 
this study evaluated pericardial rather than epi-
cardial fat.

Rosiglitazone caused a significant upregula-
tion of PPARγ coactivator 1 alpha (PGC1-α), a 
key precursor of brown fat, in epicardial adipo-
cytes of Zucker rats [66]. Thiazolidinediones 
may therefore resume or activate the brown fat 
properties of the epicardial fat, although this 
hypothetical mechanism would need to be eval-
uated in humans. Pharmaceutical targeting epi-
cardial fat with TZDs in patients with high 
cardiovascular risk may result in reducing 
inflammation and improving metabolic profile 
through a PPARs stimulation. HIV positive 
patients who develop metabolic syndrome may 
particularly benefit from the use of TZDs target-
ing EAT [67, 68].

�Metformin

No randomized controlled trials evaluated the 
independent effects of metformin on 
EAT. However, several epicardial fat studies used 
metformin as a control treatment. None of them 
found substantial changes in epicardial fat thick-
ness in patients added-on or started on metformin 
monotherapy. As today, it is reasonable to say 
that metformin has little or no effects on EAT.

�Insulin

Long-acting insulin analogues have shown to 
provide several and beneficial cardiovascular 
effects. Insulin detemir was thought to be body 
weight “neutral” as compared to glargine. A 
24-week interventional study was designed to 
compare the effects of detemir versus glargine on 
epicardial fat thickness in insulin-naïve inade-
quately controlled patients with type 2 diabetes 
[13]. Within the detemir group, epicardial fat 
thickness change was correlated with truncal fat 
and total fat mass changes. Detemir resulted in 
less fat mass gain, a trend for a more pronounced 
epicardial fat thickness reduction when com-
pared with glargine.

�Statins Effects on Epicardial Fat

HMG-CoA reductase pathway inhibitors, com-
monly known as statins, have pleiotropic effects 
that go beyond their lipid-lowering effects, 
including modulation and reduction of adipose 
tissue inflammation. In light of this effect, statins 
effects on EAT have been investigated. Epicardial 
fat thickness reduced more in diabetic subjects 
treated with atorvastatin than in those who 
received simvastatin and ezetimibe [14]. EAT 
decreased by approximately 10% in the atorvas-
tatin group versus 3.1% in the simvastatin/ezeti-
mibe group. Consistently, atorvastatin therapy 
induced a reduction of computed tomography-
measured epicardial fat volume in hyperlipid-
emic postmenopausal women [15]. At the end of 
follow-up, epicardial fat regressed more in the 
atorvastatin than in the pravastatin group (median, 
−3.38% vs. −0.83%). The effect of atorvastatin 
on epicardial fat was independent of lipid-
lowering or CAD progression. Statins cause inhi-
bition of migration and proliferation of arterial 
myocytes, inhibition of macrophage growth, 
inhibition of metalloproteinase secretion, and 
cell adhesion. EAT overexpresses lipoprotein 
receptors such as low-density lipoprotein 
receptor-related protein 1 and very-low-density 
lipoprotein receptor, recently suggested to play a 
role in changes of lipid metabolism commonly 
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associated with type 2 diabetes mellitus [69]. 
More recently, Raggi et  al. demonstrated that 
statins induced a decrease in CT EAT attenuation 
independent of the low-density lipoprotein 
cholesterol-lowering effects [16]. One-year treat-
ment with 80  mg of atorvastatin or 40  mg of 
pravastatin significantly reduced CT EAT density 
in 420 postmenopausal women [16]. The inde-
pendent effect of statins on the adipose tissue 
density suggests a direct modulation of EAT 
inflammation. Interestingly, pioglitazone, simv-
astatin, or combination treatment substantially 
reduced EAT and plasma inflammatory markers 
in patients with CAD [70] (Fig.  15.3). 
Pioglitazone alone and simvastatin  +  piogli-
tazone treatment were associated with lower 
CD68+/macrophages, CD45/T-lymphocytes, 
TNF-α, IL-6, leptin, and resistin in EAT compared 
to controls. Both pioglitazone and simvastatin 
modulate and activate the PPARs receptors. Of 
note, adipocyte development in  vivo requires 
activation of the PPARγ, which is upregulated in 
human embryonic ventricular epicardial cells 
[71]. Hence, the PPARs pathway seems to be a 
likely target of the combined effect on EAT.

�Other Drugs Targeting  
Epicardial Fat

�Growth Hormone

Growth hormone deficiency (GHD) syndrome is 
characterized by an abnormal body fat distribution 
and increased visceral fat accumulation. Hence, 
human GH (rhGH) replacement therapy was tar-
geted to EAT, as a marker of visceral fat [72]. 
Echocardiographic epicardial fat thickness signifi-
cantly decreased after short-term rhGH replace-
ment therapy, whereas neither waist circumference 
or body mass index showed significant changes 
during the replacement treatment [17].

�Phosphodiesterase Type 5 Inhibitors

Phosphodiesterase type 5 inhibitors (PDE5i) are 
used to treat erectile dysfunction, pulmonary 

hypertension, and benign prostatic hyperplasia. 
Recent studies suggested an effect of PDE5i on 
the visceral adipose tissue. Treatment with PDE5i 
in humans and murine models of diabetes reduces 
visceral fat by targeting SIRT1 through modula-
tion of miR-22-3p. One study investigated the 
effects of sildenafil, one of the most common 
PDE5i, on EAT using microarray-based profiling 
of pharmacologically modulated microRNA 
(miRNAs) [19]. Compared with placebo, silde-
nafil reduced EAT (P = 0.045).

�Testosterone

Low testosterone levels are associated with an 
increased amount of visceral fat, particularly in 
men. Hence, EAT, a marker of visceral adiposity, 
can well serve as a target for testosterone replace-
ment therapy. One study in patients with 
Klinefelter syndrome found that epicardial fat 
thickness was higher in hypogonadal patients 
than in controls and eugonadal patients [73].

In another observational, parallel-arm, open-
label, 54-week study, a severely obese group 
was allocated either to receive hypocaloric diet 
plus physical activity or hypocaloric diet plus 
physical activity plus testosterone injections, 
followed by 24 weeks of hypocaloric diet plus 
physical activity alone [18]. At 54 weeks, sub-
jects randomized to hypocaloric diet plus phys-
ical activity, and testosterone showed significant 
improvements in EAT, as well as ejection frac-
tion, diastolic function, carotid intima-media 
thickness, and endothelial function (p  <  0.01 
vs. controls).

�Thyroid

The interaction of thyroid hormones and EAT is 
still unclear. Small-sized clinical studies reported 
that EAT thickness was significantly higher either 
in the hyperthyroid and hypothyroid conditions 
[74–78]. One study showed an improvement in 
EAT and overall cardiometabolic profile after 
levothyroxine replacement therapy. Given the 
thermogenic function and brown fat-like activity 
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Fig. 15.3  Immunohistochemical staining in the epicardial 
adipose tissue (EAT) showing the differences between cor-
onary artery disease patients untreated, treated with simvas-
tatin monotherapy, pioglitazone monotherapy, or with the 
combination of pioglitazone and simvastatin. The combina-
tion treatment substantially reduced EAT inflammatory 
markers and improved anti-inflammatory adipokines. 

Pioglitazone alone and simvastatin  +  pioglitazone treat-
ment was associated with a lower mean percentage positive 
area of CD68+/macrophages, CD45/T-lymphocytes, 
tumoral necrosis factor-alpha (TNF-α), interleukin 6 (IL-
6), leptin and resistin, and higher adiponectin in the EAT 
samples compared to controls (p  <  0.001). 200×. (From 
Grosso et al. [70], with permission)
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of EAT, it is possible to hypothesize that the thy-
roid hormone may modulate this fat depot. 
However, further studies are needed to evaluate 
this hypothesis.

�TNF Alpha Inhibitors

TNF alpha inhibitors are a group of medications 
used to treat inflammatory conditions such as 
rheumatoid arthritis and psoriatic arthritis. Given 
its highly inflammatory transcriptome and secre-
tome, EAT may be a natural target for this class 
of drugs. EAT is higher in patients with rheuma-
toid arthritis [79]. A single study showed that 
rheumatoid arthritis patients treated with TNF-α 
inhibitors had significantly lower EAT thickness 
than those treated with nonbiological Disease-
modifying antirheumatic drugs (DMARDs) [80].
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