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Abstract

Aims Visceral adipose tissue (AT) promotes inflammation and may be associated with disease progression in heart failure
with preserved ejection fraction (HFpEF). We characterized regional AT distribution in HFpEF patients and controls and
analysed associations with co-morbidities and exercise tolerance.
Methods and results Magnetic resonance imaging was performed to quantify epicardial, liver, abdominal, and thigh skeletal
muscle AT. We assessed New York Heart Association (NYHA) class, 6 min walk distance, and global well-being score. Multivar-
iable linear regression models adjusting for body surface area were used. We studied 55 HFpEF patients (41 women, mean age
67 ± 11 years) and 33 controls (21 women, mean age 57 ± 10 years). Epicardial AT (median [interquartile range] 4.6 [2.0] vs. 3.2
[1.4] mm, P< 0.001), thigh intermuscular fat (11.0 [11.5] vs. 5.0 [2.7] cm2, P< 0.001) and liver fat fraction (6.4% [6.1] vs. 4.1%
[5.5], P = 0.001) were higher in HFpEF patients than controls. Women with HFpEF had higher abdominal and thigh subcuta-
neous AT than men. Greater thigh intermuscular fat was associated with higher blood pressure (β [SE] 0.73 [0.17],
P < 0.001) and diabetes (odds ratio [95% confidence interval] 1.2 [1.0–1.5], P = 0.03). Greater thigh intramuscular fat was
associated with both worse NYHA class (β [SE] 2.7 [1.0], P = 0.01) and shorter 6 min walk distance (β [SE] �4.1 [1.9],
P = 0.03), and greater epicardial AT (β [SE] �0.2 [0.1], P < 0.001) and liver fat fraction (β [SE] �0.4 [0.2], P = 0.04) were as-
sociated with lower global well-being score.
Conclusions Heart failure with preserved ejection fraction patients have increased epicardial, liver, and skeletal muscle fat
compared with controls out of proportion to their increased body size, and adiposity was associated with worse NYHA class
and exercise tolerance in HFpEF. These results provide the basis for further investigation into the effect of interventions to
reduce regional AT distribution in relation to HFpEF symptoms and pathophysiology.
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Introducton

Heart failure with preserved ejection fraction (HFpEF) is a
rapidly growing form of heart failure for which we currently
lack effective therapies.1 HFpEF is associated with multiple

co-morbid conditions, including obesity, which is an indepen-
dent risk factor for mortality.2 Exercise intolerance is a hall-
mark of HFpEF, leading to reduced quality of life, increased
heart failure (HF) hospitalizations, and an enormous societal
and economic toll.3 The pathophysiology of exercise
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intolerance in HFpEF remains an active area of investigation,
and prior studies suggest that non-cardiac factors, including
obesity, contribute significantly to exercise intolerance in
HFpEF.4

In patients with obesity, lipids accumulate in non-adipose
tissues such as skeletal muscle and the liver when the fat
storage capacity of subcutaneous adipose tissue has been
overwhelmed.5 Excess adiposity is associated with systemic
inflammation, atherogenesis, and adverse metabolic changes,
which can lead to cardiovascular and peripheral (skeletal
muscle) dysfunction that may contribute to the pathophysiol-
ogy of exercise intolerance in HFpEF.6 It is therefore plausible
that ectopic adipose tissue may contribute to exercise intol-
erance and co-morbidities in HFpEF; however, the extent to
which they contribute to HFpEF pathophysiology is not well
understood.

Prior studies have reported that increased total body
adiposity contributes to the impaired peak VO2 in HFpEF
patients with obesity.3,7 Moreover, recent studies also
suggest that apart from total quantity of adipose tissue,
regional adipose tissue distribution in the skeletal muscle,
abdomen, and epicardial regions may be an important
determinant of impaired cardiac function and reduced exer-
cise tolerance in HFpEF.4,8,9 Additionally, studies evaluating
liver adiposity have shown that increased liver fat content
is associated with the development of atrial fibrillation
and increased mortality in HFpEF; however, the role of liver
adiposity in exercise tolerance in HFpEF is not well
understood.10 Lastly, clinical studies have shown worse
diastolic reserve and exercise haemodynamics in women
compared with those in men with HFpEF.11 However, the
pathophysiologic differences contributing to sex differences
in HFpEF, such as regional adipose tissue distribution, are
not well characterized.

Therefore, the aim of this study was four-fold: (i) to charac-
terize regional adipose distribution in patients with HFpEF
compared with controls; (ii) to evaluate sex differences in
adipose tissue content and distribution, (iii) to assess the
relationship between HFpEF risk factors and regional adipose
tissue distribution, and (iv) to examine the associations
between adipose tissue depots and measures of functional
capacity and exercise intolerance.

Methods

Study population

HFpEF patients were enrolled prospectively between
September 2016 and November 2019 from the HFpEF clinics
at Johns Hopkins University and Northwestern University
(NU) (Supporting Information, Figure S1). Participants with
HFpEF were included if they met the following criteria: age

>21 years, left ventricular ejection fraction (LVEF) ≥45%
within the preceding 6 months, and symptoms of HF [New
York Heart Association (NYHA) Class II–IV] at the time of en-
rolment. A diagnosis of HFpEF was made based on the pres-
ence of HF as defined by the Framingham criteria for HF12

with LVEF ≥45% and at least two of the following: (i) struc-
tural heart disease as evidenced by left ventricular (LV) hy-
pertrophy or left atrial enlargement, (ii) N terminal pro
brain natriuretic peptide ≥100 pg/mL, or (iii) elevated pulmo-
nary capillary wedge pressures on hemodynamic assessment
(≥15 mmHg at rest or ≥25 mmHg with exercise). Patients
were excluded if they had any prior echocardiogram with
EF < 40%, were currently pregnant or nursing, or had a
history of infiltrative or restrictive cardiomyopathy, history
of hypertrophic cardiomyopathy, active myocarditis, constric-
tive pericarditis, congenital heart disease, isolated pulmonary
arterial hypertension, significant valvular regurgitation or
stenosis, systolic blood pressure <100 mmHg, or need for
intravenous inotropic medication or mechanical circulatory
support. Control participants (n = 17) with no history of HF
and no symptoms of HF were enrolled from the NU adult
general cardiology clinic. Additional control participants
(n = 16) were recruited from outpatient internal medicine
clinics at the Johns Hopkins Hospital. The study was approved
by the institutional review boards of both Johns Hopkins
University and NU. All participants provided written informed
consent.

Demographic and clinical data

At the initial study visit, detailed demographic and medical
history were collected using a standardized questionnaire,
and physical examination was performed. Body mass index
(BMI) was calculated as weight (kg)/height (m)2; obesity
was defined as BMI ≥30 kg/m2. Body surface area (BSA)
was calculated as the square root of the product of height
(m) and weight (kg) divided by 3600. Tobacco use, meno-
pause history, medications, and medical history including
atrial fibrillation/flutter, hypertension, hyperlipidemic, diabe-
tes, and obstructive sleep apnoea (OSA) were assessed from
clinical documentation at the most recent clinic evaluation
and verified with the patient at the initial study visit.
Significant coronary artery disease was defined as history of
myocardial infarction, ≥50% coronary stenosis on coronary
angiography, or prior coronary revascularization including
percutaneous coronary intervention or coronary artery
bypass surgery. Laboratory data closest to the time of the
initial study visit that were available at the time of the visit
were recorded. Estimated glomerular filtration rate (eGFR)
was calculated using the Chronic Kidney Disease Epidemiol-
ogy Collaboration (CKD-EPI) equation,13 and chronic kidney
disease was defined as eGFR <60 mL/min/1.73 m2.
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Magnetic resonance imaging

Subjects were scanned in supine position using 1.5-T whole
body magnetic resonance imaging (MRI) systems (Espree or
Aera, Siemens, Erlangen, Germany). Regional scans of the
heart, abdomen, and thigh were performed. Full details
regarding the MRI acquisition protocols can be found in the
supporting information.

For cardiac adipose tissue quantification, a balanced
steady-state free precession CINE was acquired in a four-
chamber orientation during a single breath-hold. Epicardial
adipose tissue (EAT) thickness was quantified during
end-diastole using two methods: (i) measuring the maximal
thickness in the atrioventricular (AV) groove adjacent to the
right ventricle (RV) and (ii) averaging the thickness measured
at three points along the RV free wall, as previously described
(Figure 1A).14 Quantification was performed using OsiriX
(Version 9.0, Pixmeo SARL, Geneva, Switzerland).

Abdominal images were taken as axial sections every 3 cm
from T10 to the sacral vertebra. A single slice at the level of
L4 was used to determine abdominal subcutaneous adipose
tissue (SAT) and intra-abdominal visceral adipose tissue
(VAT) (Figure 1B). This method has been shown to have
high association with total visceral fat comparents.15 A
custom-made MATLAB (MathWorks, Natick, MA, USA) tool
was used to segment abdominal fat into separate SAT and
VAT compartments using a semi-automated algorithm (Figure
1C,D). Abdominal VAT was defined as fat bounded by the
abdominal muscle wall, including fat within the mesentery
and omentum. SAT was defined as fat lying outside the
abdominal wall. Additional regions of interest (ROIs) were
drawn on bilateral paraspinal and psoas muscles at the level
of L4 to quantify skeletal muscle cross-sectional area.16,17

For liver fat quantification, MRI-based proton-density fat
fraction (PDFF) has been shown to be an accurate method
to quantify liver fat with high reproducibility and

Figure 1 Adipose tissue quantification using cardiac magnetic resonance imaging. (A) Epicardial adipose tissue (EAT) was measured at end-diastole in a
cine image in the four-chamber orientation at the atrioventricular (AV) groove and averaged at three points along the right ventricular (RV) free wall.
(B) An axial slice at the fourth lumbar vertebra (L4) was used for abdominal adipose tissue quantification. A semi-automated MATLAB algorithm was
used to segment the abdominal fat into subcutaneous (C) and visceral (D) components. (E) Liver fat fraction was estimated by averaging the magnetic
resonance imaging proton-density fat fraction in three regions of interest drawn in three separate axial slices. (F) Thigh subcutaneous adipose tissue
(SAT) was manually segmented, and a MATLAB tool was used to determine the intermuscular adipose tissue (IMAT). (G) The same process was re-
peated for controls.
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interobserver agreement.18 ROIs measuring 5 cm2 were
drawn over the liver in the MRI-PDFF maps on three separate
axial slices and averaged, avoiding blood vessels, the gallblad-
der, or discrete lesions (Figure 1E). PDFF is expressed as a per-
centage as a measure of degree of liver steatosis.15

Thigh imaging was performed with a 3D multi-echo Dixon
acquisition in transverse orientation superior to the inferior
head of the femur. A custom-made MATLAB tool was used
to determine the following thigh fat measures similar to
measurements in prior studies of HFpEF.8,19 Thigh SAT area
was defined as the cross-sectional area of fat exterior to the
muscle in the subcutaneous space (Figure 1F,G). Total thigh
muscle area was the total cross-sectional muscle area inside
the muscle-subcutaneous fat border. The fat/water percent-
ages of all muscle pixels were averaged to determine the thigh
intermuscular adipose tissue (IMAT) fat fraction (FF). IMAT
cross-sectional area was calculated from IMAT FF multiplied
by the total muscle area. The intermuscular fat (interMF) area,
corresponding to the fat between the muscle bundles, was
defined as the area of muscle pixels with a fat/water percent-
age>50%.19 The intramuscular fat (intraMF) area was defined
as the cross-sectional area of the remaining fat within
the muscles such that intraMF area + interMF area = IMAT
area.

Clinical assessments and measures of functional
capacity

Standardized 6 min walk test distance (6MWD) was adminis-
tered in the HFpEF patients as previously described.20 Overall
functional status was assessed via patient self-report using
the global well-being (GWB) visual analog scale.21 HFpEF pa-
tients also underwent supine bicycle exercise testing, starting
at 25 Watts (W) workload and increasing by 25 W every 3 min
until exhaustion. Total time elapsed on during the test was
recorded.

Statistical analysis

Baseline patient characteristics were reported as mean
(standard deviation), median [interquartile range], or fre-
quency (percentage). Differences between groups were
tested using the T test or Wilcoxon rank-sum test for contin-
uous variables and χ2 or Fisher’s exact tests for categorical
variables.

Multivariable-adjusted linear regression models were
used to determine the associations between fat/muscle
measures and HFpEF status, co-morbidities, and functional
capacity. Measures of fat/muscle composition were
modelled as the outcome variables for the analyses com-
paring HFpEF to controls, adjusted for age, sex, and BSA.
Within HFpEF patients, co-morbidities (systolic BP, diabetes,

OSA, and atrial fibrillation), and functional capacity mea-
sures (NYHA functional class, 6MWD, GWB, and exercise
time) were modelled as the outcome variables for linear
or logistic regression analyses, with measures of fat/muscle
composition as the exposure variables. Logistic regression
was used for the following variables: diabetes, OSA, atrial
fibrillation, and NYHA class. Certain variables were
log-transformed due to skew: RV EAT, liver FF, abdominal
VAT/SAT ratio, thigh SAT area, thigh IMAT area, thigh IMAT
FF, thigh interMF area, thigh intraMF area, psoas muscle
area, and exercise time. GWB score was transformed using
inverse normal transformation. To explore sex differences,
we compared differences in measures of fat/muscle com-
position, functional status, and exercise tolerance by sex,
adjusted for age and BSA. We additionally tested for
interactions with sex in the associations between fat/mus-
cle measures and exercise tolerance.

Statistical analysis was performed using Statistical Analysis
Software (Version 9.4, SAS Institute Inc., Cary, NC, USA).

Results

Participant characteristics

Clinical characteristics of our sample including 55 HFpEF
patients and 33 controls are shown in Table 1. HFpEF pa-
tients were on average older than controls. There was no
significant sex difference between the two groups. Among
HFpEF patients, 41 (75%) were women, compared with 21
(64%) women among controls (P = 0.28). Race was also sim-
ilar between the two groups: 56% White and 44% Black par-
ticipants in the HFpEF group and 70% White and 27% Black
participants among controls (P = 0.11). HFpEF patients had
a higher prevalence of co-morbidities typically associated
with HFpEF, including obesity, hypertension, diabetes, OSA,
and CKD.

Adipose tissue distribution and skeletal muscle
composition

Compared with controls, HFpEF patients had higher EAT
measured both along the RV free wall and in the AV groove;
higher abdominal VAT, SAT, and VAT/SAT ratio; higher liver
FF; higher thigh SAT, IMAT, IMAT FF, interMF, and intraMF;
and higher paraspinal muscle area (Table 2). After adjusting
for age, sex, and BSA, RV EAT, liver FF, thigh interMF area,
and paraspinal muscle area remained significantly higher
among HFpEF patients than controls. We found no interac-
tion with sex in the association between HFpEF status and
regional adiposity or muscle composition (Supporting
Information, Table S1). We further evaluated for sex
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differences in adipose tissue distribution and muscle compo-
sition among HFpEF patients only (Table 3). Women had
higher abdominal and thigh SAT area and lower abdominal
VAT/SAT ratio and psoas muscle area than men. EAT and liver

FF were not statistically significantly different between men
and women with HFpEF. Analyses adjusting for BMI, instead
of BSA, are shown in Supporting Information, Tables S2 and
S3 and demonstrate similar results to those adjusting for BSA.

Table 1 Participant characteristics

HFpEF (n = 55) Control (n = 33) P

Age, years 67.5 (10.9) 57.2 (10.1) <0.001
Female (%) 41 (74.6) 21 (63.6) 0.28
Race (%)

White 31 (56.4) 23 (69.7) 0.11
Black 24 (43.6) 9 (27.3)

Body mass index, kg/m2 37.3 (9.8) 27.3 (6.5) <0.001
Body surface area, m2 2.1 (0.3) 1.9 (0.2) <0.001
Obesity (%) 43 (78.2) 9 (27.3) <0.001
Smoking (%) 22 (40) 8 (24.2) 0.10
Hypertension (%) 53 (96.4) 23 (69.7) <0.001
Systolic blood pressure, mmHg 126.3 (15.8) 133.3 (19.9) 0.07
Diastolic blood pressure, mmHg 70.2 (7.5) 76.2 (12.5) 0.02
Hyperlipidaemia (%) 43 (79.6) 20 (60.6) 0.05
Atrial fibrillation/flutter (%) 15 (27.8) 9 (27.3) 0.96
Diabetes (%) 33 (60.0) 5 (15.2) <0.001
Haemoglobin A1c, % 6.8 (1.6) 5.7 (0.5) 0.001
Coronary artery disease (%) 7 (13.2) 10 (30.3) 0.05
Obstructive sleep apnoea (%) 35 (63.6) 5 (15.2) <0.001
Chronic kidney disease (%) 34 (61.8) 12 (36.4) 0.02
eGFR, mL/min/1.73 m2 53.6 (21.1) 77.4 (20.8) <0.001
Medications (%)

NT-proBNP, pg/mL 691.9 (1153.9) N/A
Beta-blocker 32 (58.2) 9 (27.3) 0.005

Calcium channel blocker 13 (23.6) 5 (29.4) 0.63
ACE inhibitor 15 (27.3) 9 (27.3) >0.99
Angiotensin receptor blocker 14 (25.9) 4 (12.1) 0.17
Loop diuretic 50 (90.9) 0 (0) <0.001
Thiazide diuretic 4 (7.3) 3 (15.8) 0.36
Statin 43 (78.2) 18 (54.6) 0.02

ACE, angiotensin-converting enzyme; eGFR, estimated glomerular filtration rate; HFpEF, heart failure with preserved ejection fraction; N/
A, not available; NT-proBNP, N terminal pro brain natriuretic peptide.
Data reported in mean (SD) or number (percentage).

Table 2 Adipose tissue distribution and skeletal muscle composition in HFpEF patients and controls

HFpEF (N = 55) Control (N = 33)
Unadjusted data

Adjusted dataa

Median IQR Median IQR P β (SE) P

RV EAT, mm 4.6 3.5–5.5 3.2 2.5–3.9 <0.001 0.2 (0.1) 0.03
AV groove EAT, mm 19.2 14.9–24.5 14.9 13.6–17.4 0.001 2.8 (1.6) 0.08
Liver FF, % 6.4 4.2–10.3 4.1 0.9–6.4 0.001 0.5 (0.2) 0.04
Abdominal VAT, cm2 201.2 108.2–242.8 76.8 52.6–142.2 <0.001 22.1 (20.0) 0.27
Abdominal SAT, cm2 388.0 267.1–517.1 247 154.3–328.8 0.001 52.6 (30.9) 0.09
Abdominal VAT/SAT ratio 0.48 0.37–0.69 0.36 0.3–0.5 0.03 0.02 (0.15) 0.87
Thigh SAT, cm2 182.3 105.2–258.9 123.5 75.4–163 0.002 0.12 (0.12) 0.34
Thigh IMAT, cm2 27.0 16–42 15.8 15.1–21.6 0.06 0.29 (0.19) 0.12
Thigh IMAT FF, % 22.3 16.2–28.9 14.3 11.8–17.4 0.006 0.33 (0.18) 0.06
Thigh interMF, cm2 11.0 7.2–18.1 5.0 4.1–6.8 <0.001 0.60 (0.20) 0.003
Thigh intraMF, cm2 16.5 10.8–24.8 11.7 10.8–16 0.11 0.17 (0.13) 0.18
Thigh muscle, cm2 124.4 102.4–157.5 122.5 93.6–143.6 0.71 �2.98 (15.32) 0.85
Psoas muscle, cm2 16.4 13.7–20.6 12.3 8.3–19.9 0.06 0.17 (0.10) 0.10
Paraspinal muscle, cm2 34.7 29.8–43.4 21.1 18.1–31.7 <0.001 7.57 (3.01) 0.01

AV, atrioventricular; EAT, epicardial adipose tissue; FF, fat fraction; HFpEF, heart failure with preserved ejection fraction; IMAT,
intermuscular adipose tissue; interMF, intermuscular fat; intraMF, intramuscular fat; IQR, interquartile range; IQR, interquartile range;
RV, right ventricular; SAT, subcutaneous adipose tissue; SE, standard error; VAT, visceral adipose tissue.
aAnalyses are adjusted for age, sex, and body surface area. Positive β coefficients indicate higher values in HFpEF patients than controls.
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Associations between heart failure with
preserved ejection fraction risk factors and
measures of adipose tissue distribution and
skeletal muscle composition

There were several cardiovascular risk factors observed to be
associated with increased visceral fat stores and adverse adi-
pose tissue distribution. In unadjusted analyses, diabetes was
associated with higher EAT (AV groove EAT: 20.7 ± 6.6 vs.
17.6 ± 5.9 mm, P = 0.05) and abdominal VAT (217.9 ± 109.2
vs. 151.4 ± 78.5 cm2, P = 0.03). After adjustment for age,
sex and BSA, higher systolic blood pressure and history of di-
abetes were associated with greater thigh interMF area

(Table 4). Additionally, a history of OSA, common in obese
HFpEF patients, was associated with lower thigh IMAT FF in
adjusted analyses, and with higher abdominal VAT in unad-
justed analyses (222.7 ± 98.5 vs. 136.0 ± 85.7 cm2,
P = 0.006). Similar results were obtained after adjusting for
BMI (Supporting Information, Table S4).

Associations of adipose tissue and skeletal
muscle measures with functional status and
exercise capacity

Several visceral fat depots were associated with more ad-
vanced symptoms and worse markers of exercise tolerance

Table 3 Adipose tissue distribution and skeletal muscle composition in male and female HFpEF patients

Male (N = 14) Female (N = 41)

β (SE) PMedian IQR Median IQR

RV EAT, mm 4.0 3.6�5 4.7 3.5�5.9 0.17 (0.10) 0.09
AV groove EAT, mm 19.3 17.5�27 19.0 14.5�21.7 �1.57 (1.69) 0.35
Liver fat fraction, % 5.2 3.8�10.3 6.7 4.2�13 0.11 (0.18) 0.55
Abdominal VAT, cm2 227.3 186.2�260 176.0 92.8�241 1.98 (22.02) 0.93
Abdominal SAT, cm2 297.3 249.7�344.5 443.9 278.4�535 182.51 (31.42) <0.001
Abdominal VAT/SAT ratio 0.73 0.49�0.89 0.44 0.29�0.61 �0.56 (0.15) <0.001
Thigh SAT, cm2 112.3 63�142 228.6 112.8�287.8 0.87 (0.11) <0.001
Thigh IMAT, cm2 29.8 25.3�35.9 26.7 15.8�42 0.09 (0.17) 0.60
Thigh IMAT FF, % 20.1 16.5�25.6 23.3 12.7�29.2 0.21 (0.16) 0.21
Thigh interMF, cm2 12.4 7�15.5 11.9 8.4�19 0.32 (0.19) 0.10
Thigh intraMF, cm2 18.6 10.8�26.7 16.2 11.2�24.1 0.12 (0.12) 0.30
Thigh muscle, cm2 143.7 121.9�173.8 117.0 96.7�136.5 �7.00 (13.26) 0.60
Psoas muscle, cm2 27.0 21.4�31.8 14.5 12.4�17.4 �0.48 (0.07) <0.001
Paraspinal muscle, cm2 40.2 33.1�45.8 34.4 29.5�40.3 �2.82 (2.55) 0.27

AV, atrioventricular; EAT, epicardial adipose tissue; FF, fat fraction; HFpEF, heart failure with preserved ejection fraction; IMAT,
intermuscular adipose tissue; interMF, intermuscular fat; intraMF, intramuscular fat; IQR, interquartile range; RV, right ventricular; SAT,
subcutaneous adipose tissue; SE, standard error; VAT, visceral adipose tissue.
Analyses are adjusted for age and body surface area. Positive β coefficients indicate higher values in female HFpEF patients than male.

Table 4 Associationsa between HFpEF risk factors with adipose tissue and skeletal muscle measures

Systolic blood pressure Diabetes Atrial fibrillation/flutter Obstructive sleep apnoea

β (SE) P OR (95% CI) P OR (95% CI) P OR (95% CI) P

RV EAT, mm �0.64 (0.83) 0.44 0.93 (0.71–1.23) 0.62 0.70 (0.43–1.11) 0.13 0.87 (0.64–1.20) 0.40
AV groove EAT, mm 0.008 (0.31) 0.98 1.06 (0.95–1.18)b 0.29 1.07 (0.95–1.21) 0.27 0.97 (0.86–1.10) 0.67
Liver fat fraction, % 0.22 (0.27) 0.42 0.99 (0.91–1.08) 0.85 1.00 (0.90–1.11) 0.97 1.01 (0.91–1.12) 0.86
Abdominal VAT, cm2 �0.002 (0.03) 0.93 1.00 (0.99–1.01)b 0.48 1.00 (0.99–1.01) 0.47 1.00 (1.00–1.01)b 0.32
Abdominal SAT, cm2 �0.04 (0.02) 0.06 1.00 (0.99–1.00) 0.34 1.00 (0.99–1.01) 0.51 1.00 (0.99–1.00) 0.30
VAT/SAT ratio 6.25 (7.13) 0.38 6.13 (0.44–85.58) 0.18 1.30 (0.09–18.72) 0.85 11.55 (0.45–298.80) 0.14
Thigh SAT, cm2 0.01 (0.03) 0.74 0.99 (0.98–1.00) 0.12 1.01 (1.00–1.02) 0.11 1.00 (0.99–1.01) 0.75
Thigh IMAT, cm2 0.06 (0.12) 0.61 1.01 (0.97–1.06) 0.60 1.03 (0.97–1.09) 0.40 0.96 (0.91–1.01) 0.12
Thigh IMAT FF, % 0.30 (0.21) 0.16 0.99 (0.92–1.06) 0.69 1.04 (0.96–1.13) 0.29 0.87 (0.77–0.98) 0.02
Thigh interMF, cm2 0.73 (0.17) <0.001 1.22 (1.03–1.46) 0.03 0.95 (0.83–1.09) 0.46 0.96 (0.86–1.07) 0.45
Thigh intraMF, cm2 0.18 (0.29) 0.53 1.01 (0.92–1.11) 0.89 1.14 (0.99–1.31) 0.07 0.96 (0.85–1.06) 0.37
Thigh muscle, cm2 0.003 (0.04) 0.94 1.00 (0.98–1.01) 0.67 0.98 (0.96–1.01)b 0.17 1.02 (1.00–1.04) 0.06
Psoas muscle, cm2 0.81 (0.56) 0.15 1.03 (0.84–1.25) 0.79 0.95 (0.77–1.19) 0.68 0.95 (0.77–1.17) 0.62
Paraspinal muscle, cm2 �0.11 (0.33) 0.74 1.03 (0.92–1.15) 0.61 0.98 (0.85–1.12) 0.75 0.97 (0.86–1.09) 0.60

AV, atrioventricular; CI, confidence interval; EAT, epicardial adipose tissue; FF, fat fraction; HFpEF, heart failure with preserved ejection
fraction; IMAT, intermuscular adipose tissue; interMF, intermuscular fat; intraMF, intramuscular fat; OR, odds ratio; RV, right ventricular;
SAT, subcutaneous adipose tissue; SE, standard error; VAT, visceral adipose tissue.
aAnalyses are adjusted for age, sex, and body surface area. Positive β coefficients indicate higher values of adipose tissue/skeletal muscle
measurement associated with the risk factor.

bAssociations significant in unadjusted analyses.
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in HFpEF. Higher thigh intraMF was associated with a
higher NYHA functional class and shorter 6MWD, even after
adjusting for age, sex, and BSA (Table 5). Higher thigh IMAT
FF, a quantitative measure of fat replacing skeletal muscle,
was also associated with a higher NYHA class, correspond-
ing to worse heart failure symptoms. Higher thigh SAT
was associated with higher NYHA class (149.1 ± 70.6 cm2

for NYHA Class II vs. 223.0 ± 111.0 cm2 for NYHA Class
III/IV, P = 0.03) and shorter 6MWD (R = �0.36, P = 0.01)
in unadjusted analyses. RV EAT was associated with a lower
GWB score (R = �0.37, P = 0.01) and shorter 6MWD
(R = �0.32, P = 0.03); however, only the inverse association
with GWB score remained after adjustment. Liver FF was
associated with a lower GWB score. None of the adipose
tissue or muscle measures were associated with bicycle ex-
ercise time in the adjusted model. Results were similar af-
ter adjusting for BMI instead of BSA (Supporting
Information, Table S5). Men exercised significantly longer
on supine bicycle testing than women, but there were no
statistically significant differences in NYHA class, 6MWD,
or GWB score by sex (Supporting Information, Table S6).
We further assessed for interactions with sex among the
associations found to be statistically significant in the above
analyses. There was a significant interaction with sex in the
association between RV EAT and GWBS (P = 0.007). The
correlation coefficient between RV EAT and GWBS was
�0.83 (P < 0.001) among men and �0.23 (P = 0.19)
among women (Supporting Information, Table S7). Adjusted
analyses to obtain sex-specific model estimates using
could not be performed due to the small sample size of
men.

Discussion

In this study, we observed that adverse patterns of regional
adiposity were greater in HFpEF patients compared with
controls and that specific measures of visceral adipose tissue
in the epicardial, liver, and thigh compartments remained
higher in HFpEF patients even after accounting for age, sex,
and body size. Women had more subcutaneous adiposity in
both the abdominal and thigh compartments than men. We
also found that there were significant associations between
regional adiposity and common HFpEF co-morbidities includ-
ing diabetes, systolic blood pressure, and OSA. Lastly, our
study demonstrated that measures of epicardial, liver, and
thigh adiposity were associated with worse measures of
functional status and exercise capacity. These results not only
are consistent with prior important studies of the role of
visceral fat in exercise tolerance but also further our current
knowledge of the characterization and role of adiposity in
HFpEF.

Regional adipose tissue distribution

In our study, we found that almost all measures of adiposity
were higher among HFpEF patients than controls in unad-
justed analyses, but that only certain adipose tissue measure-
ments, namely, visceral fat stores reflected by RV EAT, liver
FF, and thigh interMF, remained higher among HFpEF pa-
tients after adjustment for body size. This suggests that there
are particular ectopic fat depots that are enriched in HFpEF

Table 5 Associationsa between adipose tissue and skeletal muscle measures and exercise capacity

NYHA class (II vs. III/IV) 6 m walk distance Global well-being score Exercise time

β (SE) P β (SE) P β (SE) P β (SE) P

RV EAT, mm 1.12 (0.97) 0.25 �4.56 (5.51)b 0.41 �0.17 (0.05) 0.002 �0.03 (0.04) 0.36
AV groove EAT, mm �0.01 (0.06) 0.80 �1.18 (1.99) 0.55 �0.01 (0.02) 0.49 0.01 (0.02) 0.49
Liver fat fraction, % 0.34 (0.53) 0.52 2.24 (1.75) 0.20 �0.43 (0.21) 0.04 0.002 (0.02) 0.89
Abdominal VAT, cm2 �0.003 (0.004) 0.44 0.12 (0.17) 0.49 0.002 (0.002) 0.19 0.001 (0.001) 0.38
Abdominal SAT, cm2 �0.002 (0.003) 0.63 0.11 (0.13) 0.41 �0.001 (0.001) 0.92 �0.001 (0.001) 0.23
VAT/SAT ratio 0.30 (0.59) 0.62 0.12 (0.17) 0.49 0.80 (0.48) 0.09 0.34 (0.33)b 0.30
Thigh SAT, cm2 �0.56 (0.84)b 0.50 �0.17 (0.19)b 0.37 0.002 (0.002) 0.39 �0.002 (0.001) 0.25
Thigh IMAT, cm2 1.13 (0.62)b 0.07 �0.70 (0.80) 0.38 �0.01 (0.08) 0.44 0.001 (0.01) 0.84
Thigh IMAT FF, % 1.29 (0.65) 0.047 �1.49 (1.39) 0.28 �0.01 (0.01) 0.68 0.001 (0.01) 0.90
Thigh interMF, cm2 �0.58 (0.73) 0.43 0.09 (1.22) 0.94 0.002 (0.01) 0.86 0.007 (0.01) 0.41
Thigh intraMF, cm2 2.46 (0.99) 0.01 �4.08 (1.88) 0.03 0.002 (0.02) 0.93 0.004 (0.01) 0.77
Thigh muscle, cm2 0.002 (0.01) 0.77 0.36 (0.26) 0.18 0.004 (0.003) 0.89 �0.002 (0.003) 0.42
Psoas muscle, cm2 �2.79 (1.93) 0.15 �5.03 (3.45) 0.15 0.02 (0.04) 0.58 �0.03 (0.03) 0.20
Paraspinal muscle, cm2 0.03 (0.060) 0.63 �2.44 (1.97) 0.22 �0.02 (0.31) 0.31 �0.02 (0.01) 0.20

AV, atrioventricular; EAT, epicardial adipose tissue; FF, fat fraction; IMAT, intermuscular adipose tissue; interMF, intermuscular fat;
intraMF, intramuscular fat; NYHA, New York Heart Association; RV, right ventricular; SAT, subcutaneous adipose tissue; SE, standard error;
VAT, visceral adipose tissue.
aAnalyses are adjusted for age, sex, and body surface area. Positive β coefficients indicate higher values of adipose tissue/skeletal muscle
measurement associated with the functional assessment.

bAssociations significant in unadjusted analyses
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patients beyond what can be accounted for with body size
alone. Prior literature demonstrated that measures of EAT
among a non-HFpEF sample were similar with those among
controls our study: 3.8 mm for RV EAT and 14.4–16.3 mm
for AV groove EAT.14,22–24 Additionally, measures of abdomi-
nal subcutaneous and visceral fat, as well as thigh subcutane-
ous and intra/intermuscular fat, in our control sample were
comparable with those reported in prior literature.8,25,26 Fur-
ther research is needed to assess whether these findings con-
tribute to the increased morbidity, cardiovascular events, and
hospitalizations experienced by HFpEF patients.

There is growing evidence that in addition to the
greater degree of adiposity, the location of fat depots is
unique in HFpEF patients and may be important in their
pathophysiology.6–9 EAT has been postulated to release
proinflammatory adipokines and has been associated with in-
creased diastolic dysfunction, coronary endothelial dysfunc-
tion, and myocardial fibrosis.27 There have been conflicting
data in prior literature on whether EAT is higher or lower in
HFpEF patients compared with controls.7–9 In our study, only
EAT measured at lateral to the RV free wall, and not EAT in
the AV groove, was significantly higher in HFpEF patients af-
ter adjustment for BSA. Van Woerden et al. have previously
shown that ventricular epicardial fat was higher in HFpEF
patients than controls, but atrial epicardial fat was similar.9

These data and ours suggest that local EAT associated with
the ventricles, and not EAT associated with the atria, may
be preferentially increased in HFpEF patients beyond what
can be explained with increased body size alone.

In addition to increased EAT, we also found that liver FF
was significantly higher among HFpEF patients than controls
independent of BSA. To our knowledge, comparisons of liver
fat content in HFpEF patients and controls have not
previously been assessed. Prior population studies have
demonstrated that individuals with non-alcoholic fatty liver
disease have more evidence of subclinical diastolic dysfunc-
tion and LV hypertrophy.28 The increased liver FF in HFpEF
patients suggests that adipose tissue deposition in the liver
may be involved in the pathogenesis of HFpEF. Additionally,
more severe liver fibrosis is associated with increased
mortality in HFpEF.29 Therefore, recognition of the increased
possibility of liver dysfunction in HFpEF patients may be im-
portant clinically.

Sex differences in adipose tissue distribution and
skeletal muscle composition

Our study showed that among HFpEF patients, women had
higher abdominal and thigh SAT and lower abdominal VAT/
SAT ratio than men. Women also had smaller psoas muscle
area compared with men even after adjusting for BSA. Prior
studies have shown that myocardial structure and function
in women are different than that of men, and that women

have poorer diastolic reserve and higher filling pressures
with exercise.11 Additionally, BMI has been shown to be
differentially associated with HFpEF rather than HFrEF in
women, but not in men.30 However, sex differences in re-
gional adipose tissue distribution and skeletal muscle com-
position in HFpEF patients are not well-studied. In the
general population, men are more likely to accumulate fat
in the abdominal visceral region, and women are more
likely to accumulate fat in the subcutaneous tissue,31 as
we confirmed in this study of a HFpEF cohort. Although
HFpEF is nearly twice as prevalent among older women
as men, visceral but not subcutaneous fat has previously
been shown to be a predictor of incident HFpEF.4,32 Addi-
tionally, despite the adverse exercise haemodynamics in
women compared with those in men shown in prior studies,
measures of epicardial, liver, and skeletal muscle fat were
not different between men and women in our study.
Moreover, we found no sex differences in the relationship
between HFpEF status and regional adipose tissue distribu-
tion. Our results do not provide evidence that regional
adiposity contributes to sex differences in HFpEF prevalence,
and additional research will be necessary to further elucidate
this relationship.

Heart failure with preserved ejection fraction risk
factors and adiposity

Co-morbid conditions and risk factors for HFpEF have
been shown to contribute to exercise intolerance and may
also be associated with increased regional adiposity. Insulin
resistance has been associated with accumulation of VAT
and SAT and dysfunctional fatty acid metabolism.33 Among
HFpEF patients, epicardial fat has been found to be signifi-
cantly higher in those with diabetes compared with those
without.9 We found that presence of diabetes was associated
with several measures of adiposity, including higher AV
groove EAT, abdominal VAT, and thigh interMF, of which
the association with thigh interMF remained significant after
adjustment for body size. Diabetes is thought to contribute to
HFpEF pathogenesis by inducing a proinflammatory milieu
both systemically and locally in the coronary microvascular
endothelium.34 Whether excess VAT mediates this inflamma-
tion or is a result of a common inflammatory process under-
lying diabetes and HFpEF, and whether specific regional fat
depots are transducers of more pronounced inflammation,
should be clarified with further research. From a clinical
perspective, given that diabetes and higher blood pressure
are associated with certain regional adipose tissue depots in
excess of their association with total body adiposity, clinicians
may consider targeting patients with diabetes and/or hyper-
tension for more aggressive adiposity-reduction strategies.
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Regional adipose tissue and functional capacity/
exercise tolerance

There is a growing body of literature showing that excess
adiposity is a major contributor to exercise intolerance in
HFpEF.4,7,8 In our study, we found that measures of skeletal
muscle fat were associated with worse NYHA class and worse
6MWD performance. We also found that both RV EAT and
liver FF were associated with lower GWB score. Adiposity is
thought to mediate exercise intolerance by promoting
systemic inflammation, along with endothelial dysfunction,
arterial hypertension, mitochondrial impairment, and
unfavourable cardiac mechanics.6–9 The regionality and loca-
tion of specific adipose tissue depots is increasingly being
recognized as an important determinant of exercise toler-
ance. Haykowsky et al. have previously reported that regional
depots of fat in the thigh intramuscular and abdominal
subcutaneous compartments were associated with lower
peak VO2 and 6MWD.8 We similarly found that skeletal
muscle fat in the thigh was associated with exercise capacity,
and additionally that epicardial and liver fat were associated
with patient-reported measures of well-being. Taken to-
gether, these data suggest that ectopic adipose tissue depots
in specific localized regions in the body may play a key role in
functional and exercise capacity in HFpEF.

Sex differences in the relationship between regional
adipose tissue distribution and functional capacity are not
well-known. There is some evidence that women with HFpEF
may have worse exercise capacity than men,35 although this
is not supported in other studies.36 Women with HFpEF and
increased VAT have been shown to have higher pulmonary
capillary wedge pressure during exercise than those with
normal VAT, whereas the difference was similar in men with
our without excess VAT.37 Whether sex differences exist in
the relation between adiposity and clinical symptoms or
functional capacity is not known. In our study, we observed
an inverse correlation between RV EAT and GWBS in men,
but not in women. Additional and larger clinical studies are
needed to further evaluate these differences.

Strengths and limitations

Our study has several limitations. First, our sample size was
relatively small, which may have limited the power to detect
more subtle associations. We were additionally unable to
perform more comprehensive multivariable adjustment due
to the limitations of sample size. Second, we had a limited
sample of control participants that did now allow for
matching of the controls on baseline characteristics. Third, al-
though we did not find significant sex interactions between
adiposity and functional status, we cannot fully exclude the
possibility of sex differences in these associations due to
the small sample size, particularly of men with HFpEF. Future

investigations will be needed to further explore these associ-
ations. Fourth, given the observational cross-sectional nature
of our study, we cannot make conclusions about the
directionality or causality of our associations. Lastly, we did
not adjust for multiple comparisons due to the exploratory,
hypothesis-generating nature of this work. Our study also
should be considered in the context of its strengths, including
comprehensive assessment of regional fat depots including
novel measurements not previously studied in HFpEF.

Conclusions

Heart failure with preserved ejection fraction patients have
increased epicardial, liver, and skeletal muscle fat compared
with controls out of proportion to their increased body size;
and men and women with HFpEF differ in their adipose tissue
distribution. Regional adipose tissue measures reflective of
visceral fat redistribution are associated with HFpEF co-
morbidities, including diabetes and hypertension, as well as
measures of functional status and exercise capacity. Excess
adiposity may thus play a key role in HFpEF symptoms and
its associated conditions. Future research should be directed
at further characterizing regional adipose tissue depots, sex
differences, and whether targeting specific depots have
therapeutic potential in HFpEF.
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