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IntroductIon
Epicardial fat (EF) is an active ectopic fat depot immediately 
surrounding coronary arteries. It has been associated with cor-
onary artery disease (CAD) (1–4). EF produces and secretes 
inflammatory mediators that may modify the  biology of vas-
cular wall cells (such as endothelial cells, smooth muscle cells, 
and monocytes) (5–7), through diffusion in interstitial fluid 
across the adventitia. Endothelium dysfunction is known to 
occur in the early steps of atherosclerosis development (8,9). 
However, whether the amount of EF could early influence 
endothelial function remains unknown. Cold pressor test-
ing (CPT) is a reliable and integrative physiological method 
to assess  endothelium-dependent microvascular function in 

response to sympathetic stimulation by cold (10). It has been 
validated in coronary and positron emission tomography 
studies in correlation with clinical cardiovascular progno-
sis (11,12), and recently investigated in magnetic resonance 
imaging (MRI) studies (13). Velocity-encoded cine MRI pro-
vides a reliable noninvasive method to quantify the coronary 
sinus flow, which drains ~96% of the total myocardial blood 
flow (MBF) (14). Measuring MBF response to CPT can pro-
vide valuable information about early coronary microvascular 
disease, which may be detectable before the development of 
epicardial coronary artery disease. Moreover, it is a nonphar-
macological test easily applicable to healthy volunteers. MRI is 
also a novel method to assess accurately ectopic cardiac depots 
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such as myocardial triglyceride content and EF. Assessment 
of EF volume has already been validated in comparison with 
ultrasound measurement of EF thickness and necropsy stud-
ies (15,16). Interestingly, MRI enables the distinction between 
EF, which is the only fat directly surrounding coronary arteries 
and pericardial fat (17,18).

We hypothesized that EF could early influence endothe-
lial function and atherogenesis. The aim of this study was to 
examine a possible association between EF quantification and 
coronary microvascular response to CPT measured by velocity-
encoded cine MRI, in a pilot sudy of 30 highly selected healthy 
volunteers with no cardiovascular risk factors or CAD.

Methods and Procedures
Population
Healthy white volunteers (n = 30) aged between 18- and 40-years old, 
with no cardiovascular risk factors (i.e., hypertension, dyslipidemia, 
smoking, diabetes mellitus, familial history of early coronary artery 
disease), medication, hormonal treatment, congenital heart disease or 
CAD, and normal left ventricular (LV) function (Table 1) were included. 
Subjects with any history of malignant disease or BMI >25 kg/ m2 were 
excluded from the study.

They refrained from ingesting caffeinated beverages or alcohol 12 h 
before examinations. Anthropometric measurements, glucose and lipid 
profile, high sensitive C-reactive protein, and plasmatic total adiponectin 
by ELISA (Quantikine Human Adiponectin; R&D systems, Minneapolis, 
MN) were determined. Serum leptin levels were measured by a com-
mercially available enzyme-linked immunoassay kit (SPI-BIO, Bertin, 
France). Written informed consent was obtained from all patients. The 
protocol was reviewed and approved by the ethical committee (Marseille, 
Comité de Protection des Personnes, Sud-Méditerranée II).

Mr data acquisition
Cardiac function and morphology, EF. Cardiac structural and 
functional data were collected using a steady-state free precession cine 
sequence optimized to 3T with fourfold GRAPPA k-space reduction 
(field of view = 340 × 340 mm2, echo time (TE) = 1.2 ms, repetition time 
(TR) = 61 ms, matrix = 134 × 192, slice thickness = 6 mm). Approxi-
mately 14 slices were placed in short-axis direction to cover the left ven-
tricle and the apical EF compartment. The number of slices was adapted 
to individual variations of ventricular length (18).

Myocardial triglyceride content. Myocardial triglyceride con-
tent was assessed with proton magnetic resonance spectroscopy. An 
 electrocardiogram-gated point-resolved single-voxel proton spectros-
copy sequence (PRESS, TE = 32 ms, TR = 810 ms) was used to determine 
the molecular content of lipids and water. The spectroscopic volume of 
interest was positioned in end-systolic phase, so as to lie entirely within 
the intraventricular septum. Volume of interest dimensions were 17 × 
15 × 7 mm3. The septum was chosen as a location sufficiently distant 
from the EF compartments to avoid contamination (19).

CPT. CPT was applied by immersing one foot in ice water for 4 min. 
Electrocardiogram was monitored continuously. Blood pressure (BP) 
and heart rate (HR) were measured before and throughout CPT. MBF 
was determined at rest and during CPT by measuring coronary sinus 
flow with a nonbreath-hold flow-encoded fast low angle shot (FLASH) 
sequence, as described by others and validated against flow probe 
in animals and against positron emission tomography in humans 
(20,21). Parallel imaging with GRAPPA acceleration (possible by a 32 
channel thorax receive array and a three tesla system), allowed for a 
high number of signal averages leading to small respiratory artifacts. 
The velocity cut-off for the velocity-encoding sequence was adjusted 
at 150 cm/s. The imaging plane was placed perpendicular to the  

coronary sinus, ~2 cm proximal to the entrance of the coronary sinus 
into the right atrium (Figure 1).

Mr data processing
Cardiac structural, functional data and, coronary sinus flow were deter-
mined with Siemens Argus 2D and Flow software (Siemens Verio 3T 
System; Siemens Medical Solutions, Erlangen, Germany) . Diastolic and 
systolic inner and outer volumes were obtained and used to calculate LV 
ejection fraction (LVEF), LV mass, cardiac output, and stroke volume.

EF areas were traced manually on each slice then summed up and 
multiplied by slice thickness to yield EF volume. EF included only fat 
between the myocardial border and internal visceral layer of the peri-
cardium (Figure 2). For myocardial triglyceride content, spectra were 
analyzed using home-developed software running under an IDL environ-
ment (Interactive Data Language; ITT Visual Solutions, Boulder, CO). 
Myocardial triglyceride content was determined by integration in fre-
quency domain and expressed as a percentage of the water signal (%TG 
(triglyceride); TG/water × 100).

MBF was calculated by dividing coronary sinus flow by LV mass. The 
rate-pressure product (RPP = systolic BP (SBP) × HR) was calculated as 
an index of cardiac work. Coronary vascular resistance (CVR = Mean 
BP/MBF) was also calculated.

table 1 Population anthropometrical, metabolic, cardiac 
morphology and function characteristics, and response to 
cPt

Subjects

Age (years) 22 ± 4 High sensitive 
CRP (mg/l)

2.4 ± 3.8

Sex ratio (M/F) 14/16 LVEF (%) 63 ± 6

BMI (kg/m²) 21.3 ± 2.8 End diastolic 
volume (ml)

134 ± 33

Waist 
circumference (cm)

74 ± 2 End systolic 
volume (ml)

49 ± 16

Triglycerides (g/l) 0.66 ± 0.25 Stroke  
volume (ml)

83 ± 21

HDL 
cholesterol (g/l)

0.54 ± 0.17 Cardiac  
output (ml/min)

5.7 ± 1.2

HOMA-IR 1.44 ± 0.88 LV mass (g) 100 ± 28

Adiponectin  
(µg/ml)

8.3 ± 4.2 Epicardial fat  
volume (ml)

56 ± 26

Leptin (ng/ml)  
(n = 24)

11.9 ± 11.2 Myocardial 
triglyceride  
content (%)

0.5 ± 0.1

Rest CPT P*

Heart rate (bpm) 66 ± 10 87 ± 17 <0.0001

Systolic BP  
(mm Hg)

114 ± 9 129 ± 12 <0.0001

Diastolic BP  
(mm Hg)

70 ± 9 84 ± 12 <0.0001

RPP (mm Hg.min−1) 7,562 ± 1,461 11,010 ± 3,222 <0.0001

MBF  
(ml.min−1.g−1)

0.81±0.37 1.24±0.56 <0.0001

CVR  
(mm Hg.ml−1.min.g)

135 ± 72 100 ± 42 0.0006

BP, blood pressure; CPT, cold pressor testing; CRP, C-reactive protein; CVR, cor-
onary vascular resistance; HDL, high-density lipoprotein; HOMA-IR, homoestasis 
model assessment of insulin resistance; LV, left ventricular; LVEF, left ventricular 
ejection fraction; MBF, myocardial blood flow; RPP, rate-pressure product.
*P for the difference at rest and during CPT.
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statistical analysis
Statistical analysis was performed using Graph Pad Prism (v 4.00; 
Graphpad Software, San Diego, CA). Data are expressed as mean ± 
s.d. Differences between MBF at baseline and after CPT were analyzed 
with a paired Student’s t test. Spearman test was used for correlations 
with nonparametric variables and Pearson test for parametric variables. 
Multiple logistic regression analysis was performed with the parameters 
significant at the univariate analysis (ΔMBF, adiponectin, BMI, and EF 
volume). Further adjustment for ΔHR was made to account for the 
intensity of the sympathetic response.

results
Thirty patients (14 men, 16 women; mean age 22 ± 4 years) 
were included in this study. Mean BMI was 21.3 ± 2.8 kg/m2 
with normal metabolic parameters and normal LV  morphology 

and function (mean ejection fraction, LVEF = 63 ± 6%; mean 
LV mass = 100 ± 28 g, Table 1). There was no statistical signifi-
cance for BMI, cardiac ectopic deposition (EF volume, myo-
cardial triglyceride content), and mean MBF change (ΔMBF), 
between men and women (P =), but a higher rest HR in women 
(70 ± 9 vs. 59 ± 7, P = 0.004). EF volume ranged from 18 to 
107 ml (mean 56 ± 26 ml); myocardial triglyceride content 
ranged from 0.03 to 1.4% (mean 0.5 ± 0.1%). The two cardiac 
ectopic depots increased with BMI (r = 0.35, P = 0.04, EF vol-
ume; r = 0.37, P = 0.049, myocardial triglyceride content) and 
waist circumference (r = 0.32, P = 0.05, EF volume and r = 
0.38, P = 0.04, myocardial triglyceride content).

All subjects tolerated CPT. No chest pain was reported. CPT 
significantly increased HR by 32 ± 19%, systolic BP by 14 ± 
10%, diastolic BP by 20 ± 15% and rate-pressure product by 
45 ± 25%, P < 0.01 (Table 1), in favor of an increase in myo-
cardial work load. The increase in HR, reflecting sympathetic 
stimulation, was not influenced by sex, age or EF volume. CPT 
induced a significant decrease in coronary vascular resistance 
135 ± 72 (rest) vs. 100 ± 42 (CPT) mm Hg.ml−1.min.g, P = 
0.0006, and a significant increase in MBF 0.81 ± 0.37 (rest) vs. 
1.24 ± 0.56 (CPT) ml.min−1.g−1, P < 0.0001 (Figure 3a). Mean 
MBF change (ΔMBF) was 57 ± 41%. Among the 30 healthy 
subjects, CPT induced a microvascular coronary vasodilation 
response in 28 subjects; in one man and one woman, no MBF 
increase was observed but a paradoxical response (vasocon-
striction) was observed (ΔMBF = −19 and −15%, respectively) 
(Figure 3a,b, negative points). A careful analysis of their 
anthropometric, medical, and biological data did not show any 
specific characteristic, but a relative high EF volume (84 and 
101 ml, respectively). ΔMBF was not associated with age, sex, 
waist circumference, BMI, C-reactive protein, fasting plasma 
glucose, insulin, homeostatic model assessment, leptin, or 
lipid parameters (Table 2). However, it was positively corre-
lated with adiponectin (r = 0.41, P = 0.046), a known marker 
of endothelial dysfunction (Figure 3c). ΔMBF was not asso-
ciated with the cardiac ectopic depot, myocardial triglyceride 
content. Of note, a negative correlation between ΔMBF and EF 
volume was found (r = −0.40, P = 0.03) (Figure 3b), whereas 
EF volume was not associated with adiponectin (Figure 3d). 
In multivariate analysis, adiponectin (r = 0.49, P = 0.03) and 
EF volume (r = −0.42, P = 0.046) remained both independ-
ently associated with ΔMBF (r2 = 0.34, P < 0.05). The associa-
tion between EF volume and ΔMBF remained also significant 
after adjustment for ΔHR (r2 = 0.24, r = −0.39, P = 0.04), which 
reflects the intensity of the sympathetic response.

dIscussIon
Our pilot study demonstrates for the first time that the accu-
mulation of EF volume is associated with a decrease in micro-
vascular coronary vasodilation response to CPT in healthy 
volunteers. This likely suggests that EF could participate in the 
early steps of endothelial dysfunction. This result was obtained 
by coupling two in vivo MRI techniques: quantification of EF 
volume and evaluation of coronary microvascular response by 
MBF measurement in response to cold. The lack of invasiveness 

Figure 1 Typical images (magnitude and phase) from the coronary 
sinus flow (CSF) measurement by velocity-encoded MRI. The white 
arrows indicate the location of the coronary sinus. CPT, cold pressor 
testing; MRI, magnetic resonance imaging.

Figure 2 Postprocessing epicardial fat assessment.(a) Epicardial fat 
was obtained from short-axis slices using a steady-state free precession 
cine sequence optimized to 3T with fourfold GRAPPA k-space reduction. 
(b) Epicardial fat areas were measured by manual delimitating of 
epicardial fat contours. Measurement was repeated on each slice from 
base to apex. The areas obtained (in cm2) are then added together and 
multiplied by slice thickness to yield epicardial fat volume in ml.



obesity | VOLUME 20 NUMBER 6 | jUNE 2012 1203

articles
integrative Physiology

of MRI allowed inclusion of healthy young subjects. This com-
bination of techniques may therefore become a relevant tool to 
study early abnormalities in endothelial function.

Endothelial dysfunction has been mainly studied in 
peripheral vessels. However, its function correlates modestly 
with the function of coronary arteries (22). Noninvasive 
assessment of coronary microvascular function is thus 
essential. It was indeed demonstrated that coronary vasodi-
lator response to acetylcholine or CPT is an independent 
predictor of cardiovascular events rate and atherosclerotic 
lesion progression (23,24). MRI evaluation of coronary 
microvascular function in response to CPT is an integrative, 
noninvasive test exploring coronary endothelial function in 
physiological conditions (25). Sympathetic activation by 
nociception integrates the effects of adrenergic receptor 
stimulation in the endothelium and the smooth muscle cell 
layer. In healthy subjects, CPT vasodilatory effect is medi-
ated partly through the release of nitric oxide from coronary 
endothelium. We found a correlation between the change in 
MBF and both EF volume and adiponectin levels. We con-
firmed that adiponectin was a good predictor of coronary 
endothelial function in healthy nonobese, normotensive 
subjects with no medication (26) as it seems to be more effec-
tive than other factors reflecting insulin resistance or coro-
nary risk, such as homeostasis model assessment of insulin 
resistance, BMI, or triglycerides. Adiponectin is involved 
in the cross-talk between adipose tissue and vasculature. It 
prevents obesity-induced endothelial dysfunction by induc-
ing nitric oxide production, suppressing endothelial cell 

activation, inhibiting reactive oxygen species and apoptosis, 
and promoting endothelial cell repair (27,28).

Our results show that EF volume is negatively correlated with 
coronary endothelial function. The association between EF 
and the occurrence/extent of CAD has been previously shown 
(1,5,29,30). However whether EF accumulation precedes or 
follows CAD remained unknown. Our work suggests an early 
impact of EF. In our study, the activation of sympathetic sys-
tem was induced by nociception in all subjects, and did not 
vary with EF volume. Consequently, the increase in MBF 
was related to EF volume, independently of the level of sym-
pathetic response. The close anatomic relationship of EF and 
coronary arteries suggests that bioactive molecules secreted 
by EF, are pathophysiological candidates for the development 
of endothelial dysfunction and atherogenesis, through diffu-
sion in interstitial fluid across the adventitia and the arterial 
media, or through their transport via vasa vasorum (3,6,31,32). 
Indeed, we and others have shown that EF has a more inflam-
matory pattern (more inflammatory mediators expressed and 
secreted, more macrophages involved) than subcutaneous fat 
(5,7,33–36). A decrease in adiponectin expression in EF from 
patients with coronaropathy was also demonstrated (37). The 
impact of epicardial and perivascular fat on vasomotion has 
been already shown in animal models and in vitro. In pigs, 
chronic perivascular treatment of coronary arteries with beads 
containing interleukin 1-β induces vasospastic response, con-
firming the role of perivascular adipokines on endothelial 
function (38). In vitro studies have shown that aortic vasomo-
tor response is altered in obese rats with increased perivascular 
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fat (39). Peeling perivascular fat normalized aortic vasomotor 
response of obese rats, confirming the role of perivascular fat 
on vasomotricity defect (39). Furthermore, it has been shown 
recently that EF products induce increased cell surface expres-
sion of adhesion molecules, enhance adhesion monocytes to 
coronary artery endothelial cells and facilitate migration of 
adherent monocytes (6). A recent work evaluating coronary 
artery endothelial function by 3T MRI reported differences in 
coronary artery vasomotion in neighbouring arteries suggest-
ing differences in the vascular microenvironment predisposing 
to the development and/or progression of atherosclerosis (40). 
Our study supports the fact that EF and its secreted products 
could be one of these local factors influencing coronary micro-
vascular response.

In this study, we found no significant association between 
the coronary endothelial function and the other cardiac 
ectopic depot, myocardial triglyceride content. This result 
strongly suggests that there is a different impact of the two 
cardiac ectopic depots. EF seems to be more implicated in 
atherosclerosis, whereas myocardial triglyceride content may 
be more implicated in myocardial function, as suggested by 
other  studies (18,41,42).

Our study has several limitations. Duration of CPT was 
longer than classical studies (4 min instead of 2) because of 
technical MRI aspects. However, some authors in the literature 
showed that the CPT response was not reduced along time. 
Kiviniemi et al. in particular, showed that the arterial  diameter 
did not return to baseline during the follow-up period of 5 min 

after the CPT (43). This study was also limited in sample size, 
and was not powered to provide definite answers regarding 
a possible causal relationship between EF volume and coro-
nary endothelium-dependent microvascular response. The 
questions of a causal role of EF volume in the pathogenesis of 
endothelial dysfunction and the precise nature of the secreted 
factors involved will need to be addressed in further prospec-
tive studies. Another noteworthy limitation is that we did not 
validate our results in comparison to angiographical measure-
ments of endothelial function. However, it was considered 
unethical to perform intracoronary catheterization in our 
healthy volunteers. Whether EF has a direct paracrine/vaso-
crine effect requires also other in vitro studies.

Our study confirms that accumulation of EF is associated 
with a lower response in coronary endothelium-dependent 
vasoreactivity in healthy subjects. This result suggests that 
ectopic fat storage is important in the early step of atheroscle-
rosis. Due to its interaction with vessel wall, EF may represent 
future therapeutics targets for obesity and type 2 diabetes.
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