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Abstract

Perivascular adipose tissue is a local deposit of adipose tissue surrounding the vasculature.
Perivascular adipose tissue is present throughout the body and has been shown to have a local
effect on blood vessels. The influence of perivascular adipose tissue on the vasculature changes
with increasing adiposity. This article describes the anatomy and pathophysiology of perivascular
adipose tissue and the experimental evidence supporting its local adverse effect on the vasculature.
Methods for quantifying perivascular adipose tissue in free-living populations will be described.
Finally, the epidemiological literature demonstrating an association between perivascular adipose
tissue and cardiometabolic disease will be explored.
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The high prevalence of obesity throughout the world has increasingly focused on the
association between body weight, cardiovascular risk factors and clinical cardiovascular
disease [1]. Body fat distribution may be more strongly associated with obesity-related
comorbidities and cardiovascular disease compared with generalized measures of adiposity,
such as BMI [2-5]. Ectopic fat, defined as the deposition of fat in nonclassical locations
including the heart, kidneys and blood vessels, may contribute to the development of
cardiovascular disease by exerting a local toxic effect on adjacent structures [6—8]. One such
ectopic fat depot is peri-vascular adipose tissue, which is directly adherent to blood vessels.
Perivascular adipose tissue includes fat surrounding large arteries, as well as organ-specific
fat depots in which adipose tissue surrounds the organ’s vasculature. Periaortic fat falls into
the former category, whereas epicardial, pericardial and peri-renal fat fall into the latter
category.
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This article will first describe the anatomy and normal function of perivascular adipose
tissue. The proinflammatory changes in peri-vascular adipose tissue that are associated with
the development of obesity will then be discussed. Next, the experimental evidence
supporting a pathological effect of perivascular adipose tissue on the vasculature with
increasing adiposity will be presented. Finally, the imaging techniques used to quantify
perivascular adipose tissue and the epidemiologic literature exploring the association
between perivascular adipose tissue and cardiometabolic disease will be reviewed.

Anatomy of perivascular adipose tissue

Perivascular adipose tissue is defined as adipose tissue surrounding blood vessels.
Perivascular adipose tissue is present in lean animals, but the amount increases with
increasing adiposity [8,9]. The composition of perivascular adipose tissue varies by blood
vessel type. Resistance vessels contain predominantly white adipose tissue, whereas large
vessels are characterized by both brown and white adipose tissue [10,11]. The term
‘perivascular adipose tissue’ encompasses certain organ-specific fat depots, including
epicardial and perirenal fat. These fat depots are characterized by fat wrapped around the
coronary and renal blood vessels, respectively. Intramuscular adipose tissue may also be a
subtype of perivascular adipose tissue given its location around muscle resistance arteries in
obese rats [12].

Anatomically, perivascular adipose tissue is contiguous with the adventitial layer of the
blood vessel wall [13-15]. Historically, perivascular adipose tissue was believed to serve
primarily as scaffolding for blood vessels. Today, it is recognized as a metabolically active
endocrine organ with important effects on vascular function. The close proximity of
perivascular adipose tissue with the vascular adventitia allows for the possibility of crosstalk
between these two diverse cellular environments [14,16].

Normal function of perivascular adipose tissue

Perivascular adipose tissue, similarly to other fat depots, is metabolically active, secreting a
wide array of bioactive substances, termed ‘adipokines’ [13,17,18]. Adipokines include
cytokines, chemokines and hormones that can act in a paracrine, autocrine or endocrine
fashion [19,20]. Only a minority of adipokines are secreted by adipocytes; resident immune
cells, including macrophages and T cells, also produce adipokines [18,21,22]. The secretion
of adipokines by perivascular adipose tissue is important for vascular regulation under
normal conditions. Seminal studies on the rat aorta performed 20 years ago first
demonstrated a decreased response to the vasoconstrictor norepinephrine in the presence of
periaortic fat compared with aortas in which the perivascular adipose tissue had been
removed [23]. This anticontractile property remained with the transfer of the culture bath to
vessels without adipose tissue and suggested the action of a secreted substance [24]. The
secreted substance was given the name adipocyte derived relaxing factor (ADRF).
Subsequent studies have demonstrated that ADRF attenuates the vasocontrictive response of
a variety of agents [24,25]. The magnitude of the anticontractile effect of ADRF and the
downstream mediators of its effect in different vascular beds are still being elucidated
[25,26]. Recently, angiotensin 1-7, which acts on endothelial cells to promote nitric oxide
release, has been identified as an endothelium-dependent ADRF. A separate endothelium-
independent anticontractile effect of perivascular adipose tissue is mediated by hydrogen
peroxide [25,27]. Additional adipokines are likely to be involved in the regulation of
vascular function under normal conditions, but the vasoactive properties of perivascular
adipose tissue have only recently begun to be explored. The properties of perivascular
adipose tissue may vary in different vascular beds and different animal species. In contrast
to the anticontractile properties of perivascular adipose tissue surrounding the aorta of rats

Clin Lipidol. Author manuscript; available in PMC 2011 December 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Britton and Fox

Page 3

and humans [23,25,28], perivascular adipose was found to diminish endothelial nitric oxide
production and coronary vasodilation in dogs, but not pigs [29,30].

Proposed mechanisms linking perivascular adipose tissue & vascular

disease

A potential local pathogenic effect of perivascular adipose tissue on the vasculature may be
mediated by either direct compression of the vessels themselves or changes in perivascular
adipose tissue associated with disease states such as obesity, hypertension, hyperglycemia
and metabolic syndrome [13,31-33]. The changes in perivascular adipose tissue in response
to obesity have been the most extensively studied, and many of the other disease states
studied are frequently associated with obesity. In this article, we will review the
development of inflammation in perivascular adipose tissue in response to obesity. Then, we
will discuss several proposed pathophysiological mechanisms linking perivascular adipose
tissue to cardiovascular disease.

Obesity, inflammation & perivascular adipose tissue

Obesity is associated with inflammation of adipose tissue [19,34]. In normal adipose tissue,
the metabolic balance favors a noninflammatory state. With the development of obesity, the
metabolic milieu changes, favoring the instigation and perpetuation of inflammation [19,34].
The cellular mechanisms underlying these changes are only partially understood, but involve
alterations in adipokine secretion by resident cells within adipose tissue, as well as
infiltration of fat by proinflammatory immune cells [18,19,34]. Adipocytes upregulate
secretion of leptin and downregulate secretion of adiponectin. In addition, adipocyte
hypertrophy stimulates secretion of monocyte chemoattractant protein (MCP)-1 [19,35,36],
a chemokine involved in macrophage recruitment and inflammatory responses. The
macrophages in obesity exhibit a proinflammatory phenotype [37]. These M1, or “classically
activated’, macrophages are lipid-filled foam cells that demonstrate enhanced secretion of
TNF-a, IL-6 and IL-8 [37,38]. By contrast, lean animals have predominantly M2, or
‘alternatively activated’, macrophages, which secrete anti-inflammatory cytokines [37].

Much of the evidence demonstrating the association of obesity with adipose inflammation
comes from the study of visceral adipose tissue (VAT) [34]. However, growing evidence
supports a similar process in perivascular adipose tissue [13,16,17,34]. IL-1pB, IL-6, MCP-1
and TNF-a were shown to be higher in obese subjects undergoing bypass surgery in
epicardial as opposed to subcutaneous fat [17]. In related studies, in vitro differentiated
human perivascular adipocytes demonstrated increased levels of IL-8, IL-6 and MCP-1
compared with subcutaneous adipose tissue [13]. Gene expression studies in mice fed a
high-fat diet demonstrated reductions in the expression of adiponectin, an anti-inflammatory
adipokine, and increases in the expression of leptin, a proinflammatory hormone in
periaortic fat after 2 weeks of the change in diet [13]. MCP-1 is also found at substantially
higher levels in perivascular compared with subcutaneous adipose tissue [13]. In pigs with
metabolic syndrome, perivascular adipose tissue was found to exacerbate endothelial
dysfunction, and this effect appeared to be partially mediated by leptin [33].

Perivascular adipose tissue & vascular dysfunction in obesity

The growing appreciation of the proinflammatory state of adipose tissue in obesity has
naturally led to speculation about the local pathologic effects of perivascular adipose tissue
in obesity-mediated cardiovascular disease. The proposed mechanisms all include the
actions of adipokines (Figure 1). Many of the proinflammatory adipokines upregulated in
obesity are known to influence vascular function, including endothelial function [33,39],
oxidative stress [40,41], vascular stiffness [42] and smooth muscle migration [43].

Clin Lipidol. Author manuscript; available in PMC 2011 December 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Britton and Fox

Page 4

Adipokines also stimulate immune cell migration into the vascular wall, potentially
contributing to the inflammation found in atherosclerosis [44,45]. Finally, adipokines
modulate the effect of insulin on the vasculature, thereby decreasing insulin- mediated
muscle glucose uptake [14,46,47]. This leads to alterations in nitric oxide signaling, insulin
resistance and potentially atherogenesis [14].

Vasoactive properties of adipokines—As previously outlined, secretion of adipokines
by healthy perivascular adipose tissue plays a role in vascular modulation, conferring a
protective anticontractile effect [23]. Investigators postulated that the adipokine
dysregulation inherent to obesity or other disease states may negate this effect [28,48].
Studies in both humans and animals support this theory. Rats exposed to nicotine during
pregnancy and lactation had higher bodyweights and greater amounts of perivascular fat
than control rats [49]. In this setting, the anticontractile properties of perivascular fat was
attenuated. Similarly, in human perivascular adipose tissue biopsy samples, perivascular fat
demonstrated no anticontractile effects in obese compared with healthy subjects [28]. This
change in vascular function with obesity was associated and potentially mediated by
inflammation. Immunohistochemistry with quantitative image analysis showed an increase
in adipocyte size and increased production of TNF-a in obese patients. Furthermore,
incubation of healthy perivascular adipose tissue with TNF-o caused an attenuation of the
anticontractile response similar to the obese phenotype. The change in TNF-a levels
appeared to be a local phenomenon, as circulating levels of this cytokine are low in obesity
[28,50,51]. In addition to obesity, changes in the function of perivascular adipose tissue have
been shown in animal models of hypertension. Specifically, the anticontractile properties of
normal perivascular adipose tissue were attenuated with the development of hypertension.
This did not appear to be mediated by the presence of obesity in the hypertensive rats as
hypertension was induced over a 14-day period.

Despite the elegant experiments highlighting the influence of perivascular fat on the
vasculature, a full understanding of the effect of perivascular adipose tissue in diseased
states on vascular function remains incompletely understood. Incubation of perivascular
adipose tissue from obese patients with an anti-TNF-a antibody did not restore the
anticontractile response [28], suggesting that TNF-a. is just one of many perivascular
adipokines with complex and interconnected effects on vascular function.

In addition to TNF-a, vascular effects have been demonstrated for the hormones leptin and
adiponectin. Physiological concentrations of leptin have been shown in vitro and in vivo to
induce endothelial dysfunction [33,52]. By contrast, adiponectin, which is downregulated in
obesity, has been shown to have salutary effects on the vasculature, including upregulation
of nitric oxide and improvement of endothelial function [53,54]. The adipokine resistin was
only described and named in 2001, but has already been associated with endothelial
dysfunction through stimulation of endothelin-1 release, which fosters vasoconstriction [55].

Migration of immune cells from perivascular adipose tissue into the
vasculature—In addition to their direct roles in mediating vascular function, adipokines
may influence the migration of immune cells into the vascular wall and therefore promote
inflammation and atherogenesis. The adipokines leptin, resistin, MCP-1 and I1L-8 have all
been shown to influence monocyte migration and activation into macrophages [16,55,56].
Once in the vascular space, these immune cells secrete additional proinflammatory
cytokines. These include IL-1 and TNF-a, which influence interactions between leukocytes
and the vasculature by increasing P-selectin-dependent leukocyte rolling and adhesion [57].
Infiltration of macrophages has been shown to be associated with endothelial dysfunction
and insulin resistance in obesity [58]. Taken together, these results suggest an important role
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of adipokine-stimulated macrophages and T lymphocytes in the inflammatory process of
atherogenesis [59].

The recognition that perivascular adipose inflammation potentially contributes to
atherosclerosis has led to an ‘outside-in’ theory of vascular inflammation. Vascular
inflammation was already believed to follow an ‘inside-out’ process in which intimal injury
leads to expression of vascular adhesion molecules, release of inflammatory signals and
subsequent homing of blood-borne immune cells to the endothelium [59]. This intimal
inflammation then spreads into the media and adventitia [60]. The ‘outside-in’ theory
postulates that inflammation begins in adipose tissue and then spreads inward to the
vasculature [61]. This is supported by the lack of a fascial plane between the adventitia and
surrounding adipose tissue, as well as the extension of the vasa vasorum into perivascular
adipose tissue [62]. Consistent with this, immunostaining of atherosclerotic human aortas
has shown the presence of inflammatory cells at the junction of perivascular adipose tissue
and the vascular adventitia [16].

Perivascular adipokines & the vascular effects of insulin—A final link between
adipokines, vascular dysfunction and cardiovascular disease involves the influence of
perivascular adipokines on the vascular effects of insulin [14]. Insulin normally induces
vasodilation in muscle tissue with high glucose uptake and vasoconstriction in muscle tissue
with low glucose uptake [14,63]. This involves a delicate balance of the vasodilatory effects
of nitric oxide and the vasoconstricting effects of endothelin-1 [64]. This insulin- mediated
diversion of blood flow is a major determinant of whole-body insulin resistance. In obesity,
nitric oxide production is reduced whereas endothelin-1 production is increased and
capillary recruitment is reduced [14]. Adipokines secreted by perivascular adipose tissue are
believed to contribute to these changes [14]. For example, TNF-o has been shown to impair
insulin-induced vasodilation [46], possibly through reduced expression of the insulin
receptor substrate 1. Adiponectin also influences insulin signaling, but in contrast to TNF-a
and IL-6, is associated with increased sensitivity to insulin and increased glucose uptake
[65,66].

In summary, increasing adiposity is associated with adipose tissue inflammation, which is
initiated and perpetuated by dysregulation of adipokines. The anatomic proximity of
perivascular adipose tissue to the vasculature has led researchers to investigate potential
mechanisms by which dysregulation of adipokines in obesity and other disease states may
have a local pathogenic effect on blood vessels. Multiple pathways have been identified
through which adipokines probably contribute to the development of vascular disease.
Changes in adipokine signaling are associated with inflammation, and inflammation is
known to be associated with vascular disease. Adipokines stimulate immune cell migration
into the vascular lumen through a potential ‘outside-in’ inflammatory cascade. However,
inflammation may not be a prerequisite for changes in the vascular effects of perivascular
adipose tissue. Adipokines have direct vascular effects on endothelial function and smooth
muscle migration. Finally, adipokines appear to modulate the effect of insulin on the
vasculature by contributing to changes in capillary recruitment. Overall, the exact biological
cascade linking perivascular adipose tissue and changes in vascular function remains
incompletely understood, but is probably multifaceted, with interconnected pathways.

Epidemiological studies of perivascular adipose tissue

In addition to the intriguing basic science research and small clinical studies,
epidemiological studies have begun to explore associations between perivascular adipose
tissue, metabolic risk factors and cardiovascular disease. Pericardial adipose tissue has been
the most frequently studied perivascular fat depot from an epidemiological perspective.
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However, more recent work has also examined thoracic periaortic fat [8,67,68]. This section
will first outline the imaging techniques used in epidemiological studies to quantitatively
assess the different subtypes of perivascular adipose tissue. Then, the associations between
perivascular adipose tissue and metabolic risk factors will be examined. Finally, associations
between subtypes of perivascular adipose tissue and both indices of myocardial structure as
well as clinical cardiovascular disease will be reviewed.

Imaging modalities used to quantify perivascular adipose tissue in human studies

The use of imaging modalities to quantitatively assess the amount of perivascular adipose
tissue in specific perivascular fat depots has been fundamental to the epidemiological study
of obesity and vascular disease. To date, most imaging of perivascular adipose tissue has
focused on pericardial fat, which can be measured by ultrasound, multidetector computed
tomography (MDCT) and MRI [7,69-71]. More recently, a reliable method for the
assessment of periaortic fat volume has been developed [68]. The following section will
review the advantages and disadvantages of the various imaging modalities (Table 1).

Echocardiography—Echocardiography is widely performed for a variety of clinical
indications, is comparatively low cost and does not involve exposure to radiation [72].
Epicardial fat can be measured as the echolucent space anterior to the right ventricle on both
parasternal long- and short-axis views [9]. A major drawback of echocardiography is that
measurements are based on a single point on the right ventricular free wall. This does not
allow volumetric assessment and is subject to error, given the variation in adipose tissue
thickness over the surface of the heart [73]. In addition, obesity may lead to poor
echocardiographic image quality; indeed, the low intracbserver and interobserver variation
in some studies may reflect these challenges [74]. By contrast to other imaging modalities,
echocardiography only allows the assessment of epicardial and not other types of
perivascular adipose tissue.

Multidetector computed tomography—Multidetector computed tomography
overcomes many of the shortcomings of echocardiography. By contrast to the 2D
measurements used in echocardiography, a 3D volume of adipose tissue is calculated [7,68].
Specific fat depot locations are determined by anatomic landmarks. Within these landmarks,
adipose tissue pixels are identified by characteristic Hounsfield units.

On MDCT, low attenuation is specific to the identification of fat. Using a semiautomatic
technique, standard software packages can quantify the low attenuation tissues and derive a
measure of fat area or volume. For example, thoracic periaortic fat in the Framingham Heart
Study (FHS) is defined anteriorly by the area immediately surrounding the thoracic aorta
(defined by a line drawn horizontally through the esophagus, which is connected to the left
costovertebral joint), and posteriorly by the right lateral border of the vertebral body and the
anterior edge of the vertebral body. This results in a 6.75-cm column of fat (27 slices)
surrounding the thoracic aorta [67]. These techniques have yielded excellent interobserver
and intraobserver reproducibility [7,68]. Thoracic MDCT has the additional advantage of
simultaneously assessing coronary calcification. The major disadvantage of MDCT is
radiation exposure.

MRI—MRI assessment of adipose tissue shares many of the advantages of MDCT over
echocardiography, including superior spatial resolution, volumetric assessment of adipose
tissue and the ability to image multiple different types of perivascular adipose tissue [71]. Its
advantages over MDCT include lack of radiation exposure and excellent assessment of the
cardiac chamber and valvular structure and function [75]. However, spatial resolution of
adipose tissue and imaging of the coronary vasculature with MRI is inferior to MDCT
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[73,75]. MRl is also more costly, more time-consuming and generally less tolerated by
patients than both echocardiography and MDCT.

Epidemiological studies of epicardial & pericardial fat

The associations of epicardial and pericardial fat with metabolic risk factors, indices of
myocardial structure and function and clinical vascular disease have been assessed in
epidemiological studies. These studies have used multiple imaging modalities, and the
terminology differs depending on the technique used. Echocardiographic studies generally
use the term ‘epicardial fat’, whereas MDCT studies generally use the term “pericardial fat’
[7,72]. Epicardial fat is defined anatomically as the fat located between the myocardium and
visceral pericardium. Pericardial fat has been defined by MDCT in two ways. The first
definition, used by the FHS, includes any fat located within the pericardial sac (Figure 2)
[7]. The designation intrathoracic fat has been used by the FHS investigators to include all
adipose tissue within the thoracic cavity excluding the adipose tissue within the pericardial
sac [7]. The second definition of pericardial fat, used by the Multi-Ethnic Study of
Atherosclerosis (MESA) and the Jackson Heart Study (JHS), includes both epicardial fat and
paracardial fat. Paracardial fat includes fat covering the parietal pericardium.

Association of epicardial & pericardial fat & metabolic risk factors—The first
studies of epicardial adipose tissue and metabolic risk factors used echocardiographic
assessment and analyzed relatively small numbers of patients. Associations were observed
between epicardial fat and diastolic blood pressure, insulin levels and waist circumference
[9]. Subsequently, MDCT was used in the FHS to examine the association of pericardial
adipose tissue (defined as adipose tissue within the pericardial sac) and metabolic risk
factors. This analysis included adjustments for standard cardiovascular risk factors, as well
as additional adjustments for both clinical measures of adiposity (BMI and waist
circumference) and volumetrically assessed VAT. In multivariable analysis, pericardial fat
was associated with triglycerides, HDL, impaired fasting glucose and diabetes. After
adjustment for clinical measures of adiposity, pericardial adipose tissue remained
independently associated with the majority of these metabolic measurements. These results
differed by gender and suggested that pericardial fat is associated with a more adverse risk
factor profile in women compared with men. However, once the models were adjusted to
account for VAT, pericardial fat was no longer associated with metabolic measurements.
These results suggested that the association of pericardial fat and metabolic risk factors is
driven primarily by its association with VAT. Similar results were observed in the JHS, a
population-based study of African—Americans [76].

Pericardial fat & coronary heart disease—Multiple cohort studies have assessed the
associations between pericardial fat and both sub-clinical and clinical coronary heart
disease. In the FHS, pericardial fat (which is in anatomic contact with the coronary
vasculature), but not intrathoracic fat (which is adherent to the pericardium but lacks direct
contact with the coronary arteries), was independently associated with coronary artery
calcification, even after adjustment for VAT [7]. Similar associations were observed in the
FHS cohort with prevalent myocardial infarction [4]. A case—cohort study of the MESA
study examined the association of pericardial fat (defined as both epicardial and paracardial
fat) and incident coronary heart disease [77]. Pericardial fat was associated with coronary
heart disease independently of BMI. Two additional studies examined the relationship
between epicardial fat and atherosclerotic plaques. A study in The Netherlands found an
association between volume of epicardial fat, assessed by computed tomography, and the
degree of stenosis on conventional angiography only in individuals with a BMI less than
27.5 kg/m? [78]. A related study found an association between pericoronary fat, defined as
fat immediately surrounding the coronary arteries, and coronary plaques within the same
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arterial segment by MDCT in patients with suspected coronary heart disease [79]. This
relationship persisted after adjustment for total pericardial adipose tissue volume. Taken
together, these studies suggest a local effect of pericardial fat on both subclinical and clinical
coronary heart disease.

Epicardial & pericardial fat & indices of myocardial structure & function—
Epicardial and pericardial fat have also been studied in relation to cardiovascular structure
and function. Early studies using echocardiography demonstrated an association between
epicardial fat and left ventricular mass, left atrial dimension and abnormal diastolic filling
[80,81], leading investigators to conclude that epicardial fat is an important correlate of
indices of myocardial structure and function. However, an important limitation of these
studies was the lack of adjustment for other fat stores, preventing an assessment of whether
the observed associations were solely due to generalized adiposity. This specific question
was subsequently explored in an analysis of pericardial fat and measures of myocardial
structure and function as assessed by MRI [82]. Strong associations were found between
pericardial fat and left ventricular mass, but these results were attenuated after additional
adjustment for VAT. These findings suggest that associations between pericardial fat and
myocardial function may be driven by the strong correlation between pericardial fat and
VAT. One notable exception was identified: left atrial volume in men was independently
associated with pericardial fat, even after additional adjustment for VAT.

Pericardial fat & atrial fibrillation—The association between pericardial fat and left
atrial size may be relevant to recent literature demonstrating cross-sectional associations
between pericardial fat and atrial fibrillation [83,84]. This association was independent of
VAT. Taken together with the findings on myocardial structure, these findings suggest that
the association of pericardial adipose tissue and atrial fibrillation may be related to a local
pathologic effect of pericardial fat on the left atrium. Thus, the potential adverse local
associations of pericardial fat may not be restricted to the development of atherosclerosis.

Epidemiological studies of periaortic fat

Techniques to measure periaortic fat using MDCT imaging have recently been described
[68], allowing for the association of periaortic fat with metabolic risk factors and clinical
vascular disease to be examined [8,67,68]. Adipose tissue is identified by characteristic
Hounsfield units on MDCT [68]. Thoracic periaortic fat can be separated from surrounding
anatomical structures including the esophagus, the costovertebral joints and vertebral bodies
(Figure 3). By contrast, measurement of abdominal periaortic fat is more challenging due to
its close relationship with aortic diameter and its contiguity with retroperitoneal fat without a
clearly visualized retroperitoneal lining. For this reason, epidemiological studies have
focused on thoracic periaortic fat.

Thoracic periaortic fat & metabolic risk factors—Associations of thoracic periaortic
fat with metabolic risk factors have been examined using MDCT [8]. As has been observed
in other fat depots, correlations between thoracic periaortic fat and cardiometabolic risk
factors tend to be stronger in women. Thoracic periaortic fat was also strongly correlated
with VAT (r = 0.75; p < 0.001) in both sexes. Similar to pericardial fat, thoracic periaortic
fat was associated with fasting glucose and triglycerides in multivariable regression analysis,
even after adjustment for BMI and waist circumference. Findings after adjustment for VAT
were also similar to pericardial fat. Specifically, thoracic periaortic fat was no longer
associated with metabolic risk factors, suggesting that the association of periaortic fat and
risk factors is driven primarily by its association with VAT.
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Periaortic fat & vascular disease—Given the suggestion of a local effect of pericardial
fat on the coronary vasculature, related studies have assessed whether a similar association
exists for thoracic periaortic fat and subclinical and clinical vascular diseases [8,67]. Unlike
the findings with pericardial fat and coronary calcium, an independent association was not
observed between thoracic periaortic fat and thoracic calcification after adjustment for
cardiovascular disease risk factors. This may be due to a biologically different association of
periaortic fat with the vasculature compared with pericardial fat. However, independent
associations were found between thoracic periaortic fat and both coronary and abdominal
aortic calcification. The inability of the protocol to determine aortic arch calcification may
have limited the thoracic periaortic fat analysis and may explain the lack of association. This
is supported by the finding of an independent association between thoracic periaortic fat and
clinical vascular disease, specifically peripheral artery disease, even after adjustment for
both cardiovascular risk factors and VAT [67]. A similar association was not observed
between BMI, waist circumference or VAT and peripheral artery disease. Although
causality can not be inferred due to the cross-sectional nature of the study, these findings
suggest the possibility of a local influence of periaortic fat on the vasculature. Given the
difference in the associations between thoracic periaortic fat and subclinical as opposed to
clinical vascular disease, additional research will hopefully clarify the complex biology of
perivascular adipose tissue and vascular disease.

Future directions

Since the initial recognition that adipose tissue is a highly active endocrine organ, there has
been a substantial body of research devoted to this topic, much of which is directly
applicable to perivascular adipose tissue. In addition, an array of basic science, clinical and
epidemiological research is now devoted specifically to perivascular adipose tissue. From
these studies, a growing appreciation of the unique role of perivascular adipose tissue as a
pathogenic fat depot with local effects on the vasculature has emerged.

The current body of work related to perivascular adipose tissue has uncovered areas of
uncertainty and provides a foundation for future studies. Most of the basic science and small
clinical studies to date have been limited to animal models. These have been crucial to the
current understanding of the biology of perivascular adipose tissue and will continue to
provide important insights. Additional investigations in human subjects will also be
essential. A more detailed characterization of the metabolic activity of perivascular adipose
tissue, both in states of health and disease, is required. Further research is necessary in order
to better understand the changes in perivascular adipose tissue with the development of
obesity and clinical vascular disease, including atherosclerosis and hypertension.
Comparisons are needed between perivascular adipose tissue and both subcutaneous adipose
tissue and VAT, as well as between different subtypes of perivascular adipose tissue.
Differences may exist depending on the size of the arteries the fat surrounds or the organs
those arteries supply.

Any differences may have important implications in terms of the influence of perivascular
adipose tissue on the vasculature. In addition, any effect of weight loss on the biology of
perivascular adipose tissue and vascular function has important implications for the
prevention of obesity-mediated vascular disease.

Further epidemiological studies are equally important. Volumetric assessment of other
organ-specific perivascular adipose tissue depots might be developed in the future. Further
epidemiological studies can continue to clarify the similar and different associations
between various perivascular adipose tissue depots and cardiometabolic disease. In addition,
the majority of current studies of perivascular adipose tissue are cross-sectional, and
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longitudinal analyses are necessary. Epidemiological studies might also enable an
understanding of the genetic correlates of perivascular fat. The genetics of body fat
distribution is a nascent but growing field. A recent publication identifying 14 loci for body
fat distribution independent of BMI is proof-of-principle that such loci exist [85]. Current
work is now focusing on the genetics of perivascular fat including periaortic fat and
pericardial fat.

Conclusion

Obesity will remain one of the most important worldwide public health challenges.
Additional research to understand the adverse consequences of excess body weight is
critical, particularly in relation to the development of clinical vascular disease. The growing
understanding of the biology of perivascular adipose tissue and its potential role in vascular
morbidity and mortality is an exciting new avenue of investigation with important advances
anticipated in the coming years.

Future perspective

Executive

As research continues in this field, the understanding of the biology of perivascular adipose
tissue and its effect on the vasculature, both in states of health and disease, will rapidly
expand. As this occurs, the next step will be the crossover of the science from experimental
and epidemiological studies into clinical applications. Weight management will certainly
remain the cornerstone of therapy for obesity. However, the amount of perivascular adipose
tissue may provide additional prognostic information for patients beyond that of generalized
adiposity. In addition, increasing knowledge about perivascular adipose tissue may
eventually be used to develop therapies that are aimed at ameliorating obesity-mediated
vascular disease.

summary

Perivascular adipose tissue anatomy
e Perivascular adipose tissue surrounds blood vessels.

e Perivascular adipose tissue and the adventitial layer of blood vessels are in
direct contact with each other.

e Healthy perivascular adipose tissue secretes adipokines and regulates vascular
function.

e Further understanding of the mediators and effects of healthy perivascular
adipokines on vascular function is necessary.

Proposed mechanisms linking perivascular adipose tissue with vascular disease

e Obesity is associated with changes in adipokine secretion and the resultant
inflammation of perivascular adipose tissue.

e The dysregulation of adipokines changes the effect of perivascular adipose
tissue on the vasculature.

e Changes in perivascular adipokine secretion in obesity appear to contribute to
the development of obesity-mediated vascular disease.

¢ Mechanisms by which perivascular adipose tissue negatively influences the
vasculature in obesity include direct effects on the vasculature, stimulation of
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immune cell migration into the vascular lumen and alterations in insulin-
mediated capillary recruitment.

» Anunderstanding of the differences in adipokine secretion between perivascular
adipose tissue and other fat depots, as well as between subtypes of perivascular
adipose tissue, is needed.

» Additional research is necessary to fully understand the multitude of vascular
effects of perivascular adipose tissue.

» Imaging modalities including echocardiography, multidetector computed
tomography and MRI have been essential in the study of perivascular adipose
tissue in epidemiological studies.

» Epidemiological studies have primarily focused on two subtypes of perivascular
adipose tissue: pericardial fat and periaortic fat.

» Associations between perivascular adipose tissue and metabolic risk factors and
subclinical and clinical cardiovascular disease have been demonstrated in
epidemiological studies.

» Additional longitudinal studies will be helpful to further elucidate the
association of varying types of perivascular adipose tissue with cardiovascular
disease.
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Figure 1. Changes in perivascular adipokines with increasing adiposity

Changes in vascular function that occur as a consequence of adipokine action are shown.
This vascular dysfunction probably contributes to the development of atherosclerotic
plaques. MCP: Monocyte chemoattractant protein.
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Figure 2. CT imaging of pericardial and intrathoracic fat

(A) Axial images demonstrating the anatomical landmarks, (B) 3D reconstruction of
pericardial fat and (C) 3D reconstruction of total thoracic fat (pericardial plus intrathoracic
fat). Pericardial fat in this figure is defined as all adipose tissue contained within the
pericardium. Definitions of pericardial and epicardial fat differ in different epidemiologic
studies.

Reproduced with permission from [4].
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Figure 3. CT imaging of thoracic periaortic fat

(A) Axial images demonstrating the schematic border around the thoracic aorta and (B) the
corresponding 3D reconstruction.

Reproduced with permission from [67].
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Table 1

Advantages and disadvantages of various imaging modalities for assessing perivascular fat.
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epicardial fat
Periaortic fat

visceral adipose tissue

No radiation or iodinated

contrast required

Can simultaneously assess myocardial
structure and function

Imaging Type(s) of Advantages Disadvantages Ref.
modality perivascular
fat imaged
Echocardiography  Epicardial fat Safe Pericardial fat is only measured over the  [9,63-66]
Easy to perform surface of the right ventricle, preventing
Relatively inexpensive volumetric assessment and not taking
Frequently performed for other into account variations in fat deposition
clinical indications over the surface of the heart
Can only assess pericardial and not
other types of perivascular fat
Obesity may limit image quality
MDCT Pericardial and/or Easy to perform Radiation exposure [7,59,66]
epicardial fat Often performed for other indications ~ CT angiography requires
Periaortic fat Allows volumetric assessment of iodinated contrast
adipose tissue
Excellent reproducibility
Can assess multiple fat depots
Can simultaneously assess
coronary calcium
CT angiography can simultaneously
assess coronary plaque
MRI Pericardial and/or Gold standard in assessment of More expensive than either MDCT [62,67]

or echocardiography
Examination is more time-consuming
and less tolerated by patients

CT: Computed tomography; MDCT: Multidetector computed tomography.
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