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Background: Type 2 diabetes (T2D) and obesity induce left ventricular (LV)
dysfunction. The underlying pathophysiological mechanisms remain unclear,
but myocardial triglyceride content (MTGC) could be involved.

Objectives: This study aimed to determine which clinical and biological factors
are associated with increased MTGC and to establish whether MTGC is
associated with early changes in LV function.

Methods: A retrospective study was conducted using five previous prospective
cohorts, leading to 338 subjects studied, including 208 well-phenotyped healthy
volunteers and 130 subjects living with T2D and/or obesity. All the subjects
underwent proton magnetic resonance spectroscopy and feature tracking
cardiac magnetic resonance imaging to measure myocardial strain.

Results: MTGC content increased with age, body mass index (BMI), waist
circumference, T2D, obesity, hypertension, and dyslipidemia, but the only
independent correlate found in multivariate analysis was BMI (p=0.01; R*=0.20).
MTGC was correlated to LV diastolic dysfunction, notably with the global peak early
diastolic circumferential strain rate (r=-0.17, p=0.003), the global peak late diastolic
circumferential strain rate (r=0.40, p<0.0001) and global peak late diastolic
longitudinal strain rate (r=0.24, p<0.0001). MTGC was also correlated to systolic
dysfunction via end-systolic volume index (r=-0.34, p<0.0001) and stroke volume
index (r=-0.31, p<0.0001), but not with longitudinal strain (r=0.009, p=0.88).
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Interestingly, the associations between MTGC and strain measures did not persist in
multivariate analysis. Furthermore, MTGC was independently associated with LV
end-systolic volume index (p=0.01, R?=0.29), LV end-diastolic volume index
(p=0.04, R>=0.46), and LV mass (p=0.002, R>=0.58).

Conclusions: Predicting MTGC remains a challenge in routine clinical practice, as
only BMI independently correlates with increased MTGC. MTGC may play a role
in LV dysfunction but does not appear to be involved in the development of

subclinical strain abnormalities.

KEYWORDS
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Introduction

The dramatic rise in prevalence rates of obesity and type 2
diabetes (T2D) has led to an increasing risk of cardiovascular
disease and death (1, 2). Epidemiological studies have shown that
both obesity and T2D could directly contribute to the onset of heart
failure independently of other cardiovascular risk factors (3-5), but
the underlying mechanisms remain partly unknown. It is
increasingly suggested that excessive deposition of triacylglycerol
in cardiomyocytes may lead to lipotoxic injury due to overload of
lipotoxic intermediates such as ceramides or diacylglycerol,
resulting in endoplasmic reticulum stress, cardiac insulin
resistance, oxidative stress, and mitochondrial dysfunction (6-8).
Studies in diabetic and obese mice have demonstrated that
myocardial steatosis can act locally and induce cell dysfunction
and death through apoptosis, which ultimately leads to impaired left
ventricular (LV) function (9, 10).

Using developments in proton magnetic resonance
spectroscopy ('H-MRS) techniques enabling accurate non-
invasive exploration of myocardial steatosis in humans (11), we
and others have shown that patients with metabolic syndrome,
obesity and T2D have increased myocardial steatosis (12-15).
However, as access to "H-MRS is limited in routine practice,
studies on MTGC in humans, remain scarce and have only been
carried out on small samples. Some research has found a clear
association between myocardial triglyceride content (MTGC) and
LV diastolic dysfunction in patients with T2D (14, 16), as in
animals, but there are also conflicting results (15), and the impact
of myocardial steatosis on LV function is still under debate. If the
association effectively exists, then it would be relevant to determine
whether MTGC is associated with early changes in LV function in
order to (i) better understand the risk of heart failure in obesity and
T2D and ultimately (ii) be able to identify patients who are at risk
for developing cardiovascular events secondary to extreme
cardiac adiposity.

LV function has long been assessed by measuring volume
changes but is now widely assessed by myocardial strain which
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gives a more accurate measure of myocardial deformation (17). It is
now recognized that myocardial dysfunction is detected earlier
when using global strain rather than standard myocardial
function parameters such as ventricular ejection fraction (18, 19).
The development of feature tracking (FT) software has made it
possible to measure systolic and diastolic strains and strain rates
based on routinely-acquired cine magnetic resonance imaging
(MRI) sequences (20, 21), and this technique matches well with
tissue tagging, the gold standard for myocardial strain evaluation in
MRI (22).

The aim of the present study was to determine the clinical and
biological factors associated with increased MTGC and to establish
whether there were associations between MTGC and early changes
in LV function assessed by myocardial strain in a population of
healthy subjects and in patients with T2D and obesity without
heart failure.

Material and methods
Study design and participants

Data for this retrospective, cross-sectional study was collected
from five prospective cohorts managed by Assistance Publique-
Hopitaux de Marseille, the university hospital trust serving
Marseille, France (12, 23-26). These cohorts included healthy
lean subjects, patients with T2D, and patients with severe obesity
(defined as BMI >35 kg/m®) (Figure 1). All included subjects were
free of heart failure based on the European Society of Cardiology
guidelines (27), including absence of symptoms and/or signs of
heart failure or New York Heart Association (NYHA) class II-1V,
LV ejection fraction (LVEF) 250%, and absence of any relevant
structural heart disease and LV diastolic dysfunction. Exclusion
criteria included: cardiomyopathy except coronary artery disease
(CAD); primary valvular heart disease; idiopathic pulmonary artery
hypertension; restrictive pericarditis; atrial fibrillation; poor image
quality. Our analysis only included subjects that had a MTGC
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N=66
33 lean subjects
and 30 subjects with
severe obesity

N=33
33 subjects with severe
obesity (BMI=35 kg/m?)
before bariatric surgery;

N=44
44 subjects with T2D and
obesity (BMI=30 kg/m?)
before taking Exenatide;

N=56
56 subjects with T2D
before taking
Empaglifozin;

N=188
188 healthy and lean
volunteers;
mean age: 222 years

10.3389/fendo.2023.1181452

(BMI235 kg/m?);
mean age: 3542 years

mean age: 41411 years
NCT01284816

mean age: 5210 years
NCT02042664

mean age: 57+10 years
NCT03118336

338 subjects with MTGC measurement
realized by 'H-MRS

2 subjects with poor

s ° A
quality of CMR images

336 subjects with MRI data available
(only 290 subjects with mitral E/A ratio
measurement)

- MRI data non-interpretable in 5 subjects

* - Tracking error in 8 subjects

323 subjects with complete strain
measurement

FIGURE 1

Flow chart of the cardiac resonance imaging measurements in the study population. MTGC, myocardial triglyceride content; MRI, cardiac magnetic

resonance imaging; *H-MRS, proton magnetic resonance spectroscopy.

measurement performed using the same technique with proton
magnetic resonance spectroscopy (*H-MRS), and only used data
collected before the intervention (bariatric surgery or antidiabetic
medication) from patients enrolled in interventional studies
(NCT01284816, NCT02042664 and NCT03118336) (23-25). All
protocols were approved by the institutional review board, and all
subjects gave written informed consent prior to participation.

The subjects were categorized into two groups based on clinical
status: a healthy group, or a non-healthy (i.e. living with T2D and/or
obesity) group. They were also categorized based on MTGC quartiles in
order to compare subjects with low MTGC (MTGC <25 percentile)
against subjects with high MTGC (MTGC >75" percentile).

Anthropometric and biological
characterization

For all subjects, the following clinical data were collected: age,
gender, history of diabetes, hypertension, smoking status, personal
or familial history of coronary artery disease, dyslipidemia, and
anthropometric measures, i.e. BMI, waist circumference, and hip
circumference. Data from fasting blood samplings was also
collected, including lipid profile (total cholesterol, triglycerides,
HDL and LDL) and glucose profile (fasting plasma glucose
(FPG), fasting plasma insulin (FPI) and HbAlc). Insulin
resistance was assessed based on the Homeostatic Model
Assessment for Insulin Resistance (HOMA-IR) calculated as
follows: fasting plasma glucose (mmol/L) x fasting plasma insulin
(mUi/mL)/22.5 (28).

Cardiovascular MRI
All subjects underwent cardiovascular MRI and '"H-MRS to

assess left ventricular structure and function and MTGC. MRI
exams were performed using a 3T scanner (Siemens Verio

Frontiers in Endocrinology

system, Siemens Healthineers, Erlangen, Germany) using a 32-
element phased array coil.

Assessment of left ventricular morphology
and function

Data on cardiac structure and function was obtained using a
steady-state free precession (SSFP) cine sequence in short-axis view
covering the left ventricle from base to apex. End-systolic volume
(ESV), end-diastolic volume (EDV), and LV mass were measured
using dedicated vendor-supplied post-processing software (Argus,
Siemens Healthineers; 12,23-25). Left ventricular stroke volume
(SV), cardiac output and ejection fraction (LVEF) were then
calculated. SV, ESV, EDV, LV mass and cardiac output were
indexed to body surface area. To determine LV diastolic function,
velocity-encoded mitral valve inflow images were used to derive
early (E) and late (A) peak diastolic transmitral flow velocities using
an Argus workstation for quantitative flow analysis, as previously
described (23).

Proton magnetic resonance spectroscopy
for MTGC quantification

To determine the molecular content of triglycerides and water
in the myocardium, an ECG-gated, single-voxel, point-resolved
spectroscopy sequence (PRESS) was used, as previously described
(12, 23-25). The voxel was placed in the interventricular septum on
cine images. Myocardial "H-MRS spectra were processed offline
using in-house custom software running on an IDL environment
(Interactive Data Language; ITT Visual Solutions, Boulder, CO).
MTGC was determined and expressed as a percentage of tissue
water content (%TG = TG/water x 100) with the resonances of
triglycerides and water integrated in the frequency domain and
taking into account the saturation due to incomplete relaxation.
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Feature tracking for myocardial
strain evaluation

LV myocardial strain was quantified on cine SSFP images using
a feature tracking (FT) software developed in Matlab (MathWorks,
Natick, MA) and previously employed in several studies (29-31).
To initialize the FT algorithm, LV endocardial and epicardial
contours were manually traced on a single time-phase of three
short-axis cine slices (a basal slice immediately under the outflow
tract, a mid-LV slice, and an apical slice on which the LV cavity
featured throughout the cardiac cycle) and on a four-chamber cine
slice. Papillary muscles were excluded from the endocardial
contour. These initial contours were then automatically tracked
through the cardiac cycle to enable the estimation of global systolic
peaks of circumferential (GCS) and longitudinal (GLS) strains.
Global systolic peak of circumferential (SRc) and longitudinal
(SRI) strain rates; global early diastolic peak of circumferential
(EDSRc) and longitudinal (EDSRI) strain rates; as well as global
late diastolic peak of circumferential (LDSRc) and longitudinal
(LDSRI) strain rates were also derived. Circumferential strains
and strain rates were calculated as the average of global
strains and strain rates over the three short-axis slices analyzed.
In 37 subjects, automatic tracking was not accurate enough (i.e.
contours failed to match to endocardial or epicardial borders
throughout the cardiac cycle), so the initialization of the
algorithm was repeated along with strain calculation. Even after
repeating the initialization, tracking was still inaccurate in 8
subjects, who were consequently excluded.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
(version 8.0.1, GraphPad Software, San Diego, CA) and R
statistical software (version 4.1.3). Data were expressed as mean +
standard deviation (SD) when normally distributed, and as median
(interquartile range) when non-normally distributed. A Fisher test
was performed to compare qualitative variables between the two
groups. Quantitative variables were compared using an unpaired t-
test when the data was normally distributed, or a Mann-Whitney U
test otherwise. Bivariate correlations were performed using Pearson
or Spearman coefficients, as appropriate. We also performed
multivariate analysis using generalized linear models to assess the
effect of MTGC independently of other variables. MTGC was
modeled using a beta distribution (the betareg package in R (32)).
To take into account the multicollinearity between independent
variables, we calculated the variance inflation factors (VIF) and
removed the variables with the highest VIF (i.e. redundant
variables) from the analysis. To study inter-operator and intra-
operator reproducibility, we performed a Bland-Altman analysis
and reported the mean bias and limits of agreement (mean +
1.96-standard deviations of the differences), and computed the
coefficient of variation (CV) as the standard deviation of the
differences between two measures divided by their mean.
Statistical significance was set at p <0.05.
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Reproducibility analysis

Inter-rater reproducibility was evaluated for peak strain
measurements by two independent readers on four subjects.
Intra-rater reproducibility was evaluated by repeating strain
measurements four times in four different subjects by the same
observer at intervals of a few days between each measurement.
Intra-observer reproducibility was excellent, with a coefficient of
variation of 2.1% for GCS and 5.5% for GLS. Inter-observer
reproducibility was satisfactory, with a coefficient of variation of
1.7% for GCS and 2.3% for GLS.

Results

Clinical characteristics of the
study population

The baseline characteristics of subjects included in this study are
reported in Table 1. Our analysis included a total of 338 subjects, of
which 29.1% had T2D, 31.9% were obese (BMI >30 kg/m?), 24.3%
had both T2D and obesity, 20.5% had dyslipidemia, and 20% had
arterial hypertension. Note that seven subjects living with T2D had
coronary artery disease.

Subjects living with T2D or obesity were significantly older and
had a higher BMI and higher waist circumference than healthy
subjects. Among the 101 subjects living with T2D, median duration
since onset of disease was 8 years [4;13] and median HbAlc was
7.38% [6.4;8.4]. In total, 91 subjects were taking biguanides, 52 were
taking sulfonylureas and glinides, and 21 were taking DPP-IV
inhibitors. No subjects were taking iSGLT?2.

As expected, insulin resistance assessed by HOMA-IR was
significantly higher in subjects living with T2D and/or obesity
than in healthy volunteers (4.8 [2.9;8.1] vs 1.5 [1;1.9], p<0.0001).

Analysis of biochemical parameters showed that even when
subjects living with T2D or obesity were treated by lipid-lowering
drugs, they nevertheless had significantly higher plasma
triglycerides (1.4 [1.0;2.1] mmol/l vs 0.8 [0.6;1.1] mmol/l,
p<0.0001) and significantly lower plasma high-density lipoprotein
(HDL) cholesterol (1.1 [0.9;1.3] mmol/l vs 1.4 [1.2;1.7] mmol/l,
p<0.0001) than healthy subjects.

Clinical and biological factors found to be
associated with increased MTGC

Participants were categorized based on MTGC quartiles
(Figure 2), and we compared patients with low MTGC quartiles
(n=84) versus patients with high MTGC quartiles (n=84) (Table 2).
There were significantly more subjects living with T2D, obesity,
hypertension and dyslipidemia (p<0.0001) in the high MTGC
subgroup than in the low MTGC subgroup. Remarkably, 14
healthy subjects were in the high MTGC quartile subgroup
(shown in blue on Figure 2) and 12 subjects living with T2D or
obesity were in the low MTGC quartile subgroup (shown in red on
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TABLE 1 Clinical and biological characteristics of the study population.

All subjects

Healthy subjects
(n=208)

Patients living with T2D and/or obesity
(n=130)

p value
(GERET))

Sex ratio: women: (n, %) 200 (56.9) 112 (50.9) 88 (67.2) 0.003
Age (years) 24 [21;49] 21 [20;24] 52 [42;60] <0.0001
BMI (kg/m?) 23.9 [21;33.2] 21.6 [19.7;23.5] 37.1 [32.4:43.3] <0.0001
WC (cm):

- women 78.8 [68.5;114] 69 [64.6;73.9] 115.5 [105.3;127] <0.0001
- men 83.5 [76;103] 79 [75;85.5] 115 [107;131] <0.0001
Type 2 diabetes (n, %) 102 (29.1) 0 102 (77.9) <0.0001
Obesity (n, %) 112 (31.9) 0 72 (54.9) <0.0001
Dyslipidemia (n, %) 72 (20) 0 72 (54.9) <0.0001
Arterial hypertension (n, %) 70 (20) 0 70 (53.3) <0.0001
Lipid profile

Total cholesterol (mmol/L) 44 (+0.9) 44 (+0.8) 43 (+0.3) 0.07
Triglycerides (mmol/L) 0.9 [0.4;1.3] 0.8 [0.6;1.1] 1.4 [1.052.1] <0.0001
HDL (mmol/L) 1.3 [1;1.5] 1.4 [1.2;17] 1.1 [0.9;1.3] <0.0001
LDL (mmol/L) 25 (+08) 2.5 [2.0;1.7] 2.6 [1.8:3.1] 0.16
Glucose profile

Fasting plasma glucose (mmol/L) 4.9 [4.6;6.3] 4.7 [4.4;4.9] 7.3 [5.5;9.4] <0.0001
Fasting plasma insulinemia (mUI/L) 8.2 [5.9;12.9] 7.1 [5.2;9.2] 17.3 [12.4;24.9] <0.0001
HOMA-IR 1.7 [1.2;2.9] 1.5 [1.0;1.9] 4.8 [2.9;8.1] <0.0001

Data expressed as mean + standard deviation (SD) or as median [25™ percentile;75”‘ percentile].

BMI, body mass index; HOMA-IR, homeostatic model assessment of insulin resistance; HDL, high-density lipoprotein; LDL, low-density lipoprotein; T2D, type 2 diabetes; WC, waist

circumference.

Figure 2). Age, BMI and waist circumference were significantly
higher in the high MTGC subgroup than in the low MTGC
subgroup. Plasma triglyceride level was significantly higher and
plasma HDL cholesterol was significantly lower in the high MTGC
subgroup than in the low MTGC subgroup (p<0.0001).

As expected, subjects living with T2D had higher MTGC (1.2%
[0.6;1.9]) than subjects with no T2D (0.4% [0.2;0.7]). Likewise,
subjects with obesity, hypertension or dyslipidemia had higher
MTGC than healthy subjects. In a subgroup analysis, comparing
patients with low MTGC quartiles versus patients with high MTGC
quartiles in the healthy subjects subgroup and the T2D and/or
obesity patients subgroup, a higher proportion of T2D patients was
found in the high MTGC quartile as expected (Supplementary
Table 4). In univariate analysis (correlations summarized in
Table 3A), MTGC was strongly correlated to age, BMI and waist
circumference (r=0.43, p<0.0001; r=0.46, p<0.0001; r=0.45,
p<0.0001, respectively) and significantly correlated to plasma
triglycerides (r=0.39, p<0.0001) and plasma HDL cholesterol (r=-
0.27, p<0.0001), but not with plasma low-density lipoprotein, total
cholesterol, fasting plasma glucose or HOMA-IR score (Table 3A).
In multivariate analysis, the only independent correlate of MTGC
was BMI (p=0.01; R* = 0.20). Importantly, the full set of clinical and
biological parameters included in the analysis only explained 20% of
the MTGC variance (Table 3B).
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Cardiac magnetic resonance imaging

As shown in the flowchart (Figure 1), we only had cardiac
function data available for 336 subjects, due to technical issue such
as poor quality of MRI data. Velocity-encoded transmitral inflow
images were readable and analyzable in 290 subjects. Of the
remaining 336 subjects for which we had MRI images, we were
only able to perform strain measurements on 323 subjects, as the MRI
data was not interpretable in 5 subjects and the FT algorithm was
unable to accurately execute the tracking in 8 subjects (Figure 1).

Cardiac characteristics

As patients living with T2D or obesity were significantly older and
had a higher BMI than the healthy subjects, all subsequent analyses
were adjusted for age, gender, and BMI. Subjects living with T2D or
obesity had a significantly higher concentricity index and higher LV
mass (p<0.0001) and significantly lower cardiac index, ventricular
volumes (ESV, SV, EDV), mitral peak E-wave velocity and E/A ratio
(p<0.0001) than healthy subjects (Supplementary Table 1). Systolic and
diastolic strains were also significantly different between healthy and
non-healthy subjects (Supplementary Table 2). Global peak systolic
longitudinal strain (GLS) tended to be lower in T2D/obese subjects
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than in healthy subjects (-16.8% [-19.7;-14.8] vs -17.8% [-19.8;-15.9], p
5 =0.07). Global peak late diastolic circumferential strain rate (LDSRc)
and global peak late diastolic longitudinal strain rate (LDSRI) were
significantly higher in T2D and/or obese subjects and global peak early
diastolic circumferential strain rate (EDSRc) was significantly lower
(p<0.0001) compared to healthy subjects (Supplementary Table 2).

Impact of MTGC on cardiac characteristics

Systolic and diastolic LV volumes (ESV, SV, EDV), peak E-wave
velocity and mitral E/A ratio were significantly lower in the high
MTGC subgroup than in the low MTGC subgroup (p<0.0001)
(Table 4). For systolic strain parameters, no difference was found
between the two subgroups (Figure 3, Supplementary Table 3). For

MTGC (%)

diastolic strain rate parameters, EDSRc was significantly lower in
the high MTGC subgroup than in the low MTGC subgroup
(Figure 4), and LDSRc and LDSRI were significantly higher in the
high MTGC subgroup than in the low MTGC subgroup (Figure 5).

In a subgroup analysis, comparing patients with low MTGC

quartiles versus patients with high MTGC quartiles in the healthy
subjects subgroup and the T2D and/or obesity patients subgroup,
only ESV and EDV were still significantly lower in high MTGC
subjects in the T2D and/or obesity patients subgroup

Q1 Q2 QI3 QI4 (Supplementary Table 5).

FIGURE 2

Classification of the population based on myocardial triglyceride . . .
content quartile. Q1 (1=84):0.001% to 0.314%; Q2 (n=86): 0.314% to Is MTGC associated with functional and
0.543%; Q3 (n=84): 0.543% to 1.090%: Q4(n=84): 1090% to 3.955%; structural LV parameters?

X-axis represented the median of myocardial triglyceride content
divided into quartiles; Healthy subjects are represented in blue and
subjects living with T2D and/or obesity are represented in red. MTGC was significantly correlated with conventional LV

diastolic function parameters, i.e. EDV, EDV index, peak E-wave

TABLE 2 Comparison of bioclinical characteristics in subjects with low versus high myocardial triglyceride content.

Low MTGC < 0.31% High MTGC >1.09%
(n=84) (n=84)
Clinical data
Sex ratio: women (n, %) 46 (54.8%) 58 (69.1%) 0.08
Age (years) 22 [21;29.8] 51 [34;58.8] <0.0001
BMI (kg/m?) 21.8 [19.7;24.7] 35.3 [28.9;41.5] <0.0001
WC (cm):
“women 70.5 [64.5:81.5] 111 [99.5;125] <0.0001
-men 78.3 [74.8;85.6] 110 [91.3;119.8] <0.0001
T2D (n, %) 8 (9.5%) 52 (61.9%) <0.0001
Obesity (n, %) 11 (13.1%) 62 (73.8%) <0.0001
Dyslipidemia (n, %) 5 (5.9%) 39 (46.4%) <0.0001
Arterial hypertension (n, %) 5 (5.9%) 37 (44.1%) <0.0001
Biological data
Total cholesterol (mmol/L) 4.3 [3.8;4.7] 4.4 [3.55.1] 0.79
Triglycerides (mmol/L) 0.8 [0.651.2] 14 [1.0;2.1] <0.0001
(Continued)
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TABLE 2 Continued

Low MTGC < 0.31%

10.3389/fendo.2023.1181452

High MTGC >1.09%

(n=84) (n=84)
HDL (mmol/L) 1.4 [1.1;1.6] 1.1 [1.0;1.4] <0.0001
LDL (mmol/L) 24 (+0.7) 2.5(+0.8) 0.909
Fasting plasma glucose (mmol/L) 4.7 [4.7:5.1] 6.7 [5.0;8.9] <0.0001
Fasting plasma insulinemia (mUI/L) 6.9 [5.0,9.9] 14.1 [8.7;21.7] <0.0001
HOMA-IR 1.4 [1.0;8.6] 3.7 [1.7:6.6] <0.0001

Data expressed as mean + standard deviation (SD) or as median [25™

percentile;75™ percentile].

BMI, body mass index; HOMA-IR, homeostatic model assessment of insulin resistance; MTGC, myocardial triglyceride content; HDL, high-density lipoprotein; LDL, low-density lipoprotein;

T2D, type 2 diabetes; WC, waist circumference.

velocity, peak A-wave velocity, and mitral E/A ratio, and with
conventional LV systolic function parameters, i.e. LVEF, ESV, ESV
index, SV and SV index. MTGC was also correlated with LV mass
but not with LV mass index (Table 5A). MTGC was also positively

TABLE 3A Association between myocardial triglyceride content and
clinical or biological parameters (univariate analysis) (n = 338).

MTGC
p value

Age (years) 0.43 <0.0001
BMI (kg/m?) 0.46 <0.0001
Waist circumference (cm) 0.45 <0.0001
Total cholesterol (mmol/L) 0.07 0.19
Triglycerides (mmol/L) 0.39 <0.0001
HDL cholesterol (mmol/L) -0.27 <0.0001
LDL cholesterol (mmol/L) 0.08 0.17
Fasting plasma glycemia (mmol/L) 0.07 0.3
HOMA-IR 0.08 0.26

MTGC, myocardial triglyceride content; BMI, body mass index; HOMA-IR, homeostatic
model assessment of insulin resistance; HDL, high-density lipoprotein; LDL, low-density
lipoprotein.

TABLE 3B Association between myocardial triglyceride content and
clinical or biological parameters (multivariate analysis) (h=338).

MTGC dependent variable B p value R
Independent variables

Sex (female) 0.12 0.18 0.20
Age 0.01 0.07

BMI 0.01 0.01

Waist-to-hip ratio 0.34 0.49

T2D 0.14 0.30

Arterial hypertension -0.09 0.53

HDL cholesterol -0.48 0.10

Triglycerides -0.03 0.61

BMI, body mass index; MTGC, myocardial triglyceride content; T2D, type 2 diabetes.
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correlated with the LV concentric remodeling index (LV mass/EDV
ratio) (r=0.32, p<0.00001). To study the association between LV
function and MTGC, we performed multivariate analysis with each
of the cardiac parameters correlated to MTGC in univariate analysis
entered as a dependent variable, and then with MTGC, gender, age,
BMI, hypertension and T2D entered into the model as
independent variables.

MTGC remained independently associated to LV volumes
(EDV, EDVi, ESV and ESVi) and to LV mass (Table 5B). Peak E-
wave velocity also remained significantly associated with MTGC in
this model, but with a positive coefficient (f=2.94, p=0.015,
R’=0.44). Furthermore, the LV concentric remodeling index (LV
mass/EDV) was no longer significantly associated with
MTGC (Table 5C).

Is MTGC associated with early changes in
LV function?

Regarding systolic strain parameters, MTGC was not correlated
with GLS (r=0.009, p=0.88). Regarding diastolic strain parameters,
MTGC was negatively correlated with EDSRc (r=-0.17, p=0.003)
and positively correlated with LDSRc and LDSRI (r=0.40, p<0.0001;
r=0.24, p<0.0001, respectively) (Table 5A).

Multivariate analysis showed that the diastolic strain
parameters, both EDSRc and LDSRI remained independently
associated with MTGC (B=0.04, p=0.015, R*=0.37; B=0.03,
p=0.041, R*=0.16, respectively) even after adjusting for age,
gender, BMI, hypertension, and T2D (Table 5C).

Discussion

To the best of our knowledge, this is the first study using MRI to
assess the effect of MTGC on early LV function changes in such a
large cohort of very well-phenotyped healthy volunteers and non-
healthy subjects without heart failure.

The main findings of this study were: 1) among the many
clinical and biological parameters studied, BMI was the only
independent correlate of MTGC; 2) MTGC was independently
associated with LV volumes and LV mass; 3) MTGC was not
independently associated with systolic and diastolic
strain measures.
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TABLE 4 Comparison of conventional left ventricular parameters between subjects with low versus high myocardial triglyceride content.

Low MTGC < 0.31%

High MTGC >1.09%

n=84 n=84
Cardiac geometry
LV mass (g) 96.1 [73.5;123.3] 106.4 [86.7;127.9] 0.05
LV mass index (g/cm?) 53.9 (+11.5) 54.5 (+13.1) 0.78
Conventional LV function parameters
LV Mass/EDV (g/mL) 0.69 [0.60;0.76] 0.89 [0.75;1.04] <0.0001
Cardiac output (L/min) 62 (+1.4) 6.1 (+1.5) 0.76
Cardiac index (L/min/m?) 34 (+0.6) 3.1(+0.7) 0.002
Conventional LV systolic function parameters
LVEF (%) 65.1 (+6.7) 67.6 (+8.3) 0.04
ESV (mL) 46.6 [35.6:61.3] 37.1 [30.2;50.2] 0.0006
ESV index (mL/m?) 26.4 [21.8;32.3] 18.7 [15.6;25.1] <0.0001
SV (mL) 92 (+23) 81.8 (+19.8) 0.003
SV index (mL/m?) 50.7 (£ 9.4) 413 (£93) <0.0001
Conventional LV diastolic function parameters
EDV (mL) 136.8 [115.3;171.2] 118.2 [106.5;144.7] 0.0008
EDV index (mL/m?) 77.9 (£ 14.4) 62 (£ 14.6) <0.0001
Peak E velocity (cm/s) 71 (£ 13.5) 59 (+15.4) <0.0001
Peak A velocity (cm/s) 32.7 (£9.3) 424 (£ 14.4) <0.0001
Mitral E/A ratio 2.2 [1.7;2.8] 1.3 [1.1;1.9] <0.0001

Data expressed as mean + standard deviation (SD) or as median [25th percentile;75lh percentile].
MTGC, myocardial triglyceride content; LV, left ventricular; LVEF, left ventricular ejection fraction; SV, stroke volume; ESV, end-systolic volume; EDV, end-diastolic volume.

As previously reported (12, 33), MTGC was positively associated
with age, BMI, and waist circumference. As expected, subjects in the
highest MTGC quartile were more likely to be living with T2D than
subjects in the lowest MTGC quartile, which confirms previous data

showing that cardiac ectopic fat and in particular myocardial fat
increases with diabetes. This is in line with previous studies
demonstrating that T2D patients have significantly higher MTGC
than healthy individuals, independent of age or BMI (14, 34, 35).
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FIGURE 3
Comparison of circumferential (A) and longitudinal (B) strain between high and low MTGC subgroups. GCS, global peak systolic circumferential
strain; GLS, global peak systolic longitudinal strain; ns, non significant.
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Comparison of early diastolic circumferential (A) and longitudinal (B) strain rate between high and low MTGC subgroups. EDSRc, global peak early
diastolic circumferential strain rate; EDSRI, global peak early diastolic longitudinal strain rate; ns, non significant; **p<0.001.

In multivariate regression analyses, only BMI was found to be
an independent determinant of MTGC, but all the parameters
included in the analysis together explained only 20% of the
MTGC variance, suggesting that obesity per se is not sufficient to
cause myocardial steatosis. In addition, 14 healthy volunteers were
found to belong to the high MTGC quartile subgroup (MTGC >
75" percentile), which highlights the hypothesis that BMI alone
cannot predict MTGC and that it is therefore important to look
further than BMI alone to phenotype ectopic fat depots in patients
living with metabolic disease and unhealthy obesity.

Studies conducted in healthy volunteers have shown that a
short-term very-low-calorie diet leads to an accumulation of
myocardial triglyceride (36, 37) and that progressive caloric
restriction induces a dose-dependent increase in MTGC (38).
Conversely, in patients living with T2D and obesity, prolonged

caloric restriction may be associated with a reduction of MTGC
(39). These observations are consistent with the hypothesis that
MTGC could act as the fuel of myocardium in healthy subjects
under stress conditions, in particular in young athletes, and could
be modulated by lifestyle changes and be more lipotoxic in
metabolic disease subjects. MTGC could thus be considered as a
highly flexible source of free fatty acids via lipolysis to the
myocardium, but chronic accumulation of triglycerides in the
myocardium could drive an overload of toxic lipid intermediates
that could, along with other processes such as inflammation or
fibrosis, contribute to LV dysfunction (40, 41). We and others have
already shown that like myocardial steatosis, this flexibility i.e.
ability to mobilize ectopic fat depots are less manifest in patients
with severe obesity who lose weight following bariatric surgery (23,
42). On the other hand, the risk of MTGC accumulation should also
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Comparison of late diastolic circumferential (A) and longitudinal (B) strain rate between high and low MTGC subgroups. LDSRc, global peak late
diastolic circumferential strain rate; LDSRI, global peak late diastolic longitudinal strain rate; ***p<0.0001.
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TABLE 5A Association between myocardial triglyceride content and
structural and functional LV parameters (univariate analysis).

10.3389/fendo.2023.1181452

TABLE 5B Association between LV mass and clinical parameters
(multivariate analysis) (h=338).

MTGC LV mass dependent variable B p value R?
r p value Independent variables
LV mass (g) 0.12 0.03 Sex (Male) 40.0 <0.0001 0.58
LV mass index (g/cm?) -0.01 0.83 Age -0.5 0.0001
LV mass/EDV (g/mL) 0.32 <0.0001 BMI 2.0 <0.0001
Cardiac output (L/min) 0.02 0.75 MTGC -6.1 0.002
Cardiac index (L/min/m?) -0.15 0.006 T2D 17.7 0.0003
LVEF (%) 0.15 0.005 Arterial hypertension 9.4 0.03
ESV (mL) 2020 0.0003 BMI, body mass index; MTGC, myocardial triglyceride content; T2D, type 2 diabetes.
ESV index (mL/cm?) -0.34 <0.0001
SV (mL) 013 0.02 TABLE 5C Association between myocardial triglyceride content and
structural and functional LV parameters (multivariate analysis).
SV index (mL/cm?) -0.31 <0.0001
EDV (mL) -0.17 0.002
EDV index (mL/cm?) -0.36 <0.0001
Peak E velocity (cm/s) 025 <0.0001 LV mass (g) -6.05 0.002 0.58
Peak A velocity (cm/s) 0.26 <0.0001 LV mass/EDV (g/mL) 0.003 0.98 0.44
Mitral E/A ratio 035 <0.0001 Cardiac index (L/min/m?) -0.01 0.80 0.20
GCS (%) 20.10 0.07 LVEF (%) 1.33 0.03 0.07
GLS (%) 0.009 0.88 ESV (mL) -3.94 0.002 0.31
SRe (s7) 013 0.02 ESV index (mL/cm?) -1.63 0.01 0.29
SRI (s 012 0.04 SV (mL) -2.85 0.07 0.37
EDSRc (s) 017 0.003 SV index (mL/cm?) -0.78 0.30 0.37
LDSRc (s”) 0.40 <0.0001 EDV (mL) 640 0.005 045
EDSRI (s -0.08 015 EDV index (mL/cm?) -2.19 0.04 0.46
LDSRI (s) 0.24 <0.0001 Peak E velocity (cm/s) 2.94 0.02 0.44
MTGC, myocardial triglyceride content; LV, left ventricular; LVEF, left ventricular ejection Peak A velocity (cm/s) 0.92 0.34 0.23
fraction; SV, stroke volume; ESV, end-systolic volume; EDV, end-diastolic volume; GCS, i .
global peak systolic circumferential strain; GLS, global peak systolic longitudinal strain; SR, Mitral E/A ratio 0.09 0.11 0.44
global peak systolic circumferential strain rate; SRI, global peak systolic longitudinal strain B
rate; EDSRG, global peak early-diastolic circumferential strain rate; EDSRI, global peak early- SRe (s7) -0.04 0.02 0.09
diastolic longitudinal strain rate; LDSRc, global peak late-diastolic circumferential strain rate; B
LDSRI, global peak late-diastolic longitudinal strain rate. SRI(s) -0.05 0.0003 013
EDSRc (s'l) 0.04 0.02 0.37
LDSRc (s™) 0.02 0.17 0.55
be explained by other factors, and notably a genetic component. LDSRI (s 003 004 o8
Genetic polymorphisms may influence susceptibility to develop a

chronic imbalance of lipid storage versus lipid oxidation. Therefore,
genetic studies are necessary to gain deeper insight into the
pathogenesis of this myocardial steatosis, as had already been
done for other diseases involving ectopic fat deposition, such as
metabolic-associated fatty liver disease (43-45).

Multiple animal studies (9, 10) support the concept that
myocardial steatosis can lead to LV dysfunction. They posit that
myocardial accumulation of toxic fatty acid intermediates entails
cellular damage, apoptosis and replacement fibrosis, leading to
contractile LV dysfunction (9, 46, 47). Some 'H-MRS human
studies report similar associations (48-51), but our results give a

Frontiers in Endocrinology

MTGC, myocardial triglyceride content; LV, left ventricular; LVEF, left ventricular ejection
fraction; SV, stroke volume; ESV, end-systolic volume; EDV, end-diastolic volume; SR, global
peak systolic circumferential strain rate; SR, global peak systolic longitudinal strain rate;
EDSRc, global peak early-diastolic circumferential strain rate; LDSRc, global peak late-
diastolic circumferential strain rate; LDSRI, global peak late-diastolic longitudinal strain rate.
Each structural and functional LV parameter was analyzed as a dependent variable with the
same model as shown in Table 5B.

For each analysis, only the standardized regression coefficient of the independent variable
MTGC is presented.

more nuanced picture. We found that LV volumes were negatively
associated with MTGC. This is in agreement with data that we and
others had previously published (12, 15). Furthermore, we found
that higher LV mass was correlated with higher MTGC.
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Szczepaniak et al. (52) found a similar association in 15 healthy lean
subjects, which is in line with animal studies that suggest ceramide
accumulation in nonadipocyte cells could promote hypertrophic
signaling (9). However, the association between LV mass and
MTGC was less strong in obesity. Indeed, in multivariate analysis,
we found that LV mass was independently associated with MTGC,
but in obese subjects, if there was high MTGC, then LV mass was
not as high as in lean subjects.

For several years now, myocardial strain and strain rates
have emerged as key parameters for detecting subclinical
alteration in LV function, and are now displacing conventional
cardiac function parameters for LV function analysis (53-55).
Myocardial strain assesses myocardial deformation and can easily
be measured by routine echocardiography and more recently by
MRI. Studies show that it is more sensitive than traditional
imaging markers for detecting early myocardial injury and
predicting major cardiac events (56-58). After acute myocardial
infarction, it also has better prognostic value than conventional
LV function parameters (59). Strain imaging is now widely used in
clinical practice and in clinical research, and is beginning to find
use in MTGC studies.

Regarding systolic strain, very few studies have found an
association between MTGC and LV systolic dysfunction, and only
a handful of them performed a strain measurement (50, 51, 60).
Mahmod et al. found that MTGC was an independent determinant
of impaired circumferential and longitudinal systolic LV strain
assessed by cardiac MRI tagging (60). In a more recent cardiac
MRI study on 53 patients living with T2D and 20 healthy subjects,
Gao et al. (51) showed that increased MTGC was independently
associated with impaired longitudinal systolic strain. Contrary to
these studies, we did not find an association between increased
MTGC and impaired systolic strain. It is possible that because we
included only patients without overt criteria of heart failure, we
could not observe an association between MTGC and early LV
systolic dysfunction. Longitudinal studies including different stages
of heart failure (preserved or reduced) and different time intervals
for assessment of LV function parameters would help to detect
changes in LV function and establish whether and how these
changes are related to MTGC.

MTGC was correlated to diastolic function abnormalities, and
notably with the global peak early diastolic circumferential strain
rate, which is one of the main parameters currently used to study
diastolic function in MTGC studies (49, 61). In multivariate
analysis, MTGC remained independently associated with end-
diastolic volume but not with other parameters of diastolic
dysfunction, except for global peak late diastolic longitudinal
strain rate (LDSRI) that remained positively associated to MTGC.
However, MTGC explained only 18% of the LDSRI variance, and we
cannot reach firm conclusions based solely on this one parameter
because it probably reflects a compensatory mechanism that can be
related to the late atrial ventricular filling velocity (peak A-wave
velocity). Our results contrast with previous studies that have
shown a linear association between MTGC and impaired LV
diastolic function (14, 16, 62, 63). Rijzewijk et al. (14)
demonstrated that increased MTGC was associated with impaired
mitral E/A ratio and impaired peak E-wave velocity. However, the
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sensitivity of this technique for detecting diastolic dysfunction is not
perfect, notably because there is evidence of a pseudonormal E/A
pattern related to diastolic dysfunction (64, 65).

Regarding early diastolic dysfunction, myocardial steatosis was
also found to be independently associated with impaired diastolic
strain rate. Ng et al. (62) studied 42 men living with T2D and found
an independent association between MTGC and early diastolic
strain rate measured by echocardiography. Similarly, Korosoglou
et al. (16) found an independent association between MTGC and
early diastolic strain rate measured by MRI.

Nyman et al. found that MTGC was not a determinant of
diastolic function, whereas it was correlated with early LV diastolic
dysfunction in univariate analysis (15). Likewise, in a cohort of 75
nondiabetic men, Graner et al. failed to find any association
between MTGC and diastolic function, but note that they did not
use strain to assess LV function (66).

Patients living with T2D or obesity have traditionally been
characterized as having diastolic dysfunction with normal systolic
function (35, 67). While some authors have suggested that MTGC
is involved in this pathological process (14, 16, 33), our results and
others offer a more nuanced picture. In a MRI myocardial tagging
study, MTGC was independently associated to global peak systolic
longitudinal strain but was not correlated at all to diastolic strain
rate (50), which illustrates, once again, that the association
between MTGC and diastolic dysfunction is not unequivocal. As
we demonstrated earlier, data on the effect of MTGC on LV
function remains inconsistent. We can speculate that associations
between MTGC and impaired LV function are likely to be indirect,
and that other unmeasured pathologic processes may be more
directly responsible for LV dysfunction in patients living with
T2D or obesity. Furthermore, only LV volumes (EDV and
ESV) remained independently associated with MTGC in our
multivariate analysis. We can hypothesize that, contrary to
previous work, MTGC does not affect the fitting of early LV
function abnormalities, but might worsen a pre-existing
phenomenon. Indeed, there are other mechanisms that appear
to be intricately linked with cardiac lipotoxicity and that may also
promote cardiac cellular damage, such as glucotoxicity which is
also described as being associated with myocardial dysfunction
(68-70). Thus, although metabolic channeling of excess fatty acids
to intracellular triacylglycerol stores may serve an initial
cytoprotective role by sequestering excess fatty acids away from
mitochondria, endoplasmic reticulum and other organelles, the
capacity for physiological storage of lipids in the heart is limited
(71). The endogenous mechanisms that determine the transition
between adaptive lipid storage and lipotoxicity are still not
well understood.

This work has some strengths. It was performed in a large
cohort of subjects, whereas to our knowledge, most previous MTGC
studies were performed on small cohorts with less than a hundred
subjects. Moreover, we only included subjects who were free of
heart failure, in order to analyze the early abnormalities of LV
function. Regarding strain measurement, we used MRI-FT, which is
a promising tool with good feasibility and reproducibility for global
strain measurement (72). In addition, the strain values found here
were in line with values reported in some prior MRI-FT studies (29,
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73-75). Finally, healthy subjects were rigorously phenotyped,
including for any cardiovascular disease or comorbidities that
could impact LV function (notably diabetes, obesity, dyslipidemia,
or hypertension).

However, this study has also some limitations. First, other
biomarkers could have been considered to predict MTGC, such as
B-hydroxybutyrate, a ketone body that may be inversely associated
with increased MTGC (76). Unfortunately, the retrospective design
of our study made it impossible to include additional biological
parameters that had not been measured in each cohort’s original
study design. Second, we used non-invasive MRS to quantify the
intramyocardial triglyceride content without performing
confirmatory histological examination. Nevertheless, 'H-MRS is
an established non-invasive method that has demonstrated high
diagnostic accuracy for the assessment of myocardial steatosis (77).
Third, as we conducted an observational cross-sectional study, we
were unable to observe a deterioration in LV function, which may
have limited our capacity to observe a potential relationship
between MTGC and LV function. Fourth, among the subjects
with high MTGC (MTGC >75th percentile), 61.9% had T2D,
suggesting that this population had both glucotoxicity
and lipotoxicity.

Conclusion

In conclusion, in a large cohort of healthy and non-healthy
subjects, only BMI remained independently associated with
increased MTGC in multivariate analysis, which suggests the
existence of unknown factors to predict the rise of MTGC.
Further prospective studies are required in order to identify
these factors.

Using MRI to study myocardial triglyceride content and
systolic and diastolic LV function simultaneously with MRI-FT
tracking for strain measurement, we found that MTGC is
associated with LV dysfunction. However, this relationship is
non-linear, and MTGC does not appear to be involved in early
changes in LV function. The impact of myocardial steatosis on LV
function therefore remains a matter of ongoing debate, and future
longitudinal studies are needed in a large cohort of healthy and
non-healthy age-matched subjects in order to conclusively
determine whether increased MTGC is associated with
LV dysfunction.

References

1. Ogden CL, Carroll MD, Curtin LR, McDowell MA, Tabak CJ, Flegal KM.
Prevalence of overweight and obesity in the united states, 1999-2004. JAMA (2006)
295(13):1549-55. doi: 10.1001/jama.295.13.1549

2. Carnethon MR. Can we out-run the diabetes epidemic? Diabetologia (2007) 50
(6):1113-5. doi: 10.1007/s00125-007-0673-5

3. Kenchaiah S, Evans JC, Levy D, Wilson PWF, Benjamin EJ, Larson MG, et al. Obesity
and the risk of heart failure. N Engl ] Med (2002) 347(5):305—13. doi: 10.1056/NEJMo0a020245

4. Kannel WB, Hjortland M, Castelli WP. Role of diabetes in congestive heart
failure: the framingham study. Am J Cardiol (1974) 34(1):29-34. doi: 10.1016/0002-
9149(74)90089-7

Frontiers in Endocrinology

12

10.3389/fendo.2023.1181452

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving human participants were reviewed and
approved by NCT01284816, NCT02042664, NCT03118336. The
patients/participants provided their written informed consent to
participate in this study.

Author contributions

All authors contributed to the article and approved the
submitted version.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fendo.2023.
1181452/full#supplementary-material

5. Horwich TB, Fonarow GC. Glucose, obesity, metabolic syndrome, and diabetes:
relevance to incidence of heart failure. ] Am Coll Cardiol (2010) 55(4):283-93. doi:
10.1016/j.jacc.2009.07.029

6. Boudina S, Abel ED. Diabetic cardiomyopathy revisited. Circulation (2007) 115
(25):3213-23. doi: 10.1161/CIRCULATIONAHA.106.679597

7. Zlobine I, Gopal K, Ussher JR. Lipotoxicity in obesity and diabetes-related cardiac
dysfunction. Biochim Biophys Acta (2016) 1861(10):1555-68. doi: 10.1016/
j-bbalip.2016.02.011

8. Unger RH, Zhou YT, Orci L. Regulation of fatty acid homeostasis in cells: novel role
of leptin. Proc Natl Acad Sci USA (1999) 96(5):2327-32. doi: 10.1073/pnas.96.5.2327

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2023.1181452/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2023.1181452/full#supplementary-material
https://doi.org/10.1001/jama.295.13.1549
https://doi.org/10.1007/s00125-007-0673-5
https://doi.org/10.1056/NEJMoa020245
https://doi.org/10.1016/0002-9149(74)90089-7
https://doi.org/10.1016/0002-9149(74)90089-7
https://doi.org/10.1016/j.jacc.2009.07.029
https://doi.org/10.1161/CIRCULATIONAHA.106.679597
https://doi.org/10.1016/j.bbalip.2016.02.011
https://doi.org/10.1016/j.bbalip.2016.02.011
https://doi.org/10.1073/pnas.96.5.2327
https://doi.org/10.3389/fendo.2023.1181452
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Soghomonian et al.

9. Zhou YT, Grayburn P, Karim A, Shimabukuro M, Higa M, Baetens D, et al.
Lipotoxic heart disease in obese rats: implications for human obesity. Proc Natl Acad
Sci USA (2000) 97(4):1784-9. doi: 10.1073/pnas.97.4.1784

10. Christoffersen C, Bollano E, Lindegaard MLS, Bartels ED, Goetze JP, Andersen
CB, et al. Cardiac lipid accumulation associated with diastolic dysfunction in obese
mice. Endocrinology (2003) 144(8):3483-90. doi: 10.1210/en.2003-0242

11. Rial B, Robson MD, Neubauer S, Schneider JE. Rapid quantification of
myocardial lipid content in humans using single breath-hold 1H MRS at 3 Tesla.
Magn Reson Med (2011) 66(3):619-24. doi: 10.1002/mrm.23011

12. Gaborit B, Kober F, Jacquier A, Moro PJ, Cuisset T, Boullu S, et al. Assessment of
epicardial fat volume and myocardial triglyceride content in severely obese subjects:
relationship to metabolic profile, cardiac function and visceral fat. Int J Obes (2012) 36
(3):422-30. doi: 10.1038/ij0.2011.117

13. Tozzo P, Lautamaki R, Borra R, Lehto HR, Bucci M, Viljanen A, et al.
Contribution of glucose tolerance and gender to cardiac adiposity. J Clin Endocrinol
Metab (2009) 94(11):4472—82. doi: 10.1210/jc.2009-0436

14. Rijzewijk L], van der Meer RW, Smit JWA, Diamant M, Bax JJ, Hammer S, et al.
Myocardial steatosis is an independent predictor of diastolic dysfunction in type 2
diabetes mellitus. ] Am Coll Cardiol (2008) 52(22):1793-9. doi: 10.1016/
j.jacc.2008.07.062

15. Nyman K, Graner M, Pentikdinen MO, Lundbom J, Hakkarainen A, Sirén R,
et al. Cardiac steatosis and left ventricular function in men with metabolic syndrome. J
Cardiovasc Magn Reson (2013) 15(1):103. doi: 10.1186/1532-429X-15-103

16. Korosoglou G, Humpert PM, Ahrens ], Oikonomou D, Osman NF, Gitsioudis
G, et al. Left ventricular diastolic function in type 2 diabetes mellitus is associated with
myocardial triglyceride content but not with impaired myocardial perfusion reserve.
Magn Reson Imaging JMRI. (2012) 35(4):804—-11. doi: 10.1002/jmri.22879

17. Dobrovie M, Barreiro-Pérez M, Curione D, Symons R, Claus P, Voigt JU, et al.
Inter-vendor reproducibility and accuracy of segmental left ventricular strain
measurements using CMR feature tracking. Eur Radiol (2019) 29(12):6846—57. doi:
10.1007/s00330-019-06315-4

18. Sutherland GR, Stewart MJ, Groundstroem KW, Moran CM, Fleming A, Guell-
Peris FJ, et al. Color Doppler myocardial imaging: a new technique for the assessment
of myocardial function. ] Am Soc Echocardiogr Off Publ Am Soc Echocardiogr (1994) 7
(5):441-58. doi: 10.1016/S0894-7317(14)80001-1

19. Nagueh SF, Bachinski LL, Meyer D, Hill R, Zoghbi WA, Tam JW, et al. Tissue
Doppler imaging consistently detects myocardial abnormalities in patients with
hypertrophic cardiomyopathy and provides a novel means for an early diagnosis
before and independently of hypertrophy. Circulation (2001) 104(2):128-30. doi:
10.1161/01.CIR.104.2.128

20. Schuster A, Hor KN, Kowallick JT, Beerbaum P, Kutty S. Cardiovascular
magnetic resonance myocardial feature tracking: concepts and clinical
applications. Circ Cardiovasc Imaging (2016) 9(4):e004077. doi: 10.1161/
CIRCIMAGING.115.004077

21. Hor KN, Baumann R, Pedrizzetti G, Tonti G, Gottliebson WM, Taylor M, et al.
Magnetic resonance derived myocardial strain assessment using feature tracking. J Vis
Exp JoVE. (2011) 48):2356. doi: 10.3791/2356

22. Kammerlander AA. Feature tracking by cardiovascular magnetic resonance
imaging: the new gold standard for systolic function? JACC Cardiovasc Imaging (2020)
13(4):948-50. doi: 10.1016/j.jcmg.2019.11.015

23. Gaborit B, Jacquier A, Kober F, Abdesselam I, Cuisset T, Boullu-Ciocca S, et al.
Effects of bariatric surgery on cardiac ectopic fat: lesser decrease in epicardial fat
compared to visceral fat loss and no change in myocardial triglyceride content. | Am
Coll Cardiol (2012) 60(15):1381-9. doi: 10.1016/j.jacc.2012.06.016

24. Dutour A, Abdesselam I, Ancel P, Kober F, Mrad G, Darmon P, et al. Exenatide
decreases liver fat content and epicardial adipose tissue in patients with obesity and
type 2 diabetes: a prospective randomized clinical trial using magnetic resonance
imaging and spectroscopy. Diabetes Obes Metab (2016) 18(9):882-91. doi: 10.1111/
dom.12680

25. Gaborit B, Ancel P, Abdullah AE, Maurice F, Abdesselam I, Calen A, et al. Effect
of empagliflozin on ectopic fat stores and myocardial energetics in type 2 diabetes: the
EMPACEF study. Cardiovasc Diabetol (2021) 20(1):57. doi: 10.1186/s12933-021-
01237-2

26. Simeoni U, Osmond C, Garay R, Buffat C, Boubred F, Chagnaud C, et al. Leptin
and insulin in young adulthood are associated with weight in infancy. J Endocrinol
(2020) 244(2):249-59. doi: 10.1530/JOE-18-0538

27. Pieske B, Tschope C, de Boer RA, Fraser AG, Anker SD, Donal E, et al. How to
diagnose heart failure with preserved ejection fraction: the HFA-PEFF diagnostic
algorithm: a consensus recommendation from the heart failure association (HFA) of
the European society of cardiology (ESC). Eur Heart ] (2019) 40(40):3297-317. doi:
10.1093/eurheartj/ehz641

28. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC.
Homeostasis model assessment: insulin resistance and beta-cell function from fasting
plasma glucose and insulin concentrations in man. Diabetologia (1985) 28(7):412-9.
doi: 10.1007/BF00280883

29. Lamy J, Soulat G, Evin M, Huber A, de Cesare A, Giron A, et al. Scan-rescan
reproducibility of ventricular and atrial MRI feature tracking strain. Comput Biol Med
(2018) 92:197-203. doi: 10.1016/j.compbiomed.2017.11.015

Frontiers in Endocrinology

13

10.3389/fendo.2023.1181452

30. Gallo A, Giral P, Rosenbaum D, Mattina A, Kilinc A, Giron A, et al. Myocardial
fibrosis assessed by magnetic resonance imaging in asymptomatic heterozygous
familial hypercholesterolemia: the cholcoeur study. EBioMedicine (2021) 74:103735.
doi: 10.1016/j.ebiom.2021.103735

31. Huber AT, Razakamanantsoa L, Lamy J, Giron A, Cluzel P, Kachenoura N, et al.
Multiparametric differentiation of idiopathic dilated cardiomyopathy with and without
congestive heart failure by means of cardiac and hepatic T1-weighted MRI mapping.
AJR Am ] Roentgenol (2020) 215(1):79-86. doi: 10.2214/AJR.19.22009

32. Griin B, Kosmidis I, Zeileis A. Extended beta regression in R: shaken, stirred,
mixed, and partitioned. J Stat Softw (2012) 48(11):1-25. doi: 10.18637/jss.v048.i11

33. van der Meer RW, Rijzewijk LJ, Diamant M, Hammer S, Schir M, Bax JJ, et al.
The ageing male heart: myocardial triglyceride content as independent predictor of
diastolic function. Eur Heart J (2008) 29(12):1516—22. doi: 10.1093/eurheartj/ehn207

34. McGavock JM, Lingvay I, Zib I, Tillery T, Salas N, Unger R, et al. Cardiac
steatosis in diabetes mellitus: a 1H-magnetic resonance spectroscopy study. Circulation
(2007) 116(10):1170-5. doi: 10.1161/CIRCULATIONAHA.106.645614

35. Levelt E, Pavlides M, Banerjee R, Mahmod M, Kelly C, Sellwood J, et al. Ectopic
and visceral fat deposition in lean and obese patients with type 2 diabetes. ] Am Coll
Cardiol (2016) 68(1):53-63. doi: 10.1016/j.jacc.2016.03.597

36. Reingold JS, McGavock JM, Kaka S, Tillery T, Victor RG, Szczepaniak LS.
Determination of triglyceride in the human myocardium by magnetic resonance
spectroscopy: reproducibility and sensitivity of the method. Am ] Physiol Endocrinol
Metab (2005) 289(5):E935-939. doi: 10.1152/ajpendo.00095.2005

37. van der Meer RW, Hammer S, Smit JWA, Frolich M, Bax JJ, Diamant M, et al.
Short-term caloric restriction induces accumulation of myocardial triglycerides and
decreases left ventricular diastolic function in healthy subjects. Diabetes (2007) 56
(12):2849-53. doi: 10.2337/db07-0768

38. Hammer S, van der Meer RW, Lamb HJ, Schir M, de Roos A, Smit JWA, et al.
Progressive caloric restriction induces dose-dependent changes in myocardial
triglyceride content and diastolic function in healthy men. J Clin Endocrinol Metab
(2008) 93(2):497-503. doi: 10.1210/jc.2007-2015

39. Hammer S, Snel M, Lamb HJ, Jazet IM, van der Meer RW, Pijl H, et al.
Prolonged caloric restriction in obese patients with type 2 diabetes mellitus decreases
myocardial triglyceride content and improves myocardial function. J Am Coll Cardiol
(2008) 52(12):1006—12. doi: 10.1016/j.jacc.2008.04.068

40. Harmancey R, Wilson CR, Taegtmeyer H. Adaptation and maladaptation of the
heart in obesity. Hypertens Dallas Tex 1979 (2008) 52(2):181-7. doi: 10.1161/
HYPERTENSIONAHA.108.110031

41. Gaborit B, Sengenes C, Ancel P, Jacquier A, Dutour A. Role of epicardial adipose
tissue in health and disease: a matter of fat? In: Terjung R, editor. Compr Physiol (2017)
7(3):1051-82. doi: 10.1002/cphy.c160034

42. Abdesselam I, Dutour A, Kober F, Ancel P, Bege T, Darmon P, et al. Time course
of change in ectopic fat stores after bariatric surgery. ] Am Coll Cardiol (2016) 67(1):117
-9. doi: 10.1016/j.jacc.2015.10.052

43. Dongiovanni P, Valenti L. Genetics of nonalcoholic fatty liver disease.
Metabolism (2016) 65(8):1026—37. doi: 10.1016/j.metabol.2015.08.018

44. Di Costanzo A, Belardinilli F, Bailetti D, Sponziello M, D’Erasmo L, Polimeni L,
et al. Evaluation of polygenic determinants of non-alcoholic fatty liver disease
(NAFLD) by a candidate genes resequencing strategy. Sci Rep (2018) 8:3702. doi:
10.1038/541598-018-21939-0

45. van der Meer D, Gurholt TP, Senderby IE, Shadrin AA, Hindley G, Rahman Z,
et al. The link between liver fat and cardiometabolic diseases is highlighted by genome-
wide association study of MRI-derived measures of body composition. Commun Biol
(2022) 5(1):1271. doi: 10.1038/s42003-022-04237-4

46. Young ME, McNulty P, Taegtmeyer H. Adaptation and maladaptation of the
heart in diabetes: part II: potential mechanisms. Circulation (2002) 105(15):1861-70.
doi: 10.1161/01.CIR.0000012467.61045.87

47. Ouwens DM, Boer C, Fodor M, de Galan P, Heine R], Maassen JA, et al. Cardiac
dysfunction induced by high-fat diet is associated with altered myocardial insulin
signalling in rats. Diabetologia (2005) 48(6):1229-37. doi: 10.1007/s00125-005-1755-x

48. Banerjee R, Rial B, Holloway CJ, Lewandowski AJ, Robson MD, Osuchukwu C,
et al. Evidence of a direct effect of myocardial steatosis on LV hypertrophy and diastolic
dysfunction in adult and adolescent obesity. JACC Cardiovasc Imaging (2015) 8
(12):1468-70. doi: 10.1016/j.jcmg.2014.12.019

49. Rayner JJ, Banerjee R, Holloway CJ, Lewis AJM, Peterzan MA, Francis JM, et al.
The relative contribution of metabolic and structural abnormalities to diastolic
dysfunction in obesity. Int ] Obes (2018) 42(3):441-7. doi: 10.1038/ij0.2017.239

50. Levelt E, Mahmod M, Piechnik SK, Ariga R, Francis JM, Rodgers CT, et al.
Relationship between left ventricular structural and metabolic remodeling in type 2
diabetes. Diabetes (2016) 65(1):44—52. doi: 10.2337/db15-0627

51. Gao Y, Ren Y, Guo YK, Liu X, Xie L], Jiang L, et al. Metabolic syndrome and
myocardium steatosis in subclinical type 2 diabetes mellitus: a 1H-magnetic resonance
spectroscopy study. Cardiovasc Diabetol (2020) 19(1):70. doi: 10.1186/s12933-020-01044-1

52. Szczepaniak LS, Dobbins RL, Metzger GJ, Sartoni-D’Ambrosia G, Arbique D,
Vongpatanasin W, et al. Myocardial triglycerides and systolic function in humans: in

vivo evaluation by localized proton spectroscopy and cardiac imaging. Magn Reson
Med (2003) 49(3):417-23. doi: 10.1002/mrm.10372

frontiersin.org


https://doi.org/10.1073/pnas.97.4.1784
https://doi.org/10.1210/en.2003-0242
https://doi.org/10.1002/mrm.23011
https://doi.org/10.1038/ijo.2011.117
https://doi.org/10.1210/jc.2009-0436
https://doi.org/10.1016/j.jacc.2008.07.062
https://doi.org/10.1016/j.jacc.2008.07.062
https://doi.org/10.1186/1532-429X-15-103
https://doi.org/10.1002/jmri.22879
https://doi.org/10.1007/s00330-019-06315-4
https://doi.org/10.1016/S0894-7317(14)80001-1
https://doi.org/10.1161/01.CIR.104.2.128
https://doi.org/10.1161/CIRCIMAGING.115.004077
https://doi.org/10.1161/CIRCIMAGING.115.004077
https://doi.org/10.3791/2356
https://doi.org/10.1016/j.jcmg.2019.11.015
https://doi.org/10.1016/j.jacc.2012.06.016
https://doi.org/10.1111/dom.12680
https://doi.org/10.1111/dom.12680
https://doi.org/10.1186/s12933-021-01237-2
https://doi.org/10.1186/s12933-021-01237-2
https://doi.org/10.1530/JOE-18-0538
https://doi.org/10.1093/eurheartj/ehz641
https://doi.org/10.1007/BF00280883
https://doi.org/10.1016/j.compbiomed.2017.11.015
https://doi.org/10.1016/j.ebiom.2021.103735
https://doi.org/10.2214/AJR.19.22009
https://doi.org/10.18637/jss.v048.i11
https://doi.org/10.1093/eurheartj/ehn207
https://doi.org/10.1161/CIRCULATIONAHA.106.645614
https://doi.org/10.1016/j.jacc.2016.03.597
https://doi.org/10.1152/ajpendo.00095.2005
https://doi.org/10.2337/db07-0768
https://doi.org/10.1210/jc.2007-2015
https://doi.org/10.1016/j.jacc.2008.04.068
https://doi.org/10.1161/HYPERTENSIONAHA.108.110031
https://doi.org/10.1161/HYPERTENSIONAHA.108.110031
https://doi.org/10.1002/cphy.c160034
https://doi.org/10.1016/j.jacc.2015.10.052
https://doi.org/10.1016/j.metabol.2015.08.018
https://doi.org/10.1038/s41598-018-21939-0
https://doi.org/10.1038/s42003-022-04237-4
https://doi.org/10.1161/01.CIR.0000012467.61045.87
https://doi.org/10.1007/s00125-005-1755-x
https://doi.org/10.1016/j.jcmg.2014.12.019
https://doi.org/10.1038/ijo.2017.239
https://doi.org/10.2337/db15-0627
https://doi.org/10.1186/s12933-020-01044-1
https://doi.org/10.1002/mrm.10372
https://doi.org/10.3389/fendo.2023.1181452
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Soghomonian et al.

53. Marwick TH, Shah SJ, Thomas JD. Myocardial strain in the assessment of
patients with heart failure: a review. JAMA Cardiol (2019) 4(3):287-94. doi: 10.1001/
jamacardio.2019.0052

54. Sengelov M, Jorgensen PG, Jensen JS, Bruun NE, Olsen FJ, Fritz-Hansen T, et al.
Global longitudinal strain is a superior predictor of all-cause mortality in heart failure
with reduced ejection fraction. JACC Cardiovasc Imaging (2015) 8(12):1351-9. doi:
10.1016/j.jcmg.2015.07.013

55. Cikes M, Solomon SD. Beyond ejection fraction: an integrative approach for
assessment of cardiac structure and function in heart failure. Eur Heart ] (2016) 37
(21):1642-50. doi: 10.1093/eurheartj/ehv510

56. Tops LF, Delgado V, Marsan NA, Bax JJ. Myocardial strain to detect subtle left
ventricular systolic dysfunction. Eur ] Heart Fail (2017) 19(3):307-13. doi: 10.1002/
ejhf.694

57. Potter E, Marwick TH. Assessment of left ventricular function by
echocardiography: the case for routinely adding global longitudinal strain to ejection
fraction. JACC Cardiovasc Imaging (2018) 11(2 Pt 1):260-74. doi: 10.1016/
jjcmg.2017.11.017

58. Kalam K, Otahal P, Marwick TH. Prognostic implications of global LV
dysfunction: a systematic review and meta-analysis of global longitudinal strain and
ejection fraction. Heart Br Card Soc (2014) 100(21):1673-80. doi: 10.1136/heartjnl-
2014-305538

59. Hung CL, Verma A, Uno H, Shin SH, Bourgoun M, Hassanein AH, et al.
Longitudinal and circumferential strain rate, left ventricular remodeling, and prognosis
after myocardial infarction. ] Am Coll Cardiol (2010) 56(22):1812-22. doi: 10.1016/
j.jacc.2010.06.044

60. Mahmod M, Bull S, Suttie JJ, Pal N, Holloway C, Dass S, et al. Myocardial
steatosis and left ventricular contractile dysfunction in patients with severe aortic
stenosis. Circ Cardiovasc Imaging (2013) 6(5):808-16. doi: 10.1161/
CIRCIMAGING.113.000559

61. Zanni MV, Awadalla M, Toribio M, Robinson J, Stone LA, Cagliero D, et al.
Immune correlates of diffuse myocardial fibrosis and diastolic dysfunction among
aging women with human immunodeficiency virus. J Infect Dis (2020) 221(8):1315-20.
doi: 10.1093/infdis/jiz184

62. Ng ACT, Delgado V, Bertini M, van der Meer RW, Rijzewijk L], Hooi Ewe S,
et al. Myocardial steatosis and biventricular strain and strain rate imaging in patients
with type 2 diabetes mellitus. Circulation (2010) 122(24):2538-44. doi: 10.1161/
CIRCULATIONAHA.110.955542

63. Mahmod M, Pal N, Rayner J, Holloway C, Raman B, Dass S, et al. The interplay
between metabolic alterations, diastolic strain rate and exercise capacity in mild heart
failure with preserved ejection fraction: a cardiovascular magnetic resonance study. J
Cardiovasc Magn Reson Off ] Soc Cardiovasc Magn Reson (2018) 20(1):88. doi: 10.1186/
512968-018-0511-6

64. Kurtoglu N, Akdemir R, Yuce M, Basaran Y, Dindar 1. Left ventricular inflow
normal or pseudonormal. a new echocardiographic method: diastolic change of left
atrial diameter. Echocardiogr Mt Kisco N (2000) 17(7):653-8. doi: 10.1046/j.1540-
8175.2000.00653.x

Frontiers in Endocrinology

14

10.3389/fendo.2023.1181452

65. Poerner TC, Goebel B, Unglaub P, Sueselbeck T, Strotmann JM, Pfleger S, et al.
Detection of a pseudonormal mitral inflow pattern: an echocardiographic and tissue
Doppler study. Echocardiogr Mt Kisco N (2003) 20(4):345-56. doi: 10.1046/j.1540-
8175.2003.03040.x

66. Granér M, Nyman K, Siren R, Pentikdinen MO, Lundbom J, Hakkarainen A,
et al. Ectopic fat depots and left ventricular function in nondiabetic men with
nonalcoholic fatty liver disease. Circ Cardiovasc Imaging (2015) 8(1):¢001979. doi:
10.1161/CIRCIMAGING.114.001979

67. Pezel T, Viallon M, Croisille P, Sebbag L, Bochaton T, Garot J, et al. Imaging
interstitial fibrosis, left ventricular remodeling, and function in stage a and b heart failure.
JACC Cardiovasc Imaging. (2021) 14(5):1038-52. doi: 10.1016/j.jcmg.2020.05.036

68. Koutroumpakis E, Kaur R, Taegtmeyer H, Deswal A. Obesity and heart failure
with preserved ejection fraction. Heart Fail Clin (2021) 17(3):345-56. doi: 10.1016/
j-hfc.2021.02.003

69. Maack C, Lehrke M, Backs J, Heinzel FR, Hulot JS, Marx N, et al. Heart failure and
diabetes: metabolic alterations and therapeutic interventions: a state-of-the-art review
from the translational research committee of the heart failure association-European
society of cardiology. Eur Heart ] (2018) 39(48):4243—54. doi: 10.1093/eurheartj/ehy596

70. Khalaf KI, Taegtmeyer H. After avandia: the use of antidiabetic drugs in patients
with heart failure. Tex Heart Inst ] (2012) 39(2):174-8.

71. Goldberg IJ, Reue K, Abumrad NA, Bickel PE, Cohen S, Fisher EA, et al.
Deciphering the role of lipid droplets in cardiovascular disease: a report from the 2017
national heart, lung, and blood institute workshop. Circulation (2018) 138(3):305-15.
doi: 10.1161/CIRCULATIONAHA.118.033704

72. Lange T, Schuster A. Quantification of myocardial deformation applying CMR-
Feature-Tracking-All about the left ventricle? Curr Heart Fail Rep (2021) 18(4):225-39.
doi: 10.1007/s11897-021-00515-0

73. Li G, Zhang Z, Gao Y, Zhu C, Zhou S, Cao L, et al. Age- and sex-specific
reference values of biventricular strain and strain rate derived from a large cohort of
healthy Chinese adults: a cardiovascular magnetic resonance feature tracking study. J
Cardiovasc Magn Reson (2022) 24(1):63. doi: 10.1186/s12968-022-00881-1

74. Vo HQ, Marwick TH, Negishi K. MRI-Derived myocardial strain measures in
normal subjects. JACC Cardiovasc Imaging. (2018) 11(2 Pt 1):196-205. doi: 10.1016/
jjemg.2016.12.025

75. Taylor R], Moody WE, Umar F, Edwards NC, Taylor TJ, Stegemann B, et al.
Myocardial strain measurement with feature-tracking cardiovascular magnetic
resonance: normal values. Eur Heart ] Cardiovasc Imaging (2015) 16(8):871-81. doi:
10.1093/ehjci/jev006

76. Graneér M, Gustavsson S, Nyman K, Siren R, Pentikdinen MO, Lundbom J, et al.
Biomarkers and prediction of myocardial triglyceride content in non-diabetic men.
Nutr Metab Cardiovasc Dis NMCD (2016) 26(2):134-40. doi: 10.1016/
j.numecd.2015.11.002

77. Szczepaniak LS, Victor RG, Orci L, Unger RH. Forgotten but not gone: the
rediscovery of fatty heart, the most common unrecognized disease in America. Circ Res
(2007) 101(8):759-67. doi: 10.1161/CIRCRESAHA.107.160457

frontiersin.org


https://doi.org/10.1001/jamacardio.2019.0052
https://doi.org/10.1001/jamacardio.2019.0052
https://doi.org/10.1016/j.jcmg.2015.07.013
https://doi.org/10.1093/eurheartj/ehv510
https://doi.org/10.1002/ejhf.694
https://doi.org/10.1002/ejhf.694
https://doi.org/10.1016/j.jcmg.2017.11.017
https://doi.org/10.1016/j.jcmg.2017.11.017
https://doi.org/10.1136/heartjnl-2014-305538
https://doi.org/10.1136/heartjnl-2014-305538
https://doi.org/10.1016/j.jacc.2010.06.044
https://doi.org/10.1016/j.jacc.2010.06.044
https://doi.org/10.1161/CIRCIMAGING.113.000559
https://doi.org/10.1161/CIRCIMAGING.113.000559
https://doi.org/10.1093/infdis/jiz184
https://doi.org/10.1161/CIRCULATIONAHA.110.955542
https://doi.org/10.1161/CIRCULATIONAHA.110.955542
https://doi.org/10.1186/s12968-018-0511-6
https://doi.org/10.1186/s12968-018-0511-6
https://doi.org/10.1046/j.1540-8175.2000.00653.x
https://doi.org/10.1046/j.1540-8175.2000.00653.x
https://doi.org/10.1046/j.1540-8175.2003.03040.x
https://doi.org/10.1046/j.1540-8175.2003.03040.x
https://doi.org/10.1161/CIRCIMAGING.114.001979
https://doi.org/10.1016/j.jcmg.2020.05.036
https://doi.org/10.1016/j.hfc.2021.02.003
https://doi.org/10.1016/j.hfc.2021.02.003
https://doi.org/10.1093/eurheartj/ehy596
https://doi.org/10.1161/CIRCULATIONAHA.118.033704
https://doi.org/10.1007/s11897-021-00515-0
https://doi.org/10.1186/s12968-022-00881-1
https://doi.org/10.1016/j.jcmg.2016.12.025
https://doi.org/10.1016/j.jcmg.2016.12.025
https://doi.org/10.1093/ehjci/jev006
https://doi.org/10.1016/j.numecd.2015.11.002
https://doi.org/10.1016/j.numecd.2015.11.002
https://doi.org/10.1161/CIRCRESAHA.107.160457
https://doi.org/10.3389/fendo.2023.1181452
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Is increased myocardial triglyceride content associated with early changes in left ventricular function? A 1H-MRS and MRI strain study
	Introduction
	Material and methods
	Study design and participants
	Anthropometric and biological characterization
	Cardiovascular MRI
	Assessment of left ventricular morphology and function
	Proton magnetic resonance spectroscopy for MTGC quantification
	Feature tracking for myocardial strain evaluation
	Statistical analysis
	Reproducibility analysis

	Results
	Clinical characteristics of the study population
	Clinical and biological factors found to be associated with increased MTGC
	Cardiac magnetic resonance imaging
	Cardiac characteristics
	Impact of MTGC on cardiac characteristics
	Is MTGC associated with functional and structural LV parameters?
	Is MTGC associated with early changes in LV function?

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


