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Aim Epicardial adipose tissue (EAT) may play a role in the pathophysiology of heart failure with preserved ejection fraction
(HFpEF). We investigated associations of EAT with proteomics, coronary flow reserve (CFR), cardiac structure and
function, and quality of life (QoL) in the prospective multinational PROMIS-HFpEF cohort.
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Methods
and results

Epicardial adipose tissue was measured by echocardiography in 182 patients and defined as increased if ≥9 mm.
Proteins were measured using high-throughput proximity extension assays. Microvascular dysfunction was evaluated
with Doppler-based CFR, cardiac structural and functional indices with echocardiography and QoL by Kansas City
Cardiomyopathy Questionnaire (KCCQ). Patients with increased EAT (n = 54; 30%) had higher body mass index
(32 [28–40] vs. 27 [23–30] kg/m2; p< 0.001), lower N-terminal pro-B-type natriuretic peptide (466 [193–1133] vs.
1120 [494–1990] pg/ml; p< 0.001), smaller indexed left ventricular (LV) end-diastolic and left atrial (LA) volumes and
tendency to lower KCCQ score. Non-indexed LV/LA volumes did not differ between groups. When adjusted for body
mass index, EAT remained associated with LV septal wall thickness (coefficient 1.02, 95% confidence interval [CI]
1.00–1.04; p = 0.018) and mitral E wave deceleration time (coefficient 1.03, 95% CI 1.01–1.05; p = 0.005). Increased
EAT was associated with proteomic markers of adipose biology and inflammation, insulin resistance, endothelial
dysfunction, and dyslipidaemia but not significantly with CFR.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Conclusion Increased EAT was associated with cardiac structural alterations and proteins expressing adiposity, inflammation,
lower insulin sensitivity and endothelial dysfunction related to HFpEF pathology, probably driven by general obesity.
Potential local mechanical or paracrine effects mediated by EAT remain to be elucidated.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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2 A. Venkateshvaran et al.

Introduction
Heart failure (HF) with preserved ejection fraction (HFpEF)
accounts for more than half of HF hospitalizations and is associ-
ated with poor prognosis.1 Limited evidence for specific therapies
in this setting has been attributed to complex pathophysiology,
characterized by disease heterogeneity, caused or exacerbated by
cardiac-related or extracardiac comorbidities.2 Identifying homo-
geneous pathophysiological patient subtypes may facilitate devel-
oping novel target-specific therapies.3

Obesity-related HFpEF has been identified as a clinically rel-
evant phenotype, characterized by pronounced biventricular
remodelling and haemodynamic derangements.4 Epicardial adipose
tissue (EAT), which is related to obesity,5 may cause systemic
inflammation-dependent microcirculatory dysfunction, thereby
resulting in myocardial fibrosis and cardiac remodelling.2,6,7 When
deposited in excess, EAT may alter myocardial function also by
local effects, causing mechanical restraint and intramyocardial fat
deposition.7 EAT is elevated in HFpEF compared with participants
without HFpEF8 and associated with significant haemodynamic
aberrations among obese patients.4,9 Additionally, increased EAT
is associated with reduced exercise capacity and higher invasive
right-sided filling pressures10 in HFpEF, although mechanisms
are unclear. While recent studies have explored the relationship
between increased EAT and cardiac structure, haemodynamic
and metabolic profile in HFpEF,11 information on association with
proteomics and coronary microvascular dysfunction is scarce.

We aimed to evaluate associations between EAT and obesity,
proteomics, measures of coronary microvascular dysfunction, car-
diac structure and function, and quality of life (QoL) in the multi-
national PROMIS-HFpEF (Prevalence of Microvascular Dysfunction
in HFpEF) cohort.

Methods
Study population
We evaluated EAT in patients enrolled in the prospective, multinational
PROMIS-HFpEF study, which aimed primarily to assess the prevalence
of coronary microvascular dysfunction measured by Doppler-based
coronary flow reserve (CFR) in a strictly-defined international HFpEF
cohort and has been described previously.12 Inclusion criteria included
symptomatic HF with New York Heart Association (NYHA) class
II–IV, ejection fraction (EF) ≥40%, and at least one of the following:
(i) prior hospitalization with evidence of left ventricular (LV) hyper-
trophy (LV mass index >95 g/m2 in women and >115 g/m2 in men)
or left atrial (LA) dilatation (LA volume index [LAVI] >34 ml/m2), (ii)
elevated natriuretic peptides (B-type natriuretic peptide [BNP] outpa-
tient sinus rhythm ≥75 ng/L; atrial fibrillation ≥200 ng/L; hospitalized
sinus rhythm ≥125 ng/L; atrial fibrillation ≥350 ng/L, and N-terminal
proBNP [NT-proBNP] outpatient sinus rhythm ≥300 ng/L; atrial fibril-
lation ≥750 ng/L; hospitalized sinus rhythm ≥500 ng/L; atrial fibrillation
≥1250 ng/L), (iii) E/e’ ratio ≥15, (iv) elevated invasive capillary wedge
pressures at rest (>15 mmHg) or with exercise (>25 mmHg). Partici-
pants with unrevascularized epicardial coronary disease were excluded.
All patients were subject to a comprehensive medical history and physi-
cal examination, fasting blood and urine tests, 6-min walk test (6MWT),
EndoPAT (peripheral arterial tonometry), Kansas City Cardiomyopathy ..
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.. Questionnaire overall summary score (KCCQ-OSS) and comprehen-
sive transthoracic echocardiography which included assessment of
coronary microvascular dysfunction. The study complied with the Dec-
laration of Helsinki and was approved by relevant institutional review
boards. All participants provided written informed consent.

Echocardiographic evaluation
Comprehensive two-dimensional, Doppler and tissue Doppler
echocardiography was performed with the patient in the left lateral
decubitus position using commercially available ultrasound equipment
(Vivid 7 or Vivid E9, GE Healthcare, General Electric Corp., Wauke-
sha, WI, USA) and a 2.5 to 3.5 MHz adult probe. Blood pressure
readings were taken at the time of the study using a digital blood
pressure monitor with a brachial cuff. All images were stored for
offline analysis. EAT was measured around the right ventricular free
wall in the parasternal long-axis view and identified as the relatively
echo-free space between the outer wall of the myocardium and the
visceral layer of the pericardium.13 Measurements were averaged
across three cycles during end-systole. Increased EAT was defined
as EAT ≥9 mm based on earlier studies employing similar cut-offs in
strictly-chosen HFpEF cohorts,9 and in keeping with published thresh-
old values for epicardial fat associated with high metabolic risk in
large international populations.14 Coronary microvascular dysfunction
was assessed using transthoracic Doppler-derived adenosine CFR
as per validated protocol.15 Cardiac structure and function were
evaluated in keeping with the American Society of Echocardiogra-
phy (ASE)/European Association of Cardiovascular Imaging (EACVI)
recommendations.16 Non-invasive pressure–volume analysis was
performed using echocardiographic and blood pressure data.17

Biomarker assays
Fasting blood samples were drawn from participants in a stable,
euvolaemic state, collected in EDTA tubes, immediately centrifuged at
4∘C and stored in aliquots at −70∘C until analysis. Both NT-proBNP
and creatinine were analysed locally. Biomarker analysis was per-
formed using three 92-plex high-throughput proximity extension
assays (Olink Proseek Multiplex CVD II and III, and inflammation
96x96), representing 266 unique biomarkers. Estimated glomerular
filtration rate (eGFR) was calculated from creatinine according to
the Chronic Kidney Disease Epidemiology Collaboration except in
the orthogonal partial least squares discriminant analysis (OPLS-DA)
where a combined creatinine–cystatin C equation was used.18

Statistics
Continuous data are presented as median (interquartile range [IQR])
and categorical data as number (percent) unless otherwise specified.
Comparisons between patients with EAT <9 versus ≥9 mm were
performed using the Mann–Whitney U test or Fisher’s exact test
as appropriate. Ancillary analysis was performed in patients with EF
≥50%. The association between EAT (as a continuous variable) and
body mass index (BMI) was analysed with Pearson’s correlation. Linear
regression was performed to assess associations between echocardio-
graphic parameters and EAT (dependent variable) crude and adjusted
for BMI (since EAT is expected to correlate with BMI). Echocardio-
graphic variables with a p-value <0.10 in the comparison between
patients with high (≥9 mm) versus low (<9 mm) EAT were selected
for linear regression analysis, as were CFR, reactive hyperaemia index

© 2022 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Epicardial adipose tissue in HFpEF 3

from EndoPAT, KCCQ-OSS, and 6MWT distance. Depending on
distribution, some variables were log-transformed before analysis and
coefficients and confidence intervals (CI) for these variables were
exponentiated for ease of interpretation. Potential effect modification
by sex and interaction term (epicardial fat#sex) was added to the
BMI-adjusted model and p-values for interaction were presented.
Normality was tested through the Shapiro–Wilk test and Q–Q
residual plots. Only non-indexed echocardiographic variables were
adjusted for BMI to avoid double adjustment for body size area and
mass. Tests were performed at 95% CIs, and a two-sided p-value
≤0.05 was considered statistically significant. STATA version 14.2
(Stata Corp., College Station, TX, USA) was employed for analysis.

Characteristics of patients with EAT <9 mm versus ≥9 mm and
identification of most discriminative variables was performed employ-
ing discriminant analysis (OPLS-DA, SIMCA 15, Satorius Stedim Data
Analytics AB; Umeå, Sweden) on all 622 variables recorded for the
participants. The default SIMCA threshold for missing values toler-
ance was used, meaning that only participants and variables with less
than 50% missing data were included in the analysis, leaving 579 vari-
ables from 172 participants. The analysis bilinearizes a data matrix
into scores and loading vectors, which represent participants and vari-
ables, respectively. Loading values expressed as correlation coefficients
describe the discriminating importance of the variable between the two
groups along the x-axis, and the variation independent of the groups
on the orthogonal y-axis. The strongest descriptors are represented
by variables with the highest numerical correlation coefficients along
the x-axis and the lowest correlation coefficients on the y-axis. Mod-
elling includes iterative removal of one seventh of the data matrix (full
jack-knife cross-validation) as a robustness measurement (predictivity).
To dissect variables that were associated with EAT but not with general
adiposity, we also performed OPLS-DA models comparing variables
significantly associated with BMI ≥30 kg/m2 to those significantly asso-
ciated with EAT ≥9 mm.

Results
Epicardial adipose tissue could be measured by echocardiography
in 182 (90%) of 202 patients who underwent successful CFR
testing. Median (IQR) EAT in the entire cohort was 7 (6–9)
mm. EAT was moderately and significantly correlated with BMI
(r = 0.49, p< 0.001).

Patient characteristics
Table 1 shows patient characteristics stratified according to EAT
categories. Patients with increased EAT (≥9 mm; n = 54) were
younger, more obese, had larger waist circumference, higher
glycated hameoglobin (HbA1c) and triglyceride concentrations in
addition to lower high-density lipoprotein (HDL) and NT-proBNP
when compared with EAT <9 mm (n = 128). They also had greater
diuretic use as compared with those with lower EAT. There was
no difference in distribution of patients with mildly reduced EF
between the high and low EAT groups (13 [10%] vs. 4 [7%],
p = 0.780). Online supplementary Table S1 shows the results of
supplementary analysis comparing EAT subgroups in non-obese
(BMI <30 kg/m2) and obese participants (BMI ≥30 kg/m2) sepa-
rately. Among obese and non-obese patients, those with increased
EAT had higher BMI and worse lipid profiles represented by more ..
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.. elevated total cholesterol and low-density lipoprotein (LDL).
Online supplementary Table S4 displays patient characteristics
in those with EF ≥50% (n = 162) stratified by EAT thickness.
This sub-analysis in HFpEF patients employing stricter EF criteria
demonstrated largely similar trends in comparisons as the main
analysis.

Descriptive comparisons:
echocardiography, coronary flow reserve
and quality of life
Table 2 shows that patients with increased EAT demonstrated
smaller indexed LV volumes on echocardiography with higher EF
when compared with EAT <9 mm. However, absolute values were
similar in patients with EAT ≥9 mm versus <9 mm. Patients with
increased EAT showed lower early diastolic myocardial velocities
and higher right ventricular E/e’. Online supplementary Table S2
shows that even among non-obese participants, EAT ≥9 mm dis-
played signs of LV hypertrophy reflected in thicker interventricular
septum and elevated filling pressures as represented by higher LV
E/e’. No significant differences in CFR were observed between the
EAT ≥9 mm versus <9 mm groups in the total cohort (Table 2) or
subgroup analysis (online supplementary Table S2) (p> 0.05 for all
comparisons). KCCQ-OSS was non-significantly lower in partic-
ipants with increased EAT (p = 0.07). When patients with LVEF
≥50% were analysed, comparison between echocardiographic
variables in this sub-analysis were largely consistent with what
was seen in the total cohort. CFR was not significantly different
between normal and elevated EAT subgroups. KCCQ-OSS, how-
ever, was significantly lower in the high EAT subgroup (p = 0.04)
(online supplementary Table S5).

OPLS-DA analysis: clinical, proteomic
and echocardiographic phenotypes
The OPLS-DA model explained 15% of the data variation (4.2%
predictive of EAT; 11% independent of EAT) and 50% group
differences (17% after full jack-knife cross-validation). Figure 1 dis-
plays the distribution of clinical, proteomic and echocardiographic
variables (n = 579) in relation to and independent of EAT ≥9 mm.
Parameters that are more to the right were associated with lower
EAT and more to the left with higher EAT. Figure 2 illustrates
the scores of the individual participants along the discriminant
and orthogonal components. The scores of the two populations
are relatively well-separated, suggesting that the variable pattern
is informative for discriminating participants with EAT ≥9 or
<9 mm. Figure 3 shows the most discriminating variables arranged
by descending predictive value. The most discriminant variables
associated with EAT ≥9 mm were: BMI, weight, waist circumfer-
ence and leptin, and the most discriminant variables associated
with EAT <9 mm were insulin-like growth factor binding protein
(IGFBP)-1, BNP, IGFBP2 and NT-proBNP.

The OPLS-DA demonstrated obesity-associated variables
(weight, waist circumference, body surface area and BMI) had
the highest loading scores. Increased EAT was associated with

© 2022 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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4 A. Venkateshvaran et al.

Table 1 Baseline characteristics according to epicardial adipose tissue <9 mm versus ≥9 mm

EAT <9 mm (n = 128, 70%) EAT ≥9 mm (n = 54, 30%) p-value
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

EAT (mm) 6.0 (6.0–7.0) 10.0 (9.0–11.0) <0.001

Age (years) 76 (70–82) 73 (68–77) 0.026
Female sex 59 (46) 23 (43) 0.74
Heart rate (bpm) 66 (60–77) 68 (62–80) 0.38
Body mass index (kg/m2) 26.6 (22.9–29.8) 32.0 (28.1–40.0) <0.001

Waist circumference (cm) 96 (88–106) 108 (98–120) <0.001

Systolic blood pressure (mmHg) 140 (128–156) 135 (126–150) 0.11

Diastolic blood pressure (mmHg) 80 (70–88) 75 (63–83) 0.018
NYHA class (I/II/III/IV) 1/95/31/1 (1/74/24/1) 0/43/11/0 (0/80/20/0) 0.79
Comorbidities
Atrial fibrillation/flutter 69 (54) 25 (46) 0.42
Hypertension 108 (84) 43 (80) 0.52
Diabetes 35 (27) 17 (32) 0.59
Hyperlipidaemia 71 (56) 32 (59) 0.74
Current smoker 5 (4) 1 (2) 0.67
Cardiovascular disease other than HF 47 (37) 20 (37) 1.00
Laboratory
Haemoglobin (g/L) 128 (117–140) 132 (122–141) 0.41

Haemoglobin A1c (mmol/mol) 40.0 (37.0–44.0) 44.0 (38.0–57.0) 0.049
eGFR (ml/min/1.73 m2) 62 (48–75) 57 (40–68) 0.078
NT-proBNP (pg/ml) 1120 (494–1990) 466 (193–1133) <0.001

Cholesterol (mmol/L) 4.1 (3.4–4.8) 4.2 (3.5–5.3) 0.27
Triglycerides (mmol/L) 1.0 (0.8–1.4) 1.3 (1.0–1.9) 0.008
Apolipoprotein A (mmol/L) 1.4 (1.2–1.7) 1.4 (1.2–1.6) 0.42
Apolipoprotein B (mmol/L) 0.8 (0.6–0.9) 0.9 (0.7–1.1) 0.007
LDL (mmol/L) 2.1 (1.6–2.9) 2.3 (1.8–3.3) 0.081

HDL (mmol/L) 1.4 (1.1–1.8) 1.2 (1.0–1.4) 0.006
CRP (mg/L) 2.0 (0.9–4.6) 2.8 (1.3–6.1) 0.17
Uric acid (mg/L) 385 (318–466) 420 (373–551) 0.011

BUN (mmol/L) 7.5 (5.9–9.0) 8.4 (6.4–12.0) 0.058
Medications
Beta-blocker 95 (74) 38 (70) 0.59
ACEi/ARB 99 (77) 38 (70) 0.35
Diuretics 91 (71) 47 (87) 0.023
Glucose-lowering therapy 30 (23) 17 (32) 0.27

Values are given as median (interquartile range) or n (%).
ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BUN, blood urea nitrogen; CRP, C-reactive protein; EAT, epicardial adipose tissue;
eGFR, estimated glomerular filtration rate (Chronic Kidney Disease Epidemiology Collaboration formula); HDL, high-density lipoprotein; HF, heart failure; LDL, low-density
lipoprotein; NT-proBNP, N-terminal pro B-type natriuretic peptide; NYHA, New York Heart Association.

increased adipokines, like interleukin-1 receptor antagonist
(IL1-RA), leptin, fatty acid binding protein 4 (FABP4) and chemerin
(RARRES2); and with lower insulin sensitivity and endothelial dys-
function (lower IGFBP1 and IGFBP2), diabetes (increased HbA1c
and serum insulin) and dyslipidaemia (increased LDL receptor and
lower HDL). Participants with EAT ≥9 mm had smaller indexed
LA and LV volumes, better LV systolic function (EF, fractional
shortening, LV systolic strain, s’ velocity), and more significant
diastolic aberrations (increased mitral E wave deceleration time)
(Figure 3). In addition, this group demonstrated lower systemic
and pulmonary vascular resistance, lower arterial elastance, and
increased arterial compliance. To dissect variables that were
associated with EAT, but not with general adiposity, we performed
OPLS-DA models comparing variables significantly associated ..
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. with BMI ≥30 kg/m2 to those significantly associated with EAT

≥9 mm. Online supplementary Figure S1 shows a comparison of
the OPLS-DA models, highlighting proteins with more selective
discriminative power for EAT ≥9 mm: higher glyoxalase I (GLO1)
reflecting hyperglycaemia, eukaryotic initiation factor 4E binding
protein 1(4E-BP1) reflecting protein synthesis, A disintegrin and
metalloproteinase with thrombospondin motifs 13 (ADAM-TS13),
a metalloproteinase involved in blood clotting, STAM-binding
protein (STAMPB) and the anti-inflammatory protein AXIN1.
The two latter both modulators of cell haemostasis added by
lower concentrations of matrix metalloproteinase 2 (MMP-2)
controlling extracellular matrix and neurogenic locus notch
homolog protein 3 (Notch 3) regulating cell survival were asso-
ciated with EAT ≥9 mm. Also, higher EF and global strain (during

© 2022 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Epicardial adipose tissue in HFpEF 5

Table 2 Echocardiographic and functional parameters according to epicardial adipose tissue <9 mm versus ≥9 mm

EAT <9 mm (n = 128,70%) EAT ≥9 mm (n = 54,30%) p-value
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

EAT (mm) 6.0 (6.0–7.0) 10.0 (9.0–11.0) <0.001

Left heart structure/function
EF (%) 58 (54–64) 62 (56–66) 0.019
Stroke volume (ml) 67 (52–79) 78 (65–100) 0.001

Septal wall thickness (cm) 1.2 (1.1–1.5) 1.4 (1.2–1.6) 0.034
Posterior wall thickness (cm) 1.0 (0.9–1.2) 1.1 (1.0–1.2) 0.10
Relative wall thickness 0.4 (0.4–0.5) 0.5 (0.4–0.5) 0.23
LVMI (g/cm2) 103.3 (85.1–127.5) 102.9 (83.6–120.9) 0.70
LVM (g) 192 (156–242) 217 (170–248) 0.076
LVEDV (ml) 79 (63–96) 77 (64–99) 0.75
LVEDVI (ml/m2) 43 (36–51) 37 (32–44) 0.002
LVEDV indexed for height (ml/m) 47 (39–57) 46 (41–58) 0.95
LVESV (ml) 33 (24–41) 29 (23–40) 0.23
LVESVI (ml/m2) 17 (14–22) 14 (12–18) 0.003
LVESV indexed for height (ml/m) 19 (15–24) 18 (14–23) 0.26
LA volume (ml) 74 (58–92) 69 (57–78) 0.30
LAVI (ml/m2) 39 (32–46) 33 (29–43) 0.004
LAV indexed for height (ml/m) 45 (36–52) 41 (36–51) 0.45
Mitral E-wave (cm/s) 92.4 (80.2–111.4) 96.8 (80.0–113.6) 0.31

Mitral A-wave (cm/s) 78.9 (50.0–101.4) 97.0 (78.0–110.4) 0.017
Mitral E/A 1.9 (1.5–2.5) 1.6 (1.1–1.8) 0.001

Mitral deceleration time (ms) 172 (143–197) 200 (166–231) <0.001

Mitral annular s’ velocity (cm/s) 5.5 (4.6–6.8) 6.6 (5.4–8.1) <0.001

Mitral annular e’ velocity at septal wall (cm/s) 6.6 (5.2–8.3) 7.0 (5.6–8.2) 0.58
Mitral annular e’ velocity at lateral wall (cm/s) 9.7 (7.7–12.5) 8.8 (7.5–10.8) 0.13
Mitral E/e’ (lateral) 9.9 (6.9–12.3) 11.3 (8.4–13.6) 0.061

Mitral E/e’ (septal) 14.3 (10.4–18.1) 14.4 (10.4–19.5) 0.81

Mitral E/e’ (average) 12.5 (9.0–15.5) 12.6 (10.2–16.5) 0.34
Global longitudinal strain (%) 16 (13–19) 17 (15–19) 0.39
LA reservoir strain (%) 14 (9–22) 18 (9–23) 0.47
Right heart structure/function
RV free wall thickness (cm) 0.5 (0.4–0.5) 0.5 (0.4–0.5) 0.94
RV end-diastolic area (cm2) 19 (14–22) 19 (16–22) 0.33
RV end-systolic area (cm2) 10 (8–13) 10 (9–13) 0.39
Tricuspid annular e’ velocity (cm/s) 12.9 (10.2–17.0) 11.3 (9.2–14.3) 0.038
Tricuspid annular a’ velocity (cm/s) 13.4 (9.7–17.9) 14.4 (11.9–17.5) 0.20
Tricuspid annular s’ velocity (cm/s) 11.1 (9.5–13.4) 11.6 (9.2–13.1) 0.73
Tricuspid E/e’ ratio 4.1 (2.9–5.8) 4.9 (3.8–6.0) 0.037
TAPSE (cm) 1.8 (1.5–2.1) 1.8 (1.6–2.1) 0.51

Tricuspid regurgitation velocity (cm/s) 297 (267–335) 294 (248–325) 0.23
PASP (mmHg) 42 (35–52) 41 (32–48) 0.19
CFR, RHI, 6MWT and QoL
CFR 2.1 (1.8–2.4) 2.0 (1.8–2.7) 0.49
RHI 1,6 (1,0–2,0) 1,5 (0,8–1,9) 0.32
KCCQ score 71 (50–85) 62 (49–77) 0.070
6-min walk test (m) 341 (240–426) 331.5 (240–408) 0.59

Values are given as median (interquartile range) or n (%).
CFR, coronary flow reserve; EF, ejection fraction; KCCQ, Kansas City Cardiomyopathy Questionnaire; LA, left atrial; LAV, left atrial volume; LAVI, left atrial volume index;
LV, left ventricular; LVEDV, left ventricular end-diastolic volume; LVEDVI, left ventricular end-iastolic volume index; LVESV, left ventricular end-systolic volume; LVESVI, left
ventricular end-systolic volume index; LVM, left ventricular mass; LVMI, left ventricular mass index; PASP, estimated pulmonary artery systolic pressure; QoL, quality of life;
RHI, reactive hyperaemia index; RV, right ventricular; TAPSE, tricuspid annular plane systolic excursion.

© 2022 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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6 A. Venkateshvaran et al.

Figure 1 Correlation coefficients for the predictive value (x-axis) and the orthogonal variation (y-axis) of all variables assessed in
PROMIS-HFpEF. Significant predictors are indicated with a large symbol. OLINK variables (circles) are highlighted together other clinical,
laboratory or echocardiographic discriminant variables (triangles). In addition, the following variables are included for comparison: E/e’, left
ventricular mass index, deceleration time, left atrial reservoir strain and diabetes. Creatinine–cystatin C estimated glomerular filtration rate
(Creat-CysC eGFR) is highlighted as a potential explanation for the orthogonal variation of the OLINK variables loading with high orthogonal
correlation coefficients in the model.

leg lift) and lower LAVI and pulmonary artery systolic pressure
had higher discriminative power for EAT ≥9 mm. In summary,
EAT was associated with an obese, pre-diabetic, dyslipidaemic
phenotype that demonstrated cardiac structural and functional
alterations and increased proteomic markers of adipose biology
and inflammation, insulin resistance, endothelial dysfunction, and
dyslipidaemia.

Epicardial adipose tissue associations
with echocardiography, coronary flow
reserve and quality of life on regression
analysis
Online supplementary Table S3 shows the results of uni- and
multivariable regression analyses. In univariable regression analysis,
increased EAT was positively associated with EF, stroke volume,
systolic myocardial velocity, mitral A-wave velocity, E/A ratio, ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

.. and deceleration time. However, only septal wall thickness and
deceleration time remained significantly (and positively) associated
with EAT after adjusting for BMI. No significant sex interactions
were observed for any relationships in this analysis. Additional
regression analysis was performed selecting patients with EF ≥50%,
and demonstrated largely similar findings to analysis performed in
the total cohort (online supplementary Table S6).

Discussion
In PROMIS-HFpEF, 30% of patients with HFpEF had elevated EAT.
Patients with more EAT were more likely obese, demonstrated
cardiac structural alterations, haemodynamic derangement and
proteomic markers associated with adiposity, systemic inflamma-
tion, insulin resistance, endothelial dysfunction and dyslipidaemia.
Together, our results demonstrate the possible contribution of EAT
to HFpEF, although this may be mediated by obesity.

© 2022 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Epicardial adipose tissue in HFpEF 7

Figure 2 Scores of subjects based on the variable pattern shown in Figure 1 along the discriminant component (x-axis) and the orthogonal
component (y-axis). Symbols are coloured by class (epicardial adipose tissue ≥9 mm in green, <9 mm in blue) and sized proportionally by
individual epicardial adipose tissue (mm). The subject highlighted with an closed arrow is thus predicted to have the most extreme phenotype,
whereas the subject marked with an open arrow is predicted to have a phenotype not different from the group of subjects having epicardial
adipose tissue <9 mm.

Figure 3 Top 40 variables associated with epicardial adipose tissue (EAT) ≥9 mm in OPLS-DA separating subjects with EAT ≥9 versus<9 mm.
The selected bars (top 20 in each direction) represent the variables with the highest numerical loading scores (p [1]) along the discriminant
component, meaning variables with the best predictive value. Red bars and list on the left are variables that are higher, and blue bars and list on
the right are variables that are lower in subjects with EAT ≥9 mm. The lists are sorted by the numerical loading score, meaning that body mass
index and insulin-like growth factor-binding protein 1 are the top positive and negative predictor, respectively. CFR, coronary flow reserve;
LDL, low-density lipoprotein.

Patient characteristics, coronary
microvascular dysfunction and quality
of life
Increased EAT was common in our HFpEF population and associ-

ated with obesity and a poorer metabolic profile, consistent with ..
..

..
..

..
..

..
..

. recent studies employing cardiac magnetic resonance imaging.8,19,20

Absence of association between coronary microvascular dysfunc-
tion and EAT in this study should, however, be interpreted with
caution given that patients with increased EAT were comparatively
younger, keeping in mind inherent differences in resistive-vessel
function related to aging.21 The tendency to lower KCCQ seen

© 2022 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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8 A. Venkateshvaran et al.

in our analysis is consistent with studies suggesting that HFpEF
patients with poorer health-related QoL indices are more likely
obese and display lower NT-proBNP.22

Epicardial adipose tissue associations
with left heart structure and function
While indexed LV and LA volumes were significantly lower in
patients with elevated EAT in this study, no significant differences
were observed when non-indexed volumes were considered.
EAT is comprised mainly of white adipose tissue that is directly
related to both visceral and total body fat and strongly associated
with BMI,5 suggesting that indexing LV size to body surface area
(which incorporates weight) may be problematic. A speculative
explanation for smaller indexed LA volumes in the increased EAT
group may be compression of compliant atrial structures leading to
smaller volumes in keeping with the hypothesis of lower natriuretic
peptide levels due to cardiac constraint. Although natriuretic pep-
tide concentrations were lower in the high EAT group, diuretic use
was more common indicating a clinical impression of congestion.
Natriuretic peptide deficiency has been documented in the obese
and attributed to elevated natriuretic peptide degradation in fat
tissue, insulin resistance23 and more recently to a relative reduc-
tion in wall stress owing to pericardial restraint caused by elevated
EAT in the obese HFpEF phenotype.4 Furthermore, an uncoupling
between cardiac wall stress and intravascular pressures has been
documented in the obese,24 supporting a mechanistic external
compression role of EAT in HF and a potential underestimation
of congestion in obese patients due to lower natriuretic peptides
levels.

Epicardial adipose tissue has been hypothesized to exert a
paracrine effect on cardiac tissue7 mediated by unobstructed
access to coronary microcirculation and the absence of an inter-
vening fascial plane. Excessive EAT is associated with elevated car-
diac output and stroke volume25 and higher indices of LV systolic
function have been reported in participants with moderate weight
gain,26 largely consistent with the findings in the present study. Fur-
ther, patients with increased EAT demonstrated biventricular dias-
tolic aberrations in keeping with earlier studies.9,10 Given that the
increased EAT subgroup was relatively younger in this study, one
can argue that age-dependent measures of increased filling pressure
such as E/e’27 may have actually been underestimated. Age- and
BMI-matched studies would perhaps clarify this further. Further,
echocardiographic indices at rest do not capture more profound
haemodynamic derangements and poorer peak aerobic capacity
provoked by exercise as reported in recent studies.9 Importantly,
almost all associations between EAT and indices of LV function
turned non-significant when adjusted for body mass making any
conclusion regarding direct impact of EAT rather than obesity in
general difficult.

Recent studies have also suggested that differential risk of
HFpEF with obesity may be pronounced in women.28–30 Absence
of significant sex interactions in our regression models may be
owing to smaller numbers available for interaction analysis and
needs to be further investigated. Further, proteomic associations
with general obesity-linked characteristics makes it difficult to ..
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.. differentiate between direct effects of EAT as opposed to general
effects of obesity.

Epicardial adipose tissue associations
with proteomics
To the best of our knowledge, this is the first study to extensively
evaluate associations between EAT and proteomics and contributes
to available information on its impact on cardiovascular haemody-
namics and metabolic profile.11 The proteomic profile of patients
with increased EAT expressed adiposity, inflammation, oxidative
stress and endothelial dysfunction paired with dysglycaemia and
dyslipidaemia. These conditions are also central components of
HFpEF pathophysiology.31,32

Earlier Mendelian randomization studies suggest a causal role
for some of these proteins, such as IL1-RA inducing dyslipi-
daemia,33 and IGFBP1 and RAGE reducing BMI. In contrast, other
proteomic markers such as FABP4 and chemerin are more likely
to be secondary to adiposity.34 Inflammation as a driver of the
dyslipidaemic phenotype associated with EAT is also consistent
with data showing that infection and inflammation increase levels
of triglyceride-rich lipoproteins, which are intended to play a
protective role for the host, by neutralizing inflammatory triggers,
such as lipopolysaccharides.35

The protein with the highest discriminative power for EAT
≥9 mm but not for increased BMI, was GLO1, a protein associ-
ated with oxidative stress and previously found to be increased in
HF distinguishing between HFpEF and pulmonary arterial hyper-
tension.36 Interestingly downregulation of GLO1 in a hypertensive
rat model was associated with reduced ectopic fat accumulation,
possibly mediated by AMPK activation in the heart.37

We also found a negative association between MMP-2 and EAT
≥9 mm. Previously, MMP-2 activity in EAT has been reported to
be increased in patients undergoing coronary bypass surgery38

and associated with atrial myocardial fibrosis in patients with
atrial fibrillation.39 Nevertheless, our findings in HFpEF patients
are based on circulating plasma proteins which may potentially
originate from biological processes outside the myocardium with
impact on associations with EAT. We and others have previously
demonstrated coronary microvascular and endothelial dysfunction
and rarefaction in HFpEF implicating them as components in
HFpEF disease development.12,40 In the present study, there was
a tendency to lower levels of vascular endothelial growth factor-D,
a modulator of growth of blood and lymphatic vessels, in patients
with EAT ≥9 mm.

Study limitations
We evaluated EAT using two-dimensional transthoracic echocar-
diography in this study. Studies which posed challenges to accurate
measurement owing to near-field reverberations and/or unclear
distinction between EAT and pericardial fat needed to be excluded.
Cardiac magnetic resonance imaging permits more precise, vol-
umetric quantification and is considered the reference standard
method for EAT assessment. However, echocardiography, in addi-
tion to being fast, low-cost and widely available, has demonstrated

© 2022 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Epicardial adipose tissue in HFpEF 9

good agreement with magnetic resonance imaging in earlier stud-
ies.41 Systemic circulation proteins may not reflect pathophysiolog-
ical processes within the heart, but provide hypotheses for future
research. Lower representation from very obese patients in this
multinational HFpEF cohort needs to be considered when inter-
preting the results. Further, a relatively small number of participants
in the subgroup analysis of patients with lower BMI may also be
considered as a limitation, which was an attempt to discern any
obesity independent effects of EAT. Thus, establishing any causal
relationships between EAT and echocardiographic or proteomic
variables was limited by the correlative nature of data, in particular
that between EAT and BMI.

Conclusion
Heart failure with preserved EF patients with increased EAT depo-
sition had higher BMI and signs of cardiac structural alterations
and proteomic markers associated with general adiposity, systemic
inflammation, insulin resistance, endothelial dysfunction, and dys-
lipidaemia. EAT may contribute to HFpEF but it remains unclear
whether this is simply mediated by obesity, or if EAT also exerts
direct effects independent of its association with obesity.

Supplementary Information
Additional supporting information may be found online in the
Supporting Information section at the end of the article.
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