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Background: Patients with ST-segment elevation myocardial infarction (STEMI) and type 2 diabetes mellitus (T2DM) are at 
increased risk of heart failure after percutaneous coronary intervention (PCI). Early identification of high-risk individuals remains 
challenging. This study aimed to develop a prediction model integrating two-dimensional speckle tracking imaging (2D-STI) and 
clinical variables to improve risk stratification.
Methods: A total of 328 T2DM patients with STEMI who underwent PCI were retrospectively analyzed. Clinical, laboratory, and 2D- 
STI parameters were collected within one week after PCI. Heart failure within one year was the study endpoint. LASSO regression 
followed by Boruta analysis was used to identify key predictors. A multivariable logistic model was established, visualized by 
a nomogram, and evaluated using ROC curves, reclassification indices, calibration, and decision curve analysis.
Results: Heart failure occurred in 62 patients (18.9%). Six variables—GLS, HbA1c, BMI, eGFR, hs-CRP, and diabetes duration— 
were identified as core predictors. GLS showed the highest individual discriminative ability (AUC = 0.798). The combined model 
achieved an AUC of 0.861, significantly outperforming the base model (AUC = 0.803, P < 0.001). Adding GLS improved 
reclassification (NRI = 0.216; IDI = 0.057). The model demonstrated good calibration and favorable clinical utility.
Conclusion: Integrating GLS with clinical, metabolic, inflammatory, and renal indicators significantly improves early prediction of 
post-PCI heart failure in T2DM patients with STEMI, offering a practical tool for individualized risk assessment.
Keywords: global longitudinal strain, two-dimensional speckle tracking imaging, ST-segment elevation myocardial infarction, type 2 
diabetes mellitus, heart failure

Introduction
ST-segment elevation myocardial infarction (STEMI) remains a major global burden of cardiovascular mortality and heart 
failure events despite significant advances in reperfusion strategies.1,2 Although percutaneous coronary intervention (PCI) can 
rapidly restore blood flow in the infarct-related artery, a subset of patients still develop ventricular remodeling, deterioration of 
cardiac function, or clinical heart failure after the procedure, which severely affects long-term survival and quality of life.3,4 

This issue is particularly prominent in patients with STEMI complicated by type 2 diabetes mellitus (T2DM), in whom chronic 
inflammation, microvascular dysfunction, glucotoxicity, and metabolic disturbances may synergistically aggravate reperfu
sion injury, rendering this population at markedly higher risk for developing heart failure.5,6

Traditional prediction methods primarily rely on conventional echocardiographic and biomarker indicators such as left 
ventricular ejection fraction (LVEF) and N-Terminal pro-brain natriuretic peptide (NT-proBNP). However, these macroscopic 
parameters often become abnormal only after substantial structural myocardial injury has occurred, limiting their utility for the 
early detection of post-PCI myocardial dysfunction and heart failure risk.7–9 In recent years, growing evidence has suggested 
that two-dimensional speckle tracking imaging (2D-STI), through quantitative assessment of myocardial strain, provides load- 
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independent information on myocardial deformation and has substantial value in identifying early structural and functional 
abnormalities. It has been applied, for example, in evaluating left atrial remodeling, predicting adverse outcomes in patients 
with borderline coronary lesions, and assessing the risk of left ventricular remodeling in STEMI patients.10–12 Furthermore, 
recent advancements in deep learning and automated ultrasound image analysis have shown promise in enhancing the 
precision and efficiency of echocardiographic segmentation and feature extraction,13–15 paving the way for more robust 
clinical applications. However, systematic studies focusing on the high-risk subgroup of T2DM patients with STEMI remain 
lacking, particularly regarding whether 2D-STI can reveal subclinical injury shortly after PCI and improve the precision of 
heart failure risk prediction.

Based on this background, the present study aims to integrate 2D-STI-derived myocardial strain parameters with key 
clinical characteristics, applying LASSO regression and the Boruta algorithm to identify the most valuable predictive 
factors and to construct a combined prediction model for heart failure following PCI in patients with T2DM and STEMI. 
A nomogram was developed to visualize the model, with the goal of providing clinicians with a sensitive, accurate, and 
practical tool for early risk stratification to support individualized management, reduce adverse events, and improve 
clinical outcomes.

Materials and Methods
Study Population
This single-center retrospective cohort study consecutively included patients with ST-segment elevation myocardial 
infarction (STEMI) complicated by type 2 diabetes mellitus (T2DM) who underwent percutaneous coronary intervention 
(PCI) at the Second Affiliated Hospital of Xuzhou Medical University from January 2021 to December 2023. The study 
protocol was approved by the Institutional Ethics Committee of the Second Affiliated Hospital of Xuzhou Medical 
University, with informed consent waived (Approval No.: 2021111801).

Inclusion criteria: ① Age ≥ 18 years; ② Diagnosis of STEMI and treatment with PCI; ③ Established diagnosis of 
T2DM; ④ Completion of two-dimensional speckle tracking imaging (2D-STI) after PCI.

Exclusion criteria: ① History of heart failure or LVEF < 40% before PCI; ② Concomitant cardiomyopathy, severe 
valvular heart disease, congenital heart disease, or severe pulmonary hypertension; ③ Severe hepatic or renal dysfunction 
(eGFR < 30 mL/min/1.73 m2); ④ Acute or chronic infection (defined as body temperature > 37.3°C, active infectious 
symptoms, or antibiotic use within 2 weeks), malignancy, or autoimmune disease; ⑤ Previous CABG or PCI; ⑥ 

Inadequate 2D-STI image quality for strain analysis; ⑦ Missing baseline or follow-up information.
A total of 343 patients were initially screened; 15 patients (4.4%) were excluded due to missing baseline or follow-up 

data. The remaining 328 eligible patients were included in the final analysis and classified into the heart failure (HF) 
group (n = 62) and non-heart failure (Non-HF) group (n = 266) according to the occurrence of HF within one year after 
PCI. The study flowchart is shown in Figure 1.

Clinical Data Collection
Baseline clinical data within 24 hours of admission were extracted from the electronic medical record system, including 
age, sex, BMI, smoking status, drinking status, diabetes duration, and hypertension history. Laboratory parameters 
collected according to standardized procedures included white blood cells (WBC), red blood cells (RBC), platelets (PLT), 
neutrophils (NEUT), lymphocytes (LYMPH), eosinophils (EO), basophils (BASO), NT-proBNP, glycated hemoglobin 
(HbA1c), high-sensitivity C-reactive protein (hs-CRP), estimated glomerular filtration rate (eGFR, CKD-EPI equation), 
fasting blood glucose (FBG), total cholesterol (TC), triglycerides (TG), and low-density lipoprotein cholesterol (LDL-C). 
PCI-related information included the number of stents implanted.

2D-STI Examination and Strain Parameter Acquisition
All patients underwent 2D-STI within one week after PCI. A Philips EPIQ5 ultrasound system was used to obtain apical 
four-chamber, two-chamber, and long-axis views, recording at least three consecutive cardiac cycles. Myocardial speckle 
tracking was performed using QLAB-aCMQ software to calculate global longitudinal strain (GLS), circumferential strain 
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(CS), and radial strain (RS). All analyses were conducted independently by two experienced echocardiographers, and the 
mean value was used.

Definition of Outcomes and Follow-Up
The study endpoint was the occurrence of heart failure within one year after PCI, defined as: hospitalization due to heart 
failure; marked elevation of NT-proBNP accompanied by clinical signs of heart failure; or imaging evidence of new or 
worsening left ventricular dysfunction. Follow-up was conducted through outpatient visits and telephone interviews.

Figure 1 Study flowchart of patient selection and analysis process.
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Statistical Analysis
The sample size was determined by including all consecutive eligible patients during the study period. Based on the 62 
observed heart failure events and 6 predictors in the final model, the events per variable (EPV) ratio was greater than 10, 
satisfying the recommended sample size requirements for logistic regression modeling. All statistical analyses were 
performed using R version 4.2.3. Continuous variables with normal distribution were expressed as mean ± standard 
deviation and compared using independent-sample t-tests; non-normally distributed variables were presented as median 
(interquartile range) and compared using the Mann–Whitney U-test. Categorical variables were expressed as frequencies 
(%) and compared using χ2 or Fisher’s exact test. To construct the prediction model for post-PCI heart failure, occurrence 
of HF within one year was used as the outcome variable. Baseline clinical characteristics and 2D-STI parameters were 
first subjected to univariate analysis, and variables with P < 0.05 were considered candidates. LASSO regression using 
the glmnet package with 10-fold cross-validation was then applied to reduce redundancy and minimize multicollinearity. 
To further enhance the robustness of feature selection, the Boruta package was used within a random forest framework to 
determine variable importance and identify core predictors. A multivariable logistic regression model was built using the 
selected predictors, and a nomogram was constructed to visualize the prediction model. Model discrimination was 
assessed using ROC curves and area under the curve (AUC), with DeLong’s test used to compare AUC differences 
between models. Improvement in model performance after adding GLS was quantified by calculating the net reclassi
fication improvement (NRI) and integrated discrimination improvement (IDI) using the nricens package. Model calibra
tion was evaluated using the Hosmer-Lemeshow goodness-of-fit test and bootstrap calibration curves (1000 replications). 
Clinical utility was examined using decision curve analysis (DCA) to assess net benefit across a range of threshold 
probabilities. All statistical tests were two-sided, and P < 0.05 was considered statistically significant.

Results
Baseline Characteristics
A total of 328 patients with T2DM and STEMI were included, of whom 62 (18.9%) developed heart failure within 
one year after PCI, while 266 (81.1%) did not. Baseline characteristics of the two groups are shown in Table 1. Compared 
with the non-HF group, patients in the HF group were older, had higher BMI, longer diabetes duration, and a higher 
prevalence of hypertension (all P < 0.05). Regarding laboratory findings, HbA1c, NT-proBNP, hs-CRP, and FBG levels 
were significantly elevated in the HF group, whereas eGFR was markedly reduced (all P < 0.05). Among the 2D-STI 
parameters, GLS, CS, and RS were all significantly lower in the HF group than in the non-HF group (all P < 0.001), 
indicating more prominent myocardial deformation impairment.

Feature Selection
To further identify key predictors of post-PCI heart failure in T2DM patients with STEMI, 12 significantly different 
baseline variables were included in the LASSO regression analysis. Using 10-fold cross-validation to determine the 
optimal penalty parameter λ, eight variables were retained: HbA1c, GLS, diabetes duration, hs-CRP, BMI, eGFR, age, 
and hypertension history (Figure 2A–C). The Boruta algorithm was then applied to reassess variable importance and 
exclude factors with limited contribution. Six variables—HbA1c, GLS, BMI, eGFR, hs-CRP, and diabetes duration— 
were ultimately identified as core predictors and included in the multivariable model, whereas age and hypertension 
history were removed due to insufficient predictive value (Figure 2D).

ROC Curve and Model Performance Analysis
Single-predictor ROC analysis (Figure 3A) showed that GLS had the strongest predictive performance, with an AUC of 
0.798, outperforming HbA1c (0.743), eGFR (0.757), BMI (0.748), hs-CRP (0.690), and diabetes duration (0.598). In the 
multivariable prediction model (Figure 3B), the base model (Model 1: HbA1c + BMI + eGFR + hs-CRP + diabetes 
duration) achieved an AUC of 0.803 (95% CI: 0.743–0.862). After adding GLS (Model 2: HbA1c + BMI + eGFR + hs- 
CRP + diabetes duration + GLS), the AUC increased to 0.861 (95% CI: 0.811–0.911), and the improvement was 
statistically significant based on DeLong’s test (P < 0.001).
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Reclassification analysis (Table 2) further confirmed the incremental value of GLS. When GLS was added, the NRI 
was 0.216 (95% CI: 0.107–0.605, P < 0.001), and the IDI was 0.057 (95% CI: 0.015–0.078, P < 0.001). These results 
indicate that GLS not only enhances overall model discrimination but also significantly improves individual risk 

Table 1 Baseline Characteristics of Patients with and without Heart Failure After 
PCI

Variables Non-HF (n=266) HF (n=62) P

Age, years 58.9 ± 9.2 65.3 ± 8.7 0.012

Male, n (%) 198 (74.4%) 45 (72.6%) 0.600

BMI, kg/m2 24.1 ± 2.9 26.8 ± 3.5 <0.001

Smoking, n (%) 145 (54.5%) 38 (61.3%) 0.215

Drinking, n (%) 103 (38.7%) 21 (33.9%) 0.182

Hypertension, n (%) 182 (68.4%) 50 (80.6%) 0.048

Diabetes duration, years 7.0 (4.0–10.0) 12.5 (8.0–16.0) <0.001

Number of implants, n 1 (1, 2) 2 (1, 3) 0.640

WBC, ×109/L 5.88 (4.26, 8.53) 5.68 (4.17, 9.37) 0.601

RBC, ×1012/L 4.36 (3.79, 4.77) 4.15 (3.11, 4.65) 0.216

PLT, ×109/L 163.00 (122.00, 203.00) 180.00 (142.00, 216.25) 0.372

NEUT, ×109/L 3.72 (2.36, 7.58) 4.20 (2.26, 7.63) 0.157

LYMPH, ×109/L 1.60 (1.06, 2.64) 2.28 (1.54, 5.22) 0.265

EO, ×109/L 0.09 (0.03, 0.32) 0.12 (0.08, 0.64) 0.173

BASO, ×109/L 0.18 (0.11, 0.27) 0.14 (0.06, 0.26) 0.436

NT-proBNP, pg/mL 450 (300–600) 1000 (700–1500) <0.001

HbA1c, % 7.2 ± 0.8 8.0 ± 1.0 <0.001

hs-CRP, mg/L 2.5 (1.8–3.2) 4.0 (3.1–5.0) 0.001

eGFR, mL/min/1.73m2 90.0 ± 15.0 75.0 ± 18.0 <0.001

FBG, mmol/L 7.8 ± 1.5 8.4 ± 1.7 0.015

TC, mmol/L 4.5 ± 1.0 4.8 ± 1.2 0.064

TG, mmol/L 1.8 (1.3–2.2) 1.9 (1.4–2.3) 0.317

LDLC, mmol/L 2.7 ± 0.8 2.8 ± 0.9 0.384

GLS, % −16.5 ± 3.1 −13.2 ± 2.8 <0.001

CS, % −18.2 ± 4.0 −14.6 ± 3.5 <0.001

RS, % 35.2 ± 7.3 28.4 ± 6.7 <0.001

Abbreviations: BMI, Body mass index; WBC, White blood cells; RBC, Red blood cells; PLT, Platelets; 
NEUT, Neutrophils; LYMPH, Lymphocytes; EO, Eosinophils; BASO, Basophils; NT-proBNP, N-Terminal 
pro-brain natriuretic peptide; HbA1c, Glycated hemoglobin; hs-CRP, High-sensitivity C-reactive protein; 
eGFR, Estimated glomerular filtration rate; FBG, Fasting blood glucose; TC, Total cholesterol; TG, 
Triglycerides; LDL-C, Low-density lipoprotein cholesterol; GLS, Global longitudinal strain; CS, 
Circumferential strain; RS, Radial strain.
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reclassification accuracy, providing important added value in assessing post-PCI heart failure risk in T2DM patients with 
STEMI.

Nomogram Construction and Model Evaluation
A prediction model incorporating six core predictors—HbA1c, GLS, BMI, eGFR, hs-CRP, and diabetes duration—was 
constructed and visualized using a nomogram (Figure 4A). The nomogram provides a visual tool for clinical use. To 
calculate the predicted risk, locate the patient’s value for each variable on its respective axis and draw a vertical line 
upwards to the “Points” axis to determine the score. Sum the scores for all variables to obtain the “Total Points,” then 
draw a vertical line downwards from the total points axis to the “Risk of Y” axis to obtain the individual probability of 
heart failure.16 Calibration analysis demonstrated good agreement between predicted and observed probabilities, with 
satisfactory calibration performance (Hosmer–Lemeshow P = 0.425) (Figure 4B). Decision curve analysis showed that 
the combined model yielded greater net clinical benefit across a wide range of threshold probabilities (Figure 4C), 
suggesting its potential utility for early risk stratification in T2DM patients with STEMI after PCI.

Discussion
This study focused on a very high-risk population—patients with T2DM complicated by STEMI—and systematically 
evaluated the predictive value of integrating 2D-STI parameters with multidimensional clinical features for assessing 

Figure 2 Feature selection using LASSO regression and Boruta algorithm. (A) LASSO coefficient profiles of candidate variables; (B) Ten-fold cross-validation for selecting 
the optimal λ; (C) LASSO feature ranking; (D) Variable importance ranking based on the Boruta algorithm.

https://doi.org/10.2147/IJGM.S586226                                                                                                                                                                                                                                                                                                                                                                                                                                        International Journal of General Medicine 2026:19 6

Su et al                                                                                                                                                                               

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



post-PCI heart failure. The results demonstrated that GLS, HbA1c, BMI, eGFR, hs-CRP, and diabetes duration were key 
factors closely associated with postoperative heart failure. The combined prediction model constructed from these 
variables exhibited favorable discrimination, calibration, and clinical net benefit, indicating that incorporating informa
tion on myocardial deformation, metabolic status, inflammation, and renal function can substantially improve early 
identification of high-risk individuals. This may support more precise postoperative follow-up and individualized 
management. Unlike previous studies that focused solely on STEMI or general diabetic populations, this study 
specifically targeted the high-risk phenotype of T2DM combined with STEMI. Furthermore, we integrated mechanical 
strain (GLS) with metabolic and inflammatory markers, providing a more holistic prediction model than those relying on 
hemodynamic parameters alone.

T2DM profoundly alters the pathophysiological processes of myocardial injury and repair after STEMI and represents 
a central driver of the high incidence of postoperative heart failure.17 In this study, patients who developed heart failure 
exhibited markedly elevated HbA1c levels, longer diabetes duration, and higher hs-CRP levels, suggesting that chronic 
metabolic imbalance and inflammatory activation jointly contribute to the progressive deterioration of myocardial injury. 
Persistent hyperglycemia induces mitochondrial dysfunction, lipotoxicity, and microvascular perfusion abnormalities, 
making ischemic myocardium more prone to apoptosis and fibrosis while impairing the ability to recover after 
reperfusion.18,19 These findings are consistent with prior studies in stable coronary artery disease and acute coronary 

Table 2 Improvement in Reclassification Performance After Adding GLS to the Prediction Model

Model NRI IDI C-Statistics

Index (95% CI) P Index (95% CI) P Index (95% CI) P

Model 1 Ref Ref 0.803 (0.743–0.862) <0.001

Model 2 0.216 (0.107–0.605) <0.001 0.057 (0.015–0.078) <0.001 0.861 (0.811–0.911) <0.001

Notes: Model 1: HbA1c + BMI + eGFR + hs-CRP + Diabetes duration. Model 2: HbA1c + BMI + eGFR + hs-CRP + Diabetes 
duration + GLS. 
Abbreviations: HbA1c, Glycated hemoglobin; BMI, Body mass index; eGFR, Estimated glomerular filtration rate; hs-CRP, High- 
sensitivity C-reactive protein; GLS, Global longitudinal strain.

Figure 3 ROC curves and model performance comparison. (A) ROC curves for individual predictors. (B) Comparison of ROC curves between the base model (Model 1) 
and the GLS-enhanced model (Model 2).
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syndrome populations.20,21 The present study further confirms that under the combined background of STEMI and 
T2DM, metabolic and inflammatory factors exert a more pronounced and independent influence on the development of 
heart failure.

Regarding myocardial function assessment, strain parameters derived from 2D-STI provide high sensitivity in detecting 
subclinical myocardial injury, surpassing conventional echocardiographic indicators.22,23 This study identified a significant 
reduction in GLS as a major predictor of postoperative heart failure, reflecting its ability to detect early impairment of 
longitudinal myocardial fiber contraction. Previous research has shown that GLS can identify myocardial mechanical 
dysfunction before LVEF decline becomes apparent and is strongly associated with ventricular remodeling and long-term 
outcomes.24,25 In STEMI patients with concomitant diabetes, glucotoxic cardiomyopathy, microvascular rarefaction, and 
chronic inflammation further weaken myocardial integrity, making longitudinal strain impairment more pronounced and 
earlier in onset.26,27 Therefore, the particularly strong predictive value of GLS in this study highlights the necessity of 
incorporating strain assessment into routine post-PCI evaluation to enable earlier and more precise risk stratification.

The interaction among metabolic, inflammatory, and organ function abnormalities further shapes the complex 
mechanisms underlying the development of heart failure.28 In this study, higher BMI significantly increased post
operative heart failure risk, likely due to obesity-related increases in volume load, exacerbation of insulin resistance, 
and chronic low-grade inflammation, thereby promoting myocardial hypertrophy, diastolic dysfunction, and adverse 

Figure 4 Nomogram, calibration curve, and decision curve analysis of the prediction model. (A) Nomogram constructed using six core predictors. (B) Calibration curve 
showing agreement between predicted and observed risk. (C) Decision curve analysis showing net clinical benefit across threshold probabilities.
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ventricular remodeling.29,30 Additionally, decreased eGFR was independently associated with heart failure. Renal 
impairment not only contributes to fluid retention but also promotes the accumulation of toxic metabolites and systemic 
inflammation, further deteriorating myocardial compliance and cardiac compensatory capacity.31,32 Given the chronic 
renal injury associated with diabetes, this mechanism is more prominent in the studied population.33 Elevated hs-CRP 
also correlated positively with heart failure risk, reinforcing the notion that inflammation plays a continuous and central 
role in ischemia–reperfusion injury, myocardial apoptosis, and fibrosis, and becomes even more pronounced in the 
diabetic context—supporting the “inflammation–remodeling–heart failure” pathological continuum.

Several limitations should be noted. First, as a single-center retrospective study with a relatively small sample size, 
selection bias and residual confounding (eg, medication adherence) cannot be entirely excluded. Second, predictors were 
assessed only at baseline; thus, the potential impact of dynamic fluctuations in metabolic or inflammatory markers (eg, HbA1c, 
hs-CRP) during follow-up was not accounted for. Future studies incorporating serial measurements may provide additional 
prognostic granularity. Third, the exclusion of patients with severe renal dysfunction (eGFR < 30 mL/min/1.73 m2) to avoid 
volume overload confounding limits the generalizability of our findings to the end-stage renal disease population. Finally, 
despite dual-operator analysis, 2D-STI remains subject to image quality and technical limitations. Large-scale multicenter 
prospective studies are needed to validate these findings and enhance clinical applicability.

Conclusion
In summary, this study confirmed that GLS serves as a robust individual indicator for predicting post-PCI heart failure. 
We constructed a multidimensional prediction model integrating six core variables—GLS, HbA1c, BMI, eGFR, hs-CRP, 
and diabetes duration. This combined model significantly outperformed the clinical-only model in terms of discrimina
tion, reclassification improvement, and clinical net benefit. These findings provide a more powerful tool for the early 
identification and individualized management of this high-risk population.
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