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Abstract: Adipose tissue plays a complex role in cardiovascular health. Cardiac adipose tissue
(CAT) has been correlated with several diseases that affect the structure and function of the heart.
Examples include heart failure (HF), where the heart muscle (myocardium) is affected, coronary
artery disease (CAD), where these main heart vessels are affected by the amount of fat around the
heart, and cardiac steatosis or fatty heart disease, where infiltration or accumulation of fat within
the heart’s muscle inhibits proper function. This review explores the different types of fat deposits
surrounding the heart, focusing on the potential contribution of CAT to cardiovascular disease
(CVD). Three main imaging modalities for assessing cardiac fat are discussed, including magnetic
resonance imaging (MRI), computed tomography (CT), and echocardiography. The segmentation
and quantification of the fat for each imaging modality is also presented, correlating these
measurements with CVD risk. Each imaging modality offers distinct advantages and limitations in
segmenting and quantifying fat. While advancements have been made, challenges persist in
accurately measuring and interpreting the fat distribution around the heart. Future research should
focus on refining segmentation techniques, establishing standardized protocols, and elucidating the
specific mechanisms linking adipose tissue to CVD risk. By overcoming these limitations, cardiac
fat imaging can be a powerful tool for improved risk stratification, personalized treatment
strategies, and ultimately, better cardiovascular health outcomes.

Keywords: cardiac adipose tissue; cardiovascular disease; imaging modalities; ultrasound; MRI;
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1. Introduction

The fat in the human body is a connective tissue, known as adipose tissue (AT), fat tissue, or
fatty tissue. It is composed of adipocytes or “fat cells” and additional minor cell types such as
fibroblasts, endothelial cells, macrophages, stromal cells, immune cells, and pre-adipocytes.[1] Inside
the adipocytes, lipid droplets surrounded by a structural network of fibers perform the energy
storage function of these cells, as shown in Figure 1.[2] Adipose tissue can be classified according to
the type of adipocytes that it contains. Brown adipose tissue comprises brown adipocytes, present
during fetal life and in infants. The main function of brown adipose tissue is thermogenic control, or
the generation of heat through its high concentration of mitochondrial organelles.[3] In adults, brown
adipose tissue surrounds the vertebrae, is located above the clavicles, is in the upper back, and is in
the central compartment of the thoracic cavity. White adipose tissue is composed of white and beige
adipocytes and is the most abundant type of fat in humans, including the fat that surrounds the
internal body organs called visceral adipose tissue (VAT).

The main function of white adipose tissue is to store the excess energy, either in the form of
triglycerides or in fatty molecules.[4] This tissue has important endocrine and metabolic roles and
secretes biologically active factors known as adipokines. Adipokines are molecules that contribute to
several body functions such as the regulation of energy balance, food intake and satiety,
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inflammatory response, and the metabolism of steroid hormones. Finally, white adipose tissue
comprises the subcutaneous fat that isolates the body from extreme temperatures, the visceral fat that
cushions and protects body parts, and is also present in the bone marrow as a sponge-like tissue in
the central cavity of bones.

FAT CELL (ADIPOCYTE) TYPES

WHITE BEIGE BROWN
ADIPOCYTE ADIPOCYTE ADIPOCYTE
* 1 FAT DROPLET @a B\ * MANY FAT DROPLETS
* FEW ORGANELLES £ » MANY MITOCHONDRIA
* MOST ABUNDANT * GENERATES HEAT
* SCATTERED AMONG
WHITE ADIPOCYTES
* SOMETIMES
GENERATES HEAT
WHITE ADIPOSE TISSVE BROWN ADIPOSE TISSVE
(made up of white & beige adipocytes) (made up of brown adipncg!as’

}@9 9 @@

* PREDOMINANT TYPE of FAT in BODY * MORE in FETAL LIFE and INFANCY

% LOCATED: under SKIN, around INTERNAL * LOCATED: UPPER BACK, above CLAVICLES,
ORGANS, in CENTRAL CAVITIES of BONES around VERTEBRAE

# MAIN FUNCTION: STORE ENERGY #* MAIN FUNCTION: GENERATE HEAT

* OTHER FUNCTIONS: INSULATE BODY from
EXTREME TEMPERATURES, CUSHION VITAL
ORGANS, SECRETE HORMONES and
BIOLOGICAL FACTORS

Figure 1. Types of adipocytes|[2].

2. Cardiac Tissue Layers and Adipose Depots

The tissue layers that enclose each heart’s chamber are shown in Figure 2, starting with the
innermost tissue layer (the endocardium), and reaching the outermost tissue layer corresponding to
the paracardial fat.[5] A basic classification of the adipose tissue around the heart consists of the
epicardial adipose tissue (EAT) and the pericardial adipose tissue (PAT); together, these two layers
form the cardiac adipose tissue (CAT), where the visceral pericardium is the layer between them, as
shown in Figure 3 (left).[6,7] A common and more detailed classification of fat tissue surrounding the
heart is shown in Figure 3 (right).[8] This classification considers the EAT and PAT, but also includes
the paracardial adipose tissue (PcAT), and perivascular adipose tissue (PvAT).
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Figure 2. Heart’s wall tissue layers[5].
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Figure 3. Common classification of fat around the heart [1,6,8].

2.1. Epicardial Adipose Tissue

The epicardial adipose tissue (EAT) is located below the visceral pericardium and has
anatomical, histological, embryonic, and genetic differences from other types of fat.[5,6] EAT does
not have fascia separating it from the vessels and myocardium. This allows both paracrine and
vasocrine effects via adipokines, cytokines, and chemokines.[5,9] The blood supply for the EAT is
provided by the coronary circulation[10] and the cellular composition of the EAT is mainly comprised
of white adipocytes, but may include some beige and brown adipocyte concentrations.[11] On
average, the EAT corresponds to 20% of the total heart weight, but its amount and distribution vary
from 4% to 52% among individuals. EAT depots are found mainly over the base of the heart, the left
ventricular apex, the atrioventricular and interventricular grooves, around the coronary arteries and
veins, and over the right ventricle, especially the free wall of the right ventricle.[12] Several
mechanisms of the EAT are linked to its contribution to CVD, including its proinflammatory profile,
the release of different reactive oxygen species, and fatty infiltration into the atria and ventricles.[13-
15] Because there is no an easy method to measure these mechanisms and to directly determine the
metabolic EAT activity and its relation with CVD, several studies have linked EAT thickness and
volume (above 6.2 mm and 101.2 cm?, respectively)[16,17] to key cardiovascular disorders such as
coronary artery disease (CAD), heart failure (HF), and atrial fibrillation (AF).[6,18,19] Other studies
are focused on EAT and atherosclerotic plaque development and rupture.[20-22]

2.2. Pericardial Adipose Tissue

The pericardial adipose tissue (PAT) is located between the visceral and parietal pericardium
layers. In some literature, it also includes the fat depots on the external surface of the parietal
pericardium.[5] PAT is separated physically from the myocardium by a layer of visceral pericardium,
as shown in Figure 2 and Figure 3. The blood supply for the PAT is provided by non-coronary arteries
such as the pericardiophrenic artery, musculophrenic artery, and some branches of the bronchial and
esophageal arteries.[23,24] According to some studies, PAT was found to be correlated with an
individual’s BMI, visceral fat, triglycerides, and CAD.[25,26]

2.3. Paracardial Adipose Tissue

The paracardial adipose tissue (PcAT) is located outside the parietal pericardium[5] on its
external surface.[27] In some literature, this fat depot is called mediastinal fat or intrathoracic fat,[28]
but it can also include the PAT.[29] The PcAT is not in direct contact with the coronary arteries,
making it less likely to correlate with CVD. Measures of PcAT consider the subtraction of PAT
volume from total thoracic fat by using multi-detector computed tomography[28] as shown in Figure
4.
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Figure 4. PcAT identified as intrathoracic fat and 3D reconstructions of PAT and PcAT[28].

2.4. Perivascular Adipose Tissue

Perivascular adipose tissue (PvAT) is located around the adventitia of blood vessels, including
the coronary arteries and the aorta (in this case, it is called periaortic adipose tissue - PaAT),[5,30] as
shown in Figure 5 (left). The PaAT has an average thickness of 3.34 + 0.79 mm, while the mean aorta
wall thickness is 2.38 + 0.79 mm. An important characteristic of the PaAT is its distribution, which
presents a regular pattern around the aorta.[31] Another important type of PvAT is the tissue located
around the coronary arteries — it is called peri-coronary AT (PCAT), as shown in Figure 5 (center).
PvAT contributes to less than 0.3% of the total human body adipose tissue.[32] PvAT cellular
composition is characterized by adipocytes and inflammatory cells; it also includes microvascular
supply and nerve fiber structures, as illustrated in Figure 5 (right). The precise composition and
properties of PvAT vary depending on its anatomical position. For example, periaortic AT above the
thorax has a brown adipocyte composition, but periaortic AT around the abdominal level has a white
adipocyte composition.[33,34] PvAT dysfunction has been linked with hypertension related to
obesity, atherosclerotic plaque formation, ischemic coronary artery disease development, pro-
inflammatory substance production, atheromatous plaque formation, and reduction in vascular
protective properties.[35,36] PvAT has also been identified as a biomarker for perivascular
inflammation and the progression of aortic diseases in the abdominal area, such as the abdominal
aortic aneurysms.[37] The PCAT has been linked with coronary atherosclerosis, plaque composition,
vulnerability, and hemodynamic significance. In addition, PCAT has also been associated with
increased risk of cardiac mortality and poor prognosis.[38]
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Figure 5. Perivascular AT around the aorta — periaortic (left), pericoronary AT (center)[11], PvAT composition
(right)[30].

3. Cardiac Fat and Cardiovascular Disease

Cardiovascular disease (CVD) is a group of conditions that affect the normal function of the
heart tissues, including the muscle, arteries, and the heart’s valves. Some forms of CVD come from
birth defects, physical heart malformations, viral and bacterial infections during pregnancy, leading
to congenital heart diseases, cardiomyopathies, heart valve diseases, and pericarditis.[39] Several
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other forms of CVD are also the consequence of bad lifestyle habits related to physical inactivity, a
poor diet, alcohol use, or tobacco use.

3.1. Heart Failure (HF)

Heart failure (HF), also known as congestive heart failure (CHF), is a chronic condition that
develops when the heart muscle is unable to pump blood effectively throughout the body. This
impaired pumping function can be caused by various factors that weaken or stiffen the heart muscle,
ultimately leading to a shortage of oxygen-rich blood reaching vital organs.[40] The proportion of
blood ejected from the left ventricle with each heartbeat is called ejection fraction (EF). It is used to
classify the presence and severity of HF as: HF with reduced EF (< 40%, HFrEF), with mildly reduced
EF (41% - 49%), and HF with preserved EF (> 50%, HFpEF).[41] The relationship between EAT and
HF continues to be investigated. Some studies demonstrated that increased EAT volume could be
beneficial for patients with HFrEF,[42] but for patients with HFpEF, the increased EAT is correlated
with adverse cardiometabolic effects.[43]

3.2. Coronary Artery Disease

Coronary artery disease (CAD) is a deficiency in the supply of oxygenated blood to the heart
muscles. The deficiency in the supply is due to the development of plaques (cholesterol depots) inside
the blood vessels (atherosclerosis) that narrow and block the arteries.[44,45] CAD is also referred to
as coronary heart disease (CHD) or coronary stenosis.[46] As shown in Figure 6 (left) an obstructive
plaque can produce blood clots, reducing the blood flow through the arteries. In Figure 6 (right), the
sequence of plaque development leading to rupture is shown, including the plaque's growth, the
artery lining damage, and the eventual plaque rupture. The lack of treatment for CAD could lead to
angina (chest pain and shortness of breath), heart attack (complete artery block due to a blood clot),
HF, and heart arrhythmia. Studies using measures of PAT with CT scans found that volumes larger
than 300 cm® are reliable predictors for CAD being comparable with the Framingham Risk
Score.[28,47] In studies using CT scans and echocardiography, it was found that the EAT thickness
located at the left atrioventricular groove was the only parameter correlated with vessel stenosis and
the best predictor for obstructive CAD.[48,49] In healthy/asymptomatic subjects, a study
demonstrated that an EAT thickness value larger than 2.4 mm is a predictor of coronary stenosis with
more than 50% of occlusion by using multidetector computed tomography.[50]

Coronary Artery Disease

fLack of blood flow

Artery

Plagues form in lining of artery

Plaque grows, lining of artery damaged

Plaque ruptures

Blood clot forms,
limiting blood flow

Coronary arteries '3 Cleveland Clinic ©2022

Figure 6. Coronary arteries and obstructive plaque[44] (left), plaque development[45] (right).


https://doi.org/10.20944/preprints202503.1405.v2

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 April 2025 d0i:10.20944/preprints202503.1405.v2

6 of 26

3.3. Atrial Fibrillation

Atrial fibrillation (AF) is a prevalent cardiac arrhythmia that disrupts the heart's natural
electrical conduction pattern. In a healthy heart, the sinoatrial node (SA node) acts as the pacemaker,
generating electrical impulses in a coordinated contraction sequence. These impulses propagate
through the atria, causing their contraction and subsequent blood flow into the ventricles. The
ventricles then depolarize and contract, pumping blood throughout the body.[51] However, in AF,
the electrical activity within the atria becomes chaotic and disorganized. This disrupts the normal
coordinated contraction, leading to a quivering or fibrillatory motion of the atria instead of a forceful
contraction. Consequently, the ventricles may not receive these signals consistently, resulting in an
irregular and often faster heart rate. Another effect of the AF is the enlargement of the left atrium and
its pressure increment.[52,53] Several factors contribute to the development of AF, including
hypertension (high blood pressure), coronary artery disease, valvular heart disease, sleep apnea,
obesity, and excessive alcohol consumption.[5,53] Using CT scans, several studies have found that
the EAT around the atria influences the recurrence of AF.[54-56]

3.4. Ischemic Heart Disease

Ischemic heart disease is a group of syndromes produced by myocardial ischemia and it arises
as a result of restricted blood flow to the heart muscle or myocardium. This imbalance between blood
supply and demand deprives the cardiac tissue of the vital oxygen and nutrients necessary for proper
physiological function.[57] The most prevalent cause of myocardial ischemia is CAD, followed by
coronary artery spasm (CAS). CAS is a transient constriction or spasm of the coronary arteries that
could reduce blood flow and trigger ischemic events.[58] Studies using non-contrast CT assessed PAT
and EAT volumes and found that larger amounts, with concentrations above 96 + 36 cm? for EAT and
above 99 + 4 cm? for PAT, are highly correlated with myocardial ischemia.[59,60]

3.5. Heart Valve Stenosis

In general, stenosis is related to the narrowing of the diameter of a passage, conduit, or tube in
the body. In the heart, the aortic, mitral, tricuspid, or pulmonary valve openings could become
smaller, making it difficult for blood to flow.[61] The most common cause of valve stenosis is the
accumulation over the leaflets of calcium or other mineral deposits, and fat residues released by
plaques generated by excessive EAT. EAT thickness > 7 mm has been linked and correlated with
mitral annular calcification and aortic valve stenosis.[62,63] This is a non-common condition in young
people — studies suggest approximately 2% of people over 65 years old in the United States have
some degree of aortic valve stenosis. Mitral and aortic valve stenosis can lead to HF, stroke, blood
clots, irregular heart rhythms, and death.[64].

3.6. Cardiac Steatosis

Cardiac steatosis, also known as myocardial steatosis, lipomatosis cordis, or fatty heart disease,
refers to the abnormal accumulation of fat within the heart muscle itself. The concentration of fat in
the myocardium plays a role in diabetic cardiomyopathy, cleft ventricular dysfunction, and end-
organ dysfunction.[65] The infiltrative-lipotoxic and pericardial restraint hypotheses have been
postulated as the potential mechanisms that relate EAT to cardiac steatosis.[21] In the first hypothesis,
the EAT infiltrates the underlying myocardial tissue, releasing pro-inflammatory adipokines, and in
the second hypothesis, the EAT accumulates, increasing its thickness and obstructing mechanically
the myocardium dilation, leading to diastolic dysfunction as shown in Figure 7. Myocardial steatosis
is a common condition, with estimates suggesting it affects up to 30% of the population. In severe
cases, it can lead to symptoms like fatigue, shortness of breath, chest pain, heart failure, or
arrhythmias, and is highly correlated with left ventricular dysfunction.[66]
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Figure 7. Cardiac steatosis by infiltration (left), and by pericardial restraint (right)[21].

3.7. Cardiac Fibrosis

Cardiac fibrosis corresponds to a high deposition of stiff and inflexible scar tissue in the heart
muscle that reduces the capabilities of the heart to pump blood.[67] The main cause of cardiac fibrosis
is related to heart injuries from heart attacks, hypertension, or diabetes, but the amount of EAT has
also been linked with myocardial fibrosis. EAT volume measured using cardiac magnetic resonance
(CMR) was found to be highly correlated with myocardial fibrosis, also as an independent marker
regarding age, hypertension, diabetes, or other HF causes.[68]

3.8. Cardiac Lipoma

Cardiac lipoma is a rare degenerative process in which heart cells are replaced with fat. It is also
known as a benign tumor made up of mature fat cells.[69] This process usually affects the myocardial
structures, the right atrium, and can arise from the papillary muscle.[70] Cardiac lipomas are
correlated with heart arrhythmias, syncope, palpitations, and angina. Another form of cardiac lipoma
is epicardial lipomatosis, sometimes called epicardial lipomatous hypertrophy (ELH). This lipoma
involves an excess of non-encapsulated fatty tissue in the epicardium.[71] EAT thickness above 20
mm was found to be related to ELH, diastolic dysfunction, and tamponade in clinical case
reports.[72,73] When affecting the interatrial septum, the infiltration of fatty tissue leads to the
development of lipomatous hypertrophy of the interatrial septum, this uncommon disorder is
associated with arrhythmias, syncope, and sudden death.[74]

4. Imaging Modalities to Assess CAT

Accurate assessment of fat accumulation around the heart, particularly pericardial adipose
tissue (PAT) and epicardial adipose tissue (EAT), is crucial for evaluating cardiovascular risk.
Assessment can be broken down into segmentation and quantification. Segmentation refers to
manual, semi-automatic, and automatic EAT and PAT region identification in medical images.
Several methods and algorithms, such as thresholding and gray-level quantification have been
applied for CAT segmentation.[75] Currently, methods based on deep learning and machine learning
models are presenting good performance in CAT segmentation in medical images. Quantification
refers to the measurement of EAT and PAT volume and thickness. This section explores various
imaging modalities employed for segmenting and quantifying cardiac fat. Magnetic resonance
imaging (MRI) offers exceptional soft tissue contrast and the ability to differentiate fat types.[76]
However, factors like cost, time, and patient suitability can necessitate alternative approaches[7].
Cardiac computed tomography (cardiac CT) provides a fast and readily available option for EAT
measurement, though it exposes patients to ionizing radiation.[77] Echocardiography (Echo), a
widely accessible and safe technique, offers estimates of EAT thickness, but with limitations in fat
type distinction and visceral fat measurement.[78] This section investigates the advantages,
disadvantages, and clinical considerations for each modality, aiding in the selection of the most
appropriate method for specific patient needs.
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4.1. Assessment Metrics

Evaluation metrics are needed to assess the accuracy of segmentation and quantification efforts
compared to expert tracings. First, Dice Similarity Coefficient (DSC) is a popular and effective tool to
gauge the similarity of two data sets. It compares the overlap between the ground truth and the
predicted segmentation. Values range between 0.0 and 1.0. A value of 0.0 indicates no overlap,
whereas a value of 1.0 indicates a perfect overlap.[79] Next, accuracy is a measure used to evaluate
the overall performance of a classification model. Accuracy is the proportion of correct predictions
(both true positives and true negatives) out of the total number of predictions made. Similarly,
precision, sensitivity, and specificity are comparison metrics used to measure classification
performance. Precision is the proportion of true positive predictions among all positive predictions
made. Sensitivity (also known as recall) is the true positive rate - the proportion of true positive
predictions among all actual positives. Lastly, specificity is the true negative rate - the proportion of
true negatives among all actual negatives. All four metrics, like DSC, range from 0.0 to 1.0, where
values close to 1.0 are considered better segmentation results. These metrics are commonly used in
medical applications to measure the performance of segmentation and quantification efforts. These
are among the most common metrics in the given literature used for comparison of different
segmentation and quantification methods in Tables 1-6.

4.2. Cardiac Magnetic Resonance (CMR)

MRI uses powerful magnetic fields and radio waves to produce detailed images of anatomical
structures. Cardiac magnetic resonance (CMR) imaging provides an excellent contrast between soft
tissues, allowing for detailed visualization of cardiac structures and adipose tissue. CMR can also
evaluate other cardiac abnormalities, such as myocardial fibrosis and myocardial perfusion,
providing a comprehensive assessment of cardiac health.[80] This non-invasive and non-ionizing
imaging modality creates images with ample spatial and temporal resolution. CMR can also provide
excellent contrast of the visceral and parietal layers of the pericardium, as shown in Figure 8.[81]

Figure 8. Characterization of EAT (asterisk), PAT (star), and pericardium (arrow) for MRI on long-axis four-
chamber view (left) and basal short-axis view (right) at end-diastole frame[82].

4.2.1. Imaging Techniques

Novel MRI acquisition strategies have enabled high-resolution, rapid imaging that enhances
diagnostic accuracy and provides clearer insights into cardiac structures.[83]

Cine MRI is a real-time imaging technique that captures motion and creates a 3D video. Cine
MRI uses steady-state free precession sequencing to acquire a series of slices of the heart in 2-
chamber, 3-chamber, and 4-chamber views.[84] Images are then fused to form a cine movie, which
visualizes the complete cardiac cycle. Cine imaging provides extensive anatomical information about
the heart,[85] which helps assess CAT's volume and distribution around the beating heart.
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The Dixon technique is considered the benchmark for assessing visceral adipose tissue.[86] This
specific pulse sequence helps separate water and fat signals and relies on the chemical shift difference
between water and fat protons. Water and fat have different resonant frequencies in a magnetic field,
and this shift enhances the ability to characterize and quantify the two tissues. The Dixon technique
can generate water-only and fat-only images, improving the accuracy of EAT quantification.

Gradient echo sequencing provides high spatial resolution and is sensitive to changes. This
imaging technique utilizes gradients to create images exploiting magnetic property differences in
different tissue types. The relatively high resolution is beneficial to visualize the thin layers of CAT
and distinguish it from adjacent structures like the pericardium. Gradient echo scans can also be
combined with other imaging strategies like the Dixon sequence to enhance the separation of
structures, further highlighting CAT.

4.2.2. CAT Segmentation

The segmentation of CAT is particularly challenging compared to other cardiovascular
segmentation tasks. CAT’s shape is unevenly distributed and irregular, making it hard to detect
automatically. Additionally, the pericardium is also often blurred in MRI due to partial volume
effects,[87] causing CAT to be mislabeled as epicardial or paracardial fat tissues share similar
intensities. Initially, trained physicians and researchers performed CAT segmentation in CMR
manually. Experts visually identified and traced the outline of epicardial fat on each cross-sectional
image of the heart.[88] However, this method was labor-intensive, time-consuming, and subject to
inter- and intra-observer variability.

Machine learning (ML) and deep learning (DL) algorithms have recently automated the
segmentation process by finding patterns in the medical images[89] or using specific features. ML
models are statistical models that map input features into output classes. DL extends the concepts of
ML. DL models themselves are learned from the training data. Convolutional neural networks
(CNNs) are leveraged to perform tasks to recognize image features. These models produce high
accuracy and consistency, can rapidly process large volumes of data, and improve with more training
data. This approach, however, requires large, annotated datasets for training, high computational
costs, and personnel with expertise in ML/DL. Figure 9 below shows the qualitative results of various
DL models compared to manual tracings.

ground truth Unet  AG_DSV_Unet Unet48 Vet DeepLabv3+ Swin UNETR  nnUnet 3SUnet nn3SUnet

Figure 9. Segmentation comparison of DL models with corresponding F1 in upper left corners [90].

Manual tracings act as the ground truth to assess model prediction accuracy. Table 1 below
compares the performance of several ML methods used for CAT segmentation from MRI.
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Table 1. Summary of CAT segmentation studies using MRI, SA = short axis; MSD = mean surface distance, NN

=neural network.

Author Tissue Study Metrics Values
Feng et al.[91] - 2024 EAT | Automatic double Res-Unet CNN DSC 0.8630
based on fat maps, Dixon MRI
Chen et al.[90] - 2023 PAT | Automatic triple-stage 3SUnet, 2D | Precision | 0.766+0.152
SA MRI Recall 0.831+0.126
Daude et al.[92] - 2022 PAT | Automatic four-chamber FCNs, DSC 0.7700
cine MRI MSD 1.71
EAT (mm) 0.8000
DSC 2.38
MSD
(mm)
Kulasekara et al.[93] - | CAT | Automatic 3D U-Net, cine MRI DSC 0.7170
2022
Fulton et al.[94] - 2020 EAT | Automatic double NN, cine MRI DSC 0.56+0.12

4.2.3. CAT Quantification

Much research shows that increased EAT volume is heavily linked to CAD,[20] therefore,
quantifying CAT is necessary for risk assessment and early identification of CAD and other CVDs.
CAT volume is calculated by summing the segmented areas across all image slices and multiplying
by the slice thickness and pixel dimensions. This method accurately measures the total CAT volume
and accounts for the entire heart, calculating fat volume from the base to the apex of the heart. This
approach, often referred to as the modified Simpson’s method, is considered the gold standard for
CAT measurement.[95] Furthermore, to obtain CAT mass, the fat volume can be simply multiplied
by the specific weight of fat (0.92 g/cm?). Typically, this approach is done semi-automatically. Experts
trace the CAT contours, and a software package is leveraged to sum the areas across all images, taking
into account slice thickness and intersection gaps.[96] However, these measurements are time-
consuming and cannot be easily incorporated into clinical routine assessments. Recent DL efforts
have been employed to automatically quantify CAT. For example, Guglielmo et al.[97] developed a
DL network to automatically quantify EAT on short-axis cine CMR images. However, manual tracing
is still required to validate the performance of such networks. Table 2 shows manual and automatic
efforts to quantify CAT in CMR.

Table 2. Summary of CAT quantification studies using cardiac MRI.

Author Tissue Study Units Values | Correlation
Guglielmo et | EAT | Automated deep learning mL 43.519.0 | p<0.001
al.[97] - 2024 volume measurement

Secchi et | EAT | Manual volume measurement | Systolecm® | 88.25 p<0.124

al.[98] - 2022 using open-bore MR, cine MRI | Diastole cm® | 87.00 p <0.551
Henningsson | EAT | Manual volume measurement mL 14590 p<0.01
et al.[96] - using cine Dixon technique, 3D

2020 Dixon MRI

d0i:10.20944/preprints202503.1405.v2
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4.2.4. Limitations

CAT segmentation and quantification are not trivial tasks. Even with DL methods, more
progress is needed to reduce the complexity and increase efficiency. While these techniques and
methods help mitigate challenges in CMR imaging and improve tissue and EAT visualization, MRI
remains an expensive and exclusive imaging modality. MRI is limited by a lengthy and cost-intensive
procedure that requires specialized equipment and personnel, which are not available in all
healthcare settings. MRI's use is also restricted to certain regions that have large, well-funded medical
centers, limiting its accessibility in underdeveloped communities. In addition, MRI also demands
high patient compliance as individuals must remain still during the scan, which can be challenging
for patients with claustrophobia and severe anxiety. Also, patients with pacemakers are ineligible for
MR, reducing its accessibility. MRI remains a desirable modality and, with a continued increase in
research interest, can become the preferred modality to assess CAT.

4.3. Computed Tomography (CT Scan)

CT is a powerful imaging modality that uses X-rays to create detailed cross-sectional images of
the body. Advanced algorithms combine multiple X-ray measurements from different angles around
the patient to reconstruct a 3D representation of the desired anatomy, providing a comprehensive
view of the body's internal structures. CT has proven its feasibility and reproducibility to segment
and quantify EAT.[59] CT’s ability to generate 3D images aids in accurately assessing CAT
distribution and allows for precise quantification of CAT volume by measuring attenuation values of
fat in Hounsfield Units (HU). Moreover, specialized cardiac CT scans like Coronary CT Angiography
(CCTA) and Coronary Artery Calcium scoring (CS) allow for even more improved characterization
of CAT, as shown in Figure 10. In CCTA, high-risk atherosclerotic plaque markers such as spotty
calcification, low attenuation, and positive remodeling could be detected.[99] CT is considered
exceedingly beneficial when compared to other imaging modalities for segmenting CAT.[100] For
example, unlike MRI, CT does not blur the pericardium, which is beneficial in distinguishing
different adipose tissues. Consequently, CT is the most validated and reproducible technique for fat
segmentation and quantification, given the literature.[101]

Pericardium

Epicardial
adipose tissue

Figure 10. Visualization of the pericardium, EAT, and PAT on CT[100].

4.3.1. Imaging Techniques

Contrast and non-contrast enhanced CT are the two main types of scans. Contrast-enhanced CT
involves the use of contrast agents to enhance visualization of cardiac structures and can provide
better delineation of adipose tissue. CCTA is a contrast-enhanced scan that visualizes the coronary
arteries, providing high-resolution images of the heart and surrounding structures. The enhanced
detail allows for precise visualization of EAT. However, the use of contrast agents can pose risks to
patients with allergies or other impairments. CS is a non-contrast scan that measures the amount of
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calcium in the walls of the coronary arteries. This imaging technique delineates cardiac structures,
contrasting epicardial fat from other tissues. La Grutta et al.[102] compared the quantification metrics
of EAT of CCTA and CS. In their study of 76 patients suspected of CAD, the researchers measured
EAT volume and thickness with semi-automatic software. The EAT volume was measured to be 122
+ 50 cm? for CS and 101 + 47 cm3 for CCTA. They noted no significant difference in median values
and concluded that both imaging techniques may be equally employed for EAT assessment.

4.3.2. CAT Segmentation

Even though manual tracing is burdensome, manual epicardial fat volume (EFV) segmentation
procedures are currently widely used in clinical practice. Computer-aided tools have relieved some
burdens by improving repeatability and processing time. However, this method remains costly.
Semi-automated imaging methods have reduced the labor burden. For example, thresholding CT
images has allowed experts to improve CAT tracing efficiency. Intensity pixel values are usually
measured using the Hounsfield scale, and adipose tissue pixels have intensities between -250 HU and
-30 HU.[103] With the rise of Al in recent years, DL approaches have obtained fast, automatic, and
reliable segmentations unrivaled by previous efforts.[104-106] Automatic DL methods can be
generalized in a two-stage process: the first stage is to localize the heart boundary in the 3D volume,
and the second stage is to delineate the pericardium.[106] DL uses the training data itself to make
CAT predictions. With the increase in the number of annotated databases and strong research
interest, DL methods continue to improve. Strong results in CAT prediction accuracy have been
achieved, as shown in Figure 11. However, DL efforts still rely on expert tracing as ground truth to
compare the predictions. Table 3 shows automatic and semi-automatic studies to segment CAT in
CT.

Superior Median Inferior

2D U-Net Proposed Expert

3D U-Net

Figure 11. Result comparison of expert tracings, Li’s model, and U-Net variations for EAT segmentation on
CT.[107].
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Table 3. Summary of CAT segmentation studies using CT, NC = non-contrast; CAC = Calcium Score; CCTA =
coronary CT angiography; MAD = Mean Absolute Distance.

Author Tissue Study Metrics Values Correlation
Zhang et al.[108] EAT Automatic dual U-Nets, DSC 0.9119 0.9304
- 2020 CT

DSC 0.8550 NA
He et al.[104] - Automatic 3D deep
EAT Precision 0.8640
2020 attention U-Net, CCTA
Recall 0.8950
DSC 0.9374, (Pearson)
Militello et Semi-automatic image
EAT MAD 0.9248 0.9591
al.[87] - 2019 analysis, CAC and CCTA
2.18,2.87 0.9513
EAT Accuracy 0.9850 NA
Priya et al.[109] - Adaptive Region Growing DSC 0.9870
2019 PAT | Algorithm, NC CT Accuracy 0.9640
DSC 0.9530
Norlén et Automatic supervised, DSC 0.9900 0.9900
al.[110] - 2016 CCTA
DSC 0.9810 NA
Rodrigues et | EAT
Automatic supervised, CT | Accuracy 0.9850
al.[111] - 2016 PAT

4.3.3. CAT Quantification

Once segmented, quantification of the volume and thickness of CAT is necessary to assess CVD
risk. CAT volume and CAT density are parameters often used to quantify EAT. CAT volume refers
to the extent of CAT accumulation. An increase correlates with the prevalence and recurrence of AF
and is associated with atherosclerosis, myocardial infarction, and coronary artery calcification.[53]
CAT density is correlated with inflammation and is linked to plaque presence and progression.[112]
CAT volume can be quantified from the number of fat voxels inside the pericardium border. The total
volume can be estimated by summing the interslice volumes and multiplying by the number of slices.
The mean CAT density can be obtained by computing the mean attenuation across all slices.[106]
Automation of the quantification task significantly reduces the time burden, diminishes the
variability of tracings by different observers, and results in high reproducibility.[17] Currently, DL
methods are being extended from segmentation to include quantification. Recently, Abdulkareem et
al.[17] proposed the first DL method to quantify both EAT volume and density, building on the
Commandeur et al.[106] and Li et al.[107] approaches to segment and quantify CAT volume. Table 4
shows the quantitative results of manual and automatic efforts to measure CAT density and volume.

d0i:10.20944/preprints202503.1405.v2
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Table 4. Summary of CAT quantification studies using CT, EATd = EAT density; EATv = EAT volume; T-EAT =
Total EAT; TAT = thoracic adipose tissue; EATd = EAT density; EATv = EAT volume; NC = non-contrast; CCTA
= coronary CT angiography; CS = Calcium Score; ICC = Intra Class Correlation.

Author Tissue Study Units Values Correlation
Hoori et EATd Automatic DeepFat, NC s 100.2 R =0.9833
al.[113] -2022 low-dose CS CT 138.6 R =0.9852
Abdulkareem EATv Automatic Single Multi- 101.16 R =0.9300
etal.[17] - 2022 task framework, ECG-| mL

gated CT

Commandeur EATd Automatic CNN, 86.75 R =0.9740,
et al[106] - NCCSCT cm3 p <0.001
2019
Commandeur EATd Automatic dual ConvNet, 130.35 R=0.945
et al[l114] - TATd NC CCTA cm3 130.94 p <0.001
2018
D'Errico et | T-EATd | Manual volume analysis, 103.62,94.96 | ICC =0.9900
al.[115] - 2017 | RV-EATd | NC CCTA cm? 67.23,57.41

LV-EATd 38.01, 35.27

4.3.4. Limitations

While CT can be more accessible than MRI, CT remains a high-cost imaging modality with
limited availability. CT also exposes patients to ionizing radiation. This can pose health risks,
especially in repeated imaging protocols. Moreover, artifacts are common in CT images, reducing the
quality of images and complicating accurate EAT and PAT assessments. For example, partial volume
effects can blur tissue types together, resulting in a single voxel containing multiple tissues. This issue
can cause over- or under-estimation of volume or density. Existing fully automatic methods show
promising results in combating limitations and improving efficacy. However, segmentation and
quantification results are still equal to or inferior to inter-observer variability.[100] Labeled datasets
are the biggest challenge to overcome in the segmentation and quantification of CAT. More publicly
available datasets will help researchers improve promising results and continue addressing further
CT limitations.

4.4. Echocardiography or Ultrasound (US)

Ultrasound (US) is a low-cost and non-invasive diagnostic and therapeutic imaging modality
that offers real-time visualization of internal structures. This modality utilizes a transducer to
transmit low-energy high-frequency sound wave pulses (in the megahertz range [3 to 30 MHz] —
ultrasound signals) into the body and subsequently detects the reflected echoes (backscattered
acoustic waves) generated by the tissue layers.[112,116] One specific application of US imaging is
echocardiography, which focuses on the assessment of the heart. Echocardiograms typically employ
grayscale or B-mode images as presented in Figure 13. These images are constructed based on the
envelope of the received ultrasound wave signals acquired by the transducer.

4.4.1. Imaging Techniques

US waves are highly attenuated by bones and air. Consequently, imaging the heart necessitates
avoiding the ribs and lungs, thereby restricting the available positions and angles for optimal image
acquisition. Two principal approaches consist of taking US images from the patient's chest
(transthoracic) and esophagus (transesophageal) echocardiograms (TTE and TEE, respectively).[117]
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When performing TTE, the transducer should be located at the following acoustic windows: 1)
parasternal, 2) apical, or 3) subcostal, and 4) suprasternal, as shown in Figure 12. On each window,
by tilting, rotating, and translating the transducer, different views of the cardiac structures can be
captured. Quantitative US (QUS) is a US imaging technique that involves signal processing methods
used on the sound waves to provide estimates of the attenuation and backscattering properties of the
interrogated tissue. Some clinical applications of QUS include the diagnosis of fatty liver disease, the
detection of preterm birth risk, and the characterization and classification of nodules in the thyroids
and kidneys.[112]
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Figure 12. TTE acoustic windows[118] (top left), parasternal long axis view — PLAX; RVOT = Right ventricular
outflow tract; LVOT = Left Ventricular Outflow Tract; AV = Aortic Valve; MV = Mitral Valve, LA = Left Atrium,
LV = Left Ventricle (top center), parasternal short axis view - PSAX (top right), subcostal view — SC; TV =
Tricuspid Valve (bottom left), apical two-chamber view — A2C (bottom center), and apical four-chamber view -
A4C (bottom right)[119].

4.4.2. CAT Segmentation

The segmentation of AT using echocardiograms is a complex task that requires expertise, time
investment, and good image quality. Image quality is affected by several factors such as low image
contrast, shadows from body structures (ribs and dense muscles), varying speckle noise, and low
signal-to-noise ratio.[120] Many studies have focused on the segmentation of the main cardiac
structures, targeting the measurement of the LV area and volume, subsequently used to compute EF,
one of the most relevant parameters for cardiac risk assessment.[120-125] Studies using QUS have
employed predefined ROIs to classify them as containing AT or not containing AT,[126] or have used
the contours of the epicardium to segment and classify AT around the heart.[125] A limited number
of investigations identified on CAT segmentation via US were found; this underscores the critical
need for further exploration in this domain, leading to a more precise, comprehensive, fast, and
reliable CAT quantification.

4.4.3. CAT Quantification

Transthoracic echocardiography (TTE) is used for the quantification of EAT using ultrasound
(US). Parasternal long axes (PLAX) and parasternal short axes (PSAX) echocardiographic views are
used for EAT quantification because they allow the most accurate measurements.[127] The free wall
of the right ventricle has been identified as having the highest absolute adipose tissue thickness,
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allowing measurements that are not affected by the hypertrophy of some cardiac structures.[128] In
this area of the heart, the adipose tissue is most easily visible, and appears as an echo-free space
between the visceral layer of the pericardium and the outer wall of the myocardium, as shown in
Figure 13.[5]

+ Dist 0.204 cm
 Dist 1.50 cm

Figure 13. EAT linear measurement using TTE [5,127].

In the study performed by lacobellis,[127] measurements of EAT thickness were correlated with
anthropometric variables related to obesity. Their quantification of EAT varies between 1.9 to 15.7
mm, with a mean and standard deviation of 7.3 + 3.42 mm in men and 6.84 + 2.76 mm in women. To
avoid oblique measurements of EAT using US, in Nesti et al.,[129] measurements have been taken
perpendicular to the aortic annulus, using it as an anatomic landmark, as shown in Figure 14 (left).
Some studies have shown their ability to differentiate and measure EAT and PAT thicknesses Figure
14 (right). [26] Table 5 summarizes the studies found in this literature review where the CAT
thickness measured over the RV was identified as a marker for several types of CAD.

Figure 14. EAT linear measurements perpendicular to the aortic annulus below and above a 5 mm
threshold,[129] differentiation between EAT and PAT in echocardiograms[26].
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Table 5. Summary of CAT quantification studies using US, ROC = Receiver Operating Curve; WC = Waist

Circumference.

Author Tissue Study Units Values Correlation
Average Metanalysis of EAT in patients 5.68 avg NA
from with CAD 3.61 avg
metanalysis | EAT | and Non-CAD groups mm
in[130] -

2022
EAT for atrial (fibrillation mm 8.300, 6.100
Eren et prediction mm 5.850, 3.521
al.[131] - | EAT | univariate, multivariate | Sensitivity 0.720 p <0.001
2021 regression Specificity 0.770
ROC EAT > 6.5 mm
EAT thickness and heart 4.88
_ disease (control) 6.51 p <0.01
Xiao et
Coronary heart disease 5.66 VS
al.[16] -| EAT mm
2000 Single vessel disease 6.24 control
Double vessel disease 6.86 group
Multi vessel disease
Validation of EAT thickness 11.00
assessment for predicting (median) p <0.001
Parisi et
CAD 1.00 mm
al.[132] - | EAT mm
(min)
2020
29.00 mm
(max)
EAT thickness as CAD marker 0.9 min p (CAD) =
13.5 max 0.0001
Meenakshi
5.56 avg p (BMI) =
et al.[133] - | EAT mm
(men) 0.08
2016
5.97 avg
(women)
Epicardial Fat from 1.90 min r (VAT) =
Echocardiography, thickness 15.70 max 0.798
lacobellis et | RV —
7.30 avg r (WC)=
al.[127] - | EAT mm
(men) 0.74
2003
6.84 avg
(women)

4.4.4. Limitations

Compared with MRI and CT, the main limitation of echocardiography is image resolution. In

addition, fat quantification is limited to linear thickness measurements in particular locations without

volumetric computations,[134] and the differentiation between EAT and PAT is not possible.[135]

Finally, the accuracy and reproducibility of the adipose thickness measurements have lower precision
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when compared to other imaging modalities.[20] US imaging is limited by anatomical constraints,
making it impossible to image the heart from all angles and positions. Certain crucial regions, such
as those adjacent to the coronary arteries, where fat depositions are highly correlated with plaque
development, are often challenging to image using echocardiography.

5. Conclusions

In conclusion, this review has explored medical imaging modalities to assess the multifaceted
relationship between adipose tissue and cardiovascular health. We examined the various types of fat
surrounding the heart, highlighting the potential role of CAT in promoting cardiovascular disease.
MRI, CT, and echocardiography were identified as the primary imaging modalities for assessing
cardiac fat, each offering unique advantages and limitations in segmentation and quantification.
Table 6 Summarizes and compares the main features offered for each imaging modality for CAT
segmentation and quantification. While significant advancements have been made, challenges
remain in accurately measuring and interpreting fat distribution around the heart. Future research
efforts should focus on refining segmentation techniques, establishing standardized protocols, and
elucidating the specific mechanisms by which adipose tissue contributes to cardiovascular risk. By
addressing these limitations, we can leverage the power of cardiac fat imaging to improve risk
stratification, guide treatment strategies, and ultimately promote better cardiovascular health
outcomes.

Table 6. Comparison of main medical imaging modalities for CAT segmentation and quantification.

Feature MRI CT Echocardiography
Radiation

None High radiation dose Minimal or no radiation
Exposure
Examination time |Longer scan time Fast acquisition time Real-time imaging
Cost High Moderate Low

High spatial and temporal

resolution, Multiplanar . )
. . . . . |Good spatial resolution, . o
. imaging capabilities, High . |Lower resolution, limited
Image Quality . accurate fat attenuation, ]
soft  tissue contrast, it I . |depth penetration
ood for calcium scorin,
excellent for fat 8 8

quantification

Good for assessing fat[Limited ability to

Accurate  quantification, |distribution, but less|quantify fat, primarily|

CAT Assessment . . 0
can differentiate fat types |accurate for qualitative  assessment,
quantification free wall of RV thickness
CAT ) . )
. Volume, thickness Volume, thickness Thickness
quantification
Contraindicated for|Can be performed on
Contraindications | patients with certain metal | patients with|None
implants pacemakers/defibrillators
o _ |Motion artifacts can affect| S )
) Difficult for claustrophobic| . Difficulty in imaging
Constraints image  quality, may

and  robust  patients, obese patients, limited

require contrast agents
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requires specialized field of view, operator-
cardiac MRI protocols dependent

Availability Widely available Widely available Widely available
Large, requires a shielded ) o
Infrastructure Moderate size room Minimal, portable
room
Cardiac function, tissue ) ) Cardiac function, valve
Other L . |Chest imaging, vascular .
L. characterization, perfusion| . assessment, cardiad
Applications ] . imaging ) )
imaging chamber dimensions
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