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Abstract

Aim: To investigate the impact of epicardial adipose tissue (EAT) thickness on
cardiopulmonary performance in patients with type 2 diabetes (T2D) and normal
heart function.

Materials and methods: We analysed EAT thickness in subjects with T2D and normal
biventricular systo-diastolic functions undergoing a maximal cardiopulmonary exercise
test combined with stress echocardiography, speckle tracking and pulmonary function
assessment, as well as serum N-terminal pro B-type natriuretic peptide (NT-proBNP).
Results: In the 72 subjects enrolled, those with EAT thickness above the
median (> 5 mm) showed higher body fat mass, smaller indexed left ventricular dimen-
sions and marginally reduced diastolic function variables at rest. Higher EAT thickness
was associated with lower peak oxygen uptake (VOjpeax 17.1+£3.6 vs. 210
5.7 ml/min/kg, P = .001), reduced systolic reserve (AS' 4.6+ 1.6 vs. 5.8 £ 2.5 m/s,
P = .02) and higher natriuretic peptides (NT-proBNP 64 [29-165] vs. 31 [26-139] pg/m,
P = .04), as well as chronotropic insufficiency and impaired heart rate recovery. Ventila-
tory variables and peripheral oxygen extraction were not different between groups. EAT
was independently associated with VOope.x and linearly and negatively correlated with
peak heart rate, heart rate recovery, workload, VO, at the anaerobic threshold and at
peak, and cardiac power output, and was directly correlated with natriuretic peptides.
Conclusion: Higher EAT thickness in T2D is associated with worse cardiopulmonary

performance and multiple traits of subclinical cardiac systolic dysfunction.
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1 | INTRODUCTION

Individuals with type 2 diabetes (T2D) are at a high risk of developing
heart failure with preserved ejection fraction (HFpEF), a heterogeneous
and complex syndrome that, despite its growing prevalence and inci-
dence with significant morbidity and mortality, still retains important
knowledge gaps and therapeutic challenges. In recent years, excessive
epicardial adipose tissue (EAT) has been regarded as a one among the
main actors in myocardial disease by promoting inflammation, micro-vas-
culopathy, fibrosis and stiffness of myocardium, all findings correspond-
ing to the hallmarks of HFpEF.2 Its quantification is easy and
reproducible during standard transthoracic echocardiography.® However,
its role in cardiovascular and metabolic disorders remains understudied.

Subjects with T2D exhibit higher EAT thickness than controls,
both free from heart disease* and with overt heart failure (HF).> In
T2D, hypertrophied EAT produces pro-inflammatory cytokines® and
has been associated with impaired cardiomyocyte metabolism and
contractile function,” systo-diastolic dysfunction* and raised circulat-
ing biomarkers of myocardial damage.® Given its consistent prognostic
power both in HF without T2D® and in T2D without HF,* EAT proba-
bly plays a key role in the progression to overt HF. Nonetheless, the
relationship between EAT thickness and cardiopulmonary perfor-
mance in T2D without heart disease has never been evaluated.”

By using an imaging-cardiopulmonary exercise test (iCPET), the cur-
rent study aimed to evaluate the association of echocardiography-
assessed EAT thickness with heart structure and contractility
(as measured by resting and exercise 2D-echo, Doppler, and speckle-
tracking technology) and cardiopulmonary fitness (pulmonary, metabolic,
and haemodynamic variables during graded, maximal cycloergometer
exercise) in T2D patients without HF and with normal biventricular
systo-diastolic function. We also tested whether EAT thickness is associ-
ated with plasma biomarkers of inflammation, oxidative stress, matrix
remodelling, and myocyte strain and injury in a subgroup of patients,

aiming to identify the pathophysiological mechanisms at play.

2 | MATERIALS AND METHODS

21 | Study population

We prospectively enrolled patients from the Diabetes Outpatient
Clinic at the Santa Chiara University Hospital of Pisa. The local Ethics
Committee approved the study protocol. All patients gave written
informed consent. Inclusion criteria: men or women up to 80 years of
age with a clinical diagnosis of T2D according to American Diabetes
Association criteria’?; on stable hypoglycaemic and cardioactive ther-
apy for the previous 3 months; baseline left ventricle ejection fraction
(LVEF) above 50%; without a diagnosis of HF according to European

111 including HFpEF according

Society of Cardiology (ESC) guidelines,
to the Heart Failure Association PEFF diagnostic algorithm.? Exclusion
criteria: symptoms or diagnosis of HF, any established current cardiac
disease including previous cardiovascular events, coronary artery dis-

ease, uncontrolled arrhythmias (including atrial [LA] fibrillation) and/or

any more than mild valvular disease; respiratory insufficiency or diag-
nosis of chronic obstructive pulmonary disease (more than moderate
airflow obstruction [forced expiratory volume in 1 second {FEV1} to
forced vital capacity {FVC} ratio < 0.70 and FEV1 < 50% of predicted
FEV1] and/or restrictive pattern [< 80% of predicted FVC]); pulmo-
nary hypertension; any acute or chronic inflammatory disease; uncon-
trolled blood pressure defined as blood pressure (BP) more than
160/100 mmHpg; severely impaired kidney function defined as an esti-
mated glomerular filtration rate (eGFR) of less than 30 ml/
min/1.73m?; inability to cycle because of physical limitations and/or
unable to perform a maximal exercise test; poor echocardiographic
acoustic windows; ongoing pregnancy or breastfeeding.

2.2 | Patient characterization

221 | Clinical and biohumoral characterization
A full clinical history was obtained. Baseline demographic data,
anthropometric variables (height, weight and body mass index [BMI]),
functional status, cardiovascular risk factors (e.g. alcohol consumption
and smoking habits), co-morbidities (e.g. arterial hypertension,
dyslipidaemia), diabetic complications (microvascular and/or macro-
vascular) and medication were also recorded. Statin therapy
intensity was classified as low (simvastatin 10-to-20 mg/day or ator-
vastatin 10 mg/day), medium (simvastatin 40 mg/day or atorvastatin
20 mg/day or rosuvastatin 5 mg/day) or high intensity (atorvastatin
40-to-80 mg/day or rosuvastatin 20-to-40 mg/day). A thorough phys-
ical examination was also performed, including resting vital variables.
We calculated lean body mass with Boer's formula.*?

Blood cell count, HbA1c, blood lipids, creatinine, electrolytes, uric
acid, hepatic function, urinalysis and urine albumin-to-creatinine ratio
were recorded at baseline. eGFR was calculated using the Chronic

Kidney Disease Epidemiology Collaboration (CKD-EPI) formula.

2.2.2 | Vascular assessment

Patients underwent peripheral vascular disease assessment through
the cardio-ankle vascular index and ankle-brachial index with the
Vascular Screening System VaSera VS-1500N (Fukuda Denshi, Japan)
to rule out peripheral vascular disease. Endothelial function was
assessed by downstream hyperaemic response to ischaemia using an
EndoPAT device (EndoPAT 2000; Itamar Medical Ltd, Caesarea,
Israel), according to standard procedures.*® The reactive hyperaemia
index was calculated as the ratio between postocclusion and preocclu-

sion amplitudes of the pulse, normalized to the contralateral arm.

2.2.3 | Diagnosis of cardiac autonomic neuropathy

Screening of cardiac autonomic neuropathy (CAN) was performed

with a Meteda neurotester (San Benedetto del Tronto, Italy):
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variations in RR intervals in response to the Valsalva manoeuvre,
lying-to-standing, and deep breathing were analysed according to
standard procedures.* The three tests were repeated three times for
each patient. Two or more abnormal tests, based on age-related nor-

mal values, identified the presence of CAN.

2.3 | Cardiopulmonary exercise test protocol

A symptom-limited graded ramp bicycle exercise test was performed in
the semi-supine position on a tilting, dedicated, microprocessor-controlled
stress echocardiography cycle ergometer (Ergoline ergoselect 2000
GmbH, Germany). A 12-lead electrocardiogram and non-invasive arterial
saturation and BP were monitored continuously. Heart rate (HR) and bra-
chial BP were measured at rest and every minute during exercise using a
validated automatic device (Omron Mé Comfort, Kyoto, Japan). The
expected oxygen uptake at peak exercise (VO peai), €stimated on the basis
of patient age, height, weight and clinical history,'® was used to adjust the
ramp increments (W) to reach the patient's estimated VOopea in 10 to
12 minutes. The protocol included 2 minutes of unloaded pedalling and
4 minutes of recovery after peak effort. CPET performance was only con-
sidered for analysis if maximal, as defined by a peak respiratory exchange
ratio steadily above 1.10 at peak exercise, as per protocol. Breath-by-
breath minute ventilation, carbon dioxide production (VCO,) and VO,
were measured using a dedicated cardiopulmonary diagnostic device
(Blue Cherry, Geratherm Respiratory GmbH, Germany). We defined
VOypeak as the highest median value of the two 30-second intervals of the
last minute of exercise, as previously validated.'® An automatic procedure
determined anaerobic threshold (AT) based on the V-slope, ventilatory
equivalents and end-tidal partial pressure methods; AT was verified visu-
ally and, if necessary, recalculated.'® The chronotropic response was cal-
culated as the change in HR from rest to peak exercise, divided by the
difference between the age-predicted maximal HR and the resting HR
(i.e. HR reserve). Chronotropic incompetence was defined as the failure to
achieve 80% or more of the HR reserve during exercise.” In patients on
B-blockers or calcium-channel blockers, chronotropic incompetence was
defined as the failure to achieve 62% of HR reserve.”

24 | Baseline, speckle tracking and exercise stress
echocardiography protocol

All patients underwent a comprehensive transthoracic echocardiography
examination at rest (GE Healthcare Vivid E95, Milwaukee, WI) according
to international recommendations.’® Data collected at each stage, that is,
at baseline, after 4 minutes, at the AT, and at peak effort, included: left
ventricle (LV) and LA volumes, stroke volume (SV), peak E-wave and A-
wave velocities, tissue Doppler imaging (TDI)-derived S’ and €’ at the sep-
tal and lateral mitral annulus, tricuspid regurgitation velocity and systolic
pulmonary artery pressure, tricuspid annular plane systolic excursion; LV
volumes and LVEF were calculated from the apical two- and four-chamber
views using the modified Simpson's rule. SV was calculated by multiplying

the LV outflow tract area at rest by the LV outflow tract velocity-time

integral measured by pulsed-wave Doppler during each activity level, as
previously validated. Cardiac output (CO) was calculated as the multiplica-
tion of SV and HR. Cardiac power output (CPO) was measured with the
following formula: CPO = 0.222 x CO [;:-] x mean BP [mmHg]."* The A
(a-v)O, was estimated indirectly with a validated and previously used
approach.2® Images were acquired concurrently with breath-by-breath
gas exchange measurements at both baseline and peak of exercise. All
measurements were reported as the average of three beats.

We measured global longitudinal strain (GLS) from the apical
long-axis view and two- and four-chamber views, ensuring a frame
rate of more than 50 Hz (GE Healthcare EchoPAC BT 12) through
speckle-tracking technology. We reported the average values from
the three apical views at rest and low-load effort, within the first
4 minutes of exercise. We excluded poorly tracked segments and
patients were not analysed if more than one segment per view was
deemed unacceptable. Speckle-tracking technology-derived measure-

ments were reported as the average of three beats.

2.5 | Measurement of EAT thickness

EAT thickness was measured on the free wall of the right ventricle
from the parasternal long-axis view at end-systole, as previously
described,?! averaged from two cardiac cycles and using imaging con-
straints to ensure that the EAT thickness was not measured obliquely,
attempting to be perpendicular to the aortic annulus, which was used
as an anatomical landmark. EAT appears as an echo-free or hypere-
choic space. Maximal thickness was recorded as a linear measure
(in millimetres) with the lead-to-lead technique of the maximal thick-
ness at this point (Figure 1). Its measurement on the right ventricle
was chosen for two reasons: (a) this point is recognized as the highest
absolute EAT layer thickness; and (b) parasternal long- and short-axis
views allow the most accurate measurement of EAT on the right ven-

tricle, with optimal cursor beam orientation in each view.

2.6 | Plasma biomarkers

Plasma biomarkers were chosen as markers of (a) inflammation:
tumour necrosis factor-alpha (TNFa) and (b) high-sensitive c-reactive
protein (hsCRP); (c) LV parietal stress: natriuretic peptides (brain natri-
uretic peptide [BNP] and N-terminal pro B-type natriuretic peptide
[NT-proBNP]), pro-adrenomedullin (proADM); (d) cardiomyocyte dam-
age: high-sensitive troponin T (hsTnT); and (e) extracellular matrix
remodelling/fibrosis: procollagen (NT-PRO3). TNFa and hsCRP were
measured by ELISA kits (TNF-alpha human, high-sensitivity and CRP
Human; Invitrogen, ThermoFisher Scientific, MA). hsTnT, BNP and
NT-pro BNP were assayed by ECLIA methodology using Elecsys com-
mercial kits (Troponin T hs, BNP and proBNP Il, respectively; Roche
Diagnostics, Milan, Italy) on a COBAS e411 analyser. Mid-regional
proADM and NT-PRO3 were measured by ELISA kits (Human MR-
ProADM and Human Procollagen Il N-Terminal Propeptide, respec-
tively; MYBIOSOURCE, San Diego, CA).
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FIGURE 1 Measurement of epicardial adipose tissue (EAT)
thickness. EAT appears as an echo-free or hypoechoic space outside
the free wall of the outflow tract of the right ventricle from the
parasternal long-axis view at end-systole. Maximal thickness was
recorded as a linear measure (millimetres) perpendicular to the aortic
annulus. Patients were divided based on their ranking above and
below the median value (5 mm). The left panel reports a frame from a
patient with an EAT thickness of less than 5 mm; the right panel
shows a frame from a patient with an EAT thickness above 5 mm

2.7 | Statistical analysis

Values are presented as mean * standard deviation, or as median and
interquartile range (IQR), for variables with normal and non-normal
distribution, respectively. Variables with a non-normal distribution
using the Kolmogorov-Smirnov test were logarithmically transformed
for parametric analysis. Comparisons between groups were made by
the Student t-test for unpaired data for continuous variables and by
the chi-square test or ANOVA for categorical variables.

Factors with ascertained or potential influence on EAT thickness
and on VOgypeqk (age, sex, BMI, duration of diabetes, HbAlc, eGFR,
hsCRP) were tested. Given the difference in BMI between the two
study groups, we calculated and used VOjpea normalized for lean
body weight. Univariate linear regressions between EAT thickness
and the main iCPET values and plasma biomarkers were analysed. We
constructed a multivariate model for predictors of VOgjpeak that
included age, BMI, sex and resting GLS.

Analyses were performed using JMP Pro software version 13.2.1
(SAS Institute, Cary, NC). All tests were conducted at a two-sided a

level of .05. A P value of less than .05 was considered statistically

significant.
3 | RESULTS
3.1 | Study population

According to inclusion and exclusion criteria we prospectively enrolled

72 subjects, whose baseline characteristics are reported in Table 1.

Patients were middle-aged, mainly males, with suboptimal glycae-
mic control, and with a low prevalence of microvascular complica-
tions and a negligible prevalence of previous cerebrovascular
events. Baseline physical activity was recorded via a medical inter-
view at baseline. Patients were all sedentary or moderately active
(walking); no patients were exercising regularly (more than once per
week) at the time of enrolment. Generally, blood pressure control
was suboptimal. Based on the ranking of EAT thickness (median
5 mm), we divided the population in two subgroups of 36 subjects
each (Figure 1) who showed comparable age, sex distribution, dura-
tion of diabetes, smoking habit, alcohol intake, co-morbidities,
prevalence of complications and medications. The group with
higher EAT thickness showed higher fat body mass with a higher
proportion of obese subjects than the other group, which mainly
consisted of overweight individuals. A more frequent use of anti-
platelet agents and medium-intensity statin therapy was also pre-
sent, despite comparable cardiovascular risk scores (ESC score 2.7
+ 1.6 vs. 3.1 £ 1.7; pooled cohort equations 27.1 + 14.8 vs. 22.8
+14.2, P = .1253), use of total antihypertensive drugs, blood pres-

sure values and prevalence of previous cerebrovascular events.

3.2 | Biohumoral, vascular and autonomic
characterization

The two groups showed comparable glycaemic control (HbA1c), renal
function, albuminuria, haemoglobin and uric acid, while total choles-
terol and LDL cholesterol were lower in those with higher EAT thick-
ness. No difference between the groups was observed in either
vascular variables (vascular stiffness and endothelial function) or prev-
alence of autonomic dysfunction at rest. Specifically, no significant
difference was observed among autonomic variables between the
groups, either using the individual score (in its continuous range 0-6)

or the RR ratio of each test. Results are reported in Table 1.

3.3 | Cardiopulmonary exercise test

All patients reached maximal exercise as required by the inclusion cri-
teria, and the duration of exercise was between 10 and 12 minutes as
per protocol, with no difference between the two groups. The exer-
cise was well-tolerated without chest discomfort, hypertensive
response or any significant alteration in either vital variables or ECG
trace. The results are reported in Table 2 and Figure 2. Altogether,
patients with higher EAT thickness displayed lower effort tolerance
with a 19% lower maximal VO, and reached at 13% lower mean
workload. VO, was also 8% lower at the anaerobic threshold and the
VO,/work slope was slightly reduced (10.2 +1.2 vs. 11.0+ 1.6,
P = .0409) with respect to those with lower EAT thickness. Also, the
chronotropic response was impaired in the thicker EAT group, as was
evident from the lower HR at peak exercise, the higher prevalence of
chronotropic insufficiency, and the slower HR decline 1 minute after

the end of the exercise.
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TABLE 1 Baseline characteristics of the study population®

Clinical and anthropometric variables
Male gender (n, %)
Age (y)
BMI (kg/m?)
BMI < 25 kg/m? (n, %)
BMI 25-30 kg/m? (n, %)
BMI > 30 kg/m? (n, %)
Lean body weight (kg)
Fat body weight (kg)
Abdominal circumference (cm)
Systolic BP (mmHg)
Diastolic BP (mmHg)
Alcohol (n, %)
Active smokers (n, %)
Hypertension (n, %)
Dyslipidaemia (n, %)
Duration of diabetes (y)
Previous cerebrovascular event
Microvascular complications
Therapy
ACEi/ARBs (n, %)
Beta-blockers (n, %)
Mineralocorticoid receptor antagonist (n, %)
Diuretics (n, %)
Ca antagonist (n, %)
Antiplatelet (n, %)
Allopurinol (n, %)
Statin (n, %)
Low intensity
Medium intensity
High intensity
Metformin, n (%)
GLP-1 RA (n, %)
DPP4i (n, %)
SGLT2i (n, %)
Insulin (n, %)
Biohumoral characterization
HbA1c (mmol/mol)
Cholesterol (mg/dl)
HDL-c (mg/dl)
LDL-c (mg/dl)
Triglycerides (mg/dl)
Haemoglobin (g/dl)
Creatinine (mg/dl)
eGFR calculated using CKD-EPI (ml/min/1.73m?)

All patients (n = 72)

57 (79%)
63.3+87
28.9+4.7
14 (19%)

32 (44%)

26 (36%)
58.7+84
247 +8.5
101.3 £ 10.7
138.9 + 14.7
86.5+9.6

3 (4%)

11 (15%)

55 (76%)

54 (75%)
9.6+79
6(9)

18 (25)

45 (63%)
19 (26%)
2 (3%)
13(18)
17 (24)
24 (33)
6(8)

50 (69%)
23 (31)
20(27)
10 (14)
62 (86%)
2 (3%)

2 (3%)

0 (0%)
12 (17%)

57.0+10.5
166.9 + 39.8
50.0+ 134
102.6 £ 33.2
129.6 + 61.7
142 +1.3
0.88 £ 0.19
87.7+154

Epicardial adipose tissue

<5 mm (n = 36) > 5 mm (n = 36) P value
29 (81%) 28 (78%) ns
62.1+85 64.4 £8.9 ns
274+43 299+5.0 .0059
11 (31%) 3 (8%) =

18 (50%) 14 (39%) =

7 (19%) 19 (53%) .0050
58174 593+94 ns
222+75 27.3+£87 .0089
99.6+114 103.5+ 9.5 ns
138.3 £ 16.9 139.5+123 ns
85.9+9.7 87.0+£9.7 ns
1(3%) 2 (6%) ns

6 (17%) 5(15%) ns

25 (69%) 30 (81%) ns

25 (69%) 30 (81%) ns
9464 9.8+93 ns
1(3) 5(15) ns
6(17) 12 (33) ns

19 (53%) 26 (72%) ns

10 (28%) 9 (25%) ns

1 (3%) 1 (3%) ns
4(11) 9(25) ns

6 (17%) 11 (31%) ns

7 (19%) 17 (47%) .0114
2 (6%) 4 (11%) ns

23 (64%) 27 (75%) ns

14 (37) 9 (25) ns
6(16) 14 (39) .0350
5(13) 5(14) ns

30 (83%) 32 (89%) ns

0 (0%) 2 (4%) ns

2 (4%) 0 (0%) ns

0 (0%) 0 (0%) ns

9 (25%) 3(8%) ns
584 +11.6 55.6 £9.1 ns
176.7 + 43.7 157.0 + 334 .0350
52.0£14.3 478 +12.2 ns
112.5 +35.88 92.8 +27.3 .0108
124.9 + 68.4 134.3 + 54.9 ns
143+ 1.1 140+ 1.5 ns
0.85+0.16 0.91+0.21 ns
90.4 + 11.9 84.8 £ 18.0 ns

(Continues)
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TABLE 1 (Continued)
Epicardial adipose tissue
All patients (n = 72)
<5 mm (n = 36) > 5 mm (n = 36) P value
Uric acid (mg/dI) 536 +1.41 528 +1.73 5.43 £ 1.10 ns
Vascular and autonomic function
RHI endoPAT 0.62 +0.28 0.67 +0.33 0.61 + 0.25 ns
CAN (n, %) 5(7) 2 (10) 3(14) ns
CAVI mean 932 +159 9.24 + 1.90 993 +147 ns

#The study population is reported as a whole and divided into two groups based on EAT thickness above or below the median (5 mm). P values were
calculated with a Student t-test for paired data and chi-squared test for nominal variables, and are reported as “ns” if non-significant.

Abbreviations: ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI, body mass index; BP, blood pressure; CAN, cardiac
autonomic neuropathy; CAVI, cardio-ankle vascular index; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; DPP4i, dipeptidyl peptidase-4
inhibitor; EAT, epicardial adipose tissue; eGFR, estimated glomerular filtration rate; GLP-1 RA, glucagon-like peptide-1 receptor agonist; RHI, reactive

hyperaemia index; SGLT2i, sodium-glucose co-transporter-2 inhibitor.

3.4 | Resting and exercise echocardiography

All patients had normal chamber dimensions and systo-diastolic func-
tion with LVEF more than 50%. The results are reported in Table 2
and Figure 2. The group with higher EAT thickness displayed lower
indexed LV linear dimensions (despite showing comparable indexed
end-diastolic volume) and lower resting E/A ratio with respect to the
other group. During exercise, higher EAT thickness was associated
with reduced systolic reserve as expressed by reduced AS' and
impaired cardiac power output adaptation (ACPO, from rest to peak
exercise). The other measured values, including cardiac output, other
diastolic variables (¢’ mean and E/e’ ratio), 2D-LVEF, and resting and

exercise LV-GLS, were comparable between the two groups.

3.5 | Plasma biomarkers

A significant difference was observed in plasma BNP and NT-proBNP
concentrations between the two groups, with higher values in those
with thicker EAT. The other plasma biomarkers (hsCRP, TnHS, pro-
ADM, NT-PRO3 and TNFa) showed no difference between groups.

The results are reported in Table 2.

3.6 | Univariate and multivariate analysis

At univariate linear regression analysis (Figure 3), EAT thickness nega-
tively correlated with workload, VOzpea, CPO at peak, HR at peak
and ACPO. Among serum biomarkers, a direct relationship was
observed between EAT thickness and BNP.

Multivariate analysis showed that EAT is independently associ-
ated with VOgpeai after correction for known and potential con-
founders (stB —0.30, P = .007) and that this relationship is not
modulated by BMI (EAT*BMI interaction effect: stB 0.13, P = .181).
As for definition, this statistical approach cannot show interaction, but
cannot exclude it as well; still, the correction for potential con-

founders strengthens this plausibility. In the complete multivariate

model (R? 0.416, P < .0001), VOypeak Was determined to be 17.5% by
EAT thickness (partial R? 0.073).

4 | DISCUSSION

The current study aimed to verify whether increased EAT thickness is
associated with haemodynamic, ventilatory, metabolic and plasma bio-
markers abnormalities in subjects with T2D without heart disease
undergoing a maximal iCPET, in accordance with the multimodality
imaging approach suggested by the recent guidelines on the study of
left ventricular dysfunctions in diabetes.??

No reference values for EAT thickness are provided in the litera-
ture; nonetheless, the median value of our population (5 mm) is in line
with previous reports and coincides with the proposed cut-off that
has been associated with worse outcome and more pronounced car-
diopulmonary derangements in HFpEF.® It is known that EAT thick-
ness is higher in T2D than in controls and increases with age and
obesity.2® In alignment with the literature, we found higher fat mass
and prevalence of obesity with higher EAT thickness, despite compa-
rable estimated lean body weight, waist circumference, age and sex
prevalence. No correlation with vascular and/or autonomic function,
duration of diabetes, prevalence of complications (both microvascular
and macrovascular), smoking habits and/or alcohol intake and
co-morbidities was observed. The more frequent use of antiplatelet
and cholesterol-lowering drugs possibly reflects the slightly higher
(yet non-significant, possibly secondary to the modest sample size
with limited power to detect differences between groups) prevalence
of carotid atherosclerosis and cerebrovascular events in this group,
also justifying the association between lower total and
LDL-cholesterol levels and the more frequent use of moderate-
intensity statin therapy.

EAT thickness was associated with smaller indexed LV chamber,
an association (interestingly, including aortic root dimensions?*) previ-

F,>>?7 and

ously shown in both HFpEF® and in subjects without H
confirmed by a meta-analysis.?® We also detected a lower E/A ratio at

rest in the group with higher EAT thickness, despite comparable E,
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TABLE 2 Results of cardiopulmonary exercise test, exercise echocardiography and plasma biomarkers?

Epicardial adipose tissue
All patients (n = 72)

<5 mm(n=36) e >5mm(n=36) P value
Cardiopulmonary exercise test
Workload (W) 119 + 30 127 + 32 111 + 27 .0243
Time of effort (min) 11.3+2.0 114 +2.1 11.2+20 ns
HR rest (bpm) 79.8+13.8 778 +124 81.8+15.1 ns
HR at AT (bpm) 120.0 +17.7 123.1 +16.8 116.6 +18.3 ns
HR peak (bpm) 133.8 £ 18.7 138.9 +17.7 128.7 + 18.4 .0197
HR peak (%max) 86.3£11.7 88.7 +11.0 83.8+120 ns
HR reserve (bpm) 75.4 £ 15.2 78.9 £ 12.6 719 £ 16.9 .0489
Chronotropic incompetence (n, %) 37 (51%) 14 (39%) 23 (64%) .0329
HR 1 min recovery (bpm) 108.5 £ 15.8 1104 £ 16.2 106.6 £ 15.4 ns
AHR 1 min recovery (bpm) 253+9.9 284 +9.6 221+93 .0058
MBP rest (mmHg) 103.0 + 10.1 102.2 +8.6 103.7 £ 11.4 ns
MBP AT (mmHg) 137.5+18.2 137.8 +16.9 1372+ 19.6 ns
MBP peak (mmHg) 147.9 + 16.6 147.1 +16.8 148.6 £ 16.6 ns
RER peak 1.09 + 0.06 1.10 + 0.06 1.08 + 0.06 ns
VO, rest (ml/min/kg) 42+13 43+1.2 41+13 ns
VO, AT (ml/min/kg) 162 +4.8 177+ 54 14.7 + 3.6 .0077
VO, AT (%peakVO,) 85.0+8.5 84.6+78 85.4+92 ns
VO, peak (ml/min/kg) 19.0+51 21.0+57 171+ 3.6 .0010
VO, rest (ml/min/kg eLBW) 59+18 58+17 60+19 ns
VO, AT (ml/min/kg eLBW) 22.7+58 242 + 6.6 212+55 .0293
VO, peak (ml/min/kg eLBW) 26.9 + 6.0 287+ 6.8 25043 .0076
VO, peak (%VO2max) 79.6 £ 16.1 81.7+174 77.5+14.7 ns
VE/VCO; slope 27.3+38 278 +£3.4 268 +4.2 ns
O, pulse peak (ml/bpm) 11.7 £ 2.6 11.9+29 11424 ns
O, pulse peak (%max) 94.6 + 16.6 941 +17.6 95.1+15.7 ns
AV O, diff rest (ml/dl) 64+22 6.4+22 65+24 ns
AV O, diff AT (ml/dl) 121+ 3.2 121+ 3.1 12.0+ 3.5 ns
AV O, diff peak (ml/dl) 119+ 3.1 119+ 3.1 11.8+3.2 ns
Resting and exercise echocardiography
EDDi (mm/maq) 24+0.2 24+02 23+02 .0228
EDVi (ml/m?) 50.8 £ 11.5 53.1+11.1 48.6 +11.6 ns
LVMi (g/m?) 86.5+17.4 88.2 £ 15.9 84.7 +18.8 ns
RWT 0.42 + 0.05 0.41 + 0.05 0.42 + 0.05 ns
LAVi (ml/m?) 250+75 258+77 242 +72 ns
SVi rest (ml/maq) 352+76 359+7.1 34.6 + 8.2 ns
SVi at AT (ml/mq) 484 +11.1 49.6 +12.0 47.2 £ 10-0 ns
SVi peak (ml/m?) 51.9+117 534 +127 50.4 + 10.5 ns
CO rest (L/min) 55+13 54+13 56+13 ns
CO at AT (L/min) 114+ 3.1 11.9 +3.5 10.9 £ 2.6 ns
CO peak (L/min) 13.7 + 3.8 145+ 4.3 13.0+3.2 ns
LVEF rest (%) 59.1+45 58.9 +4.7 59.3+43 ns
LVEF at AT (%) 65.1+54 64.6 +58 657 +4.9 ns
LVEF peak (%) 67.5+5.9 67.2+63 678 +54 ns
AEF (%) 8.4 +3.7 83+40 8.5+.34 ns

(Continues)
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TABLE 2 (Continued)
Epicardial adipose tissue
All patients (n = 72)
<5 mm(n=36) e >5mm(n=36) P value

GLS rest (%) 162+ 2.6 16.0 £2.4 16.5+2.9 ns
GLS 4 min (%) 18.2+ 3.0 18.2+3.1 18.2+29 ns
AGLS (%) 20+14 21+17 18+1.1 ns

S’ mean rest (cm/s) 93+18 92+18 93+17 ns

S’ mean AT (cm/s) 13.0+ 25 13.3+2.7 127 £2.2 ns

S’ mean peak (cm/s) 144 +29 150+ 3.3 139 +25 ns
AS’ mean (cm/sec) 51+22 58+25 4.6 +1.6 .0268
E/A rest 0.90 £ 0.22 0.96 +0.04 0.83 £ 0.03 .0083
E/e’ rest (cm/s) 83+23 87+21 86+25 ns
E/e’ peak (cm/s) 85+19 82+17 8722 ns
SVR rest (dyne®s/cm) 1577 + 368 1601 + 389 1554 + 349 ns
SVR at AT (dyne®s/cm) 1018 + 262 996 + 283 1042 + 241 ns
SVR peak (dyne®s/cm) 914 + 228 873 + 252 955 + 196 ns
CPO rest (W) 1.3+0.3 1.2+03 1.3+04 ns
CPO peak (W) 46+16 48+17 43+14 ns
ACPO (%) 27+12 3.0+12 25+1.0 .0405
Plasma biomarkers

hsCRP (mg/dl) 0.291 + 0.485 0.130 (0.058-0.235) 0.176 (0.081-0.481) ns
TnHS (ng/ml) 11.2 (6.0-13.8) 9.6 (6.0-16.4) 8.7 (6.6-15.9) ns
Pro-ADM (nmol/L) 0.12+0.13 0.13+0.11 0.11 £ 0.15 ns
NT-PRO3 (ng/ml) 6.10 (4.67-7.91) 6.10 (4.46-6.99) 6.16 (4.69-9.87) ns
TNFa (pg/ml) 0.69 (0.59-0.94) 0.73 (0.60-0.99) 0.57 (0.49-0.95) ns
BNP (pg/ml) 14 (10-31) 10 (10-24) 20 (10-36) .0102
NT-proBNP (pg/ml) 41 (28-116) 31(26-139) 64 (29-165) .0405

Abbreviations: A, difference from rest to peak exercise; AT, anaerobic threshold; AV O, diff, artero-venous oxygen difference or peripheral extraction;

BNP, brain natriuretic peptide; CO, cardiac output; CPO, cardiac power output; E/A, transmitral early to atrial diastolic waves; E/¢’, E wave to mean
(medial and lateral) early diastolic movement of mitral annulus with tissue Doppler; EAT, epicardial adipose tissue; EDDi, end-diastolic diameter index;
EDVi, end-diastolic volume index; EF, ejection fraction; eLBW, estimated lean body weight; GLS, global longitudinal strain; HR, heart rate; hsCRP, high-
sensitivity C-reactive protein; LAVi, left atrial volume index; LVEF, left ventricular ejection fraction; LVMI, left ventricular mass index; MBP, mean blood
pressure; NT-PRO3, N-terminal pro-collagen 3; NT-proBNP, N-terminal pro-brain natriuretic peptide; Pro-ADM, proadrenomedullin; RER, respiratory
exchange ratio; RWT, relative wall thickness; S’, mean (medial and lateral) systolic movement of mitral annulus with tissue Doppler; SVi, stroke volume
index; SVR, systemic vascular resistance; TNFa, tumour-necrosis factor alpha; TnHS, high-sensitivity troponin T; VE/VCO,, ventilation/carbon dioxide

output ratio (ventilatory efficiency); VO,, oxygen uptake.

#The study population is reported as a whole and divided into two groups based on EAT thickness above or below the median (5 mm). P values were
calculated with a Student t-test for paired data and chi-squared test for nominal variables, and are reported as ‘ns’ if non-significant.

average € and average E/e’ ratio values, which is in line with other
studies*?®; all diastolic variables remained within normality through-
out the CPET. The isolated E/A impairment at rest might be an early
effect of the smaller LV dimensions associated with increased EAT,
because the other variables are less dependent on volumetric and pre-
load conditions: the constrained LV is stiffer and the LA contribution
to diastolic ventricular filling is comparatively higher.

Subjects with higher EAT thickness achieved a lower workload
and worse cardiopulmonary fitness, despite all patients completing a
maximal CPET with similar duration of exercise, as per the protocol.
Specifically, individuals with a higher EAT thickness reached an early

anaerobic threshold and a lower VO, (invariably expressed as both

ml/min/kg of body weight and ml/min/kg of estimated lean body
weight), with mean values below 80% of the maximal theoretic
(expected) VO,, which is the threshold for effort intolerance, while
displaying a reduced VO,/work slope. Also, an EAT thickness of more
than 5mm was associated with impaired systolic reserve
(as expressed through a reduced increase in TDI-derived S’ and in
CPO from rest to peak exercise), despite no influence on resting
LV-GLS. This is in line with previous data in a similar population show-
ing that EAT thickness is related to resting S’ values.?’ The lack of dif-
ference in LV-GLS might depend on either the study exclusion criteria
(LV-GLS < 16% is a minor diagnostic criterion for the diagnosis of

HFpEFY), or the lack of a measurement of GLS at peak exercise
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FIGURE 2 Impact of epicardial adipose tissue (EAT) thickness on cardiopulmonary exercise test and exercise echocardiography. The main
results of the cardiopulmonary exercise test and exercise echocardiography are reported. Patients with lower EAT thickness are displayed in black
and the ones with higher thickness are displayed in red. Mean values and error are reported; statistically significant differences between the two
groups are indicated by an asterisk (*). A, Oxygen uptake (VO,) versus time of effort. B, VO, with anaerobic threshold vs workload. C, Heart rate
(HR) dynamics versus time of effort. D, Peak achieved workload. E, E-to-A wave ratio at rest. F, Increase from rest to peak exercise in systolic
movement of mitral annulus at tissue Doppler. G, Increase from rest to peak exercise in cardiac power output (CPO)

because of technical limitations during high HR. Our data extend to
T2D with normal heart function what has been reported in both T2D
and HF®° and in obese subjects with HFpEF.2!

Increased EAT thickness is also related to chronotropic insuffi-
ciency with lower peak HR and altered HR recovery in the first minute
of unloaded pedalling after the end of the exercise, which is a known
negative prognostic factor. The tight association with autonomic
derangements, despite the absence of a definite diagnosis of cardiac
autonomic neuropathy (at rest), advocates a negative effect of EAT on
cardiac sympatho-vagal balance during exercise, which is the earliest
sign of autonomic dysfunction and a known determinant of impaired
aerobic capacity. Of note, EAT thickness is an important risk factor for
recurrence of LA fibrillation after catheter ablation.3? An influence on
autonomic balance might partly justify the reduced workload and
oxygen uptake, but weakly explains the associated contractility
impairment.

Our observation of a positive linear relationship between natri-
uretic peptides and EAT thickness and their different values in the
two subgroups support this point as well. To our knowledge, this is
the first report of a correlation between EAT thickness and natriuretic
peptides in T2D, which came quite unexpectedly, because EAT thick-
ness is greater in obese subjects, who usually display lower values of
natriuretic peptides.®>®> Nonetheless, a direct relationship between
natriuretic peptides and EAT thickness has been found in stable coro-

nary artery disease, during acute stroke* and inconsistently in

HFpEF.8353¢ Although inflammation has been previously suggested
as a possible mediator of EAT effects on the myocardium,® our results
do not confirm this.

Considering the frequent and significant limitations to exercise
capacity found in T2D subjects,?” the compromised systolic reserve
and HR adjustments paired with normal variables of ventilation,
metabolism and peripheral oxygen extraction suggest that hypertro-
phied/dysfunctional EAT acts through a direct effect on the myocar-
dium, and specifically on both autonomic control and contractility
reserve. This hypothesis is further corroborated by the observation of
the linear correlation between natriuretic peptides, HR kinetics and
EAT thickness, as well as the independent association of EAT with
VOypeak- Of note, the main alterations that we found in the subgroup
with an EAT thickness of more than 5 mm are among the key charac-
teristics of HFpEF, namely: effort intolerance, chronotropic
insufficiency, reduced systolic reserve, impaired cardiac power

t,38 increased natriuretic peptides, cardiac chamber dimensions

outpu
and geometry,1 and increased EAT thickness itself,* despite no patient
among our study population meeting the diagnostic criteria for
HFpEF.! EAT is known to be related to VOypeak in overt HFpEF
together with similar, but more pronounced, haemodynamic derange-
ments both at rest and during exercise, and especially a positive dia-
stolic stress test with increased right-sided filling pressures.’ Hence,
one might infer that stress-induced diastolic dysfunction, increased

heart chamber pressures and frankly impaired LV-GLS are a more
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and F, During the first minute of recovery

advanced feature of myocardial impairment that marks the progres-
sion to effort intolerance and eventually to overt HFpEF. In this inter-
pretation, the iCPET phenotype of T2D patients with increased EAT
thickness can be regarded as intermediate between uncomplicated
T2D and overt HFpEF, therefore possibly identifying a subgroup of
patients with stage B HF at increased risk of developing symptomatic
HF. The biological plausibility had already been recognized, because
EAT has been proposed to have a causal role in HF progression.*®
Moreover, considering the impressive protective effects of sodium-
glucose co-transporter-2 inhibitors on HF development and hospitali-
zations in this population,** the observation that this class of drugs
early and significantly reduces EAT thickness in T2D without HF*?
might further support our hypothesis.

Like other visceral adipose tissues, EAT is subjected to diabetes-

related maladaptive biology, which is characterized by a protective

storage of excess energy substrates (mainly glucose) that eventually
becomes maladaptive leading to adipocyte hypertrophy, failure to
store triglycerides, increased lipolysis and inflammation.*>** Sharing
the microcirculation, the spatial and functional proximity of EAT to
the coronary arteries, conduction system and LA and ventricular myo-
cardium, might justify the link between EAT and both systo-diastolic
functions and autonomic dysregulations through a combination of
mechanical, vasocrine and paracrine interactions. In T2D, EAT displays
a specific dysfunctional phenotype®”: it releases excess fatty acids in
the coronary circulation not entirely used by cardiomyocytes for
energy production leading to myocardial steatosis, which in turn
impairs myocytes’ contractile functions*® and promotes fetal gene
expression that ultimately leads to adverse LV remodelling and fibro-
sis.*” Additionally, hypertrophied EAT can also exert mechanic inter-

ference (i.e. structural sustain and reduced attrition) on cardiac
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functions: in obese HFpEF patients, EAT hypertrophy imposes
mechanical stress through pericardial restrain, causing higher intracar-
diac pressures.3¥*® Our report of smaller indexed LV cavity sustains
the mechanical stress hypothesis, albeit to a lesser extent than in
overt HFpEF, intracardiac pressures being within normal range in our
population. Other pathophysiological mechanisms have been pro-
posed, namely, adrenergic downregulation, thermogenic dysfunction,
oxidative stress and paracrine/endocrine modulation (secretion of
angiotensin, adipokine synthesis), but has never been confirmed in
T2D without heart disease.*” The normal values of markers of myo-
cyte damage and extracellular matrix remodelling further sustain the
direct effect of dysfunctional EAT on the myocardium through meta-
bolic rather than structural interference.

This work presents some limitations. Because of the
cross-sectional design, we are unable to infer causality between
EAT thickness and the observed cardiopulmonary and haemody-
namic derangements and cannot rule out unmeasured or residual
confounding as a reason for the observed findings. Potential con-
founders are an uneven distribution of EAT that was shown for
HFrEF,° but not in T2D, and impaired coronary flow, which could
not be measured by positron emission tomography because of
financial and ethical committee limitations (nonetheless, coronary
artery disease was excluded in all patients by a maximal exercise
test). By the statistical correction for the main factors known to
impact on cardiopulmonary fitness, we have attempted to account
for these potential caveats. This was a pilot study designed to
explore a broad range of variables that may be affected by EAT. As
such, our study had multiple exploratory outcomes but no primary
objective (or sample size calculation), which warrants caution, par-
ticularly in the interpretation of negative findings. Similar caution
must be advised for the interpretation of borderline significance
because of multiple testing (ACPO and NT-proBNP).
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