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Abstract

Background

Pericardial fat has been implicated in the pathogenesis of obesity-related cardiovascular

disease. Proposed mechanisms may be relevant in right heart failure, but relationships

between pericardial fat and right ventricular (RV) morphology have not been explored.

Methods

The Multi-Ethnic Study of Atherosclerosis is a prospective cohort that enrolled participants

without clinical cardiovascular disease. Pericardial fat was measured using computed

tomography and RV parameters using cardiac MRI. Linear regression estimated associa-

tions of pericardial fat with RV mass, RV end diastolic volume (RV-EDV), RV end systolic

volume (RV-ESV), RV stroke volume (RV-SV), and RV ejection fraction (RV-EF). Limited

models adjusted for age, gender, race, height, and study site with and without weight. Fully

adjusted models also accounted for socioeconomic parameters and health behaviors.

Adjustment for left ventricular morphology, metabolic syndrome, and systemic inflammation

was also performed.

Results

The study sample included 3988 participants with complete assessment of RV morphology,

pericardial fat and all covariates. Greater pericardial fat volume was associated with
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reduced RV mass (-0.3g per 40 cm3 increase in pericardial fat, p<0.001), smaller RV-EDV

(-3.7ml per 40 cm3 increase in pericardial fat, p<0.001), smaller RV-ESV (-1.0ml per 40cm3

increase in pericardial fat, p<0.001), and smaller RV-SV (-2.7mL per 40 cm3 increase in

pericardial fat, p<0.001) in participants after adjustment for weight. Associations were

unchanged when accounting for health behaviors, markers of systemic inflammation, and

the metabolic syndrome.

Conclusions

Greater pericardial fat was associated with reduced RV mass, smaller RV-EDV, smaller

RV-ESV, and smaller RV-SV in participants after adjustment for weight. Relationships

between pericardial fat and RV morphology could be relevant to diseases of right heart

failure.

Introduction
Pericardial fat is ectopic adipose tissue surrounding the heart. It is more prominent in many
cardiovascular diseases and has been implicated in the pathogenesis of coronary atherosclerotic
disease, atrial fibrillation, and left heart failure [1–3]. The relationship between pericardial fat
and cardiovascular pathology is controversial. Some feel that pericardial fat functions merely as
a surrogate marker of systemic adiposity, while others suggest that due to its anatomic location
and the lack of a fascial plane delineating it from the heart, pericardial fat is as a direct mediator
of disease [3,4].

While the association between pericardial fat and left heart disease is established, relation-
ships with the right heart are unknown. Obesity, insulin resistance, and the metabolic syn-
drome, conditions associated with increased pericardial fat, have been linked to poor RV
myocardial adaptation [5]. Mechanistic studies suggest dysregulated inflammation may pro-
mote pathologic remodeling [6] and we have previously shown that systemic inflammation is
associated with lower RV mass and smaller RV volumes in MESA participants [7]. Similar to
visceral adipose tissue, pericardial fat secretes both pro- and anti- inflammatory chemokines,
and its location may allow pericardial fat to uniquely influence myocardial inflammation [8,9].

We therefore sought to examine the relationship between computed tomography (CT) mea-
sures of pericardial fat and magnetic resonance imaging (MRI) measures of RV morphology in
a multiethnic cohort of adults free of clinical cardiovascular disease. We hypothesized that
more pericardial fat would be independently associated with reduced RV mass, smaller end-
diastolic volume (EDV), smaller end-systolic volume (ESV), smaller stroke volume (SV), and
lower ejection fraction (EF).

Methods
The Multi-Ethnic Study of Atherosclerosis (MESA) is a multicenter prospective cohort that
was designed to investigate subclinical cardiovascular disease in white, African-American, His-
panic, and Chinese subjects [10]. In 2000–2002, MESA recruited 6,814 subjects aged 45–84
years from six U.S. communities. Exclusion criteria included clinical cardiovascular disease,
weight greater than 300 lbs, pregnancy, or impediment to long-term participation. The institu-
tional review boards of all collaborating institutions approved the protocols of MESA and the
studies described herein. The MESA-Right Ventricle Study, which includes the current
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investigation, was an ancillary study to interpret RV morphology in a large subset of MESA
participants.

Cardiac magnetic resonance imaging measures
The cardiac MRI protocol and methods of interpretation of left ventricular (LV) and RV
parameters have been previously reported [11,12]. Briefly, endocardial and epicardial borders
of the ventricles were traced on short-axis cine images at end-diastole and end-systole. Papil-
lary muscles and trabeculae were included in ventricular volumes, but excluded from ventricu-
lar mass [13]. The difference between the epicardial and endocardial volumes at end-diastole
multiplied by the specific gravity of the heart (1.05 g/cm3) was used to calculate ventricular
mass [11]. SV was calculated by subtracting the ESV from the EDV. EF was calculated by divid-
ing SV by EDV. The protocol included blinded rereads by the same reader. The intra-reader
intra-class correlation coefficient (ICC) for RV mass was 0.94 (229 scans), for RV-EDV was
0.99 (230 scans), for RV-ESV was 0.99 (230 scans), and for RV-EF was 0.89 (230 scans). In
addition, blinded rereads by a second reader were performed. The inter-reader ICC on 240
scans for RV mass, RV-EDV, RV-ESV, and RV-EF was 0.89, 0.96, 0.96, and 0.80, respectively
[12].

Pericardial fat
The pericardial fat CT protocol has been described previously [14]. Pericardial fat volume was
measured from four simultaneous 2.5 mm cardiac sections captured by cardiac CT using
electrocardiography triggering. Pericardial fat was defined as epicardial fat within the visceral
pericardium plus paracardial (e.g. mediastinal) fat [15]. The pericardial fat volume was mea-
sured on sections from the region of the heart within 15 mm above and 30 mm below the supe-
rior extent of the left main coronary artery [16]. This selected region includes the pericardial
fat around the left main coronary artery and the proximal portions of the left anterior descend-
ing and right coronary arteries. The anterior border of the volume was defined by the chest
wall, and the posterior border was defined by the aorta and the bronchus. The pericardial fat
volume (in cubic centimeters) was measured by using Volume Analysis software (GE Health-
care, Waukesha, Wis), with an attenuation threshold of -190 to -30 Hounsfield Units used to
identify fat-containing voxels. The final volume was the sum of all voxels containing pericardial
fat. The increment of analysis was 40 cm3, which is approximately one standard deviation dif-
ference in pericardial fat in the MESA cohort.

Biomarkers and Covariates
Inflammatory plasma biomarkers were measured using fasting blood samples at the baseline
MESA exam by the Laboratory for Clinical Biochemistry Research at University of Vermont
(Burlington, VT). C-reactive Protein (CRP) was measured using the BNII nephelometer (N
High Sensitivity CRP; Dade Behring Inc., Deerfield, IL). Coefficients of variation (CV) for CRP
ranged from 2.1 to 5.7%. Interleukin-6 (IL-6) was measured by ultra-sensitive ELISA (Quanti-
kine HS Human IL-6 Immunoassay; R&D Systems, Minneapolis, MN). CV for IL-6 was 6.3%.

Other covariates including age, gender, race/ethnicity, height, weight, waist and hip circum-
ference, smoking status, pack years, weekly exercise performance, educational achievement,
income, and the presence of hypertension, hyperlipidemia, or glucose intolerance were assessed
at the initial MESA exam, are described in the MESA Manual of Operations (http://www.
mesa-nhlbi.org/manuals.aspx), and were chosen a priori on the basis of known associations
with ventricular size, heart disease, and comorbities. Metabolic syndrome was defined as the
presence of 3 or more of the following clinical criteria: (1) Waist circumference>102cm for
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men or>88cm for women, (2) triglycerides>150 mg/dL, (3) high density lipoproteins (HDL)
< 40mg/dl for men or<50 mg/dl for women, (4) blood pressure� 135/85mmHg, (5) fasting
plasma glucose� 110 mg/dl (National Cholesterol Education Program (NCEP) Adult Treat-
ment Panel III Guidelines) [17].

Statistical Analysis
We used linear regression to characterize the relationship between pericardial fat and RV
parameters. In limited models, we adjusted for age, race/ethnicity, height, and study site.
Because of its importance to the association of interest, weight was added separately to a second
model with limited adjustment and included in all subsequent models.

In fully adjusted models, we also included participants’ education, income, and cardiovascu-
lar risk factors including intentional exercise, smoking status, and number of pack years. Sepa-
rate models further adjusted for LV morphology. Adjustment for the corresponding LV
parameter was used to evaluate observed associations for independence from LV morphology
(e.g., increased LV mass causing pulmonary venous hypertension leading to increased RV
mass) and to better account for differences in body size. Because RVSV and LV stroke volume
are interdependent, we adjusted for LV mass in this case.

In fully adjusted exploratory models, we evaluated whether observed associations could be
accounted for by the presence or absence of the metabolic syndrome or differences in systemic
inflammatory markers (CRP and IL-6). The presence or absence of the metabolic syndrome
reduces differences in waist circumference, triglycerides, HDL, blood pressure, and fasting
plasma glucose to a single binary composite variable. Using this approach, we were concerned
that residual confounding imposed by components of the metabolic syndrome might exist. To
minimize this risk we performed a sensitivity analysis of the fully adjusted model with further
adjustment by the components of metabolic syndrome modeled as continuous variables. Fur-
ther exploratory models evaluated whether age, gender, the presence of diabetes or the meta-
bolic syndrome were effect modifiers of the association between pericardial fat and RV
morphology. Statistical significance was defined as P<0.05. Analyses were performed with
STATA 13.0 (Stata-Corp, College Station, TX).

Results
MESA enrolled 6,814 participants. Cardiac MRI reads were attempted in 4,484 participants
before achieving the study goal of 4,204 participants (94% of attempted reads) (Fig 1). Pericar-
dial fat was measured in 4,188 (99%) of these participants by CT. Two hundred participants
(4.7%) were excluded because of missing self-reported income (n = 128), education (n = 14),
pack years of smoking (n = 47), weekly exercise (n = 2), or incomplete measures used to define
the metabolic syndrome (n = 9). The final study sample included 3,988 participants (Fig 1).
The mean age was 61.3 years and 53.0% were women (Table 1). Mean RV mass in the study
sample was 21.1g SD 4.4g, mean RV-EDV was 124.1mL SD 30.8mL, mean RV-ESV was
37.2mL SD 14.2, mean RV-SV 86.9mL SD 20.5mL, and mean RV-EF was 70.5% SD 6.4%.
Mean pericardial fat was 76.7cm3 SD 39.5 cm3.

Greater pericardial fat volume was associated with greater RV mass (0.5 g for a 40 cm3

increase in pericardial fat volume, p<0.001) without adjustment for weight. After adjusting
for weight (which was expected to be a confounder), the relationship reversed, so that at any
given weight, greater pericardial fat volume was associated with significantly lower RV mass
(-0.3 g for a 40 cm3 increase in pericardial fat volume, p<0.001). This inverse relationship was
unchanged after accounting for differences in socioeconomic status and cardiovascular health
behaviors (Table 2 and Fig 2). The relationship remained after adjustment for the presence or
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absence of the metabolic syndrome, for markers of systemic inflammation, and for left ventric-
ular mass (all p<0.001) (Table 3).

Greater pericardial fat volume was associated with a larger RV-EDV (2.4 mL for a 40 cm3

increase in pericardial fat volume, p<0.001) without adjustment for weight. After adjusting for
weight the relationship again reversed, and so that among individuals of similar weight, greater
pericardial fat volume was associated with a smaller RV-EDV (-3.7ml for a 40 cm3 increase in
pericardial fat volume, p<0.001). This inverse relationship was unchanged after accounting for
differences in socioeconomic status, cardiovascular health behaviors, markers of systemic
inflammation, and the presence or absence of the metabolic syndrome (n = 3,988, all p< 0.01)
(Tables 2 and 3, Fig 2). The relationship between pericardial fat and RV-EDV was attenuated
(but still statistically significant) when adjusted for LV-EDV (-0.8 mL, p = 0.01) (Table 3).

Greater pericardial fat volume was associated with a larger RV-ESV (1.0 mL for a 40 cm3

increase in pericardial fat volume, p<0.001) without adjustment for weight. After adjusting for
weight, the relationship reversed. Among individuals of similar weight, greater pericardial fat
volume was associated with a smaller RV-ESV (-1.0ml for a 40 cm3 increase in pericardial fat
volume, p<0.001). This inverse relationship was unchanged after accounting for differences in
socioeconomic status, cardiovascular health behaviors, markers of systemic inflammation, and
the presence or absence of the metabolic syndrome (n = 3,988, all p< 0.01) (Tables 2 and 3, Fig
2). The relationship between pericardial fat and RV-ESV was attenuated (but still statistically
significant) when adjusted for LV-ESV (-0.4 mL, p = 0.04) (Table 3).

Greater pericardial fat volume was associated with larger RV-SV (1.4 mL for a 40 cm3 increase
in pericardial fat volume) without adjustment for weight. After adjusting for weight, the relation-
ship reversed, and among individuals of otherwise similar weight, greater pericardial fat volume

Fig 1. Study sample.MESA =Multi- Ethnic Study of Atherosclerosis; MRI = magnetic resonance imaging;
RV = right ventricle.

doi:10.1371/journal.pone.0157654.g001
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was associated with significantly smaller RV-SV (-2.7 mL for a 40 cm3 increase in pericardial fat
volume, p =<0.001). This inverse relationship was unchanged after accounting for differences in
socioeconomic status and cardiovascular health behaviors (Table 2 and Fig 2). The relationship
remained after adjustment for the presence or absence of the metabolic syndrome, for markers of
systemic inflammation, and for left ventricular mass (all p<0.001) (Table 3).

Table 1. Characteristics of the study sample.

Study Sample
(n = 3988)

Excluded (n = 2826)

Age, years 61.3 (10.1) 63.3 (10.4)

Female, % 53 53

Race, %

White 40 37

African American 13 11

Hispanic 25 31

Chinese 22 22

Education, %

No high school degree 9 13

High school degree 25 26

Some college 16 17

Bachelors or advanced degree 50 44

Income previous 12 months, %

<$25,000 30 34

$25–50,000 30 27

$50–100,000 27 26

>$100,000 14 13

Height, cm 166.4 (9.9) 166.3 (10.2)

Waist Circumference, cm 96.7 (13.4) 100.1 (15.5)

Hypertension, % 42.4 48.4

Systolic blood pressure, mmHg 125.3 (20.9) 128.4 (22.1)

Diastolic blood pressure, mmHg 71.8 (10.1) 71.9 (10.3)

Impaired Fasting glucose, % 13.1 14.7

Untreated Diabetes 2.3 3.0

Treated Diabetes 9.1 11.1

Total cholesterol, mg/dl 194.3 (35) 193.8 (36.7)

High-density lipoprotein, mg/dl 51.1(15) 50.7 (14.6)

Total Trigylceride, mg/dl 131.1 (85.4) 132.3 (93.5)

Presence of Metabolic Syndrome, % 34 39

Smoking status, %

Never smoker 52.6 47.0

Former smoker 35.0 38.9

Current Smoker 12.4 14.1

Pack years, among ever smokers 10.7 (20.6) 12.3 (21.3)

Exercise reported, mets/wk * 1611 (2409) 1470 (2236)

CRP, mg/L 3.5 (5.5) 4.2 (6.4)

IL-6, pg/ml 1.5 (1.2) 1.7 (1.3)

Pericardial fat, cm3 76.7 (39.5) 79.5 (41.2)

*1 metabolic equivalent = the rate of energy produced per unit surface area of a person seated at rest.

Results reported as a percent or mean (standard deviation) as appropriate

doi:10.1371/journal.pone.0157654.t001
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No association was seen between pericardial fat and RV-EF. The lack of a relationship was
not changed with further adjustment for differences in socioeconomic status, cardiovascular
health behaviors, LV function, the presence or absence of the metabolic syndrome, or markers
of systemic inflammation (Tables 2 and 3, Fig 2).

In sensitivity analyses adjusting for components of the metabolic syndrome rather than the
overall presence or absence of the metabolic syndrome (full adjustment with further adjust-
ment for waist circumference, triglycerides, HDL, systolic and diastolic blood pressure, and
fasting plasma glucose) results were unchanged. There was no difference in the relationships
between pericardial fat volume and RV mass, EDV, ESV, SV or EF relative to that seen with
simply adjusting for a composite variable accounting for the metabolic syndrome (S1 Table).
In exploratory models, age, gender, the presence of diabetes or the metabolic syndrome were
not found to be effect modifiers of the association between pericardial fat and RV morphology
(all p for the interaction> 0.05).

Discussion
We have shown that greater pericardial fat volume is associated with lower RV mass, smaller
RV-EDV, smaller RV-ESV, and a smaller RV-SV in a multi-ethnic, multi-city cohort of adults

Table 2. Multivariable linear regression estimating associations between pericardial fat and right ven-
tricular structure and function (n = 3,988).

Per 40 cm3 increase in Pericardial fat

Difference (β coefficient) 95% CI p-value

RV mass, g

Limited adjustment* 0.5 0.4 to 0.6 <0.001

Limited adjustment with weight -0.3 -0.5 to -0.2 <0.001

Full Adjustment† -0.3 -0.4 to -0.2 <0.001

RV-EDV, mL

Limited adjustment 2.4 1.7 to 3.2 <0.001

Limited adjustment with weight -3.7 -4.6 to -2.8 <0.001

Full Adjustment -3.4 -4.3 to -2.5 <0.001

RV-ESV, mL

Limited adjustment 1.0 0.6 to 1.4 <0.001

Limited adjustment with weight -1.0 -1.5 to -0.6 <0.001

Full Adjustment -1.0 -1.4 to -0.5 <0.001

RV-SV, mL

Limited adjustment 1.4 0.9 to 2.0 <0.001

Limited adjustment with weight -2.7 -3.3 to -2.0 <0.001

Full Adjustment -2.4 -3.1 to -1.8 <0.001

RV-EF, %

Limited adjustment -0.3 -0.5 to -0.1 0.01

Limited adjustment with weight -0.1 -0.3 to 0.2 0.55

Full Adjustment -0.1 -0.3 to 0.2 0.59

Abbreviations: RV = right ventricle; EDV = end-diastolic volume; ESV = end-systolic volume; SV = stroke

volume; EF = ejection fraction; CI = confidence interval

* Limited model: age, sex, race/ethnicity, height, and study site

† Full model: Limited with weight + education level, income, exercise habits, smoking status, and pack-

years

doi:10.1371/journal.pone.0157654.t002
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Fig 2. Multivariable nonparametric smoothed relationship between pericardial fat volume in cm3 and
right ventricular (RV) parameters with adjustment for age, gender, race, height, weight, study site,
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without clinical cardiovascular disease after adjustment for age, gender, weight, and other
covariates. The magnitude of observed difference in RV mass over the range of pericardial fat
are similar to the magnitude of difference in LV mass between men and women with and with-
out diabetes or those who do and do not smoke [18,19], which may support the biologic rele-
vance of our observations.

Pericardial fat is strongly linked to weight in MESA participants [14] and RV mass,
RV-EDV, RV-ESV, and RV-SV increase with increases in weight and body mass index [20].
These changes in RV morphology may be attributable to increases in blood volume, increases
in RV afterload from sleep disordered breathing, changes in adipokine levels, and fatty infiltra-
tion of the RV. Therefore, it is not surprising that pericardial fat is associated with a greater RV
mass, a larger RV-EDV, a larger RV-ESV, and a larger RV-SV in models without adjustment

education level, exercise habits, and smoking status including pack years smoked (black line).Gray
lines represent 95% Confidence intervals. The relationship between pericardial fat and (A) RV mass, (B) RV
end diastolic volume (EDV), (C) RV end systolic volume, (D) RV stroke volume (SV), (E) ejection fraction
(EF).

doi:10.1371/journal.pone.0157654.g002

Table 3. Multivariable linear regression estimating associations between pericardial fat and right ventricular structure and function after account-
ing for metabolic syndrome, markers of systemic inflammation (CRP & IL-6), and in left ventricular morphology (n = 3,988).

Per 40 cm3 increase in Pericardial fat

Difference (β coefficient) 95% CI p-value

RV mass, g

Full Adjustment* + Metabolic syndrome† -0.3 -0.4 to -0.2 <0.001

Full Adjustment + CRP and IL-6 -0.3 -0.4 to -0.2 <0.001

Full adjustment + LV Mass -0.3 -0.4 to -0.1 <0.001

RV-EDV, mL

Full Adjustment + Metabolic syndrome -3.2 -4.1 to -2.3 <0.001

Full Adjustment + CRP and IL-6 -3.3 -4.2 to -2.4 <0.001

Full Adjustment + LV-EDV -0.8 -1.5 to -0.2 0.01

RV-ESV, mL

Full Adjustment + Metabolic syndrome -0.8 -1.3 to -0.4 <0.001

Full Adjustment + CRP and IL-6 -0.9 -1.3 to -0.4 <0.001

Full Adjustment + LV-ESV -0.4 -0.8 to 0 0.04

RV-SV, mL

Full Adjustment + Metabolic syndrome -2.4 -3.1 to -1.7 <0.001

Full Adjustment + CRP and IL-6 -2.4 -3.1 to -1.7 <0.001

Full Adjustment + LV mass -2.2 -2.8 to -1.6 <0.001

RV-EF, %

Full Adjustment + Metabolic syndrome -0.1 -0.4 to 0.1 0.35

Full Adjustment + CRP and IL-6 -0.1 -0.3 to 0.2 0.50

Full Adjustment + LV-EF -0.1 −0.3 to 0.1 0.34

Abbreviations: RV = right ventricle; LV = left ventricle; EDV = end-diastolic volume; ESV = end-systolic volume; SV = stroke volume; EF = ejection

fraction; CRP = C-reactive protein; IL-6 = interleukin-6; CI = confidence interval

* Full model: Limited with weight + education level, income, exercise habits, smoking status, and pack years

† Metabolic syndrome (2001 NCEP Adult Treatment Panel III guidelines) was present when 3 or more of the following criteria met: (1) Waist

circumference >102cm for men or >88cm for women, (2) triglycerides >150 mg/dL, (3) HDL < 40mg/dl for men or <50 mg/dl for women, (4) blood

pressure � 135/85mmHg, (5) fasting plasma glucose � 110 mg/dl

doi:10.1371/journal.pone.0157654.t003
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for weight. However, our findings suggest that among individuals of otherwise similar weight
pericardial fat has a relationship with cardiovascular morphology that is distinct and opposite
from that seen with increased weight alone.

Previous work suggests our findings could be explained by differences in myocardial inflam-
mation attributed to pericardial fat. Pericardial fat is thought to be a potent paracrine reservoir
of inflammatory mediators immediately adjacent to the RV myocardium [8]. We have shown
that elevated markers of systemic inflammation (as estimated by CRP, IL-6, MMP9, and
TNF-R1) are associated with reduced RV mass, a smaller RV-EDV, a smaller RV-ESV, and a
smaller RV-SV in MESA participants [7,21]. Inflammation likely contributes to differences in
RV myocardial biology through multiple mechanisms including dysregulation of cardiac myo-
cyte apoptosis, through increases in unopposed reactive oxygen species, and through reduction
in cardiac myocyte contractility, which may combine to promote RV diastolic dysfunction
[22]. We speculate that the thin walled right ventricle is susceptible to decreases in myocardial
compliance imposed by inflammation and fibrosis. Given the low pressure generated by the
normal RV, a decrease in compliance would likely lead to a decrease in size. It is notable that
relationships between pericardial fat volume and RV morphology did not change after
accounting for systemic levels of CRP and IL-6 in this study. This suggests that, if inflammation
is important to the relationship between pericardial fat and RV morphology as we suspected a
priori, it is through an inflammatory pathway that does not involve CRP and IL-6 or it is a
paracrine and not a systemic mediator of inflammation that drives the association.

Pericardial fat may also be a marker of the metabolic syndrome [23]. Metabolic syndrome is
related to myocardial adaptation, coronary vascular disease, stroke and cardiovascular related
mortality [24]. While it would have been plausible that pericardial fat was related to RV mor-
phology merely as a marker of the metabolic syndrome, our data does not support this. The
presence or absence of metabolic syndrome neither confounded nor was an effect modifier for
the relationship between pericardial fat and any of the RV parameters evaluated.

Previous studies have demonstrated that pericardial fat volume is associated with left ven-
tricular morphology [3,4, 25]. In the largest single analysis of pericardial fat and left ventricular
morphology, pericardial fat was positively correlated with LV mass and LV-EDV on cardiac
MRI when the authors did not account for weight or systemic adiposity [25]. Our findings in
the RV are similar, as RV mass and RV-EDV increase alongside increases in pericardial fat
when a participant’s weight is not considered. Our results in the RV diverge from the descrip-
tion of pericardial fat and the LV when weight is considered. In the LV, there does not appear
to be a relationship between pericardial fat and LV morphology when weight or systemic adi-
posity is considered [25]. However, in the RV, our results suggest the relationship reverses, but
remains statistically significant when weight is considered. Although in some cases it is attenu-
ated, the inverse relationship between pericardial fat and the RV persists with adjustment for
LV morphology, suggesting relationships between pericardial fat and the RV are largely inde-
pendent of the LV. Differences between the LV and the RV are well established and likely
reflect the distinct fiber orientation, embryology, hemodynamic loading conditions, and mor-
phology of the RV relative to the LV [26]. This has several practical implications, and there is
precedent that inflammation, afterload, and cardiac stress impact the right and left ventricles
differently [27].

Because participants with clinical cardiovascular disease were excluded fromMESA, none
of our study subjects had pulmonary arterial hypertension; however, pulmonary arterial hyper-
tension is a prototypic disease of right heart failure and our findings may have clinical applica-
tion to this disease. It is speculative; however plausible, that factors related to right heart
morphology in individuals without cardiovascular disease may be relevant to right heart adap-
tation in the setting of cardiopulmonary disease. Increased pericardial fat volume has been
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associated with elevated systolic pulmonary arterial pressure [28]. Our data join this observa-
tion to suggest that pericardial fat, a common feature in overweight individuals [4], may be rel-
evant to right ventricular myocardial adaptation. Pericardial fat, therefore, may be related both
to the presence of pulmonary arterial hypertension and to RV morphology. This paradigm
could be further explored in participants with pulmonary arterial hypertension.

This study has limitations. Our study was observational. As a result, residual or unmeasured
confounding is possible, temporality is unknown, and causality cannot be confirmed. It is reas-
suring that adjustment for several potential confounders did not change the relationship; how-
ever, cautious inference is required. We have found an inverse relationship between pericardial
fat and RV morphology; however, our discussion of mechanism is speculative. Also, our pericar-
dial fat measurements included two different types of fat with unique origins; however, correla-
tion between pericardial fat and epicardial fat was high (0.92) and we anticipate misclassification
using this approach to be small [15]. Similarly, prior studies have suggested RV pericardial fat
and LV pericardial fat, when analyzed separately, may more accurately reflect the relationship
between cardiac adipose tissue and the underlying myocardium.We did not measure this distinc-
tion in the current study, but this could be considered in the future investigation.

Finally, relevance to clinical disease is thought provoking, but speculative. Unfortunately,
we do not know what change in RV parameters are “clinically significant” especially in individ-
uals without clinical cardiovascular disease. We mention pulmonary hypertension, but our
intent is not to develop disease predictors; instead, our intent is to identify associations that
may hint at relevant mechanisms in RV myocardial biology and adaptation. While we cannot
be certain what magnitude of association meets this criterion, in the non-diseased heart these
associations may be small. A two standard deviation change in pericardial fat is associated with
~5% change in RV-EDV. This magnitude exceeds the difference in LV-EDV in MESA partici-
pants with and without diabetes and is similar to that seen in participants whose blood pressure
differs by 21 mmHg [29,30]. Both hypertension and diabetes are known to be mechanistically
important to the health and adaptation of the left heart and this context may support the rele-
vance of our findings [30].

Conclusions
After adjusting for weight, greater pericardial fat volume was associated with reduced RV mass,
a smaller RV-EDV, a smaller RV-ESV, and a smaller RV-SV. This relationship was indepen-
dent of socioeconomic status, cardiovascular risk factors, the presence or absence of the meta-
bolic syndrome, and differences in markers of systemic inflammation. The relationship
between pericardial fat and RV morphology could be relevant to diseases of right heart failure.

Supporting Information
S1 Table. Multivariable linear regression estimating associations between pericardial fat
and right ventricular structure and function with adjustment for composite variable of
Metabolic Syndrome and for individual components of Metabolic Syndrome to assess for
residual confounding (n = 3988).
(DOC)

Acknowledgments
The authors thank the other investigators, the staff, and the participants of the MESA study for
their valuable contributions. A full list of participating MESA investigators and institutions can
be found at http://www.mesa-nhlbi.org.

Pericardial Fat and Right Ventricular Morphology: MESA RV

PLOSONE | DOI:10.1371/journal.pone.0157654 June 16, 2016 11 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0157654.s001
http://www.mesa-nhlbi.org/


Author Contributions
Conceived and designed the experiments: DW SK JD DB CH RK JL PL. Performed the experi-
ments: DW SK JD DB CH RK JL PL. Analyzed the data: DW PL. Contributed reagents/materi-
als/analysis tools: DW SK JD DB CH RK JL PL. Wrote the paper: DW SK PL.

References
1. Miao C, Chen S, Ding J, Liu K, Li D, Macedo R, et al. The Association of Pericardial Fat with Coronary

Artery Plaque Index at MR Imaging: The Multi-Ethnic Study of Atherosclerosis (MESA). Radiology.
2011; 261: 109–115. doi: 10.1148/radiol.11110346 PMID: 21846753

2. Al Chekakie M, Welles CC, Metoyer R, Ibrahim A, Shapira AR, Cytron J, et al. Pericardial Fat Is Inde-
pendently AssociatedWith Human Atrial Fibrillation. J Am Coll Cardiol. 2010; 56:784–788. doi: 10.
1016/j.jacc.2010.03.071 PMID: 20797492

3. Khawaja Tuba, Greer Christine, Chokshi Aalap, Chavarria Nelson, Thadani Samir, Jones Meaghan,
et al. Epicardial Fat Volume in Patients with Left Ventricular Systolic Dysfunction. American Journal of
Cardiology. 2011; 108: 397–401. doi: 10.1016/j.amjcard.2011.03.058 PMID: 21565323

4. Rosito GA, Massaro JM, Hoffmann U, Ruberg FL, Mahabadi AA, Vasan RS, et al. Pericardial fat, vis-
ceral abdominal fat, cardiovascular disease risk factors, and vascular calcification in a community-
based sample: the Framingham Heart Study. Circulation. 2008; 117: 605–613. doi: 10.1161/
CIRCULATIONAHA.107.743062 PMID: 18212276

5. Tadic M, Ivanovic B, Cuspidi C. Metabolic syndrome and right ventricle: an updated review. Eur J Intern
Med. 2013 Oct; 24(7):608–16. doi: 10.1016/j.ejim.2013.08.007 PMID: 24001437

6. Romeo GR, Lee J, Shoelson SE. Metabolic syndrome, insulin resistance, and roles of inflammation—
mechanisms and therapeutic targets. Arterioscler Thromb Vasc Biol. 2012 Aug; 32(8):1771–6. doi: 10.
1161/ATVBAHA.111.241869 PMID: 22815343

7. Harhay M., Kawut SM., Barr RG, Pinder D, HundleyWG, et al. Relationship of CRP, IL-6, and fibrino-
gen with right ventricular structure and function: The MESA-Right Ventricle Study. International Journal
of Cardiology. 2013; 168(4): 3818–3824. doi: 10.1016/j.ijcard.2013.06.028 PMID: 23932860

8. Mazurek T, Zhang L, Zalewski A, Mannion JD, Diehl JT, Arafat H, et al. Human epicardial adipose tis-
sue is a source of inflammatory mediators. Circulation. 2003; 108 (20): 2460–2466. PMID: 14581396

9. Sacks HS, Fain JN. Human epicardial adipose tissue: a review. Am Heart J. 2007; 153(6): 907–917.
PMID: 17540190

10. Bild DE, Bluemke DA, Burke GL, Deterano R, Diez Roux AV, Folsom AR, et al. Multi-Ethnic Study of
Atherosclerosis: objectives and design. Am J Epidemiol. 2002; 156: 871–881. PMID: 12397006

11. Natori S, Lai S, Finn JP, Gomes AS, HundleyWG, Jerosch-Herold M,et al. Cardiovascular function in
Multi-Ethnic Study of Atherosclerosis: normal values by age, sex, and ethnicity. AJR Am J Roentgenol.
2006; 186: S357–S365. PMID: 16714609

12. Chahal H, Johnson C, Tandri H, Jain A, HundleyWG, Barr RG, et al. Relation of cardiovascular risk fac-
tors to right ventricular structure and function as determined by magnetic resonance imaging (results
from the Multi-Ethnic Study of Atherosclerosis). Am J Cardiol. 2010; 106: 110–116. doi: 10.1016/j.
amjcard.2010.02.022 PMID: 20609657

13. Vogel-Claussen J, Finn JP, Gomes AS, Hundley GW, Jerosch-Herold M, Pearson G, et al. Left ventric-
ular papillary muscle mass: relationship to left ventricular mass and volumes by magnetic resonance
imaging. J Comput Assist Tomogr. 2006; 30:426–432. PMID: 16778617

14. Carr JJ, Nelson JC, Wong ND, McNitt-Gray M, Arad Y, Jacobs DR Jr, et al. Calcified coronary artery
plaque measurement with cardiac CT in population-based studies: standardized protocol of Multi-Eth-
nic Study of Atherosclerosis (MESA) and Coronary Artery Risk Development in Young Adults (CAR-
DIA) Study. Radiology. 2005; 234(1):35–43. PMID: 15618373

15. Ding J, Hsu FC, Harris TB, Liu Y, Kritchevsky SB, Szklo M, et al. The association of pericardial fat with
incident coronary heart disease: the Multi-Ethnic Study of Atherosclerosis (MESA). Am J Clin Nutr.
2009; 90(3): 499–504. doi: 10.3945/ajcn.2008.27358 PMID: 19571212

16. Ding J, Kritchevsky SB, Harris TB, Burke GL, Detrano RC, Szklo M, et al. The association of pericardial
fat with calcified coronary plaque. Obesity (Silver Spring). 2008; 16(8): 1914–1919.

17. Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol in Adults. Executive
summary of the third report of the National Cholesterol Education Program (NCEP) Expert Panel on
Detection, Evaluation, and Treatment of High Blood Cholesterol in Adults (Adult Treatment Panel III).
JAMA. 2001; 285: 2486–2497. PMID: 11368702

Pericardial Fat and Right Ventricular Morphology: MESA RV

PLOSONE | DOI:10.1371/journal.pone.0157654 June 16, 2016 12 / 13

http://dx.doi.org/10.1148/radiol.11110346
http://www.ncbi.nlm.nih.gov/pubmed/21846753
http://dx.doi.org/10.1016/j.jacc.2010.03.071
http://dx.doi.org/10.1016/j.jacc.2010.03.071
http://www.ncbi.nlm.nih.gov/pubmed/20797492
http://dx.doi.org/10.1016/j.amjcard.2011.03.058
http://www.ncbi.nlm.nih.gov/pubmed/21565323
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.743062
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.743062
http://www.ncbi.nlm.nih.gov/pubmed/18212276
http://dx.doi.org/10.1016/j.ejim.2013.08.007
http://www.ncbi.nlm.nih.gov/pubmed/24001437
http://dx.doi.org/10.1161/ATVBAHA.111.241869
http://dx.doi.org/10.1161/ATVBAHA.111.241869
http://www.ncbi.nlm.nih.gov/pubmed/22815343
http://dx.doi.org/10.1016/j.ijcard.2013.06.028
http://www.ncbi.nlm.nih.gov/pubmed/23932860
http://www.ncbi.nlm.nih.gov/pubmed/14581396
http://www.ncbi.nlm.nih.gov/pubmed/17540190
http://www.ncbi.nlm.nih.gov/pubmed/12397006
http://www.ncbi.nlm.nih.gov/pubmed/16714609
http://dx.doi.org/10.1016/j.amjcard.2010.02.022
http://dx.doi.org/10.1016/j.amjcard.2010.02.022
http://www.ncbi.nlm.nih.gov/pubmed/20609657
http://www.ncbi.nlm.nih.gov/pubmed/16778617
http://www.ncbi.nlm.nih.gov/pubmed/15618373
http://dx.doi.org/10.3945/ajcn.2008.27358
http://www.ncbi.nlm.nih.gov/pubmed/19571212
http://www.ncbi.nlm.nih.gov/pubmed/11368702


18. Devereux RB, Roman MJ, Paranicas M, O'Grady MJ, Lee ET, Welty TK, et al. Impact of diabetes on
cardiac structure and function: the strong heart study. Circulation. 2000; 101: 2271–2276. PMID:
10811594

19. Gopal DM, Kalogeropoulos AP, Georgiopoulou VV, Smith AL, Bauer DC, Newman AB, et al. Cigarette
Smoking Exposure and Heart Failure Risk in Older Adults: The Health, Aging, and Body Composition
Study. Am Heart J. 2012; 164(2): 236–242. doi: 10.1016/j.ahj.2012.05.013 PMID: 22877810

20. Chahal H, McClelland RL, Tandri H, Jain A, Turkbey EB, HundleyWG, et al. Obesity and right ventricu-
lar structure and function: the MESA-Right Ventricle Study. Chest. 2012; 141(2):388–95. doi: 10.1378/
chest.11-0172 PMID: 21868467

21. Kawut SM, Barr RG, JohnsonWC, Chahal H, Tandri H, Jain A, et al. Matrix metalloproteinase-9 and
plasminogen activator inhibitor-1 are associated with right ventricular structure and function: the
MESA-RV Study. Biomarkers. 2010; 15(8): 731–738. doi: 10.3109/1354750X.2010.516455 PMID:
20923324

22. Bogaard HJ, Abe K, Vonk Noordegraaf A, Voelkel NF. The right ventricle under pressure: cellular and
molecular mechanisms of right-heart failure in pulmonary hypertension. Chest. 2009; 135(3): 794–804.
doi: 10.1378/chest.08-0492 PMID: 19265089

23. Yorgun H, Canpolat U, Hazırolan T, Ateş AH, Sunman H, Dural M, et al. Increased epicardial fat tissue
is a marker of metabolic syndrome in adult patients. Int J Cardiol. 2013; 165(2):308–13. doi: 10.1016/j.
ijcard.2011.08.067 PMID: 21925747

24. Mottillo S, Filion KB, Genest J, Joseph L, Pilote L, Poirier P, et al. The metabolic syndrome and cardio-
vascular risk a systematic review and meta-analysis. J Am Coll Cardiol. 2010; 56(14):1113–32. doi: 10.
1016/j.jacc.2010.05.034 PMID: 20863953

25. Fox C. S., Gona P., Hoffmann U., Porter S. A., Salton C. J., Massaro J. M., et al. Pericardial Fat, Intra-
thoracic Fat, and Measures of Left Ventricular Structure and Function: The Framingham Heart Study.
Circulation. 2009: 119(12), 1586–1591. doi: 10.1161/CIRCULATIONAHA.108.828970 PMID:
19289634

26. Sheehan F, Redington A. The right ventricle: anatomy, physiology and clinical imaging. Heart. 2008
Nov; 94(11):1510–5. doi: 10.1136/hrt.2007.132779 PMID: 18931164

27. Voelkel NF, Quaife RA, Leinwand LA, Barst RJ, McGoonMD, Meldrum DR, et al. Right ventricular func-
tion and failure: report of a National Heart, Lung, and Blood Institute working group on cellular and
molecular mechanisms of right heart failure. Circulation. 2006 Oct 24; 114(17):1883–91. PMID:
17060398

28. Hickson D, Abed H, Gawalapu R, Petrini M, Haynes D, Liu JK, MD, et al. Is Pericardial Fat a Regional
Risk Factor for Pulmonary Vascular Health? The Association Between Pericardial Fat and Pulmonary
Artery Systolic Pressure (The Jackson Heart Study). Chest. 2011; 140(4_MeetingAbstracts):731A.

29. Bertoni AG, Goff DC Jr, D'Agostino RB Jr, Liu K, HundleyWG, Lima JA, et al. Diabetic cardiomyopathy
and subclinical cardiovascular disease: the Multi-Ethnic Study of Atherosclerosis (MESA). Diabetes
Care. 2006 Mar; 29(3):588–94. PMID: 16505511

30. Heckbert SR, Post W, Pearson GD, Arnett DK, Gomes AS, Jerosch-Herold M, et al. Traditional cardio-
vascular risk factors in relation to left ventricular mass, volume, and systolic function by cardiac mag-
netic resonance imaging: the Multiethnic Study of Atherosclerosis. J Am Coll Cardiol. 2006 Dec 5; 48
(11):2285–92. PMID: 17161261

Pericardial Fat and Right Ventricular Morphology: MESA RV

PLOSONE | DOI:10.1371/journal.pone.0157654 June 16, 2016 13 / 13

http://www.ncbi.nlm.nih.gov/pubmed/10811594
http://dx.doi.org/10.1016/j.ahj.2012.05.013
http://www.ncbi.nlm.nih.gov/pubmed/22877810
http://dx.doi.org/10.1378/chest.11-0172
http://dx.doi.org/10.1378/chest.11-0172
http://www.ncbi.nlm.nih.gov/pubmed/21868467
http://dx.doi.org/10.3109/1354750X.2010.516455
http://www.ncbi.nlm.nih.gov/pubmed/20923324
http://dx.doi.org/10.1378/chest.08-0492
http://www.ncbi.nlm.nih.gov/pubmed/19265089
http://dx.doi.org/10.1016/j.ijcard.2011.08.067
http://dx.doi.org/10.1016/j.ijcard.2011.08.067
http://www.ncbi.nlm.nih.gov/pubmed/21925747
http://dx.doi.org/10.1016/j.jacc.2010.05.034
http://dx.doi.org/10.1016/j.jacc.2010.05.034
http://www.ncbi.nlm.nih.gov/pubmed/20863953
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.828970
http://www.ncbi.nlm.nih.gov/pubmed/19289634
http://dx.doi.org/10.1136/hrt.2007.132779
http://www.ncbi.nlm.nih.gov/pubmed/18931164
http://www.ncbi.nlm.nih.gov/pubmed/17060398
http://www.ncbi.nlm.nih.gov/pubmed/16505511
http://www.ncbi.nlm.nih.gov/pubmed/17161261

