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Abstract
Aim: To explore the relationship between metabolic biomarkers and cardiac remodeling
indices derived from cardiac magnetic resonance (CMR) in obese adults, focusing on the
role of insulin (INS) resistance and lipotoxicity in early cardiac changes.

Methods: A total of 107 obese adults undergoing preoperative metabolic evaluation were
included. CMR was used to assess left ventricular (LV) structure and function. Metabolic
biomarkers,  including  INS,  free  fatty  acids  (FFAs),  triglycerides  (TG),  and  glycated
hemoglobin (HbA1c), were measured. Correlation and multivariable regression analyses
were performed to examine associations between biomarkers and CMR-derived cardiac
parameters.  Logistic  regression  with  receiver  operating  characteristic  (ROC)  analysis
identified  predictors  of  left  ventricular  hypertrophy  (LVH).
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Results: In this cohort of obese adults without overt hyperglycemia and with preserved ejection fraction, higher body
mass  index  (BMI)  was  associated  with  greater  left  ventricular  mass  (LVM),  volumes,  and  cardiac  output.  In
multivariable models, TG (adjusted for BMI) independently predicted LVM, while a combined INS + FFAs model was
a strong predictor of LVH [area under the curve (AUC) = 0.757; sensitivity = 88.7%; specificity = 37.8%; P < ​ 0.001].
Results remained consistent when LVM was indexed to height2.7.

Conclusions:  Metabolic  biomarkers  reflecting  INS  resistance  and  lipotoxicity  are  associated  with  early  cardiac
remodeling in obesity. TG captured the continuous burden of LVM, and the INS + FFAs model offered a practical
metabolic prescreen for LVH risk, supporting early cardiovascular risk stratification in obese population.

INTRODUCTION
Obesity is a growing global health concern, increasingly prevalent among both adults and children

[1]
. It is

closely linked to metabolic disorders such as type 2 diabetes, dyslipidemia, insulin (INS) resistance, and

metabolic-associated fatty liver disease (MAFLD), and is a well-established risk factor for cardiovascular

disease
[2,3]

. Beyond systemic metabolic dysregulation, obesity induces nutritional-metabolic imbalance,

characterized by excess nutrient-derived lipid accumulation, impaired INS signaling, and chronic low-grade

inflammation. These alterations contribute to cardiac remodeling manifested as left ventricular hypertrophy

(LVH), chamber dilation, and increased myocardial mass, which may precede systolic or diastolic

dysfunction
[4]

. The underlying mechanisms include both hemodynamic overload and direct metabolic insults

related to lipotoxicity and nutrient-driven metabolic stress
[5]

.

Obesity is metabolically heterogeneous, and metabolically healthy obesity may still lead to early structural

cardiac changes
[6,7]

. Obesity-related cardiac remodeling is partially reversible, with bariatric surgery showing

significant improvements in cardiac structure, including reductions in left ventricular mass (LVM) and

end-diastolic volume (EDV)
[ 8 ]

. Prior studies have shown that obesity is associated with elevated

high-sensitivity cardiac troponin T and echocardiographic remodeling indices
[9]

. However, echocardiography

is less precise than cardiac magnetic resonance (CMR), the gold standard for quantifying LVM, volumes, and

function
[10]

. In clinical practice, anti-obesity pharmacotherapy, particularly incretin-based agents, is gaining

attention, and early identification of high-risk individuals is crucial for guiding prevention strategies
[11]

.

Experimental human evidence suggests that increasing circulating free fatty acids (FFAs) can adversely affect

myocardial energetics, supporting a potential lipotoxic pathway linking metabolic stress to early cardiac

remodeling
[12]

. Concurrently, circulating metabolic biomarkers, such as fasting glucose (GLU), INS, and liver

enzymes, potentially explain obesity-related cardiac changes
[13,14]

. Nevertheless, most prior studies have

examined CMR phenotypes and metabolic profiles separately, leaving the mechanistic links between

nutrition-related metabolic dysfunction, glycemic status, and subclinical cardiac remodeling incompletely

understood
[15]

. To address this gap, we examined the associations between routinely available metabolic

biomarkers and CMR-derived cardiac remodeling parameters in individuals with obesity and evaluated

whether a simple combined metabolic index (INS + FFAs) could serve as a pragmatic prescreen to identify

individuals at higher risk of cardiac remodeling.

METHODS
Patient selection

The study included 107 adults with obesity who underwent preoperative evaluation at the Center for

Bariatric and Metabolic Disorders, Zhongnan Hospital of Wuhan University. All participants met the clinical

criteria for metabolic bariatric surgery
[16]

. Exclusion criteria were: (1) severe cardiovascular diseases (e.g.,

uncontrolled hypertension, coronary artery disease, or heart failure); (2) advanced metabolic or hepatic
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Table 1. Baseline characteristics across obesity classes

Parameter
Class I
(n = 47)

Class II
(n = 40)

Class III
(n = 20)

Overall P value

Age
years

31.0
(25.0-38.0)

28.5
(25.0-36.5)

26.0
(23.0-30.8)

0.113

Sex (%) 41 (87.2) 31 (77.5) 14 (70.0) 0.226

TC (mmol/L)
4.76
(4.21-5.78)

5.00
(4.40-5.69)

4.71
(4.04-4.97)

0.185

TG (mmol/L)
1.59
(1.27-2.03)

2.09
(1.60-2.41)

1.47
(0.96-2.20)

0.057

HDL (mmol/L)
1.08
(0.95-1.27)

1.01
(0.90-1.16)

1.10
(0.98-1.23)

0.784

LDL (mmol/L)
2.91
(2.59-3.80)

3.31
(2.76-3.94)

3.02
(2.63-3.49)

0.288

FFAs (μmol/L)
505.40
(411.90-578.55)

568.07
(451.85-649.90)

538.50
(472.73-704.58)

<​ 0.001

GLU (mmol/L)
5.01
(4.74-5.75)

5.51
(5.08-6.59)

5.47
(4.75-6.07)

0.013

HbA1c (%)
5.50
(5.15-6.00)

5.80
(5.60-6.23)

5.70
(5.50-5.93)

0.104

INS (μIU/mL)
16.60
(11.90-23.30)

23.55
(20.15-31.48)

24.40
(19.88-30.43)

0.028

C-peptide (ng/mL)
3.50
(2.71-4.24)

4.90
(3.96-5.69)

4.93
(3.60-5.97)

<​ 0.001

HOMA-IR
3.47
(2.74-6.31)

5.92
(4.80-8.65)

6.28
(4.50-7.59)

0.010

WBC (× 109/L)
6.70
(5.65-7.99)

7.55
(6.23-9.95)

7.61
(6.88-8.12)

0.009

ALT (U/L)
29.00
(19.50-59.00)

37.00
(26.25-59.00)

44.50
(39.75-53.00)

0.085

AST (U/L)
24.00
(16.00-41.00)

26.50
(17.25-33.00)

24.50
(18.50-37.75)

0.491

GGT (U/L)
31.00
(17.50-40.50)

34.00
(26.50-52.00)

29.50
(24.50-54.00)

0.016

LVEF (%)
64.20
(60.42-67.46)

65.43
(55.98-70.95)

65.20
(59.63-68.39)

0.434

CO (L/min)
6.19
(5.56-6.98)

6.97
(5.77-8.52)

6.99
(6.45-9.19)

0.047

CI (L/min/m2)
3.20
(2.70-3.51)

3.18
(2.83-4.03)

3.20
(2.67-3.93)

0.977

Table 1 presents the baseline characteristics across obesity classes. Data are expressed as median (interquartile range). P values represent
comparisons across the three obesity classes. TC: Total cholesterol; TG: triglycerides; HDL: high-density lipoprotein; LDL: low-density lipoprotein;
FFAs: free fatty acids; GLU: fasting glucose; HbA1c: hemoglobin A1c; INS: insulin; HOMA-IR: homeostasis model assessment of insulin resistance;
WBC: white blood cell; ALT: alanine aminotransferase; AST: aspartate aminotransferase; GGT: gamma-glutamyl transferase; LVEF: left ventricular
ejection fraction; CO: cardiac output; CI: cardiac index.

disorders; and (3) conditions compromising image quality or surgical safety. Detailed baseline

characteristics, including age and sex distribution, are provided in Table 1.

The study protocol was reviewed and approved by the Institutional Ethics Committee of Zhongnan Hospital

of Wuhan University (Approval No. 2019021). Written informed consent was obtained from all participants

prior to inclusion.
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Clinical and laboratory assessment

Preoperative evaluations included demographic data (age, sex), anthropometric parameters [weight, height,

and body mass index (BMI)], and cardiovascular assessments. According to the American Association of

Clinical Endocrinology (AACE)/American College of Endocrinology (ACE) criteria
[17]

, participants were

categorized as Class I (BMI 30.0-34.9 kg/m
2
; n = 47), Class II (BMI 35.0-39.9 kg/m

2
; n = 40), and Class III

(BMI ≥ 40.0 kg/m
2
; n = 20).

Fasting venous blood samples collected within three days before surgery were analyzed for the following

parameters. All biochemical tests were conducted in the hospital’s central laboratory using standard

automated clinical analyzers under routine quality control procedures. Specifically, the measured parameters

included:

Glucose metabolism: GLU, INS, glycated hemoglobin (HbA1c), C-peptide, and homeostasis model

assessment of insulin resistance (HOMA-IR);

Lipid profile: total cholesterol (TC), triglycerides (TG), high-density lipoprotein (HDL), low-density

lipoprotein (LDL), and FFAs;

Liver and inflammatory markers: alanine aminotransferase (ALT), aspartate aminotransferase (AST),

γ-glutamyl transferase (GGT), and white blood cell count (WBC).

Cardiac magnetic resonance imaging acquisition and parameters

All participants underwent CMR on a 1.5-T clinical magnetic resonance imaging (MRI) system. CMR data

were analyzed by two trained radiologists using semi-automated software. The derived indices were classified

as structural parameters - including LVM, EDV, end-systolic volume (ESV), and stroke volume (SV) - and

functional parameters, comprising ejection fraction (EF), cardiac output (CO), and cardiac index (CI).

Although SV represents a functional output, it was categorized under structural indices because it directly

reflects volumetric remodeling.

LVH was predefined as a binary variable based on sex-specific cut-offs for CMR-derived LVM (> 115 g in

men and > 95 g in women)
[18]

.

Statistical analysis

Statistical analyses were performed using SPSS version 29.0, Python (scikit-learn, pymatch), and R (glmnet,

ggplot2, pheatmap). Continuous variables were expressed as medians [interquartile ranges (IQRs)] and

compared across groups using the Kruskal-Wallis H test, whereas categorical variables (n, %) were compared

using Chi-square or Fisher’s exact tests. This analysis was exploratory and hypothesis-generating. All tests

were two-sided, with P <​ 0.05 considered statistically significant. Regression estimates are presented with 95%

confidence intervals (CIs). Structural indices (LVM, EDV, ESV, SV) were additionally indexed to height
2.7

(g/m
2.7

 or mL/m
2.7

), as recommended for obese cohorts.

To account for baseline differences in age, sex, and BMI across metabolic syndrome (MetS) strata, 1:1

nearest-neighbor propensity score matching (PSM; caliper = 0.10; without replacement) was conducted,

achieving covariate balance (standardized mean difference <​ 0.10; Supplementary Table 1). Primary analyses

were performed in the full cohort with multivariable adjustment.

Metabolic predictors of cardiac parameters were first identified using least absolute shrinkage and selection

operator (LASSO) regression, followed by multivariable linear modeling. Standardized regression coefficients
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Figure 1. Study flowchart. The study included 107 adults with obesity who underwent CMR and metabolic laboratory assessments. The
analytical workflow comprised group comparisons (BMI and MetS strata), correlation analyses between CMR and laboratory indices,
LASSO feature selection, and logistic regression for predictive evaluation of metabolic biomarkers associated with cardiac remodeling.
MRI: Magnetic resonance imaging; CMR: cardiac magnetic resonance; BMI: body mass index; MetS: metabolic syndrome; INS: insulin;
FFAs: free fatty acids; LASSO: least absolute shrinkage and selection operator; ROC: receiver operating characteristic; AUC: area under the
curve.

(β), P values, and variance inflation factors (VIFs; acceptable if <​ 3) were reported. For sensitivity analysis,

hierarchical linear regression models were also performed with LVM indexed to height
2.7

 as a continuous

outcome.

Logistic regression was applied for binary outcomes (e.g., LVH), and model performance was evaluated by

receiver operating characteristic (ROC) analysis, including the area under the curve (AUC), optimal cut-off,

sensitivity, and specificity. Figure 1 summarizes the analytical workflow.

RESULTS
Clinical and metabolic characteristics by obesity class

Patients were stratified into three BMI-based groups: Class I (30.0-34.9 kg/m
2
, n = 47), Class II

(35.0-39.9 kg/m
2
, n = 40), and Class III (≥ 40.0 kg/m

2
, n = 20). Fasting blood analyses included markers of

glucose and lipid metabolism, liver function, and systemic inflammation. Data are presented as medians
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Table 2. Cardiac functional parameters across BMI categories

Parameter
Class I
(n = 47)

Class II
(n = 40)

Class III
(n = 20)

Overall P value

LVEF (%)
64.20
(60.42-67.46)

65.43
(55.98-70.95)

65.20
(59.63-68.39)

0.434

CO (L/min)
6.19
(5.56-6.98)

6.97
(5.77-8.52)

6.99
(6.45-9.19)

0.047

CI (L/min/m2)
3.20
(2.70-3.51)

3.18
(2.83-4.03)

3.20
(2.67-3.93)

0.977

Table 2 presents the median and interquartile ranges of cardiac functional parameters (LVEF, CO, and CI) across obesity classes defined by BMI.
CO differed significantly among classes (P = 0.047), whereas LVEF and CI did not (both P > 0.05). BMI: Body mass index; LVEF: left ventricular
ejection fraction; CO: cardiac output; CI: cardiac index.

Table 3. Cardiac structural parameters (unindexed) across BMI categories

Parameter
Class I
(n = 47)

Class II
(n = 40)

Class III
(n = 20)

Overall P value

LVM (g)
96.80
(81.43-120.09)

107.03
(94.76-139.09)

115.45
(101.20-124.85)

0.001

EDV (mL)
139.68
(120.90-152.55)

136.40
(128.63-165.88)

168.31
(156.94-182.87)

<​ 0.001

ESV (mL)
49.97
(38.97-59.91)

51.46
(40.94-62.33)

61.57
(49.83-68.81)

0.007

SV (mL)
89.56
(78.22-98.74)

92.40
(79.40-101.32)

109.35
(102.26-120.44)

0.007

Table 3 summarizes unindexed left ventricular structural parameters (LVM, EDV, ESV, and SV) across obesity classes. Significant increases in LVM,
EDV, and SV were observed in the Class III group, reflecting obesity-related myocardial hypertrophy and volumetric remodeling. BMI: Body mass
index; LVM: left ventricular mass; EDV: end-diastolic volume; ESV: end-systolic volume; SV: stroke volume.

(IQRs) in Table 1. Significant differences emerged across obesity classes. FFAs increased progressively with

BMI (P <​ 0.001), indicating enhanced lipolytic activity. GLU, INS, and C-peptide levels also rose with

increasing obesity severity (P = 0.013, P = 0.028, and P <​ 0.001, respectively), accompanied by higher

HOMA-IR values (P = 0.010), suggesting aggravated INS resistance. HbA1c levels remained comparable

among groups (P > 0.05).

Liver and inflammatory markers also differed across classes. GGT showed significant variation (P = 0.016),

with the highest median value in Class II. WBC increased progressively and reached its peak in Class III (P =

0.009), consistent with obesity-related low-grade inflammation. Although TG tended to peak in Class II, the

difference did not reach statistical significance (P = 0.057). Other biochemical parameters - including TC,

HDL, LDL, ALT, and AST - did not differ significantly among groups (P > 0.05).

Cardiac MRI findings across obesity classes

Functional indices [Table 2] showed preserved left ventricular ejection fraction (LVEF) and CI across obesity

classes (P = 0.434 and P = 0.977), whereas CO was higher in Class II-III (P = 0.047), consistent with increased

circulatory demand. Structural measurements [Table 3] demonstrated stepwise increases in LVM (P = 0.001),

EDV (P <​ 0.001), ESV (P = 0.007), and SV (P = 0.007), indicating concentric-eccentric remodeling with

hypertrophy and chamber dilation. After adjustment for body surface area (BSA) [Supplementary Table 2],

indexed values [left ventricular mass index (LVMi), end-diastolic volume index (EDVi), end-systolic volume

index (ESVi), and stroke volume index (SVi)] showed no significant differences across obesity classes (all P >

0.3). When indices were normalized to height
2.7

, significant increases were observed in LVM/ht
2.7

, EDV/ht
2.7

and ESV/ht
2.7

 in Class III obesity compared with lower classes, whereas SV/ht
2.7

 demonstrated only a

nonsignificant upward trend [Supplementary Table 3].

https://file.oaecenter.com/published/pdf/4762f8336204e024c37a2006f2abee92/1778312767/mtod50183-SupplementaryMaterials.zip
https://file.oaecenter.com/published/pdf/4762f8336204e024c37a2006f2abee92/1778312767/mtod50183-SupplementaryMaterials.zip
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Association between MetS and cardiac remodeling

Patients were categorized into MetS- (n = 28) and MetS+ (n = 79) groups according to the revised Adult

Treatment Panel III (ATP III) criteria
[19]

, defined as the presence of three or more of the following

components: central obesity, elevated blood pressure, hypertriglyceridemia, low HDL cholesterol, and

elevated GLU.

Cardiac function

As summarized in Supplementary Table 4, individuals in the MetS+ group exhibited significantly lower CO

and CI compared with those in the MetS- group (CO: 6.67 L/min vs . 7.27 L/min, P = 0.017; CI:

3.09 L/min/m
2
 vs. 3.20 L/min/m

2
, P = 0.013), despite a preserved LVEF (P = 0.143). Taken together,

BMI-related hemodynamic demand is associated with higher CO across obesity classes, whereas greater

metabolic burden (MetS+) is linked to lower CO and CI within obesity, suggesting distinct contributions of

body size vs. metabolic load to volumetric performance.

Cardiac structure

As shown in Supplementary Table 5, absolute LVM did not differ significantly between MetS- and MetS+

groups (99.18 g vs. 102.97 g, P = 0.662). However, when indexed to BSA, the LVMi tended to be higher in the

MetS+ group compared with the MetS- group (48.75 g/m
2
 vs. 47.09 g/m

2
, P = 0.061). In addition, the EDV

was significantly lower in participants with MetS (P = 0.021), while the ESV was similar between groups (P =

0.738). Consequently, the SV and SVi were both significantly reduced in the MetS+ group (SV: P <​ 0.001;

SVi: P = 0.004).

Distribution trend

The prevalence of MetS increased progressively with obesity severity: 66.0% in Class I, 80.0% in Class II, and

85.0% in Class III. This linear trend (Z = 1.836, P = 0.044) showed a rising metabolic burden accompanying

higher degrees of obesity [Supplementary Figure 1].

Correlation between metabolic indicators and cardiac MRI parameters

Spearman correlation analysis [Figure 2] demonstrated that LVM and LVMi were positively correlated with

INS resistance markers (HOMA-IR: r = 0.31; C-peptide: r = 0.26; INS: r = 0.23), FFAs (r = 0.31), and liver

enzymes (ALT: r = 0.36; GGT: r = 0.33). CO correlated with HOMA-IR (r = 0.33) and C-peptide (r = 0.28),

while SV correlated with HOMA-IR (r = 0.27). LVEF showed only weak correlations, whereas volumetric

indices such as EDV, ESV, EDVi, and SVi exhibited mild-to-moderate associations with metabolic markers.

Although SVi showed weaker relationships with FFAs (r = 0.08) and HOMA-IR (r = 0.17), the overall

correlation pattern remained consistent.

LASSO selection and multivariable regression analysis

Key metabolic predictors of cardiac remodeling were identified using LASSO regression followed by

multivariable linear modeling [Supplementary Table 7]. TG remained a significant positive predictor of

LVM, with BMI also showing a significant association, whereas the relationship with GGT was attenuated

after indexation and adjustment. HDL exhibited a non-significant inverse trend. For CO, ALT was a

significant predictor, and INS showed a near-significant association. Comparable results were observed for

CI. The identified metabolic predictors are summarized in Supplementary Figure 2, and detailed regression

results are presented in Supplementary Table 8.

Predictive performance of metabolic indicators for LVH

Logistic regression was used to examine associations between metabolic factors and LVH. In univariable

analysis, INS was associated with LVH [odds ratio (OR) 1.053, 95%CI: 1.014-1.094; P = 0.007]. In the

multivariable model including the selected metabolic variables, INS (OR 1.046, 95%CI: 1.002-1.092; P =
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Figure 2. Spearman correlation heatmap between metabolic indicators (x-axis) and cardiac MRI parameters (y-axis). Color intensity
represents correlation strength (red = positive, blue = negative). LVM and LVMi correlated positively with HOMA-IR, FFAs, ALT, and
GGT, while other parameters showed mild-to-moderate associations. Detailed coefficients are listed in Supplementary Table 6. MRI:
Magnetic resonance imaging; EDV: end-diastolic volume; ESV: end-systolic volume; LVM: left ventricular mass; EDVi: end-diastolic
volume index; ESVi: end-systolic volume index; LVMi: left ventricular mass index; SV: stroke volume; CO: cardiac output; CI: cardiac index;
SVi: stroke volume index; LVEF: left ventricular ejection fraction; GLU: fasting glucose; INS: insulin; HbA1c: hemoglobin A1c; C-peptide:
connecting peptide; HOMA-IR: homeostasis model assessment of insulin resistance; TC: total cholesterol; TG: triglycerides; HDL:
high-density lipoprotein; LDL: low-density lipoprotein; FFAs: free fatty acids; ALT: alanine aminotransferase; AST: aspartate
aminotransferase; GGT: gamma-glutamyl transferase; WBC: white blood cell.

0.038) and FFAs (OR 1.003, 95%CI: 1.001-1.006; P = 0.018) remained associated with LVH, whereas other

covariates were not statistically significant (GGT: OR 1.018, 95%CI: 0.995-1.042; P = 0.122; TG: OR 1.160,

95%CI: 0.734-1.835; P = 0.525; HDL: OR 1.329, 95%CI: 0.109-16.229; P = 0.824; GLU: OR 0.956, 95%CI:

0.759-1.204; P = 0.701). Full model outputs are provided in Supplementary Table 9. As a sensitivity analysis,

LVM/height
2.7

 was modeled continuously; inclusion of metabolic variables improved explained variance (ΔR
2

= 0.265, P <​ 0.001), with TG and BMI remaining significant [Supplementary Table 10].

ROC analysis was performed to evaluate the discriminative performance of metabolic models for LVH. The

INS univariable model yielded an AUC of 0.632 (95%CI: 0.525-0.739; P = 0.015) with an optimal cut-off of

0.513, sensitivity of 74.2%, and specificity of 46.7%. The combined INS + FFAs model showed improved

discrimination with an AUC of 0.757 (95%CI: 0.667-0.848; P <​ 0.001) and an optimal cut-off of 0.41,

achieving sensitivity of 88.7% and specificity of 37.8% [Figure 3 and Supplementary Table 11].

DISCUSSION
In this study, we integrated high-resolution cardiac MRI with comprehensive metabolic profiling to

investigate the relationship between obesity-related myocardial remodeling and metabolic dysfunction. We

found that, despite preserved LVEF, LVM and LVMi were significantly elevated in individuals with obesity -

indicating early structural remodeling prior to overt systolic impairment.

https://file.oaecenter.com/published/pdf/4762f8336204e024c37a2006f2abee92/1778312767/-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/4762f8336204e024c37a2006f2abee92/1778312767/mtod50183-SupplementaryMaterials.zip
https://file.oaecenter.com/published/pdf/4762f8336204e024c37a2006f2abee92/1778312767/mtod50183-SupplementaryMaterials.zip
https://file.oaecenter.com/published/pdf/4762f8336204e024c37a2006f2abee92/1778312767/mtod50183-SupplementaryMaterials.zip
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Figure 3. ROC curves for LVH prediction. (A) Combined model incorporating INS and FFAs; (B) INS-only model. The combined model
yielded an AUC of 0.757 (95%CI: 0.667-0.848), compared with 0.632 (95%CI: 0.525-0.739) for the INS-only model. ROC: Receiver
operating characteristic; LVH: left ventricular hypertrophy; INS: insulin; FFAs: free fatty acids; AUC: area under the curve; CI: confidence
interval.

These results are consistent with the concept of metabolic cardiomyopathy (McCM), in which

obesity-related INS-lipid dysregulation and chronic low-grade inflammation contribute to myocardial

hypertrophy and chamber dilation, whereas reductions in contractile function typically manifest at later

stages of disease progression
[20]

.

Across BMI strata, stepwise elevations in LVM, EDV, SV, and CO align with prior observations
[15]

 and likely

reflect combined effects of greater body size-related hemodynamic load
[21]

 and worsening metabolic

imbalance (elevated FFAs and INS resistance)
[22,23]

. Prior cohort studies have also reported a positive

association between obesity and LVM
[24]

. Our CMR-based results extend this evidence by providing a

detailed quantitative characterization of LV structure and output within a preoperative bariatric cohort,

reinforcing the concept of a “cardiac obesity phenotype” that manifests before clinically apparent heart

disease.

INS, FFAs, and TG emerged as key metabolic correlates of LV remodeling, consistent with evidence linking

myocardial lipid accumulation to hypertrophy and functional impairment
[25,26]

. In this cohort, higher fasting

INS and FFAs were associated with greater LVM and CO in correlation analyses, consistent with

metabolic-lipid toxicity contributing to subclinical cardiomyopathy
[27-29]

. However, in multivariable linear

models of continuous LVM (including height
2.7

 indexation in sensitivity analyses), TG remained the most

robust independent predictor. BMI also showed a significant association, whereas INS and FFAs were not

retained. By contrast, in logistic regression models for LVH, both INS and FFAs were significant predictors.

Their combination achieved relatively high sensitivity (AUC = 0.757), supporting its potential utility for

metabolic risk screening. Thus, TG reflects the continuous burden of hypertrophy, while the INS + FFAs

combination discriminates the threshold transition to LVH.

Metabolic dysfunction-associated steatotic liver disease (MASLD) has been increasingly linked to early

cardiac remodeling
[30-34]

. Recent studies show that MASLD is independently associated with cardiovascular

disease and heart failure, including heart failure with preserved EF
[35]

. This is thought to be driven by

mechanisms such as oxidative stress, systemic inflammation, and metabolic dysfunction, which contribute to
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the observed elevations in ALT and GGT - markers of liver injury and metabolic stress
[36]

. In our study,

participants with MetS exhibited higher LVM and lower stroke volume (SV/SVi) with preserved EF,

indicating concentric remodeling and reduced volumetric output. This pattern reflects hemodynamic

adaptation under advanced metabolic stress, which aligns with the trend of higher CO associated with

increased BMI.

The logistic model combining INS and FFAs showed superior discrimination for LVH compared with single

predictors, consistent with a synergistic effect between INS resistance and lipotoxicity. Mechanistically, INS

may contribute to LVH through sympathetic activation, extracellular volume expansion, and downstream

Akt/mTOR (Akt/mammalian target of rapamycin) signaling
[37-39]

. Additionally, FFAs play a key role in

cardiac structural remodeling, primarily via mitochondrial stress, oxidative injury, and activation of PPARα
(peroxisome proliferator-activated receptor alpha), NF-κB (nuclear factor kappa-light-chain-enhancer of

activated B cells), and TGF-β (transforming growth factor beta) pathways, all of which have been implicated

in myocardial hypertrophy and fibrosis
[40]

. The interaction between INS and FFAs further exacerbates these

effects, underscoring the critical role of metabolic dysfunction in the development of LVH. Elevated

HOMA-IR levels have been shown to correlate with LVH, highlighting the intersection between INS

resistance, metabolic dysregulation, and adverse cardiac remodeling in obese individuals
[41,42]

.

Compared with electrocardiogram (ECG)-based artificial intelligence models or computed tomography

(CT)-based tools that require ionizing radiation and complex algorithms, this non-invasive, laboratory-only

method is practical and broadly accessible
[43-45]

. When implemented within standard metabolic test

workflows, the INS+FFAs threshold could assist in triaging patients for cardiac imaging or closer follow-up.

From a translational perspective, incretin-based therapies may specifically benefit the subgroup with high

INS resistance and high FFAs. In particular, dual GIP (glucose-dependent insulinotropic polypeptide)/GLP-1

(glucagon-like peptide-1) receptor agonists, such as tirzepatide, could potentially improve both metabolic

homeostasis and cardiac remodeling in these individuals
[46,47]

.

This study has several limitations. First, the cross-sectional, single-center design precludes causal inference

and may introduce selection bias. Second, restricting participants to bariatric surgery candidates with a

marked female predominance limits broader applicability. Finally, this design precludes the assessment of sex

hormone and menopausal effects, which may influence INS resistance, circulating FFAs, and myocardial

remodeling
[48]

. Future studies with balanced sex representation and hormonal profiling are needed. Although

CMR provided precise structural assessment, advanced tissue characterization (e.g., strain/mapping) and

direct quantification of myocardial steatosis/ectopic fat were not performed; thus, lipid-deposition

interpretations remain hypothesis-generating. No formal a priori sample size calculation was conducted

because this was an exploratory analysis based on available CMR and laboratory data.

In conclusion, CMR integrated with metabolic profiling revealed that TG was independently associated with

the continuous burden of LVM, whereas the combined INS and FFAs index effectively identified LVH.

These findings suggest that simple metabolic biomarkers may provide a practical, laboratory-based

prescreening tool for the early detection of subclinical cardiac remodeling in obesity, supporting targeted risk

assessment in clinical practice. Despite the aforementioned limitations, this study emphasizes the importance

of these tools for scalable risk stratification. Future multi-center longitudinal studies are needed to validate

and calibrate the INS+FFAs model, exploring its broader clinical applications.
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