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Background: Coronary microvascular dysfunction (CMD) significantly impacts outcomes in patients with acute ST-segment 
elevation myocardial infarction (STEMI) undergoing percutaneous coronary intervention (PCI). The cardiometabolic index (CMI), 
an indicator combining lipid and anthropometric parameters, has been linked to cardiovascular risk, but its association with CMD 
remains unclear. This study aims to investigate the relationship between CMI and the occurrence of CMD following PCI in STEMI 
patients and to assess its predictive value using Least Absolute Shrinkage and Selection Operator (LASSO)-based feature selection and 
multiple machine learning algorithms.
Methods: This retrospective cohort study enrolled STEMI patients who underwent primary PCI with stent implantation and post- 
procedural coronary microvascular function assessment between January 2021 and December 2024. Patients were categorized into 
CMD and non-CMD groups based on noninvasive microvascular resistance indices. Logistic regression, restricted cubic spline 
analysis, and machine learning models (Random Forest (RF), LightGBM, XGboost and K-Nearest Neighbors) were employed to 
evaluate the predictive value of CMI for post-PCI CMD.
Results: A total of 702 STEMI patients were included, and CMD was observed in 52.1% of patients. Compared to the first CMI tertile 
(T1) group, T2 and T3 group had increased odds of CMD (T2: adjusted odds ratio (aOR) 2.41, 95% confidence interval (CI) 
1.60–3.63; T3: aOR 3.40, 95% CI 2.17–5.32). There was a non-linear relationship between CMI and CMD (P < 0.001). The area under 
the curve (AUC) for CMI predicting CMD was 0.627 (95% CI: 0.586–0.666). Seven variables were screened by LASSO-Logistic 
regression for model development. Comparing four models’ performances, the RF model achieved the best performance (AUC = 
0.772). SHapley analysis revealed that CMI had the highest predictive value for CMD.
Conclusion: A higher CMI level is an independent risk factor for CMD of STEMI patients after PCI, and its predictive value 
enhanced when integrated into RF model.
Keywords: cardiacmetabolic index, acute st elevation myocardial infarction, percutaneous coronary intervention therapy, quantitative 
blood flow fraction

Introduction
Primary percutaneous coronary intervention (PCI) is the preferred approach for reperfusion in patients experiencing ST- 
segment elevation myocardial infarction (STEMI). It can rapidly restore the blood flow of the culprit coronary artery and 
significantly reduce the early mortality rate.1 However, in some patients, the perfusion of the distal coronary micro
vasculature does not completely restore, even after successful reperfusion of the epicardial coronary arteries, leading to 
coronary microvascular dysfunction (CMD). The mechanisms underlying CMD include microembolism, ischemia- 
reperfusion injury, and endothelial dysfunction.2,3 It has been shown that CMD can lead to poor myocardial perfusion, 
increasing the risk of major adverse cardiovascular events (MACE).4 Therefore, early identification and intervention of 
high-risk CMD patients are essential for optimizing STEMI management.
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Microcirculatory Resistance Index (IMR) remains the gold standard for assessing CMD. With the continuous 
development of functional research methods in coronary imaging, angiography-based index of microcirculatory resis
tance (AMR) has emerged as a novel noninvasive method to assess CMD.5 This technique utilizes quantitative flow ratio 
(QFR) analysis, integrating distal coronary pressure and 3D flow velocity.6 Multiple meta-analyses have shown a high 
correlation between AMR and IMR, with very high diagnostic efficacy.7,8

The cardiometabolic index (CMI) integrates the triglyceride/high-density lipoprotein cholesterol ratio (TG/HDL-c) 
and the waist circumference-to-height ratio (WHtR), allowing for the quantification of lipid metabolism and visceral 
adiposity.9 Critically, excess visceral fat and disorder of lipid metabolism are known to be associated with inflammation, 
endothelial dysfunction and oxidative stress, all of which contribute to increased microvascular resistance, thus leading to 
CMD.10 While CMI robustly predicts chronic metabolic diseases such as hypertension, diabetes and stroke,11 its 
relationship with post-PCI CMD in STEMI patients has never been investigated. Therefore, this first study retro
spectively analyzes the clinical data of STEMI patients undergoing PCI with stent implantation, aiming to investigate 
the relationship between CMI and post-PCI CMD, and further establish a risk prediction model for early identification of 
high-risk patients.

Materials and Methods
Study Population
This study was a single-center retrospective study. Patients diagnosed with acute STEMI at Taizhou People’s Hospital, 
affiliated with Nanjing Medical University, between January 2021 and December 2024 were consecutively enrolled. All 
patients successfully underwent successful primary PCI with stent implantation. A detailed flow diagram of the patient 
selection is shown in Figure 1. Exclusion criteria were as follows: (1) Patients with malignant tumors or severe liver or 
kidney dysfunction; (2) Patients with prior coronary artery bypass graft (CABG); (3) Patients with unstable hemody
namic status or under mechanical hemodynamic support; (4) Unable to perform QFR analysis due to imaging reasons.

This study was approved by the Medical Ethics Committee of Taizhou People’s Hospital, affiliated with Nanjing 
Medical University (ethical approval number: LSKY 2025–076-01). Given the retrospective nature of the study, the 
requirement for informed consent was waived. This study complies with the Declaration of Helsinki.

Clinical Data Collection
Demographic data and laboratory test results of all patients were obtained prior to PCI during the initial hospitalization 
assessment. Operative conditions were collected from medical records. Demographic data included age, sex, body mass 
index (BMI), waist circumference, height, weight, history of hypertension, diabetes mellitus, atrial fibrillation (AF), and 
smoking status. Laboratory test results included hemoglobin, platelet count, C-reactive protein (CRP), total cholesterol 
(TC), triglycerides (TG), high-density lipoprotein cholesterol (HDL-c), low-density lipoprotein cholesterol (LDL-c), 
lipoprotein(a), glycated hemoglobin A1c (HbA1c), blood urea nitrogen (BUN), cardiac troponin I (cTnI) and N-terminal 
pro-B-type natriuretic peptide (NT-proBNP). Operative conditions included symptom-to-balloon time, triple-vessel 
lesion, culprit vessels, high pressure balloon dilatation and thrombus aspiration. CMI = (TG/HDL-c) × (waist circum
ference/height). All patients were categorized into three groups according to the tertiles of CMI.

Definition
STEMI was defined according to ACC/AHA/ACEP/NAEMSP/SCAI guideline.12 CMD was defined as AMR greater 
than 2.5mmHg·s/cm.13

PCI and AMR Measurement
All patients received dual antiplatelet therapy with 300 mg aspirin combined with 180 mg ticagrelor before primary PCI. 
All patients received systemic anticoagulation with 80–100 U/kg heparin after vascular access. Pretreatment for the 
culprit vessel with high thrombus burden was performed before coronary stent implantation, including thrombus 
aspiration and/or glycoprotein IIb/IIIa inhibitor infusion treatment at their discretion. The patient’s angiographic images 
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were collected and analyzed through the interventional catheterization room storage system. AMR measurements relied 
on angiographic sequences obtained during the immediate post-PCI period. AMR was measured using AngioPlus Core 
software (version 2.0, Shanghai Pulse Medical Technology Co., Ltd). The specific measurement process was as follows: 
(1) The angiographic image with optimal quality was selected from available projection views; (2) The system auto
matically identified the contrast agent filling process, calculated individualized blood flow velocity, and designated the 
frame with optimal contrast filling, minimal vessel overlap, and least shortening as the key frame. Typically, at least 2 
orthogonal views are analyzed to ensure comprehensive coverage of the vessel. Additionally, the angiographic frame rate 
is required to be at least 15–30 frames per second; (3) The system automatically identified the target vessel center
line, delineated the vessel contour, and located proximal/distal reference lumens, with manual corrections performed when 
necessary; (4) Based on Murray’s branching model and an optimized fluid dynamics algorithm, the AMR value was 
automatically calculated.

Data Analysis
Based on our preliminary pre-experiments, we conservatively estimated that the mean difference in CMI index between 
the two groups was 0.1, with a standard deviation of 0.3. The sample size was calculated using PASS 15 software. When 
α was set to 0.05 and the power was set to 0.9, at least 190 patients were required in each group. Therefore, the sample 
size finally included in this study can provide sufficient statistical power.

Figure 1 Flow diagram of the patient selection.
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Patients were stratified into two groups based on the presence or absence of CMD. Continuous variables were 
assessed for normality using the Shapiro–Wilk test. Variables with normal distributions were expressed as mean ± 
standard deviation and compared using independent t-tests or one-way ANOVA, while non-normally distributed variables 
were reported as median (interquartile range) and compared via Mann–Whitney U-tests. Categorical variables were 
described as frequencies (percentages), with intergroup differences evaluated using chi-square or Fisher’s exact tests.

The CMI was categorized into tertiles: T1 (low), T2 (intermediate), and T3 (high). Multivariable logistic regression 
was employed to assess the relationship between CMI tertiles and CMD, with adjustments for confounding factors. 
Model 1 was adjusted for baseline variables showing significant intergroup differences (P < 0.05). Model 2 was further 
adjusted for clinically relevant covariates (eg, age, sex, BMI, waist circumference, height, weight, hypertension, diabetes, 
smoking status, culprit vessels, triple-vessel lesion, thrombus aspiration, hemoglobin, CRP, TC, TG, HDL-c, LDL-c, 
lipoprotein(a), HbA 1c, cTnI, NT-proBNP, symptom-to-balloon time, platelet, BUN, high pressure balloon dilatation and 
AF). Results were expressed as odds ratios (ORs) with 95% confidence intervals (CIs). Restricted cubic spline (RCS) 
regression with three knots was applied to evaluate potential nonlinear associations between CMI and CMD.

CMD prediction models were developed and validated via standard procedures. At first, Least Absolute Shrinkage 
and Selection Operator (LASSO) logistic regression was implemented for variable selection. The regularization para
meter (λ) was optimized through 10-fold stratified cross-validation (repeated three times), selecting the λ value 
corresponding to the minimum cross-validated deviance. Variables with non-zero coefficients were retained for model 
construction. Four machine learning algorithms were trained using the selected predictors. Random Forest (RF) model 
comprised 500 decision trees utilizing the Gini impurity criterion for node splitting, with maximum tree depth system
atically optimized through grid search across depths ranging from 3 to 10. K-Nearest Neighbors (KNN) adopted the 
Euclidean distance metric, where the optimal number of neighbors (K) was determined via 5-fold cross-validation, 
evaluating candidate values between 3 and 15. XGBoost was configured with a learning rate of 0.01 and maximum tree 
depth of 6, incorporating early stopping to halt training after 500 consecutive non-improving iterations. LightGBM 
employed a histogram-based acceleration strategy, parameterized with a learning rate of 0.05, 31 leaves per tree, and L2 
regularization (λ = 0.1) to mitigate overfitting. The random seeds for all machine learning algorithms were set to 123. In 
the prediction model, the CMI index is included as a continuous variable, aiming to prevent the loss of information 
caused by converting it into a categorical variable through segmentation.

Models were evaluated using 10-fold stratified cross-validation. Discrimination was evaluated by Receiver operating 
characteristic (ROC) curves and area under the curve (AUC). Calibration was evaluated by calibration plots, and the 
decision curve analysis (DCA) was used to estimate net benefit. Additionally, sensitivity, specificity, positive predictive 
value (PPV), negative predictive value (NPV), accuracy, and F1-score were calculated. The optimal model underwent 
SHapley Additive exPlanations (SHAP) analysis. SHAP values were computed using 100 bootstrap iterations to quantify 
feature importance. Individual prediction contributions were visualized via summary plots and force diagrams.

Analyses were performed in R 4.1.3 with packages including glmnet (LASSO), rms (RCS), caret (machine learning 
framework), xgboost, lightgbm, and shapviz (SHAP analysis). A two-sided P < 0.05 was considered statistically 
significant.

Result
Baseline Characteristics
A detailed flow diagram of patient selection is presented in Figure 1. A total of 702 patients were included and 
categorized into the non-CMD group (n = 336) and CMD group (n = 366). Clinical characteristics of the two groups 
are summarized in Table 1. There were significant differences in age, weight, smoking status, hemoglobin, BUN, and 
thrombus aspiration between the two groups (all P < 0.05).

Association Between CMI and CMD
The patients were categorized into 3 groups according to tertiles of CMI levels: the first tertile group (T1) group 
(≤0.619), second tertile (T2) group (0.620–0.995), and third tertile (T3) group (>0.995). The number of cases of CMD in 
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each group was 101 (43.16%), 122 (52.14%), and 143 (61.11%), respectively (Table 2). After adjusting for all variables 
listed in Table 1, compared to the reference level (T1), the risk of CMD was increased in T2 (adjusted odds ratio (aOR) 
2.41, 95% CI 1.60–3.63) and the T3 group (aOR 3.40, 95% CI 2.17–5.32). With the increase of CMI levels, the risk of 
CMD showed an increasing trend, p < 0.001.

Table 1 Baseline Characteristics of Patients with CMD and Without CMD

Level Non-CMD CMD p

N 336 366

Age, years 63.59 (15.39) 66.03 (13.52) 0.026

Sex, n (%) Male 266 (79.2) 267 (73.0) 0.066

Female 70 (20.8) 99 (27.0)

BMI, kg/m2 25.83 (2.19) 24.31 (3.82) 0.158

Waist, cm 82.33 (7.77) 82.53 (7.89) 0.745

Height, cm 167.39 (7.42) 166.35 (7.66) 0.069

Weight, kg 69.75 (14.21) 67.56 (13.26) 0.035

Hypertension, n (%) 181 (53.9) 213 (58.2) 0.281

Diabetes, n (%) 85 (25.3) 102 (27.9) 0.494

AF, n (%) 60 (17.9) 86 (23.5) 0.081

Smoking status, n (%) Never smoked 117 (34.8) 172 (47.0) <0.001

Ever smoked 26 (7.7) 42 (11.5)

Current smoking 193 (57.4) 152 (41.5)

Hemoglobin, g/L 138.22 (24.16) 134.84 (21.30) 0.049

Platelet, 10^9/L 187.57 (73.92) 186.87 (87.91) 0.91

CRP, mg/L 1.93 (0.51, 7.01) 2.23 (0.72, 6.40) 0.233

TC, mmol/L 4.30 (3.53, 5.07) 4.43 (3.56, 5.20) 0.758

TG, mmol/L 1.58 (0.83) 1.48 (0.72) 0.082

HDL-c, mmol/L 1.04 (0.27) 1.06 (0.27) 0.338

LDL-c, mmol/L 2.79 (0.90) 2.78 (0.80) 0.878

Lipoprotein(a), mg/L 134.00 (32.00, 293.00) 158.00 (54.00, 255.00) 0.173

HbA1c, % 6.72 (1.79) 6.85 (4.94) 0.652

cTnI, ng/mL 6.69 (0.30, 27.68) 4.05 (0.17, 22.16) 0.169

NT-proBNP, pg/mL 855.05 (126.98, 2893.10) 1264.70 (257.02, 3058.70) 0.07

Symptom-to-balloon time, min 195.00 (126.75, 318.75) 188.00 (109.75, 306.00) 0.306

BUN, mmol/L 5.88 (2.77) 6.56 (3.73) 0.006

Culprit vessels, n (%) LAD 196 (58.3) 209 (57.1) 0.629

LCX 22 (6.5) 31 (8.5)

RCA 118 (35.1) 126 (34.4)

(Continued)
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The restricted cubic spline curve showed that after adjustment for age, sex, BMI, waist circumference, height, weight, 
hypertension, diabetes, AF, smoking, hemoglobin, platelet, CRP, TC, TG, HDL-c, LDL-c, lipoprotein(a), HbA 1c, BUN, 
cTnI, NT-proBNP, culprit vessels, triple-vessel lesion, thrombus aspiration, symptom-to-balloon time, and high pressure 
balloon dilatation, the risk of CMD gradually increased with the increase of CMI level at CMI < 1.2, and there exited 
a non-linear relation between CMI and CMD (p < 0.001) (Figure 2).

Predictive Model for CMD
ROC curve analysis showed that that CMI alone had moderate predictive values for CMD after PCI in STEMI patients, 
with an AUC of 0.627 (95% CI: 0.586–0.666) (Figure 3).

LASSO logistic regression was used for feature screening, and the optimal λ was 0.02554869 from the cross-validation 
(Figure 4). A total of 7 variables with predictive value were screened, which were CMI, hemoglobin, age, BUN, weight, AF, 
and thrombus aspiration. These seven variables were used to construct four machine learning algorithms, including random 
forest (RF) model, LightGBM, XGboost, and KNN. Model performances were evaluated using the AUC and DCA for 
evaluating the clinical net benefits (Table 3 and Figure 5). Among the machine learning algorithms, the RF model demonstrated 
superior performance with an AUC of 0.774, compared to 0.686 for XGBoost and 0.685 for KNN and 0.675 for LightGBM.

The key factors for predicting CMD were identified by SHAP honeycomb plot, and the results showed that CMI, 
hemoglobin and age were the top three predictors. Among them, the CMI index had the most significant predictive value 
for CMD (Figure 6).

Discussion
The current study is the first work studying the correlation and predictive value of CMI for post-PCI CMD in STEMI 
patients. Patients in higher CMI tertiles had significantly elevated CMD risk compared to those in the lowest tertile. 
Notably, we revealed a significant and nonlinear association between CMI levels and the risk of CMD. CMI alone 
predicted CMD with AUC of 0.627. However, when CMI was combined with other variables to construct a predictive 

Table 2 Logistic Regression Analyses for the Association of CMI and CMD

CMI N(%) Crude Model Adjusted Model 1 Adjusted Model 2

T1(≤0.619) 101 (43.16) 1.0 1.0 1.0

T2(0.620–0.995) 122 (52.14) 2.03 [1.41, 2.94] 2.46 [1.64, 3.70] 2.41 [1.60, 3.63]

T3(>0.995) 143 (61.11) 2.47 [1.70, 3.58] 3.47 [2.22, 5.44] 3.40 [2.17, 5.32]

P for trend <0.001 <0.001 <0.001

Note: Model 1 adjusted for variables with P<0.05 in Table 1; Model 2 adjusted for all variables included in Table 1.

Table 1 (Continued). 

Level Non-CMD CMD p

Triple-vessel lesion, n (%) 29 (8.6) 40 (10.9) 0.371

High pressure balloon dilatation, n (%) 179 (53.3) 181 (49.5) 0.349

Thrombus aspiration, n (%) 101 (30.1) 80 (21.9) 0.017

Note: Values are mean ± SD, mean (25th-75th quantiles), or n (%). 
Abbreviations: BMI, body mass index; CRP, C-reactive protein; TC, Total cholesterol; TG, Triglycerides; LDL-c, Low-density lipoprotein cholesterol; HDL- 
c, High-density lipoprotein cholesterol; HbA1c, glycated haemoglobin A1c; cTnI, cardiac troponin I; NT-proBNP, pro-B-type natriuretic peptide; BUN, blood 
urea nitrogen; LAD, left anterior descending; LCX, left circumflex coronary artery; RCA, right coronary artery, AF atrial fibrillation.
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model, the RF model demonstrated the best predictive efficacy (AUC = 0.772), and the SHAP analyses clearly showed 
that CMI was the variable that contributed most to the prediction of CMD.

Primary PCI is the preferred reperfusion therapy strategy for treating STEMI. It has been shown that STEMI patients 
may present with CMD after successful PCI, resulting in slow or no reflow phenomena in the coronary arteries, which 
can lead to worse clinical outcomes.14 Indeed, one study demonstrated that CMD was a major risk factor for many 
adverse cardiovascular events, but significant limitations remained in its clinical diagnosis and treatment.15,16 In this 
study, we used AMR to assess CMD, a wire-free and adenosine-free index, known for its high diagnostic accuracy, 

Figure 2 Cubic spline analyses for the association between CMI and the risk of CMD.

Figure 3 The receiver operating characteristic curve of CMI as a maker to predict post-PCI CMD in patients with acute ST elevation myocardial infarction.
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thereby providing a new technological pathway for optimal CMD management.13 Among 702 STEMI patients under
going PCI, we found that more than half (52.1%) of them demonstrated CMD, highlighting the high prevalence and 
clinical importance of CMD following PCI. Our study included acute STEMI patients, who inherently have a high 
thrombus burden. The overall thrombus aspiration rate was 25.8% in our study, which was similar to other research.17

CMI is closely associated with the occurrence of diabetes, atherosclerosis and hypertension, and plays an important 
role in screening for metabolic diseases.18 CMI also has demonstrated strong predictive value for cardiovascular disease 
(CVD) risk, with a significant positive association with myocardial infarction (MI) incidence. This association remains 
statistically robust even after adjusting for lipid-lowering therapies.19 Elevated CMI may trigger systemic inflammation, 
accelerating cardiovascular damage, increasing long-term complication risks, and contributing to poorer prognoses and 
higher mortality.20 A recent Chinese study further confirmed that CMI was closely associated with the coronary artery 
lesion severity in patients with acute MI, and was an independent predictor of the risk of long-term MACE. Each one- 
unit increase in CMI was associated with a 71% increase in the risk of developing MACE.21 These findings were 
corroborated by a retrospective cohort study (n = 2067) in hypertensive patients with obstructive sleep apnea, where 
rising CMI levels predicted increased CVD and coronary heart disease incidence over a median follow-up period of 6.83 
years.22 Our study was the first to investigate the association between CMI and post-PCI CMD in STEMI patients, and 
found that a higher CMI level was an independent risk factor for CMD. One study showed that clinical factors and the 
severity of epicardial coronary artery lesions were not effective predictors of the extent of CMD,23 which also makes the 
prediction of CMD more challenging. Despite this, Our findings suggested that CMI had moderate predictive value for 
CMD. Moreover, machine-learning further enhanced its prediction power.

CMI, calculated as TG/HDL-c × WHtR, reflects visceral obesity and metabolic inflammation that may be associated 
with CMD. WHtR has been suggested to outperform BMI and waist circumference in predicting cardiovascular risk.24 

Figure 4 LASSO logistic regressions were used for feature screening. (A) the coefficient path plot (B) the cross-validation error plot.

Table 3 The Performances of Four Machine Learning Algorithms

AUC Sensitivity Specificity PPV NPV Accuracy F1

RF 0.772 0.743 0.689 0.723 0.711 0.717 0.741

LightGBM 0.675 0.582 0.686 0.680 0.588 0.630 0.627
XGboost 0.686 0.612 0.681 0.688 0.605 0.644 0.648

KNN 0.685 0.711 0.624 0.685 0.653 0.671 0.698
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The TG/HDL-c ratio is recognized as an indicator of metabolic syndrome, insulin resistance (IR), and coronary artery 
disease.25,26 IR can cause endothelial dysfunction, vascular resistance, inflammation of the vascular endothelium and 
microvascular damage. Endothelial injury may further exacerbate microvascular reperfusion dysfunction. After PCI, 
CMD may result from ischaemia, reperfusion injury, and microvascular embolism.27 TG/HDL-c is also a classic lipid 
index that shows the balance between atherogenic and anti-atherogenic lipoproteins. A cohort study using the UK 
Biobank showed that an elevated TG/HDL-c ratio was associated with a higher risk of CVD, coronary heart disease and 
stroke, and these associations were largely mediated by a greater prevalence of dyslipidemia, hypertension, and 
diabetes.28 Furthermore, studies showed that adipose tissue produced pro-inflammatory cytokines such as interleukin 6 
and tumor necrosis factor-alpha, which were shown to have an effect on atherosclerosis.29 Inflammatory processes 
directly affected microvascular function, which in turn affected the development and prognosis of acute coronary 
syndrome (ACS). Moreover, pro-inflammatory cytokines were closely associated with impaired coronary microcircula
tion in ACS patients.30 Therefore, elevated CMI levels may serve as an underlying mechanism for the increased risk of 
CMD after PCI in STEMI patients by mediating metabolic disturbances and inflammation of the vascular system. In our 
study, CMI and CMD risk showed a nonlinear relationship. When the CMI > 1.2, the CMD risk tended to flatten. We 
speculate that an excessively high CMI value has already reflected that the individual is in a metabolic or physiological 
extreme state. When the CMI value is too high, it may suggest the existence of more complex metabolic or disease 
mechanisms, causing the risk of CMD to no longer increase linearly simply with the rise of CMI.

To our knowledge, it is the first study to investigate the association between CMI and post-PCI CMD evaluated by 
AMR in STEMI patients. Our findings highlight the potential of CMI as a simple yet powerful predictor of 
microvascular injury, easily incorporated into routine clinical practice. However, several limitations should be 
acknowledged. First, the retrospective design precludes control over unmeasured confounders, such as dietary 
patterns and physical activity levels, which may influence CMD. We are also unable to establish a cause-and-effect 
association between CMI and CMD. Second, as a single-center study with a relatively small sample size, patient 
selection bias may exist. Therefore, our findings may not be generalizable to broader populations with differing 
regional or ethnic characteristics. Third, while AMR is non-invasive and accurate, it still has measurement variability, 
which could influence CMD classification. Finally, the absence of long-term follow-up data limits our ability to assess 
the dynamic relationship between CMI changes and MACE, including heart failure hospitalization and cardiovascular 
mortality.

Figure 5 Comparison of receiver operating characteristic curve and the decision curve analysis of four models.
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We propose that patients with elevated CMI should be prioritized for targeted CMD assessment, and structured 
follow-up protocols should be implemented after PCI to reduce the risk of MACE. For patients with hyperlipidemia or 
abdominal obesity, it is crucial to encourage the consistent use of lipid-lowering and weight-loss drugs to actively control 
CMI levels. Future research should focus on prospective validation in multicenter cohorts, with extended follow-up to 
evaluate the prognostic value of serial CMI measurements. Additionally, interventional studies are needed to explore the 
efficacy of targeted metabolic therapies in improving microvascular dysfunction in high-CMI patients, potentially 
through mechanisms involving suppression of inflammation, endothelial function restoration, and oxidative stress 
reduction.

Conclusion
In conclusion, this study demonstrates a significant association between elevated CMI levels and an increased risk of 
CMD following PCI in STEMI patients. Our findings suggest CMI may serve as a useful biomarker for refining risk 
stratification in this population. These results highlight the potential contribution of visceral obesity and dysregulated 
lipid metabolism to CMD pathogenesis. While further validation in larger, multi-center cohorts is warranted, incorporat
ing CMI into clinical assessment may provide additional value in identifying high-risk patients and guiding future risk 
management strategies.

Figure 6 SHAP honeycomb plot.
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