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BACKGROUND: Larger epicardial fat volume (EFV) has been associated with increased risks of cardiovascular disease and atrial
fibrillation. Yet, evidence on the association of EFV with cardiac function and incident heart failure (HF) remains scarce.

METHODS AND RESULTS: We included 2103 participants (mean age, 68 years; 54.4% women) from the prospective population-
based RS (Rotterdam Study) with computed tomography—based EFV and repeated echocardiography-based assessment
of left ventricular (LV) systolic and diastolic function. Linear mixed effects and Cox-proportional hazard regression models,
adjusted for cardiovascular risk factors, were used to assess the associations of EFV with repeated measurements of echo-
cardiographic parameters and with incident HF. During a median follow-up of 9.7 years, 124 HF events occurred (incidence
rate, 6.37 per 1000 person-years). For LV systolic function, 1-SD larger EFV was associated with 0.76 (95% CI, 0.54-0.98)
mm larger LV end-diastolic dimension, 0.66 (95% ClI, 0.47-0.85) mm larger LV end-systolic dimension, and 0.56% (95% ClI,
-0.86% to —0.27%) lower LV ejection fraction. Interactions between EFV and time were small. For LV diastolic function, 1-SD
larger EFV was associated with 1.02 (95% CI, 0.78-1.27) mm larger left atrial diameter. Larger EFV was also associated with
incident HF (hazard ratio per 1-SD increase in EFV, 1.34 [95% CI, 1.07-1.68] per 1-SD larger EFV).

CONCLUSIONS: We report an independent association between EFV with new-onset HF in the general population. EFV seems
to exert its influence on HF through different pathways contributing to deteriorations in systolic function and larger left atrial
size in part, likely through mechanical restraint and hypertrophy.

Key Words: cardiac function m ectopic fat m epicardial fat volume ® heart failure m left ventricular diastolic function m left ventricular
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substantial morbidity and mortality and increasing

incidence at older ages.!? Adiposity plays a role in
the pathophysiology of HF through inflammation.® Beyond
overall adiposity, obesity also prompts ectopic fat accu-
mulation in tissues and around internal organs. Epicardial
fat is an ectopic visceral fat depot, located in the atrioven-
tricular and interventricular grooves of the heart, extending
to its apex.® Sharing microcirculation with the myocardium
facilitates harmful changes induced by epicardial fat to

Heart failure (HF) is a life-threatening syndrome with

coronary arteries and myocardium via local inflammatory
and mechanical effects.>® This way, ectopic fat deposition
within the heart may impact cardiovascular function.*
Clinical studies have shown infiltration of epicardial
adipose tissue to the myocardium and increased risk
of coronary artery disease and atrial fibrillation (AF).34
The association of epicardial fat with hypertension, di-
abetes, and metabolic syndrome further supports the
potential role of epicardial fat in the pathophysiology of
HF.” In this regard, epicardial fat around the proximal
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CLINICAL PERSPECTIVE

What Is New?

e Larger volumes of epicardial fat were associ-
ated with worsening in repeated echocardio-
graphic parameters of left ventricular systolic
function and larger left atrial size in an elderly
population free of heart failure.

e During follow-up, larger epicardial fat volume
also showed an independent association with
new-onset heart failure, independent from cor-
onary heart disease and atrial fibrillation.

What Are the Clinical Implications?

e Further research into mechanisms linking
epicardial fat to heart failure may assist in the
treatment of cardiometabolic disease by phar-
macological modulation of epicardial fat.

Nonstandard Abbreviations and Acronyms

EFV epicardial fat volume
E/A E wave/A wave
LVM left ventricular mass
RS Rotterdam Study

coronary arteries has been prospectively associated
with higher risk of HF in community-dwelling men
and women.” However, few studies in small selected
groups of participants with HF3#-19 have shown a
link between larger epicardial fat volumes (EFVs) with
worse left ventricular (LV) diastolic function® or hemo-
dynamic balance, relating EFV to a phenotype within
the HF spectrum.® The effect of epicardial fat on LV
systolic contractility is still unclear.? On the basis of
these studies, epicardial fat has shown incongruous
roles in different defined phenotypes of HF,'? and the
role of this ectopic fat in cardiac dysfunction requires
further investigation.

To further understand the role of this ectopic fat in
the pathophysiology of HF, we investigated the associ-
ation of EFV with longitudinal changes in echocardio-
graphic parameters of cardiac LV systolic and diastolic
function in the general elderly population. We subse-
quently examined the association between EFV and
new-onset HF.

METHODS

The data that support the findings of our study are
available from the corresponding author on reasonable
request.
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Study Design
This study was embedded within the RS (Rotterdam
Study). The RS is a prospective population-based co-
hort study performed in the Ommoord district, in the city
of Rotterdam, the Netherlands. Details of the RS have
been described previously.”™ The RS started in 1989
(RS-I; n=7983) and was extended twice: in 2000 (RS-II;
n=3011) and 2006 (RS-lll; n=3932). Baseline examina-
tion took place at the beginning of each cohort, with a
follow-up every 3 to 4years. Between 2003 and 2006
(RS-1-4 and RS-1I-2), participants underwent noncontrast
computed tomography (CT) scan of the heart as part of
a project on the visualization of arterial calcification. Our
study included individuals with data on CT-based EFV
and echocardiography measurements from the fourth
examination of the original cohort (RS-1-4) and the sec-
ond examination of the extended cohort (RS-II-2). From
2370 participants with available EFV measurements,
2365 also had echocardiography measurements avail-
able. Participants with no follow-up or consent for fol-
low-up, those with a history of HF, AF, or coronary heart
disease (CHD), and participants with outlying EFV meas-
ures were excluded. Thereafter, 2103 participants with
available EFV and echocardiographic measurements
remained for the current analyses (Figure 1).

The RS has been approved by the Medical Ethics
Committee of Erasmus Medical Center (registration No.

4 N\
Participants with epicardial fat
volume data (n=2370)

J
( Participants with epicardial fat )

and echocardiography data
§ (n=2365) )

No echocardiography
data (n=5)

Prevalent HF (n=67)
No follow-up/consent
for follow-up (n=6)

Prevalent AF (n=81) ]

Prevalent CHD (n=98) ]

Outlying epicardial fat
volume values (n=10)

Participants included in the
analysis (n=2103)
(960 men and 1143 women)

=
)

Figure 1. Flowchart of the study population.
AF indicates atrial fibrillation; CHD, coronary heart disease; and
HF, heart failure.
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MEC02.1015) and by the Ministry of Health, Welfare
and Sport of the Netherlands (Population Screening
Act (Wet op het Bevolkingsonderzoek): license No.
1071272-159521-PG). All participants provided writ-
ten informed consent to participate in the study and to
have their information obtained from their physicians.

Assessment of EFV

At baseline (RSI-4 and RSII-2), participants went through
noncontrast multidetector CT, and EFV was measured
by either a 16- or a 64-slice multidetector CT scanner
(Somatom Sensation; Siemens, Forchheim, Germany).
Participants received a cardiac scan and a scan of the
aortic arch with the carotid arteries. Detailed information
on imaging parameters has been described previously. ™
We used a fully automatic algorithm to quantify EFV in
milliiters, which has previously been described in detail.™®

Assessment of LV Systolic and Diastolic
Function Parameters

From RSI-4 and RSII-2 onwards, individuals went through
transthoracic 2-dimensional, M-mode and Doppler
echocardiography at every examination performed by
commercially available ultrasonography systems (AU3
Partner, Esaote Biomedica, with a 3.5/2.5-MHz trans-
ducer or Acuson Cypress, with a 3V2c¢ transducer). As
of January 2009, a Vivid | (GE Healthcare, Little Chalfont,
UK), with a 3S-RS Sector Array probe (1.5-3.6MHz)
was used. (Number of individuals with echocardiogra-
phy data in the RS were RSI-4 and RSII-2=5301; RSI-5
and RSII-3=3378; RSI-6 and RSII-4=1669). Left systolic
function indexes included LV end-diastolic dimension
and LV end-systolic dimension, in millimeters. To quantify
LV systolic function, LV ejection fraction (LVEF) was cal-
culated using LV end-systolic and end-diastolic volumes
based on the Teichholz formula.'® Indexes of LV diastolic
function included mitral E wave/A wave (E/A) ratio and
mitral valve deceleration time in m/s. Left atrial (LA) an-
teroposterior diameter was measured from the 2- and
4-chamber parasternal echocardiography views in mil-
limeters. LV mass (LVM) indexed by body surface area
was calculated using the cube formula.

Assessment of New-Onset HF During
Follow-Up

Details of determining HF in participants of the RS have
been described previously.” Prevalent HF at entry of
the original cohorts was based on clinical information
from medical records and by using a validated score,
using a combination of clinical symptoms or signs of
HF from medical records, such as breathlessness at
rest or during exertion, ankle edema, and pulmonary
crepitation, as confirmed by imaging and by a spe-
cialist, similar to the definition of HF by the European
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Society of Cardiology.'®'® In the subsequent cohorts,
medical records of participants were screened for
prevalent HF at entry. Thereafter, incidence of HF dur-
ing follow-up was defined on the basis of clinical infor-
mation continuously collected from medical records.
HF diagnosis was ascertained by a clinician.!® In this
study, participants with a history of HF at entry to the
RS cohorts or a recorded incident HF event before the
baseline of our study (RSI-4 and RSII-2 examination)
were defined as having prevalent HF. Follow-up time
was calculated as the time difference between the ex-
amination date and the date of HF diagnosis for those
with incident HF or last date of follow-up for HF for the
censored participants. Follow-up for incident HF was
complete until January 1, 2016.

Cardiovascular Risk Factors

Information on covariates was collected through home
interviews, obtained by using an extensive question-
naire, or obtained at the examination rounds.'® Body
mass index (BMI) was calculated by dividing body
weight (kilograms) by height (meters) squared. Blood
pressure was measured twice at the right arm with a
random-zero sphygmomanometer, and the average of
the 2 measurements was used.?° Prevalence of CHD
was defined as (fatal and nonfatal) myocardial infarction
and fatal CHD.'" Serum total and high-density lipopro-
tein cholesterol (mmol/L) were measured using stand-
ard techniques. Prevalent diabetes was defined as a
fasting blood glucose concentration of >7.0mmol/L or
use of blood glucose—lowering medication. Smoking
status (current) and use of antihypertensive and lipid-
lowering medication were assessed by questionnaires.

Statistical Analysis

Continuous variables were presented as mean (SD),
and categorical variables were presented as numbers
(percentages). Variables between men and women
were compared using Student t-test or x? test based
on their distribution. We used multiple imputation for
missing values on covariates (highest proportion of
missing was 1.6%). Parameter estimates were obtained
by pooling 5 imputed data sets using Rubin rules.?!

To study the association between EFV (per SD in-
crease) and repeated measurements of echocardio-
graphic parameters of LV systolic and diastolic function
(maximum of 3 measurements) during follow-up, we
used linear mixed effects models with random in-
tercepts and slopes and an unstructured variance-
covariance matrix. In the fixed-effect part, analyses
were first adjusted for sex, age (time varying) at ex-
amination, and cohort (model 1). Then, models were
further adjusted for baseline (fixed) prevalent diabetes,
BMI, smoking, systolic blood pressure, diastolic blood
pressure, use of antihypertensive medication, serum
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total and high-density lipoprotein cholesterol, and use
of lipid-lowering medication (model 2). To account
for changes in the associations between EFV and
repeated measurements of cardiac function during
follow-up, we repeated the analyses also adding the
interaction between EFV and time in the fixed effects
part of the analyses.

The association of EFV with incident HF was investi-
gated with Cox-proportional hazard regression models.
The Schoenfeld test of residuals using the Kaplan-
Meier estimate of the survival function was used to as-
sess the proportionality of the models. Analyses were
first adjusted for age, sex, and cohort (model 1). Next,
we additionally adjusted the analyses for prevalent dia-
betes, BMI, smoking, systolic blood pressure, diastolic
blood pressure, use of antihypertensive medication,
serum total and high-density lipoprotein cholesterol,
and use of lipid-lowering medication (model 2). To fur-
ther assess if the associations were also independent
from CHD and AF during follow-up and before incident
HF, survival analyses were additionally adjusted for
CHD and AF events during follow-up as time-varying
covariates. All analyses were also performed among
women and men, separately.

We examined the nonlinearity of age and EFV using
restricted cubic splines and possible interactions be-
tween EFV and covariates in the analyses using x? test
(P<0.2 was considered significant).

In sensitivity analyses, analyses were adjusted for
waist circumference instead of BMI. All analyses were
also performed with further adjustment for coronary
artery calcification (Agatston score). Finally, we ad-
justed all analyses between epicardial fat and cardiac
function with LVM index and the survival analyses ad-
ditionally with LVM index and LA size to assess possi-
ble modification of analyses by heart size.

Analyses were performed with R software version
3.6.1 (packages: rms, nlme, survival, and ggplot2).

RESULTS

Characteristics of the study population are shown in
Table 1. Mean (SD) age was 68 (+6.3) years in the total
population, and 1147 (54.4%) were women. Mean (SD)
EFV was 105.6 (37.5) mL in the total population. Mean
(SD) of LVEF in the total population was 65.7% (6.67%).
Mean E/A ratio and LA diameter were 0.91 (0.27) and
40.2 (5.29) mm, respectively. Men had larger EFV than
women (mean [SD]: 122.2 [39.9] mL in men and 91.7
[28.9] mL in women) (Table $S1).

Association of EFV With Cardiac Function
Associations of EFV with LV end-diastolic dimension,
LV end-systolic dimension, and LVEF were linear. In the
multivariate-adjusted mixed effects models, 1-SD higher
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Table 1. Characteristics of the Study Population at
Baseline
Characteristic Total population (N=2103)
Women, N (%) 1143 (54.4)
Age, y 68 (6.33)
Waist circumference, cm 93.7 (11.4)
BMI, kg/m? 27.6 (3.96)
SBP, mmHg 147 (19.9)
DBP, mmHg 80.6 (10.7)
Antihypertensive use, N (%) 745 (36)
Smoking, N (%)
Current 609 (29.6)
Never 1117 (54.4)
Former 329 (16.0)
Total cholesterol, mmol/L 5.75 (0.96)
HDL cholesterol, mmol/L 1.46 (0.40)
Lipid-lowering medication use, 443 (21.0)
N (%)
Prevalent diabetes, N (%) 251 (11.9)
Prevalent CHD, N (%)
EFV, mL 105.6 (37.5)
Echocardiographic parameters
LVEDD, mm 51.8 (4.7)
LVESD, mm 30.7 (4.5)
LVEF, % 65.7 (6.67)
LA diameter, mm 40.2 (5.29)
E/A ratio 0.91(0.27)
DT, ms 212.7 (42.8)

Data are mean (SD) for continuous variables and number (percentage) for
categorical variables. BMI indicates body mass index; CHD, coronary heart
disease; DBP, diastolic blood pressure; DT, deceleration time; E/A, E wave/A
wave; EFV, epicardial fat volume; HDL, high-density lipoprotein; LA diameter,
left atrial anteroposterior diameter; LVEDD, left ventricular end-diastolic
dimension; LVEF, left ventricular ejection fraction; LVESD, left ventricular end-
systolic dimension; and SBP, systolic blood pressure.

EFV was associated with 0.76 (95% Cl, 0.54-0.98) and
0.66 (95% CI, 0.47-0.85) mm larger LV end-diastolic
dimension and LV end-systolic dimension, respectively.
The 1-SD higher EFV was associated with 0.56% (95%
Cl, —0.86% to —0.27%) lower mean LVEF (Table 2). We
also checked for changes in these associations with
time; interaction terms between EFV and time were
small (Table S2). Figure 2 shows the changes in LV end-
diastolic dimension, LV end-systolic dimension, and LVEF
during follow-up for the 25th, 50th, and 75th percentile
values of EFV. We observed similar results in the multi-
variable analyses in men and women (Table S3).

Associations between EFV and parameters of LV di-
astolic function were also linear. In the multivariate-
adjusted linear mixed effects models, 1-SD larger EFV
was associated with 1.02 (0.78 to 1.27) mm larger LA.
During follow-up, small changes were observed toward
increasing LA diameter in the analyses (interaction be-
tween EFV and time: 0.05 [0.03 to 0.08]; Table S2).
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Table 2. Association of EFV With Repeated Measures of Echocardiographic Parameters of Cardiac Function in the Total
Population

Model 1 Model 2

Echocardiographic parameters B (95% CI) P value B (95% CI) P value
LVEDD 1.27 (1.09 to 1.46) <0.001 0.76 (0.54 t0 0.98) <0.001
LVESD 1.04 (0.88 to 1.21) <0.001 0.66 (0.47 t0 0.85) <0.001
LVEF —-0.77 (-1.02 to -0.52) <0.001 —0.56 (-0.86 to —0.27) <0.001
LA diameter 1.83(1.61102.04) <0.001 1.02 (0.78 t0 1.27) <0.001
E/A ratio —-0.01 (-0.02 to -0.001) 0.035 0.001 (-0.01 to 0.01) 0.916
DT 0.33 (-1.28 t0 1.94) 0.689 0.04 (-1.88 t0 1.96) 0.964

Results are based on linear mixed effects models. Model 1 is adjusted for age (time varying), sex, and cohort. Model 2 is additionally adjusted for baseline
values of prevalent diabetes, body mass index, smoking, systolic blood pressure, diastolic blood pressure, use of antihypertensive medication, total and high-
density lipoprotein cholesterol, and use of lipid-lowering medication. The number of individuals with available data on outcomes was 2065 for LVEDD, 2037
for LVESD, 2045 for LVEF, 2089 for LA diameter, 2074 for E/A ratio, and 2045 for DT. DT indicates deceleration time; E/A, E wave/A wave; EFV, epicardial fat
volume; LA diameter, left atrial anteroposterior diameter; LVEDD, left ventricular end-diastolic dimension; LVEF, left ventricular ejection fraction; and LVESD, left

ventricular end-systolic dimension.

However, the associations with £/A ratio and decelera-
tion time were not significant (Table 2). Figure 2 shows
changes in LA diameter, E/A ratio, and deceleration
time during follow-up for the 25th, 50th, and 75th per-
centile values of EFV. Among men and women, EFV
was also similarly associated with LA diameter, but not
with E/A ratio or deceleration time (Tables S3 and S4).

Association of EFV With Incident HF

During a median follow-up time of 9.7 years, 124 in-
cident HF events occurred (incidence rate, 6.37 per
1000 person-years of follow-up). The incidence rate of
HF was 6.41 and 6.34 per 1000 person-years in men
and women, respectively. The association between
nonlinear EFV (restricted cubic splines) and incident
HF was linear (P-,ninearity: 0-336). In multivariate model
(model 2), 1-SD increase in EFV showed a linear haz-
ard ratio (HR) (95% ClI) of 1.34 (1.07-1.68) in the total
population (Table 3). The association between EFV
and HF did not differ in men and women (HRs [95%
Cls]: 1.30 [0.97-1.76] among men and 1.36 [0.96-1.93]
among women; P for interaction: 0.897) (Table S5). We
did not find interactions between EFV and covariates in
the analysis (P-iyeractions Were >0.2).

After adjusting for CHD (86 events) and AF (134
events) during follow-up, the association of EFV and
incident HF in the total population did not change
(HR [95% CI]: 1.32 [1.01-1.72] and 1.33 [1.02-1.74] for
adjustment with CHD and AF, respectively) (Table 3).
This was also the case in the sex-stratified analyses
(Table S5), although the associations were not sig-
nificant anymore in women. In ancillary analyses, ad-
justment with waist circumference instead of BMI and
further adjustment for coronary artery calcification did
not change our results (data not shown). After adjusting
our analyses with LVM index, our results did not dras-
tically change, but the estimates for cardiac function
parameters and HF incidence were reduced. Addition
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of LA diameter to LVM index in the survival analyses
did not further change the findings (Tables S6 and S7).

DISCUSSION

Larger volumes of epicardial fat were associated with
worsening in echocardiographic parameters of LV sys-
tolic function and larger LA size in an elderly population
free of HF. During follow-up, larger EFV also showed an
independent association with new-onset HF. Our re-
sults suggest that larger EFV could be associated with
deterioration in cardiac function leading to HF, partly by
its mechanical component.

Studies on the association between epicardial fat
with HF or cardiac function in the general population
are sparse and have not often examined longitudi-
nal clinical outcomes. Previous cross-sectional re-
ports have mostly included small, selected samples
of individuals with HF.38101222 On the basis of these
studies, epicardial fat has shown divergent possible
roles in the pathophysiology of different HF profiles.”
In one study, larger EFV was more common in 64
individuals with HF and LVEF >40% compared with
controls.® However, decreased volumes of EFV were
reported in individuals with HF and LVEF <35%.'° This
is while more recent studies have shown increased
epicardial fat tissue in individuals with reduced or
preserved LVEF (HF with reduced ejection fraction
or HF with preserved ejection fraction [HFpEF]), and
one has also reported reduced thickness in both
profiles.’ Following these studies, in hypothesis-
generating analyses, a prospective study showed
a possible higher HR of HF with incident preserved
LVEF, midrange LVEF but not HF with reduced ejec-
tion fraction, suggesting different pathways relating
epicardial fat to HF profiles.” However, their findings
may have been affected by a reduced number of
events in their study.”
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Figure 2. Longitudinal changes in repeated echocardiographic parameters of cardiac function for percentiles of epicardial

fat volume (EFV).
Changes in cardiac function and 95% Cls (gray area) are depicted for the 25th (simple line), 50th (dashed line), and 75th (dotted line)

percentiles of EFV from the multivariable-adjusted model, including interaction term between EFV and time. DT indicates deceleration
time; E/A, E wave/A wave; LA, left atrial; LV, left ventricular; LVEDD, LV end-diastolic dimension; LVEF, LV ejection fraction; and LVESD,

LV end-systolic dimension.
Among individuals with  HF and LVEF >50%, epicardial adipose tissue showed a moderate correla-

higher EFV was associated with parameters of LV di- tion with diastolic dysfunction among 127 hypertensive
astolic function among women aged >60years.® And  individuals with normal LV systolic function.?? Epicardial
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Table 3. Association of EFV With Incident HF in the Total
Population

Model HR (95% CI) P value
1 1.37 (1.15-1.65) 0.001
2 1.34 (1.07-1.68) 0.010
3 1.32 (1.01-1.72) 0.041
4 1.33 (1.02-1.74) 0.036

Model 1 is adjusted for age, sex, and cohort. Model 2 is additionally
adjusted for baseline values of prevalent diabetes, body mass index, smoking,
systolic blood pressure, diastolic blood pressure, use of antihypertensive
medication, total and high-density lipoprotein cholesterol, and use of lipid-
lowering medication. Model 3 is model 2 plus additional adjustment for
coronary heart disease as a time-varying covariate. Model 4 is model 3 plus
additional adjustment for atrial fibrillation as a time-varying covariate. EFV
indicates epicardial fat volume; HF, heart failure; and HR, hazard ratio.

fat thickness has also been significantly correlated
with LVEF and E/A ratio.?® These findings have mainly
suggested a link between epicardial fat with diastolic
dysfunction in HFpEF. In a more recent study, lower
epicardial fat tissue correlated with worse LV systolic
function in HF with reduced ejection fraction, whereas
increased epicardial fat was related to ventriculo-atrial
uncoupling and hemodynamic changes in HFpEF."
This is while increased EFV has also been associated
with worse LV strain in HFpEF and diastolic dysfunc-
tion® and with cardiac contractile function in par-
ticipants with HF and diabetes.?* Active changes in
function lead to unique trajectories and a spectrum of
phenotypes with overlapping, distinct characteristics
in HF.2® Thus, different profiles of HF have overlapping
epidemiological and pathophysiological features.?®
Bidirectional LVEF changes in HF, use of different cut-
offs and LVEF-based classification separating overlap-
ping groups of patients, and the cross-sectional nature
of most of these studies may have resulted in different
findings.?%:28

To study the role of EFV in the spectral nature of
HF in more detail, we investigated its association with
continuous indexes of cardiac function changes in the
general population before HF presentation. Systolic
dysfunction is caused by decreased pump function
with reduced LVEF and an enlarged end-diastolic
chamber volume.?”?® And diastolic dysfunction is a
result of any pathophysiological condition accompa-
nied by LV stiffness, characterized by an increased
resistance to filling of the ventricles.?2° The effect of
epicardial fat on cardiac mechanics mediated by peri-
cardial restraint and remodeling can lead to systolic
dysfunction.®® Larger EFV may contribute to diastolic
dysfunction by decreasing coronary flow reserve by
secreting mediators that affect myocardial tissue and
coronary arteries®’; hemodynamic derangements have
also played a role.®® In our study among community-
dwelling individuals free of HF, larger EFV was strongly
related to worsening of systolic function during fol-
low-up. This implies that increase in epicardial fat may
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be more closely associated with deteriorations in the
cardiac systolic function, likely through mechanical ob-
struction and hypertrophy. In addition, larger volumes
of epicardial fat were associated with larger LA diam-
eters during follow-up. Increase in epicardial fat thick-
ness has shown correlations with enlarged atria and
impaired LV diastolic filling.3? Functional LA changes
become evident at the earliest stages of LV diastolic
dysfunction, and LA metrics may improve the eval-
uation of diastolic dysfunction and, as a result, also
HFpEF,26:33

At the same time, larger epicardial fat volume was
associated with higher risk of new-onset HF in our
study. Epicardial fat may have an important role in
the cardiovascular physiology and pathophysiology
through its mechanical, metabolic, and thermogenic
functions.*® Modulating epicardial fat with pharmaco-
logical agents has been suggested as a potential strat-
egy in cardiometabolic disease treatment.® Increased
epicardial fat may result in myocardial dysfunction
and remodeling via fatty degeneration of the myocar-
dium or extension between myocardial bundles, lead
to coronary atherosclerosis and cardiomyopathy via
paracrine or vasocrine pathways, which could, in turn,
result in HF.3%6 The association of epicardial fat with
hypertension, diabetes, and altered hemodynamics'
and diastolic, but not systolic, dysfunction has also
been suggested.” Epicardial fat also might have direct
effects on cardiac mechanics mediated by pericardial
restraint.®® On the basis of our study, the link to cardiac
dysfunction in HF may be via both systolic and diastolic
dysfunction. Increased LA size is also an established
predictor of AF.3* As such, increases in EFV could
show arrhythmogenic effects contributing to HF.32:3%
The magnitude of epicardial fat might additionally pose
a noticeable restraint in cardiac expansion, altering
cardiac function in the long-term, resulting in clinical
HF.336 The specific location of increased epicardial fat
might also influence the profile of HF.3"

HF pathophysiology might differ between men
and women,® and the incidence of HF is lower in
women than in men.%® Sex-based differences in the
amount of this ectopic fat are also unclear.” We did
not observe substantial differences in the association
of EFV with cardiac function and incident HF between
men and women. In our population, EFV was larger in
men than women. Our findings are in line with a recent
prospective study in men and women from the MESA
(Multi-Ethnic Study of Atherosclerosis).” However, in
another study, epicardial fat thickness did not differ
between men and women aged <60years with HF
but was greater only in women aged >60years and
was associated with LV function only in postmeno-
pausal women,® grounding the findings on the in-
crease in visceral adiposity attributable to deficiency
of estrogen.
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Epicardial fat has shown associations with AF and
CHD,3435 2 underlying conditions contributing to HF. In
the total population, after taking CHD or AF during fol-
low-up into account, the association between EFV and
incident HF did not change. This could further highlight
the mechanical restrictive impact of EFV on cardiac
structure and function above its possible impact of
EFV on LA size in connection with AF. In sex-stratified
analyses, similar results were observed, although
the associations lost significance in women. Among
women, the impact of EFV on HF might be partly ex-
plained through its arrhythmogenic impact and AF,
also observed as its association with increasing LA
size. Mean EFV was also smaller in women. This could
imply that the impact of epicardial fat through AF and
CHD, mostly related to its paracrine functions, is more
pronounced in them and larger volumes of epicardial
fat are required to have the proper impact on cardiac
structure and function among women.

Visceral adiposity, more than excess fat per se,
could play a role in the changes in LV morphology.*°
Whether echocardiographic epicardial fat can be
associated with intramyocardial fat accumulation
and fatty degeneration is a subject of investigation.®
Epicardial fat has shown to be associated with higher
LV mass.*9-% Further adjustment with LV mass did
not hinder our findings but was accompanied by re-
duced associations, which further advocates that
changes in epicardial fat possibly impose on LV struc-
ture and morphology and may mediate the observed
associations.

Strengths of our study are its population-based
design and access to detailed information on cardio-
vascular risk factors. Availability of well-adjudicated HF
events and detailed follow-up information allowed us
to investigate the longitudinal impact of epicardial fat
on new-onset HF among men and women from gen-
eral population. Our findings with increased risk of HF
are in line with previous finding in a prospective study’
and benefit from a fully automatic of the whole heart,
CT-based assessment that is also a superior method
in accurate quantification of EFV.*® Application of ro-
bust mixed effects models enabled us to use repeated
measurements of cardiac function parameters. There
are also limitations. We used LVEF quantified by the
Teichholz formula, which could result in higher estima-
tion of LVEF in case of LV wall motion abnormalities.'®
However, participants with a history of myocardial in-
farction were excluded from the study, which would
minimize this issue. Changes in cardiac function as-
sociated with EFV observed in our study were small,
which may reduce the clinical relevance of these
findings despite the observed increase in the risk of
incident HF. This could be attributable to use of con-
tinuous linear echocardiographic measures of cardiac
function. Also, about 75% of epicardial fat resides over
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the right ventricle. Because the impact of epicardial
fat depends on its location,3” we believe investigating
changes in right ventricular filling pressure and function
may show further impact of epicardial fat on cardiac
function. Also, mean changes in cardiac function in an
aging population and in an observational setting may
not be of a magnitude to capture a true clinical estimate
in changes of cardiac function associated with EFV in-
crease. Thus, further studies are needed to replicate
our findings and to study the effect of EFV on cardiac
dysfunction in a randomized clinical setting. Moreover,
measures of LV systolic or diastolic function at the
time of HF diagnosis were not present in the RS for
further assessment of the link between epicardial fat
and HF classifications. Because different profiles of HF
share pathophysiological characteristics regardless of
LVEF-based profiles,?® we believe studying the impact
of EFV on cardiac function could help with a better
understanding of its role in HF syndrome. Advancing
knowledge on the role of epicardial fat in cardiac dys-
function and its influence on risk stratification for pri-
mary prevention of HF warrants further research. Our
population consists of middle-aged and elderly partic-
ipants of European ancestry. Therefore, our findings
might not be generalizable to younger populations and
other ethnicities.

CONCLUSIONS

Larger EFV was associated with worsening of echo-
cardiographic parameters of LV systolic function and
LA size. Furthermore, larger EFV showed independent
association with new-onset HF in the general popula-
tion, which was independent from CHD and AF. Our
results suggest that larger volumes of epicardial fat
may also be associated with deteriorations in the car-
diac systolic function, most likely through changes in
LV morphology and mechanical restrictions.
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Table S1. Characteristics of the study population at baseline, by sex

Characteristic Men Women p-value
(n=960) (n=1143)

Age, y 68 (6.20) 68 (6.44) 0.948
Waist, cm 98.7 (9.92) 89.5 (10.9) <0.001
BMI, kg/m? 27.4 (3.32) 27.9 (4.40) 0.004
SBP, mmHg 146 (19.4) 147 (20.3) 0.401
DBP, mmHg 82.0 (10.8) 79.4 (10.6) <0.001
Anti-hypertensive medication use, n (%) 335(35.5) 410 (36.2) 0.778
Smoking , n (%) <0.001

Current 175 (18.8) 154 ( 13.7)

Never 142 (15.2) 467 (41.6)

Former 616 (66.0) 501 ( 44.7)
Total cholesterol, mmol/I 5.48 (0.91) 5.97 (0.94) <0.001
HDL cholesterol, mmol/I 1.32(0.34) 1.57 (0.40) <0.001
Lipid lowering medication use, n (%) 189 (19.7) 254 (22.1) 0.185
Prevalent DM, n (%) 118 (12.3) 133 (11.6) 0.672
EFV, ml 122.2 (39.9) 91.7 (28.9) <0.001
Echocardiographic parameters
LVEDD, mm 53.8 (4.48) 50.2 (4.27) <0.001
LVESD, mm 32.4 (4.54) 29.4 (4.04) <0.001




LVEF, % 64.5 (7.02) 66.7 (6.20) <0.001
LA diameter, mm 41.8 (5.18) 38.9 (5.00) <0.001
E/A ratio 0.93 (0.24) 0.89 (0.29) 0.001
DT, ms 215.8 (44.7) 209.5 (40.7) <0.001

Data are mean (SD) for continuous variables and numbers (percentages) for categorical

variables.

BMI; Body Mass Index, SBP; systolic blood pressure, DBP; diastolic blood pressure, HDL; high-
density lipoprotein; DM; diabetes mellitus, CHD; coronary heart disease, EFV; epicardial fat

volume, LVEDD; left ventricular end diastolic dimension, LVESD; left ventricular end systolic

dimension, LVEF; left ventricular ejection fraction, LA diameter; left atrial anteroposterior

dimension, E/A ratio; E-wave to A-wave ration, DT; Deceleration time




Table S 2. Association of epicaridal fat volume with repeated measures of echocardiographic

parameters of cardiac function in total population, including the time interaction term

Model 1 Model 2
Echocardiographic B (95% ClI) p-value B (95% ClI) p-value
parameters
LVEDD EFV 1.28 (1.08 to 1.49) <0.001 0.76 (0.53 t0 0.99) <0.001
EFV:time -0.004 (-0.03 to 0.02) 0.762 -0.001 (-0.03 to 0.02) 0.916
LVESD EFV 1.10(0.92 to 1.28) <0.001 0.73 (0.52 to 0.94) <0.001
EFV:time -0.02 (-0.04 to 0.01) 0.132 | -0.02 (-0.04 to 0.003) 0.088
LVEF EFV -0.77 (-1.07 to -0.47) <0.001 | -0.59(-0.92 to -0.25) 0.001
EFV:time -0.0001 (-0.04 to 0.04) 0.995 0.01 (-0.03 to 0.05) 0.758
LA diameter EFV 1.65 (1.42 to 1.88) <0.001 0.85(0.59to 1.11) <0.001
EFV:time 0.06 (0.03 to 0.09) <0.001 0.05 (0.03 to 0.08) <0.001
E/A ratio EFV -0.01 (-0.02 to -0.004) 0.006 -0.003 (-0.02 to 0.01) 0.558
EFV:time 0.001 (-0.0001 to 0.002) 0.053 0.001 (0 to 0.002) 0.067
DT EFV 1.21 (-0.68 to 3.10) 0.210 0.50 (-1.66 to 2.66) 0.650
EFV:time -0.25 (-0.53 to 0.03) 0.081 -0.13(-0.41 to 0.15) 0.365

Results are based on linear mixed effects models. Model 1 is adjusted for age (time-varying), sex and

cohort. Model 2 is additionally adjusted baseline values of prevalent diabetes, body mass index,

smoking, systolic blood pressure, diastolic blood pressure, use of anti-hypertensive medication, total




and high-density lipoprotein (HDL) cholesterol, use of lipid lowering medication and interaction

between EFV and time (EFV:time)

LVEDD; left ventricular end diastolic dimension, LVESD; left ventricular end systolic dimension, LVEF;
left ventricular ejection fraction, LA diameter; left atrial anteroposterior dimension, E/A ratio; E-wave

to A-wave ration, DT; Deceleration time

The number of men with available data on outcomes was 2065 for LVEDD, 2037 for LVESD, 2045 for

LVEF, 2089 for LA diameter, 2074 for E/A ratio and 2045 for DT



Table S3. Association of epicaridal fat volume with repeated measures of echocardiographic

parameters of cardiac function, by sex

Men Women

Echocardiographic B (95% CI) p-value B (95% CI) p-value
parameters

LVEDD 0.47 (0.16 t0 0.77) 0.003 1.18 (0.85to 1.51) <0.001
LVESD 0.44 (0.16 t0 0.73) 0.003 0.95 (0.68 to 1.22) <0.001
LVEF -0.66 (-1.11 to -0.21) 0.004 -0.42 (-0.83 to -0.001) 0.049
LA diameter 0.89 (0.56 to 1.22) <0.001 1.15 (0.76 to 1.54) <0.001
E/A ratio -0.001 (-0.02 to 0.01) 0.898 0.004 (-0.01 to 0.02) 0.670
DT -0.96 (-3.69 t0 1.77) 0.490 1.435 (-1.48 to 4.35) 0.335

Results are based on linear mixed effects models. Models are adjusted for age(time-varying),
sex, cohort, and baseline values of prevalent diabetes, body mass index, smoking, systolic blood
pressure, diastolic blood pressure, use of anti-hypertensive medication, total and high-density

lipoprotein (HDL) cholesterol, use of lipid lowering medication

LVEDD; left ventricular end diastolic dimension, LVESD; left ventricular end systolic dimension,
LVEF; left ventricular ejection fraction, LA diameter; left atrial anteroposterior dimension, E/A

ratio; E-wave to A-wave ration, DT; Deceleration time

The number of men with available data on outcomes was 939 for LVEDD, 921 for LVESD, 925 for

LVEF, 951 for LA diameter, 945 for E/A ratio and 927 for DT



The number of men with available data on outcomes was 1126 for LVEDD, 1116 for LVESD,

1120 for LVEF, 1139 for LA diameter, 1129 for E/A ratio and 1118 for DT



Table S4. Association of epicaridal fat volume with repeated measures of echocardiographic

parameters of cardiac function, including the time interaction term by sex

Men Women
Echocardiographic B (95% CI) p-value B (95% CI) p-value
parameters
LVEDD EFV 0.40 (0.07 t0 0.72) 0.017 1.317 (0.96 to 1.68) <0.001
EFV:time 0.02 (-0.01 to 0.06) 0.219 -0.04 (-0.08 to 0.002) 0.061
LVESD EFV 0.46 (0.15t00.77) | 0.004 1.11 (0.80 to 1.41) <0.001
EFV:time -0.01 (-0.04 to 0.03) 0.802 -0.04 (-0.07 to -0.01) 0.025
LVEF EFV -0.65 (-1.13 to -0.16) 0.009 -0.59 (-1.10 to -0.07) 0.027
EFV:time -0.004 (-0.07 to 0.06) | 0.893 0.04 (-0.03 to0 0.10) 0.281
LA diameter EFV 0.71(0.36 t0 1.07) <0.001 0.89 (0.47 to 1.32) <0.001
EFV:time 0.06 (0.02 t0 0.10) 0.006 0.07 (0.03t0 0.12) 0.003
E/A ratio EFV -0.01 (-0.02 t0 0.01) 0.412 -0.003 (-0.02 to 0.01) 0.726
EFV:time 0.002 (0 to 0.004) 0.077 | 0.002 (-0.0001 to 0.01) | 0.055
DT EFV 0.15(-2.93 t0 3.22) 0.926 1.57 (-1.83 to0 4.98) 0.365
EFV:time -0.32 (-0.73 t0 0.09) 0.125 -0.04 (-0.50 to 0.43) 0.878

Results are based on linear mixed effects models. Models are adjusted for age (time-varying),
sex, cohort, and baseline values of prevalent diabetes, body mass index, smoking, systolic blood

pressure, diastolic blood pressure, use of anti-hypertensive medication, total and high-density




lipoprotein (HDL) cholesterol, use of lipid lowering medication and interaction between EFV and

time (EFV:time)

LVEDD; left ventricular end diastolic dimension, LVESD; left ventricular end systolic dimension,
LVEF; left ventricular ejection fraction, LA diameter; left atrial anteroposterior dimension, E/A

ratio; E-wave to A-wave ration, DT; Deceleration time

The number of men with available data on outcomes was 939 for LVEDD, 921 for LVESD, 925 for

LVEF, 951 for LA diameter, 945 for E/A ratio and 927 for DT

The number of men with available data on outcomes was 1126 for LVEDD, 1116 for LVESD,

1120 for LVEF, 1139 for LA diameter, 1129 for E/A ratio and 1118 for DT



Table S5. Association of EFV with incident heart failure, by sex

Men Women
HR (95% CI)* p-value HR (95% CI)* p-value
Model 1 1.39(1.11to0 1.76) 0.010 1.38 (1.03 t01.84) 0.030
Model 2 1.30(0.97 to0 1.76) 0.080 1.36 (0.96 to 1.93) 0.088
Model 37 1.34 (1.00 to 1.82) 0.053 1.27 (0.80 to 2.02) 0.312
Model 4* 1.30(0.97 to 1.74) 0.079 1.36 (0.85to0 2.17) 0.204

Model 1 is adjusted for age, sex and cohort. Model 2 is additionally adjusted for prevalent

diabetes, body mass index, smoking, systolic blood pressure, diastolic blood pressure, use of

anti-hypertensive medication, total and high-density lipoprotein (HDL) cholesterol, use of lipid

lowering medication. Model 3 is model 2 + additionally adjusted for CHD as a time varying

covariate. Model 4 is model 2 + additionally adjusted for AF as a time varying covariate. EFV;

epicardial fat volume AF; atrial fibrillation, CHD; coronary heart disease

*HR: Hazard ratio 95% Cl: 95 % confidence interval

10




Table S6. Association of epicaridal fat volume with repeated measures of echocardiographic

parameters of cardiac function in the total population, additionally adjusted for LVM index

Echocardiographic parameters B (95% Cl) p-value
LVEDD 0.50 (0.32 t0 0.67) <0.001
LVESD 0.47 (0.30 to 0.64) <0.001
LVEF -0.45 (-0.74 to -0.16) 0.003
LA diameter 0.99 (0.75t0 1.23) <0.001
E/A ratio 0.001 (-0.01to0 0.01) 0.972
DT 0.44 (-1.69 to 2.57) 0.686

Results are based on linear mixed effects models. Models are adjusted for age (time-varying),
sex, cohort, and baseline values of prevalent diabetes, body mass index, smoking, systolic blood
pressure, diastolic blood pressure, use of anti-hypertensive medication, total and high-density

lipoprotein (HDL) cholesterol, use of lipid lowering medication and LVM

LVEDD; left ventricular end diastolic dimension, LVESD; left ventricular end systolic dimension,
LVEF; left ventricular ejection fraction, LA diameter; left atrial anteroposterior dimension, E/A
ratio; E-wave to A-wave ration, DT; Deceleration time; LVM: Left ventricular mass index by body

surface area
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Table S7. Association of epicardial fat volume with incident heart failure in the total

population, additionally adjusted for LVM idex

HR (95% CI)* p-value
Model 2 + LVM index 1.29 (1.01 to 1.65) 0.043
Model 2 + LA diameter 1.28 (0.99 to 1.64) 0.056
Model 2 + LA diameter + LVM index 1.27 (0.99 to 1.62) 0.053

Model 2 is adjusted for age, sex, cohort, prevalent diabetes, body mass index, smoking, systolic
blood pressure, diastolic blood pressure, use of anti-hypertensive medication, total and high-
density lipoprotein (HDL) cholesterol, use of lipid lowering medication. LA diameter: left atrial

diameter; LVM: Left ventricular mass index by body surface area

*HR: Hazard ratio 95% Cl: 95 % confidence interval
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