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Abstract

Aims Obesity and epicardial adiposity play a role in the pathophysiology of heart failure with preserved ejection fraction
(HFpEF), and both are associated with increased filling pressures and reduced exercise capacity. The haemodynamic basis
for these observations remains inaccurately defined. We hypothesize that an abundance of epicardial adipose tissue (EAT)
within the pericardial sac is associated with haemodynamic signs of pericardial constraint.
Methods and results HFpEF patients who underwent invasive heart catheterization with simultaneous echocardiography
were included. Right atrial pressure (RAP), right ventricular end-diastolic pressure, and pulmonary capillary wedge pressure
(PCWP) were invasively measured. The presence of a square root sign on the right ventricular pressure waveform and the
RAP/PCWP ratio (surrogate parameters for pericardial constraint) were investigated. EAT thickness alongside the right ventri-
cle was measured on echocardiography. Sixty-four patients were studied, with a mean age of 73 ± 10 years, 64% women, and a
mean body mass index (BMI) of 28.6 ± 5.4 kg/m2. In total, 47 patients (73%) had a square root sign. The presence of a square
root sign was associated with higher BMI (29.3 vs. 26.7 kg/m2, P = 0.02), higher EAT (4.0 vs. 3.4 mm, P = 0.03), and higher RAP
(9 vs. 6 mmHg, P = 0.04). Women had more EAT than men (4.1 vs. 3.5 mm, P = 0.04), despite a comparable BMI. Women with
a square root sign had significantly higher EAT (4.3 vs. 3.3 mm, P = 0.02), a higher mean RAP (9 vs. 5 mmHg, P = 0.02), and a
higher RAP/PCWP ratio (0.52 vs. 0.26, P = 0.002). In men, such associations were not seen, although there was no significant
interaction between men and women (P > 0.05 for all analyses).
Conclusions Obesity and epicardial adiposity are associated with haemodynamic signs of pericardial constraint in patients
with HFpEF. The pathophysiological and therapeutic implications of this finding need further study.
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Introduction

Obesity and epicardial adiposity in particular are increasingly
suggested to play an important role in the pathophysiology
of heart failure (HF) with preserved ejection fraction
(HFpEF).1–3 It was recently shown that increased epicardial
adipose tissue (EAT) was associated with incident HFpEF but
not with incident HF with reduced ejection fraction.4 Further-
more, in patients with HFpEF, a higher amount of EAT was as-
sociated with a higher presence of atrial fibrillation, reduced
exercise capacity, and an increased risk for HF hospitalization
and mortality.5–8 However, the exact pathophysiological

mechanisms that underlie these associations remain inaccu-
rately defined.

Borlaug and colleagues have shown that obesity-related
HFpEF is characterized by a unique haemodynamic profile
consisting of more volume overload, higher ventricular filling
pressures, and greater ventricular interdependency.9 Re-
cently, it was demonstrated that increased EAT in particular
was associated with higher cardiac filling pressures and ven-
tricular interdependence in HFpEF, independent of overall
obesity.5,8 It can be speculated that the myocardium and
the surrounding adipose tissue compete for space within
the pericardial sac, and this hypothesis may potentially
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explain the observation that especially an abundance of EAT
was associated with higher filling pressures and exercise
intolerance in HFpEF. However, an alternative hypothesis
suggests that proinflammatory and profibrotic products of
EAT may directly infiltrate into the myocardium, potentially
leading to myocardial stiffness, diastolic dysfunction, and
increased cardiac filling pressure, mimicking a restrictive-like
cardiomyopathy.1

In order to investigate whether an abundance of EAT is
associated with pericardial constraint, we examined patients
with HFpEF who underwent invasive heart catheterization
with simultaneous echocardiography and studied the associ-
ation between increased EAT, invasive filling pressures, and
haemodynamic signs of pericardial constraint.

Methods

The present study population is a subset of a cohort of 102
outpatients with symptomatic HF with New York Heart
Association functional class II or III, with a left ventricular
(LV) ejection fraction > 45%, who were referred for routine
right- and left-sided heart catheterization with simultaneous
echocardiography.10,11 Additional inclusion criteria for the
current study were the presence of structural and/or func-
tional abnormalities of the left ventricle (i.e. E/e′ ≥ 13, mean
e′ septal and lateral wall < 9 cm/s, left atrial volume
index ≥ 34 mL/m2, left atrial parasternal diameter ≥ 45 mm,
and/or N-terminal pro-brain natriuretic peptide ≥ 125 ng/L).
Patients were excluded if echocardiography was not per-
formed simultaneously with the invasive heart catheteriza-
tion or if echocardiographic quality was insufficient for the
assessment of the right ventricular (RV)-free wall and/or
EAT alongside the RV wall. Patients with haemodynamically
significant left-sided valvular heart disease were excluded as
well. Only patients with the availability of the RV pressure
waveform tracings were subsequently advanced into the
present study population. This study was conducted in
accordance with local and national regulations regarding ret-
rospective clinical research, as verified and confirmed by the
Institutional Review Board of the University Medical Center
Groningen.

Heart catheterization protocol

All right and left heart catheterizations were performed in su-
pine position by a single experienced cardiologist (E. S. H.),
according to a standard protocol as previously described.10,11

All patients remained on their chronic medication, and none
of the patients were on pulmonary vasodilators. A 7 F
balloon-tipped catheter was inserted through the femoral
vein, advanced into the right heart, and subsequently
positioned in the pulmonary artery and wedge position. The

pulmonary capillary wedge pressure (PCWP), pulmonary ar-
tery pressure (PAP), RV end-diastolic pressure (RVEDP), and
right atrial pressure (RAP) were recorded at end-expiration
during normal breathing. Cardiac output was measured using
the indirect Fick method and indexed for body surface area.
Pulmonary vascular resistance (PVR) and stroke volume were
calculated using the standard formulas. To control for peri-
cardial pressure, the RAP/PCWP ratio was subsequently
calculated.

The presence of a square root sign on the RV pressure
waveform, which is a typical sign suggestive of pericardial
constraint,12 was scored by two independent reviewers
(Y. C. and E. S. H.) for each patient using the digitally stored
RV pressure waveforms. The study population was further
dichotomized according to the presence or absence of the
square root sign.

Left-sided heart catheterization was performed to exclude
haemodynamically significant left-sided valve disease and
significant coronary artery disease and to record LV
end-diastolic pressure (LVEDP).

Echocardiographic protocol

All echocardiographic images were acquired simultaneously
with the invasive heart catheterization using a Vivid S6 sys-
tem (General Electric, Horton, Norway) and were digitally
stored for offline analyses using EchoPAC (Version BT12).
The echocardiographic protocol was previously described in
detail.10,13 In brief, all echocardiographic parameters were
assessed according to the current recommendations of the
European Association of Cardiovascular Imaging and the
American Society of Echocardiography14 and included LV
ejection fraction, LV diastolic function (E, A, E/A ratio, LV sep-
tal and lateral wall e′, and E/e′), tricuspid annular plane sys-
tolic excursion, and RV lateral wall e′. The LV lateral e′ and
LV septal e′ ratio and RV lateral e′ and LV septal e′ ratio were
calculated.

EAT thickness alongside the RV-free wall was measured on
the parasternal long and short axes. At the end of systole, the
thickness of EAT was measured and expressed in millimetres.
The measurement spanned two cardiac cycles, both at the
end of systole, and the average of these two measurements
was calculated.13

Statistical analysis

Data were presented as mean ± standard deviation, number
(percentage), or median [interquartile range], according to
distribution. Differences in continuous variables between
two groups were compared using the independent sample
t-test or the Mann–Whitney U test. Differences in categorical
variables between two groups were performed using the χ2
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test or Fisher’s exact test. For the comparison between two
continuous variables, the Pearson correlation coefficient
was used. Interaction analyses for the associations with sex
were performed. A P-value of <0.05 was considered statisti-
cally significant. All data were analysed using SPSS Version 23
(IBM, Armonk, NY, USA).

Results

Of the initial 102 patients, 101 fulfilled the additional inclu-
sion criteria. Four patients were excluded because the echo-
cardiography was not performed simultaneously with the

heart catheterization. Furthermore, 22 patients had insuffi-
cient echocardiographic quality to assess EAT thickness
alongside the RV-free wall. In another 11 patients, the RV
pressure waveforms were not available for evaluating the
square root sign. This left a final study sample of 64 patients
with HFpEF, of which 41 (64%) were women. In total, 47
patients (73%) had a square root sign on the RV pressure
waveform. The patient’s characteristics of the entire study
population, separated by the absence or presence of a square
root sign, are detailed in Table 1. Most of the patients’ char-
acteristics were comparable between patients with and with-
out a square root sign. However, body mass index (BMI) was
significantly higher in patients with a square root sign.

Table 2 Echocardiography and right heart catheterization

Total population (n = 64) No square root sign (n = 17) Square root sign (n = 47) P-value

Echocardiography
LV ejection fraction, % 54 ± 6 56 ± 7 57 ± 4 0.6
E/e′ 15 ± 8 20 ± 11 14 ± 6 0.07
LV e′ lateral wall, cm/s 9.3 ± 3.8 8.2 ± 2.7 9.7 ± 4.1 0.2
LV e′ septal wall, cm/s 6.8 ± 2.9 5.4 ± 2.2 7.4 ± 3.0 0.02
LV lateral/septal e′ ratio 1.44 ± 0.45 1.62 ± 0.43 1.37 ± 0.45 0.07
RV lateral e′, cm/s 11.1 ± 4.4 10.3 ± 3.8 11.4 ± 4.7 0.4
RV lateral/LV septal e′ 1.74 ± 0.69 2.07 ± 0.89 1.61 ± 0.57 0.07
Left atrial volume index, mL/m2 47 ± 15 48 ± 19 48 ± 14 0.9
TAPSE, mm 20 ± 5 20 ± 4 20 ± 5 0.9
Epicardial adipose tissue, mm 3.9 ± 1.4 3.4 ± 0.8 4.0 ± 1.4 0.03
Moderate to severe TR 19 (30%) 7 (41%) 12 (26%) 0.2

Invasive haemodynamics
Mean RAP, mmHg 8 ± 4 6 ± 3 9 ± 5 0.04
RVEDP, mmHg 9 ± 4 8 ± 3 10 ± 4 0.2
Mean PAP, mmHg 32 ± 9 33 ± 11 31 ± 9 0.5
PCWP, mmHg 17 ± 6 17 ± 6 18 ± 6 0.5
LVEDP, mmHg 17 ± 6 15 ± 6 17 ± 6 0.3
Cardiac index, L/min/m2 3.0 ± 0.7 3.0 ± 0.7 3.0 ± 0.7 0.7
Pulmonary vascular resistance,

dynes/s/cm�5
222 ± 154 247 ± 185 213 ± 142 0.4

RAP/PCWP ratio 0.48 ± 0.29 0.38 ± 0.18 0.52 ± 0.31 0.08

Variables are depicted as number (percentage), mean ± standard deviation, or median [interquartile range].
LV, left ventricular; LVEDP, left ventricular end-diastolic pressure; PAP, pulmonary artery pressure; PCWP, pulmonary capillary wedge pres-
sure; RAP, right atrial pressure; RV, right ventricular; RVEDP, right ventricular end-diastolic pressure; TAPSE, tricuspid annular plane systolic
excursion; TR, tricuspid regurgitation.

Table 1 Baseline characteristics of the study population

Total population (n = 64) No square root sign (n = 17) Square root sign (n = 47) P-value

Age, years 73 ± 10 74 ± 11 73 ± 9 0.7
Sex, female 41 (64) 8 (47) 33 (70) 0.09
Body mass index, kg/m2 28.6 ± 6 26.7 ± 2.6 29.3 ± 5.9 0.02
Vital signs

Heart rate, b.p.m. 71 ± 12 75 ± 12 71 ± 13 0.9
Systolic blood pressure, mmHg 149 ± 25 158 ± 20 151 ± 27 0.3
Diastolic blood pressure, mmHg 69 ± 13 68 ± 13 71 ± 13 0.7

Comorbidities
Systemic hypertension 42 (66) 10 (59) 32 (68) 0.5
Atrial fibrillation 36 (56) 9 (52) 27 (57) 0.7
Coronary artery disease 24 (38) 7 (41) 17 (36) 0.7
Diabetes mellitus 22 (34) 7 (41) 19 (40) 0.9

Variables are depicted as number (percentage), mean ± standard deviation, or median [interquartile range].
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Associations with increased epicardial adipose
tissue and signs of pericardial constraint

Table 2 and Figure 1 demonstrate the echocardiographic and
haemodynamic parameters of the entire study population,
separated by the absence or presence of a square root sign.
Patients with a square root sign had a higher EAT thickness
as compared with patients without a square root sign (Table
2 and Figure 1A). BMI and EAT were significantly correlated
with each other (r = 0.71, P < 0.001). Both PCWP and LVEDP
were not different between patients with and without a
square root sign (Figure 1C,D). However, patients with a
square root sign had significantly higher mean RAP as com-
pared with patients without a square root sign (Table 1 and
Figure 1E). Although not significant, there was a trend that
the RAP/PCWP ratio was also higher in patients with a square
root sign (Figure 1F).

Figure 2 depicts an example of a patient with increased
EAT thickness alongside the right ventricle (i.e. 6.5 mm), mea-
sured with echocardiography, and the presence of a typical
square root sign on the RV pressure waveform.

The presence of a square root sign was associated with
higher LV septal e′, and there was a trend that the LV
lateral/septal e′ ratio and RV lateral/LV septal e′ ratio were
lower in the presence of a square root sign, as seen in Table
2 and Supporting Information, Figure S1.

Associations between epicardial adipose tissue
and invasive haemodynamics in men vs. women

Although BMI was more comparable between men and
women, EAT thickness was higher in women than in men
(Figure 3). While in the entire group, the associations between

Figure 1 (A–F) Association of the square root sign with invasive haemodynamics and epicardial adipose tissue (EAT) thickness. Error bars reflect the
standard error of the mean. LVEDP, left ventricular end-diastolic pressure; MRAP, mean right atrial pressure; PCWP, pulmonary capillary wedge pres-
sure; RAP, right atrial pressure; RVEDP, right ventricular end-diastolic pressure.

Epicardial adipose tissue in HFpEF 1701

ESC Heart Failure 2024; 11: 1698–1706
DOI: 10.1002/ehf2.14739



Figure 2 Examples of a patient with and without the presence of a square root sign. The upper panel shows the right heart catheterization registration
of a patient with an increased epicardial adipose tissue thickness of 6.5 mm. The right ventricular pressure waveform shows a typical square root sign
(‘dip and plateau’) as shown by the red circles. In this patient, the right ventricular end-diastolic pressure was 11 mmHg, the pulmonary capillary wedge
pressure (PCWP) was 13 mmHg, and the mean right atrial pressure (RAP) was 10 mmHg; thus, the RAP/PCWP ratio was 0.77. The lower panel shows a
right ventricular pressure waveform without a square root sign. In this patient, the epicardial adipose tissue thickness was 1.9 mm, the right ventricular
end-diastolic pressure was 6 mmHg, the PCWP was 9 mmHg, and the mean RAP was 3 mmHg; thus, the RAP/PCWP ratio was 0.33.
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the presence of a square root sign with EAT thickness and in-
vasive haemodynamics were less pronounced, larger differ-
ences were seen when the results were stratified according
to sex.

Figure 4A demonstrates that in women, the presence of a
square root sign was associated with a higher amount of
EAT, whereas this association was not seen in men. Further-
more, the mean RAP and RAP/PCWP ratio were significantly

higher in women who had a square root sign compared
with women without a square root sign. On the contrary,
such an association was not present in men (Figure 4C,D).
However, further interaction analysis showed no significant
interaction in the sex-specific associations between the
presence of a square root sign and EAT, RVEDP, mean
RAP, and RAP/PCWP ratio (P > 0.05 for all interaction
analyses).

Figure 3 Difference in (A) body mass index (BMI) and (B) epicardial adipose tissue (EAT) between men and women. Error bars reflect the standard
error of the mean.

Figure 4 (A–D) Sex-related differences between the association of the square root sign with epicardial adipose tissue (EAT) and invasive haemodynam-
ics. Error bars reflect the standard error of the mean. MRAP, mean right atrial pressure; PCWP, pulmonary capillary wedge pressure; RAP, right atrial
pressure; RVEDP, right ventricular end-diastolic pressure.
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Discussion

The present study showed that the majority of HFpEF pa-
tients (i.e. 73%) had a square root sign on the RV pressure
waveform. The presence of a square root sign was associated
with higher BMI, increased EAT, and elevated right-sided
filling pressures. While HFpEF is typically characterized by
reduced diastolic tissue velocities, the presence of a square
root sign was rather associated with higher diastolic tissue
velocities, especially higher septal tissue velocities. Further-
more, the associations between increased EAT and constric-
tive haemodynamics were mainly seen in women and not in
men. These findings suggest that a significant number of
obese HFpEF patients with concomitant increased EAT have
constrictive haemodynamics. Furthermore, this study may
reveal a potential sex-specific difference in the association
between obesity, increased EAT, and abnormal invasive
haemodynamics in patients with HFpEF.

In the present study, we used the square root sign as an
invasive marker for constrictive haemodynamics. While this
haemodynamic phenomenon is typically seen in patients with
constrictive pericarditis, it is not entirely specific to this dis-
ease because it can also be seen in other conditions, mainly
in the setting of restrictive cardiomyopathy.12 Constrictive
pericarditis and restrictive cardiomyopathy are two specific
types of HF with mostly a preserved LV ejection fraction. Both
conditions have a typical clinical and haemodynamic presen-
tation, but the underlying pathophysiology is strikingly
different.15–17 In restrictive cardiomyopathy, the reduced
compliance is mainly caused by abnormal elastic properties
of the myocardium itself, whereas in constrictive pericarditis,
it is caused by the consequent loss of normal elasticity in the
pericardial sac or its content.15–17 The latter typically results
in impaired ventricular filling in mid and late diastole, and
rapid ventricular filling occurs primarily in the early phase of
diastole.18 After the early phase of diastole, the ventricular
volume barely increases, which is seen as a square root sign
on the RV pressure waveform.18 In the present study, we ex-
amined the haemodynamic features of constrictive pericardi-
tis as a surrogate for the possible constrictive effects that EAT
may have on the myocardium in patients with HFpEF. To
exclude that the observed associations between increased
filling pressures and the presence of a square root sign were
due to impaired myocardial relaxation, mimicking restrictive
cardiomyopathy, we also assessed myocardial relaxation,
and neither the presence of a square root sign nor a higher
amount of EAT were associated with impaired myocardial re-
laxation. On the contrary, the presence of a square root sign
was rather associated with increased LV septal e′, which is
also typically seen in true constrictive pericarditis compared
with restrictive cardiomyopathy.19 This suggests that, in the
present study, the presence of a square root sign is more
likely the result of reduced compliance of the surrounding

pericardial space—possibly caused by increased EAT thick-
ness—and not the myocardium itself.

While in the entire group, the associations between the
amount of EAT and impaired haemodynamics were less pro-
nounced, larger differences were seen when the group was
stratified according to sex. Although interaction analyses for
potential sex-specific differences were not significant, there
was a trend observed that the associations between in-
creased EAT thickness and haemodynamic signs of pericardial
constraint were mainly seen in women and not in men with
HFpEF. Several pathologic mechanisms might explain the
sexual dimorphism in these associations. First, the present
findings are in line with the study of Sorimachi et al., where
a significant increase in right heart filling pressures was pri-
marily seen in women with HFpEF who had concomitantly ex-
cess abdominal visceral adipose tissue.20 Although this study
did not specifically look at epicardial adipose tissue and, in
the present study, we did not have measures of abdominal
visceral adipose tissue at our disposal, both fat depots appear
to be interrelated. The rise in cardiac filling pressures due to
excess adipose tissue might be explained by direct mechani-
cal compression, and in women, this phenomenon may be
more vigorous than in men. Oestrogen deficiency in
post-menopausal women results in a rather rapid shift of
fat distribution and subsequently a potential rapid accumula-
tion of EAT, whereas this distribution favours visceral fat.21

According to Packer et al., particularly post-menopausal
women are forming more proinflammatory mediators such
as aldosterone and leptin. Therefore, women are likely
hormonally more prone to the formation of epicardial
adipocytes.22 Specifically, post-menopausal women with type
2 diabetes mellitus are susceptible to developing EAT depots
and exhibit a significantly higher EAT thickness.23 This may re-
sult in the inability of the pericardium to dilate sufficiently,
hypothetically leading to pericardial constraint in women,
causing increased cardiac filling pressures and reduced exer-
cise capacity.24,25 This may be explained by the inability of
the heart to dilate sufficiently during exercise in order to
keep up with the increased venous return, leading to ventric-
ular interdependence, diminished LV preload, and ultimately
reduced cardiac output and exercise intolerance.9 Second,
the haemodynamic abnormalities seen in the present study
may also be explained by enhanced sodium retention and
subsequent plasma volume overload in the setting of
obesity.9 For instance, leptin is secreted by dysfunctional
adipose tissue cells, and this has a major impact on the
renin-angiotensin system.26 Particularly in women, leptin pro-
motes sodium retention by stimulating the renin-angiotensin
system and aldosterone secretion.27,28 In the setting of
increased plasma volume, constrictive haemodynamics are
typically amplified.18 Still, very little is known about these
mechanisms, and they need to be studied more thoroughly
in larger cohorts.

1704 Y. Crum et al.

ESC Heart Failure 2024; 11: 1698–1706
DOI: 10.1002/ehf2.14739



The number of patients in which a square root sign was
present was relatively high (i.e. 73%), which could be attrib-
uted to the preselection of our patient population for a prior
sildenafil trial.11 This selection process could have resulted in
a relatively higher proportion of patients with increased
right-sided pressures. The diastolic plateau serves as a hae-
modynamic marker for impaired RV diastolic filling, which
may be caused by pulmonary hypertension.29 However, we
observed no difference in mean PAP or PVR between both
groups, while mean RAP was higher in those with a square
root sign. This suggests that not increased RV afterload but
rather RV filling pressures due to pericardial constraint are
the main cause of this finding. A second plausible explanation
for this finding is that a substantial proportion of our study
population comprises women (64%). Packer et al. have previ-
ously elucidated that women exhibit significantly greater car-
diac filling pressures due to increased ventricular wall stiff-
ness. The more active inflammatory-metabolic phenotype
observed in women could serve as another potential explana-
tion for the finding that many patients in the present study
had a square root sign observation.22

Limitations

This study has several limitations. First, the sample size is
modest, which limits the ability to adjust for confounding fac-
tors. For instance, it could not be further determined to what
extent the observed associations between EAT and haemody-
namic abnormalities are entirely independent from overall
obesity. Therefore, the results must be viewed largely as hy-
pothesis generating. Second, this work was conducted in a
tertiary referral centre, causing potential referral bias. Third,
echocardiography, instead of cardiac magnetic resonance im-
aging (MRI), was used to measure EAT. Cardiac MRI provides
a more direct, quantitative assessment of the amount of EAT.
However, simultaneous assessment of invasive haemodynam-

ics with cardiac magnetic resonance is largely impractical.
Fourth, while we used right- and left-sided heart catheteriza-
tion with simultaneous echocardiography, we did not have
simultaneous right and left heart catheterization with respira-
tory variation at our disposal. For instance, we were not able
to calculate the systolic area index at inspiration and expira-
tion, which is considered a more sensitive marker for the
assessment of constrictive pericarditis. However, surrogate
measures such as a square root sign and RAP/PCWP ratio
were used in combination with tissue Doppler imaging,
underscoring a constrictive pericarditis-like phenomenon in-
stead of a restrictive cardiomyopathy-like phenomenon.

Conclusions

Obesity and concomitant epicardial adiposity are associated
with haemodynamic signs of pericardial constraint in patients
with HFpEF. This phenomenon was particularly present in
women and not in men. The pathophysiological and thera-
peutic implications of increased EAT in patients with HFpEF
need further investigation.
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