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Abstract: A large body of evidence arising from recent randomized clinical trials demonstrate the
association of vascular inflammatory mediators with coronary artery disease (CAD). Vascular in-
flammation localized in the coronary arteries leads to an increased risk of CAD-related events, and
produces unique biological alterations to local cardiac adipose tissue depots. Coronary computed
tomography angiography (CTA) provides a means of mapping inflammatory changes to both epi-
cardial adipose tissue (EAT) and pericoronary adipose tissue (PCAT) as independent markers of
coronary risk. Radiodensity or attenuation of PCAT on coronary CTA, notably, provides indirect
quantification of coronary inflammation and is emerging as a promising non-invasive imaging im-
plement. An increasing number of observational studies have shown robust associations between
PCAT attenuation and major coronary events, including acute coronary syndrome, and ‘vulnerable’
atherosclerotic plaque phenotypes that are associated with an increased risk of the said events. This
review outlines the biological characteristics of both EAT and PCAT and provides an overview of the
current literature on PCAT attenuation as a surrogate marker of coronary inflammation.

Keywords: atherosclerosis; coronary artery disease; computed tomography coronary angiography;
coronary inflammation; adipose tissue; epicardial adipose tissue; pericoronary adipose tissue

1. Introduction

In recent decades, atherosclerosis has become well recognised as a disease of chronic
vascular inflammation. Where the excess accumulation of lipid within layers of the arterial
wall was thought to be the most prominent driver of plaque formation, a strong body
of evidence, from histological studies to clinical trials, highlights the critical effect of
vascular inflammatory mechanisms in plaque formation and morphology, as well as their
contribution to the onset of major coronary events. The poor localisation of traditional
systemic biomarkers to the coronary vasculature has led to exploration and discovery of
suitable alternative methods of quantifying inflammatory risk using non-invasive coronary
computed tomography angiography (CTA) imaging.

2. Inflammation in Atherosclerosis

The nature of inflammation within atherosclerosis consists of a complex interplay of
cells and mediators derived from both innate and adaptive immunity [1,2]. Pathological
mechanisms driving plaque formation involve the accumulation of low-density lipopro-
tein (LDL) within the subendothelial space, which undergoes modifications to enhance
immunogenicity. Under conditions of LDL excess, however, resident macrophages and
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smooth muscle cells become engorged with lipid, and undergo transformation into highly
necrotic foam cells, which manifest macroscopically as the precursors to plaque in ‘fatty
streaks’. This triggers the induction of a pro-inflammatory microenvironment via the
upregulation of mediators facilitating further leukocyte localisation, chemotaxis and acti-
vation. For this reason, macrophages are considered the primary effectors of inflammation
in atherosclerosis [1,3]. Chemokines and cell adhesion molecules stimulate migration of
monocytes to the site of injury, and upon arrival differentiate into pro-inflammatory M1
macrophages via the action of local secreted mediators such as monocyte-colony stimu-
lating factor (M-CSF) and interferon-gamma (IFN-γ) [4]. IFN-γ is primarily secreted by
pro-inflammatory T-helper 1 (Th1) cells, which form the major adaptive component to
immune activity in atherosclerosis. Naïve T-cells are recruited and differentiate primarily
into the Th1 phenotype under the effects of antigen-presenting cells, triggering IFN-γ
generation whilst simultaneously inhibiting differentiation alternative T-cell lineages and
ensuring T-cell retention at the lesion site. In addition, atherosclerotic plaque is linked with
the presence of other lymphocytes, such as CD8+ T-cells, B-cells and natural killer cells,
collectively evidencing the contribution of both innate and adaptive immunity to plaque
inflammation [5–7]. Ultimately, a focal inflammatory microenvironment, induced by the
persistence of both leukocytes and LDL in atherosclerotic plaque, propagates this localised
inflammatory response to chronicity.

In addition to these experimental and observational studies that shed light on the
biological subtleties of atherosclerotic inflammation, randomised clinical trials (RCTs) have
established the association of inflammation with major cardiac events. The REVERSAL and
PROVE-IT trials saw high-intensity statin intervention mediating a significant reduction
in C-reactive protein (CRP) as well as endpoints in plaque progression and the onset of
acute coronary syndrome (ACS) [8,9]. The CANTOS and COLCOT trials subsequently
demonstrated that anti-inflammatory agents facilitated significant reductions in cardiac
event risk [10–12]. Thus, increased vascular inflammation burgeons the aetiology of
atherosclerosis from plaque formation to major coronary events.

3. Biology of Human Adipose Tissue

Human adipose tissue is a highly active endocrine organ with roles in energy storage
and metabolism [13]. The presence of both adipocytes and stromovascular cells enables
adipose tissue to act as a reserve of adipokines readily secreted into neighbouring tissues
and vessels. Adipocytes, in particular, constitute the major fraction of cells within adipose
tissue and play a critical role in maintaining healthy metabolic operation.

3.1. Adipose Tissue Depots

In humans, adipocytes are stratified into subtypes differentiable by their visual coloura-
tion to the naked eye and their function. White adipocytes comprise white adipose tissue
(WAT), the most abundant adipose tissue subtype in humans, serving the chief role of
energy storage. WAT derives circulating glucose and free fatty acids (FFAs) as substrates
for lipogenesis, while also readily mobilising stored energy as FFAs that are released into
the vasculature [13]. In contrast, brown adipose tissue (BAT) is responsible for energy
expenditure and thermogenesis. Brown adipocytes are characterised by the abundance of
mitochondria expressing uncoupling protein-1 (UCP1), enabling oxidation and clearance
of circulating FFAs and, therefore, BAT plays an integral role in regulating metabolic func-
tion [14]. Additionally, the presence of UCP1-expressing adipocytes within WAT depots
has led to the recognition of ‘brown-in-white’ or beige adipose tissue as a unique bevy of
adipocytes distinct from both brown and white fat. Beige adipocytes are most prominently
characterised by their plasticity, phenotypically resembling WAT in their latent state but
upon activation adopting energy-expending functionality similar to their counterparts
in BAT [15]. Human adipose tissue, therefore, demonstrates significant heterogeneity in
morphological characteristics and roles performed by its constituent subpopulations in
metabolic homeostasis.
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These adipose tissue subtypes vary in localisation according to depots in the human
body. Subcutaneous adipose tissue (SCAT) is a WAT-dominant depot that constitutes
approximately 80% of total adipose tissue volume in the body, and acts as a physical buffer
against mechanical stress, infection and heat loss, as well as being a natural reservoir for
excess energy in the body [16]. Visceral adipose tissue (VAT), conversely, lies within the
thoracic and peritoneal cavities and comprises a concomitantly smaller proportion of total
fat volume [17]. VAT characteristically shares arterial supply and venous drainage with
neighbouring anatomical structures, such that it bears an indirect association with the
viscera through shared components of the vasculature. In the abdomen, for instance, VAT
empties into the portal circulation alongside other abdominal organs, and through the
portal circulation is able to modulate hepatic metabolism [18]. Thus VAT not only shares
immediate proximity to major viscera and vessels, but also possesses a critically important
capacity to regulate metabolic operation in these regions in a paracrine manner.

3.2. Visceral Adipose Tissue of the Heart

While multiple VAT sites may be found in the thorax, understanding the relation-
ship between these depots and the vasculature requires distinguishing them from one
another according to their position relative to the heart. Epicardial adipose tissue (EAT)
is an anatomically and functionally distinct cardiac fat depot, situated entirely within the
pericardial sac between the visceral pericardium and the epicardial surface of the heart [19].
As a VAT depot that directly borders the coronary vasculature without fascial border, it is
important to understand the unique composition and functionality fulfilled by EAT under
both healthy and diseased conditions.

On a cellular level, EAT is largely composed of smaller and more numerous adipocytes
than abdominal VAT, even in the context of obesity [16,20,21]. Epicardial adipocytes
exhibit characteristics of beige adipocytes, having greater rates of both fatty acid syn-
thesis and digestion [21,22]. FFA oxidation accounts for a vital source of energy in the
myocardium [23], and as an active source of FFAs EAT therefore plays a vital role in
regulating cardiometabolic function. The proximity of EAT to the coronary vasculature
and myocardium provides multiple means by which fatty acid migration can occur, in a
mechanism similar to the previously discussed “portal theory” involving intraperitoneal
VAT [18,19]. Of particular interest, therefore, are fractions of EAT that are ‘perivascular’ in
nature, or immediately external to the vascular wall. Compositionally, perivascular adipose
tissue (PVAT) depots in the body reflect the morphological peculiarities of neighbouring
adipose tissue sites. For example, thoracic PVAT is thought to phenotypically resemble BAT,
unlike abdominal PVAT which may harbour more WAT characteristics [24]. Perivascular
components of EAT may therefore be constituted of primarily beige adipocytes, able to
fulfil dynamic roles in FFA sequestration and elimination alongside the release of various
vasoactive substances. The precise composition of adipocytes in this specific subset of EAT,
however, remains unclear. Functionally, PVAT around the body modulates vascular tone
by exerting anticontractile effects on the vasculature, but this is attenuated by exposure to
local inflammation [25,26]. Importantly, these findings highlight the paracrine molecular
interactions occurring between fat and vessel, as well as measurable changes occurring
within adipose tissue consequent of inflammation (Figure 1).
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Figure 1. Schematic representation of bidirectional signalling between the vasculature and adipose tissue, particularly 
perivascular (or pericoronary) fractions of epicardial adipose tissue (EAT). Under ‘healthy’ conditions, perivascular ad-
ipose tissue (PVAT) typically exhibits anticontractile and anti-inflammatory properties in response to markers of oxida-
tive stress and inflammation from the vasculature. Under ‘inflamed’ conditions, PVAT undergoes unique phenotypic 
changes due to vascular inflammation compared to non-perivascular adipose tissue located further from the vessel wall. 
These changes are detectable as increased attenuation on coronary computed tomography angiography (CTA). 

4. Association of Inflammation and Cardiac Adipose Tissue 
The signalling relationship shared between adipose tissue and vasculature is one that 

warrants significant consideration to understand the role of fat depots in metabolic regula-
tion. The nominal function of human adipose tissue becomes deranged under adverse car-
diometabolic conditions such as obesity, where increased triglyceride storage manifests in 
enlarged and hyperplastic white adipocytes associated with an amplified pro-inflammatory 
profile [27]. This particular interaction between adipose tissue and vasculature, therefore de-
fines an ‘outside-inside’ signalling hypothesis, in which adipokines and other fat-derived 
mediators elicit changes within the vasculature. However, this relationship is not simply 
unidirectional, as emerging evidence suggests that mediators derived from the vessel wall 
effects distinct changes to adipose tissue on a local basis. In addition to observational PVAT 
studies discussed previously, Margaritis et al. [28] established that adiponectin is the crux of 
a unique crosstalk occurring between vasculature and local adipose tissue. The authors 
showed that circulating vascular superoxide production was predictably associated with 
lower levels of circulating adiponectin, as absence of the latter leads to uncoupling and dys-
function of endothelial nitric oxide synthase (eNOS). However, oxidative stress, represented 
by 4-hydroxynonenal (4-HNE), induced elevated rather than decreased adiponectin gene 
expression in local PVAT. Where 4-HNE has been previously described to decrease adi-
ponectin expression as well as promote ubiquitin-mediated degradation of adiponectin in 
mice [29], it is clear that the opposite effect is observed in PVAT, leading the authors to sur-
mise that production of adiponectin by local perivascular adipocytes is regulated by factors 
independent of that of other adipose tissue depots. This local interaction therefore highlights 
that it is not only ‘outside-inside’ signalling in the form of dysfunctional adipocytes promot-
ing vascular inflammation that is present between fat and vessel, but ‘inside-outside’ signal-
ling through local PVAT changes in response to vascular inflammatory markers (Figure 1). 

Figure 1. Schematic representation of bidirectional signalling between the vasculature and adipose tissue, particularly
perivascular (or pericoronary) fractions of epicardial adipose tissue (EAT). Under ‘healthy’ conditions, perivascular adipose
tissue (PVAT) typically exhibits anticontractile and anti-inflammatory properties in response to markers of oxidative stress
and inflammation from the vasculature. Under ‘inflamed’ conditions, PVAT undergoes unique phenotypic changes due to
vascular inflammation compared to non-perivascular adipose tissue located further from the vessel wall. These changes are
detectable as increased attenuation on coronary computed tomography angiography (CTA).

4. Association of Inflammation and Cardiac Adipose Tissue

The signalling relationship shared between adipose tissue and vasculature is one
that warrants significant consideration to understand the role of fat depots in metabolic
regulation. The nominal function of human adipose tissue becomes deranged under ad-
verse cardiometabolic conditions such as obesity, where increased triglyceride storage
manifests in enlarged and hyperplastic white adipocytes associated with an amplified
pro-inflammatory profile [27]. This particular interaction between adipose tissue and vas-
culature, therefore defines an ‘outside-inside’ signalling hypothesis, in which adipokines
and other fat-derived mediators elicit changes within the vasculature. However, this rela-
tionship is not simply unidirectional, as emerging evidence suggests that mediators derived
from the vessel wall effects distinct changes to adipose tissue on a local basis. In addition
to observational PVAT studies discussed previously, Margaritis et al. [28] established that
adiponectin is the crux of a unique crosstalk occurring between vasculature and local
adipose tissue. The authors showed that circulating vascular superoxide production was
predictably associated with lower levels of circulating adiponectin, as absence of the latter
leads to uncoupling and dysfunction of endothelial nitric oxide synthase (eNOS). How-
ever, oxidative stress, represented by 4-hydroxynonenal (4-HNE), induced elevated rather
than decreased adiponectin gene expression in local PVAT. Where 4-HNE has been previ-
ously described to decrease adiponectin expression as well as promote ubiquitin-mediated
degradation of adiponectin in mice [29], it is clear that the opposite effect is observed in
PVAT, leading the authors to surmise that production of adiponectin by local perivascular
adipocytes is regulated by factors independent of that of other adipose tissue depots. This
local interaction therefore highlights that it is not only ‘outside-inside’ signalling in the
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form of dysfunctional adipocytes promoting vascular inflammation that is present between
fat and vessel, but ‘inside-outside’ signalling through local PVAT changes in response to
vascular inflammatory markers (Figure 1).

4.1. Local Epicardial Adipose Tissue (EAT) Inflammation in Coronary Artery Disease (CAD)

This notion is one that may be further explored in the context of coronary artery
disease (CAD). EAT exhibits a significantly higher inflammatory profile in patients with
CAD, which may be exacerbated by acute inflammatory states such as cardiac surgery or
myocardial infarction (MI) [30–32]. A seminal study by Antonopoulos et al. [33] found that
perivascular adipocyte differentiation genes varied in expression depending on distance
from the vasculature and exposure to inflammatory cytokines, emphasising the notion
of differential adipose tissue properties relative to inflammation and proximity to the
vessel wall. Adipocytes found closer to coronary adventitia had decreased expression
of differentiation markers, manifesting in significantly smaller cell size and greater cell
numbers, as well as a decreased lipid content both in vivo and ex vivo. The authors found
that these phenotypic alterations were quantifiable using coronary CTA attenuation of
adipose tissue around the coronary arteries, in which increased coronary CTA attenuation
corresponds to morphological PVAT changes associated with coronary inflammation,
while ‘healthy’ adipocytes bereft of exposure to inflammation are distinctly less attenuated.
Moreover, inflammatory changes are most profound in perivascular adipocytes, with
an attenuation gradient being mapped between adipocytes proximal and distal to the
adventitia [33].

4.2. Adipose Tissue Inflammation on Positron-Emission Tomography-Computed Tomography
(PET-CT) Imaging

Non-invasive imaging is capable of visualising the unique CAD-induced inflamma-
tory changes occurring within adipose tissue. Evidence for focal inflammation within
adipose tissue has arisen from studies of hybrid positron-emission tomography-computed
tomography (PET-CT). PET-CT maps local uptake of radioactive tracers within specific sites
of interest, such as adipose tissue [34], therein providing real-time assessment of metabolic
and inflammatory activity. 18F-Fluorodeoxyglucose (18F-FDG) is a well-validated exem-
plar that reflects glucose uptake in regions of high inflammatory activity. In CAD, 18F-FDG
on PET-CT has demonstrated increased adventitial and PVAT inflammation in coronary
segments with plaque [35–37]. Limitations associated with myocardial ‘spill-over’ uptake
of 18F-FDG hinders interpretability in a significant proportion of patients, leading to ex-
ploration of other tracers demonstrating usefulness in inflammatory assessment, such as
sodium fluoride [38,39]. The clinical utility of PET-CT is hindered most significantly by its
cost and limited distribution. It has, nevertheless, highlighted the activity of inflammation
in adipose tissue and its relationship to coronary plaque, and that inflammatory adipose
tissue changes can be envisaged using specific non-invasive imaging techniques. Coronary
CTA attenuation has been shown to agree with PET-CT in detecting inflamed adipose tis-
sue [33,35] and ‘vulnerable’ coronary plaques [37,40], and has formed the basis of growing
investigation into the utility of assessing PVAT-specific changes as a surrogate marker of
coronary inflammation.

5. Coronary Computed Tomography Angiography (CTA) Assessment of EAT and
Pericoronary Adipose Tissue (PCAT) as a Marker of Coronary Inflammation

Coronary CTA has expanded in its use and is now among the most affordable and
widely-distributed means of non-invasive imaging, with validated applications in the con-
text of CAD. Technological advancements, such as iterative reconstruction algorithms and
increased number of detector rows, have afforded coronary CTA with a variety of improve-
ments that enhance its utility in a clinical setting, providing higher quality acquisitions
with lower image noise and radiation dose [41]. In contrast to the real-time assessment
provided by PET imaging, coronary CTA provides primarily anatomical information on
architectural changes to the myocardium and coronary vasculature, the latter of which
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includes those associated with atherosclerotic plaque. It may be partially disadvantaged
by an inherently inferior spatial resolution compared to invasive imaging techniques, as
well as the presence of imaging artefacts arising from high-radiodensity structures, such as
calcified plaque or coronary stents [42,43]. Nevertheless, coronary CTA provides a wide
variety of structural information to the reader, including that pertaining to adipose tissue
characteristics. Not only is coronary CTA highly accessible at relatively low clinical cost,
routine CT images are able to be investigated retrospectively, providing numerous avenues
through which inflammatory changes in the context of CAD may be explored.

5.1. EAT Quantification

CT attenuation of adipose tissue reflects morphological derangements experienced by
adipocytes exposed to the effects of local vascular inflammation. Coronary CTA readily
quantifies EAT volume and density as independent markers of adverse cardiometabolic
risk each bearing associations with CAD (Figure 2) [44,45]. Increased EAT volume is a
predictor of the presence of CAD, acute MI and ‘high-risk’ CAD phenotypes [45–47]. EAT
density or attenuation has likewise been associated with CAD in numerous observational
studies, but the broad nature of this marker in CAD remains highly heterogeneous thus
far. With increasing coronary artery calcification (CAC), for example, EAT attenuation has
been shown to either decrease [48–50] or increase [51,52]. Moreover, one study reported
increased EAT attenuation predicted AMI [44], while another found decreased EAT atten-
uation predicted coronary events [48]. Statin therapy has been shown to decrease EAT
attenuation without changes to serum lipid in a cohort of patients with limited CAC [53],
while a prospective study evaluating patients with subclinical CAD found no impact of
statins on EAT attenuation [54]. Such variance in the reported results of these studies
may be owed to the nature of EAT as a depot, which inherently encompasses a wide
range of adipocytes of varying proximity to the vessel wall and, accordingly, exposure
to coronary inflammation. It is plausible, therefore, that inflammatory changes occurring
in patients with CAD are mapped to a more limited degree in remote regions of EAT
relative to perivascular adipocytes. Support for this notion resides in the fact that in one
study [50], decreased EAT attenuation was most strongly associated with coronary calcifi-
cation in a model adjusted for coronary artery bypass graft (CABG) surgery, suggesting
differential effects of coronary calcification and acute inflammatory states on adipose tissue
radiodensity.
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5.2. Pericoronary Fat Attenuation Index

As PVAT depots of the body have a close interaction with the vessels they encase, peri-
coronary adipose tissue (PCAT) provides the coronary analogue of PVAT and is emerging as
a metric of vascular inflammation localised to the coronary tree. The most widely accepted
definition of PCAT on coronary CTA is all voxels ranging from −190 to −30 Hounsfield
units (HU), within a volume of interest that extends up to an orthogonal distance equivalent
to the diameter of the target vessel. PCAT is typically measured around select lesions,
or in the proximal segments of the major coronary arteries, particularly the right coro-
nary artery (RCA) due to the low number of side branches, abundance of adipose tissue
and uniformity of luminal diameter from its ostial to distal segments [33,55] (Figure 3).
These studies were the first to implement the novel pericoronary fat attenuation index
(FAI), an AI-driven quantitation of adipose tissue radiodensity that is computationally
adjusted for a range of additional factors, such as CT technical parameters and adipocyte
morphology [33,55–57]. FAI has been shown previously to associate strongly with inflam-
matory changes to PCAT and the presence of CAD [33]. Moreover, the Cardiovascular
RISk Prediction using Computed Tomography (CRISP-CT) study [55] provided further
validation by demonstrating the capacity of FAI to predict mortality endpoints in two
large prospective cohorts. Mortality endpoints were associated with PCAT measurements
in the proximal segments of the major coronary vessels: all-cause and cardiac mortality
were associated with PCAT attenuation in the left anterior descending artery (LAD) and
RCA, while the same measurement in the left circumflex artery (LCx) was associated with
all-cause mortality only. The proximal RCA was selected as a standardised per-patient
measurement of PCAT attenuation, representative of inflammation distributed throughout
the coronary vasculature, given its association with both study endpoints and the afore-
mentioned anatomical characteristics of the vessel. Importantly, the prognostic value of FAI
was lost among those on statin therapy, but retained in those with coronary calcification,
demonstrating that coronary CTA attenuation of PCAT reflects vascular inflammatory
changes independent of plaque morphology which produces heterogeneity in radiodensity
of the wider EAT depot.

These studies have provided strong evidence for a novel form of inflammatory as-
sessment on a per-patient basis in FAI. Since, several observational studies have further
underscored the capacity of FAI to dynamically track inflammatory changes within the
vasculature, including those induced by therapeutic interventions. Elnabawi et al. [58]
performed serial assessment of FAI in the RCA among patients with psoriasis. The authors
propensity matched psoriasis patients with and without treatment with anti-inflammatory
agents, finding that at one year follow-up, a predictable decline in CRP was accompanied
by significantly decreased FAI independent of plaque presence in the treatment group.
Furthermore, a recent study by Dai et al. [59] showed that in a statin-naïve population,
FAI saw significant reductions after statin treatment within 1.5 years follow-up, particu-
larly among patients with high-risk non-calcified or mixed plaque characteristics. Other
high-risk features, however, and calcified plaque did not associate with FAI. Another study
by the same group [60] evaluated the relationship between high-risk plaque (HRP), CRP
and FAI in a cohort of stable CAD patients. Analysis of FAI was performed around every
coronary plaque in each of the three epicardial vessels; it was found that while HRP features
were associated with increased CRP, FAI was not able to distinguish between patients with
elevated compared to nominal CRP levels. Multivariate predictors of elevated CRP were
the presence of low-attenuation plaque (LAP), a high-risk feature detectable on coronary
CTA, and percentage of the vessel diameter stenosed, but not FAI. In conjunction, a cohort
of patients with myocardial infarction with non-obstructive coronary artery (MINOCA)
and Tako-Tsubo Syndrome (TTS) was studied by Gaibazzi et al. [61]. It was found that FAI
was higher on both per-patient and per-vessel analyses among MINOCA/TTS patients,
and also that LAP was significantly more prevalent among these patients. Finally, in a
follow-up study of the CRISP-CT cohort, Oikonomou et al. [62] reported that among large
cohorts the adjusted risk of cardiac mortality was highest among patients with high FAI in
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the RCA and LAD, in subgroups with and without HRP. Moreover, additional analysis ad-
justed for coronary calcification among patients with no HRP revealed high FAI associated
with a higher risk of cardiac mortality than low FAI. Collectively, the current FAI literature
delivers a number of key points: (a) anti-inflammatory therapies do indeed effect measur-
able changes in adipose tissue on coronary CTA, that are also subject to the influence of
time; (b) increased systemic inflammation, shown through biomarkers such as CRP, may be
poorly related to mechanisms operating specifically within the coronary vasculature; and
(c) changes in CT adipose tissue characteristics as a result of coronary inflammation may
occur independently to transformations in plaque morphology, including those associated
with a greater risk of coronary events.
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Figure 3. Pericoronary adipose tissue (PCAT) shown in cross-sectional (A,B) and longitudinal (C,D)
views of the right coronary artery (RCA) on coronary computed tomography angiography (CTA).
PCAT in RCA without plaque represented in the left panels (A,C), and PCAT in RCA with calcified
and non-calcified plaque represented in the right panels (B,D). Colour map describes spectrum of
adipose tissue attenuation values in Hounsfield units (HU), ranging from −190 HU (yellow) to
−30 HU (red), with higher attenuation values indicating inflammatory changes.
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5.3. ‘Crude’ PCAT Attenuation and CAD

Numerous observational studies aside from those listed above have together cul-
tivated a mounting level of evidence into the nature of coronary inflammation shown
through PCAT attenuation, albeit without the adjustments afforded by the algorithm that
characterises FAI. A range of methodologies have been previously employed to study and
classify PCAT on CT, including incremental manual ‘slices’ adipose tissue cross-sectional
to the vessel path [63–65], ‘fat stranding’ techniques typically evaluated in abdominal
CT [66,67], or as a form of quantitative ‘volume’ or ‘thickness’ using axial or reconstructed
views [65,68,69]. While these studies are informative, a key limitation is the absence of a
clear demarcation between pericoronary and ‘non-pericoronary’ fat, and thus the influence
of ‘non-perivascular’ fractions of EAT in analysis cannot be dismissed. Many recent stud-
ies, however, have adopted the standardised approach described previously [33,55] and
while these studies may assess the ‘unadjusted’ or ‘crude’ form of PCAT attenuation, the
employment of a consistent methodology has been conducive to the generation of results
that are more readily reproducible and cross-verifiable [70].

PCAT attenuation studies have shown that coronary inflammatory changes may occur
incrementally with the burden of CAD and coronary events. Lin et al. [71] found that
patients with AMI had distinctly increased PCAT attenuation per-patient in the proximal
RCA compared to matched patients with stable CAD and controls without CAD. In ad-
justed analysis, PCAT attenuation was found to be predicted by stable CAD and MI, and
increased PCAT attenuation predicted the presence of AMI, independent of total plaque
burden. Additionally, PCAT attenuation did not differ between patients in whom plaque
had localised to the RCA, and the authors also found that PCAT attenuation correlated with
EAT attenuation only in stable CAD and control patients, highlighting changes specifically
within PCAT on coronary CTA occur in highly inflammatory states such as MI, irrespective
of the influence of plaque. Conversely, Sugiyama et al. [72] reported that PCAT in the RCA
was higher in patients with stable CAD and patients with acute coronary syndrome (ACS)
when the culprit lesion was localised to the RCA compared to other vessels; however,
PCAT in the RCA was not significantly different between ACS patients and stable CAD
patients with an RCA culprit lesion. These seemingly divergent results are comparable,
nevertheless, in detailing the specific nature of lesion-specific PCAT attenuation by reflect-
ing localised changes within the coronary vessels whilst also providing further validation
of the per-patient PCAT analysis in the RCA as a marker of global coronary inflammation.

Adding to these findings, Goeller et al. [73] demonstrated increased per-patient PCAT
attenuation was associated with subsequent increases in NCP and total plaque burden
within a mean 3.4 years of follow-up, suggesting potential inflammatory changes asso-
ciated with the evolution of HRP over time. As discussed, HRP refers to a collection of
morphological plaque features that heighten a lesion’s proclivity to rupture and develop
into the ‘culprit’ lesions of coronary events such as acute myocardial infarction (AMI) and
ACS. These features broadly include plaque phenotypes characterised by low-radiodensity
non-calcified, or partially calcified (mixed), composition. HRP features on coronary CTA
and their association with ACS have been described in detail previously [74,75], but these
inherently describe anatomical changes within the vascular wall that may not reflect early
inflammatory mechanisms preceding plaque formation. Accordingly, the relationship
between HRP and coronary inflammation has been explored extensively in the recent
literature using PCAT attenuation. A small, retrospective study [76] found PCAT attenua-
tion was significantly increased around culprit lesions in patients with ACS, compared to
non-culprit lesions within the same patients or highest-grade stenosis lesions in controls
with stable CAD. Moreover, within patients with ACS, culprit lesions were associated
with greater burden and volume of NCP, which is associated with greater plaque vulner-
ability. Compared to highest grade stenosis lesions in stable CAD patients, culprit ACS
lesions harboured a greater total plaque and NCP burden. Finally, culprit ACS lesions
were associated with increased PCAT attenuation per lesion and low-attenuation NCP
burden in a multivariable model. These findings are congruent with those of a previously-



Cells 2021, 10, 1196 10 of 18

described study [33], in which a small group of patients with AMI harboured increased
PCAT attenuation in stented culprit lesions compared to either stented non-culprit lesions
or stented lesions in stable CAD patients. Furthermore, AMI patients with successful
5-week follow-up showed significant reductions in attenuation around the culprit lesion,
once again in comparison to stable CAD patients, who had virtually no change in per-
lesion attenuation [33]. PCAT attenuation is, therefore, highly dynamic, subject to changes
associated with major coronary events in addition to HRP characteristics.

Conversely, in a cohort of stable CAD patients, Kwiecinski et al. [40] found that
lesion-specific PCAT attenuation was not significantly different around HRPs compared to
non-HRP lesions, but instead increased PCAT attenuation was associated with increased
uptake of 18F-NaF on PET-CT. Critically, 18F-NaF activity was only present among 59%
of high-risk lesions, and only low-attenuation plaque volume was the only predictor of
18F-NaF uptake in addition to per-lesion PCAT attenuation. This indicates that the unseen
inflammatory mechanisms operating within the vasculature are not always captured by the
structural changes that comprise classical HRP features. We have recently shown [77] that
PCAT attenuation was increased on a per-patient and per-lesion basis in patients with HRP,
and that per-patient attenuation was increased in patients with HRP who subsequently
develop ACS. Moreover, our time-adjusted analysis revealed ACS was predicted by the
presence of HRP as well as PCAT attenuation in the proximal RCA. Thus, where HRP
features may provide complementary information to inflammatory status in predicting
event risk, PCAT attenuation is useful in its capacity to inform on the extent of coronary
inflammation with or without the presence of significant or high-risk lesions.

Additional analyses of these studies indicate that PCAT attenuation may differ be-
tween sexes. One study aimed to explore the influence of ethnicity on coronary inflamma-
tion, and found that while ethnicity did not contribute to differential PCAT attenuation,
male sex did [78]. Likewise, significantly higher PCAT attenuation was found recently in
male patients by Sugiyama et al. [72]. Our own study on HRP found that male patients
harboured increased PCAT attenuation on both per-patient and per-lesion analyses, and
this association persisted in a subgroup of patients with HRP who were then stratified
by sex [77]. Interestingly, the magnitude of the difference in crude RCA attenuation in
all three of these studies is in the range of 5–6 HU, despite study cohorts being derived
from different centres and PCAT attenuation quantified using different software packages.
One study provides an exception to this by reporting a 3 HU difference between sexes,
although this study evaluated mean attenuation across all three vessels simultaneously as
opposed to within the RCA [79]. Serum inflammatory biomarkers are reportedly elevated
disproportionately among men [80], but this trend normalises at the onset of menopause
in middle-aged women [81,82]. The subject of sex-specific differentials in coronary in-
flammation shown through PCAT attenuation, adjusted for age and technical parameters,
would be a worthy area of investigation and further elucidate the nature of male sex as a
traditional risk factor for cardiovascular disease.

5.4. PCAT Assessment of Haemodynamically-Significant Lesions

It is important to note that high-risk coronary plaque phenotypes are often non-
obstructive in nature [83,84], and thus differential pathophysiological mechanisms may be
pertinent to plaque morphology compared to plaque-related stenosis. However, several
studies comparing PCAT attenuation with measures of coronary flow and myocardial
ischaemia denote the potential role of vascular inflammation in coronary stenosis. Yu
et al. [85] found that increased per-lesion PCAT attenuation was associated with lesion-
specific ischaemia as shown on a CT-fractional flow reserve (CT-FFR) ≤0.8, but that PCAT
attenuation alone was a poor predictor of lesion-specific ischaemia. The predictive value for
ischaemic lesions increased significantly in an integrated model incorporating FAI, luminal
diameter stenosis and total plaque volume, and was comparable but still marginally inferior
to the machine-learning based CT-FFR. Similarly, Hoshino et al. [86] reported increased
PCAT attenuation in the proximal LAD was significantly associated with lower FFR, and
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that increased LAD PCAT attenuation predicted more severely ischaemic lesions shown
by FFR ≤ 0.64 and < 0.75, but not FFR ≤0.8. Additionally, a study [87] investigating the
relationship between PCAT attenuation and coronary flow reserve (CFR) on PET imaging
found that PCAT attenuation was a significant predictor of decreased CFR after adjustment
for risk factors and plaque morphology. Moreover, subgroup analyses revealed CFR was
significantly lower in patients with increased PCAT attenuation without obstructive CAD,
or with coronary calcium score (CCS) <100. It is clear that the interaction between coronary
flow, plaque characteristics, and PCAT attenuation is highly complex, but these studies
provide a number of consistent results. Coronary inflammation may indeed be observable
among patients with impaired coronary flow, mechanistically explained by the disruption
of PCAT’s role in modulating vascular tone due to focal inflammation. However, the
observational nature of these studies means the directionality of this relationship—whether
PCAT attenuation is the cause or effect of lesion-induced ischaemia—yet remains unclear.

5.5. PCAT Assessment in Non-Atherosclerotic Disease States

Therefore, both adjusted and ‘crude’ PCAT assessment have demonstrated distinctly
increased coronary inflammation in patients with developing high-risk lesions or major
coronary events, collectively providing further validation for the potential clinical utility of
this technique. In addition to these studies on orthodox coronary atherosclerosis, PCAT
attenuation has been explored in a number other coronary and inflammatory disease
states, including vasospastic angina, atherosclerotic intraplaque cholesterol crystals, and
spontaneous coronary artery dissection. Firstly, vasospastic angina (VSA) has received
increasing attention in several independent observational studies. Ueno et al. [88] found
that in a cohort of 88 patients with and without VSA, patients with VSA were found to
have increased PCAT attenuation, and that attenuation of PCAT in the RCA was superior
as a predictor of VSA than in the other two epicardial vessels. Likewise, a case study [89]
in a woman with MINOCA possibly induced by VSA found a significant decrease in
PCAT attenuation in the LAD on two-year follow-up, although the presence of acute
inflammatory changes associated with AMI itself may have contributed to the increased
attenuation at initial presentation. Nevertheless, the plausibility of inflammatory PCAT
changes in this condition is evidenced by demonstrably increased 18F-FDG uptake in VSA
patients which is then mitigated by medical therapy [90].

Secondly, cholesterol crystals refers to high intensity regions within a lipid-rich plaque
visualised on optical coherence tomography (OCT) that triggers inflammatory activity
and plaque instability [91]. A small study featured assessment of PCAT around coronary
plaques, as well as in coronary segments harbouring plaque, and finally on a per-patient
analysis in the proximal RCA among a cohort of patients with intraplaque cholesterol
crystals. All three metrics of PCAT were increased relative to the presence of lesions
with cholesterol crystals; increased attenuation was found around lesions and in coronary
segments with lesions in which cholesterol crystals were detected, while patients with
cholesterol crystals had higher PCAT attenuation than those who did not. Moreover, per-
lesion PCAT attenuation increased proportional to the number of intraplaque cholesterol
crystals detected [92].

Lastly, spontaneous coronary artery dissection (SCAD) is a non-atherosclerotic condi-
tion of unknown aetiology typified by formation of an intramural haematoma, typically
within the outermost portion of the tunica media, in turn reducing luminal diameter and
flow [93]. In a single-centre retrospective study of a small group of patients with SCAD, we
reported no significant difference in PCAT attenuation between SCAD cases and asymp-
tomatic controls [94], implying a potentially limited role played by coronary inflammation
in this condition, although the size of our cohort due to the rarity of SCAD necessitates
further investigation in larger cross-sectional studies.
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5.6. Technical Parameter Influence in PCAT Assessment

As an emerging non-invasive tool, the utility of PCAT requires validation not only
across different inflammatory conditions, but also across multiple scanners and technical
parameters involved in CT imaging. Given the nature of coronary CTA as one of the
first-line imaging modalities with wide usage in assessment of suspected CAD, PCAT
attenuation studies have thus far analysed primarily contrast-enhanced CT acquisitions in
both retrospective and prospective cohorts. Assessing the impact of factors extraneous to
disease pathophysiology on PCAT attenuation has formed the basis of a number of recent
studies, which have explicated the role played by the use of contrast on PCAT attenuation.
Almeida et al. [95] studied patients with CAD who underwent pre- and post-contrast
scans, which were used as points of comparison for attenuation and volume differences
owed to the impact of contrast enhancement. Pre-contrast scans had significantly lower
PCAT attenuation of approximately 3–4 HU, as well as lower PCAT volume, compared
to post-contrast scans. Nevertheless, there was a high degree of correlation between pre-
and post-contrast PCAT attenuation and volume measurements, with excellent inter- and
intra-observer reliability. Additionally, the authors found a high correlation between two
software packages (TeraRecon and AutoPlaque) in PCAT quantification. Among contrast-
enhanced scans, Ma et al. [79] evaluated the impact of tube voltage on PCAT attenuation. In
this study, PCAT attenuation was averaged across 10mm segments derived from each major
epicardial vessel, up to 1mm orthogonally from the vessel wall as opposed to the 2–3 mm
used widely in the literature [33,55] as the LAD and LCx are encased in comparably less
adipose tissue than the RCA. It was found in this study that mean PCAT attenuation was
predicted by tube voltage in conjunction with age and sex, and that mean PCAT attenuation
as well as EAT volume progressively increased with tube voltage, which ranged from 70 to
120 kV.

Additional evidence for the influence of contrast-enhancement arises from the findings
of studies utilising alternative forms of PCAT quantification on non-contrast CT [64,69].
In a group of patients without CAD, Hell et al. [64] found that PCAT attenuation, shown
through cross-sections of the coronary vessels per patient, significantly decreased from the
proximal to mid LAD, while no such difference was found around the segments in the RCA
or LCx. Balcer et al. [69] defined adipose tissue as voxels between −195 to −45 HU within
a manually-drawn region of interest of each vessel on axial non-contrast CT, but still found
significantly decreased attenuation between the proximal and mid LAD. Anatomically,
luminal diameter decreases from ostium to periphery in the LAD and LCx, while the RCA
remains consistent in its diameter until its bifurcation. This may account for the increased
attenuation in the proximal LAD found in these studies, but it is unclear why significant
decreases in PCAT attenuation around the LCx were not found. Collectively, these findings
underscore not only the importance of adhering to standardised PCAT quantification, but
the necessity of maintaining consistent scan parameters across patient cohorts in which
PCAT may be evaluated.

5.7. Current Limitations and Future Directions

Current knowledge on PCAT attenuation as an imaging biomarker of inflammation
is, therefore, ever-expanding, but is not without some limitations. Differences in PCAT
attenuation owed to epicardial and overall adiposity [64], as well as due to sex [72,77–79],
call for future studies to adjust for these potential patient-specific confounders. While the
impact of specific scan parameters on PCAT attenuation has been increasingly evaluated,
validation of ‘crude’ PCAT assessment across different scanners has yet to be explored.
As discussed, PCAT attenuation has been assessed previously using a range of method-
ologies [63–69], and this has been to a large extent accounted for via the use of validated
per-patient and per-lesion forms of assessment. However, there is some heterogeneity as to
the degree to which plaque within the RCA may affect the per-patient assessment of PCAT
in this vessel [71,72]. Moreover, the present definition of PCAT (adipose tissue within a
distance equivalent to the vessel diameter) includes an inherently larger volume of adipose
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tissue in the RCA than in its counterpart vessels. The consistent luminal diameter of the
RCA ensures that adipocytes within up to approximately 2–3 mm from the vessel wall
are considered PCAT throughout the vessel’s passage; conversely, the LAD and LCx are
encased in less adipose tissue overall, and decreases in luminal diameter mean a progres-
sively decreasing volume of adipose tissue volume in the mid-to-distal segments of these
vessels falls within the classification of PCAT. In theory, the broader inclusion of adipose
tissue around the RCA indicates PCAT assessment in this vessel may include adipocytes
that are distinctly less ‘inflamed’, while PCAT in the LAD or LCx would consist only of
adipocytes that are most proximal to the vessel wall. In this regard, alternative method-
ologies consistent with the theoretical framework outlined previously [33,55] would be
worthy of consideration. For example, a recent study [79] evaluated per-patient PCAT
attenuation as the mean attenuation of adipose tissue within a region of 1 mm thickness
around all three coronary vessels, and thus a consistent volume of PCAT being assessed
for each vessel was ensured. Nevertheless, extensive validation and a wealth of literature
highlights the utility of the current methods of PCAT assessment at the per-patient and
per-lesion level [33,55].

6. Conclusions

The recent years have witnessed an upsurge in interest towards coronary inflamma-
tion and its role in early and advanced stages of atherosclerosis. The current literature
provides a greater understanding of the role played by insidious inflammatory mecha-
nisms within the coronary vasculature, and emphasises the importance of assessing unseen
biological processes preceding and precipitating the development of significant coronary
plaques. PCAT attenuation on coronary CTA therein has presented a non-invasive and
widely-accessible surrogate marker of coronary inflammation, capable of mapping inflam-
matory changes that are associated with CAD in both stable and ‘vulnerable’ populations.
The current array of publications that have investigated PCAT attenuation highlight its
feasibility in CAD assessment, as well as in tracking inflammation in response to medical
therapy and coronary conditions with a limited involvement of CAD. While standardised
CT thresholds of inflammation are yet to be established, the potential for risk stratification
based on non-invasive PCAT assessment presents a powerful avenue through which pri-
mary prevention initiatives may be enhanced via the detection of coronary inflammation
early in the pathogenesis of atherosclerosis.

Author Contributions: J.Y. performed the literature review and drafted the manuscript. K.C., A.L.,
P.J.P., S.J.N. and D.T.L.W. provided revisions and assisted in manuscript writing. This manuscript
has been reviewed and approved by all authors. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ross, R. Atherosclerosis is an inflammatory disease. Am. Heart J. 1999, 138, S419–S420. [CrossRef]
2. Libby, P. Inflammation in atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 2012, 32, 2045–2051. [CrossRef] [PubMed]
3. Moore, K.J.; Koplev, S.; Fisher, E.A.; Tabas, I.; Bjorkegren, J.L.M.; Doran, A.C.; Kovacic, J.C. Macrophage Trafficking, Inflammatory

Resolution, and Genomics in Atherosclerosis: JACC Macrophage in CVD Series (Part 2). J. Am. Coll. Cardiol. 2018, 72, 2181–2197.
[CrossRef] [PubMed]

4. Clinton, S.K.; Underwood, R.; Hayes, L.; Sherman, M.L.; Kufe, D.W.; Libby, P. Macrophage colony-stimulating factor gene
expression in vascular cells and in experimental and human atherosclerosis. Am. J. Pathol. 1992, 140, 301–316.

5. Hedrick, C.C. Lymphocytes in atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 2015, 35, 253–257. [CrossRef]

http://doi.org/10.1016/S0002-8703(99)70266-8
http://doi.org/10.1161/ATVBAHA.108.179705
http://www.ncbi.nlm.nih.gov/pubmed/22895665
http://doi.org/10.1016/j.jacc.2018.08.2147
http://www.ncbi.nlm.nih.gov/pubmed/30360827
http://doi.org/10.1161/ATVBAHA.114.305144


Cells 2021, 10, 1196 14 of 18

6. Tse, K.; Tse, H.; Sidney, J.; Sette, A.; Ley, K. T cells in atherosclerosis. Int. Immunol. 2013, 25, 615–622. [CrossRef]
7. Ivashkiv, L.B. IFNgamma: Signalling, epigenetics and roles in immunity, metabolism, disease and cancer immunotherapy. Nat.

Rev. Immunol. 2018, 18, 545–558. [CrossRef]
8. Nissen, S.E.; Tuzcu, E.M.; Schoenhagen, P.; Brown, B.G.; Ganz, P.; Vogel, R.A.; Crowe, T.; Howard, G.; Cooper, C.J.; Brodie, B.; et al.

Effect of intensive compared with moderate lipid-lowering therapy on progression of coronary atherosclerosis: A randomized
controlled trial. JAMA 2004, 291, 1071–1080. [CrossRef]

9. Cannon, C.P.; Braunwald, E.; McCabe, C.H.; Rader, D.J.; Rouleau, J.L.; Belder, R.; Joyal, S.V.; Hill, K.A.; Pfeffer, M.A.; Skene, A.M.;
et al. Intensive versus moderate lipid lowering with statins after acute coronary syndromes. N. Engl. J. Med. 2004, 350, 1495–1504.
[CrossRef] [PubMed]

10. Ridker, P.M.; Everett, B.M.; Thuren, T.; MacFadyen, J.G.; Chang, W.H.; Ballantyne, C.; Fonseca, F.; Nicolau, J.; Koenig, W.; Anker,
S.D.; et al. Antiinflammatory Therapy with Canakinumab for Atherosclerotic Disease. N. Engl. J. Med. 2017, 377, 1119–1131.
[CrossRef]

11. Ridker, P.M.; Libby, P.; MacFadyen, J.G.; Thuren, T.; Ballantyne, C.; Fonseca, F.; Koenig, W.; Shimokawa, H.; Everett, B.M.; Glynn,
R.J. Modulation of the interleukin-6 signalling pathway and incidence rates of atherosclerotic events and all-cause mortality:
Analyses from the Canakinumab Anti-Inflammatory Thrombosis Outcomes Study (CANTOS). Eur. Heart J. 2018, 39, 3499–3507.
[CrossRef]

12. Tardif, J.C.; Kouz, S.; Waters, D.D.; Bertrand, O.F.; Diaz, R.; Maggioni, A.P.; Pinto, F.J.; Ibrahim, R.; Gamra, H.; Kiwan, G.S.; et al.
Efficacy and Safety of Low-Dose Colchicine after Myocardial Infarction. N. Engl. J. Med. 2019, 381, 2497–2505. [CrossRef]

13. Cinti, S. The adipose organ. Prostaglandins Leukot. Essent. Fat. Acids 2005, 73, 9–15. [CrossRef]
14. Cannon, B.; Nedergaard, J. Brown adipose tissue: Function and physiological significance. Physiol. Rev. 2004, 84, 277–359.

[CrossRef]
15. Wu, J.; Bostrom, P.; Sparks, L.M.; Ye, L.; Choi, J.H.; Giang, A.H.; Khandekar, M.; Virtanen, K.A.; Nuutila, P.; Schaart, G.; et al.

Beige adipocytes are a distinct type of thermogenic fat cell in mouse and human. Cell 2012, 150, 366–376. [CrossRef]
16. Ibrahim, M.M. Subcutaneous and visceral adipose tissue: Structural and functional differences. Obes. Rev. 2010, 11, 11–18.

[CrossRef]
17. Abate, N.; Garg, A.; Peshock, R.M.; Stray-Gundersen, J.; Grundy, S.M. Relationships of generalized and regional adiposity to

insulin sensitivity in men. J. Clin. Investig. 1995, 96, 88–98. [CrossRef]
18. Bjorntorp, P. “Portal” adipose tissue as a generator of risk factors for cardiovascular disease and diabetes. Arteriosclerosis 1990, 10,

493–496. [CrossRef]
19. Talman, A.H.; Psaltis, P.J.; Cameron, J.D.; Meredith, I.T.; Seneviratne, S.K.; Wong, D.T. Epicardial adipose tissue: Far more than a

fat depot. Cardiovasc. Diagn. Ther. 2014, 4, 416–429. [CrossRef]
20. Aitken-Buck, H.M.; Moharram, M.; Babakr, A.A.; Reijers, R.; Van Hout, I.; Fomison-Nurse, I.C.; Sugunesegran, R.; Bhagwat,

K.; Davis, P.J.; Bunton, R.W.; et al. Relationship between epicardial adipose tissue thickness and epicardial adipocyte size with
increasing body mass index. Adipocyte 2019, 8, 412–420. [CrossRef]

21. 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]

22. Pezeshkian, M.; Noori, M.; Najjarpour-Jabbari, H.; Abolfathi, A.; Darabi, M.; Darabi, M.; Shaaker, M.; Shahmohammadi, G. Fatty
acid composition of epicardial and subcutaneous human adipose tissue. Metab. Syndr. Relat. Disord. 2009, 7, 125–131. [CrossRef]
[PubMed]

23. Iacobellis, G.; Malavazos, A.E.; Corsi, M.M. Epicardial fat: From the biomolecular aspects to the clinical practice. Int. J. Biochem.
Cell Biol. 2011, 43, 1651–1654. [CrossRef]

24. Hildebrand, S.; Stumer, J.; Pfeifer, A. PVAT and Its Relation to Brown, Beige, and White Adipose Tissue in Development and
Function. Front. Physiol. 2018, 9, 70. [CrossRef] [PubMed]

25. Sun, X.; Hou, N.; Han, F.; Guo, Y.; Hui, Z.; Du, G.; Zhang, Y. Effect of high free fatty acids on the anti-contractile response of
perivascular adipose tissue in rat aorta. J. Mol. Cell Cardiol. 2013, 63, 169–174. [CrossRef] [PubMed]

26. Greenstein, A.S.; Khavandi, K.; Withers, S.B.; Sonoyama, K.; Clancy, O.; Jeziorska, M.; Laing, I.; Yates, A.P.; Pemberton, P.W.;
Malik, R.A.; et al. Local inflammation and hypoxia abolish the protective anticontractile properties of perivascular fat in obese
patients. Circulation 2009, 119, 1661–1670. [CrossRef] [PubMed]

27. Skurk, T.; Alberti-Huber, C.; Herder, C.; Hauner, H. Relationship between adipocyte size and adipokine expression and secretion.
J. Clin. Endocrinol. Metab. 2007, 92, 1023–1033. [CrossRef]

28. Margaritis, M.; Antonopoulos, A.S.; Digby, J.; Lee, R.; Reilly, S.; Coutinho, P.; Shirodaria, C.; Sayeed, R.; Petrou, M.; De Silva, R.;
et al. Interactions between vascular wall and perivascular adipose tissue reveal novel roles for adiponectin in the regulation of
endothelial nitric oxide synthase function in human vessels. Circulation 2013, 127, 2209–2221. [CrossRef]

29. Wang, Z.; Dou, X.; Gu, D.; Shen, C.; Yao, T.; Nguyen, V.; Braunschweig, C.; Song, Z. 4-Hydroxynonenal differentially regulates
adiponectin gene expression and secretion via activating PPARgamma and accelerating ubiquitin-proteasome degradation. Mol.
Cell Endocrinol. 2012, 349, 222–231. [CrossRef]

30. Sacks, H.S.; Fain, J.N.; Cheema, P.; Bahouth, S.W.; Garrett, E.; Wolf, R.Y.; Wolford, D.; Samaha, J. Depot-specific overexpression of
proinflammatory, redox, endothelial cell, and angiogenic genes in epicardial fat adjacent to severe stable coronary atherosclerosis.
Metab. Syndr. Relat. Disord. 2011, 9, 433–439. [CrossRef]

http://doi.org/10.1093/intimm/dxt043
http://doi.org/10.1038/s41577-018-0029-z
http://doi.org/10.1001/jama.291.9.1071
http://doi.org/10.1056/NEJMoa040583
http://www.ncbi.nlm.nih.gov/pubmed/15007110
http://doi.org/10.1056/NEJMoa1707914
http://doi.org/10.1093/eurheartj/ehy310
http://doi.org/10.1056/NEJMoa1912388
http://doi.org/10.1016/j.plefa.2005.04.010
http://doi.org/10.1152/physrev.00015.2003
http://doi.org/10.1016/j.cell.2012.05.016
http://doi.org/10.1111/j.1467-789X.2009.00623.x
http://doi.org/10.1172/JCI118083
http://doi.org/10.1161/01.ATV.10.4.493
http://doi.org/10.3978/j.issn.2223-3652.2014.11.05
http://doi.org/10.1080/21623945.2019.1701387
http://doi.org/10.1016/0305-0491(89)90337-4
http://doi.org/10.1089/met.2008.0056
http://www.ncbi.nlm.nih.gov/pubmed/19422139
http://doi.org/10.1016/j.biocel.2011.09.006
http://doi.org/10.3389/fphys.2018.00070
http://www.ncbi.nlm.nih.gov/pubmed/29467675
http://doi.org/10.1016/j.yjmcc.2013.07.018
http://www.ncbi.nlm.nih.gov/pubmed/23939490
http://doi.org/10.1161/CIRCULATIONAHA.108.821181
http://www.ncbi.nlm.nih.gov/pubmed/19289637
http://doi.org/10.1210/jc.2006-1055
http://doi.org/10.1161/CIRCULATIONAHA.112.001133
http://doi.org/10.1016/j.mce.2011.10.027
http://doi.org/10.1089/met.2011.0024


Cells 2021, 10, 1196 15 of 18

31. Shimabukuro, M.; Hirata, Y.; Tabata, M.; Dagvasumberel, M.; Sato, H.; Kurobe, H.; Fukuda, D.; Soeki, T.; Kitagawa, T.; Takanashi,
S.; et al. Epicardial adipose tissue volume and adipocytokine imbalance are strongly linked to human coronary atherosclerosis.
Arterioscler. Thromb. Vasc. Biol. 2013, 33, 1077–1084. [CrossRef] [PubMed]

32. Kremen, J.; Dolinkova, M.; Krajickova, J.; Blaha, J.; Anderlova, K.; Lacinova, Z.; Haluzikova, D.; Bosanska, L.; Vokurka, M.;
Svacina, S.; et al. Increased subcutaneous and epicardial adipose tissue production of proinflammatory cytokines in cardiac
surgery patients: Possible role in postoperative insulin resistance. J. Clin. Endocrinol. Metab. 2006, 91, 4620–4627. [CrossRef]
[PubMed]

33. Antonopoulos, A.S.; Sanna, F.; Sabharwal, N.; Thomas, S.; Oikonomou, E.K.; Herdman, L.; Margaritis, M.; Shirodaria, C.; Kampoli,
A.M.; Akoumianakis, I.; et al. Detecting human coronary inflammation by imaging perivascular fat. Sci. Transl. Med. 2017, 9.
[CrossRef] [PubMed]

34. Christen, T.; Sheikine, Y.; Rocha, V.Z.; Hurwitz, S.; Goldfine, A.B.; Di Carli, M.; Libby, P. Increased glucose uptake in visceral
versus subcutaneous adipose tissue revealed by PET imaging. JACC Cardiovasc. Imaging 2010, 3, 843–851. [CrossRef]

35. Mazurek, T.; Kobylecka, M.; Zielenkiewicz, M.; Kurek, A.; Kochman, J.; Filipiak, K.J.; Mazurek, K.; Huczek, Z.; Krolicki, L.;
Opolski, G. PET/CT evaluation of (18)F-FDG uptake in pericoronary adipose tissue in patients with stable coronary artery
disease: Independent predictor of atherosclerotic lesions’ formation? J. Nucl. Cardiol. 2017, 24, 1075–1084. [CrossRef]

36. Mazurek, T.; Kochman, J.; Kobylecka, M.; Wilimski, R.; Filipiak, K.J.; Krolicki, L.; Opolski, G. Inflammatory activity of pericoronary
adipose tissue may affect plaque composition in patients with acute coronary syndrome without persistent ST-segment elevation:
Preliminary results. Kardiol. Pol. 2014, 72, 410–416. [CrossRef]

37. Joshi, A.A.; Lerman, J.B.; Dey, A.K.; Sajja, A.P.; Belur, A.D.; Elnabawi, Y.A.; Rodante, J.A.; Aberra, T.M.; Chung, J.; Salahuddin, T.;
et al. Association Between Aortic Vascular Inflammation and Coronary Artery Plaque Characteristics in Psoriasis. JAMA Cardiol.
2018, 3, 949–956. [CrossRef]

38. Tarkin, J.M.; Joshi, F.R.; Evans, N.R.; Chowdhury, M.M.; Figg, N.L.; Shah, A.V.; Starks, L.T.; Martin-Garrido, A.; Manavaki, R.; Yu,
E.; et al. Detection of Atherosclerotic Inflammation by (68)Ga-DOTATATE PET Compared to [(18)F] FDG PET Imaging. J. Am.
Coll Cardiol. 2017, 69, 1774–1791. [CrossRef]

39. Joshi, N.V.; Vesey, A.T.; Williams, M.C.; Shah, A.S.; Calvert, P.A.; Craighead, F.H.; Yeoh, S.E.; Wallace, W.; Salter, D.; Fletcher, A.M.;
et al. 18F-fluoride positron emission tomography for identification of ruptured and high-risk coronary atherosclerotic plaques:
A prospective clinical trial. Lancet 2014, 383, 705–713. [CrossRef]

40. Kwiecinski, J.; Dey, D.; Cadet, S.; Lee, S.E.; Otaki, Y.; Huynh, P.T.; Doris, M.K.; Eisenberg, E.; Yun, M.; Jansen, M.A.; et al.
Peri-Coronary Adipose Tissue Density Is Associated With (18)F-Sodium Fluoride Coronary Uptake in Stable Patients With
High-Risk Plaques. JACC Cardiovasc. Imaging 2019, 12, 2000–2010. [CrossRef]

41. Chen, M.Y.; Steigner, M.L.; Leung, S.W.; Kumamaru, K.K.; Schultz, K.; Mather, R.T.; Arai, A.E.; Rybicki, F.J. Simulated 50%
radiation dose reduction in coronary CT angiography using adaptive iterative dose reduction in three-dimensions (AIDR3D). Int.
J. Cardiovasc. Imaging 2013, 29, 1167–1175. [CrossRef]

42. Voros, S.; Rinehart, S.; Qian, Z.; Vazquez, G.; Anderson, H.; Murrieta, L.; Wilmer, C.; Carlson, H.; Taylor, K.; Ballard, W.; et al.
Prospective validation of standardized, 3-dimensional, quantitative coronary computed tomographic plaque measurements
using radiofrequency backscatter intravascular ultrasound as reference standard in intermediate coronary arterial lesions: Results
from the ATLANTA (assessment of tissue characteristics, lesion morphology, and hemodynamics by angiography with fractional
flow reserve, intravascular ultrasound and virtual histology, and noninvasive computed tomography in atherosclerotic plaques) I
study. JACC Cardiovasc. Interv. 2011, 4, 198–208. [CrossRef]

43. Maintz, D.; Seifarth, H.; Raupach, R.; Flohr, T.; Rink, M.; Sommer, T.; Ozgun, M.; Heindel, W.; Fischbach, R. 64-slice multidetector
coronary CT angiography: In vitro evaluation of 68 different stents. Eur. Radiol. 2006, 16, 818–826. [CrossRef] [PubMed]

44. Mahabadi, A.A.; Balcer, B.; Dykun, I.; Forsting, M.; Schlosser, T.; Heusch, G.; Rassaf, T. Cardiac computed tomography-derived
epicardial fat volume and attenuation independently distinguish patients with and without myocardial infarction. PLoS ONE
2017, 12, e0183514. [CrossRef] [PubMed]

45. Xu, Y.; Cheng, X.; Hong, K.; Huang, C.; Wan, L. How to interpret epicardial adipose tissue as a cause of coronary artery disease:
A meta-analysis. Coron. Artery Dis. 2012, 23, 227–233. [CrossRef] [PubMed]

46. Nerlekar, N.; Brown, A.J.; Muthalaly, R.G.; Talman, A.; Hettige, T.; Cameron, J.D.; Wong, D.T.L. Association of Epicardial Adipose
Tissue and High-Risk Plaque Characteristics: A Systematic Review and Meta-Analysis. J. Am. Heart Assoc. 2017, 6. [CrossRef]

47. Mahabadi, A.A.; Berg, M.H.; Lehmann, N.; Kalsch, H.; Bauer, M.; Kara, K.; Dragano, N.; Moebus, S.; Jockel, 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]

48. 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]

49. Abazid, R.M.; Smettei, O.A.; Kattea, M.O.; Sayed, S.; Saqqah, H.; Widyan, A.M.; Opolski, M.P. Relation Between Epicardial Fat
and Subclinical Atherosclerosis in Asymptomatic Individuals. J. Thorac. Imaging 2017, 32, 378–382. [CrossRef]

50. Franssens, B.T.; Nathoe, H.M.; Visseren, F.L.; van der Graaf, Y.; Leiner, T.; Group, S.S. Relation of Epicardial Adipose Tissue
Radiodensity to Coronary Artery Calcium on Cardiac Computed Tomography in Patients at High Risk for Cardiovascular Disease.
Am. J. Cardiol. 2017, 119, 1359–1365. [CrossRef]

http://doi.org/10.1161/ATVBAHA.112.300829
http://www.ncbi.nlm.nih.gov/pubmed/23471228
http://doi.org/10.1210/jc.2006-1044
http://www.ncbi.nlm.nih.gov/pubmed/16895955
http://doi.org/10.1126/scitranslmed.aal2658
http://www.ncbi.nlm.nih.gov/pubmed/28701474
http://doi.org/10.1016/j.jcmg.2010.06.004
http://doi.org/10.1007/s12350-015-0370-6
http://doi.org/10.5603/KP.a2013.0320
http://doi.org/10.1001/jamacardio.2018.2769
http://doi.org/10.1016/j.jacc.2017.01.060
http://doi.org/10.1016/S0140-6736(13)61754-7
http://doi.org/10.1016/j.jcmg.2018.11.032
http://doi.org/10.1007/s10554-013-0190-1
http://doi.org/10.1016/j.jcin.2010.10.008
http://doi.org/10.1007/s00330-005-0062-8
http://www.ncbi.nlm.nih.gov/pubmed/16333623
http://doi.org/10.1371/journal.pone.0183514
http://www.ncbi.nlm.nih.gov/pubmed/28837682
http://doi.org/10.1097/MCA.0b013e328351ab2c
http://www.ncbi.nlm.nih.gov/pubmed/22361934
http://doi.org/10.1161/JAHA.117.006379
http://doi.org/10.1016/j.jacc.2012.11.062
http://doi.org/10.1016/j.jcct.2017.11.007
http://doi.org/10.1097/RTI.0000000000000296
http://doi.org/10.1016/j.amjcard.2017.01.031


Cells 2021, 10, 1196 16 of 18

51. Pracon, R.; Kruk, M.; Kepka, C.; Pregowski, J.; Opolski, M.P.; Dzielinska, Z.; Michalowska, I.; Chmielak, Z.; Demkow, M.; Ruzyllo,
W. Epicardial adipose tissue radiodensity is independently related to coronary atherosclerosis. A multidetector computed
tomography study. Circ. J. 2011, 75, 391–397. [CrossRef] [PubMed]

52. Liu, Z.; Wang, S.; Wang, Y.; Zhou, N.; Shu, J.; Stamm, C.; Jiang, M.; Luo, F. Association of epicardial adipose tissue attenuation
with coronary atherosclerosis in patients with a high risk of coronary artery disease. Atherosclerosis 2019, 284, 230–236. [CrossRef]
[PubMed]

53. Raggi, P.; Gadiyaram, V.; Zhang, C.; Chen, Z.; Lopaschuk, G.; Stillman, A.E. Statins Reduce Epicardial Adipose Tissue Attenuation
Independent of Lipid Lowering: A Potential Pleiotropic Effect. J. Am. Heart Assoc. 2019, 8, e013104. [CrossRef]

54. Nerlekar, N.; Thakur, U.; Lin, A.; Koh, J.Q.S.; Potter, E.; Liu, D.; Muthalaly, R.G.; Rashid, H.N.; Cameron, J.D.; Dey, D.; et al. The
Natural history of Epicardial Adipose Tissue Volume and Attenuation: A long-term prospective cohort follow-up study. Sci. Rep.
2020, 10, 7109. [CrossRef] [PubMed]

55. Oikonomou, E.K.; Marwan, M.; Desai, M.Y.; Mancio, J.; Alashi, A.; Hutt Centeno, E.; Thomas, S.; Herdman, L.; Kotanidis, C.P.;
Thomas, K.E.; et al. Non-invasive detection of coronary inflammation using computed tomography and prediction of residual
cardiovascular risk (the CRISP CT study): A post-hoc analysis of prospective outcome data. Lancet 2018, 392, 929–939. [CrossRef]

56. Antoniades, C.; Antonopoulos, A.S.; Deanfield, J. Imaging residual inflammatory cardiovascular risk. Eur. Heart J. 2019.
[CrossRef]

57. Oikonomou, E.K.; West, H.W.; Antoniades, C. Cardiac Computed Tomography: Assessment of Coronary Inflammation and Other
Plaque Features. Arterioscler. Thromb. Vasc. Biol. 2019, 39, 2207–2219. [CrossRef]

58. Elnabawi, Y.A.; Oikonomou, E.K.; Dey, A.K.; Mancio, J.; Rodante, J.A.; Aksentijevich, M.; Choi, H.; Keel, A.; Erb-Alvarez, J.;
Teague, H.L.; et al. Association of Biologic Therapy with Coronary Inflammation in Patients With Psoriasis as Assessed by
Perivascular Fat Attenuation Index. JAMA Cardiol. 2019. [CrossRef]

59. Dai, X.; Yu, L.; Lu, Z.; Shen, C.; Tao, X.; Zhang, J. Serial change of perivascular fat attenuation index after statin treatment: Insights
from a coronary CT angiography follow-up study. Int. J. Cardiol. 2020, 319, 144–149. [CrossRef]

60. Dai, X.; Deng, J.; Yu, M.; Lu, Z.; Shen, C.; Zhang, J. Perivascular fat attenuation index and high-risk plaque features evaluated by
coronary CT angiography: Relationship with serum inflammatory marker level. Int. J. Cardiovasc. Imaging 2020, 36, 723–730.
[CrossRef] [PubMed]

61. Gaibazzi, N.; Martini, C.; Botti, A.; Pinazzi, A.; Bottazzi, B.; Palumbo, A.A. Coronary Inflammation by Computed Tomography
Pericoronary Fat Attenuation in MINOCA and Tako-Tsubo Syndrome. J. Am. Heart Assoc. 2019, 8, e013235. [CrossRef]

62. Oikonomou, E.K.; Desai, M.Y.; Marwan, M.; Kotanidis, C.P.; Antonopoulos, A.S.; Schottlander, D.; Channon, K.M.; Neubauer, S.;
Achenbach, S.; Antoniades, C. Perivascular Fat Attenuation Index Stratifies Cardiac Risk Associated With High-Risk Plaques in
the CRISP-CT Study. J. Am. Coll. Cardiol. 2020, 76, 755–757. [CrossRef] [PubMed]

63. Marwan, M.; Hell, M.; Schuhback, A.; Gauss, S.; Bittner, D.; Pflederer, T.; Achenbach, S. CT Attenuation of Pericoronary Adipose
Tissue in Normal Versus Atherosclerotic Coronary Segments as Defined by Intravascular Ultrasound. J. Comput. Assist. Tomogr.
2017, 41, 762–767. [CrossRef] [PubMed]

64. Hell, M.M.; Achenbach, S.; Schuhbaeck, A.; Klinghammer, L.; May, M.S.; Marwan, M. CT-based analysis of pericoronary adipose
tissue density: Relation to cardiovascular risk factors and epicardial adipose tissue volume. J. Cardiovasc. Comput. Tomogr. 2016,
10, 52–60. [CrossRef] [PubMed]

65. Okubo, R.; Nakanishi, R.; Toda, M.; Saito, D.; Watanabe, I.; Yabe, T.; Amano, H.; Hirai, T.; Ikeda, T. Pericoronary adipose tissue
ratio is a stronger associated factor of plaque vulnerability than epicardial adipose tissue on coronary computed tomography
angiography. Heart Vessels 2017, 32, 813–822. [CrossRef]

66. Hedgire, S.; Baliyan, V.; Zucker, E.J.; Bittner, D.O.; Staziaki, P.V.; Takx, R.A.P.; Scholtz, J.E.; Meyersohn, N.; Hoffmann, U.;
Ghoshhajra, B. Perivascular Epicardial Fat Stranding at Coronary CT Angiography: A Marker of Acute Plaque Rupture and
Spontaneous Coronary Artery Dissection. Radiology 2018, 287, 808–815. [CrossRef]

67. Tweet, M.S.; Akhtar, N.J.; Hayes, S.N.; Best, P.J.; Gulati, R.; Araoz, P.A. Spontaneous coronary artery dissection: Acute findings on
coronary computed tomography angiography. Eur. Heart J. Acute Cardiovasc. Care 2018, 2048872617753799. [CrossRef]

68. Demircelik, M.B.; Yilmaz, O.C.; Gurel, O.M.; Selcoki, Y.; Atar, I.A.; Bozkurt, A.; Akin, K.; Eryonucu, B. Epicardial adipose tissue
and pericoronary fat thickness measured with 64-multidetector computed tomography: Potential predictors of the severity of
coronary artery disease. Clinics 2014, 69, 388–392. [CrossRef]

69. Balcer, B.; Dykun, I.; Schlosser, T.; Forsting, M.; Rassaf, T.; Mahabadi, A.A. Pericoronary fat volume but not attenuation
differentiates culprit lesions in patients with myocardial infarction. Atherosclerosis 2018, 276, 182–188. [CrossRef]

70. Tzolos, E.; McElhinney, P.; Williams, M.C.; Cadet, S.; Dweck, M.R.; Berman, D.S.; Slomka, P.J.; Newby, D.E.; Dey, D. Repeatability
of quantitative pericoronary adipose tissue attenuation and coronary plaque burden from coronary CT angiography. J. Cardiovasc.
Comput. Tomogr. 2020. [CrossRef]

71. Lin, A.; Nerlekar, N.; Yuvaraj, J.; Fernandes, K.; Jiang, C.; Dey, D.; Nicholls, S.J.; Tl Wong, D. Pericoronary Adipose Tissue
Computed Tomography Attenuation in Different Stages of Coronary Artery Disease: A Cross-Sectional Study. J. Am. Coll. Cardiol.
2020, 75, 1718. [CrossRef]

72. Sugiyama, T.; Kanaji, Y.; Hoshino, M.; Yamaguchi, M.; Hada, M.; Ohya, H.; Sumino, Y.; Hirano, H.; Kanno, Y.; Horie, T.; et al.
Determinants of Pericoronary Adipose Tissue Attenuation on Computed Tomography Angiography in Coronary Artery Disease.
J. Am. Heart Assoc. 2020, 9, e016202. [CrossRef]

http://doi.org/10.1253/circj.CJ-10-0441
http://www.ncbi.nlm.nih.gov/pubmed/21178296
http://doi.org/10.1016/j.atherosclerosis.2019.01.033
http://www.ncbi.nlm.nih.gov/pubmed/30777338
http://doi.org/10.1161/JAHA.119.013104
http://doi.org/10.1038/s41598-020-63135-z
http://www.ncbi.nlm.nih.gov/pubmed/32346001
http://doi.org/10.1016/S0140-6736(18)31114-0
http://doi.org/10.1093/eurheartj/ehz474
http://doi.org/10.1161/ATVBAHA.119.312899
http://doi.org/10.1001/jamacardio.2019.2589
http://doi.org/10.1016/j.ijcard.2020.06.008
http://doi.org/10.1007/s10554-019-01758-8
http://www.ncbi.nlm.nih.gov/pubmed/31907683
http://doi.org/10.1161/JAHA.119.013235
http://doi.org/10.1016/j.jacc.2020.05.078
http://www.ncbi.nlm.nih.gov/pubmed/32762910
http://doi.org/10.1097/RCT.0000000000000589
http://www.ncbi.nlm.nih.gov/pubmed/28914752
http://doi.org/10.1016/j.jcct.2015.07.011
http://www.ncbi.nlm.nih.gov/pubmed/26256553
http://doi.org/10.1007/s00380-017-0943-1
http://doi.org/10.1148/radiol.2017171568
http://doi.org/10.1177/2048872617753799
http://doi.org/10.6061/clinics/2014(06)04
http://doi.org/10.1016/j.atherosclerosis.2018.05.035
http://doi.org/10.1016/j.jcct.2020.03.007
http://doi.org/10.1016/S0735-1097(20)32345-7
http://doi.org/10.1161/JAHA.120.016202


Cells 2021, 10, 1196 17 of 18

73. Goeller, M.; Tamarappoo, B.K.; Kwan, A.C.; Cadet, S.; Commandeur, F.; Razipour, A.; Slomka, P.J.; Gransar, H.; Chen, X.; Otaki, Y.;
et al. Relationship between changes in pericoronary adipose tissue attenuation and coronary plaque burden quantified from
coronary computed tomography angiography. Eur. Heart J. Cardiovasc. Imaging 2019. [CrossRef]

74. Motoyama, S.; Kondo, T.; Sarai, M.; Sugiura, A.; Harigaya, H.; Sato, T.; Inoue, K.; Okumura, M.; Ishii, J.; Anno, H.; et al. Multislice
computed tomographic characteristics of coronary lesions in acute coronary syndromes. J. Am. Coll. Cardiol. 2007, 50, 319–326.
[CrossRef]

75. Motoyama, S.; Sarai, M.; Harigaya, H.; Anno, H.; Inoue, K.; Hara, T.; Naruse, H.; Ishii, J.; Hishida, H.; Wong, N.D.; et al. Computed
tomographic angiography characteristics of atherosclerotic plaques subsequently resulting in acute coronary syndrome. J. Am.
Coll. Cardiol. 2009, 54, 49–57. [CrossRef] [PubMed]

76. Goeller, M.; Achenbach, S.; Cadet, S.; Kwan, A.C.; Commandeur, F.; Slomka, P.J.; Gransar, H.; Albrecht, M.H.; Tamarappoo, B.K.;
Berman, D.S.; et al. Pericoronary Adipose Tissue Computed Tomography Attenuation and High-Risk Plaque Characteristics in
Acute Coronary Syndrome Compared With Stable Coronary Artery Disease. JAMA Cardiol. 2018, 3, 858–863. [CrossRef]

77. Yuvaraj, J.; Lin, A.; Nerlekar, N.; Munnur, R.; Cameron, J.; Nicholls, S.; Wong, D. 402 Role of Coronary Inflammation in High-Risk
Plaque and Acute Coronary Syndrome in Patients With Stable Coronary Artery Disease: Insights from Pericoronary Adipose
Tissue Attenuation (PCAT) on CTCA. Heart Lung Circ. 2020, 29, S219. [CrossRef]

78. Goeller, M.; Rahman Ihdayhid, A.; Cadet, S.; Lin, A.; Adams, D.; Thakur, U.; Yap, G.; Marwan, M.; Achenbach, S.; Dey, D.; et al.
Pericoronary adipose tissue and quantitative global non-calcified plaque characteristics from CT angiography do not differ in
matched South Asian, East Asian and European-origin Caucasian patients with stable chest pain. Eur. J. Radiol. 2020, 125, 108874.
[CrossRef]

79. Ma, R.; Ties, D.; van Assen, M.; Pelgrim, G.J.; Sidorenkov, G.; van Ooijen, P.M.A.; van der Harst, P.; van Dijk, R.; Vliegenthart, R.
Towards reference values of pericoronary adipose tissue attenuation: Impact of coronary artery and tube voltage in coronary
computed tomography angiography. Eur. Radiol. 2020, 30, 6838–6846. [CrossRef]

80. Kaptoge, S.; Seshasai, S.R.; Gao, P.; Freitag, D.F.; Butterworth, A.S.; Borglykke, A.; Di Angelantonio, E.; Gudnason, V.; Rumley, A.;
Lowe, G.D.; et al. Inflammatory cytokines and risk of coronary heart disease: New prospective study and updated meta-analysis.
Eur. Heart J. 2014, 35, 578–589. [CrossRef] [PubMed]

81. Ahnstedt, H.; Roy-O’Reilly, M.; Spychala, M.S.; Mobley, A.S.; Bravo-Alegria, J.; Chauhan, A.; Aronowski, J.; Marrelli, S.P.;
McCullough, L.D. Sex Differences in Adipose Tissue CD8(+) T Cells and Regulatory T Cells in Middle-Aged Mice. Front. Immunol.
2018, 9, 659. [CrossRef]

82. Milan-Mattos, J.C.; Anibal, F.F.; Perseguini, N.M.; Minatel, V.; Rehder-Santos, P.; Castro, C.A.; Vasilceac, F.A.; Mattiello, S.M.;
Faccioli, L.H.; Catai, A.M. Effects of natural aging and gender on pro-inflammatory markers. Braz. J. Med. Biol. Res. 2019, 52,
e8392. [CrossRef] [PubMed]

83. Fishbein, M.C.; Siegel, R.J. How big are coronary atherosclerotic plaques that rupture? Circulation 1996, 94, 2662–2666. [CrossRef]
84. Virmani, R.; Kolodgie, F.D.; Burke, A.P.; Farb, A.; Schwartz, S.M. Lessons from sudden coronary death: A comprehensive

morphological classification scheme for atherosclerotic lesions. Arterioscler. Thromb. Vasc. Biol. 2000, 20, 1262–1275. [CrossRef]
85. Yu, M.; Dai, X.; Deng, J.; Lu, Z.; Shen, C.; Zhang, J. Diagnostic performance of perivascular fat attenuation index to predict

hemodynamic significance of coronary stenosis: A preliminary coronary computed tomography angiography study. Eur. Radiol.
2020, 30, 673–681. [CrossRef] [PubMed]

86. Hoshino, M.; Yang, S.; Sugiyama, T.; Zhang, J.; Kanaji, Y.; Yamaguchi, M.; Hada, M.; Sumino, Y.; Horie, T.; Nogami, K.; et al.
Peri-coronary inflammation is associated with findings on coronary computed tomography angiography and fractional flow
reserve. J. Cardiovasc. Comput. Tomogr. 2020, 14, 483–489. [CrossRef]

87. Nomura, C.H.; Assuncao-Jr, A.N.; Guimaraes, P.O.; Liberato, G.; Morais, T.C.; Fahel, M.G.; Giorgi, M.C.P.; Meneghetti, J.C.; Parga,
J.R.; Dantas-Jr, R.N.; et al. Association between perivascular inflammation and downstream myocardial perfusion in patients
with suspected coronary artery disease. Eur. Heart J. Cardiovasc. Imaging 2020, 21, 599–605. [CrossRef]

88. Ueno, H.; Hoshino, M.; Sugiyama, T.; Kanaji, Y.; Nogami, K.; Horie, T.; Yamaguchi, M.; Hada, M.; Sumino, Y.; Misawa, T.; et al.
Pericoronary Adipose Tissue Inflammation on Coronary Computed Tomography in Patients With Vasospastic Angina. JACC
Cardiovasc. Imaging 2021, 14, 511–512. [CrossRef]

89. Horie, T.; Sugiyama, T.; Kanaji, Y.; Hoshino, M.; Kakuta, T. Serial Assessment of Pericoronary Adipose Tissue Inflammation in a
Patient With MINOCA Potentially Complicated With Vasospasm. CJC Open 2021, 3, 204–206. [CrossRef]

90. Ohyama, K.; Matsumoto, Y.; Takanami, K.; Ota, H.; Nishimiya, K.; Sugisawa, J.; Tsuchiya, S.; Amamizu, H.; Uzuka, H.; Suda,
A.; et al. Coronary Adventitial and Perivascular Adipose Tissue Inflammation in Patients With Vasospastic Angina. J. Am. Coll.
Cardiol. 2018, 71, 414–425. [CrossRef] [PubMed]

91. Kataoka, Y.; Puri, R.; Hammadah, M.; Duggal, B.; Uno, K.; Kapadia, S.R.; Tuzcu, E.M.; Nissen, S.E.; Nicholls, S.J. Cholesterol
crystals associate with coronary plaque vulnerability in vivo. J. Am. Coll. Cardiol. 2015, 65, 630–632. [CrossRef]

92. Lin, A.; Nerlekar, N.; Munnur, R.K.; Kataoka, Y.; Andrews, J.; Dey, D.; Nicholls, S.J.; Wong, D.T. Cholesterol crystal-induced
coronary inflammation: Insights from optical coherence tomography and pericoronary adipose tissue computed tomography
attenuation. J. Cardiovasc. Comput. Tomogr. 2019. [CrossRef] [PubMed]

93. Hayes, S.N.; Kim, E.S.H.; Saw, J.; Adlam, D.; Arslanian-Engoren, C.; Economy, K.E.; Ganesh, S.K.; Gulati, R.; Lindsay, M.E.; Mieres,
J.H.; et al. Spontaneous Coronary Artery Dissection: Current State of the Science: A Scientific Statement From the American
Heart Association. Circulation 2018, 137, e523–e557. [CrossRef] [PubMed]

http://doi.org/10.1093/ehjci/jez013
http://doi.org/10.1016/j.jacc.2007.03.044
http://doi.org/10.1016/j.jacc.2009.02.068
http://www.ncbi.nlm.nih.gov/pubmed/19555840
http://doi.org/10.1001/jamacardio.2018.1997
http://doi.org/10.1016/j.hlc.2020.09.409
http://doi.org/10.1016/j.ejrad.2020.108874
http://doi.org/10.1007/s00330-020-07069-0
http://doi.org/10.1093/eurheartj/eht367
http://www.ncbi.nlm.nih.gov/pubmed/24026779
http://doi.org/10.3389/fimmu.2018.00659
http://doi.org/10.1590/1414-431x20198392
http://www.ncbi.nlm.nih.gov/pubmed/31411315
http://doi.org/10.1161/01.CIR.94.10.2662
http://doi.org/10.1161/01.ATV.20.5.1262
http://doi.org/10.1007/s00330-019-06400-8
http://www.ncbi.nlm.nih.gov/pubmed/31444596
http://doi.org/10.1016/j.jcct.2020.02.002
http://doi.org/10.1093/ehjci/jeaa023
http://doi.org/10.1016/j.jcmg.2020.08.002
http://doi.org/10.1016/j.cjco.2020.10.001
http://doi.org/10.1016/j.jacc.2017.11.046
http://www.ncbi.nlm.nih.gov/pubmed/29389358
http://doi.org/10.1016/j.jacc.2014.11.039
http://doi.org/10.1016/j.jcct.2019.11.011
http://www.ncbi.nlm.nih.gov/pubmed/31810855
http://doi.org/10.1161/CIR.0000000000000564
http://www.ncbi.nlm.nih.gov/pubmed/29472380


Cells 2021, 10, 1196 18 of 18

94. Yuvaraj, J.; Lin, A.; Nerlekar, N.; Rashid, H.; Cameron, J.D.; Seneviratne, S.; Nicholls, S.; Psaltis, P.J.; Wong, D.T.L. Is spontaneous
coronary artery dissection (SCAD) related to vascular inflammation and epicardial fat? -insights from computed tomography
coronary angiography. Cardiovasc. Diagn. Ther. 2020, 10, 239–241. [CrossRef]

95. Almeida, S.; Pelter, M.; Shaikh, K.; Cherukuri, L.; Birudaraju, D.; Kim, K.; Modi, J.; Shekar, C.; Sheikh, M.; Kinninger, A.; et al.
Feasibility of measuring pericoronary fat from precontrast scans: Effect of iodinated contrast on pericoronary fat attenuation. J.
Cardiovasc. Comput. Tomogr. 2020. [CrossRef] [PubMed]

http://doi.org/10.21037/cdt.2020.01.09
http://doi.org/10.1016/j.jcct.2020.04.004
http://www.ncbi.nlm.nih.gov/pubmed/32576456

	Introduction 
	Inflammation in Atherosclerosis 
	Biology of Human Adipose Tissue 
	Adipose Tissue Depots 
	Visceral Adipose Tissue of the Heart 

	Association of Inflammation and Cardiac Adipose Tissue 
	Local Epicardial Adipose Tissue (EAT) Inflammation in Coronary Artery Disease (CAD) 
	Adipose Tissue Inflammation on Positron-Emission Tomography-Computed Tomography (PET-CT) Imaging 

	Coronary Computed Tomography Angiography (CTA) Assessment of EAT and Pericoronary Adipose Tissue (PCAT) as a Marker of Coronary Inflammation 
	EAT Quantification 
	Pericoronary Fat Attenuation Index 
	‘Crude’ PCAT Attenuation and CAD 
	PCAT Assessment of Haemodynamically-Significant Lesions 
	PCAT Assessment in Non-Atherosclerotic Disease States 
	Technical Parameter Influence in PCAT Assessment 
	Current Limitations and Future Directions 

	Conclusions 
	References

