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Abstract: (1) Background: Epi- and Paracardial Adipose Tissue (EAT, PAT) have been spotlighted as
important biomarkers in cardiological assessment in recent years. Since biomarker quantification is
an increasingly important method for clinical use, we wanted to examine fully automated EAT and
PAT quantification for possible use in cardiovascular risk stratification. (2) Methods: 966 patients
with intermediate Framingham risk scores for Coronary Artery Disease referred for coronary calcium
scans were included in clinical routine retrospectively. The Coronary Artery Calcium Score (CACS)
was extracted and tissue quantification was performed by a deep learning network. (3) Results:
The Computed Tomography (CT) segmentations predicted by the network indicated no significant
correlation between EAT volume and EAT radiodensity when compared to Agatston score (r = 0.18,
r = −0.09). CACS 0 category patients showed significantly lower levels of total EAT and PAT
volumes and higher EAT and PAT densities than CACS 1–99 category patients (p < 0.01). Notably,
this difference did not reach significance regarding EAT attenuation in male patients. Women older
than 50 years, thus more likely to be postmenopausal, were shown to be at higher risk of coronary
calcification (p < 0.01, OR = 4.59). CACS 1–99 vs. CACS ≥100 category patients remained below
significance level (EAT volume: p = 0.087, EAT attenuation: p = 0.98). (4) Conclusions: Our study
proves the feasibility of a fully automated adipose tissue analysis in clinical cardiac CT and confirms
in a large clinical cohort that volume and attenuation of EAT and PAT are not correlated with
CACS. Broadly available deep learning based rapid and reliable tissue quantification should thus be
discussed as a method to assess this biomarker as a supplementary risk predictor in cardiac CT.

Keywords: epicardial adipose tissue; paracardial adipose tissue; body composition analysis; deep
learning; artificial intelligence; atherosclerosis

1. Introduction

Epicardial Adipose Tissue (EAT) and Paracardial Adipose Tissue (PAT) are considered
to be metabolically active organs surrounding the heart and adjacent vessels. In recent
years, various studies indicated that EAT is linked to cardiovascular pathologies such as
coronary artery disease, atrial fibrillation, and heart failure with preserved ejection fraction
and future major adverse cardiac events (MACE) [1–3]. While obesity might be a driving
factor in enhancing deranged adipogenesis in EAT and result in secretion of proinflamma-
tory cytokines [4,5], other hormonal factors like diabetes mellitus or menopause seem to
influence these two fat depots in their paracrine activity on the cardiovascular system [6,7].
These pathological developments in pericardial fat depots can be measured and quantified
by Computed Tomography (CT).
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1.1. Distinguishing Epicardial and Paracardial Adipose Tissue

Defining epicardial, paracardial and pericardial adipose tissue is of great relevance
since these tissues differ in their embryological descent and function. While the term
Pericardial Adipose Tissue encompasses both Epi- and Paracardial Adipose Tissue [8], the
distinction between the latter two tissues has to be stressed. As Iacobellis et al. [9] de-
scribed, EAT is defined as visceral fat located below the parietal pericardium surrounding
the myocardium with no dividing fascia to the latter, which explains the shared microcir-
culation [10]. As EAT increases, it progressively fills the space between the ventricles and
the remaining epicardial surface. EAT can also extend into the myocardium, following
the adventitia of the coronary artery branches [9]. PAT is defined as the fat deposit in the
mediastinum adjacent to the parietal pericardium: it surrounds the perivascular space of
the adventitia of the coronary arteries, as well as the space outside the visceral pericardium
and on the external surface of the parietal pericardium [11].

From an embryological perspective, the distinction is clear: EAT evolves from brown
adipose tissue during embryogenesis, likewise from omental and mesenteric fat cells, and
derives from the splanchnopleuric mesoderm [9,12]. In contrast to PAT, EAT is innervated
and contains stromal, inflammatory, and immune cells [4]. PAT derives from the primitive
thoracic mesenchyme, which splits into two layers, forming the parietal pericardium from
the inner layer and the outer thoracic wall from the outer layer [9]. Therefore, PAT is
perfused by branches of the internal thoracic artery, like the pericardiacophrenic artery [9].

1.2. EAT and the Relationship to Coronary Calcification

The anatomical proximity of EAT to the myocardium and coronary arteries results in
various paracrine effects with which EAT seems to modulate heart function and inflam-
matory processes [13]. However, it is also considered a risk factor for atherosclerosis and
atrial fibrillation [1,14]. Goeller et al. described significantly higher EAT volume in patients
with coronary calcium, especially at an early stage of atherosclerosis, compared to patients
without coronary calcification [3]. Furthermore, EAT radiodensity was significantly lower
in patients with coronary calcium, which might be related to a higher cardiovascular
risk [3,15]. Eisenberg et al. examined EAT and Coronary Artery Calcium Score (CACS)
on the EISNER trial, showing that EAT and CACS were independent future predictors of
MACE, and that EAT was a predictor of such events in patients with no coronary artery
calcification (CAC) [16].

1.3. PAT Accumulation as a Potential Sign of Cardiovascular Risk in Postmenopausal Women

PAT is currently not considered to have a similar impact on Coronary Artery Disease
(CAD) as EAT [17]. Still, PAT might play a more specific role in different respects: El
Khoudary et al. suggests that PAT could be a “potential menopause-specific coronary artery
disease risk marker” [7]. In multiple studies, an association between PAT accumulation
and increased coronary calcium presence could be shown, with the menopausal stage and
estradiol and hormone therapy accounted for [7,18].

1.4. AI for Clinical Biomarker Extraction

Artificial Intelligence is an emerging tool for biomarker extraction and precisely
quantifying biomarkers in large-scale study cohorts [19–21]. Some deep learning-based
(DL) approaches to EAT have already been demonstrated [16,21]. While CT scans are
performed for various clinical indications, potentially valuable biometric data often goes
unused. Body composition analysis (BCA) enables the quantification of biomarkers and
processing of biometric data.

To our knowledge, there are currently no studies that have integrated epicardial and
paracardial fatty tissue quantification into a fully automated body composition analysis.

In the present study, using fully-automated body composition analysis, we investi-
gated the statistical correlation between epi- and paracardial adipose tissue and calcification
score in cardiac CT in a relatively large cohort of patients from clinical routine care.



J. Clin. Med. 2021, 10, 356 3 of 11

2. Experimental Section
2.1. Study Design and Study Population

In this retrospective study, 966 consecutive outpatients with either increased cardio-
vascular risk factors or atypical chest pain referred for a coronary calcium CT scan at the
Radiology Department of the Elisabeth Krankenhaus Essen between June 2013 and Jan-
uary 2020 were included. Pursuant to German clinical practice recommendations, patients
with Framingham risk scores indicative of an intermediate CAD risk were referred for
coronary calcium CT scans [22–24]. 632 of the 996 patients were female, and 334 were male.
Standardized cardiac CT scans were obtained for every patient. Non-contrast-enhanced
CT scans amounted to 741 scans (35% male/65% female), and contrast-enhanced CT scans
accounted for 225 scans (34% male/66% female). Tables 1 and 2 outline the characteristics
of the study population and the performed examinations.

Table 1. Patient characteristics itemized by age, gender, BMI and Coronary Artery Calcium Score
(CACS) categories.

Variable Numeric Value

No. of examined patients 966 (334 male/632 female)
Age 59.3 ± 9.6 years

BMI (kg/m2) 26.9 ± 4.7
CACS 0 526 (134 male/392 female)

CACS 1–99 293 (126 male/167 female)
CACS ≥100 147 (74 male/73 female)

Ethical approval for this study was obtained from the Institutional Review Board (ID: 20-9635-BO).

2.2. Dual Source Computed Tomography Examinations and Coronary Calcium Scoring

Dual Source Computed Tomography (DSCT) examinations were conducted using
a 2 × 128 detector row DSCT scanner (SOMATOM Definition Flash, Siemens Medical
Solutions, Forchheim, Germany) with a gantry rotation time of 280 ms and a temporal
resolution of 75 ms (collimation: 128 × 0.6 mm, slice thickness: 5 mm, reconstruction
increment: 2.5 mm, tube current time product per rotation: 80 mAs, tube voltage: 120 kV).
CARE Dose4D™ algorithm (Siemens Medical Solutions, Forchheim, Germany) was applied
to minimize radiation exposure. The tube current modulation algorithm “ECG-pulsing”
(Siemens Medical Solutions, Forchheim, Germany) was used, resulting in a dose reduction
of 80% outside the pulsing window, which was set between 50% and 70% of the R–R
interval. The radiation dose was estimated by the dose-length product and the Computed
Tomography Dose Index volume (CDTIvol) according to the European Working Group
for Guidelines on Quality Criteria in CT [25]. All scans were performed in craniocaudal
direction during inspiratory breath-hold with reconstruction at 60% of the R–R interval.
All scans were evaluated using dedicated software Syngo.Via VB 30 (Siemens Medical
Solutions, Erlangen, Germany). Coronary calcifications were defined on CT images as
the presence of more than two adjacent pixels with Hounsfield units greater than 130.
The Agatston score was calculated automatically depending on the extent and density of
the coronary lesions [26]. Additionally, the volumetric score was calculated by automatic
multiplication of the calcified area in axial slices by slice thickness. Coronary Artery
Calcium Score (CACS) was reported in three categories: no coronary calcium (CACS of 0),
mild CAC (CACS 1–99) and more advanced CAC (CACS ≥100) [27,28] pursuant to common
CACS grouping [24].

2.3. Deep Learning Architecture

For this study, an in-house DL-based body composition analysis system was utilized,
which is an evolution from the system described in Koitka et al. [19]. Abdominal, thoracic,
and head-and-neck CT scans, both non-contrast enhanced and contrast enhanced, can be
processed in order to get tissue composition profiles for these CT scans.
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The DL system utilizes a multi-resolution U-Net 3D network in order to segment the
body into semantic regions. Adipose and muscular tissues are identified using known
Hounsfield unit thresholds, −190 to −30 HU for adipose tissue and −29 to 150 HU for
muscular tissue [29], and afterwards subclassified using the semantic body regions from
the deep learning system. This approach allows to quantify five different adipose tissue
biomarkers (subcutaneous adipose tissue, visceral adipose tissue, intermuscular adipose
tissue, EAT and PAT) as well as the muscular tissue volume. Furthermore, segmented
regions like the pericardium can also be used directly to measure the total volume enclosed
by the pericardial sac. Technical details of the respective methodology is disclosed in
Koitka et al. [19]. For this study, a training dataset of 100 thoracic CT scans divided 50/50
with (non-) contrast enhanced scans was pre-processed by three experienced human readers.

2.4. Quantification of Epicardial Adipose Tissue

The EAT examination was performed by a fully automated deep learning-based
algorithm. Considering the fine differentiations necessary between these fat deposits, as
stated in Section 1.1, the relevant regions were defined accordingly as follows: to extract
measurements for EAT, the pericardium was segmented in the training dataset. EAT was
derived from the pericardium region via automated HU thresholding for adipose tissue
which was defined as any adipose voxels between −190 and −30 HU [19,29]. Based on
the definition of Bertaso et al. [8], the mediastinum, confined by the superior and inferior
thoracic aperture, was segmented and PAT was defined as any adipose voxel in this region.

Both fat depots were measured automatically into EATvol (EAT Volume) and EATatt
(EAT Attenuation), as well as PATvol (PAT Volume) and PATatt (PAT Attenuation). Since
cardiac CT imaging was confined within the superior and inferior borders of the heart
before acquisition, due to dose reduction, PAT could not be measured in total.

2.5. Statistical Analysis

Statistical analysis was conducted using SciPy software [30] (version 1.5.4 for Linux).
Continuous variables are stated as mean ± standard deviation (SD) and 95%-confidence
interval (95%-CI), while categorical variables are stated as frequencies and percentages.
Pearson rank correlations were calculated to determine the relationships between tissue
type measures and the Agatston score, BMI, age, and gender. Because the pre-analysis
of the dataset indicated not normally distributed data, the Kruskal-Wallis Test and post
hoc Dunn’s test were performed to compare CACS categories and gender groups. Dunn’s
test evaluates stochastic dominance and reports the results among multiple pairwise com-
parisons after a Kruskal-Wallis test evaluates stochastic dominance among k groups [31].
Kruskal-Wallis Test (KW-Test) results therefore indicate whether an incremental stochastic
difference in a group is present, while the Dunn’s Test (DT) evaluates significant differ-
ences between subgroups of that category. The Odds Ratio was calculated to compare the
strength of the statistical association between tissue characteristics and CACS in different
sub-cohorts. A two-sided independent t-test was performed to compare two different age
groups in the female sub-cohort. A p-value of <0.01 was considered statistically significant.
The level of significance was set this high in order to take the large volume of included
patients into account.

3. Results
3.1. Study Population

966 patients were included, summarized in detail in Tables 1 and 2. 19 patients with
insufficient data or motion artefacts were reviewed and excluded beforehand. Common
CACS grouping was used as mentioned above.
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Table 2. Features measured and itemized into gender- and CACS groups (both/male/female) to allow for comparability to
other study cohorts.

CACS Category Mean Value (b/m/f) Standard Deviation
(b/m/f) 95%-CI (b/m/f)

Epicardial Adipose Tissue
(EAT)vol (mL)

0 90.44/108.1/84.44 38.39/46.28/33.29 [87.15, 93.73]/[100.1, 115.91]/[81.13, 87.74]
1–99 108.25/124.35/96.11 44.68/49.71/36.15 [103.12, 113.39]/[115.58, 133.11]/[90.6, 101.63]
≥100 118.25/134.07/102.21 50.61/57.55/36.29 [110.0, 126.5]/[120.74, 147.4]/[93.74, 110.68]

EATatt (HU)
0 −73.48/−73.25/−73.56 4.72/4.72/4.73 [−73.89, −73.08]/[−74.06, −72.45]/[−74.03, −73.09]

1–99 −74.95/−74.46/−75.32 4.59/4.6/4.57 [−75.48, −74.42]/[−75.28, −73.65]/[−76.02, −74.62]
≥100 −75.08/−75.33/−74.83 5.03/5.41/4.64 [−75.9, −74.26]/[−76.59, −74.08]/[−75.91, −73.742]

Paracardial Adipose Tissue
(PAT)vol (mL)

0 130.77/193.8/109.23 78.67/98.23/56.57 [124.03, 137.51]/[177.02, 210.59]/[103.61, 114.85]
1–99 171.76/223.51/132.72 93.77/99.62/66.55) [160.99, 182.55]/[205.95, 241.08]/[122.56, 142.89]
≥100 200.46/260.34/139.76 116.6/127.09/61.43 [181.45, 219.47]/[230.89, 289.78]/[125.43, 154.1]

PATatt (HU)
0 −95.58/−97.78/−94.82 6.02/6.67/5.6 [−96.09, −95.06]/[−98.92, −96.64]/[−95.38, −94.27]

1–99 −98.05/−99.88/−96.66 5.95/5.96/5.57 [−98.73, −97.36]/[−100.93, −98.83]/[−97.51, −95.81]
≥100 −98.44/−100.93/−95.91 6.39/6.62/5.05 [−99.48, −97.4]/[−102.47, −99.4]/[−97.09, −94.73]

BMI (m/kg2)
0 26.49/27.7/26.06 4.8/4.29/4.91 [26.02, 26.96]/[25.49, 26.62]/[26.88, 28.52]

1–99 27.52/28.19/26.93 5.37/4.14/6.22 [26.79, 28.26]/[25.76, 28.16]/[27.36, 29.02]
≥100 26.67/26.44/26.89 4.01/3.28/4.7 [25.9, 27.45]/[25.12, 27.763]/[26.0, 27.78]

Age (years)
0 53.8/50.13/55.06 9.87/9.92/9.55 [52.96, 54.65]/[48.44, 51.83]/[54.11, 56.01]

1–99 59.89/55.76/63.01 9.42/8.4/8.95 [58.81, 60.97]/[54.27, 57.24]/[61.64, 64.38]
≥100 64.19/61.51/66.91 9.43/9.67/8.4 [62.65, 65.73]/[59.27, 63.75]/[64.95, 68.87]

3.2. DL-Network Performance in Tissue Quantification

After training the deep learning system, it reached highly accurate predictions on
CT scans of all tissue types on the independent test-dataset. The Sørensen Dice Score for
relevant semantic body regions on the test set showed: thoracic cavity: 0.98, mediastinum:
0.90, pericardium: 0.96, subcutaneous tissue: 0.97 and muscle: 0.96. Subsequently, a fully
automated BCA was performed on the complete study cohort using the trained system
(Figure 1).

3.3. Measuring EAT and PAT in Relation to CACS

EATvol and PATvol, as well as EATatt and PATatt, were not significantly correlated to
the individual Agatston scores (EATvol r = 0.18, EATatt r = −0.09, PATvol r = 0.25, PATatt
r = −0.14).

After dividing data into CACS categories, the following observations can be made:
CACS 0 category patients showed significantly lower levels of total EATvol than those with
coronary calcium (CACS 0 vs. 1–99). However, patients with mild CAC (CACS 1–99) com-
pared to patients with advanced CAC (CACS ≥100) did not show significant differences
in EATvol levels, as shown in Figure 2. Table 3 outlines these differences in a group-wise
comparison. When subdivided into gender-specific groups, women in CACS 1–99 category
showed significantly higher levels of EATvol than those with no CAC, as well as men in
these categories.

Similar observations could be made concerning EATatt. Patients with coronary calci-
fication had lower levels of radiodensity in EAT compared to patients with no coronary
calcification (Table 2). These categories showed significant differences when compared
between CACS 0 vs. CACS 1–99. However, these categories did not show significant differ-
ences when compared between CACS 1–99 vs. CACS 100 categories (Figure 2). Itemized
into gender groups, the described relation was significant for female patients, while it was
not above significance level for male patients.
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Figure 2. Comparing EATvol and EATatt between CACS categories and gender groups. (a) EAT volume increases
significantly between CACS 0 vs. CACS 1–99 in women and men. No significance between CACS 1–99 vs. CACS ≥100
for both sexes. (b) EAT attenuation increases significantly between CACS 0 vs. CACS 1–99 in women, but not in men. No
significance between CACS 1–99 vs. CACS ≥100 for both sexes (see Table 3).
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Table 3. Inter-group comparison of CACS groups itemized into gender groups (both/male/female) regarding their
significance. The results of Dunn’s Test are stated as not applicable (N/A) when the Kruskal-Wallis test does not reach the
significance level.

Feature Gender (b/m/f) Kruskal-Wallis Test Dunn’s Test CACS 0 vs. 1–99 Dunn’s Test CACS 1–99
vs. >100

EATvol (mL)
Male <0.01 <0.01 0.37

Female <0.001 <0.001 0.18
Both <0.001 <0.001 0.08

EATatt (HU)
Male 0.02 0.06 0.35

Female <0.001 <0.001 0.40
Both <0.001 <0.001 0.98

PATvol (mL)
Male <0.001 <0.01 0.10

Female <0.001 <0.001 0.29
Both <0.001 <0.001 0.05

PATatt (HU)
Male <0.01 <0.01 0.38

Female <0.001 <0.001 0.38
Both <0.001 <0.001 0.84

BMI (m/kg2)
Male 0.18 N/A N/A

Female 0.35 N/A N/A
Both 0.03 N/A N/A

Age (years)
Male <0.001 <0.001 <0.001

Female <0.001 <0.001 <0.01
Both <0.001 <0.001 <0.001

PAT was of significantly lower volume and of higher radiodensity in patients without
CAC (CACS 0) compared to those with mild CAC (CACS 1–99). Mild CAC compared
to advanced CAC (CACS ≥100) showed no significant differences in neither PATvol nor
PATatt levels (Tables 2 and 3). The described relation between CACS 0 and CACS 1–99
was significant for female patients, as well as for male patients with respect to PATvol and
PATatt levels.

All these findings were independent from BMI, which did not increase or decrease
significantly when comparing CACS categories.

Table 2 lists all the features measured, while Table 3 shows a complete inter-group
comparison of CACS-groups.

3.4. Secondary Findings: Age Based Comparison of Female Patients between Pericardial Fat and
CACS Categories

Age was a significant risk factor for CAC in both mild and advanced stages (see Table 3).
When examined using the independent two-sided t-test, women aged older than

50 years were significantly more likely to show more coronary calcification (CACS ≥10)
than women younger than 51 years (p < 0.001, OR = 4.598). In the female sub-cohort
consisting of 632 patients, 62.03% had no calcifications (compared to 40.11% of men),
26.42% were ranked CACS 1–99 (compared to 37.72% of men) and 11.55% were ranked
CACS ≥100 (compared to 22.15% of men). However, no specific correlation could be
observed when correlating these following parameters: the Pearson coefficient for PATvol
and PATatt and to age was r = 0.391, r = −0.393 in female CACS 0 patients, r = 0.168
and r = −0.274 in female CACS 1–99 patients, and r = 0.178 and r = −0.229 in CACS
≥100 patients.
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4. Discussion

In the present study, we used fully-automated body composition analysis to investi-
gate the statistical correlation between epi- and paracardial adipose tissue and calcification
score in cardiac CT in a relatively large cohort of patients from clinical routine care.

The volume and radiodensity of EAT and PAT do not correlate significantly with
Agatston Score (EATvol r = 0.19, EATatt r = −0.09, PATvol r = 0.25, PATatt r = −0.14).
Patients with mild CAC (CACS 1–99) showed significantly increased volumes of EAT and
PAT in comparison to patients with no CAC (p < 0.01) but showed significantly decreased
levels of EAT and PAT radiodensity in the same compared categories (p < 0.01). The
DL-network performed well on the cohort dataset and successfully provided automated
EAT and PAT assessment. The cohort is characterized by its intermediate Framingham
risk score for CAD [24], resulting in the relative preponderance of female patients who are
generally less prone to develop CAD compared to males. According to national clinical
practice recommendations, these patients were referred for CT calcium scans in order to
examine atypical symptoms. CT calcium scans have a high negative predictive value for
these individuals to either rule out or prove the existence of CAC in order to intervene
early in the pathogenesis of CAD [23].

Because EAT and PAT do not show a significant correlation when compared with
CACS, these parameters can therefore not be used as a surrogate marker for CAC. No cut-off
scores in EAT and PAT characteristics could be identified for high risk CAD. Although more
female patients than male patients were included in this cohort and relatively more women
compared to men had no CAC at all, significant differences in EAT and PAT characteristics
between CACS 1–99 and CACS 0 were found in both subgroups. The observed sex-based
difference in EAT accumulation requires further investigation. Moreover, women had
higher odds of developing more coronary calcification (CACS ≥10) after reaching the mean
age of menopause [32] compared to younger women, as laid out below. Remarkably, these
findings were independent of BMI, which might indicate that these two fat deposits might
be less connected to general adiposity or processes in visceral fat depots, respectively.

It could be demonstrated that the DL-based approach [19] is technically robust and
efficient. Training the CNN with clinical routine chest CT scans, using both contrast-
enhanced and non-contrast-enhanced CT scans from the standardized calcium scan CT
protocols, did not diminish its performance. Sørensen Dice Scores did not indicate different
performances depending on the use of contrast agent, which was confirmed by manually
reviewing the predicted segmentations. While manual chest CT annotation is not feasible
in clinical routine, our BCA software predicted full tissue quantification in five to ten
seconds, making it more resource-conserving and therefore applicable in clinical practice.
The system is able to provide various other data on tissue quantification and their relations
to each other (e.g., see Section 2.3), contrary to other DL-based approaches that focus on
single biomarkers, e.g., EAT [16,21].

Recent studies have investigated EAT and PAT in a variety of possibly related car-
diovascular diseases. Eisenberg et al. and Goeller et al. examined EAT and its relation to
MACE, and observed an association between increased EATvol and decreased EATatt and
MACE. They described EAT as a cardiovascular risk factor for atherosclerosis and as an
independent risk factor for MACE, and found similarly significant differences between
EATvol and EATatt when comparing CACS 0 vs. CACS 1–99 category patients [3,16].
Mahabadi et al. support these findings, and indicate different pathways between higher
volume of EAT and CAD [27]. As described, we could observe similar differences between
these CACS categories with respect to EAT and PAT characteristics in patients. These
differences might be important hints for determining which individuals are more likely to
develop CAD in future when they currently have no or minor levels of CAC. Judging from
our results, neither EAT nor PAT can be used as general reliable surrogate markers for CAC
in general since a correlation could not be observed. Still, EAT and PAT assessment might
provide potential individual prognostic value when it is examined in early consultation
since its accumulation might indicate local pathological processes distinguishable from
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visceral adiposity, as mentioned above. Also, some sex-based disparities in EAT and PAT
characteristics could be observed, which could not be explained in research so far. The role
of PAT has to be examined more intensely.

Especially in low- to intermediate-risk patients, automated EAT analysis could provide
an additional prognostic marker. In in these patients, the volume of epicardial adipose
tissue seems to be associated with an increased risk of cardiovascular events [3,17,33].
Moreover, an EAT analysis can be derived from calcium scoring examinations, which are
indicated in this group of patients anyway [23].

As Pickhardt et al. point out, BCA can add great opportunistic value, and even out-
perform established clinical parameters, for pre-symptomatic risk analysis when deployed
to extract individual biometric information from medical images for a variety of clinical
indications [20]. The employed DL-based approach provided an efficient biomarker ex-
traction of EAT, PAT and a variety of other tissue biomarkers on a large clinical cohort in a
precise manner.

EAT and PAT cannot be used as surrogate markers for CACS, and are not eligible as
direct risk markers for CAD. Especially women seem prone to increased coronary calcifica-
tion related to increased EAT and PAT volume and decreased EAT and PAT radiodensity.
Body composition analysis is a potentially practicable method for EAT and PAT biomarker
assessment in clinical routine.

We acknowledge some limitations of this study beyond its single-center design. The
mean age of menopause [32] is not a strict marker of menopause and should be confirmed
by the current hormonal status. Because of the CT protocol’s curtailment of the superior
and inferior ends of the heart, PAT was measured in a standardized manner, but could
not be measured in total. Because the study design focused on a clinical cohort, precisely
characterized patient data on pre-existing diseases, individual risk factors, and outcomes
was lacking. However, the conducted study complements other studies performed on
study collectives with its findings on imaging data compiled in clinical routine care.

5. Conclusions

Our study shows that a fully automated adipose tissue analysis in clinical cardiac CT is
feasible and confirms in a large clinical cohort that the volume and attenuation of pericardial
adipose tissue is not correlated with coronary calcification score. Against the background
of broadly available deep learning-based rapid and reliable tissue quantification and
previously described connections between pericardial fatty tissue and cardiovascular
events, the routine assessment of this valuable biomarker as a supplementary risk predictor
in cardiac CT should be discussed.
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Abbreviations

BCA Body Composition Analysis
BMI Body Mass Index
CAC Coronary Artery Calcification
CACS Coronary Artery Calcium Score
CAD Coronary Artery Disease
CNN Computed Neural Network
DL Deep Learning
DT Dunn’s Post Test
EAT Epicardial Adipose Tissue
KW-Test Kruskal-Wallis Test
MACE Major Adverse Cardiac Event
PAT Paracardial Adipose Tissue

References
1. Le Jemtel, T.H.; Samson, R.; Ayinapudi, K.; Singh, T.; Oparil, S. Epicardial Adipose Tissue and Cardiovascular Disease. Curr.

Hypertens Rep. 2019, 21, 36. [CrossRef] [PubMed]
2. Mahabadi, A.A.; Lehmann, N.; Kälsch, H.; Bauer, M.; Dykun, I.; Kara, K.; Moebus, S.; Jöckel, K.H.; Erbel, R.; Möhlenkamp, S.

Association of Epicardial Adipose Tissue and Left Atrial Size on Non-Contrast Ct with Atrial Fibrillation: The Heinz Nixdorf
Recall Study. Eur. Heart J. Cardiovasc. Imaging 2014, 15, 863–869. [CrossRef] [PubMed]

3. Goeller, M.; Achenbach, S.; Marwan, M.; Doris, M.K.; Cadet, S.; Commandeur, F.; Chen, X.; Slomka, P.J.; Gransar, H.; Cao, J.J.; et al.
Epicardial Adipose Tissue Density and Volume Are Related to Subclinical Atherosclerosis, Inflammation and Major Adverse
Cardiac Events in Asymptomatic Subjects. J. Cardiovasc. Comput. Tomogr. 2018, 12, 67–73. [CrossRef] [PubMed]

4. Mazurek, T.; Zhang, L.; Zalewski, A.; Mannion, J.D.; Diehl, J.T.; Arafat, H.; Sarov-Blat, L.; O’Brien, S.; Keiper, E.A.; Johnson, A.G.;
et al. Human Epicardial Adipose Tissue Is a Source of Inflammatory Mediators. Circulation 2003, 108, 2460–2466. [CrossRef]
[PubMed]

5. Packer, M. Epicardial Adipose Tissue May Mediate Deleterious Effects of Obesity and Inflammation on the Myocardium. J. Am.
Coll. Cardiol. 2018, 71, 2360–2372. [CrossRef]

6. Villasante Fricke, A.C.; Iacobellis, G. Epicardial Adipose Tissue: Clinical Biomarker of Cardio-Metabolic Risk. Int. J. Mol. Sci.
2019, 20, 5989. [CrossRef]

7. El Khoudary, S.R.; Shields, K.J.; Janssen, I.; Budoff, M.J.; Everson-Rose, S.A.; Powell, L.H.; Matthews, K.A. Postmenopausal
Women with Greater Paracardial Fat Have More Coronary Artery Calcification Than Premenopausal Women: The Study of
Women’s Health across the Nation (Swan) Cardiovascular Fat Ancillary Study. J. Am. Heart Assoc. 2017, 6, e004545. [CrossRef]

8. Bertaso, A.G.; Bertol, D.; Duncan, B.B.; Foppa, M. Epicardial Fat: Definition, Measurements and Systematic Review of Main
Outcomes. Arq. Bras. Cardiol. 2013, 101, 18–28. [CrossRef]

9. Iacobellis, G.; Willens, H.J. Echocardiographic Epicardial Fat: A Review of Research and Clinical Applications. J. Am. Soc.
Echocardiogr. 2009, 22. [CrossRef]

10. Iacobellis, G.; Corradi, D.; Sharma, A.M. Epicardial Adipose Tissue: Anatomic, Biomolecular and Clinical Relationships with the
Heart. Nat. Clin. Pract. Cardiovasc. Med. 2005, 10, 536–543. [CrossRef]

11. Iacobellis, G. Epicardial and Pericardial Fat: Close, but Very Different. Obesity 2009, 17, 625. [CrossRef] [PubMed]
12. Marchington, J.M.; Mattacks, C.A.; Pond, C.M. Adipose Tissue in the Mammalian Heart and Pericardium: Structure, Foetal

Development and Biochemical Properties. Comp. Biochem. Physiol. B 1989, 94, 225–232. [CrossRef]
13. Forouzandeh, F.; Chang, S.M.; Muhyieddeen, K.; Zaid, R.R.; Trevino, A.R.; Xu, J.; Nabi, F.; Mahmarian, J.J. Does Quantifying

Epicardial and Intrathoracic Fat with Noncontrast Computed Tomography Improve Risk Stratification Beyond Calcium Scoring
Alone? Circ. Cardiovasc. Imaging 2013, 6, 58–66. [CrossRef] [PubMed]

14. Wong, C.X.; Ganesan, A.N.; Selvanayagam, J.B. Epicardial Fat and Atrial Fibrillation: Current Evidence, Potential Mechanisms,
Clinical Implications, and Future Directions. Eur. Heart J. 2017, 38, 1294–1302. [CrossRef]

15. Abraham, T.M.; Pedley, A.; Massaro, J.M.; Hoffmann, U.; Fox, C.S. Association between Visceral and Subcutaneous Adipose
Depots and Incident Cardiovascular Disease Risk Factors. Circulation 2015, 132, 1639–1647. [CrossRef]

16. Eisenberg, E.; McElhinney, P.A.; Commandeur, F.; Chen, X.; Cadet, S.; Goeller, M.; Razipour, A.; Gransar, H.; Cantu, S.; Miller,
R.J.H.; et al. Deep Learning-Based Quantification of Epicardial Adipose Tissue Volume and Attenuation Predicts Major Adverse
Cardiovascular Events in Asymptomatic Subjects. Circ. Cardiovasc. Imaging 2020, 13, e009829. [CrossRef]

17. Lu, M.T.; Park, J.; Ghemigian, K.; Mayrhofer, T.; Puchner, S.B.; Liu, T.; Fleg, J.L.; Udelson, J.E.; Truong, Q.A.; Ferencik, M.; et al.
Epicardial and Paracardial Adipose Tissue Volume and Attenuation—Association with High-Risk Coronary Plaque on Computed
Tomographic Angiography in the Romicat Ii Trial. Atherosclerosis 2016, 251, 47–54. [CrossRef]

18. El Khoudary, S.R.; Shields, K.J.; Janssen, I.; Hanley, C.; Budoff, M.J.; Barinas-Mitchell, E.; Everson-Rose, S.A.; Powell, L.H.;
Matthews, K.A. Cardiovascular Fat, Menopause, and Sex Hormones in Women: The Swan Cardiovascular Fat Ancillary Study. J.
Clin. Endocrinol. Metab. 2015, 100, 3304–3312. [CrossRef]

http://doi.org/10.1007/s11906-019-0939-6
http://www.ncbi.nlm.nih.gov/pubmed/30953236
http://doi.org/10.1093/ehjci/jeu006
http://www.ncbi.nlm.nih.gov/pubmed/24497517
http://doi.org/10.1016/j.jcct.2017.11.007
http://www.ncbi.nlm.nih.gov/pubmed/29233634
http://doi.org/10.1161/01.CIR.0000099542.57313.C5
http://www.ncbi.nlm.nih.gov/pubmed/14581396
http://doi.org/10.1016/j.jacc.2018.03.509
http://doi.org/10.3390/ijms20235989
http://doi.org/10.1161/JAHA.116.004545
http://doi.org/10.5935/abc.20130138
http://doi.org/10.1016/j.echo.2009.10.013
http://doi.org/10.1038/ncpcardio0319
http://doi.org/10.1038/oby.2008.575
http://www.ncbi.nlm.nih.gov/pubmed/19322142
http://doi.org/10.1016/0305-0491(89)90337-4
http://doi.org/10.1161/CIRCIMAGING.112.976316
http://www.ncbi.nlm.nih.gov/pubmed/23192847
http://doi.org/10.1093/eurheartj/ehw045
http://doi.org/10.1161/CIRCULATIONAHA.114.015000
http://doi.org/10.1161/CIRCIMAGING.119.009829
http://doi.org/10.1016/j.atherosclerosis.2016.05.033
http://doi.org/10.1210/JC.2015-2110


J. Clin. Med. 2021, 10, 356 11 of 11

19. Koitka, S.; Kroll, L.; Malamutmann, E.; Oezcelik, A.; Nensa, F. Fully Automated Body Composition Analysis in Routine Ct
Imaging Using 3d Semantic Segmentation Convolutional Neural Networks. Eur. Radiol. 2020. [CrossRef]

20. Pickhardt, P.J.; Graffy, P.M.; Zea, R.; Lee, S.J.; Liu, J.; Sandfort, V.; Summers, R.M. Automated Ct Biomarkers for Opportunistic
Prediction of Future Cardiovascular Events and Mortality in an Asymptomatic Screening Population: A Retrospective Cohort
Study. Lancet Digit. Health 2020, 2, e192–e200. [CrossRef]

21. Commandeur, F.; Goeller, M.; Razipour, A.; Cadet, S.; Hell, M.M.; Kwiecinski, J.; Chen, X.; Chang, H.J.; Marwan, M.; Achenbach,
S.; et al. Fully Automated Ct Quantification of Epicardial Adipose Tissue by Deep Learning: A Multicenter Study. Radiol. Artif.
Intell. 2019, 1, e190045. [CrossRef] [PubMed]

22. Wilson, P.W.; D’Agostino, R.B.; Levy, D.; Belanger, A.M.; Silbershatz, H.; Kannel, W.B. Prediction of Coronary Heart Disease
Using Risk Factor Categories. Circulation 1998, 97, 1837–1847. [CrossRef] [PubMed]

23. Achenbach, S.; Barkhausen, J.; Beer, M.; Beerbaum, P.; Dill, T.; Eichhorn, J.; Fratz, S.; Gutberlet, M.; Hoffmann, M.; Huber,
A.; et al. Konsensusempfehlungen Der Drg/Dgk/Dgpk Zum Einsatz Der Herzbildgebung Mit Computertomographie Und
Magnetresonanztomographie. Kardiologe 2012, 6, 105–125. [CrossRef]

24. Greenland, P.; LaBree, L.; Azen, S.P.; Doherty, T.M.; Detrano, R.C. Coronary Artery Calcium Score Combined with Framingham
Score for Risk Prediction in Asymptomatic Individuals. JAMA 2004, 291, 210–215. [CrossRef] [PubMed]

25. Hausleiter, J.; Meyer, T.; Hadamitzky, M.; Huber, E.; Zankl, M.; Martinoff, S.; Kastrati, A.; Schömig, A. Radiation Dose Estimates
from Cardiac Multislice Computed Tomography in Daily Practice: Impact of Different Scanning Protocols on Effective Dose
Estimates. Circulation 2006, 113, 1305–1310. [CrossRef] [PubMed]

26. Agatston, A.S.; Janowitz, W.R.; Hildner, F.J.; Zusmer, N.R.; Viamonte, M., Jr.; Detrano, R. Quantification of Coronary Artery
Calcium Using Ultrafast Computed Tomography. J. Am. Coll. Cardiol. 1990, 15, 827–832. [CrossRef]

27. Mahabadi, A.A.; Berg, M.H.; Lehmann, N.; Kälsch, H.; Bauer, M.; Kara, K.; Dragano, N.; Moebus, S.; Jöckel, K.H.; Erbel, R.; et al.
Association of Epicardial Fat with Cardiovascular Risk Factors and Incident Myocardial Infarction in the General Population: The
Heinz Nixdorf Recall Study. J. Am. Coll Cardiol. 2013, 61, 1388–1395. [CrossRef] [PubMed]

28. Arad, Y.; Goodman, K.J.; Roth, M.; Newstein, D.; Guerci, A.D. Coronary Calcification, Coronary Disease Risk Factors, C-Reactive
Protein, and Atherosclerotic Cardiovascular Disease Events: The St. Francis Heart Study. J. Am. Coll. Cardiol. 2005, 46, 158–165.
[CrossRef]

29. Aubrey, J.; Esfandiari, N.; Baracos, V.E.; Buteau, F.A.; Frenette, J.; Putman, C.T.; Mazurak, V.C. Measurement of Skeletal Muscle
Radiation Attenuation and Basis of Its Biological Variation. Acta Physiol. 2014, 210, 489–497. [CrossRef]

30. Virtanen, P.; Gommers, R.; Oliphant, T.E.; Haberland, M.; Reddy, T.; Cournapeau, D.; Burovski, E.; Peterson, P.; Weckesser, W.;
Bright, J. Scipy 1.0: Fundamental Algorithms for Scientific Computing in Python. Nat. Methods 2020, 17, 261–272. [CrossRef]

31. Dunn, O.J. Multiple Comparisons Using Rank Sums. Technometrics 1964, 6, 241–252. [CrossRef]
32. Daan, N.M.; Fauser, B.C. Menopause Prediction and Potential Implications. Maturitas 2015, 82, 257–265. [CrossRef] [PubMed]
33. Mancio, J.; Azevedo, D.; Saraiva, F.; Azevedo, A.I.; Pires-Morais, G.; Leite-Moreira, A.; Falcao-Pires, I.; Lunet, N.; Bettencourt, N.

Epicardial Adipose Tissue Volume Assessed by Computed Tomography and Coronary Artery Disease: A Systematic Review and
Meta-Analysis. Eur. Heart J. Cardiovasc. Imaging 2018, 19, 490–497. [CrossRef] [PubMed]

http://doi.org/10.1007/s00330-020-07147-3
http://doi.org/10.1016/S2589-7500(20)30025-X
http://doi.org/10.1148/ryai.2019190045
http://www.ncbi.nlm.nih.gov/pubmed/32090206
http://doi.org/10.1161/01.CIR.97.18.1837
http://www.ncbi.nlm.nih.gov/pubmed/9603539
http://doi.org/10.1007/s12181-012-0417-8
http://doi.org/10.1001/jama.291.2.210
http://www.ncbi.nlm.nih.gov/pubmed/14722147
http://doi.org/10.1161/CIRCULATIONAHA.105.602490
http://www.ncbi.nlm.nih.gov/pubmed/16520411
http://doi.org/10.1016/0735-1097(90)90282-T
http://doi.org/10.1016/j.jacc.2012.11.062
http://www.ncbi.nlm.nih.gov/pubmed/23433560
http://doi.org/10.1016/j.jacc.2005.02.088
http://doi.org/10.1111/apha.12224
http://doi.org/10.1038/s41592-019-0686-2
http://doi.org/10.1080/00401706.1964.10490181
http://doi.org/10.1016/j.maturitas.2015.07.019
http://www.ncbi.nlm.nih.gov/pubmed/26278873
http://doi.org/10.1093/ehjci/jex314
http://www.ncbi.nlm.nih.gov/pubmed/29236951


This text is made available via DuEPublico, the institutional repository of the University of
Duisburg-Essen. This version may eventually differ from another version distributed by a
commercial publisher.

DOI:
URN:

10.3390/jcm10020356
urn:nbn:de:hbz:464-20210407-164253-7

This work may be used under a Creative Commons Attribution 4.0
License (CC BY 4.0).

https://duepublico2.uni-due.de/
https://duepublico2.uni-due.de/
https://doi.org/10.3390/jcm10020356
https://nbn-resolving.org/urn:nbn:de:hbz:464-20210407-164253-7
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction 
	Distinguishing Epicardial and Paracardial Adipose Tissue 
	EAT and the Relationship to Coronary Calcification 
	PAT Accumulation as a Potential Sign of Cardiovascular Risk in Postmenopausal Women 
	AI for Clinical Biomarker Extraction 

	Experimental Section 
	Study Design and Study Population 
	Dual Source Computed Tomography Examinations and Coronary Calcium Scoring 
	Deep Learning Architecture 
	Quantification of Epicardial Adipose Tissue 
	Statistical Analysis 

	Results 
	Study Population 
	DL-Network Performance in Tissue Quantification 
	Measuring EAT and PAT in Relation to CACS 
	Secondary Findings: Age Based Comparison of Female Patients between Pericardial Fat and CACS Categories 

	Discussion 
	Conclusions 
	References
	Infobox DuEPublico

