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Abstract
Over the last two decades, the potential role of epicardial adipocyte tissue (EAT) as 
a marker for major adverse cardiovascular events has been extensively studied.

Unlike other visceral adipocyte tissues (VAT), EAT is not separated from the adjacent 
myocardium by a fascial layer and shares the same microcirculation with the myocar-
dium. Adipocytokines, secreted by EAT, interact directly with the myocardium through 
paracrine and vasocrine pathways. The role of the Randle cycle, linking VAT accumula-
tion to insulin resistance, and the relevance of blood flow and mitochondrial function 
of VAT, are briefly discussed.

The three available imaging modalities for the assessment of EAT are discussed. The ad-
vantages of echocardiography, cardiac CT, and cardiac magnetic resonance (CMR) are 
compared.

The last section summarises the current stage of knowledge on EAT as a clinical marker 
for major adverse cardiovascular events (MACE). The association between EAT volume 
and coronary artery disease (CAD) has robustly been validated. There is growing evi-
dence that EAT volume is associated with computed tomography coronary angiography 
(CTCA) assessed high-risk plaque features. The EAT CT attenuation coefficient predicts 
coronary events. Many studies have established EAT volume as a predictor of atrial fibril-
lation after cardiac surgery. Moreover, EAT thickness has been independently associated 
with severe aortic stenosis and mitral annular calcification. Studies have demonstrated 
that EAT volume is associated with heart failure. Finally, we discuss the potential role 
of EAT in critically ill patients admitted to the intensive care unit.

In conclusion, EAT seems to be a promising new biomarker to predict MACE.

Key words: atrial fibrillation, biomarker, critically ill patients, clinical outcomes, 
computed tomography, coronary artery disease, heart failure, major adverse  
cardiovascular events, epicardial adipose tissue.

In 2020, approximately 19.1 million deaths were 
attributed to cardiovascular disease (CVD) glob-
ally, and CVD remains the leading cause of human  
morbidity and mortality [1]. the american Heart as-
sociation (aHH) reported that 840,768 individuals 

died due to CaD in the United States of america 
in 2016 [2]. according to the aHH, atrial fibrillation 
(aF) was the underlying cause of death in 24,855 
people in 2016 [3]. the average annual direct  
and indirect cost of CVD and stroke in the United 
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States was an estimated $351.2 billion from 2014 
to 2015 [2].

Given the high burden of CVD on public health 
and costs for the health system, further refine-
ment of cardiovascular risk stratification is war-
ranted. Interest in epicardial adipose tissue (eat) 
as a potential biomarker for major adverse cardiac 
events (MaCe) has risen in the medical commu-
nity. although eat only represents a small fraction 
of the total visceral adipose tissue (Vat), eat signifi-
cantly impacts the heart due to its unique anatomic 
relationship with the adjacent myocardium [4]. Pro-
inflammatory cytokines released by the eat cells 
can directly interact with the myocardium via para-
crine and vasocrine pathways, as eat and the adja-
cent myocardium share the same microcirculation 
in the absence of a fascial barrier between the myo-
cardium and eat [4, 5].

eat is a storage depot for free fatty acids (FFa). 
thus, eat may protect the heart against toxic FFa 
levels. It has also been suggested that eat serves as 
a buffer for the arterial circulating FFas. therefore, 
eat may be considered a local energy source of FFa 
during times of high energy demand by channelling 
fatty acids to the myocardium [6, 7]. 

eat can be assessed using cardiac computed 
tomography (CCt), echocardiography, and cardiac 
magnetic resonance (CMR) [8–10]. authors have ad-
vocated the integration of biomarkers, such as eat 
volume, into routine reporting of coronary artery 
calcium (CaC) scoring Ct to enhance cardiovascular 
risk stratification [11].

In this review, we discuss the physiologic and 
anatomical features of eat (Section 1), the advan-
tages of the several cardiac imaging modalities 
(Section 2), and the ability of eat to predict MaCe 
(Section 3). We focus on the prognostic role of eat 
in coronary artery disease (CaD), post-procedural 
atrial fibrillation, valvular heart disease, left ven-
tricular (LV) remodelling, heart failure, and critically 
ill patients admitted to the intensive care unit (ICU).

seCtion 1: physiologiCal and anatomiCal 
features of eat
Special anatomical relationship between 
EAT and the myocardium

the adipose tissue of the heart consists of epi-
cardial adipose tissue (eat) and pericardial adipose 
tissue (Pat). eat is situated between the visceral 
pericardium and the myocardium. Pat is adjacent 
to the external surface of the parietal pericardium, 
and thus outside the visceral pericardium [4, 5, 12]. 
eat and Pat have different embryologic origins. 
the epicardium harbours a population of mesothe-
lial cells originating from the septum transversum 
[4, 5, 12]. eat originates from the splanchnopleuric 

mesoderm, while Pat originates from the primitive 
thoracic mesenchyme [5, 12]. eat and Pat have dif-
ferent and distinct vascularization. eat is vascula-
rised by branches of the coronary arteries. Pat has 
a non-coronary vascular supply [5, 12].

eat represents approximately 20% of the heart 
mass in healthy lean persons, commonly found in 
the interventricular and atrioventricular grooves. 
Sometimes, the fat accumulation extends from the 
epicardial surface into the myocardium [13]. 

From a physiological point of view, the principal 
difference between eat and other visceral adipo-
cyte tissue depots is the absence of a muscle fascia 
that divides the eat and the myocardium. thus both 
structures share the same microcirculation [4, 14]. 
Due to its anatomical proximity to the myocardium 
without fascial barriers, eat can interact locally with 
the myocardium by vasocrine or paracrine secretion 
of pro-inflammatory adipokines [4, 15, 16]. animal ex-
periments have demonstrated that periadventitial ap-
plication of that bio-active molecules promotes influx 
of inflammatory cells into the arterial wall and induces 
intimal lesions [17–19]. this process was called an 
“outside-to-inside” mechanism by Krishnan et al. [20].

Company et al. have suggested a further ana-
tomical distinction between eat myocardial and 
pericoronary epicardial fat [21]. Pericoronary epicar-
dial adipose tissue (PCat) is located directly around 
the coronary artery adventitia, whereas myocardial 
epicardial fat is located directly over the myocar-
dium without any layer separating them. the PCat 
Ct attenuation is significantly increased across 
the culprit lesion precursor in patients with acute 
coronary syndrome (aCS), compared to non-culprit 
lesions of these patients and to lesions of patients 
with stable CaD [22]. Spontaneous coronary artery 
dissection (SCaD) has been associated with higher 
PCat compared with patients without SCaD [23]. 
Nevertheless, it remains unclear whether the two 
components are functionally distinct [4].

eat contains many ganglia and interconnecting 
nerves [5, 15]. Neuroprotection of the cardiac au-
tonomic ganglia and nerves is a feature attributed 
to eat [16]. a direct correlation between increased 
eat thickness and cardiac sympathetic denervation 
in heart failure has been reported [24]. epicardial 
fat accumulation independently predicts impaired 
heart rate recovery in obese patients with obstruc-
tive sleep apnea [25]. More research is needed to 
determine the exact role of eat in the autonomous 
nerve regulation of the heart.

there are conflicting data on eat volume chang-
es with aging [26, 27]. While most autopsy series 
have failed to demonstrate a correlation between 
eat and age, tansey et al. reported increasing intra-
myocardial fat infiltration with increasing age [27]. 
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EAT: Histological aspects 
Many authors have emphasised that not all 

adipose tissues (at) are alike [28–31]. taking into 
account that the cytoplasm of adipocyte cells rep-
resents approximately 10% of the cell volume, at 
is a tissue with high metabolic activity, and the FFa-
glucose turnover is faster in Vat than in subcutane-
ous adipose tissue (Sat) [32, 33]. 

eat is a particular visceral adipose depot. eat 
adipocytes are smaller than adipocytes in other Sat 
or Vat depots. Besides providing mechanical pro-
tection, eat also acts as a readily accessible energy 
reservoir for the myocardium. animal experiments 
by Marchington and Pond have generated data 
supporting this hypothesis [6]. eat’s high FFa turn-
over allows direct distribution of FFa by diffusion to 
the adjacent myocardium [4].

EAT and cytokine secretion
eat can locally secrete proinflammatory adipo-

kines, as was demonstrated in a study involving hu-
mans with severe CaD undergoing elective CaBG 
surgery. Paired samples of eat and subcutaneous 
adipose tissues demonstrated that eat is a source 
of several inflammatory mediators in high-risk 
cardiac patients [34]. Many reviewers have sug-
gested that cytokines released by eat interact with 
the adjacent myocardium via paracrine and vaso-
crine pathways, inducing their unfavourable effects 
on heart function [4, 5, 31, 35] (Figure 1). as men-
tioned above, there are data from some animal in 
vivo experiments that periadventitial application 
of endotoxin, monocyte chemoattractant protein-1 
(MCP-1), IL-1β, or oxidised LDL initiates influx of in-
flammatory cells into the arterial wall and intimal 
lesions. these studies suggest that bio-active mole-
cules released from the pericoronary tissues may 
modify arterial homeostasis [17–19]. 

a detailed review of the extensive literature on 
cytokine release by eat is outside the scope of this 
paper. In a review, Guzzardi and Iozzo described 
the harmful eat-promoted mechanisms to the heart 
via inflammation and the role of cytokines therein 
as a cascade of events [36]. they distinguished four 
steps, as follows.

First, myocardium exposed to an FFa over-
flow results in consensual expansion of epicardial 
adipose tissue [36]. Lipid accumulation in eat 
cells causes cell enlargement, subsequently de-
creasing oxygen delivery. Subsequently, the local  
hypoxia in combination with FFa overload acti-
vates hypoxia-sensitive pathways in adipose tissue 
with ROS production, activation of JNK1 and IKK/
NF-κB pathways, and induction of genes involved 
in the inflammatory response [37]. this hypoxic 
and inflammatory status is characterised by in-

creased production and release of proinflamma-
tory cytokines, such as C-reactive protein, tNF-a, 
and IL-6 [36].

In the next step, these cytokines activate the 
NF-κB pathway and initiate, via intracellular signals, 
macrophage and t cell recruitment with tissue in-
filtration. Most tNF-a and a significant part of IL-6 
expression in adipose tissue has been attributed to 
the macrophages. Finally, they also release other 
proinflammatory cytokines, inducing a feed-forward 
cycle, aggravating the inflammatory status and its 
propagation to the adjacent myocardium via diffu-
sion [36].

a CMR spectroscopy study demonstrated that 
excessive eat volume correlates with chronic FFa 
overload of the myocardium, resulting in intramyo-
cardial fat accumulation. Intramyocardial fat was 
correlated with FFa levels (r = 0.76; P = 0.017) and 
eat volume (r = 0.69; P = 0.042) [38].

figure 1. The role of epicardial adipose tissue (EAT) in the devel-
opment of cardiovascular diseases and cardiovascular complications 
during COVID-19. Increased EAT volume has been associated with 
increased body mass index (BMI), subcutaneous adipocyte tissue 
(SAT), sagittal abdominal diameter (SAD) and waist-to-hip ratio 
(W : H ratio), suggesting a pathophysiological link between EAT 
and increased intra-abdominal pressure (IAP) [Figure adapted 
and reproduced with permission from Konwerski et al. [70] under 
the open access CC BY 4.0 Licence]
AF – atrial fibrillation, Ang 1-7 – angiotensin 1-7, BMI – body mass index, CAD – coronary 
artery disease, CCL-2, -5, -13 – chemokine ligand-2, -5, -13, CXCL-1 – chemokine ligand 1, 
FABP4 – fatty acid binding protein 4, GLUT-4 – glucose transporter type 4, HfpEF – heart failure 
with preserved ejection fraction, IAP – intra-abdominal pressure, IL-1β, -6, -8 – interleukin-1β, -6, 
-8, RBP4 – retinol binding protein 4, SAD – sagittal abdominal diameter, sPLA2-IIA – secretory 
phospholipase A2, TNF-α – tumour necrosis factor α, W : H – waist-to-hip ratio 
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Myocardial steatosis was also documented in 
subjects with CaD, thus suggesting a potential role 
for myocardial hypoxia in myocardial fat accumula-
tion [39].

Metabolism: the glucose-fatty acid cycle  
or Randle cycle 

the participation of at in glucose metabolism 
can be described in terms of the inflow and outflow 
of hormones and energy substrates at the cellular 
level [31]. this alternating switch of substrate sup-
ply, which has been termed ‘metabolic flexibility’ 
[40], ensures appropriate energy loading and mo-
bilization following the feeding cycle. 

the main biochemical pathway that links at 
accumulation to insulin resistance is the glucose-
fatty acid cycle or the Randle cycle. Randle et al. [41] 
demonstrated that adding FFa to the perfused rat 
heart muscle and diaphragm increased FFa oxida-
tion at the expense of carbohydrate oxidation. 

an in vivo study examined the effect of acute 
physiologic elevations of FFa concentrations on 
glucose production and uptake in normal subjects 
under three controlled experimental conditions: eu-
glycaemic hyperinsulinaemia (group a), hypergly-
caemic hyperinsulinaemia (group B), hyperglycaemia 
with relative insulinopenia and hyperglucagonaemia 
(group C). Under conditions a and B, the percent-
age inhibition of glucose uptake after FFa admin-
istration was positively correlated with the total 
rate of glucose uptake. In persons in group C, 
simulating a diabetic state, lipid infusion had no 
effect on glucose uptake but markedly stimulated 
endogenous glucose production. Under the same 
conditions as in group C, a glycerol infusion pro-
ducing plasma glycerol levels like those achieved 
with lipid-heparin enhanced endogenous glucose 
production. the authors conclude that in the well-
insulinised state, raised FFa levels effectively com-
pete with glucose for uptake by peripheral tissues, 
regardless of the presence of hyperglycaemia. On 
the other hand, if insulin is deficient, elevated rates 
of lipolysis may contribute to hyperglycaemia not 
by competition for fuel utilization, but through en-
hancement of endogenous glucose output [42].

the KaNWU study demonstrated that the to-
tal amount of fat influences insulin sensitivity only 
when it exceeds a threshold of 35–40% of daily  
energy intake. If the threshold is not exceeded, a cri-
tical factor in the induction of IR is not the amount 
of fat itself but its composition, i.e. the types of die-
tary FFa [43].

a more recent randomised double-blind cross-
over study compared three controlled 4-week diets 
enriched with different fatty acids: a monounsaturat-
ed fat diet (M), a saturated fat diet (S), and the trans 

fatty acid diet (t). the mean insulin sensitivity index 
(S(I)) decreased by 24% on the S versus M diet in over-
weight subjects but was unchanged in lean subjects. 
Insulin secretion was unaffected by diet. Subjects oxi-
dised the least fat on the M diet and the most fat on 
the t diet. the authors concluded that dietary fatty 
acid composition significantly influenced fat oxida-
tion but did not impact insulin sensitivity or secre-
tion in lean individuals. Overweight individuals were 
more susceptible to developing insulin resistance on 
high-saturated fat diets [44].

Jørgensen et al. examined the effects of early life 
exposure to either a high fat (HF) or a high sucrose 
(HS) diet for 12 weeks after weaning compared to 
rats with a normal diet. they found that rat muscle 
mitochondria show the normal Randle type fat- 
carbohydrate interaction (metabolic flexibility) seen 
in vivo. this regulatory mechanism of carbohydrate-
fat metabolic interaction was lost in mitochondria 
obtained from animals exposed for 12 weeks to a HF 
or a HS diet as compared to rats given a normal diet. 
Furthermore, the calculated tCa flux in the isolated 
mitochondria decreased significantly after the HF 
diet (~50%) and HS diet (~75%), compared with 
the chow (a standard high fibre diet containing 
complex carbohydrates, with fats from a variety 
of vegetable sources for rodents) group. thus, it ap-
pears that obesogenic diets have a major influence 
on key metabolic performance of skeletal muscle 
mitochondria [45].

to test the hypothesis that pyruvate dehydroge-
nase complex (PDH) links lipid exposure to skeletal 
muscle insulin resistance through a glucose-fatty 
acid cycle in which increased fatty acid oxidation 
increases acetyl-Coa concentrations, and inactivat-
ing PDH and decreasing glucose oxidation, Rahimi 
et al. used a mouse model lacking pyruvate dehy-
drogenase kinase 2 and 4 (double knockout (DKO)), 
which results in constitutively activated PDH. Coun-
terintuitively, the increased glucose oxidation in 
DKO muscle was accompanied by reduced insulin-
stimulated muscle glucose uptake. the authors 
concluded that modulation of oxidative substrate 
selection to increase muscle glucose utilization sur-
prisingly results in muscle insulin resistance, offer-
ing genetic evidence against the glucose-fatty acid 
cycle hypothesis of muscle insulin resistance [46].

eat is a storage depot for FFa and can be con-
sidered a local energy source of FFa during times 
of high energy demand by releasing FFa to the myo-
cardium [6, 7].

Besides the Randle cycle, other mechanisms link 
insulin resistance to obesity. By secretion of pro- 
inflammatory cytokines, chronic inflammation in 
adi pose tissue may contribute to insulin resistance 
and type 2 diabetes mellitus (t2DM) [47, 48]. Infil-
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tration of hypertrophic adipose depots by macro-
phages and t-cells may also release inflammatory cy-
tokines in at [49]. Macrophage infiltration has been 
associated with insulin resistance [50] (Figure 1).

Role of adipose tissue blood supply
the metabolic activities of at, such as FFa turn-

over, require blood supply [51]. adipose tissue is 
strongly vascularised, and fat blood flow facilitates 
the storage and release of lipids. In humans, obe-
sity results in reduced capillarization and cellula rity 
of at [52]. Impaired regulation of at blood flow is 
associated with insulin resistance [51]. a recent 
study found that blood flow and FFa uptake were 
higher in Vat than in Sat or skeletal muscle in lean 
individuals, consistent with the higher metabolic 
activity of Vat [53]. 

another study, using positron emission tomog-
raphy (Pet) to quantify both blood flow and glucose 
uptake during a euglycaemic hyperinsulinaemic 
clamp, demonstrated a higher tissue-specific blood 
flow and glucose uptake in intraperitoneal Vat than 
femoral Sat [54]. 

Based on a literature review, Camastra and Fer-
rannini concluded that reduced blood supply is an 
essential factor impairing the in vivo insulin-mediat-
ed glucose uptake in both Sat and Vat [31].

Adipose tissue oxygenation:  
role of the mitochondria

adipocytes consume adenosine-tri-phosphate 
(atP) to maintain their activities [31]. the role 
of the mitochondria is pivotal in the physiology 
of at, as atP is generated in the mitochondria [55]. 
Mitochondrial dysfunction due to nutrient overload 
is a characteristic of obesity [56]. Reduced mitochon-
drial function has also been implicated in the aetio-
logy of t2DM [57]. a study demonstrated that weight 
loss by bariatric surgery induced an increase in 
the number of mitochondria, a reduction of the adi-
pocyte size, and improved insulin sensitivity [58]. 
Others have suggested that the mitochondrial gene-
ration of reactive oxygen species (ROS) may connect 
mitochondrial dysfunction to insulin resistance by 
overwhelming the cellular antioxidant capacity, re-
sulting in oxidative stress [59]. at mass can cause at 
hypoxia, leading to systemic insulin resistance, local 
at inflammation, and fibrosis in rodents [60]. Human 
data, studying Sat oxygenation [61] and in vivo at 
blood flow [54], demonstrated that fat hypoperfu-
sion and hypoxia contribute to insulin resistance.

EAT and metabolic syndrome, chronic 
kidney failure, and haemodynamic parameters

the Randle cycle, the mitochondrial function, 
and the pro-inflammatory properties of eat men-

tioned above are the principal pathophysiological 
links between eat and metabolic syndrome (MetS). 

Sharda et al. observed that eat thickness posi-
tively correlated with fasting blood sugar, LDL cho-
lesterol, triglycerides (Figure 1), total cholesterol, and 
anthropometric measurements such as BMI, sagittal 
abdominal diameter and waist circumference, and 
waist-hip ratio. Furthermore, eat thickness was more 
significant in metabolic syndrome cases [62]. 

Wang et al. reported that CtCa measured eat 
thickness in the left atrioventricular groove allows 
an accurate assessment of metabolic risk, which 
could not be accounted for by anthropometric in-
dexes and intraabdominal visceral fat [63]. 

Studies have associated eat volume with unfa-
vourable clinical outcomes in chronic kidney dis-
ease (CKD) [64, 65]. Interestingly, analogously to 
the way that eat is an organ-specific adipose tissue 
impacting the heart, there is growing evidence that 
the perirenal adipose tissue (PF) has a significant 
impact on renal pathophysiology [66]. It was dem-
onstrated that PF is an independent predictor for 
CKD progression and is associated with cardiorenal 
dysfunction [67].

the association between eat and haemody-
namic variables is not well established. Only a few 
studies have sought correlations between eat and 
invasively measured haemodynamic parameters. 
a study found that eat was associated with right 
ventricular end-diastolic pressure (RVeDP) but not 
with left-sided filling pressures (pulmonary capillary 
wedge pressure and LV end-diastolic pressure) [68]. 
another study found a modest correlation between 
eat volume and pulmonary vascular resistance in 
Fontan patients [69].

a Medline search, entering the terms ‘epicar-
dial adipose tissue’ and ‘intra-abdominal pressure’ 
(IaP), revealed no records. Similarly, the Medline 
search found no studies searching for a correlation 
between eat and central venous pressure. Given 
the association of eat volume with BMI, W : H ratio, 
and sagittal abdominal diameter, a pathophysiolog-
ical link between eat and intra-abdominal pressure 
can be postulated (Figure 1).

the association between eat and heart failure 
with preserved ejection fraction (HFpeF) has been 
established [70] and will be discussed in Section 3.

Given the correlation between EAT, BMI, 
and MetS, is EAT volume an independent 
predictor of MACE?

In the sections mentioned above, we discussed 
the correlations between MetS and eat volume, 
raising the question whether eat volume is an in-
dependent predictor of MaCe. Some large studies 
have provided some insight.
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a study with a median follow-up of 4.7 years in-
cluded 1030 patients with type 2 diabetes. the com-
posite endpoint was defined as CVD event and mor-
tality [71]. the investigators analysed the results 
according to 3 models, including the classical CVD 
risk factors. analyses were unadjusted (model 1), 
adjusted for age and sex (model 2), plus systolic 
blood pressure, body mass index (BMI), low-density 
lipoprotein (LDL), smoking, diabetes duration, and 
glycated haemoglobin (Hba1c) (model 3).

Patients with increased eat (> median level) had 
increased risk of the composite endpoint in model 1 
[hazard ratio (HR): 1.46 (1.13; 1.88), P = 0.004], 
and borderline in model 3 [HR: 1.32 (0.99; 1.77),  
P = 0.058]. However, increased eat was associated 
with a 41% increased risk of CVD and mortality for 
men in the robust multivariable model 3 (P = 0.041). 
the net reclassification index improved when high 
eat was added to model 3 (19.6%, P = 0.035) [71].

another study, including 2068 asymptomatic 
participants undergoing prospective coronary ar-
tery calcium (CaC) scoring by Ct in the eISNeR study 
(early-Identification of Subclinical atherosclerosis by 
Non-invasive Imaging Research), demonstrated that 
persons with MetS had a greater prevalence of non-
alcoholic fatty liver disease (NaFLD), increased eat 
volume, and lower eat attenuation compared to 
those without MetS [11].

at the 14-year follow-up, MaCe occurred in 
10.8% of the participants. In multivariable Cox re-
gression, MetS was associated with increased risk 
of MaCe (P = 0.01) independently of CaC score, 
although not after adjustment for eat measures  
(P = 0.27). In a separate Cox analysis, NaFLD predict-

ed MaCe (HR 1.78 [95% CI 1.21–2.61], P = 0.003) in-
dependently of MetS, CaC score, and eat measures. 
adding eat volume to current risk assessment tools 
resulted in significant net reclassification improve-
ment for MaCe (22% over the atherosclerotic car-
diovascular disease (aSCVD) risk score; 17% over 
the aSCVD risk score plus CaC score) [11]. 

Overall, these studies seem to confirm the incre-
mental value of eat, when eat is added to the clas-
sical aSCVD risk factor or CaC score.

seCtion 2: imaging modalities measuring eat
Cardiac CT 

eat volume can be assessed on non-contrast-
enhanced Ct and contrast-enhanced CtCa images 
[72–74]. Cardiac computed tomography (CCt) allows 
a clear depiction of the pericardium necessary for 
volumetric assessment of the eat volume (Figure 2). 
Compared to echocardiography and CMR, CCt has 
the best spatial resolution [75] and visibility [9] 
of the pericardium, allowing reliable (manual) con-
touring of the visceral pericardial layer. Subsequent-
ly, the Ct filter selects the voxels within the visceral 
pericardium with a Ct attenuation coefficient attrib-
uted to adipose tissue (range –190 Hounsfield Units 
[HU] to –30 HU for non-contrast-enhanced CCt)  
[9, 75]. the total eat volume is determined by sum-
ming all axial slices portraying eat (Figure 3). eat 
volumes can be assessed semi-automatically or by 
automated algorithms (quantifying both eat volume 
and attenuation) [76–79]. Volumetric quantification 
of eat by cardiac Ct is highly reproducible [78].

Studies have investigated the influence of con-
trast enhanced Ct, Ct tube current, and non eCG- 

figure 2. Example of a non-contrast enhanced (panel a) and a con-
trast enhanced cardiac CT image (panel B). Note the good visibility 
of the pericardium (arrows) allowing a clear delineation of the epi-
cardial fat (EAT) and adipocyte tissue outside the visceral epicardium

A B
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gated chest Ct on eat volume, using 120 kV non- 
contrast-enhanced cardiac Ct as the reference  
[73, 77]. a study compared two independent co-
horts referred for routine CtCa. One cohort received 
a low-voltage and a standard voltage non-contrast 
acquisition (120 and 100 kV), while the other cohort 
underwent non-contrast and contrast-enhanced Ct. 
the lower threshold for eat was consistently set at 
–190 HU in all patients. Compared to non-enhanced 
120 kV acquisition with an upper threshold of –30 HU 
as the reference, an upper threshold of –40 HU in 
the 100 kV population showed the best correlation 
(r = 0.961, P < 0.05). Significant overestimation was 
found for upper thresholds of –20 and –30 HU and 
significant underestimation for –50 HU. In non-con-
trast vs. contrast-enhanced acquisitions, there was 
a significant underestimation of eat volume for 
contrast-enhanced scans (mean difference 31 mL, 
95% limits of agreement 27 to –89 mL) [77]. 

Xu et al. found that eat volume acquired from 
contrast enhanced Ct scans using a corrected thresh-
old of –190 HU, –3 HU provided excellent agree-
ment with eat volume from non-contrast Ct scans  
using a standard threshold of –190 HU, –30 HU [73].

the study by Xu et al. was interesting from the 
point of view of intensive care medicine, comparing 
eat volumes acquired from 120 kVp eCG-gated car-
diac non-contrast Ct (NCCt) with non-eCG-gated 
chest NCCt and chest contrast-enhanced Ct (CeCt). 
the 120 kVp non-eCG-gated chest NCCt-1.25 mm 
images produced eat volumes comparable to car-
diac NCCt. Chest Ct eat volumes were excellent 
alternatives to the cardiac NCCt [80].

Given the necessity to perform CtCa with a thin 
slice thickness to allow assessment of the coronary 
arteries, manually contouring may be time-consum-
ing [9]. Currently, there are emerging data that new 
artificial intelligence-based automated quantifica-
tion of eat is suitable for large-scale population 
studies. Commandeur et al. concluded that deep 
machine learning allows fast and fully automated 
quantification of eat obtained from Ct images 
for calcium scoring [79]. these authors stated that  
Ct-acquired automated eat quantification is ready 
for implementation in routine cardiovascular risk as-
sessment. However, automated software to quantify 
eat is not widely available.

Besides the assessment of eat volume, there is 
growing interest in the Ct radiodensity of eat as 
a biomarker predicting adverse cardiac events [81]. 
a recent meta-analysis confirmed that patients 
with higher eat radiodensity had a higher burden 
of coronary atherosclerotic disease [82]. a study 
demonstrated that eat radiodensity was strongly 
associated with MaCe [83].

Giabazzi et al. observed that increased eat ra-
diodensity was associated with MINOCa (myocar-
dial infarction with nonobstructive coronary arteries 
and takotsubo syndrome) [84].

It has been suggested that increased eat ra-
diodensity of the pericoronary adipose tissue of 
unstable coronary plaques may reflect a higher 
metabolic activity of these coronary segments due 
to underlying inflammation. a Pet-Ct study dem-
onstrated that the inflammatory activity of peri-
coronary adipose tissue (PVat) was higher than in 

figure 3. Example of cardiac CT acquired EAT volume from non-contrast enhanced images used to determine the Agatston calcium score. Panel a shows 
an upper axial slice of the heart. Panel B shows an axial slice at the level of the mitral valve. Note the mitral annular calcification. After manual contouring 
of the pericardium in the axial slice, the software calculates the voxels within the region of interest (ROI) with a CT attenuation coefficient attributed to 
adipose tissue. In this case, the filter setting defines adipose tissue as the voxels with CT attenuation number ranging from –190 HU to –30 HU (marked 
in the red ellipse). By summing all axial slices portraying the pericardium, the total EAT volume is calculated and mean EAT radiodensity expressed in HU is 
calculated (marked in the green ellipse)
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subcutaneous, visceral thoracic, or remote epicardial 
tissue in patients with non-St segment elevation 
myocardial infarction (NSteMI) [85].

Studies have shown good reproducibility of CCt 
measured eat volume [86, 87]. Despite the well-val-
idated association between eat volume and CaD 
and atrial fibrillation (see Section 3), there is a lack 
of data regarding normal reference values of eat 
volume [9]. Studies, searching for associations be-
tween Ct-measured eat volume and MaCe, have 
often used the median value, tertiles, or quartiles 
of the eat volume of the study population, rather 
than reference normal values for eat volume to di-
vide the study population for statistical outcome/
survival analyses (see also Section 3) [71, 88–91].

a recent review pointed out that no meta-analysis 
has defined normal and pathological values for CCt-
derived eat volume and density [9]. Spearman et al. 
reported the threshold of CCt measured eat volume 
> 125 mL as a predictor of cardiac pathology [92].

Echocardiography
eat presents as the hyperechoic area between 

the ventricular wall and the parietal pericardium [93] 
(Figure 4). eat is visually more prominent around 
the right ventricular free wall. eat echocardiographic 
thickness is measured perpendicularly to the myo-
cardial wall in the parasternal long axis, the short 
axis, and apical long-axis views [94]. a threshold val-
ue of 5 mm for eat thickness has been proposed to 
identify individuals at higher cardiovascular risk [95]. 

the advantages of echocardiography are its 
wide availability, relative cheapness, and no pa-
tient radiation exposure. the limitations of echo-
cardiography assessed eat are the inability of two-
dimensional echocardiography to provide accurate 
volumetric eat measurements and its high opera-
tor-dependency [96, 97]. Some authors have em-

phasised that eat can be confused with pericardial 
effusion [97]. 

Cardiac magnetic resonance imaging
CMR allows volumetric eat quantification with 

high reproducibility [10]. Different CMR imaging 
sequences can be used for eat quantification (Fig-
ure 5). Contrary to CCt, CMR-acquired eat estima-
tion does not require patient radiation exposure.  
assessment of eat volume by CMR does not require 
gadolinium administration. For these reasons, CMR 
can be considered a safe technique to determine 
eat volume if CMR contraindications are absent [98]. 
the drawbacks of CMR are the high cost, relatively 
long examination times, and limited availability. It 
should be emphasised that CMR has greater slice 
thicknesses than CCt, reducing eat volume seg-
mentation accuracy [9]. Furthermore, the depiction 
of the pericardium on the inferior CMR slices is more 
complex than on CCt axial images [9].

table 1 summarises the advantages and disad-
vantages of CCt, CMR, and echocardiography for 
the assessment of eat.

seCtion 3: eat in CliniCal praCtiCe
EAT and coronary artery disease (CAD)

a meta-analysis, including 2872 patients, con-
firmed that eat thickness and volume were sig-
nificantly higher in patients with CaD than in pa-
tients without CaD (mean difference 1.57 mm,  
P < 0.00001; mean difference 15.22 mL, P < 0.0001, 
respectively). Compared to patients with lower 
eat volume (< 100 mL), patients with higher eat  
(≥ 100 mL) were more likely to have CaD, with a risk 
ratio of 0.69 (P = 0.01) [99]. 

another meta-analysis, including more than 
6600 patients from 7 studies, found that patients 
with myocardial infarction (MI) had 37% higher 

figure 4. Panel a shows a parasternal long axis view. Epicardial adipose tissue presents as hyperechogenic area between the pericardium (white arrow) 
and the myocardium. Panel B shows a parasternal short axis view. EAT is best detected at the right atrial free wall. The green line represents EAT thickness 
measurements. Red line indicates pericardial fat
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measures of eat compared to patients without MI 
(confidence interval [0.21–0.54], P < 0.001). Fur-
thermore, this analysis demonstrated the validity 
of the association between eat thickness and MI 
irrespective of the imaging modality used. Simi-
lar relative differences in eat with a wide overlap 
of the 95% confidence intervals were observed 
when studies using echocardiography and Ct 
for eat assessment were compared (for echocar-
diography: 0.4 [0.04–0.76], for Ct: 0.36 [0.16–0.57],  
P < 0.001 for both) [100]. 

Monti et al. performed a meta-analysis (13 stud-
ies, 7683 subjects) that demonstrated that the mean 
eat density was –86.40 HU (95% CI: –112.69 to 
–60.12 HU) in healthy subjects and –80.71 HU (95% 
CI: –87.43 to –73.99 HU) in patients with CaD [82]. 

In addition to the well-established relationship 
between eat and the burden of CaD, several studies 
have sought to determine whether eat volume can 
be used as a predictor of MaCe, usually defined as 
a composite endpoint of cardiovascular death and 
non-fatal MI. 

a prospective study included 245 patients who 
underwent a CtCa with eat volume quantification. 
MaCe was defined as myocardial infarction and 
cardiovascular death. During a 48-month follow-
up, the hazard ratio of MaCe was 1.4, 3.1, and 5.7 in 
the lower middle, upper middle, and highest quartiles 
of eat as compared to the lowest quartile of eat [89]. 

In an observational study of 843 consecutive HIV-
infected patients, cardiovascular risk stratification 
was performed by cardiac Ct-measured eat volume 
and calcium score. During a mean follow-up of 2.8 
years, 15 myocardial infarcts and 18 deaths occurred. 
the eat volume and the coronary artery calcium (CaC 

score) by agatston et al. [101] were higher in patients 
with events. the multivariable regression analyses 
demonstrated that the upper tertile of eat and ag-
atston calcium score ≥ 100 were independent predic-
tors of events after adjusting for age and sex [90]. 

another meta-analysis, comprising 70 studies 
(41,534 patients), showed that subjects with any 
outcome of CaD had a higher mean eat volume 
than those without CaD. accordingly, it was de-
monstrated that eat volume was associated with 
obstructive stenosis, significant stenosis, any CaC, 
and MaCe. eat volume remained associated with 
obstructive stenosis (OR = 1.055), significant steno-
sis (OR = 1.514), myocardial ischaemia (OR = 1.062), 
and MaCe (HR = 1.040) in multivariable models 
[102]. Furthermore, eat volume was found to be 
associated with CtCa-assessed high-risk plaque 

taBle 1. Imaging features of echocardiography, cardiac CT and CMR impacting 
the EAT assessment

echocardiography Cardiac Ct Cmr
Accurate delineation 
of the pericardium

– ++ +

Volumetric assessment possible – +* +

Tissue attenuation possible – + +

Spatial resolution +  ++ +

No ionizing radiation required + – +

Cost effectiveness** +++ + –

Availability +++ ++ –

Operator independence – ++ +
*Compared to CMR, measurement of EAT volume on contrast-enhanced CT coronary angiography is time-consuming, 
given the thin axial CT slices. 
**It should be emphasized that there may significant variances in the price of these imaging modalities among 
different countries.

figure 5. A 4-chamber view (Panel a) and 2-chamber view of the left ventricle from the cine views (SSFP sequence). Adipose tissue is bright in this imaging 
sequence. Note that it is more difficult to depict the pericardium on CMR compared to cardiac CT (see Figure 1). Note the EAT in the atrioventricular groove 
(green *) and pericardial outside the pericardium (red *)
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features. a meta-analysis, including nine stud-
ies (3772 patients), demonstrated that increasing 
eat was significantly associated with the presence 
of high-risk plaques (HRP) with OR of 1.26 (95% CI: 
1.11–1.43; P < 0.001). Compared to patients with-
out HRP, patients with HRP had higher eat volume  
(P < 0.001) [103]. 

a recent meta-analysis (29 articles; 19,709 pa-
tients) found that increased eat thickness and vol-
ume were associated with higher risks of cardiac 
death (OR = 2.53; P = 0.020), myocardial infarction 
(OR = 2.63; P = 0.003), coronary revascularization 
(OR = 2.99; P < 0.001), and atrial fibrillation (adjusted 
OR = 4.04; P < 0.001) [104].

a study with a median follow-up of 40.4 months 
included 117 patients for whom CtCa and invasive 
coronary angiography data were available [105]. 
Statistically significant differences in eat volume, 
CtCa ≥ 50% stenosis, and a positive Ct-FFR were 
found between patients developing MaCe and 
without MaCe (all P < 0.05). the adjusted multivari-
able analysis demonstrated that eat volume and in-
dexed eat volume (HR = 2.21, P = 0.023; HR = 2.03, 
P = 0.035, respectively) were predictors of MaCe. 
Furthermore, this study showed that the addition 
of CtCa ≥ 50% stenosis and eat to clinical risk as-
sessment by the Morise score [106] improved the 
C-index compared to the Morise score alone (aUC 
0.83 vs. 0.66, P = 0.004) [105].

EAT and AF
Over the last decade, the associations between 

eat volume, eat density (Ct attenuation coeffi-
cient), and aF or its recurrence have been extensive-
ly studied. table 2 summarises the studies searching 
for associations between eat volume, eat density, 
and aF, published between January 2020 and March 
2022 [107–125]. Most of these latter studies found 
that a higher eat volume, both total-eat volume 
and La-eat (eat surrounding the left atrium) vol-
ume, is associated with a higher prevalence of aF, 
a higher incidence of postoperative atrial fibrillation 
(POaF) after coronary artery bypass graft (CaBG), 
and a higher aF recurrence rate after aF ablation. 
a higher eat density was associated with aF and 
aF recurrence. It has been postulated that higher Ct 
attenuation values of eat may reflect inflammatory 
active fat tissue.  

a meta-analysis, including ten case-control 
studies, found that eat volume, both total-eat vol-
ume and eat volume surrounding the left atrium 
(La-eat), was significantly increased in aF patients. 
there was a statistically significant difference in 
the total-eat volume subgroup and in the La-eat 
volume subgroup between patients with persistent 
aF (PeaF) and paroxysmal aF (PaF) [126]. 

another meta-analysis collected data from 10 
studies (546 patients) searching for an association 
between eat and postoperative aF (POaF) after 
cardiac surgery. It was found that eat was higher in 
those with POaF irrespective of the type of eat mea-
surement (total eat volume, eat thickness) [127].

Shamloo et al. reported the results of a meta-
analysis that included data from 12 studies that 
searched for an association between eat volume 
and recurrence of aF after aF ablation therapy. 
the results showed that La-eat and total eat vol-
umes were higher in patients with aF recurrence. 
Furthermore, higher eat thickness was associated 
with aF recurrence [128]. 

EAT and valvular heart disease
a study including 225 patients admitted for 

coronary angiography due to new-onset angina 
measured the eattte by transthoracic echocardiog-
raphy. Patients with an eattte ≥ 7 mm were found 
to be older and more often had hypertension and 
hyperlipidaemia. the average aortic valve sclerosis 
score index was higher (P = 0.001), and LV ejection 
fraction (eF) and early mitral annular velocity were 
significantly lower in patients with eattte ≥ 7 mm. 
LV hypertrophy was more prevalent in patients with 
eattte ≥ 7 mm (P = 0.026). this study concluded that 
eat might promote inflammatory and atheroscle-
rotic modifications in the aortic valve [129]. 

In a study cohort of 200 patients with severe aor-
tic stenosis (aS) and 200 control patients, Mahabadi 
et al. observed that eattte was significantly and in-
dependently associated with severe aS [130]. the lo-
gistic regression analysis showed that an increase in 
eat by one standard deviation was associated with 
a two-fold increased prevalence of aS. after adjust-
ment for gender, age, and traditional cardiovascu-
lar risk factors, this association between eattte and 
severe aS remained confirmed [130]. again, it was 
concluded that these findings support the notion 
that eat may promote sclerosis of the aortic valve.

a study searching for a relation between valvular 
calcium deposits and eattte included 294 patients 
who underwent non-contrast chest Ct. eattte was 
measured at various locations. Mitral annular calci-
fication (MaC) and aortic valve calcification (aVC) 
were quantified using the agatston technique. after 
adjusting for clinical variables, including body mass 
index (BMI), eattte at the superior interventricular 
groove remained significantly associated with total 
valvular calcium [131]. 

Studies exploring possible associations between 
eat volume and clinical outcomes in valvular dis-
ease are relatively rare. Given the availability of 
chest Ct in transcatheter aortic valve implantation 
(taVI) patients as part of the workup prior to taVI, 
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most studies searching for an association between 
eat volume and outcome have been performed in 
taVI patients. 

In patients undergoing taVI, Weferling et al. 
found that a larger eat volume was independently 
associated with pre-existing first-degree aV block 
and new pacemaker implantation after taVI (OR = 
1.005; P = 0.035) [132]. another study with a small 
sample size did not detect an association between 
eat volume and the need for pacemaker implanta-
tion after taVI [133]. 

Associations between EAT and heart failure 
and LV remodelling

the effects of eat on left ventricle mass (LVM) 
have been studied in echocardiography, CMR stud-
ies, and autopsy series [13, 134]. these series have 
systematically reported an association of eat with 
LVM in normal subjects and patients with CaD and 
hypertrophic cardiomyopathy (CMP) [13].

Interestingly, studies focusing on LV remodel-
ling in ischaemic and non-ischaemic dilated CMP 
demonstrated that in patients with dilated CMP, 
the eat-to-LVM ratio was reduced compared to 
healthy subjects [135, 136]. Nonetheless, a positive 
correlation between LVM and eat was found even 
in the patients with dilated CMP [135]. although  
no significant correlation between LV eF and eat 
was found in patients with dilated CMP, eat was 
associated with a more beneficial LV remodelling 
process, expressed by a less disturbed LV concen-
tricity index (LVM/LVeDV; LVeDV = LV end-diastolic 
volume) [135].

there are conflicting data on the association 
between eat and LV function. In contrast to the 
abovementioned study, Khawaja et al. found that 
a stepwise decrease in LV eF was associated with 
decreasing eat volume [137]. 

although the contribution of eat to the patho-
genesis of LV remodelling is not fully understood, 
studies have suggested a potential role of eat in 
heart failure, especially in heart failure with pre-
served LV eF (HFpeF) [135, 138–140]. In some 
studies the eat volume was found to be higher in 
patients with HFpeF after ruling out the potential 
confounding effects of obesity and CaD [138, 139]. 
Iacobellis emphasised that the association between 
eat volume and heart failure with reduced LV eF 
(HFreF) remains controversial due to the inconsis-
tency between the reported findings among the dif-
ferent studies [141].

a recent systematic review exploring the sig-
nificance of eat thickness (eatth) measurements 
in correlation with B-type natriuretic peptide  
levels (BNP/Nt-pro-BNP) as diagnostic and prog-
nostic markers in patients with or at risk of heart 
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failure included 12 studies (1983 individuals).  
there was a strong association between increased 
eatth and increased BNP/Nt-proBNP levels in 
patients with metabolic disease. the reviewers  
concluded that eatth is a valuable tool for diag-
nosing and determining the prognosis of heart 
failure [142]. 

Studies on EAT and prognostic outcomes  
in specific clinical settings: patients 
hospitalised in the ICU or after elective surgery

the medical literature on the utility of eat vol-
ume to predict clinical outcomes in patients hos-
pitalised in the ICU or undergoing major elective 
surgery is somewhat limited. 

a study searching for a correlation between eat 
volume and outcome 30 days after elective non-
cardiac surgery found that patients in the third BMI 
adjusted eat (eat/BMI) tertile had an HR of 2.8 for 
the composite endpoint of non-fatal myocardial 
infarction and cardiovascular death, compared to 
patients in the first eat/BMI tertile [91].

another study demonstrated that eat thickness 
(eatth) predicted in-ICU complications after CaBG. 
Most in-ICU patients suffered from various events, 
which were mainly insignificant. Nevertheless, 
29.4% of the events were scored as clinically rele-
vant. the most common complication was aF, with 
a reported incidence of 9%. a statistically significant 
difference in mean eatth was found between pa-
tients with and without in-ICU complications, with 
eatth of 7.64 and 6.16 mm, respectively (P = 0.015). 
It was found that the best threshold of eatth for 
predicting in-ICU complications was 6.5 mm, with 
a sensitivity of 65.9% and specificity of 58.8% [143].

another study that searched for clinical factors 
promoting POaF after cardiac surgery found that 
loop diuretics had the most robust association with 
POaF. the logistic regression analysis demonstrated 
that a high left atrial eat/total eat ratio was the sec-
ond strongest predictor of POaF [144]. 

a study including patients with confirmed 
COVID-19 pneumonia on Ct sought a correlation 
between prognosis and eat volume or eat attenu-
ation (eat-at). the latter was a marker of eat in-
flammation. the primary outcome was a composite 
endpoint: referral to the ICU, invasive ventilation, or 
death. a multivariable analysis, including diabetes 
mellitus, overweight/obesity, arterial hypertension, 
and eat characteristics, revealed eat-at to be an 
independent predictor of critical illness. Increased 
eat-at was found to be a predictor of unfavourable 
outcomes in patients with critical COVID-19 infec-
tion. However, neither obesity nor eat volume pre-
dicted critical COVID-19 infection [145]. 

another study concluded that eat volume as-
sessment on chest Ct at hospital admission in 
patients with COVID-19 might be helpful for risk 
stratification of disease aggravation. the authors 
demonstrated that ICU admission or death (14%) 
was associated with eat volume (P = 0.015), hyper-
tension, and ≥ 25% lung involvement on chest Ct. 
the association between eat volume and severe 
COVID-19 remained statistically significant after ad-
justment for sex, BMI, lung involvement, and ferritin 
levels but not after age adjustment [146]. 

Millman et al. investigated the contribution 
of cardiac and lung ultrasound and clinical vari-
ables by developing a straightforward point-of-care  
POCOVID score system to predict short-term mortal-
ity in critical COVID-19 patients [147]. they showed 
that deceased patients were generally older, had 
worse values for SOFa score, increased baseline tro-
ponin levels, reduced left ventricular ejection frac-
tion (LVeF), impaired LV diastolic function, and in-
creased eatth, despite a similar prevalence of severe 
lung ultrasound scores. the POCOVID score, includ-
ing age (> 60 years), myocardial injury (LVeF < 50% or 
tnI > 99th percentile), and increased eatth (> 0.8 cm), 
was created. the presence of two out of these three 
criteria identified patients with almost twice the risk 
of death [147].

ConClusions
eat volume and eat radiodensity are new CCt-

acquired biomarkers. the association between eat 
volume and CaD has robustly been validated. eat 
volume and eat radiodensity are predictors of myo-
cardial infarction. Meta-analyses, including large 
numbers of patients, provide strong evidence that 
increased eat volume is associated with a higher 
risk of myocardial infarction, the need for coronary 
revascularization, and cardiovascular mortality. 

eat volume predicts the occurrence and reoc-
currence of atrial fibrillation after cardiac surgery 
and pulmonary vein isolation. Meta-analyses ro-
bustly validate the association between increasing 
eat volume and the occurrence/reoccurrence of aF.

there is substantial evidence for an association 
between eat volume and adverse clinical outcomes 
in patients with HFpeF.

Studies have demonstrated that increased eat 
volume in patients with COVID-19 infection, requir-
ing treatment in the ICU, is associated with poor out-
comes.

there is growing evidence that eat is associated 
with aortic valve stenosis/calcification and mitral an-
nular calcification, but further research is needed to 
determine the exact role of eat in the progression 
of valvular heart disease.
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Overall, the association between eat volume 
and MaCe has been robustly validated over the last 
decade. Reliable semi-automated and automated 
software quantifying Ct-acquired eat volume 
has been developed. therefore, CCt-assessed eat 
volume seems a promising biomarker to predict 
MaCe.
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