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Editorial on the Research Topic Coronary physiology in the spotlight: advancing diagnosis and treatment in CAD and microvascular disease


Coronary artery disease (CAD) remains a leading cause of morbidity and mortality worldwide, despite remarkable advances in imaging, pharmacotherapy, and revascularization strategies (1). For decades, clinical decision-making has largely relied on anatomical assessment of epicardial stenoses. However, it has become increasingly evident that coronary anatomy alone incompletely captures ischemic burden, biological risk, and long-term prognosis (2). This Research Topic was conceived to place coronary physiology at the center of contemporary CAD management, highlighting how functional assessment, plaque biology, and coronary microvascular disease (CMD) together refine diagnosis, guide therapy, and improve risk stratification.


Beyond stenosis: integrating physiology and plaque biology

Among the most transformative contributions in this Topic is the growing role of non-invasive coronary physiology derived from coronary computed tomography angiography (CTA). The prospective cohort study combining AI-derived CT fractional flow reserve (CT-FFR) with high-risk plaque (HRP) characteristics exemplifies this evolution. By demonstrating that the integration of functional ischemia and HRP features markedly improves prediction of major adverse cardiovascular events (MACE) compared with either metric alone, this work reinforces a crucial concept: ischemia and vulnerability are complementary rather than competing pathways of risk.

This integrated approach moves CTA from a purely anatomical test to a comprehensive platform for precision risk assessment at the time of diagnosis. Beyond anatomical and non-invasive physiological assessment, emerging evidence suggests that CTA can also inform interventionalists about key procedural characteristics. CTA enables comprehensive procedural planning by integrating lesion-specific physiological significance, myocardial mass at risk, plaque composition and distribution, three-dimensional plaque mapping, optimal projection selection, catheter choice, and CT-derived 3D guidance (3, 4). Importantly, the ability to derive anatomical, physiological, and procedural information from a single examination substantially enhances feasibility, supporting a future paradigm in which invasive angiography may be reserved for patients in whom anatomy, physiology, and biology converge toward percutaneous coronary intervention (PCI).



Microvascular dysfunction: the missing link after revascularization

While epicardial disease remains the most visible manifestation of CAD, coronary microvascular dysfunction has emerged as a key determinant of persistent symptoms and adverse outcomes. The systematic review and meta-analysis included in this Topic provides compelling evidence that CMD affects approximately 40% of post-PCI target vessels and is independently associated with a substantially increased risk of MACE.

This finding has major clinical implications. It explains, at least in part, why technically successful PCI does not always translate into symptomatic relief or prognostic benefit. By consolidating data across diverse populations and physiological assessment methods, this meta-analysis establishes CMD as a frequent and prognostically meaningful entity that warrants systematic evaluation.

Mechanistic insights are further expanded by original work on coronary wave intensity analysis, which explores microvascular-originated backward waves and their modulation under varying hemodynamic conditions. These data enhance our understanding of myocardial-coronary coupling and support the clinical feasibility of advanced physiological indices capable of interrogating microvascular status.

Equally important, the clinical translation of advanced physiological indices requires robust validation of measurement agreement and reproducibility. Within this Research Topic, a dedicated methodological study employing Bland–Altman analysis addresses this critical aspect by evaluating the agreement between physiological measurements across modalities and analytical approaches. By demonstrating acceptable limits of agreement and highlighting sources of variability, this work reinforces confidence in the interpretability and interchangeability of contemporary physiological tools.



Physiology-guided therapy and procedural optimization

Several contributions in this Topic emphasize the role of physiology not only in diagnosis but also in guiding interventional strategy. The study evaluating quantitative flow ratio (QFR) in drug-coated balloon (DCB) therapy illustrates how functional assessment after lesion preparation can predict mid-term vessel physiology and identify patients at risk for residual functional stenosis. Such findings reinforce the concept that physiological optimization should extend beyond stent deployment and may be particularly relevant in “leave-nothing behind” revascularization strategies.



Inflammation, biomarkers, and functional risk

Coronary physiology does not operate in isolation from systemic biology. The investigation of the mean platelet volume-to-monocyte ratio (MMR) highlights the complex interplay between inflammation, thrombosis, and coronary outcomes. The observed nonlinear association between MMR and long-term prognosis underscores the limitations of single-threshold biomarkers and aligns with emerging evidence that inflammatory activity modulates both plaque behavior and microvascular function.

Beyond inflammatory indices, dysregulation of endogenous anticoagulant pathways may further modulate ischemic risk and coronary physiology. In this Research Topic, a dedicated study examining plasma antithrombin levels highlights the prognostic relevance of hemostatic balance in patients with coronary artery disease.



Innovative tools for early detection and risk stratification

This Research Topic also explores novel, less conventional approaches to CAD detection and prediction. A meta-analysis evaluating a phonocardiogram-based CAD score demonstrates the potential of acoustic signal analysis as a low-cost, non-invasive rule-out tool in patients with suspected CAD. While not a substitute for imaging or physiology, such approaches may complement existing pathways by improving pre-test probability assessment and reducing unnecessary testing.

Similarly, the development of a LASSO-based predictive nomogram for obstructive CAD in patients with repeatedly zero calcium scores challenges the notion of “low-risk” anatomy. By identifying clinical and metabolic predictors of disease progression despite favorable imaging findings, this work highlights the limitations of static anatomical risk models and reinforces the need for dynamic, personalized assessment.



Toward precision coronary medicine

Collectively, the studies in this Research Topic illustrate a unifying message: coronary physiology is no longer an adjunct but a foundation of modern CAD care. From CT-derived functional imaging and plaque characterization, to invasive and angiography-based physiological indices, to microvascular assessment and systemic biomarkers, the field is moving toward an integrated, patient-centered model of coronary disease. By bringing these diverse yet complementary perspectives together, this Research Topic aims to advance the ongoing transition from anatomy-driven intervention to precision coronary medicine.
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Background: Coronary slow flow (CSF), characterized by delayed coronary perfusion without significant coronary artery stenosis, remains a diagnostic challenge due to its elusive pathophysiology. This retrospective study aimed to evaluate the association between the thrombin-antithrombin (TAT) complex and CSF.



Patients and methods: Ninety-one CSF patients and 74 subjects with normal coronary flow were recruited in this cohort. Coronary artery blood flow was quantified using the thrombolysis in myocardial infarction frame count (TFC) method. Plasma TAT complex levels were measured via chemiluminescent immunoassay. Logistic regression analyses and a receiver operating characteristic (ROC) curve were performed to determine the predictive value of TAT for CSF.



Results: Compared with patients without CSF, patients with CSF showed higher plasma levels of TAT complex, total cholesterol, and low-density lipoprotein cholesterol, all of which were also positively correlated with TFC. However, multivariate logistic regression identified TAT as the only independent predictor of CSF after adjustment (OR: 1.71, 95% CI: 1.39–2.10, p < 0.001). More specifically, ROC analysis revealed that a plasma TAT complex levels of 3.875 ng/ml predicted CSF with a specificity of 89.2% and a sensitivity of 62.6%.



Conclusion: Elevated plasma TAT complex levels are strongly associated with CSF and may serve as a candidate diagnostic biomarker.
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Introduction

In 1972, Tambe et al. first described the phenomenon of coronary slow flow (CSF) in six patients presenting with chest pain (1). CSF is characterized by the delayed perfusion of distal vessels despite the absence of significant coronary artery stenosis (stenosis <40%) on coronary angiography (CAG). The incidence of CSF ranges from 0.2% to 7% in routine CAG patients, but increases to 25% in those with chest pain (2–4). While the left anterior descending artery (LAD) is most frequently involved, followed by the left circumflex (LCX) and right coronary arteries (RCA), over 80% of CSF patients experience recurrent precordial discomfort, chest pain, or angina (5–7). Although the majority of patients with CSF tend to have a favorable prognosis, a minority of cases may experience acute myocardial infarction, life-threatening arrhythmias, and sudden death, thus requiring adequate attention from clinicians (8, 9).

While most studies report no significant differences in atherosclerotic risk factors between CSF patients and those with normal coronary flow, some recent studies have specifically linked CSF to elevated total cholesterol (TC), increased low-density lipoprotein cholesterol (LDL-C) levels (10). However, the pathogenic mechanism of CSF remains multifactorial and incompletely elucidated. Extensive studies suggest that possible mechanisms may include endothelial dysfunction in the coronary arteries, microvascular dysfunction, inflammation, genetic factors, subclinical atherosclerosis and hemorheological abnormalities (11). Research has demonstrated that patients with CSF have notable calcification in the coronary vessel walls, diffuse thickening of the intima, and non-obstructive changes in the coronary arteries due to atherosclerosis, therefore suggesting that patients with CSF may have undergone subclinical atherosclerotic alterations (12, 13). Hemorheological abnormalities, including increased blood viscosity, decreased erythrocyte deformability, and heightened platelet aggregation, play a critical role in the development and progression of coronary atherosclerosis, which may contribute to CSF (14, 15). Korhan et al. recently found that erythrocyte aggregation caused CSF and may be a new treatment target for CSF patients (16). Furthermore, it has been demonstrated that patients with CSF exhibit significantly elevated mean platelet volume, a marker indicative of platelet activation and platelet aggregability, in comparison with patients with normal coronary flow (17). These hemorheological factors may impair coronary microcirculatory flow, exacerbating ischemia despite macrovascular patency. Emerging evidence indicates that an imbalance in coagulation activity, often reflected by biomarkers such as thrombin-antithrombin (TAT) complex, may further link hemorheological disturbances to CSF.

Thrombin, a serine protease central to coagulation, converts fibrinogen to fibrin and activates platelets via protease-activated receptors (PARs) (18). Its inactivation through irreversible binding to antithrombin forms TAT complexes, a validated marker of thrombin generation (19). Beyond its canonical role in hemostasis, thrombin exerts pleiotropic effects on cellular processes, including exacerbation of endothelial dysfunction, induction of vascular permeability, promotion of oxidative stress, triggering of apoptotic pathways, and upregulation of pro-inflammatory cytokines (20). These multifunctional actions highlight its critical involvement in vascular pathophysiology. Emerging evidence underscores the role of thrombin in the pathogenesis of coronary atherosclerosis. Direct evidence supporting thrombin's involvement in atherogenesis derives from experimental studies demonstrating that pharmacological inhibition of thrombin attenuates atherosclerosis progression in apolipoprotein E-deficient mice (21). Julian et al. further demonstrated that early-stage atherosclerotic lesions exhibited both enhanced thrombin generation capacity and markedly elevated TAT complex levels (22). Clinical studies indicate that elevated TAT levels are significantly associated with the presence and severity of coronary artery disease (CAD) (23). Notably, patients with acute myocardial infarction have higher peak thrombin generation rates compared to those with stable CAD, as quantified by TAT complex levels (24). However, the association between TAT complex and CSF remains unclear.

At present, CAG remains the only reliable way of detecting CSF. Given its expense and invasiveness, it's crucial to develop cost-effective, noninvasive diagnostic alternatives for CSF. To address this gap, the current study aims to determine the potential clinical value of TAT complex as a candidate circulating biomarker for CSF screening.



Patients and methods


Study design and participants

This retrospective cohort study utilized patient data from individuals undergoing selective coronary artery angiography at the People's Hospital of Fengkai County during the period spanning May 2023 to October 2024. From the institutional medical archives, we systematically identified 724 eligible cases that met the following inclusion criteria: (1) over 18 years old; (2) completion of diagnostic coronary angiography; and (3) availability of complete medical documentation encompassing demographic profiles, clinical histories, plasma TAT complex levels and procedural records. Exclusion criteria included: (1) previous coronary revascularization (percutaneous coronary intervention or coronary artery bypass graft surgery); (2) coronary artery ectasia or spasms; (3) concomitant structural cardiac pathologies (e.g., cardiomyopathy, severe valvular heart disease, congenital heart disease, or severe heart failure); (4) active hematological disorders; (5) Significant renal/hepatic dysfunction; (6) documented thyroid dysfunction; (7) history of malignancy; (8) acute/chronic inflammatory conditions or active systemic infections; and (9) missing TAT levels data; (10) presence of ≥50% luminal narrowing in major epicardial vessels.

The final study population comprised 165 patients with angiographically confirmed absence of visually detectable coronary stenosis or ≥50% luminal narrowing in major epicardial vessels. Participants were divided into two groups: 91 patients exhibiting CSF phenomenon (CSF group) and 74 controls with normal coronary flow (control group) (Figure 1). Coronary artery blood flow was quantified using the thrombolysis in myocardial infarction (TIMI) frame count (TFC) method, with CSF defined as TFC >27 in at least 1 coronary artery. This study was conducted in strict accordance with the Declaration of Helsinki and approved by the ethics committee of the local hospital. Given the retrospective nature of this study, verbal informed consent was approved by the ethics committee.


[image: Flowchart diagram depicting the selection process of patients for a coronary angiography study. Out of 724 initially assessed, 559 were excluded for various reasons listed, resulting in an analytic cohort of 165, with 91 in the CSF group and 74 in the control group.]
FIGURE 1
Study flow chart. CSF was defined as TFC > 27 in at least 1 coronary artery despite the absence of visually detectable coronary stenosis or ≥50% luminal narrowing. CSF, coronary slow flow; Control group, patients with normal coronary flow.




Coronary angiography and assessment of TFC

Selective coronary angiography was performed on all participants using the Judkins technique 24 h after venous blood samples were collected to measure TAT complex levels. Coronary visualization was performed in multiple orthogonal projections, including left/right anterior oblique views with cranial and caudal angulations. Quantitative assessment of coronary blood flow was conducted using the TFC method. Angiograms were recorded at 30 frames per second (fps), with TFC defined as the number of cine frames required for contrast medium to propagate from the coronary ostium to standard distal landmarks of the relevant coronary arteries. The initiation frame was defined as the first frame demonstrating complete contrast opacification of the proximal coronary ostium with anterograde laminar flow (≥75% vessel border delineation). The termination frame was determined as the initial visualization of contrast medium reaching standard distal landmarks. These landmarks were defined as follows: (1) LAD: Terminal bifurcation at the cardiac apex; (2) LCX: Distal bifurcation of the segment with the longest total distance; (3) RCA: First branch of the posterolateral artery. As previously described, the LAD frame count was divided by 1.7 to calculate the corrected thrombolysis in myocardial infarction frame count (CTFC), due to the LAD's greater length compared to other major coronary arteries. The average TFC per subject was determined by summing the CTFCs of the LAD, LCX, and RCA, and dividing the total by three. Two independent interventional cardiologists, blinded to clinical data, performed all measurements. Discrepancies were resolved by consultation with a third cardiologist.



Data collection and study definitions

The following clinical parameters were systematically collected for each enrolled patient: (1) Demographic characteristics: age, gender, height and weight; (2) History of smoking and alcohol use; (3) Medical comorbidities: documented diagnoses of hypertension, diabetes mellitus, and prior coronary revascularization procedures; (4) Biochemical profiles: TAT complex levels, homocysteine concentration, lipid panel [triglycerides (TG), TC, LDL-C], uric acid levels, alanine aminotransferase (ALT); (5) Transthoracic echocardiographic parameters; (6) Coronary angiographic findings.

Blood pressure measurements were obtained following standardized protocols using a validated electronic sphygmomanometer. Measurements were recorded three times after patients rested in a seated position for 5 min, with the mean value used for statistical analysis. According to current clinical guidelines, hypertension was defined as systolic blood pressure (SBP) ≥140 mmHg and/or diastolic blood pressure (DBP) ≥90 mmHg, a documented history of antihypertensive medication use, or self-reported hypertension (25).

Diabetes mellitus was diagnosed on the basis of current clinical guidelines, fulfilling at least one of the following criteria: (a) fasting plasma glucose ≥126 mg/dl (7.0 mmol/L); (b) 2-h postprandial plasma glucose ≥200 mg/dl (11.1 mmol/L) during standardized 75 g oral glucose tolerance testing; (c) glycated hemoglobin ≥ 6.5%; (d) physician-documented diagnosis of type 2 diabetes mellitus in medical records with concurrent antihyperglycemic therapy (26).



Biochemical parameters assays

Venous blood samples were obtained from all participants after a 12-h overnight fast following hospital admission. All specimens were processed according to standardized laboratory protocols. Plasma TAT complex levels were quantified using chemiluminescent immunoassay (Automated Immunoassay Analyzer, Guangzhou Wondfo Biotechnology Co., Ltd, China) prior to CAG (TAT normal reference range: 0–4 ng/ml). Plasma biomarkers, including complete blood count, lipid profile, fasting glucose, and creatinine, were analyzed with an automated biochemical analyzer.



Echocardiography

Transthoracic echocardiography was performed with commercially available ultrasound equipment (Mindray Medical International Co., Ltd, Shenzhen, China) by certified sonographers blinded to participant allocation. Left ventricular parameters—including end-diastolic diameter (LVEDD), end-systolic diameter (LVESD), and ejection fraction (LVEF)—were quantified in accordance with the American Society of Echocardiography guidelines (27).



Statistical analysis

Continuous variables were presented as mean ± standard deviation (for normally distributed data) or median (interquartile range) (for non-normally distributed data), with distribution normality assessed using the Kolmogorov–Smirnov test. Categorical variables were presented as numbers (percentages). The Student's t-test or Mann–Whitney U test was used to assess group differences for continuous variables, and categorical variables were compared via chi-squared tests. The correlation between mean TFC and TAT complex was analyzed using Pearson correlation test or Spearman's rank correlation test, depending on normality of the distribution. Multivariate logistic regression models were constructed to evaluate associations between CSF and plasma TAT complex levels, with the calculation of odds ratios (ORs) and 95% confidence intervals (CIs). To identify predictive cut-off values of plasma TAT complex for CSF, receiver operating characteristic (ROC) curve analysis was performed. All analyses were performed using SPSS 26.0 (IBM Corporation, Armond, New York, NY, USA), with statistical significance defined as a two-tailed p-value <0.05.




Results


Demographic and clinical characteristics of study participants

The study enrolled 165 consecutive inpatients, comprising 91 patients with CSF and 74 controls with normal coronary flow. Baseline demographic, biochemical, echocardiographic, and angiographic characteristics are summarized in Table 1. No significant differences were observed between the CSF and control groups in terms of age, gender, diabetes mellitus, or hypertension.



TABLE 1 Demographic and clinical characteristics of study participants.



	Variables
	CSF group
	Control group
	p value



	n = 91
	n = 74





	Age (years)
	62.8 ± 9.7
	61.6 ± 9.7
	0.464



	Gender (%)
	
	
	0.702



	Male
	47 (51.6)
	36 (48.6)
	



	Female
	55 (48.4)
	38 (51.4)
	



	Hypertension (%)
	50 (54.9)
	48 (64.9)
	0.197



	Diabetes mellitus (%)
	10 (11.0)
	9 (12.2)
	0.814



	Smoking (%)
	32 (35.2)
	24 (32.4)
	0.712



	SBP (mmHg)
	116 (105, 127)
	121 (110, 128)
	0.156



	DBP (mmHg)
	74 (68, 80)
	75 (69, 80)
	0.901



	Plasma biomarkers



	TAT (ng/ml)
	4.43 (2.86, 7.33)
	1.82 (1.14, 2.88)
	<0.001



	Homocysteine (umol/L)
	11.39 (8.83, 14.64)
	11.11 (9.10, 13.31)
	0.551



	TC (mmol/L)
	4.46 ± 1.09
	3.98 ± 1.09
	0.006



	LDL-C (mmol/L)
	2.44 ± 0.79
	2.07 ± 0.72
	0.002



	TG (mmol/L)
	1.14 (0.85, 1.88)
	1.01 (0.74, 1.76)
	0.292



	uric acid (umol/L)
	333.1 (287.4, 384.9)
	332.6 (272.8, 392.8)
	0.838



	Creatinine (umol/L)
	68.6 (59.15, 87.45)
	74.8 (65.2, 89.33)
	0.155



	ALT (U/L)
	19.10 (14.95, 26.70)
	20.40 (14.83, 26.33)
	0.815



	WBC (*109/L)
	6.81 (5.57, 8.24)
	6.91 (5.50, 7.85)
	0.625



	Hemoglobin (g/L)
	129 (123, 138.5)
	132 (124, 142.3)
	0.117



	Platelet (*109/L)
	248 (217, 301.5)
	231 (179.23, 288.5)
	0.016



	MPV (fL)
	10.5 (8.45, 12.0)
	9.6 (7.9, 11.5)
	0.132



	Echocardiographic parameters



	LVESD (mm)
	27.0 (26.0, 30.0)
	29.0 (26.0, 31.3)
	0.094



	LVEDD (mm)
	43.0 (40.0, 45.0)
	44.0 (41.0, 47.0)
	0.090



	LVEF (%)
	63.0 (60.0, 66.0)
	62.0 (59.0, 66.0)
	0.472



	TFC measurements



	Corrected TFC (LAD)
	33.5 (28.2, 42.4)
	24.7 (20.6, 26.5)
	<0.001



	TFC (LCX)
	30.0 (25.0, 37.0)
	20.5 (17.0, 23.0)
	<0.001



	TFC (RCA)
	31.0 (26.0, 39.0)
	22.0 (18.0, 24.0)
	<0.001



	Mean CTFC
	31.5 (26.6, 39.5)
	22.6 (18.5, 24.5)
	<0.001




	CSF, coronary slow flow; TAT, thrombin-antithrombin complex; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; TG, triglyceride; single-vessel disease group; ALT, alanine aminotransferase; WBC, white blood cell; MPV, mean platelet volume; LVESD, left ventricular end-systolic diameter; LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction; TFC, thrombolysis in myocardial infarction (TIMI) frame count; LAD, Left anterior descending artery; LCX, Left circumflex artery; RCA, Right coronary artery. Data were expressed as mean ± standard deviation (SD) or median and interquartile range or n (%).







Patients with CSF exhibited significantly higher plasma levels of TAT complex [4.43 (2.86, 7.33) ng/ml vs. 1.82 (1.14, 2.88) ng/ml, p < 0.001], TC (4.46 ± 1.09 mmol/L vs. 3.98 ± 1.09 mmol/L, p = 0.006) and LDL-C (2.44 ± 0.79 mmol/L vs. 2.07 ± 0.72 mmol/L, p = 0.002) compared to controls. Other biochemical parameters, including homocysteine, TG, uric acid, creatinine, alanine aminotransferase, hemoglobin, white blood cell count, mean platelet volume, and platelets showed no significant differences between groups.

As expected, CTFC for LAD, LCX, RCA and the mean TFC were found to be significantly higher in patients with CSF than in controls. However, there were no statistically significant differences between the two groups with regard to LVESD, LVEDD and LVEF.



Influencing factors of CSF

Plasma TAT complex levels showed a strong positive correlation with mean TFC values among all participants (r = 0.950, p < 0.001; Figure 2A). Furthermore, elevated mean TFC values were significantly associated with TC (r = 0.283, p < 0.001; Figure 2B) and LDL-C (r = 0.315, p < 0.001; Figure 2C).


[image: Panel A displays a scatterplot with a strong positive correlation between mean TFC and TAT concentration (r equals 0.950, p less than 0.001). Panel B presents a scatterplot showing a weaker positive correlation between mean TFC and total cholesterol (r equals 0.283, p less than 0.001). Panel C shows a scatterplot displaying a moderate positive correlation between mean TFC and LDL-C (r equals 0.315, p less than 0.001). All three scatterplots include fitted trend lines and correlation statistics.]
FIGURE 2
Correlation analyses. (A) Correlation between plasma TAT complex levels and mean TFC; (B) correlation between plasma TC levels and mean TFC; (C) correlation between plasma LDL-C levels and mean TFC. TAT, thrombin-antithrombin; TIMI, thrombolysis in myocardial infarction; TFC, TIMI frame count; TC, total cholesterol; LDL-C, low-density lipo- protein cholesterol.




Diagnostic predictive value of plasma TAT complex in CSF

Multivariate logistic regression analysis was performed to assess the diagnostic utility of TAT complex levels for CSF. Based on clinical relevance, the multivariate logistic regression model incorporated the following variables: demographic characteristics (age, sex), metabolic parameters (diabetes, hypertension, uric acid, creatinine, homocysteine), hematologic indices (hemoglobin, white blood cell count, platelet count), hepatic function marker (alanine aminotransferase), lipid profiles (TG, TC, LDL-C), and echocardiographic parameters (LVESD, LVEDD and LVEF). After adjustment for these variables, plasma TAT complex levels emerged as an independent predictor of CSF (Table 2). In the fully adjusted model, elevated plasma TAT complex levels was associated with a 1.71-fold increased risk of CSF (OR: 1.71, 95% CI: 1.39–2.10, p < 0.001).



TABLE 2 Analysis of factors predicting CSF risk.



	Variables
	OR
	Lower 95% CI
	Upper 95% CI
	p value





	TC (mmol/L)



	unadjusted
	1.505
	1.114
	2.032
	0.008



	adjusted
	1.303
	0.873
	1.944
	0.195



	LDL-C (mmol/L)



	Unadjusted
	1.958
	1.257
	3.049
	0.003



	Adjusted
	1.592
	0.883
	2.868
	0.122



	TAT (ng/ml)



	unadjusted
	1.695
	1.384
	2.076
	<0.001



	adjusted
	1.710
	1.391
	2.103
	<0.001




	CSF, coronary slow flow; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; OR, odds ratio; CI, confidence interval.







Receiver operating characteristic (ROC) curve analysis demonstrated the diagnostic performance of TAT for CSF. The ROC curve indicated that plasma TAT complex levels could serve as a specific predictor for CSF with an area under the curve of 0.815 (95% CI: 0.749–0.880, p < 0.001; Figure 3). Furthermore, our results suggest that a plasma cutoff value of 3.875 ng/ml can effectively distinguish CSF patients from controls, achieving a specificity of 89.2% and sensitivity of 62.6%.


[image: Receiver operating characteristic (ROC) curve showing sensitivity versus one minus specificity, with the ROC line in blue demonstrating performance above the diagonal reference line in green, indicating model predictive value.]
FIGURE 3
ROC curve analyses for predictive values of plasma TAT complex levels. The ROC curve for TAT demonstrated an area under the curve (AUC) of 0.815 (95% CI: 0.749–0.880, p < 0.001), with the blue line representing the diagnostic performance of TAT. TAT, thrombin-antithrombin.





Discussion

This retrospective study revealed three important findings. First, plasma TAT complex levels were significantly elevated in CSF patients compared to controls, with a strong positive correlation between TAT levels and mean TFC values. Second, multivariate logistic regression identified TAT as an independent predictor of CSF, with elevated TAT levels conferring a 1.71-fold increased risk of CSF. Third, ROC curve analysis established a plasma TAT threshold of ≥3.875 ng/ml for CSF diagnosis, achieving a specificity of 89.2% and sensitivity of 62.6%. To our knowledge, this is the first study to propose TAT as a potential diagnostic biomarker for CSF, offering a noninvasive screening tool for clinical practice.

CSF, underrecognized yet clinically significant cardiovascular disorder, imposes considerable clinical and economic burdens on global healthcare systems. Angiographically defined by delayed distal vessel opacification despite the absence of obstructive coronary artery disease, CSF frequently manifests with symptoms similar to acute coronary syndrome, including recurrent angina and precordial discomfort (28). Although its exact pathophysiology remains elusive, emerging evidence implicates multifactorial mechanisms involving microvascular dysfunction, endothelial impairment, subclinical atherosclerosis, inflammatory responses, and hemorheological disturbances such as impaired erythrocyte deformability and platelet hyperaggregability (11). While CAG remains the diagnostic gold standard, its invasiveness and cost underscore the urgent need for noninvasive biomarkers to facilitate early CSF detection.

Current evidence on CSF risk factors exhibits notable ethnic variability. While some studies report an increased prevalence of hypertension in CSF patients (2, 29), the majority of studies fail to detect any difference in traditional atherosclerotic risk factors between patients with CSF and those with normal coronary flow (30). In alignment with these findings, our study similarly observed no significant differences in age, gender, diabetes, hypertension, or hematologic/biochemical markers (hemoglobin, white blood cell count, platelets, uric acid, homocysteine) between groups. Intriguingly, CSF patients had higher plasma levels of TC and LDL-C, which were weakly associated with elevated mean TFC values. However, multivariate logistic regression confirmed that neither TC nor LDL-C independently predicted CSF, consistent with previous studies (31). In contrast, TAT emerged as the sole independent predictor, highlighting its unique diagnostic value in CSF.

Thrombin, a key enzyme in the coagulation cascade, not only drives fibrin formation but also activates PARs on endothelial cells, promoting inflammation and angiogenesis, and tumor progression (32). Despite its crucial functions, thrombin has a very short half-life and is rapidly inhibited by antithrombin, forming a TAT complex. Thus, this complex serves as a marker of thrombin generation and has been linked to hypercoagulability in various clinical settings, including cirrhosis and cancer. In cirrhosis, increased TAT levels are associated with portal vein thrombosis and mortality (33). Similarly, in cancer patients, elevated TAT levels correlate with an increased risk of thromboembolic events (34). Our findings also showed that elevated TAT levels may independently predict an increased risk of CSF, suggesting that thrombin-driven hypercoagulability, quantified by TAT, may be involve in the development of CSF.

The precise mechanisms through which TAT contribute to CSF remains incompletely elucidated, though current evidence points to several interconnected pathways. First of all, it is postulated that the prothrombotic state, as reflected by elevated TAT levels, could result in microvascular dysfunction, which is a feature of CSF pathophysiology. This hypothesis aligns with clinical trials in acute coronary syndrome populations, where thrombin activity has been strongly linked to patient outcomes, particularly in secondary prevention (35). This suggests that thrombin-driven hypercoagulability, as quantified by TAT, may establish a prothrombotic microenvironment conducive to CSF development. Moreover, thrombin's activation of PARs on endothelial cells triggers the release of pro-inflammatory cytokines and growth factors, fostering vascular inflammation, endothelial dysfunction, and pathological remodeling (36). These thrombin-mediated inflammatory cascades may exacerbate CSF by inducing vasoconstriction and diminishing coronary blood flow. Additionally, higher TAT levels have been associated with the severity of coronary atherosclerosis, which may lead to CSF (23). Atherosclerosis, characterized by plaque buildup within the arterial walls, can cause endothelial dysfunction and decreased arterial compliance, both of which are crucial factors in the development of CSF. A recent study has reported that the coronary arteries in CSF exhibit microvascular dysfunction and diffuse atherosclerosis, which impairs the normal vasodilatory response of the coronary microcirculation (37).

The results of this study have important clinical significance. First, our study identified plasma levels of TAT complex as an independent predictor of CSF, which suggest that TAT has the potential to be a cost-effective, noninvasive screening tool for CSF, especially in settings with limited resources where coronary angiography is not available. In addition, rapid screening reduces unnecessary angiography in primary care settings; Finally, our results challenge the conventional hemodynamic characterization of CSF, proposing its redefinition as a thrombotic-microvascular disorder. This alteration may direct targeted therapies aimed at reducing thrombin activity in high-risk patients.


Limitations

This study has several limitations. Firstly, its single-center, retrospective design inherently restricts causal inference and introduces potential biases. Secondly, the modest sample size may reduce the statistical power to detect less significant associations. Consequently, a large-scale, multicenter study is necessary to clarify the role of TAT as a potential biomarker for patients with CSF. Thirdly, the absence of longitudinal follow-up data precludes assessment of TAT's prognostic utility for predicting adverse cardiovascular outcomes like myocardial infarction or sudden cardiac death. Future prospective studies with extended follow-up periods are essential to evaluate whether baseline plasma TAT complex levels correlate with long-term clinical trajectories in CSF patients.




Conclusions

This study presents the first clinical evidence establishing elevated plasma TAT complex levels as a candidate biomarker for CSF. These results advocate for the integration of plasma TAT complex levels into standardized CSF diagnostic algorithms as a cost-effective, noninvasive screening tool.
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Background: Coronary microvascular dysfunction (CMD) in post-percutaneous coronary intervention (PCI) target vessels is increasingly recognized as a critical determinant of adverse cardiovascular outcomes, yet its prevalence and prognostic implications remain poorly characterized. We conducted a systematic review and meta-analysis to determine the prevalence of CMD in post-PCI target vessels and its associated clinical outcomes.



Methods: We conducted a systematic review and meta-analysis of observational studies using quantitative coronary physiological assessments to evaluate CMD in post-PCI target vessels. Databases (PubMed, Embase, Web of Science) were searched from inception to January 2025. The pooled Prevalence, multivariable-adjusted hazard ratio (HR) and 95% confidence interval (CI) for clinical outcomes were calculated using random-effects models.



Results: A total of 21 observational studies involving 6,632 patients were included. The pooled prevalence of CMD in post-PCI target vessels was 41.66% (95% CI: 34.18%–49.34%). Subgroup analyses revealed numerical variations in CMD prevalence across assessment methods, sex, clinical diagnoses, and target vessels, though intergroup differences did not reach statistical significance (all P > 0.05). The pooled prevalence of CMD was numerically higher in females (46.22% vs. 36.73% in males), patients with acute coronary syndrome (42.37% vs. 36.04% in chronic coronary syndrome), and those assessed via non-wire-based methods (44.72% vs. 35.65% in wire-based methods). CMD prevalence was comparable across target vessels (left anterior descending artery: 37.34%, left circumflex artery: 38.50%, right coronary artery: 39.09%). Patients with post-PCI thrombolysis in myocardial infarction (TIMI) flow grade ≤2 exhibited higher CMD prevalence than those with TIMI flow grade 3, with a statistically significant difference (75.36% vs. 37.26%, P = 0.0012). CMD in post-PCI target vessels was independently associated with a 3.10-fold increased risk of major adverse cardiovascular events (95% CI: 2.06–4.67) and a 4.66-fold risk of cardiac death or heart failure readmission (95% CI: 3.13–6.93).



Conclusion: CMD in post-PCI target vessels is prevalent (approximately 40%) and independently associated with a elevated risk of adverse cardiovascular outcomes. Standardized diagnostic criteria and targeted interventions are urgently needed to improve outcomes in this population.




Systematic review registration: https://www.crd.york.ac.uk/PROSPERO/, PROSPERO CRD42025637496.
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1 Introduction

Coronary microvascular dysfunction (CMD), defined as a clinical syndrome characterized by structural or functional abnormalities of the coronary microvasculature and microvascular obstruction leading to myocardial ischemia, has been increasingly recognized as a critical determinant of adverse cardiovascular outcomes, even following successful epicardial coronary revascularization (1–3). While percutaneous coronary intervention (PCI) effectively restores macrovascular blood flow in patients with coronary artery disease (CAD), emerging evidence suggests that persistent microvascular dysfunction in post-PCI target vessels may compromise myocardial perfusion, resulting in ischemia, cardiac dysfunction, and adverse ventricular remodeling (4, 5).

To date, the true prevalence of CMD in post-PCI target vessels and its long-term prognostic implications remain incompletely understood. Current investigations have reported that CMD in post-PCI target vessels is observed across nearly all diagnostic subtypes of CAD, including acute coronary syndrome (ACS) and chronic coronary syndrome (CCS), with substantial variability in prevalence ranging from 20% to 80% (6–10). This heterogeneity may arise from multiple factors. Some studies indicate that ACS patients exhibit a higher prevalence of post-PCI CMD compared to CCS patients, likely due to differences in target lesion composition and thrombotic burden (11, 12). Methodological disparities in assessments and study designs further contribute to this variability. Direct testing of coronary microvascular function is now considered necessary to confirm the diagnosis of CMD (13). Quantitative coronary physiological assessments have revealed that a substantial proportion of post-PCI CMD cases occur in vessels with angiographically normal flow, suggesting that studies relying on non-physiological assessments systematically underestimate the true prevalence of CMD in post-PCI target vessels (13–15). Conversely, some studies have overestimated CMD prevalence by failing to differentiate between pre-existing non-target vessel CMD and post-PCI target vessel CMD, thereby conflating distinct pathophysiological entities (16–18).

However, large-scale clinical investigations comprehensively covering CAD subtypes and utilizing quantitative coronary physiological assessments to evaluate post-PCI target vessel CMD are still lacking. To address this research gap, we conducted a systematic review and meta-analysis of observational studies employing quantitative coronary physiological assessments to evaluate CMD in post-PCI target vessels, aiming to determine the prevalence of CMD and its associated clinical outcomes. These findings provide novel insights into the true burden and clinical implications of CMD in post-PCI target vessels.



2 Methods

This systematic review was performed according to the Preferred Reporting Items for Systematic Review and Meta-Analysis (PRISMA) (19), and the protocol was registered at PROSPERO (No. CRD42025637496).


2.1 Search strategy

Studies that assessed CMD in post-PCI target vessels of patients after PCI were systematically searched in PubMed, Embase, and Web of Science from from inception through January 20, 2025. We used the following search terms: “percutaneous coronary intervention”, and “coronary microvascular dysfunction”. The detailed search strategy is provided in Supplementary Table S1.



2.2 Selection criteria

Inclusion criteria were as follows: (1) reported the prevalence of CMD based on quantitative coronary physiological assessments of post-PCI target vessels (15); (2) prespecified diagnostic criteria for CMD were clearly defined; (3) provided data exclusively comprising of patients undergoing PCI.

Exclusion criteria were as follows: (1) the study was a review, case report, conference abstract, protocol, or non-observational study; (2) duplicate publications; (3) data or full-text were not available; (4) non-English language publications; (5) the study used multiple measurements but did not report composite diagnostic outcomes.

It should be noted that, due to the lack of systematic pre-PCI CMD assessment in many studies, the included cases included both de novo post-PCI CMD and pre-existing CMD in target vessels.



2.3 Study selection and data extraction

Two investigators independently screened the titles and abstracts and removed irrelevant studies according to the inclusion and exclusion criteria. Two investigators extracted the following data: first author's name, study design, year of publication, geographic region, the characteristics of patients undergoing PCI, the method and cut-off value used to diagnose CMD, sample size, prevalence, multivariable-adjusted hazard ratio (HR) for clinical outcome, and relevant follow-up duration. The threshold of diagnostics tests used to define the presence of CMD were based on each individual study. Any inconsistencies were resolved by discussion with a third investigator.



2.4 Quality assessment

Two investigators independently assessed methodological quality using the “Joannagen Briggs Institute (JBI) Critical Appraisal Checklist for Studies Reporting Prevalence Data” (20). The checklist consists of nine questions (1): Was the sample frame appropriate to address the target population? (2) Were study participants recruited in an appropriate way? (3) Was the sample size adequate? (4) Were the study subjects and setting described in detail? (5) Was data analysis conducted with sufficient coverage of the identified sample? (6) Were valid methods used for the identification of the condition? (7) Was the condition measured in a standard, reliable way for all participants? (8) Was there appropriate statistical analysis? and (9) Was the response rate adequate, and if not, was the low response rate managed appropriately? Each item has four options: yes, no, unclear, or not applicable. An overall score was used to reflect the number of questions with an option of “yes”.



2.5 Statistical analysis

To mitigate the risk of duplicate patient inclusion across overlapping studies, we systematically retained the study with the largest sample size for each meta-analysis when multiple publications potentially shared identical or overlapping populations (21). In cases of equivalent sample sizes, studies using index of microcirculatory resistance (IMR) or coronary flow reserve (CFR) were prioritized. To stabilize variance in proportion data, prevalence estimates were transformed using the Freeman-Tukey double arcsine method prior to pooling. Between-study heterogeneity was quantified via τ2 for variance estimation and I2 statistic for inconsistency assessment, with I2 > 50% indicating substantial heterogeneity. A random-effects model was applied to account for anticipated variability across studies, given the expected clinical and methodological diversity among included studies. The multivariable-adjusted hazard ratio (HR) and 95% confidence interval (CI) were used to pool clinical outcomes. Subgroup analyses were conducted according to the following: (1) assessment methods: non-wire-based and wire-based; (2) sex: male and female; (3) diagnosis: ACS and CCS; (4) target vessels: left anterior descending artery (LAD), left circumflex artery (LCX), and right coronary artery (RCA); (5) post-PCI thrombolysis in myocardial infarction (TIMI) flow grade: TIMI flow grade 3 and TIMI flow grade ≤2. Meta-analyses were pooled using the R Software (version 4.4.2 R Project for Statistical Computing, Vienna, Austria) and the “meta” R package (22). P value <0.05 was considered statistically significant.




3 Results


3.1 Literature search

A total of 3,652 records were identified through systematic database searches, comprising 529 from PubMed, 1,935 from Web of Science, and 1,188 from Embase. After removing 981 duplicates, 2,671 records proceeded to title/abstract screening. Of these, 2,602 records were excluded due to irrelevance to CMD assessment in post-PCI target vessels. Subsequently, 69 full-text articles were assessed for eligibility. Ultimately, 21 studies (4, 5, 9, 10, 23–39) met all inclusion criteria and were incorporated into both qualitative synthesis and quantitative meta-analysis. The study selection process is detailed in Figure 1.


[image: Flowchart illustrating a PRISMA diagram for study selection in a systematic review. It shows the identification of 3,652 articles from three databases, removal of duplicates to 2,671 articles, screening, exclusion of 2,602 records, and eligibility assessment of 69 full-text articles. Forty-eight full-text articles are excluded for specified reasons. Twenty-one studies remain for qualitative and quantitative synthesis.]
FIGURE 1
The study selection flowchart.




3.2 Characteristics of the included studies

The 21 included studies were conducted across diverse geographic regions, including France (34), China (5, 9, 23, 26–29, 33, 35), Lithuania (4, 36–38), Australia (10, 25), Belgium (10, 25), Japan (10, 25), the United States (10, 25), the United Kingdom (31), Germany (32), Serbia (39), and Korea (24, 30). These studies comprehensively covered diagnostic subtypes of CAD. All studies utilized coronary physiological assessments to diagnose CMD in post-PCI target vessels, employing either wire-based or non-wire-based methods. 9 studies (4, 29, 32, 33, 35–39) were prospective, and 12 were retrospective (5, 9, 10, 23–28, 30, 31, 34). 7 studies were multicenter investigations (5, 10, 24–27, 35). 14 studies (4, 5, 10, 23–27, 29, 31, 34, 36–38) reported post-PCI follow-up, with durations ranging from 30 days to 4.2 years (median). Notably, 4 single-center studies from Lithuania (4, 36–38) and 2 multicenter studies from Australia, Belgium, Japan, and the United States (10, 25) utilized overlapping populations. The characteristics of the included studies are presented in Table 1.



TABLE 1 Characteristics of the included studies.



	Author
	Region
	Study design
	Diagnosis
	Total
	CMD, n (%)
	Criteria
	Method
	Follow-up





	Caullery et al. (34)
	France
	retrospective
	STEMI
	178
	72 (40%)
	AngioIMR > 40
	measured with angiography after nitroglycerin administration
	2.9 years (median)



	Li et al. (28)
	China
	retrospective
	STEMI
	418
	157 (38%)
	AccuIMR > 40
	measured with angiography
	NR



	Aldujeli et al. (36)
	Lithuania
	prospective
	STEMI
	210
	57 (27%)
	IMR ≥ 25 or CFR < 2 with FFR ≥ 0.8
	measured invasively with pressure sensor/thermistor-tipped guidewire after nitroglycerin and adenosine administration
	1 year



	Chen et al. (27)
	China
	retrospective, multicenter
	NSTEMI
	2212
	513 (23%)
	Angio-IMR ≥ 23
	measured with angiography
	2 years



	Tian et al. (29)
	China
	prospective
	STEMI
	134
	78 (58%)
	AMR ≥ 2.5 mmHg·s/cm
	measured with angiography
	30 days



	Zhang et al. (35)
	China
	prospective, multicenter
	STEMI
	1258
	620 (49%)
	AMR > 250 mmHg·s/m
	measured with angiography
	NR



	Cui et al. (9)
	China
	retrospective
	AMI
	53
	42 (79%)
	MFR < 2 with residual stenosis < 50%
	measured with SPECT after adenosine administration
	NR



	Tsai et al. (37)
	Lithuania
	prospective
	STEMI
	210
	56 (27%)
	MRR < 3
	derived from CFR and FFR, measured invasively with pressure sensor/thermistor-tipped guidewire after adenosine administration
	1 year



	Aldujeli et al. (4)
	Lithuania
	prospective
	STEMI
	210
	57 (27%)
	IMR ≥ 25 or CFR < 2 with FFR > 0.8
	measured invasively with pressure sensor/thermistor-tipped guidewire after nitroglycerin and adenosine administration
	1 year



	Wang et al. (23)
	China
	retrospective
	STEMI
	506
	215 (42%)
	AMR ≥ 250 mmHg·s/m
	measured with angiography
	1 year



	Aldujeli et al. (38)
	Lithuania
	prospective
	STEMI
	210
	57 (27%)
	IMR ≥ 25 or CFR < 2
	measured invasively with pressure sensor/thermistor-tipped guidewire after nitroglycerin and adenosine administration
	1 year



	Nishi et al. (25)
	Australia, Belgium, Japan, USA
	retrospective, multicenter
	CCS
	505
	137 (27%)
	IMR ≥ 25 with FFR > 0.8
	measured invasively with pressure sensor/thermistor-tipped guidewire after nitroglycerin and adenosine administration
	4 years (median)



	Tang et al. (26)
	China
	retrospective, multicenter
	STEMI
	186
	88 (47%)
	IMRangio > 40
	measured with angiography
	2 years



	Kotronias et al. (31)
	UK
	retrospective
	STEMI
	262
	126 (48%)
	NH IMRangio > 43
	measured with angiography
	4.2 years (median)



	Kang et al. (24)
	Korea
	retrospective, multicenter
	AMI
	116
	26 (22%)
	IMR > 40
	measured invasively with pressure sensor/thermistor-tipped guidewire after nitroglycerin and adenosine administration
	40 months (median)



	Dai et al. (5)
	China
	retrospective, multicenter
	CCS
	138
	45 (33%)
	Angio-IMR ≥ 25.1
	measured with angiography
	28 months (median)



	Yang et al. (30)
	Korea
	retrospective
	UA, CCS
	39
	9 (23%)
	IMR ≥ 25
	measured invasively with pressure sensor/thermistor-tipped guidewire after nitroglycerin and adenosine administration
	NR



	Nishi et al. (10)
	Australia, Belgium, Japan, USA
	retrospective, multicenter
	CCS
	572
	148 (26%)
	IMR ≥ 25
	measured invasively with pressure sensor/thermistor-tipped guidewire after nitroglycerin and adenosine administration
	4 years (median)



	Trifunovic et al. (39)
	Serbia
	prospective
	STEMI
	96
	39 (41%)
	CFR < 2
	measured with TDE after adenosine administration
	NR



	Werner et al. (32)
	Germany
	prospective
	CCS
	42
	23 (55%)
	CFVR < 2
	measured invasively with Doppler guidewire after adenosine administration
	NR



	Qian et al. (33)
	China
	prospective
	AMI, UA, CCS
	212
	137 (65%)
	CFVR < 3
	measured invasively with Doppler guidewire after nitroglycerin and adenosine administration
	NR




	AMI, acute myocardial infarction; AMR, angiography-derived microcirculatory resistance; CAD, coronary artery disease; CCS, chronic coronary syndrome; CMD, coronary microvascular dysfunction; CFR, coronary flow reserve; CFVR, coronary flow velocity reserve; FFR, fractional flow reserve; IMR, index of microcirculatory resistance; MFR, myocardial flow reserve; MRR, microvascular resistance reserve; NH, non-hyperemic; NSTEMI, non-ST-elevation myocardial infarction; NR, not reported; SPECT, single photon emission computed tomography; STEMI, ST-elevation myocardial infarction; TDE, transthoracic Doppler echocardiography; UA, unstable angina.









3.3 Methodological quality of the included studies

19 studies (4, 5, 9, 10, 23–29, 31, 33–39) with scores above 7 points indicated that most studies were of a high quality (21). 2 studies (30, 32) scored 6 points. 9 studies (4, 5, 10, 24, 25, 34, 36–38) did not report the number of patients lost to follow-up, and 7 studies (9, 28, 30, 32, 33, 35, 39) were not applicable (absence of follow-up). 4 studies (9, 30, 32, 39) did not have sufficient sample size. 7 studies (24, 30, 32, 33, 35, 36, 38) did not report the demographic and clinical characteristics of CMD patients in detail. The detailed assessment results are shown in Supplementary Table S2.



3.4 Meta-analysis


3.4.1 Prevalence of CMD in post-PCI target vessels

To mitigate duplication bias, we included only studies with the largest sample sizes in the meta-analysis. Specifically, among 4 single-center (4, 36–38) studies and 2 multicenter studies (10, 25) that utilized overlapping populations, we prioritized those with the highest enrollment.

We performed a pooled analysis of 17 studies (5, 9, 10, 23, 24, 26–36, 39) comprising 6,632 patients. The results of the random-effects model (I2 = 96.8%) showed that 41.66% (95% CI: 34.18%–49.34%) of post-PCI patients exhibited CMD in target vessels (Figure 2).


[image: Forest plot summarizing results from sixteen studies, each showing event counts, total participants, and proportions with confidence intervals as blue squares with horizontal lines. The pooled estimate, shown as a diamond, indicates an overall proportion of 0.4166 with a ninety-five percent confidence interval of 0.3418 to 0.4934. Study weights range from 5.3 percent to 6.3 percent, totaling one hundred percent. Reported heterogeneity is high, with I squared at ninety-six point eight percent and p-value less than zero point zero zero zero one. Data appears from studies published from 1999 through 2024.]
FIGURE 2
Prevalence of CMD in post-PCI target vessels.




3.4.2 Sensitivity analysis and publication bias

A leave-one-out sensitivity analysis confirmed the robustness of the pooled prevalence estimate (Figure 3). The prevalence of CMD in post-PCI target vessels remained stable, ranging from 39.51% (95% CI: 33.03%–46.18%) to 42.99% (95% CI: 35.43%–50.71%), with no single study altering the estimate beyond this range. Despite substantial heterogeneity (I2 = 96.8%, τ2 = 0.0241, P < 0.0001), the consistency across sensitivity analyses supports that approximately 40% of post-PCI patients exhibit CMD in target vessels. Egger's tests were performed for the prevalence of CMD in post-PCI target vessels, and the results revealed that no publication bias was observed (t = 1.76, p = 0.10).


[image: Forest plot graphic showing sensitivity analysis results for meta-analysis, with each row omitting a different study. Proportion estimates, ninety-five percent confidence intervals, and I² statistics are listed for each omission. The pooled proportion is 0.4166 with a ninety-five percent confidence interval of 0.3418 to 0.4934, and overall heterogeneity I² is 96.8 percent.]
FIGURE 3
Sensitivity analysis of CMD in post-PCI target vessels prevalence.




3.4.3 Subgroup analysis

A total of 11 studies (5, 9, 23, 26–29, 31, 34, 35, 39) utilized non-wire-based methods, and 6 studies (10, 24, 30, 32, 33, 36) employed wire-based methods to evaluate the prevalence of CMD in post-PCI target vessels. Our meta-analysis showed that the pooled prevalence of CMD was 44.72% (95% CI: 36.45%–53.14%, I2 = 97.3%) in non-wire-based methods and 35.65% (95% CI: 21.73%–50.91%, I2 = 95.9%) in wire-based methods, with no statistically significant difference between subgroups (P = 0.30) (Figure 4).


[image: Forest plot comparing proportions of events in non-wire-based and wire-based study methods, showing individual study outcomes with confidence intervals, summary effects, heterogeneity values, and weighted averages for each group. Non-wire-based methods have a pooled proportion of 0.4472; wire-based methods have 0.3565. Statistical heterogeneity is high in both groups.]
FIGURE 4
Prevalence of CMD in post-PCI target vessels: non-wire-based vs. wire-based subgroups.


A total of 13 studies (4, 5, 9, 10, 23, 24, 26–29, 31, 34, 39) reported the prevalence of CMD in post-PCI target vessels stratified by sex. Our meta-analysis showed that the pooled prevalence of CMD was 36.73% (95% CI: 28.17%–45.73%, I2 = 93.7%) in males and 46.22% (95% CI: 36.91%–55.66%, I2 = 91.1%) in females, with no statistically significant difference between subgroups (P = 0.14) (Figure 5).


[image: Forest plot comparing proportions and confidence intervals for events by sex across multiple studies, with pooled estimates for males and females shown as red diamonds and subgroup heterogeneity statistics presented below each sex group.]
FIGURE 5
Prevalence of CMD in post-PCI target vessels: male vs. female subgroups.


A total of 15 studies (5, 9, 10, 23, 24, 26–29, 31, 32, 34–36, 39) reported the prevalence of CMD in post-PCI target vessels stratified by diagnosis: 12 studies (9, 23, 24, 26–29, 31, 34–36, 39) for ACS and 3 studies (5, 10, 32) for CCS. Our meta-analysis showed that the pooled prevalence of CMD in post-PCI target vessels was 42.37% (95% CI: 33.75%–51.23%, I2 = 97.2%) in ACS and 36.04% (95% CI: 21.04%–52.56%, I2 = 87%) in CCS, with no statistically significant difference between subgroups (P = 0.51) (Figure 6).


[image: Forest plot showing proportions and confidence intervals from multiple studies comparing ACS and CCS diagnoses, listing event counts, totals, weights, and heterogeneity statistics. Summarizes pooled random effects models for both groups.]
FIGURE 6
Prevalence of CMD in post-PCI target vessels: ACS vs. CCS subgroups.


A total of 11 studies (4, 5, 10, 23, 24, 26, 28, 29, 31, 34, 39) reported the prevalence of CMD in post-PCI target vessels stratified by target vessels: 11 studies (4, 5, 10, 23, 24, 26, 28, 29, 31, 34, 39) for LAD, 10 studies (4, 5, 10, 23, 24, 26, 28, 29, 31, 34) for LCX and 10 studies (4, 5, 10, 23, 24, 26, 28, 29, 31, 34) for RCA. Our meta-analysis showed that the pooled prevalence of CMD in post-PCI target vessels was 37.34% (95% CI: 30.25%–44.72%, I2 = 87.7%) in LAD, 38.50% (95% CI: 25.88%–51.89%, I2 = 83.2%) in LCX, and 39.09% (95% CI: 34.37%–43.91%, I2 = 48.7%) in RCA, with no statistically significant difference between subgroups (P = 0.92) (Figure 7).


[image: Forest plot graphic summarizing meta-analysis data for three coronary artery targets: LAD, LCX, and RCA. Each section lists individual studies with event-to-total counts, individual proportions with ninety-five percent confidence intervals shown as blue squares with horizontal lines, and study weights. Random effects model estimates are displayed as magenta diamonds with confidence intervals. Heterogeneity statistics and p-values are included for each arterial group. X-axes range from zero to approximately 0.8, which represent proportions.]
FIGURE 7
Prevalence of CMD in post-PCI target vessels: LAD vs. LCX vs. RCA subgroups.


A total of 10 studies (4, 9, 23–27, 31, 34, 39) reported the prevalence of CMD in post-PCI target vessels stratified by post-PCI TIMI flow grade: 10 studies (4, 9, 23–27, 31, 34, 39) for TIMI flow grade 3 and 7 studies (4, 9, 23, 25, 31, 34, 39) for TIMI flow grade ≤2. Our meta-analysis demonstrated that the pooled prevalence of CMD was 37.26% (95% CI: 28.03%–46.98%, I2 = 95%) in TIMI flow grade 3 and 75.36% (95% CI: 54.38%–92.11%, I2 = 73%) in TIMI flow grade ≤2, with a statistically significant difference between subgroups (P = 0.0012) (Figure 8).


[image: Forest plot comparing proportions of events in studies with TIMI post-PCI flow grade 3 versus grade less than or equal to 2, showing individual study results, confidence intervals, study weights, and pooled random effects model estimates with heterogeneity statistics for each group.]
FIGURE 8
Prevalence of CMD in post-PCI target vessels: TIMI grade 3 vs. TIMI flow grade ≤2 subgroups.




3.4.4 The clinical outcomes in patients with CMD in post-PCI target vessels

A meta-analysis of multivariable-adjusted HRs was performed to evaluate the association between CMD in post-PCI target vessels and clinical outcomes (Figure 9). The pooled HR for major adverse cardiovascular events (MACE) was 3.10 (95% CI: 2.06–4.67, I2 = 67.9%) based on data from 7 studies (4, 5, 10, 23, 27, 31, 34). For the composite outcome of cardiac death or heart failure readmission, the pooled HR was 4.66 (95% CI: 3.13–6.93, I2 = 0%) derived from 3 studies (5, 27, 34). Table 2 summarized the specific components of MACE in pooled study.


[image: Forest plot displaying hazard ratios from multiple studies comparing outcomes of MACE and cardiac death or readmission due to heart failure in CMD versus non-CMD groups, with pooled random effects models and study weights presented.]
FIGURE 9
Pooled multivariable-adjusted HR for clinical outcomes in patients with CMD in post-PCI target vessels.




TABLE 2 The specific components of MACE in pooled studies.



	Author
	Region
	Study design
	MACE components
	Follow-up





	Caullery et al. (34)
	France
	Retrospective
	cardiac death or readmission for heart failure
	2.9 years (median)



	Chen et al. (27)
	China
	Retrospective, multicenter
	cardiac death or readmission for heart failure
	2 years



	Aldujeli et al. (4)
	Lithuania
	Prospective
	cardiovascular death, nonfatal myocardial infarction, target vessel revascularization or stent thrombosis, recurrent hospitalization attributable to decompensated heart failure, and ischemic or hemorrhagic stroke
	1 year



	Wang et al. (23)
	China
	Retrospective
	death from any cause, any myocardial infarction, readmission for heart failure, or any ischemia-driven revascularization
	1 year



	Kotronias et al. (31)
	UK
	Retrospective
	all-cause mortality, resuscitated cardiac arrest and new heart failure diagnosis
	4.2 years (median)



	Dai et al. (5)
	China
	Retrospective, multicenter
	cardiac death or readmission for heart failure
	28 months (median)



	Nishi et al. (10)
	Australia, Belgium, Japan, USA
	Retrospective, multicenter
	all-cause mortality, any myocardial infarction, and target vessel revascularization
	4 years (median)




	MACE, major adverse cardiovascular events.







Outcomes unsuitable for meta-analysis due to insufficient data or methodological heterogeneity were described separately. Kang et al. (24) identified that high platelet-fibrin clot strength (P-FCS) (≥68 mm) significantly increased the risk of CMD [odds ratio (OR): 4.35, 95% CI: 1.74–10.89] post-PCI. Acute myocardial infarction (AMI) patients with both CMD and high P-FCS had a higher rate of MACE compared to non-CMD subjects with low P-FCS (OR: 5.58, 95% CI: 1.31–23.68). Chen et al. (27) demonstrated that the combination of diabetes mellitus (DM) and CMD in non-ST-elevation myocardial infarction (NSTEMI) patients was identified as the most powerful independent predictor of cardiac death or heart failure readmission at 2-year follow-up (adjusted HR: 7.894, 95% CI: 4.251–14.659, P < 0.001). Dai et al. (5) reported that in patients with CCS and CMD, the incidence of angina-related readmission was significantly higher during a median 28-month follow-up after the index procedure compared to CCS patients without CMD (46.7% vs. 19.4%, adjusted HR: 3.66, 95% CI: 1.68–7.97, P = 0.001). Aldujeli et al. (4) reported that in ST-elevation myocardial infarction (STEMI) patients with persistent CMD at 3 months post-PCI, those with CMD exhibited significantly poorer outcomes at 12-month follow-up compared to non-CMD counterparts. Specifically, CMD patients demonstrated markedly impaired recovery of left ventricular systolic function (−10.00% vs. +8.00%, P < 0.001), a higher prevalence of diastolic dysfunction (73.08% vs. 1.32%, P < 0.001), and elevated rates of adverse ventricular remodeling (11.32% vs. 7.28% and 22.64% vs. 1.99%, respectively, P < 0.001). Furthermore, IMR was independently associated with both left ventricular diastolic dysfunction and adverse remodeling (P < 0.001 for all associations).





4 Discussion

This systematic review and meta-analysis, encompassing 21 studies and 6,632 patients, consolidated the understanding that CMD in post-PCI target vessels is prevalent (41.66%, 95% CI: 34.18–49.34%) and independently associated with adverse clinical outcomes. Subgroup analyses revealed numerical variations in CMD prevalence across assessment methods, sex, clinical diagnoses, and target vessels, though intergroup differences did not reach statistical significance (all P > 0.05). Specifically, the pooled prevalence of CMD was numerically higher in females (46.22% vs. 36.73% in males), patients with ACS (42.37% vs. 36.04% in CCS), and those assessed via non-wire-based methods (44.72% vs. 35.65% in wire-based methods). CMD prevalence was comparable across target vessels (LAD: 37.34%, LCX: 38.50%, RCA: 39.09%), suggesting its nature irrespective of lesion location. Patients with suboptimal post-PCI TIMI flow (grade ≤2) exhibited a markedly higher prevalence of CMD (75.36%, 95% CI: 54.38%–92.11%) compared to those with TIMI grade 3 flow (37.26%, 95% CI: 28.03%–46.98%), with a statistically significant intergroup difference (P = 0.0012). Moreover, multivariable-adjusted meta-analysis demonstrated that CMD in post-PCI target vessels independently conferred a 3.10-fold increased risk of MACE (95% CI: 2.06–4.67) and a 4.66-fold risk of cardiac death or heart failure readmission (95% CI: 3.13–6.93), underscoring its prognostic significance.

Through technological advancements, CMD in target vessels after PCI has been substantiated as diagnosable via multiple coronary physiological assessments (15, 40). Among pressure wire-based methods, the index of microvascular resistance (IMR) and microvascular resistance reserve (MRR) specifically evaluate microvascular function independently of epicardial vessels. Conversely, assessments of CFR and coronary flow velocity reserve (CFVR) are confounded by epicardial blood flow and therefore must be conducted following PCI-mediated resolution of obstructive lesions in target vessels (41–43). Non-wire-based methods have garnered substantial attention owing to their procedural convenience and cost-effectiveness. Physiological coronary indices acquired through non-invasive techniques such as single photon emission computed tomography (SPECT) and transthoracic Doppler echocardiography (TDE) have demonstrated efficacy in delayed detection of post-PCI microvascular dysfunction in target vessels, yet remain inadequate for immediate intraprocedural identification of potential CMD (6). Importantly, despite potential influences from differing assumed boundary conditions (44), angiography-based microcirculation assessment techniques including angiography-derived microcirculatory resistance (AMR) have established diagnostic value for CMD. These techniques show strong correlation with IMR, the reference standard for specific coronary microvascular function evaluation (40), thereby enabling both immediate intraprocedural detection and subsequent management of CMD, along with epidemiological investigations leveraging historical coronary angiography data.

The marked heterogeneity in reported prevalence of post-PCI CMD (20%–80%) reflects not only differences in patient clinical characteristics but also methodological variability in diagnostic methods and study designs (6–10). Current coronary physiological assessments reveal that a substantial proportion of post-PCI CMD cases occur in vessels with angiographically normal flow, suggesting potential systematic underdiagnosis in studies relying on non-physiological assessments (13, 14). Furthermore, prior research often failed to distinguish between pre-existing non-target vessel CMD and post-PCI target vessel CMD, which likely conflates​distinct pathophysiological entities (16–18). To address these limitations, investigations were exclusively included in our study if they utilized quantitative coronary physiological assessments to evaluate CMD in post-PCI target vessels, thereby minimizing diagnostic variability and confounding from non-target vessel pathology. This rigorous approach, when combined with subgroup analyses, provides novel insights into the true burden and clinical implications of CMD in post-PCI target vessels.

Subgroup analyses provided nuanced insights into the distribution and mechanisms of CMD across different clinical contexts. In the assessment method subgroup, although no statistical difference was observed between non-wire-based and wire-based methods in CMD prevalence (44.72% vs. 35.65%, P = 0.30), the numerical disparity may reflect differences in technical applicability and sensitivity (45). Non-wire-based methods, especially those relying on angiographic image analysis, offer procedural simplicity and are suitable for emergency PCI but may be confounded by vasospasm or collateral circulation (23, 45). In contrast, wire-based methods directly measure coronary physiological parameters with higher precision but require invasive equipment and complex operations (46). It is worth emphasizing that most non-wire-based methods utilize angiography-derived microcirculatory assessment techniques, which have been validated to exhibit diagnostic accuracy comparable to the traditional wire-based gold-standard IMR measurements (40). These non-wire-based methods provide advantages in operational simplicity and enable dynamic assessment during PCI, potentially enhancing real-time detection of subtle microvascular dysfunction. Conversely, wire-based methods, while precise, are technically complex and costly, with practical limitations in routine clinical use, which may contribute to underdiagnosis of CMD in real-world settings (11).

In the sex subgroup analysis, the prevalence of CMD in post-PCI target vessels was numerically higher in females than in males (46.22% vs. 36.73%, P = 0.14). Although this difference did not reach statistical significance, the trend aligns with prior studies reporting sex-specific disparities in CMD (47, 48). The mechanisms underlying these differences remain incompletely understood, though evidence suggests that hormonal fluctuations during peri- and post-menopausal transitions may contribute to coronary endothelial dysfunction and abnormal vasomotor regulation (49, 50). Notably, prior studies demonstrated that myocardial ischemia in males predominantly originated from obstructive epicardial coronary disease, whereas in females it more frequently stemmed from non-obstructive coronary disease (51, 52). This resulted in female patients undergoing coronary angiography requiring PCI less frequently than their male counterparts. Consequently, pre-existing CMD in target vessels might be detected less often in females after PCI, potentially obscuring sex-based differences and contributing to underestimation of the overall prevalence.

The prevalence of CMD was numerically higher in ACS patients compared to CCS patients (42.37% vs. 36.04%, P = 0.51), consistent with studies linking ACS to microvascular dysfunction (11). This discrepancy may arise from ACS-specific mechanisms, including thrombotic lesion instability, ischemia-reperfusion injury, and lipid-rich plaque composition (11, 53). Intracoronary imaging studies have demonstrated that lipid-rich plaque morphology is independently associated with post-PCI microvascular dysfunction (11, 12). Mechanistically, lipid-core embolization during stent deployment may trigger distal microvascular obstruction and activate pro-inflammatory pathways, exacerbating endothelial injury and perpetuating microvascular dysfunction (6, 49). It should be noted that diagnostic criteria for CMD remain controversial across clinical subtypes of CAD. Based on the association with adverse long-term outcomes in prior studies, higher diagnostic thresholds than those used under general circumstances tend to be selected for immediate post-PCI diagnosis of STEMI-related CMD (54–56). This situation was prevalent in our included studies, potentially reducing the pooled prevalence in the ACS subgroup to some extent and indirectly leading to blurring of differences in post-PCI target-vessel CMD prevalence between ACS and CCS subgroups.

Notably, CMD prevalence exhibited consistency across target vessels (LAD: 37.34%, LCX: 38.50%, RCA: 39.09%, P = 0.92). Although the LAD supplies a larger myocardial territory and is associated with a well-developed coronary microcirculation (57, 58), the uniform distribution of CMD suggests that microvascular dysfunction post-PCI might occur independently of lesion location or vessel-specific anatomical characteristics.

Patients with TIMI flow grade ≤2 had a significantly higher CMD prevalence than those with grade 3 (75.36% vs. 37.26%, P = 0.0012), highlighting the clinical relevance of TIMI flow grade. This observation aligns with the pathophysiological mechanisms whereby suboptimal TIMI flow may reflect impaired myocardial perfusion secondary to microvascular obstruction or reperfusion injury (14, 59). Importantly, such perfusion deficits are strongly associated with adverse ventricular remodeling and progression to heart failure, thereby providing a mechanistic explanation for their established correlation with poor clinical outcomes (60).

Our meta-analysis suggested that CMD in post-PCI target vessels is an independent predictor of adverse clinical outcomes. The pooled multivariable-adjusted hazard ratios revealed a 3.10-fold increased risk of MACE and a 4.66-fold risk of the composite outcome of cardiac death or heart failure readmission in patients with CMD. These findings suggest that microvascular dysfunction post-PCI is a critical determinant of long-term prognosis. The heightened risk may stem from persistent myocardial ischemia, adverse ventricular remodeling, and endothelial dysfunction, which collectively exacerbate cardiovascular vulnerability even after successful revascularization of epicardial arteries. During the peri-PCI period, severe post-PCI CMD may cause significant impairment of microcirculatory perfusion in target vessels through mechanisms including mechanical obstruction induced by distal embolization of the epicardial coronary artery, external compression due to tissue edema, localized in situ thrombosis, vascular spasm, leukocyte stagnation, activation of inflammatory cascades, and reperfusion injury (61, 62). This may promote peri-procedural myocardial injury and even type 4a myocardial infarction, leading to further increases in cardiovascular adverse events (56, 63). Notably, studies such as Chen et al. (27) highlighted the synergistic effect of CMD and DM, amplifying the risk of cardiac death or heart failure readmission by nearly 8-fold. This underscores the importance of integrating CMD assessment into risk stratification paradigms.

Our study has several limitations. First, significant heterogeneity (I2 > 90%) existed across studies due to differences in diagnostic methods and study design, which may limit the generalizability of pooled estimates. Non-uniformity in detection details and timing was likely a primary source of heterogeneity, aligned with the inherent variability among current diagnostic modalities. Discrepancies in CMD diagnostic standards across clinical subtypes of CAD also contributed partially to heterogeneity, though this requires further research for clarification. Additionally, while the use of vasodilation induced by papaverine and continuous thermodilution might enhance the stability of microvascular measurements, the absence of these methods in the included studies could have increased heterogeneity (64–66). Second, the exclusive inclusion of observational studies utilizing quantitative coronary physiological assessments with prespecified diagnostic criteria, while enhancing diagnostic consistency, might have introduced selection bias by excluding populations where such evaluations were unavailable or clinically unfeasible. Third, despite comprehensive coverage of diagnostic subtypes of CAD, studies focusing on non-ST-elevation acute coronary syndrome (NSTE-ACS) remained underrepresented, potentially limiting insights into related subtypes. Fourth, all included studies explicitly reporting elective PCI were limited to patients with CCS, which may not fully reflect the broader clinical significance of elective PCI in other populations. Additionally, emergency PCI studies predominantly included cases of primary PCI for STEMI, which is not yet sufficient to further differentiate between primary PCI and rescue PCI post-thrombolysis. Consequently, our analysis did not provide subgroup results stratified by PCI type, which may limit the applicability of findings to specific clinical scenarios. Fifth, although we excluded CMD in non-target vessels, the data proved insufficient to distinguish between de novo post-PCI CMD and pre-existing CMD in target vessels because many studies lacked systematic pre-PCI CMD assessment. Sixth, the absence of standardized follow-up protocols and inconsistent reporting of MACE components complicated the interpretation of results. To scientifically and reliably assess the impact of post-PCI target vessel CMD on clinical outcomes while minimizing confounding effects from other factors, our study exclusively included and pooled HRs with 95% CIs that underwent multivariate adjustment. Given that most incorporated studies adjusted solely for MACE, this resulted in isolated outcomes that failed to meet the predefined pooling criteria of this study. Furthermore, even with multivariable adjustments, unmeasured confounders may persist, potentially influencing the observed associations between CMD and clinical outcomes. Finally, regarding outcomes, we did not analyze the impact of epicardial vascular functional parameters such as fractional flow reserve (FFR) on clinical outcomes. Given that our study primarily focused on the independent effect of post-PCI target vessel CMD on clinical outcomes, and considering that the direct association between epicardial vascular functional parameters and CMD remains unclear, we excluded this analysis from the present investigation.



5 Conclusion

This systematic review and meta-analysis demonstrated that CMD in post-PCI target vessels is prevalent (approximately 40%) and independently associated with a elevated risk of adverse cardiovascular outcomes, especially MACE and the composite outcome of cardiac death or heart failure readmission. Future efforts should focus on standardizing diagnostic criteria and developing tailored interventions to improve outcomes in this population.
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Background: Drug-coated balloon (DCB) treatment requires adequate preconditioning of target lesions. The quantitative flow ratio (QFR) is an emerging method for assessing functional stenosis of coronary arteries. This study investigated the predictive value of the QFR after pretreatment and DCB treatment for functional stenosis of the target vessel at the mid-term follow-up.



Methods: The study included patients with coronary heart disease who received DCB treatment. The patients were divided into two groups based on their functional stenosis status at follow-up. Independent predictors associated with functional stenosis and the effects of the pretreatment QFR on outcomes were investigated. A receiver operating characteristic curve analysis was used to determine the pretreatment QFR cutoff value associated with follow-up QFR >0.80. The mediating effects of the QFR after pretreatment and DCB treatment on outcomes were also examined.



Results: The study included 97 target vessels from 97 patients; the median follow-up time was 297.0 days. The high (QFR >0.80) and low (QFR ≤0.80) QFR groups included 78 and 19 vessels, respectively. Multifactor logistics regression analysis identified the pretreatment QFR as an independent predictor of outcome. The pretreatment QFR cutoff value for predicting functional stenosis was 0.705. The DCB-treatment QFR did not elicit mediating effects on the follow-up QFR.



Conclusions: The QFR after pretreatment directly and significantly affected the follow-up QFR. Pretreatment QFR <0.705 may be a valuable predictor of functional stenosis after DCB treatment.
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1 Introduction

Coronary artery disease (CAD) is a common cardiovascular disease that threatens human health. Percutaneous coronary intervention (PCI) remains the mainstay of treatment for CAD (1). Percutaneous transluminal coronary angioplasty and its derivative techniques, including drug-coated balloon (DCB) treatment, have become important components of PCI. Although drug-eluting stents (DES) have become a widespread CAD treatment, DCB treatment retains unique advantages. For instance, DCB treatment can inhibit intimal hyperplasia without leaving a permanent implant by coating the balloon with antiproliferative drugs, thereby reducing the risk of in-stent restenosis after PCI and the formation of late stent thrombosis (2, 3). Adequate pretreatment of the target vessel is key to the efficacy of DCB treatment (4–6). Physiological indicators, such as the fractional flow reserve (FFR) and instantaneous wave-free ratio, can effectively guide vascular pretreatment in interventional therapy. Notably, FFR-guided coronary interventions result in a better prognosis than coronary angiography (7).

Although the FFR is widely considered the gold standard for assessing coronary vessel physiology, its application in clinical practice is not universal, perhaps owing to costly pressure guidewires, additional procedural steps, an increased procedure time, and the side effects of adenosine drugs. In contrast, the quantitative flow ratio (QFR) is based on the physiological characteristics of the coronary artery and can be used to assess functional coronary stenosis without using a pressure guidewire. The QFR is simple, rapid, economical, and suitable for assessing coronary stenosis in various clinical settings. Moreover, the QFR outperforms the FFR in terms of specificity and sensitivity (8–10). Based on previous functional studies, the 2020 global DCB expert consensus (11) recommends using the FFR to better evaluate coronary function in cases of dissection and severe residual stenosis after acute lumen acquisition, with a threshold of 0.80 to achieve a better prognosis. However, studies reporting on pretreating target lesions under QFR guidance are scarce. Therefore, this study investigated the predictive value of QFR-guided preconditioning of target vessels for functional stenosis at the mid-term follow-up in patients treated with DCB.



2 Methods


2.1 Study design and population

This single-center, retrospective, observational cohort study included adults aged ≥18 years with CAD who received pharmacological balloon therapy between August 2021 and December 2023 at the Second Affiliated Hospital of Fujian Medical University. Our large regional medical center routinely employs drug-coated balloon (DCB) angioplasty as a conventional treatment strategy. All operators in this study were proficient in this technique. All included patients had complete follow-up data and coronary angiography (CAG) images, and a QFR analysis was performed using those CAG images. We excluded patients with severe vessel tortuosity, vessel overlap, CAG image sharpness that did not support the QFR analysis, severe aneurysmal dilatation of the target vessel, combined tumors, severe renal insufficiency (creatinine >150 mmol/L or estimated glomerular filtration rate <45 ml/kg/1.73 m2), previous coronary artery bypass grafting, and completely occluded target vessels. Coronary stenosis is generally considered functionally significant when the QFR values are ≤0.80. Thus, the patients were placed in high (QFR >0.80) or low (QFR ≤0.80) groups based on the QFR value at follow-up.

The Ethics Committee of the Second Affiliated Hospital of Fujian Medical University approved this study. Each patient provided consent for participation in this retrospective observational cohort study.



2.2 Target vessel treatment

After angiography, the appropriate guide catheter and working guide wire were selected based on the culprit vessel. The guide wire was controlled through the culprit lesion of the target vessel to the distal segment of the vessel. Conventional or special (e.g., non-compliant or cut) balloons were selected for adequate pre-dilation (balloon-to-blood vessel diameter ratio: 0.8–1.0:1). Preconditioning was performed in 10 s cycles at 6–14 atm for one to several cycles based on the vasodilatation. Then, nitroglycerin (100 or 200 µg) was administered in the coronary artery. Angiography was used to determine the preconditioning effect and whether the target vessel simultaneously met the following conditions: (1) thrombolysis in myocardial infarction blood flow grade III; (2) no type C or above dissection; and (3) a visual diameter stenosis rate of <30%. Target vessels meeting these conditions were considered adequately pretreated and to have met the vascular conditions for DCB treatment. DCB treatment was delivered to the target lesion; the pressure was expanded for 60–120 s. The effects of the DCB treatment were determined by angiography; then, the target vessel was observed for 10 min to detect whether it had elastic recoil and blood flow. Rescue DES implantation was considered if obvious elastic recoil, severe dissection, or slow coronary flow was observed; in these instances, the case was excluded from this study. In addition, the intravascular ultrasound (IVUS) utilization rate, influenced by strict national health insurance reimbursement policies and patient economic factors, served to minimize its potential confounding effect on the study's primary endpoint.



2.3 Clinical data sources and QFR analyses

We retrospectively collected data on patient clinical features, laboratory tests, vascular anatomical features, interventional procedure data, and QFR data from the National Health System. Based on the CAG images, a QFR analysis of the best single view of the target vessel was performed by two cardiology interventionalists qualified in interventional therapy and trained in computational coronary physiology using the QFR Measure System 3.0. The two interventionalists who performed the off-line QFR analysis were blinded to all clinical and procedural data. The QFR values of the target vessels were measured at baseline, after pretreatment, upon DCB treatment, and at the mid-term follow-up using the QFR measurement system to calculate the target vessel parameters.



2.4 Postprocedural medication

All patients received dual antiplatelet therapy (DAPT) with aspirin and a P2Y12 receptor inhibitor for 1–3 months. In those with high bleeding risk, DAPT duration was shortened as clinically indicated; otherwise, DAPT was de-escalated to single antiplatelet therapy with either aspirin or clopidogrel after 3 months. For patients presenting with acute coronary syndrome (ACS), a minimum 12-month DAPT regimen was mandated. Statin therapy was initiated in all cases, with lipid-lowering strategies individually titrated based on serial outpatient lipid profile monitoring. Additionally, guideline-directed medical therapy was optimized, including angiotensin-converting enzyme inhibitors/angiotensin II receptor blocker/angiotensin receptor-neprilysin inhibitors (ACEI/ARB/ARNI), β-blockers, and ezetimibe as appropriate.



2.5 Statistical analyses

Normally distributed continuous variables were compared using Student's t-test and presented as means ± standard deviations. Discrete continuous variables were compared using the Mann–Whitney U test and presented as medians. Categorical variables were compared using chi-square or Fisher's exact tests and presented as n (%). We used a univariate logistics regression analysis to investigate the association of each possible independent predictor of functional stenosis at the mid-term follow-up for patients with coronary heart disease treated with DCB. Variables with P-values of <0.20 were included in the multiple logistics regression analysis, and adjusted odds ratios (ORs) and 95% confidence intervals (CIs) were calculated. A receiver operating characteristic (ROC) curve analysis and Youden's index were used to determine the QFR cutoff values related to QFR >0.8 in the overall study group and the pretreated small vessel subgroup. The predictive ability was evaluated based on the area under the curve (AUC). Kaplan–Meier survival curves were used to visualize freedom from functional stenosis during follow-up in pretreatment QFR groups, with group differences compared by the Log-rank test. To explore the possible mediating effect of the QFR after pretreatment and DCB treatment on the outcome, the mediating effect was tested using SPSS Model 4. The bootstrap method by Hayes was used to verify if the QFR after DCB treatment elicited a mediating effect between the QFR after pretreatment and the QFR at follow-up (https://www.processmacro.org). The small-vessel subgroup (diameter ≤2.75 mm) was analyzed simultaneously. P-values of <0.05 were considered statistically significant. All statistical analyses were performed using R version 4.4.1 (R Core Team, Vienna, Austria) and IBM SPSS Statistics for Windows version 27.0 (IBM Corp., Armonk, NY, USA).




3 Results


3.1 Baseline characteristics

Initially, 301 patients were enrolled, of which 114 of 115 de novo coronary lesions underwent primary PCI and follow-up CAG. After applying the exclusion criteria, the study included 97 vessels from 97 patients (Figure 1). The median follow-up time was 297.0 days, and the mean age was 58.20 ± 11.02 years. Furthermore, 24 patients (24.74%) had unstable angina pectoris, 16 (16.50%) had acute non-ST-segment elevation myocardial infarction, and 57 (58.76%) had stable angina pectoris. The mean baseline QFR value was 0.48 ± 0.21, which increased to 0.84 ± 0.14 after sufficient pretreatment and further increased to 0.92 ± 0.05 after DCB treatment. The mean follow-up QFR was 0.87 ± 0.15 (Figure 2). The high (QFR >0.80) and low (QFR ≤0.80) QFR groups included 78 (80.4%) and 19 (19.6%) vessels, respectively. Of the clinical features, laboratory tests, vascular anatomical features, and interventional procedure data, only the glycosylated hemoglobin level significantly differed between the two groups. Pretreatment QFR showed statistically significant differences between functional and non-functional stenosis groups (P = 0.013), while baseline QFR and DCB-treatment QFR showed no statistically significant differences between the two groups (Table 1).


[image: Flowchart depicting patient inclusion for a study of de novo coronary lesions treated with drug-coated balloon, detailing exclusions, resulting in 97 vessels analyzed, divided into high and low QFR groups, further split by vessel size.]
FIGURE 1
Study flowchart. The study included 97 vessels from 97 patients that met the strict inclusion and exclusion criteria. Patients were divided into high (QFR >0.8) and low (QFR ≤0.8) QFR groups based on the QFR at the mid-term follow-up. Baseline analyses focused on the QFR groups and the small vessel group. CABG, coronary artery bypass grafting; CAG, coronary angiography; DCB, drug-coated balloon; QFR, quantitative flow ratio.



[image: Line graph showing QFR value on the y-axis across four stages on the x-axis: Baseline, Pretreatment, DCB-treatment, and Follow-up QFR. Blue dashed lines represent individual subject trajectories. A red solid line depicts group mean values with standard deviation at each stage. QFR values increase sharply from baseline to pretreatment and remain stable through DCB-treatment and follow-up.]
FIGURE 2
A line graph depicting the evolution of QFR values at four critical time points. QFR, quantitative flow ratio. DCB, drug-coated balloon.




TABLE 1 Patients were divided into two groups according to follow-up QFR.



	Per-patient analysis
	Total (n = 97)
	Low (n = 19)
	High (n = 78)
	P value





	Clinical features



	 Age (years)
	58.20 ± 11.02
	55.44 ± 11.70
	58.88 ± 10.83
	0.239



	 Female
	18 (18.56)
	2 (10.53)
	16 (20.51)
	0.500



	 Hypertension
	54 (55.67)
	10 (52.63)
	44 (56.41)
	0.766



	 Smoking
	30 (30.93)
	6 (31.58)
	24 (30.77)
	0.945



	 Hyperlipidemia
	41 (42.27)
	9 (47.37)
	32 (41.03)
	0.616



	 Diabetes
	34 (35.05)
	4 (21.05)
	30 (38.46)
	0.154



	 Previous MI
	3 (3.09)
	1 (5.26)
	2 (2.56)
	0.484



	 Previous PCI
	13 (13.40)
	1 (5.26)
	12 (15.38)
	0.432



	 COPD
	10 (10.31)
	3 (15.79)
	7 (8.97)
	0.649



	 PAD
	2 (2.06)
	0 (0.00)
	2 (2.56)
	1.000



	 BMI (kg/m2)
	24.32 ± 2.97
	24.68 ± 2.80
	24.24 ± 3.02
	0.562



	 Drinking history
	16 (16.49)
	4 (21.05)
	12 (15.38)
	0.801



	 Clinical diagnosis
	40 (41.24)
	9 (47.37)
	31 (39.74)
	0.726



	  Stable angina pectoris
	57 (58.76)
	10 (52.63)
	47 (60.25)
	



	  Unstable angina pectoris
	24 (24.74)
	6 (31.58)
	18 (23.08)
	



	  NSTEMI
	16 (16.50)
	3 (15.79)
	13 (16.67)
	



	Laboratory tests
	
	
	
	



	 LVEF (%)
	59.54 ± 8.63
	59.00 ± 11.93
	59.67 ± 7.71
	0.819



	 HB (g/L)
	141.12 ± 15.86
	140.84 ± 12.85
	141.19 ± 16.58
	0.932



	 LDL-C (mmol/L)
	3.03 ± 1.07
	2.96 ± 0.89
	3.04 ± 1.12
	0.778



	 TG (mmol/L)
	2.01 ± 1.84
	2.26 ± 2.54
	1.95 ± 1.64
	0.514



	 TC (mmol/L)
	4.82 ± 1.31
	4.72 ± 0.97
	4.84 ± 1.38
	0.731



	 Scr (umol/L)
	81.23 ± 29.07
	83.15 ± 16.19
	80.76 ± 31.48
	0.750



	 HbAlc (%)
	6.51 ± 1.41
	5.87 ± 0.79
	6.67 ± 1.49
	0.027



	 NT-ProBNP (pg/ml)
	162.00 (60.89, 618.00)
	89.00 (46.83, 505.10)
	205.55 (68.66, 798.83)
	0.106



	 hs-cTnT (ng/L)
	13.91 (7.38, 200.30)
	32.74 (8.79, 854.80)
	12.45 (6.63, 184.40)
	0.148



	Vascular anatomical features



	 Small vessel
	61 (62.89)
	12 (63.16)
	49 (62.82)
	0.978



	 Angiographic disease severity
	
	
	
	0.566



	  1-vessel disease
	56 (57.73)
	10 (52.63)
	46 (58.97)
	



	  2-vessel disease
	20 (20.62)
	3 (15.79)
	17 (21.79)
	



	  3-vessel disease
	21 (21.65)
	6 (31.58)
	15 (19.23)
	



	 Culprit vessel
	
	
	
	0.603



	  LAD
	47 (48.45)
	10 (52.63)
	37 (47.44)
	



	  LCX
	32 (32.99)
	7 (36.84)
	25 (32.05)
	



	  RCA
	18 (18.56)
	2 (10.53)
	16 (20.51)
	



	 DS (%)
	60.27 ± 12.06
	61.17 ± 11.07
	60.06 ± 12.35
	0.719



	 AS (%)
	82.75 ± 10.96
	83.77 ± 10.03
	82.50 ± 11.22
	0.652



	 Reference luminal diameter (mm)
	2.60 ± 0.57
	2.61 ± 0.62
	2.59 ± 0.57
	0.913



	 Length of lesion (mm)
	26.21 ± 13.82
	29.75 ± 19.52
	25.35 ± 12.05
	0.215



	 LM
	2 (2.06)
	0 (0.00)
	2 (2.56)
	1.000



	 IVUS
	11 (11.34)
	3 (15.79)
	8 (10.26)
	0.781



	Interventional procedure data



	 DCB diameter (mm)
	2.87 ± 0.44
	2.70 ± 0.44
	2.91 ± 0.43
	0.062



	 DCB length (mm)
	25.60 ± 7.41
	25.32 ± 6.73
	25.67 ± 7.60
	0.854



	 DCB pressure (atm)
	9.00 ± 1.04
	8.84 ± 1.01
	9.04 ± 1.05
	0.464



	 DCB expansion time (s)
	63.09 ± 15.90
	60.00 ± 0.00
	63.85 ± 17.67
	0.347



	 Pretreatment balloon diameter (mm)
	2.73 ± 0.43
	2.59 ± 0.44
	2.76 ± 0.42
	0.119



	 Pretreatment balloon length (mm)
	15.13 ± 2.09
	15.00 ± 2.36
	15.17 ± 2.04
	0.758



	 Pretreatment balloon pressure (atm)
	10.23 ± 1.78
	9.79 ± 1.75
	10.33 ± 1.78
	0.233



	 Pretreatment expansion time (s)
	18.66 ± 7.72
	19.47 ± 8.48
	18.46 ± 7.57
	0.611



	 Cutting balloon
	57 (58.76)
	11 (57.89)
	46 (58.97)
	0.932



	 Coronary dissection
	3 (3.09)
	0 (0.00)
	3 (3.85)
	1.000



	QFR



	 Baseline QFR
	0.48 ± 0.21
	0.49 ± 0.23
	0.48 ± 0.21
	0.898



	 Pretreatment QFR
	0.84 ± 0.14
	0.77 ± 0.17
	0.85 ± 0.12
	0.013



	 DCB-treatment QFR
	0.92 ± 0.05
	0.91 ± 0.06
	0.92 ± 0.05
	0.446



	 Follow-up QFR
	0.87 ± 0.15
	0.64 ± 0.19
	0.92 ± 0.05
	<.001




	Data are presented as mean ± SD, median (IQR), or n (%).


	QFR, quantitative flow ratio; MI, myocardial infarction; PCI, percutaneous coronary intervention; COPD, chronic obstructive pulmonary disease; PAD, peripheral arterial disease; BMI, body mass index; NSTEMI, non-ST-segment elevation myocardial infarction; LVEF, left ventricular ejection fraction; HB, hemoglobin; LDL-C, low-density lipoprotein cholesterol; TG, triglyceride; TC, total cholesterol; Scr, serum creatinine; NT-ProBNP, N-terminal pro-brain natriuretic peptide; hs-cTnT, high sensitivity cardiac troponin T; LAD, left anterior descending; LCX, left circumflex; RCA, right coronary artery; DS, diameter stenosis; AS, area stenosis; LM, left main disease; IVUS, intravascular ultrasound; DCB, drug-coated balloon.









3.2 Risk factors for functional stenosis at follow-up

The univariate logistics regression analysis identified diabetes mellitus, N-terminal prohormone of brain natriuretic peptide, glycosylated hemoglobin, the QFR after pretreatment, the pretreatment balloon diameter, and the drug balloon diameter as significant factors. (Of note, since the pretreatment and drug balloon diameters are similar in clinical practice, we included only the balloon diameter after preconditioning to avoid collinearity.). The multivariate logistic regression equation was constructed with these variables, and the results showed that the higher the QFR after pretreatment, the lower the risk of functional stenosis at follow-up (OR: 0.96, 95% CI: 0.92–0.99, P = 0.041) (Table 2).



TABLE 2 Univariate and multivariate logistics regression analyses for predicting low QFR at follow-up.



	Variables
	Univariate analysis
	Multivariable Analysis



	OR (95% CI)
	P value
	Adjusted OR (95% CI)
	P value





	Pretreatment QFR, per 0.01 unit
	0.96 (0.93–0.99)
	0.022
	0.96 (0.92–0.99)
	0.041



	Diabetes
	0.43 (0.13–1.41)
	0.162
	2.47 (0.35–17.33)
	0.364



	Pretreatment balloon diameter
	0.37 (0.11–1.30)
	0.122
	0.60 (0.15–2.44)
	0.478



	NT-ProBNP
	1.00 (1.00–1.00)
	0.190
	1.00 (1.00–1.00)
	0.260



	HbAlc
	0.51 (0.27–0.98)
	0.045
	0.38 (0.13–1.11)
	0.077




	CI, confidence interval; HbA1c, hemoglobin A1C; NT-ProBNP, N-terminal prohormone of brain natriuretic peptide; OR, odds ratio; QFR, quantitative flow ratio.









3.3 ROC curve analysis

The ROC curve analysis of the overall group identified a pretreatment QFR cutoff value of 0.705 for predicting the functional stenosis outcome at follow-up (AUC: 0.643, 95% CI: 0.501–0.785; sensitivity: 0.350; specificity: 0.935; P = 0.049). The cutoff value for the small vessel group was also 0.705 (AUC: 0.723, 95% CI: 0.536–0.909; sensitivity: 0.500; specificity: 0.939; P = 0.016). These results suggest that a QFR >0.705 after pretreatment can predict whether the target vessel will have functional stenosis at the mid-term follow-up, especially in small vessels (Figure 3).


[image: Receiver operating characteristic (ROC) curve comparing two diagnostic tests, with sensitivity on the y-axis and one minus specificity on the x-axis. The blue line represents overall performance, and the red line represents small vessel performance, both compared to the diagonal reference line.]
FIGURE 3
Pretreatment QFR ROC curves for predicting the mid-term follow-up QFR. The AUCs for the overall and small vessel groups were 0.638 (95% CI: 0.478–0.789, P = 0.051) and 0.723 (95% CI: 0.536–0.909, P = 0.016), respectively. ROC, receiver operating characteristic; QFR, quantitative flow ratio; AUC, area under the curve.




3.4 Post hoc power analysis

To assess whether the current sample size had sufficient statistical power, a post hoc power analysis was performed using the ClinCalc online calculator (https://clincalc.com/stats/power.aspx). This study was concerned with whether the functional stenosis correlation analysis was statistically powered. Relevant data listed in Table 3 were entered into the online calculator (i.e., p1 = 53.85%, n1 = 13, p2 = 14.29%, n2 = 84), and the statistical power was 87.3%, which was above the ideal threshold (ideal power = 80%). The results showed that the effect size of the proportion difference between groups was large, the overall sample size was sufficient, and the correlation analysis of functional stenosis after pretreatment was statistically powerful. This process was repeated for the small vessel subgroup (Table 3), and the post hoc statistical power in small vessels was 90.7%. This value was also greater than the ideal threshold and held statistical power. The Cohen's h values were calculated as 0.87 for the full sample and 1.07 for the small-vessel subgroup, both of which exceed the conventional threshold for a large effect size (h > 0.8). The effect size observed between groups suggests that the analysis retains a reasonable degree of statistical power.



TABLE 3 Incidence of functional stenosis in the overall and small vessel groups.



	Category
	Total, N
	Functional stenosis, % (n/N)
	Low pretreatment QFR group (QFR ≤ 0.705), % (n/N)
	High pretreatment QFR group (QFR > 0.705), % (n/N)
	P value





	Overall
	97
	19.59 (19/97)
	53.85 (7/13)
	14.29 (12/84)
	0.003



	Small Vessel
	61
	19.67 (12/61)
	60.00 (6/10)
	11.76 (6/51)
	0.002




	QFR, quantitative flow ratio.









3.5 Kaplan–Meier analysis for functional stenosis

Laboratory tests and concomitant medications during follow-up are presented in Table 4, and no statistically significant differences were observed between groups (all P > 0.05). Kaplan–Meier analysis demonstrated a significant association between dichotomized pretreatment QFR (<0.705 vs. ≥0.705) and subsequent functional stenosis (Log-rank P = 0.016; Figure 4A). The low pretreatment QFR group exhibited significantly higher incidence of functional stenosis compared to the high QFR group (53.85% vs. 14.29%; P = 0.003; Table 3). In the small vessel subgroup, pretreatment QFR stratification similarly predicted functional stenosis (Log-rank P = 0.003; Figure 4B). The incidence disparity was more pronounced (60.00% vs. 11.76%; P = 0.002; Table 3).



TABLE 4 Patients were divided into two groups according to follow-up QFR.



	Per-patient analysis
	Total (n = 97)
	Low (n = 19)
	High (n = 78)
	P value





	Laboratory tests



	HB (g/L)
	139.84 ± 16.88
	139.32 ± 13.29
	139.96 ± 17.72
	0.882



	LVEF (%)
	60.25 ± 8.78
	60.79 ± 8.54
	60.12 ± 8.89
	0.766



	Scr (umol/L)
	86.16 ± 32.73
	89.35 ± 23.99
	85.39 ± 34.62
	0.638



	LDL-C (mmol/L)
	1.79 ± 0.64
	1.80 ± 0.70
	1.79 ± 0.63
	0.945



	TG (mmol/L)
	1.65 ± 1.13
	1.67 ± 1.28
	1.64 ± 1.10
	0.926



	TC (mmol/L)
	3.58 ± 0.92
	3.61 ± 0.90
	3.57 ± 0.93
	0.860



	HbAlc (%)
	6.19 ± 0.56
	6.08 ± 0.37
	6.21 ± 0.60
	0.356



	Additional medication



	Beta-blocker
	75 (77.32)
	15 (78.95)
	60 (76.92)
	1.000



	ACEI/ARB/ARNI
	62 (63.92)
	9 (47.37)
	53 (67.95)
	0.094



	Ezetimibe
	12 (12.37)
	3 (15.79)
	9 (11.54)
	0.908




	All patients received dual antiplatelet therapy and statin treatment. Data are presented as mean ± SD or n (%).


	QFR, quantitative flow ratio; HB, hemoglobin; LVEF, left ventricular ejection fraction; Scr, serum creatinine; LDL-C, low-density lipoprotein cholesterol; TG, triglyceride; TC, total cholesterol; ACEI, angiotensin-converting enzyme inhibitors; ARB, angiotensin II receptor blocker; ARNI, angiotensin receptor-neprilysin inhibitors.








[image: Two Kaplan-Meier survival plots compare percent survival over days after procedure for low versus high QFR groups, with panel A showing a significant difference (Log-rank P = 0.016) and panel B also showing a significant difference (Log-rank P = 0.003). Both panels include tables for numbers at risk and events for each group at specific time points.]
FIGURE 4
Kaplan–meier curves showing probability of survival stratified by the pretreatment QFR. The groups were stratified by the optimal cutoff value of the pretreatment QFR determined by receiver operating characteristic curve analysis. (A) Entire cohort. (B) Small vessel subgroup. QFR, quantitative flow ratio.




3.6 Mediation effect analysis

The bootstrap method (Model 4) was used to perform a simple mediating effect analysis using the pretreatment QFR as the independent variable (X), the follow-up QFR as the dependent variable (Y), and the DCB-treatment QFR as the mediating variable (M). The upper and lower 95% CIs (ULCI and LLCI, respectively) of the effect of the pretreatment QFR on the follow-up QFR (β = 0.282, LLCI = 0.030, ULCI = 0.534) and DCB-treatment QFR (β = 0.206, LLCI = 0.118, ULCI = 0.294) did not include 0. In contrast, the upper and lower limits of the bootstrap 95% CIs of the mediating effect included 0 (β = 0.020, LLCI = −0.151, ULCI = 0.279), indicating that pretreatment QFR directly affected the follow-up QFR. However, the mediating effect of the DCB-treatment QFR was not significant. The direct effect of the pretreatment QFR (0.282) accounted for 93.38% of the total effect (0.302) (Figure 5).


[image: Mediation analysis diagram depicts relationships between pretreatment QFR, DCB-treatment QFR, and follow-up QFR, with effect sizes and confidence intervals detailed. Table below shows total, direct, and mediating effects, standard errors, lower and upper confidence limits, and proportions of effect size, indicating the direct effect is significant and mediating effect is negligible.]
FIGURE 5
Meditating effect of the DCB-treatment QFR on the pretreatment and follow-up QFR. *P < 0.001; **P = 0.029; ***P = 0.766. DCB, drug-coated balloon; LLCI, lower limit confidence interval; QFR, quantitative flow ratio; Se, standard error; ULCI, upper limit confidence interval.





4 Discussion

This study's main findings were: (1) target vessels with a low pretreatment QFR had a higher risk of functional stenosis at follow-up; (2) the cutoff value for predicting this outcome was 0.705; and (3) in small vessels, the pretreatment QFR directly influenced the follow-up QFR.

The pretreatment phase, especially the outcome assessment after pre-expansion, is crucial for the subsequent treatment strategy. Evaluations can be based on angiographic and physiological parameters (11, 12) that reveal blood vessel characteristics from different perspectives and may influence treatment decisions. A previous study reported mismatches between angiographic and physiological indicators in >75% of cases (7). The current consensus is that drug balloon implantation can be considered when the vessel's anatomical stenosis is <30%; however, the percent diameter stenosis (DS%) provides limited insight into the anatomical characteristics of the vessel at the vessel's narrowest part. Furthermore, this measurement may be affected by the operator's subjective judgment, thus deviating from the DS% calculated objectively by artificial intelligence technology. Physiological assessments can reveal hemodynamic abnormalities that cannot be visually identified by angiography (13). In the present study, although the mean stenosis rate of the small vessels was 27.34%, more than one-third of the vessels (26 of 61) had a stenosis rate >30%. Therefore, performing surgery according to the guideline standards may deviate from the actual condition. In addition, strict adherence to the guidelines' principles may disqualify some patients from DCB therapy. A large study reported that even if treated with cutting or scoring balloons, 21% of patients still do not meet the criteria for pre-dilation success and instead receive implanted stents (14). In the case of complex lesions, such as diffuse long lesions and bifurcation lesions, choosing DES instead of DCB will greatly increase the difficulty and duration of the operation, thereby increasing the associated surgical risk and the risk of long-term in-stent restenosis. Therefore, using physiology to evaluate the pretreatment is critical, yet clear guidance and related studies on appropriate pre-expansion strategies based on QFR guidance are lacking.

Previous studies have shown that drug penetration in the intimal and medial layers of elastic arteries is limited under normal and atherosclerotic vascular conditions, and the intact arterial wall poses a significant barrier to drug penetration (15, 16). Sufficient pre-dilation of blood vessels by pretreatment damages the intima and media of blood vessels and creates favorable conditions for DCB penetration. After endothelial injury, drugs can quickly penetrate the vascular wall and effectively inhibit the proliferation and migration of smooth muscle cells, which is crucial for preventing vascular restenosis. Notably, the PICCOLETTO study (17, 18) was terminated early because of the high rate of major adverse cardiovascular events in the DCB group due to inadequate preparation for balloon pre-dilatation, emphasizing the importance of adequate pretreatment, which our study confirmed.

Small vessel diameter is the most influential factor among many clinical variables in the development of restenosis (19). Thus, the small vessel treatment strategy should focus on effective restenosis control (20). Jeger et al. (21) demonstrated the safety of DCB as a treatment option for small-vessel CAD after successful pre-dilation, provided that the angiographic results met the acceptable criteria. Under these conditions, DCB treatment belongs to an “interventional without implantation” approach, which reduces the intravascular inflammatory response caused by the implant and, thus, the risk of restenosis. Several clinical randomized controlled trials have demonstrated that DCB treatment is safe and feasible and significantly reduces the risk of small vessel disease (SVD) restenosis. They have also confirmed that DCB is not inferior to DES implantation in terms of clinical efficacy (21–24). A recent open-label, randomized, non-inferiority trial conducted in 43 centers in China reaffirmed the non-inferior long-term efficacy of DCB compared with DES for treating SVD (14). Unfortunately, the incidence of restenosis of small vessels is still high after reasonable treatment (25). Therefore, our study focused on the small-vessel subgroup, finding that some results were more statistically significant than those in the overall group.

Our study suggests a low pretreatment QFR may promote functional stenosis at follow-up. The FAME-2 study (26) confirmed that for patients with coronary artery lesions with physiological ischemia, PCI plus medical therapy significantly reduced the rate of emergency revascularization and recurrent angina compared with medical therapy alone. Although asymptomatic, functional stenosis predicts a significant increase in future cardiovascular risk events in patients who undergo planned angiography after DCB treatment. Active revascularization may improve the prognosis of such patients and provide continued benefit. In this study, a pretreatment QFR >0.705 was a protective factor for functional stenosis at follow-up in the overall group and the small-vessel subgroup. Notably, although this value is far from the physiological target value recommended by the consensus (FFR >0.80), we suspect that rigorous conditioning is more likely to cause excessive damage to the fragile small vessels, which may cause complications and increase the risk of future functional stenosis. Some patients receive stents because of dissection or hematoma that affects blood flow. Thus, striking a balance of “enough but not too much” during conditioning may be a key strategy to reduce the risk of complications, maintain vascular patency, and create favorable conditions for subsequent therapy.

To our knowledge, the present study is the first to focus on the interrelationship among QFR values after pretreatment, after DCB release, and at follow-up. Although the DCB-treatment QFR was significantly associated with the pretreatment QFR, the pretreatment QFR did not affect the follow-up QFR via the DCB-treatment QFR. Instead, the pretreatment QFR directly affected the follow-up QFR. The mediating effect analysis results suggest that, first, pretreatment mainly involves enlarging the lumen to improve hemodynamics, and this benefit may positively correlate with functional indicators immediately after DCB. Second, although DCB has a certain vasodilator effect, the balloon is only the carrier of drug delivery, and the drugs' permeability is the key factor of DCB treatment. Third, although the target vessel's QFR may improve after DCB treatment compared to after pretreatment, pretreatment is the main factor affecting the prognosis. The prognosis may be poor in cases of insufficient pretreatment, even if a satisfactory QFR after DCB treatment is obtained. This suggests we should pay more attention to adequate but not excessive pretreatment of vascular target lesions.

Our study had some limitations. First, this is a single-center retrospective clinical study with selection bias. Second, we prespecified ischemia-driven target vessel revascularization (TVR) as a clinical outcome for the study. However, we noted that patients with ischemic symptoms who had to return to the hospital for repeat angiography with TVR were recorded as having a positive outcome. Some patients declined further TVR, and some asymptomatic patients were not enrolled because they did not return for repeat angiography. As a retrospective study, these factors have a large bias. Although the focus on the functional outcome in this study potentially reduced this bias, and the functional outcome can predict a poor prognosis, the existing clinical events are still of interest. For our study, the TVR rate was 10.3% (10 cases) in the overall cohort, but in the low QFR group, the proportion of TVR increased to nearly half (9 cases, 47.3%), highlighting the need for future large-scale studies to further elucidate the relationship between low QFR and adverse clinical outcomes. Third, our results are limited to this study population and require confirmation in prospective, multicenter, randomized controlled studies. Fourth, we could not conduct sufficient statistical analysis on the subgroups of complex lesions or different lesion vessels and locations due to the sample size limitation of a single-center study. These differences may affect the results; thus, a larger sample size should be included in further analyses.



5 Conclusions

We found that in target vessel disease, especially in SVD, the QFR after pretreatment significantly and directly affected the follow-up QFR. Moreover, QFR values <0.705 could be a valuable predictor of functional stenosis after DCB treatment, and QFR values of 0.903–0.930 after DCB treatment were associated with good functional outcomes at follow-up. These results provide new guidance for treating CAD.
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Background: Coronary atherosclerotic heart disease (CAD) remains a major global health burden and a leading cause of mortality. Its pathogenesis is closely linked to multiple risk factors, among which inflammation plays a central role. While inflammatory biomarkers such as platelet and monocyte counts have been incorporated into prognostic assessments, their predictive accuracy remains limited. Further investigation of novel inflammatory indices is needed to refine risk stratification and guide clinical management.



Objective: This study aimed to evaluate the prognostic value of the mean platelet volume-to-monocyte count ratio (MMR) for predicting major adverse cardiovascular events (MACE) in patients with newly diagnosed CAD.



Methods: A total of 652 treatment-naïve CAD patients were enrolled. Kaplan–Meier survival analysis and univariate Cox proportional hazards models were applied to assess the association between MMR levels and MACE. Subgroup analyses were performed to test for effect modification. Restricted cubic spline (RCS) models were used to explore the dose–response relationship. The incremental predictive value of MMR beyond conventional risk factors was examined using changes in the concordance index (C-index), net reclassification improvement (NRI), and integrated discrimination improvement (IDI).



Results: Patients were stratified into quintiles based on MMR values (L1: 7.89–14.43; L2: 14.50–17.96; L3: 18.00–22.16; L4: 22.25–28.53; L5: 28.67–60.67). Kaplan–Meier analysis revealed significantly poorer outcomes in the L3 group compared with other quintiles (log-rank P = 0.0014). RCS analysis demonstrated a significant nonlinear association between MMR levels and MACE risk (P = 0.001), characterized by an inverted U-shaped relationship. Incorporating MMR into conventional risk models significantly improved predictive performance (AUC 0.718 vs. 0.673; P = 0.018).



Conclusion: In newly diagnosed CAD patients, MMR shows a nonlinear, inverted U-shaped association with MACE risk. The addition of MMR to standard risk models enhances prognostic accuracy. Further multicenter prospective studies and mechanistic trials are needed to verify the prognostic value of MMR and to elucidate its mechanism of action.
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1 Introduction

The prevalence of coronary artery disease (CAD) has increased significantly. This situation now poses a serious public health threat, endangering population health and having a major global impact (1). CAD pathogenesis involves multifactorial processes (2). Atherosclerosis serves as its primary pathological basis, with complex mechanisms driving progression (3, 4). Inflammatory responses are pivotal in coronary atherosclerosis, where platelet activation and monocyte recruitment/differentiation crucially modulate plaque formation and evolution (5, 6). Upon endothelial injury, platelets adhere to exposed subendothelial matrices and release inflammatory mediators/chemokines, facilitating monocyte adhesion (7, 8). Chemotactic gradients then drive monocytes to infiltrate the intima, polarize into M1 macrophages, phagocytose oxidized lipids, and transform into foam cells—accelerating plaque progression (9). Conversely, when platelet activity is low, macrophages polarize toward the M2 phenotype. M2 macrophages suppress fibrous cap degradation, enhance plaque stability, reduce rupture risk, and prevent thrombosis (10, 11). This evidence indicates a dynamic balance between platelet activity and monocyte function in modulating plaque pathogenesis (12).

Atherosclerosis is recognized as an inflammatory disease, with immune dysregulation playing a central role. Inflammation permeates all stages of atherosclerosis, spurring interest in inflammatory biomarkers (13). Indices like systemic immune-inflammation index (SII), neutrophil-to-lymphocyte ratio (NLR), and platelet-to-lymphocyte ratio (PLR) correlate with CAD (14). Although existing biomarkers show prognostic utility (15), their clinical application remains suboptimal due to susceptibility to confounding variables, leading to inconsistent findings (16, 17). Consequently, novel inflammatory indices are needed to enhance prognostic accuracy, alleviate patient burden, and optimize clinical decision-making (18).

The mean platelet volume-to-monocyte count ratio (MMR), an inflammatory index previously linked to chronic obstructive pulmonary disease (COPD) phenotyping (19), has not been investigated in CAD. This study aimed to evaluate MMR's prognostic value in treatment-naïve CAD patients. We hypothesized that integrating MMR would augment traditional models' predictive capacity for CAD outcomes.



2 Methods


2.1 Study design and population

This study enrolled patients who underwent coronary angiography at the First Hospital of Hebei Medical University between August 1, 2018, and March 30, 2020. Eligible participants were newly diagnosed with coronary artery disease (CAD) and had not received prior treatment. All participants provided informed consent for the anonymous use of their clinical data. Exclusion criteria were: angiographic stenosis <50%, confirmed infectious disease, stage 5 chronic kidney disease, heart failure, non-ischemic cardiac conditions (e.g., severe valvular disease, acute myocarditis, malignant arrhythmias of non-ischemic origin, primary dilated cardiomyopathy, hypertrophic cardiomyopathy), suspected malignancy, Conn's syndrome, Cushing's syndrome, hypothyroidism, and incomplete clinical data. These criteria were applied to ensure a homogeneous cohort and to minimize confounding factors affecting inflammatory markers or cardiovascular outcomes. This study was approved by the Ethics Committee of the First Hospital of Hebei Medical University (ethical approval number: 20220362), and conducted in line with the Declaration of Helsinki.



2.2 Follow-up and endpoints

Patients were followed up through outpatient visits or telephone interviews at 1 month, 3 months, 6 months, 1 year, and annually thereafter for up to 5 years. Follow-up data were supplemented and verified using electronic health records. The primary endpoint was major adverse cardiovascular events (MACE), defined as all-cause mortality, nonfatal myocardial infarction, reperfusion therapy, stroke, and readmission for heart failure or severe angina. For the purposes of this study, all-cause mortality, nonfatal myocardial infarction, reperfusion, and stroke were considered MACE(hard endpoints). A total of 652 patients were included in the final analysis (Figure 1).


[image: Flowchart illustrating the selection process for a clinical study. Starting with 1795 patients undergoing coronary angiography, 783 are excluded due to less than 50 percent stenosis, leaving 1012 diagnosed with coronary heart disease. After excluding 232 patients for various clinical reasons, 780 remain. Loss of follow-up with 128 patients leaves 652 for final statistical analysis.]
FIGURE 1
Flowchart of the study participants.




2.3 Baseline data collection

Baseline demographic and clinical data were collected at admission, including age, sex, body mass index (BMI), smoking status, alcohol consumption, and medical history (hypertension, diabetes, and cardiovascular disease). Laboratory tests were performed on fasting blood samples obtained within 24 h of admission, including total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), triglycerides (TG), estimated glomerular filtration rate (eGFR), blood urea nitrogen (BUN), mean platelet volume, and monocyte count.



2.4 Assessment of anatomical stenosis severity in coronary artery disease

All patients underwent coronary angiography (CAG), and the severity of coronary stenosis was quantified using the Gensini scoring system. This system assigns points based on the degree of luminal narrowing (<25% = 1 point; 25%–49% = 2; 50%–74% = 4; 75%–89% = 8; 90%–98% = 16; total occlusion = 32), which are then multiplied by vessel-specific weighting factors (e.g., left main ×5; proximal left anterior descending ×2.5; mid ×1.5; distal ×1; diagonal branches ×1/0.5; proximal left circumflex ×2.5; distal or posterior descending ×1; posterolateral ×0.5; right coronary segments ×1). The total Gensini score was calculated as the sum of all lesion-specific scores. Assessments were independently reviewed by two board-certified cardiologists, and discrepancies were resolved by consensus.



2.5 Statistical analysis

Statistical analyses were performed using SPSS version 27.0 (IBM Corp., Armonk, NY, USA) and R version 4.2.3 (R Foundation for Statistical Computing, Vienna, Austria). Baseline characteristics were compared across quintiles of MMR. Categorical variables are presented as n (%), and continuous variables as mean ± standard deviation or median (interquartile range), depending on distribution. Normality was assessed using the Kolmogorov–Smirnov test, and variance homogeneity with Levene's test. Group differences were analyzed using the chi-square test for categorical variables, one-way ANOVA for normally distributed continuous variables, and the Kruskal–Wallis test for non-normally distributed variables.

Kaplan–Meier survival curves with log-rank tests were used to compare event-free survival across MMR groups. Cox proportional hazards models were applied to estimate hazard ratios (HRs) and 95% confidence intervals (CIs) for MACE, adjusting for clinically relevant confounders and variables significant in univariate analysis. Predictive performance was further assessed using receiver operating characteristic (ROC) curves. Subgroup analyses were conducted by sex, age, hypertension, and diabetes status, with interaction terms tested for effect modification. Restricted cubic spline (RCS) regression was used to evaluate potential nonlinear associations between MMR and MACE risk. A two-sided P value < 0.05 was considered statistically significant.




3 Results


3.1 Baseline characteristics

A total of 652 patients were enrolled, including 222 women (34.0%), with a mean age of 60.8 years. Among them, 377 (57.8%) presented with angina pectoris, 181 (27.3%) had diabetes mellitus, and 399 (60.0%) had hypertension. The mean MMR was 21.8. Patients were stratified into quintiles by MMR values: L1 (n = 131; 7.89–14.43), L2 (n = 128; 14.50–17.96), L3 (n = 131; 18.00–22.16), L4 (n = 131; 22.25–28.53), and L5 (n = 131; 28.67–60.67). Significant differences in several clinical variables were observed across quintiles, whereas age, creatinine, blood urea nitrogen, body mass index, estimated glomerular filtration rate, and cholesterol levels showed no significant variation (Table 1).



TABLE 1 Clinical characteristics of individual MMR level.



	Value of the ratio of mean platelet volume to monocyte count



	Baseline variables
	L1(n=131) 7.89–14.43
	L2(n=128)14.5–17.96
	L3(n=131)18–22.16
	L4(n=131)22.25–28.53
	L5(n=131)28.67–60.67
	P





	Age,years
	62 (52,79)
	61 (53,68)
	62 (55,68)
	63 (55,69)
	60 (53,68)
	0.381



	Female, n(%)
	26 (19.8)
	31 (24.2)
	47 (35.9)
	58 (44.3)
	60 (45.8)
	<0.001



	Diabetes, n(%)
	31 (23.7)
	33 (25.8)
	39 (29.8)
	43 (32.8)
	35 (26.7)
	0.501



	Cerebrovascular disease, n(%)
	23 (15.3)
	18 (14.1)
	22 (16.8)
	23 (17.6)
	17 (13.0)
	0.839



	Family history of CAD, n(%)
	5 (3.8)
	6 (4.7)
	6 (4.6)
	7 (5.3)
	2 (1.5)
	0.559



	Smoke, n(%)
	48 (36.6)
	39 (30.5)
	37 (28.2)
	36 (27.5)
	32 (24.4)
	0.263



	Drink, n(%)
	36 (27.5)
	34 (26.6)
	36 (27.5)
	22 (16.8)
	22 (16.8)
	0.048



	BMI, kg/m2
	26 (24,29)
	26 (24,28)
	26 (23,28)
	25 (23,28)
	26 (24,28)
	0.145



	HDL, mmol/L
	0.94 (0.79,1.08)
	0.95 (0.83,1.09)
	0.99 (0.84,1.17)
	0.98 (0.88,1.16)
	1.07 (0.93,1.21)
	<0.001



	LDL, mmol/L
	2.70 (2.28,3.23)
	2.75 (2.27,3.21)
	2.74 (2.21,3.18)
	2.79 (2.28,3.43)
	2.84 (2.34,3.34)
	0.397



	TG, mmol/L
	1.37 (1.05,2.10)
	1.42 (1.09,1.87)
	1.40 (0.98,1.99)
	1.42 (0.99,2.18)
	1.37 (0.99,1.91)
	0.739



	CHOL, mmol/L
	4.31 (3.6,4.96)
	4.375 (3.75,4.9825)
	4.3 (3.68,5.07)
	4.64 (3.74,5.30)
	4.62 (3.85,5.37)
	0.170



	Monocyte, 109/L
	0.7 (0.60,0.72)
	0.50 (0.50,0.53)
	0.40 (0.40,0.46)
	0.36 (0.30,0.40)
	0.30 (0.22,0.30)
	<0.001



	MPV, fl
	8.2 (7.6,8.7)
	8.4 (7.7,8.9)
	8.4 (8.1,9.0)
	8.9 (8.1,9.7)
	9.3 (8.7,9.9)
	<0.001



	MMR
	12.47 (11.29,13.33)
	16.20 (15.4,17.19)
	20.00 (19.00,21.00)
	25.00 (23.50,27.00)
	32.81 (30.33,38.46)
	<0.001



	eGFR, ml/min/1.73 m2
	94.0 (83.0,101.0)
	94.5 (86.0,102.0)
	92.0 (81.0,99.0)
	93.0 (80.0,101.0)
	93.0 (84.0,102.0)
	0.535



	Cr, μmol/L
	70.5 (63.7,82.3)
	72.7 (63.9,82.0)
	72.0 (59.7,81.1)
	67.8 (60.1,76.6)
	69.5 (59.3,80.4)
	0.074



	BUN, mmol/L
	5.0 (4.27,6.32)
	5.14 (4.25,6.14)
	5.22 (4.26,6.51)
	5.09 (4.11,6.17)
	5.05 (4.14,6.05)
	0.827



	FPG, mmol/L
	5.34 (4.78,6.70)
	5.425 (4.65,7.08)
	5.52 (4.96,6.73)
	5.45 (4.81,6.47)
	5.38 (4.84,7.01)
	0.862



	LM, n(%)
	17 (13)
	8 (6.3)
	10 (7.6)
	8 (6.1)
	11 (8.4)
	0.251



	LAD, n(%)
	105 (80.2)
	102 (79.7)
	102 (77.9)
	102 (77.9)
	105 (80.2)
	0.980



	LCX, n(%)
	68 (51.9)
	64 (50)
	63 (48.1)
	60 (45.8)
	55 (42)
	0.541



	RCA, n(%)
	73 (55.7)
	65 (50.8)
	73 (55.7)
	61 (46.6)
	68 (51.9)
	0.546



	Gensini
	34 (16.0,64)
	28 (10,48)
	30 (12,56)
	28 (10,60)
	32 (10,54)
	0.538



	Hypertension, n(%)
	0.397



	 No
	51 (38.9)
	45 (35.2)
	52 (39.7)
	42 (32.1)
	63 (48.1)
	



	 Grade1
	18 (13.7)
	18 (14.1)
	21 (16)
	16 (12.2)
	8 (6.1)
	



	 Grade2
	15 (11.5)
	18 (14.1)
	13 (9.9)
	21 (16)
	13 (9.9)
	



	 Grade3
	47 (35.9)
	47 (36.7)
	45 (34.4)
	52 (39.7)
	47(35.9)
	



	Diagnosis, n(%)
	0.009



	 1
	71 (54.2)
	57 (44.5)
	53 (40.5)
	43 (32.8)
	51 (38.9)
	



	 2
	60 (45.8)
	71 (55.5)
	78 (59.5)
	88 (67.2)
	80 (61.1)
	




	BMI, body mass index; CHOL, Serum total cholesterol; LDL, low-density lipoprotein; HDL, high-density lipoprotein; TG, triglycerides; BUN, blood urea nitrogen; eGFR, estimate glomerular filtra-tion rate; MPV, Mean platelet volume; MMR,Mean platelet volume to monocyte ratio; Cr, Creatinine; Diagnosis 1 is acute myocardial infarction, and Diagnosis 2 is angina; FPG, Fasting plasma glucose.









3.2 MMR levels and risk of experiencing MACE

The median follow-up duration was 51 months (IQR: 44 – 46 months). During follow-up, 127 patients (19.5%) experienced MACE, including 10 cardiovascular deaths (1.5%), 3 nonfatal myocardial infarctions (0.4%), 26 revascularizations (3.9%), and 102 rehospitalizations for heart failure or severe angina (15.6%). Kaplan–Meier survival curves by MMR quintiles are shown in Figure 2. Log-rank testing indicated significant differences in survival across groups (P = 0.0014), with patients in the L3 group exhibiting the poorest prognosis. Restricted cubic spline (RCS) analysis further demonstrated a significant nonlinear association between MMR levels and MACE risk (P = 0.001), characterized by an inverted U-shaped curve (Figure 3). The inflection point was identified at MMR = 18.35: below this level, higher MMR was associated with increased risk, whereas above this threshold, higher MMR predicted more favorable outcomes.


[image: Kaplan-Meier survival curve comparing five different MMR levels, with survival probability on the y-axis and follow-up time in months on the x-axis, showing statistically significant differences (log-rank p equals zero point zero zero one four). Number at risk for each MMR level is listed below the plot at designated time points.]
FIGURE 2
The Kaplan–Meier curves. The MMR was ranked from low to high, and the sample population was divided into five groups by quintile interval.



[image: Line graph with histogram overlay depicting the relationship between MMR and hazard ratio (HR), with a red estimation line, 95 percent confidence interval shading, and corresponding population percentage; p-values are 0.002 (overall) and 0.001 (non-linear), and a dashed horizontal line marks HR of one.]
FIGURE 3
Restricted cubic spline plot from MMR levels vs. MACE.



[image: Forest plot showing hazard ratios with confidence intervals for MMR levels across subgroups by age, gender, hypertension, and diabetes status, including p-values and tests for interaction for each comparison.]
FIGURE 4
The relationship between MMR and the risk of MACE in different subgroups of patients.


The MMR values were sorted from low to high. The sample population was divided into five groups at quintile intervals: L1 (n = 131, MMR range 7.89–14.43), L2 (n = 128, MMR range 14.5–17.96), L3 (n = 131, MMR range 18–22.16), L4 (n = 131, MMR range 22.25–28.53), and L5 (n = 131, MMR range 28.67–60.67).



3.3 Independent association between MMR levels and risk of experiencing MACE

Cox proportional hazards analyses were performed to evaluate the association between MMR and MACE risk. Univariate Cox regression identified several baseline variables associated with MACE (Table 2). Predictive models incorporated covariates from established prognostic frameworks and variables with P < 0.10 in univariate analysis: Model 1 adjusted for age and sex; Model 2 additionally included diabetes, hypertension grade, CAD type, and Gensini score; Model 3 further incorporated eGFR, LDL-C, triglycerides, and fasting glucose. As shown in Table 3, patients in the L3 group had significantly higher risk of both MACE and hard endpoints compared with other quintiles. Specifically, L3 was independently associated with increased MACE risk across all models, with significant differences vs. L1, L4, and L5. Subgroup analyses demonstrated consistent results across sex, age, diabetes, and hypertension strata, with no evidence of significant interaction effects (all interaction P > 0.05). Refer to Figure 4.



TABLE 2 The Unadjusted hazard ratios of each indicator for the risk of MACE.



	Factors
	Risk of MACE



	HR
	95%CI
	P





	Age, years
	1.019
	1.002
	1.038
	0.330



	Female, n(%)
	1.110
	0.773
	1.594
	0.571



	Diabetes, n(%)
	1.182
	0.811
	1.724
	0.384



	Cerebrovascular disease, n(%)
	1.312
	0.841
	2.046
	0.231



	Family history of CAD, n(%)
	1.445
	0.674
	3.098
	0.344



	Smoke, n(%)
	0.910
	0.617
	1.344
	0.637



	Drink, n(%)
	0.813
	0.525
	1.259
	0.353



	BMI, kg/m2
	1.032
	0.982
	1.084
	0.220



	HDL, mmol/L
	0.583
	0.266
	1.277
	0.177



	LDL, mmol/L
	0.992
	0.791
	1.244
	0.944



	TG, mmol/L
	1.174
	1.010
	1.366
	0.037



	CHOL, mmol/L
	1.035
	0.886
	1.209
	0.661



	eGFR, ml/min/1.73 m2
	0.990
	0.981
	1.000
	0.043



	Cr, μmol/L
	1.001
	0.996
	1.006
	0.714



	BUN, mmol/L
	1.033
	0.944
	1.130
	0.479



	FPG, mmol/L
	1.130
	1.062
	1.201
	0.001



	LM, n(%)
	2.122
	1.303
	3.457
	0.003



	LAD, n(%)
	1.214
	0.767
	1.922
	0.408



	LCX, n(%)
	1.310
	0.925
	1.857
	0.129



	RCA, n(%)
	1.479
	1.034
	2.107
	0.032



	Gensini
	1.009
	1.005
	1.013
	0.010



	Hypertension, n(%)
	1.331
	0.919
	1.926
	0.130



	Diagnosis, n(%)
	0.681
	0.481
	0.964
	0.030




	BMI, body mass index; CHOL, Serum total cholesterol; LDL, low-density lipoprotein; HDL, high-density lipoprotein; TG, triglycerides; BUN, blood urea nitrogen; eGFR, estimate glomerular filtra-tion rate; MPV, Mean platelet volume; MMR, Mean platelet volume to monocyte ratio; Cr, Creatinine; FPG, Fasting plasma glucose.









TABLE 3 The risk relationship of MMR with the occurrence of MACE and MACE (hard endpoints).



	Event
	
	
	Model 1
	
	Model 2
	
	Model 3
	



	
	
	HR(95% CI)
	P
	HR(95% CI)
	P
	HR(95% CI)
	P





	MACE
	A
	L3
	1.920 (1.320–2.793)
	0.001
	1.922 (1.320–2.798)
	0.001
	2.074 (1.415–3.041)
	0.001



	B
	L3
	Ref
	
	Ref
	
	Ref
	



	
	L1
	0.396 (0.224–0.700)
	0.001
	0.376 (0.212–0.665)
	0.001
	0.354 (0.200–0.629)
	0.001



	
	L2
	0.775 (0.482–1.248)
	0.294
	0.799 (0.496–1.287)
	0.356
	0.733 (0.452–1.187)
	0.206



	
	L4
	0.484 (0.285–0.821)
	0.007
	0.473 (0.278–0.806)
	0.006
	0.441 (0.258–0.756)
	0.003



	
	L5
	0.454 (0.263–0.785)
	0.005
	0.475 (0.274–0.824)
	0.008
	0.430 (0.246–0.752)
	0.003



	MACE (hard endpoints)
	A
	L3
	2.944 (1.612–5.375)
	<0.001
	2.872 (1.564–5.274)
	0.001
	2.916 (1.558–5.457)
	0.001



	B
	L3
	Ref
	
	Ref
	
	Ref
	



	
	L1
	0.397 (0.171–0.919)
	0.031
	0.383 (0.165–0.888)
	0.025
	0.381 (0.163–0.892)
	0.026



	
	L2
	0.383 (0.159–0.921)
	0.032
	0.409 (0.170–0.986)
	0.046
	0.405 (0.165–0.992)
	0.048



	
	L4
	0.330 (0.131–0.834)
	0.019
	0.322 (0.127–0.821)
	0.018
	0.318 (0.123–0.820)
	0.018



	
	L5
	0.252 (0.093–0.681)
	0.007
	0.274 (0.100–0.749)
	0.012
	0.263(0.094–0.732)
	0.011




	MACE refers to all-cause mortality, non-fatal myocardial infarction, reperfusion therapy, stroke, and readmission due to heart failure or severe angina pectoris. MACE (hard endpoints) includes all-cause mortality, non-fatal myocardial infarction, reperfusion therapy and stroke. A refers to the Cox multivariate regression analysis using MMR L3; B refers to the multivariate Cox regression analysis of the MMR 5 group, with L3 serving as the control group. Model 1: Adjusted for age and gender. Model 2: Based on Model 1, adjusted for diabetes status, hypertension status (no hypertension, hypertension 1–3 grades), coronary artery disease type (angina pectoris or acute coronary syndrome), and severity of coronary artery disease (gensini score). Model 3: Further adjusted for eGFR, LDL-C, TG concentration, and fasting blood glucose.









3.4 Improvements in cardiovascular risk prediction

The addition of MMR quintiles to conventional cardiovascular risk models significantly improved prognostic performance. The baseline model, which included age, sex, hypertension grade, diabetes mellitus, CAD type, Gensini score, triglycerides, LDL-C, eGFR, and fasting plasma glucose, yielded a C-index of 0.657 and an AUC of 0.673. After incorporating MMR, the C-index increased to 0.691 (P = 0.035) and the AUC improved to 0.718 (P = 0.018). Moreover, both net reclassification improvement (NRI) and integrated discrimination improvement (IDI) were significantly enhanced (P < 0.001 for both; Figure 5 and Table 4).


[image: Receiver operating characteristic (ROC) curve comparison chart displaying two models: Model 1 in blue with an area under the curve (AUC) of 0.673, and Model 2 in red with AUC 0.718, showing Model 2 outperforms Model 1; a dashed diagonal line represents random performance, with axes labeled sensitivity and specificity.]
FIGURE 5
Comparison of ROC curves for predicting MACE by different models.




TABLE 4 Improving the reclassification and discrimination capabilities of MACE risks based on MMR.



	Analysis
	BM (95% CI)
	BM + MMR (95% CI)
	Value/Δ
	95% CI
	P





	C-index
	0.66 (0.61–0.71)
	0.69 (0.64–0.74)
	–
	–
	0.035



	AUC
	0.67
	0.72
	–
	–
	0.018



	NRI-Categorical
	–
	–
	0.12
	0.05–0.19
	<0.001



	NRI-Continuous
	–
	–
	0.38
	0.19–0.57
	<0.001



	IDI
	–
	–
	0.04
	0.02–0.05
	<0.001




	The basic model incorporates age, gender, hypertension classification, diabetes, gensini score, type of coronary heart disease, TG, LDL, eGFR, and FPG. Basic + MMR is a new model that adds MMR to the basic model.







The basic model incorporates age, gender, hypertension classification, diabetes, gensini score, type of coronary heart disease, TG, LDL, eGFR, and FPG. Basic + MMR is a new model that adds MMR to the basic model.




4 Discussion

This study evaluated the prognostic significance of MMR in treatment-naïve CAD patients. We found that patients in the intermediate MMR range (18.0–22.16) experienced the highest incidence of MACE, whereas both lower and higher MMR values were associated with more favorable outcomes. Unlike the linear associations typically reported for other inflammatory biomarkers, our restricted cubic spline analysis revealed a distinct nonlinear, inverted U-shaped relationship between MMR and long-term prognosis.

Previous studies have established inflammation as a key driver of atherosclerosis, with indices such as NLR, PLR, and MLR serving as independent prognostic markers in CAD (20, 21). Composite inflammatory indices show utility beyond CAD diagnosis, severity assessment, and prognosis prediction to oncology/hematological disorders (22, 23). However, clinical implementation faces limitations: (1) inconsistent findings regarding their independence as CAD risk predictors (15, 16); (2) substantial threshold variation for MACE prediction; (3) susceptibility to confounders (infections, medications, comorbidities) compromising validity (24); (4) inability to independently predict MACE, necessitating integration into multivariate models (25). Novel indices like systemic inflammation response index (SIRI) exhibit superior MACE predictive value vs. NLR/PLR/MLR. SIRI-incorporated models significantly enhance diagnostic performance (26). In the comparison of the clinical value of composite inflammatory markers and single inflammatory markers, we used MMR, MPV and monocyte count for statistical analysis. Multivariable Cox regression analyses, adjusted for age, gender, hypertension grade, diabetes mellitus, Gensini score, coronary heart disease type (angina pectoris or acute coronary syndrome), triglycerides (TG), LDL cholesterol, eGFR, and FPG, were performed to assess three incremental models: 1. Base model + MMR L3 status 2. Base model + Mean Platelet Volume (MPV) 3. Base model + absolute monocyte count Results demonstrated that MMR L3 was an independent risk factor for MACE (HR = 0.482; 95% CI: 0.329–0.707; P < 0.001). In contrast, neither MPV (HR = 1.066; 95% CI: 0.902–1.260; P = 0.454) nor absolute monocyte count (HR = 0.739; 95% CI: 0.243–2.245; P = 0.594) showed significant associations. This indicates that categorical MMR stratification (L3) demonstrates stronger predictive utility for MACE risk compared to the continuous variables MPV or monocyte count alone. So in some cases, a composite inflammatory measure is more clinically relevant than a single measure. Thus, discovering novel inflammatory biomarkers and refining predictive algorithms remains crucial for optimizing clinical decision-making. After adjusting for factors such as age, gender, history of diabetes and hypertension, coronary heart disease category (angina pectoris or acute myocardial infarction), eGFR, FPG, LDL, TG, and Gensini, we conducted a multivariate Cox regression analysis. Among them, Model a represents the MMR L3 group, Model b represents NLR, Model c represents PLR, and Model d represents MHR. Through the analysis, it was found that the MMR L3 group was an independent risk factor for MACE in newly diagnosed coronary heart disease patients (Model a HR = 2.07, P < 0.001), while the other indicators had no statistical significance (Model b, Model c, and Model d all had P values greater than 0.05). We can observe that the role value of MMR L3 in MACE in newly diagnosed coronary heart disease patients may be due to NLR, PLR, and MHR.

Our study revealed that patients in the MMR L3 quintile (18.0–22.16) exhibited the poorest prognosis compared to other groups. Restricted cubic spline (RCS) analysis confirmed a significant non-linear, inverted U-shaped relationship between MMR and MACE risk—a finding distinct from other composite inflammatory indices (27). The observed inverted U-shaped relationship may reflect a dynamic equilibrium between platelet activity and monocyte function in plaque biology. Platelets modulate monocyte adhesion, differentiation, and polarization. Under pro-inflammatory conditions (28), activated platelets promote M1 macrophage polarization, leading to collagen degradation, reactive oxygen species release, and plaque destabilization (29, 30). Platelet-derived SEMA4D induces M2 polarization (10). M2 macrophages release MMP inhibitors, secrete TGF-β to enhance vascular smooth muscle cell (VSMC) proliferation (strengthening fibrous caps) (31, 32), and produce IL-10 to suppress platelet activation. Platelet-monocyte coculture upregulates M2 markers (CD163) and scavenger receptors (SR-BI, CD36) (11). Notably, CAD patients' platelets exhibit elevated SR-BI/CD36 expression, promoting monocyte differentiation into atheroprotective M2 phenotypes. Additionally, platelet-monocyte aggregates (PMAs) serve as thromboinflammatory hubs through P-selectin/PSGL-1 binding → Mac-1/GPIbα-fibrinogen stabilization (33). This cascade drives plaque destabilization in acute coronary syndromes and restenosis, establishing PMAs as therapeutic targets (e.g., P-selectin inhibitors). Thus, an intermediate MMR range may reflect heightened pro-thrombotic and pro-inflammatory activity, whereas lower or higher MMR levels may favor protective M2-dominated pathways. This mechanistic hypothesis warrants validation through longitudinal and experimental studies.

Our findings indicate that both low and high MMR ranges confer better prognosis compared to the intermediate L3 quintile (18.0–22.16), potentially due to attenuated platelet activity and milder inflammatory responses that stabilize plaques and suppress thrombosis (34, 35). Conversely, MMR values within the 18.0–22.16 range may promote thrombogenesis and plaque vulnerability, worsening clinical outcomes. Analogous to sepsis and severe burns (36), this biphasic pattern suggests bidirectional inflammatory modulation in CAD progression: during early and late disease stages, protective mechanisms (e.g., M2 macrophage polarization, anti-inflammatory cytokine release) may outweigh pathological processes, whereas intermediate phases exhibit dominant pro-thrombotic and pro-inflammatory drivers. This dynamic homeostatic regulation could explain the inverted U-shaped risk curve. However, these hypotheses require validation, as the intricate relationship between platelet indices and monocyte biology remains incompletely characterized. In the future, by repeatedly measuring indicators such as MPV and absolute values of monocytes in patients during the occurrence and development of coronary heart disease, and studying the dynamic changes of MMR and its prognostic relationship with MACE, the possibility of this hypothesis can be tested. Further mechanistic studies are essential to elucidate these interactions, clarify our observations, and optimize translational applications for precision prognostication in CAD management.

Subgroup analyses by age, sex, diabetes, and hypertension status revealed consistent associations, with no significant interaction effects. Although some subgroup estimates did not reach statistical significance, the directionality was consistent with the overall findings. These results suggest the robustness of MMR as a prognostic marker, though larger cohorts are needed to confirm subgroup-specific effects (37).

The addition of MMR to conventional risk models significantly improved prognostic performance, as reflected by higher C-index, AUC, NRI, and IDI values. This supports the role of MMR as an incremental biomarker that enhances existing prognostic frameworks for CAD risk stratification.



5 Limitations

Several limitations should be acknowledged. First, the single-center design with limited demographic diversity may reduce generalizability (38, 39). Second, although patients with overt infection were excluded, residual confounding from subclinical inflammatory states cannot be ruled out. Third, inter-laboratory variability in MPV measurement, and the lack of a universal reference range, may affect MMR reproducibility. Fourth, our analysis focused on baseline values; serial measurements may provide greater insight into dynamic changes in MMR and their prognostic implications. Finally, because hard endpoint events were relatively infrequent, we used a composite MACE definition that included soft endpoints, which may limit interpretability. Larger, multicenter studies with dedicated hard endpoint analyses are warranted (40).



6 Conclusion

In conclusion, MMR is a readily available inflammatory index derived from routine blood tests that demonstrates incremental prognostic value in newly diagnosed CAD patients. The nonlinear, inverted U-shaped association between MMR and MACE highlights the complex role of platelet–monocyte dynamics in atherosclerosis. Further multicenter prospective studies and mechanistic trials are needed to verify the prognostic value of MMR and to elucidate its mechanism of action.
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Background: This study aimed to create a nomogram to predict a double-zero score for obstructive coronary artery disease (CAD) in a hospital-based cohort initially scoring zero. We compared its diagnostic performance with the Framingham risk score (FRS) and models for atherosclerotic cardiovascular disease (ASCVD).



Methods: We retrospectively reviewed the clinical features and laboratory profiles of 634 participants with baseline zero coronary artery calcium scores. The target population consisted of individuals with a double-zero score. The primary endpoint was the diagnosis of obstructive CAD, defined as CAD-RADS ≥3 or vulnerable plaque formation on the second cardiac CT. The control group had a double-zero score, with no or less than 50% coronary stenosis. We developed a nomogram using a least absolute shrinkage and selection operation-derived logistic model. We assessed the models’ discrimination and calibration abilities using the Hosmer–Lemeshow test.



Results: Participants were monitored for an average period of 4.26 ± 2.30 years and were randomly allocated to training and validation sets at a ratio of 2.8:1. The study results indicated that 5.13% (24 of 467) in the training cohort and 4.19% (7 of 167) in the validation cohort developed a double-zero score with obstructive CAD progression. This nomogram incorporated four predictors: “systolic blood pressure,” “hypertension,” “body fat percentage,” and “HbA1c.” The nomogram demonstrated superior diagnostic performance compared to the FRS and ASCVD models, with lower values of Akaike information criterion and Bayesian information criterion values. The nomogram's discriminative ability, measured by the area under the curve, was 0.792 in the training cohort and 0.824 in the validation cohort.



Conclusions: The validated nomogram provides valuable predictive potential for identifying high-risk subclinical coronary atherosclerosis, thereby supporting personalized primary prevention and education strategies.
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1 Introduction

In recent years, coronary computed tomography angiography (CTA) has been widely employed in the diagnostic evaluation of coronary artery disease (CAD) in intermediate-to-high-risk populations. Its use for the subclinical assessment of coronary atherosclerosis in low-to-intermediate-risk populations is also rising (1–5). As per a literature review, a calcium score of zero could serve as a gatekeeper to safely exclude the possibility of CAD in patients with low-to-intermediate risk, who also have a very low risk of cardiovascular events and mortality over a 10-year period (6–11). Recent studies have shown that while the mortality rate is low, nonfatal major adverse cardiovascular events (MACEs) are prevalent in low-to-intermediate-risk populations with zero calcium scores (5, 12, 13). Therefore, individuals with low-to-intermediate risk and zero calcium scores may exhibit early signs of CAD and bear a high risk of subclinical atherosclerosis (14–16).

Therefore, it is crucial to identify subclinical atherosclerosis, such as obstructive CAD or high-risk plaques, in patients with low-to-intermediate risk and double-zero scores during a series of CAC scans. These patients are potential candidates for medical therapy in preventive cardiology.

The effectiveness of the well-known Framingham risk score (FRS) or atherosclerotic cardiovascular disease (ASCVD) model in predicting the outcome of a double-zero score for obstructive CAD in patients with a baseline zero score remains uncertain. In a previous retrospective study, only moderate diagnostic performance of the FRS model was reported for the prediction of a double-zero score with obstructive CAD events (17). No previous studies have explored early preventive models to predict the risk of double-zero scores for obstructive CAD in Asian populations with a baseline zero score. With the widespread use of cardiac CT, certain populations may initially exhibit zero coronary scores in series scans, yet subsequently develop vulnerable soft plaques and obstructive coronary stenosis ≥50%. While existing literature shows that CAC = 0 does not rule out early CAD, the introduction could better emphasize the clinical significance, such as the risk of nonfatal cardiovascular events and missed chances for early preventive interventions.

As a double-zero score can be misinterpreted as low cardiovascular risk, it is crucial to identify this specific population in preventive medicine. Therefore, we aimed to develop and validate a least absolute shrinkage and selection operator (LASSO)-based risk model for predicting a double-zero score in obstructive CAD, with an initial score of zero, in the hospital-based cohort with low-to-intermediate risk. We also compared its discriminatory ability with the well-known FRS and ASCVD scores to determine its clinical utility.



2 Methods


2.1 Study design and population characteristics

A total of 634 consecutive patients from April 2005 to January 2022 were enrolled using the inclusion criteria mentioned in previous studies (17, 18). This study was designed as a retrospective cohort study conducted. Individuals with baseline zero calcium scores who underwent both baseline and follow-up CAC and coronary CT scans were included. At follow-up, participants were classified into two groups: those with obstructive CAD (≥50% stenosis or vulnerable plaque) and those without CAD. Inclusion criteria were individuals who underwent both baseline and follow-up CAC and coronary CT scans, with a baseline score of zero and a double-zero score on follow-up. Patients were categorized by the presence or absence of obstructive CAD (≥50% stenosis) or vulnerable plaques on follow-up scans. Exclusion criteria were those lacking the required scans or presenting non-zero baseline scores. Follow-up duration was not predefined and varied among participants. Repeat cardiac CT scans were performed based on clinical indications and physician judgment, without a standardized interval, reflecting real-world practice patterns in our setting. The prediction task was to develop a model identifying individuals at risk of developing obstructive CAD despite having a double-zero score. The primary endpoint was obstructive CAD, defined as ≥50% stenosis or the presence of vulnerable plaque, detected on the second cardiac CT scan. The time horizon for prediction extended from the baseline scan (with a zero calcium score) to the follow-up scan (double-zero score). All predictors, including demographic characteristics, clinical risk factors, and imaging features, were collected at baseline before the follow-up cardiac CT. As per the Declaration of Helsinki, the study protocol was approved by Kaohsiung Veterans General Hospital (IRB: VGHKS19-CT6–02, KSVGH21-CT7-22). The procedures undertaken in this study were conducted in compliance with institutional guidelines, and all methodologies adhered to the relevant regulations and guidelines. The requirement for patient consent was waived due to the retrospective study design. The primary endpoint of the study was to construct a LASSO-derived model to predict obstructive CAD with ≥50% stenosis with double-zero score events (defined as CAD-RADS ≥3 or vulnerable plaque formation in the second round of the CT exam, as described in our previous study) in the second round of the cardiac CT scan, and to assess its discriminatory power in comparison to other prediction models, such as the FRS and ASCVD score (17, 18). CAD-RADS ≥3 indicates significant coronary artery disease, denoting atherosclerotic plaque resulting in moderate stenosis or more, suggesting increased cardiovascular risks and necessitating precise management and treatment interventions. The control group had a double-zero score, with no coronary stenosis or stenosis <50%. We derived and internally validated the nomogram in 634 patients with a baseline zero score who were randomly assigned to the training (N = 467) and validation (N = 167) datasets at a ratio of 2.8:1. Figure 1 presents a flowchart of the study.
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FIGURE 1
Flowchart depicting the selection process of patients for the training and validation cohorts in this study, focusing on the primary outcome of a double zero score with obstructive CAD.




2.2 Data collection

Clinical and laboratory data were obtained from our hospital's electronic medical records using standardized forms. We included demographic variables such as age, sex, current smoking status, pack-year, hypertension, diabetes mellitus (DM), and follow-up period. Laboratory variables from blood, collected at the same time as the baseline scan, included uric acid, fasting glucose, C-reactive protein (CRP), gamma-glutamyl transferase (GGT), hemoglobin A1c (HbA1c), low-density lipoprotein cholesterol, total cholesterol, high-density lipoprotein cholesterol, and triglyceride levels. Additionally, a physical examination was conducted to collect anthropometric measurements of body mass index, body fat percentage, and waist circumference. Hypertension was defined as a systolic blood pressure (SBP) > 140 mmHg, diastolic blood pressure above 90 mmHg, or the use of hypertension medications.

DM was diagnosed in individuals receiving oral antidiabetic medications or insulin, which aligns with previous studies (17, 18).



2.3 Cardiac CT imaging acquisition and analysis

All patients underwent two consecutive scans employing a 256 × 0.625-mm detector row CT scanner, using either a 64 × 0.5-mm detector row CT vendor system (Aquilion 64; Toshiba Medical Systems) or a 256 × 0.625-mm detector row CT system (Revolution CT, GE Healthcare, Milwaukee, USA), as previously described.

The CT image acquisition protocol consisted of two sequential steps of imaging acquisition. The first step was a non-contrast coronary artery calcium (CAC) scan with the following acquisition settings: a fixed tube voltage of 120-kV and a 3 mm slice thickness reconstruction. The second step was a prospective ECG-triggered cardiac CTA with a fixed tube voltage of 120 kV and tube current modulation (mA modulation). CAC scores were calculated applying the Agatston method along with GE AW analysis software (version 3.2). The classification of coronary artery stenosis/vulnerable plaque characteristics with standardized reporting of individual patients was reported according to the Coronary Artery Disease Reporting and Data System (CAD-RADS™) (19).



2.4 Three prediction models for double-zero scores with obstructive CAD

We used a LASSO-derived regression model to build a new prediction model with an optimal lambda value that reduces the cross-validation error. Candidate predictors included demographics, risk factors, and imaging features; continuous variables retained linearity, missing data imputed, and LASSO used for variable selection. Four features were selected from the clinical and laboratory data in the training dataset: hypertension, SBP, HbA1c, and body fat percentage. We proposed a LASSO-derived model to predict the outcome of a double-zero score with obstructive CAD in patients with a baseline zero score and compared it to two well-known models for CAD risk prediction (FRS and ASCVD). The discriminative ability of the model fitness was tested for each model individually based on c-statistics, Akaike information criterion (AIC), and Bayesian information criterion (BIC) differences. A more discriminative model with better fitting performance was characterized by higher c-statistic values and lower AIC and BIC values, as per the interpretation of the study. The FRS was originally developed to assess an individual's 10-year risk likelihood of developing coronary heart disease. The FRS uses clinical and laboratory information on age, sex, total and HDL cholesterol levels, smoking status, systolic blood pressure, and DM (20).

The ASCVD risk model was originally designed to estimate the 10-year risk of the first fatal cardiovascular outcome in individuals aged 40–65 years. It uses clinical and laboratory information such as age, sex, race, smoking status, diastolic blood pressure, systolic blood pressure, and DM (21). Based on the estimated risk stratification in a 10-year ASCVD risk assessment, individuals are categorized as low-risk if <5%, borderline risk if 5%–7.5%, intermediate risk if 7.5%–20%, and high-risk if ≥20% (22).



2.5 Statistical analysis

Statistical analyses were conducted using Stata version 13.0 (Stata Corp., College Station, TX, USA) and SPSS for Windows (version 22.0; SPSS Inc., Chicago, IL, USA). Sample size was calculated for the primary endpoint assuming a 5% event rate, α = 0.05, 80% power, 10% attrition. The determined sample size was considered adequate to achieve the desired power and significance level given the assumed event rate and attrition. Variables with <5% missing values were analyzed using complete-case analysis, while those with 5%–20% missingness were addressed using multiple imputation. LASSO logistic regression was performed using the LASSOPACK package (including lasso2, cvlasso, and rlasso) in Stata 13.0 (23). The significance levels reported were two-tailed, and statistical significance was defined as p < 0.05. Missing data were handled using multiple imputations to ensure that the analysis included all available information without introducing bias. A fixed random seed was used to ensure reproducibility. Random numbers were generated for each patient using the runiform function, and patients were then allocated into validation (26.3%) and training (73.7%) sets using the split command based on the predefined 1:2.8 ratio. The clinical data of the study participants in the training and validation cohorts were compared using Student's t-test for continuous variables and the chi-square test for categorical variables. The primary goal of this study was to create a prediction nomogram using the LASSO-based methodology with optimal lambda selection, which could predict the risk of a double-zero score with obstructive CAD in participants with a baseline zero score (23). LASSO Logistic Regression was deemed the most appropriate method for balancing predictive accuracy and interpretability. The optimal penalty parameter (lambda) in the LASSO regression was selected using tenfold cross-validation via the lasso select command in Stata. The lambda value corresponding to the minimum cross-validation mean squared error (MSE) was chosen to ensure an optimal balance between model sparsity and predictive accuracy. The study used a multivariate logistic regression model involving multiple predictors to determine the 95% confidence interval (CI) and odds ratio (OR), which were subsequently used to create a nomogram based on the LASSO-derived parameters in the training cohort. Multicollinearity was evaluated using the variance inflation factor (VIF). All VIF values were lower than 10, indicating that multicollinearity is not a concern in this model. We evaluated and compared the discriminatory abilities of the three models using the C-statistic, BIC, and AIC (24). Receiver operating curve (ROC) analysis was conducted to evaluate the performance of the three predictive models. We compared the c-statistics of the three models using the method described by DeLong et al. (25).

The AUC, specificity, sensitivity, negative predictive value (NPV), positive predictive value (PPV), positive likelihood ratio (LR), and negative LR were calculated. The c-statistic ranged from 0.5, indicating no discriminatory ability, to 1.0, indicating complete discriminatory ability. Calibration was assessed using the Hosmer–Lemeshow test and by calibration plotting the predicted double-zero score with obstructive CAD against the actual rates in deciles of predicted risk (26). To assess model performance and ensure parsimony, we calculated the Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC) for model comparison and selection. Model discrimination was evaluated using the area under the receiver operating characteristic curve (AUC), with 95% confidence intervals derived from bootstrap resampling.




3 Results

In total, 634 eligible participants were included in the analysis and followed up for a mean duration of 4.26 ± 2.30 years. The prevalence of a double-zero score for obstructive CAD events in the study cohort was 5.13%. The participants were randomly allocated to either the training or validation datasets at a ratio of 2.8:1. Figure 1 illustrates that the study included 467 participants with zero baseline scores in the training cohort and 167 participants in the validation cohort. In the training dataset, 24/467 participants (5.13%) developed the events of double-zero score with obstructive CAD during the follow-up time of 4.31 ± 2.31 years, while in the validation dataset, 7/167 participants (4.19%) developed the events of double-zero score with obstructive CAD during the follow-up period of 4.12 ± 2.25 years. The basic clinical characteristics of the training cohort (467 participants, mean age 50.69 ± 8.35, 289/467 or 61.9% male) and the validation cohort (167 participants, mean age 50.68 ± 8.40, 109/167 or 65.3% male) are listed in Table 1. The participants in the training and validation datasets were similar in terms of clinical characteristics, physical examination results, and laboratory profiles.



TABLE 1 Characteristics of the clinical data in the training and validation sets.



	Variable
	Total patient cohort (n = 634)
	Training set (n = 467)
	Validation set (n = 167)
	P-value





	Age (years)
	50.69 ± 8.36
	50.69 ± 8.35
	50.68 ± 8.40
	0.990



	Sex, n (%)
	
	
	
	0.437



	 Male
	398 (62.8%)
	289 (61.9%)
	109 (65.3%)
	



	 Female
	236 (37.2%)
	178 (38.1%)
	58 (34.7%)
	



	BMI (kg/m2)
	24.48 ± 3.46
	24.65 ± 3.48
	24.01 ± 3.38
	0.041



	SBP (mmHg)
	123.36 ± 16.95
	123.54 ± 16.89
	122.85 ± 17.16
	0.660



	DBP (mmHg)
	77.66 ± 10.98
	77.75 ± 10.92
	77.42 ± 11.20
	0.739



	Hypertension, n (%)
	171 (27.9%)
	128 (28.4%)
	43 (26.5%)
	0.644



	Smoking, n (%)
	193 (32%)
	137 (30.7%)
	56 (35.4%)
	0.274



	DM, n (%)
	75 (12.3%)
	58 (12.9%)
	17 (10.6%)
	0.454



	Uric acid (mg/dl)
	6.20 ± 1.53
	6.19 ± 1.51
	6.21 ± 1.60
	0.896



	GGT (U/L)
	38.10 ± 45.97
	39.17 ± 51.12
	35.21 ± 27.54
	0.413



	Fasting glucose (mg/dl)
	100.17 ± 22.99
	100.47 ± 23.15
	99.30 ± 22.58
	0.577



	CRP (mg/dl)
	0.19 ± 0.26
	0.20 ± 0.26
	0.18 ± 0.24
	0.446



	LDL-C (mg/dl)
	115.21 ± 28.74
	115.72 ± 28.81
	113.79 ± 28.58
	0.460



	HDL-C (mg/dl)
	48.00 ± 13.58
	48.13 ± 13.74
	47.64 ± 13.17
	0.694



	Cholesterol (mg/dl)
	204.33 ± 37.03
	205.88 ± 36.97
	199.99 ± 36.98
	0.081



	Triglycerides (mg/dl)
	149.03 ± 101.91
	151.08 ± 101.05
	143.29 ± 104.38
	0.401



	HbA1c (%)
	5.86 ± 0.80
	5.87 ± 0.84
	5.82 ± 0.70
	0.450



	Body fat percentage (%)
	24.02 ± 6.02
	24.27 ± 5.91
	23.35 ± 6.27
	0.122



	Waist circumference (cm)
	84.90 ± 9.37
	85.21 ± 9.37
	84.08 ± 9.37
	0.227



	Follow-up period (year)
	4.26 ± 2.30
	4.31 ± 2.31
	4.12 ± 2.25
	0.377




	BMI, body mass index; CRP, c-reactive protein; DM, diabetes mellitus; DBP, diastolic blood pressure; GGT, gamma-glutamyl transferase; HbA1c, hemoglobin A1c; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; SBP, systolic blood pressure.


	Missing data: BMI, n = 4 (0.63%); SBP, n = 18 (2.84%); DBP, n = 18 (2.84%); Uric acid, n = 33 (5.21%); GGT, n = 174 (27.44%); Fasting glucose, n = 14 (2.21%); CRP, n = 34 (5.36%); LDL-C, n = 11 (1.74%); HDL-C, n = 11 (1.74%); Cholesterol, n = 11 (1.74%); Triglycerides, n = 11 (1.74%); HbA1c, n = 18 (2.84%); Body fat percentage, n = 120 (18.93%); Waist circumference, n = 126 (19.87%).








3.1 LASSO-derived predictive model for double zero score with obstructive CAD

To select the most important features and reduce dimensionality, we utilized LASSO regression with penalization and conducted a 10-fold cross-validation. We constructed a LASSO-derived prediction model, which selected four variables from the candidate variables in the training dataset for a double-zero score with obstructive CAD prediction in patients with low-to-intermediate risk. The final LASSO model with optimal lambda included four non-zero variables: hypertension, SBP, HbA1c, and body fat percentage. Table 2 summarizes the results obtained from the multivariate logistic regression analysis.



TABLE 2 Predicting double zero score in obstructive CAD events via LASSO-based logistic regression model.



	Variable
	Coefficient
	OR
	95% CI
	P-value





	SBP
	0.033
	1.034
	1.010–1.057
	0.004



	Hypertension
	1.526
	4.601
	1.959–10.809
	<0.001



	HbA1c
	0.604
	1.83
	1.335–2.508
	<0.001



	Body fat percentage
	−0.064
	0.937
	0.874–1.005
	0.072



	LASSO-derived model



	Prediction model
	7.034
	1,135.098
	55.119–23,375.57
	<0.001




	CI, confidence interval; HbA1c, hemoglobin A1c; LASSO, least absolute shrinkage and selection operator; OR, odds ratio; SBP, systolic blood pressure.









3.2 Development and validation of LASSO-derived nomogram

We analyzed the probability of a double-zero score for obstructive CAD in the training dataset with a baseline zero score using a multivariable logistic regression model that included four predictors: hypertension, SBP, HbA1c, and body fat percentage. A nomogram was generated to predict the double-zero score for obstructive CAD based on the multivariate logistic regression results shown in Figure 2. The nomogram showed favorable performance in predicting the double-zero score with obstructive CAD event, with an AUC of 0.792 (95% CI, 0.688–0.895) in the training dataset, which could also accurately classify participants into low-risk or high-risk subgroups. By summing the scores determined on the point scale for each selected predictor, we could calculate the estimated individual probability of a double-zero score with obstructive CAD using a straightforward line-drawing method in the training dataset with a baseline zero score. For instance, to provide a clearer explanation of the nomogram model, if a male patient with the selected predictor profile had hypertension (+), SBP = 158 mmHg, HbA1c = 11.30%, and body fat percentage = 35.36%, the probability of obstructive CAD with a double-zero score was estimated to be 93%. The Hosmer–Lemeshow test was applied to assess and validate the goodness-of-fit of the LASSO-derived prediction model/nomogram using the 10-fold cross-validation method. The pooled area under the ROC curve of the nomogram was 0.792 (95% CI: 0.688–0.895) in the training dataset and 0.824 (95% CI: 0.621–1.000) in the validation dataset. The ROC curve demonstrated that the resulting model had a favorable discrimination ability for both the training and validation datasets. The Hosmer–Lemeshow test yielded p-values of 0.732 and 0.966 in the training and validation datasets, respectively, indicating strong calibration performance, as illustrated by the calibration curves in Figures 3, 4.


[image: Nomogram displaying scales for body fat percentage, HbA1c, presence or absence of hypertension, and systolic blood pressure (SBP), each corresponding to a point system, with a probability scale at the bottom related to total score.]
FIGURE 2
A nomogram was developed to predict obstructive CAD in individuals with a double-zero score. To use the nomogram, locate the value for each variable on its respective axis, and draw a line upwards to determine the corresponding number of points. The total number of points is then positioned on the total points axis to assess the likelihood of the primary outcome of a double-zero score with obstructive CAD.



[image: Scatter plot showing actual probability on the vertical axis versus predicted probability on the horizontal axis, with blue data points and two fitted lines, one solid blue and one dashed red, aligning closely along the diagonal.]
FIGURE 3
The nomogram's calibration curves, predicting the occurrence of a double-zero score with obstructive CAD, were generated using the training cohort. The Hosmer-Lemeshow test yielded a p-value of 0.732, indicating good calibration.



[image: Scatter plot comparing actual probability on the y-axis to predicted probability on the x-axis, with blue diamond data points, a solid blue line representing observed pattern, and a dashed red line indicating ideal agreement.]
FIGURE 4
The calibration curves for the nomogram, predicting the occurrence of a double-zero score with obstructive CAD, were generated using the validation cohort. The Hosmer-Lemeshow test yielded a p-value of 0.966, indicating good calibration.




3.3 Comparison of LASSO-derived, FRS, and ASCVD models

We assessed the diagnostic performances of the three predictive models using ROC curve analysis (Table 3). In addition, the comparison and model fitting of the three predictive models are depicted based on the C-statistics, AIC, and BIC model selection criteria in Table 4. The results of our study indicated that the LASSO-based model outperformed the other two predictive models, with significantly higher c-statistics, better discriminatory ability, and lower AIC and BIC values. Compared with the FRS and ASCVD models, the LASSO-derived nomogram model showed significantly superior diagnostic performance with an AUC of 0.792 (95% CI, 0.688–0.895) for the detection of a double-zero score with obstructive CAD in an Asian population with a baseline zero score, with high sensitivity (81.82%) and low specificity (69.28%) (LASSO model vs. FRS model: AUC: 0.792 vs. 0.669, p = 0.030; LASSO model vs. ASCVD model: 0.792 vs. 0.649, p = 0.036).



TABLE 3 Comparison of prediction performance among the LASSO, FRS, and ASCVD models., n = 467.



	Models
	AIC
	BIC
	AUC (95% CI)
	Cut-point
	Sensitivity
	95% CI
	Specificity
	95% CI
	+LR
	95% CI
	−LR
	95% CI
	+PV
	95% CI
	−PV
	95% CI





	LASSO model
	148.2756
	167.8024
	0.792 (0.688–0.895)
	>0.0447
	81.82
	59.7–94.8
	69.28
	64.1–74.1
	2.66
	2.2–3.3
	0.26
	0.1–0.6
	14.5
	8.8–22.0
	98.4
	95.8–99.5



	FRS model
	183.3386
	191.5482
	0.669 (0.557–0.780)
	>16.9
	54.17
	32.8–74.4
	76.18
	71.8–80.2
	2.27
	1.6–3.3
	0.6
	0.4–1.0
	11.4
	6.2–18.7
	96.7
	94.2–98.3



	ASCVD model
	187.4271
	195.6367
	0.649 (0.532–0.765)
	>8
	54.17
	32.8–74.4
	72.88
	68.4–77.1
	2
	1.4–2.9
	0.63
	0.4–1.0
	10.2
	5.5–16.7
	96.6
	93.9–98.3




	AIC, Akaike information criterion; ASCVD, atherosclerotic cardiovascular disease; AUC, area under the ROC curve; BIC, Bayesian information criterion; CI, confidence interval; FRS, Framingham risk score; LASSO, least absolute shrinkage and selection operator; LR, likelihood ratio; PV, predictive value.









TABLE 4 Comparing the ability to discriminate among three predictive models.



	Model comparison
	Difference between areas
	SE
	95% CI
	P-value





	LASSO vs. FRS
	0.104
	0.057
	0.008–0.215
	0.030



	LASSO vs. ASCVD
	0.13
	0.0622
	0.008–0.252
	0.036



	FRS vs. ASCVD
	0.0267
	0.0151
	−0.002 to 0.056
	0.076




	ASCVD, atherosclerotic cardiovascular disease; CI, confidence interval; FRS, Framingham risk score; LASSO, least absolute shrinkage and selection operator; SE, standard error.







In addition, the LASSO-derived model had smaller AIC and BIC than the other FRS and ASCVD models, suggesting superior goodness-of-fit among the three predictive models.




4 Discussion

This study constructed and validated a new prediction model for a double-zero score with obstructive CAD prediction in patients with baseline zero scores, using four easily available clinical variables. The nomogram showed sufficient diagnostic accuracy and discrimination. This retrospective study is the first, to the best of our knowledge, to build a LASSO-derived prediction model to investigate the natural course of the subclinical coronary atherosclerosis burden in an asymptomatic Asian individuals with a baseline CAC score of zero in terms of a double-zero score with obstructive CAD. This study had three main findings. First, we developed a LASSO-derived novel nomogram prediction model based on four easily available predictors (hypertension, SBP, HbA1c, and body fat percentage) to predict double-zero scores with obstructive CAD events. We demonstrated that it provides a favorable diagnostic performance for predicting these events in an Asian cohort. Adopting the LASSO model facilitates the selection of pertinent clinical risk factors, therefore enabling the more efficient establishment of a new model for predicting double-zero scores in obstructive CAD. The effective predictive capabilities of HbA1c and body fat percentage in specific populations with coronary artery stenosis can aid the precise characterization of high-risk features within this specific group. Second, compared with the FRS and ASCVD models, the LASSO-derived model showed significantly better discriminatory ability and lower AIC and BIC. Third, the risk prediction model derived from the LASSO showed good calibration performance in both the training and validation cohorts. Finally, for a double-zero score with obstructive CAD prediction, the LASSO-derived model with an optimum cutoff value of <0.0447 (probability) may help confirm patients at low risk for ruling out these clinical scenarios and discriminate high-risk from low-risk patients in the low-to-intermediate-risk population (sensitivity, 81.82%; specificity, 69.28%).

This LASSO-derived model demonstrates low PPV and high NPV, highlighting its strong ability to rule out obstructive CAD safely and its value in guiding risk stratification among low-to-intermediate-risk patients.

Recent studies have shown a high variation rate of 7%–32% in significant CAD in patients with zero CAC scores (15, 16, 27–29). According to previous studies, a calcium score of zero is associated with a high negative predictive value for obstructive CAD, particularly in low-to-intermediate-risk populations, although its rule-out capability remains limited. However, the prognostic outcome of obstructive CAD in patients with a zero CAC score is relatively good (7–10, 14–16).

Previous studies have reported a good prognosis with a very low cardiac event rate (<1%) in an asymptomatic population with a zero score (6, 10, 30, 31). However, it is important to note that low-to-intermediate risk symptomatic/asymptomatic patients with a zero score may have early signs of CAD or vulnerable soft plaque formation. This carries a high risk of subclinical atherosclerosis and should not be “downgraded” and stratified as patients with true zero or double-zero scores without subclinical coronary atherosclerosis (5, 17, 32). To highlight the increased cardiovascular risk associated with CAD-RADS 3 with a double-zero score, vigilant monitoring and tailored management strategies are required to mitigate disease progression and potential adverse events. Therefore, developing an accurate prediction model to identify high-risk patients with double-zero scores and obstructive CAD is important.

For double-zero scores with obstructive CAD prediction, the LASSO-derived model with an optimal cutoff value of <0.0447 (probability score) may be an ideal screening tool, offering a high negative predictive value (NPV = 98.4%) to help rule out these clinical scenarios in the middle-aged Asian population with low to intermediate risk (sensitivity, 81.82%; specificity, 69.28%). Therefore, our proposed LASSO-derived model/nomogram may help confirm patients at low risk of double-zero scores with obstructive coronary artery atherosclerosis to enhance cardiovascular risk stratification and reclassification. The nomogram can guide clinical decision-making by identifying patients at higher risk, informing the need for additional imaging, preventive interventions, or lifestyle modifications, and supporting shared decision-making between clinicians and patients, thereby enhancing personalized risk stratification and management in preventive subclinical period. Our previous study showed that the FRS model has a poor to fair discrimination performance for individuals with a double-zero score for obstructive CAD (17). In this study, the LASSO-derived model demonstrated significantly superior performance, with an AUC of 0.792 (95% CI, 0.688–0.895) for the detection of subclinical atherosclerosis progression in terms of obstructive CAD, with a double-zero score in the Asian population, compared with the FRS and ASCVD models. The findings of this study are consistent with those of previous studies regarding the relatively low rate of early CAD findings demonstrated on cardiac CTA in populations with zero or double-zero scores (7, 9, 31). In addition, our LASSO-derived model was feasible for predicting obstructive CAD with double-zero score events and had high sensitivity to rule out this clinical scenario in the study cohort. Therefore, early identification of high-risk subgroups and detection of coronary atherosclerosis progression in its subclinical stage using cardiac CT could affect the prevention of cardiovascular events at an early stage and guide ASCVD primary prevention and management through health promotion/education strategies such as lifestyle changes, diet control, exercise plans, or medication adherence (33–35). In addition, a shared decision-making plan using this novel risk stratification nomogram for subclinical atherosclerosis prevention could guide personalized medicine management toward holistic medicine.



5 Limitations

Our study has some limitations. First, this retrospective study was based in one hospital with a self-referral Asian population at low to intermediate risk. Although this study also demonstrated a low rate of early CAD signs in a population with a double-zero score, the findings showed that conventional cardiovascular models, such as the FRS or ASCVD models, could not correctly predict and identify high-risk candidates with a double-zero score. Moreover, the generalizability of the prediction model results to Western populations is limited because this study was conducted in an Asian cohort. The model was internally validated only. Future work should include external validation in diverse, unselected populations to confirm generalizability and enhance real-world clinical applicability. Second, we did not investigate cardiovascular events or mortality in the primary endpoint analysis. However, our study design primarily aimed to identify high-risk candidates for subclinical atherosclerosis based on a double-zero score for obstructive CAD. This LASSO-derived model is a useful screening tool for excluding mostly low-risk patients with a double-zero score, and further, cardiac CTA is warranted for high-risk candidates to confirm the diagnosis. Third, we investigated a distinct type of subclinical coronary atherosclerosis associated with high-risk soft plaques and obstructive CAD. Therefore, this study did not investigate other types of subclinical atherosclerosis, such as mixed or calcified plaques. The study population was highly selected, including only individuals undergoing serial CAC and CTA scans. This introduces a selection bias and limits the generalizability of the findings. Further studies are needed to elucidate other forms of subclinical atherosclerosis that may help prevent specific plaque progression. Specifically, we recognize the need for further research to integrate the model's predictions with tailored intervention strategies, including optimizing medication selection and dosage adjustments for high-risk patients, as well as refining follow-up schedules for low-risk patients. Future studies should incorporate intervention trials to evaluate the effectiveness of these strategies and provide more actionable recommendations for clinical practice. Third, future studies should incorporate cross-validation and larger datasets to improve model reliability, minimize bias, and ensure robust generalizability across diverse populations, mitigating small sample size limitations. Forth, a high false positive rate (30.72%) may raise concerns, but since this study aims to identify subclinical high-risk groups without leading to harmful interventions, its impact on practical application is minimal. The focus remains on risk stratification rather than immediate treatment.



6 Conclusion

To summarize, a prediction model based on four simple clinical parameters was successfully developed and validated using LASSO, conveniently including “hypertension,” “SBP,” “HbA1c,” and “body fat percentage,” and demonstrated that it provides a favorable level of performance for predicting double-zero score with obstructive CAD in patients with a baseline zero score. This nomogram could assist clinicians in identifying high-risk subclinical coronary atherosclerosis subtypes in low-to-intermediate-risk populations and provide a valuable tool for personalized primary prevention in preventive cardiology.
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Angiography-derived, or “virtual” fractional flow reserve (vFFR) is beginning to replace invasive assessment in some catheterisation laboratories. Despite its incorporation into clinical guidelines, recent clinical outcomes data have cast doubt over its effectiveness relative to invasive assessment. These somewhat unexpected trial results are underpinned by poorer than anticipated agreement between invasive and vFFR. In particular, the widespread use of traditional Bland-Altman analysis fails to account for the phenomenon of worsening agreement at lower FFR values which hinders comparison between studies. We propose a novel approach using quantile regression to derive overall bias and limits of agreement (LOA) to better characterise agreement across the spectrum of coronary disease. This new method may improve understanding of optimal vFFR clinical applications and addresses common statistical deficiencies in current validation practices.
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1 Introduction

Virtual fractional flow reserve (vFFR), derived from standard coronary angiography, was first described over ten years ago (1) and offers improved decision-making with reduced procedural burden. Since its conception, several validation trials (2, 3) have provided a body of evidence supporting its ability to predict invasive FFR. These data supported the recent endorsement for its use in the assessment of chronic coronary syndromes (CCS) in the European guidelines (4). For most cases seen in everyday clinical practice, where the significance of lesions is judged from angiography alone, vFFR-guided therapy is superior to angiography for major adverse cardiac events (MACE) (5). However, recent trial outcome data have challenged assumptions about the equivalence of vFFR when compared to the gold-standard physiological assessment – invasive FFR (6). Failure of vFFR-guided therapy to meet non-inferiority for MACE likely resulted from poorer than anticipated agreement between invasive FFR and vFFR. This indicates discrepancies between the techniques which are not necessarily obvious from published statistical analyses. This real-world mismatch may result from worsening agreement at decreasing FFR (grey zone and lower values). Consequently, studies reporting agreement in a cohort containing more non-haemodynamically significant lesions, than would be subject to vFFR assessment in everyday clinical practice, may produce misleading results.

The Bland-Altman plot, first introduced in 1986, remains the gold standard for assessing agreement between two clinical measurement techniques (7). The technique was devised as an easy-to-use tool, specifically targeted at clinical applications, which moves beyond simple regression and correlation. This parametric technique plots the average of two measurements against the difference between them. On the plot, the mean delta gives the overall bias and the 95% limits of agreement (LOA) represent the range within which 95% of the differences between two measurement methods are expected to lie. Both are plotted (Figure 1). The plot therefore gives a more visually intuitive presentation of the data vs. a simple scatter plot. It has proved extremely popular and is now one of the most highly cited statistical manuscripts in existence (over 53,000 at the time of writing). It is widely used in vFFR validation studies (1, 8, 9). However, key assumptions of the Bland-Altman method — including homoscedasticity (equal variance across measurement range) — are routinely violated in vFFR validation datasets, where measurement error frequently varies with disease severity. This is certainly not exclusive to vFFR analyses but is well demonstrated by their application. This results in traditional LOA calculations underestimating accuracy in healthier vessels while overestimating it in more diseased arteries. As a result, true agreement between vFFR and FFR remains poorly understood. While statistical workarounds such as transformation of data may provide a solution (10, 11), these detract from a key principle of the Bland-Altman plots – simplicity and ease of access for those without a more thorough statistical grounding. The lack of, to our knowledge, any vFFR validation study employing these alternative techniques to ensure an appropriate fit of data suggests they do not meet these criteria.


[image: Two scatter plots labeled A and B compare vFFR minus invasive FFR against the pairwise mean of vFFR and FFR. Plot A has horizontal dotted lines at approximately plus and minus 0.2, while plot B includes a trend line and triangularly shaped dotted confidence boundaries. Data points cluster around the zero difference for both plots.]
FIGURE 1
Standard Bland-Altman plot and plot with quantile-derived median bias and limits of agreement. Panel (A) Standard Bland-Altman plot with mean bias −0.01 (95% LOA −0.28 to 0.26). Panel (B) Quantile-derived LOA same data fitted with quantile regression, at pairwise mean (FFR + vFFR)/2 value of 0.80, median bias was +0.03 (95% LOA −0.20 to 0.23). At pairwise mean (FFR + vFFR)/2 value of 0.70, median bias was +0.07 (95% LOA −0.31 to 0.37) and at 0.90 median bias was −0.01 (95% LOA −0.09 to 0.09). Solid line represents overall bias, dashed lines represent 95% LOA. Note the widening LOA at lower pairwise mean (FFR + vFFR)/2 values, consistent with greater variability in agreement at higher disease severity. LOA, limits of agreement; FFR, fractional flow reserve; vFFR, virtual Fractional Flow Reserve.


In this Perspective, we propose a refined statistical framework using quantile regression to generate more appropriate LOA, enhancing the clinical interpretation of vFFR performance across a spectrum of disease severities. Crucially, this technique is easily implemented and understood for those familiar with the original Bland-Altman technique.



2 Why vFFR agreement is unsuited to traditional Bland-Altman assessment

The Bland-Altman plot displays the difference between two paired measurements against the pairwise mean of measurements. The mean bias is then plotted, along with the 95% LOA defining the expected spread of differences (Figure 1). This parametric test is dependent upon two key assumptions: differences must be normally distributed and the variance (spread) of differences should be constant across the range of measurement (homoscedasticity). These assumptions are rarely satisfied for vFFR. Principally, as vFFR quantifies a ratio between 0 and 1, results close to the higher of these values are limited in the maximum possible error. For example, a case producing an average FFR and vFFR result of 0.95 may only have a maximum error of 0.10 (results of 0.90 and 1.00), yet this phenomenon is entirely lost when LOA typically exceed ±0.10. Furthermore, accuracy is inherently dependent upon stenosis severity. In mild disease, anatomical and physiological surrogacy is stronger, resulting in tighter agreement. In contrast, in severe disease or borderline cases, vFFR models are prone to larger error, often due to greater lesion severity or complexity, leading to broader discrepancies. Despite this, Bland-Altman analysis is important for evaluating vFFR performance across studies. When applied correctly, its results are more robust to case selection compared with diagnostic accuracy metrics such as sensitivity and specificity, therefore facilitating inter-study comparison.



3 A new proposal: quantile regression-derived limits of agreement

We propose an enhancement to the traditional Bland-Altman approach by calculating overall bias and LOA using quantile regression (12). Instead of assuming constant variance, quantile regression models the spread of differences across the range of measurements, generating dynamic LOA that expand or contract in a manner which is more likely to appropriately model the typical variations in vFFR studies. A key reason we advocate for this approach reflects an underpinning value of the original Bland-Altman plot – simplicity. Our approach can be easily implemented with basic statistical software (for our study we used the quantreg package in R version 2024.04.2 + 764) and does not require more advanced statistical knowledge about data transformation. The technique could be almost universally applied to vFFR validation studies; even if the data unexpectedly met the assumptions required for traditional Bland-Altman analysis, the effect on overall bias and LOA would be minimal. A key distinction to make, is while the original Bland-Altman reports mean bias, quantile regression reports median bias which is more appropriate for non-parametric data. An example application is shown in Figure 1 with data taken from a recent validation study conducted by our group (13). Panel A shows the traditional Bland-Altman plot with fixed LOA, while Panel B demonstrates our proposed method using quantile regression. The divergence of LOA with increasing disease severity is readily apparent, accurately capturing worsening measurement variability as FFR values decrease. To aid comparison, we propose reporting the median bias and 95% LOA principally at the pairwise average (FFR + vFFR)/2 value of 0.80 (the diagnostic threshold). Authors may also wish to report LOA at 0.70 and 0.90, to quantify the relationship between agreement with disease severity.



4 Discussion

In this article, we have described a simple method of assessing agreement between invasive and vFFR which accounts for commonly encountered issues with data distribution. Our method directly addresses the heteroscedasticity inherent to coronary physiology and virtual modelling. Specifically, the technique considers the phenomenon of poorer agreement with more diseased cases in a visually intuitive way and may also be more appropriate for assessing microvascular resistance (14, 15). vFFR is now a guideline indicated tool in the assessment of intermediate coronary artery stenoses. While evidence supports it's superiority vs. standard angiographic assessment (5), it does not meet non-inferiority vs. invasive physiology (6). This difference is underpinned by agreement with invasive physiology, but traditional Bland-Altman analysis does not fully capture this relationship. While the proposed technique does not always guarantee an optimal data fit, and other non-parametric approaches may be used when fitting LOA to non-parametric data (such as with polynomials) (16), the simplicity in implementing, interpreting and comparing results strikes a balance which also preserves the familiarity of the original Bland-Altman plot. We therefore encourage other authors to consider this statistical technique when performing their own vFFR validation studies.
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Introduction: While coronary wave intensity analysis (cWIA) offers a promising way to assess myocardial and microvascular function by decomposing microvascular-originated backward waves, its clinical utility is currently limited by complex data acquisition and unclear influence of varying hemodynamic factors (adenosine, stenosis and vessel type).



Methods: This study introduces an angiography-based cWIA method and clarifies how those hemodynamic factors impact cWIA parameters. This retrospective study included 124 patients with 125 target vessels, for which beat-to-beat cWIA was successfully performed at rest and during adenosine-induced hyperemia.



Results: Our analysis revealed a strong and significant correlation between cumulative backward compression wave intensity (cBCW) and cumulative backward decompression wave intensity (cBDW) in both resting (rho = 0.846, 95%CI: 0.786 to 0.891, p < 0.001) and hyperemic states (rho = 0.768, 95%CI: 0.681 to 0.833, p < 0.001). Compared to rest, adenosine-induced hyperemia significantly increased cBCW (1.88 ± 1.46 ×104 W/m2s vs. 2.31 ± 1.74 × 104 W/m2s, p < 0.001) and peak backward compression wave intensity (pBCW) (4.30 ± 4.61 ×105 W/m2s2 vs. 5.21 ± 4.68 × 105 W/m2s2, p = 0.008), while significantly decreasing peak backward decompression wave intensity (pBDW) (5.41 ± 6.06 × 105 W/m2s2 vs. 3.99 ± 4.64 × 105 W/m2s2, p < 0.001), with no significant effect on cBDW. Neither functional stenotic lesions nor vessel type [left anterior descending coronary artery (LAD) or right coronary artery (RCA)] significantly impacted quantitative parameters of the microvascular-originated backward waves.



Discussion: The clinical feasibility of a convenient cWIA method was validated, and the impact of various hemodynamic factors on quantitative parameters of cWIA were analyzed, providing strong support for the clinical application of cWIA.
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coronary wave intensity analysis, coronary physiology, adenosine-induced changes, myocardial-coronary interaction, hemodynamic





Introduction

The interplay between the coronary arteries and the myocardium (cardiac-coronary coupling) endows coronary blood flow with distinct pulsatile characteristics (1, 2). While established hemodynamic assessment techniques, such as fractional flow reserve (FFR) and coronary flow reserve (CFR), furnish valuable insights into myocardial perfusion, they often neglect the wealth of information inherent in the pulsatile nature of coronary blood flow (3–5). Coronary wave intensity analysis (cWIA) is a technique that analyzes the time derivatives of coronary pressure and flow velocity waveforms (6). By separating forward waves, which are generated by the aorta, from backward waves, which result from microvascular, cWIA quantifies the energy of these waves (7). Among these waves, the backward decompression wave (BDW) and the backward compression wave (BCW) are considered to potentially reflect pathological changes (8, 9). BDW is closely associated with left ventricular diastolic function, correlating with relevant indices, and can predict capillary density changes and the risk of cardiac allograft vasculopathy in heart transplant patients (8, 10, 11). In hypertrophic cardiomyopathy, BDW's reduction and its correlation with left ventricular septal thickness help evaluate the impact of left ventricular hypertrophy (12). Furthermore, existing literature suggests that BDW may also serve as an indicator for assessing coronary microvascular dysfunction (13, 14). BCW amplitude, which correlates with myocardial contractility indices, is useful for assessing the relationship between coronary hemodynamics and myocardial function (11, 15). In aortic stenosis, BCW decreases with increasing heart rate, impairing coronary physiological reserve, but this reverses after TAVR, highlighting its potential for assessing aortic stenosis' impact on coronary flow and intervention efficacy (16).

While cWIA holds considerable promise for coronary physiology research, its clinical translation is hindered by several obstacles. Firstly, cWIA necessitates the simultaneous acquisition of pulsatile coronary pressure and blood flow velocity. While pulsatile pressure measurement within the coronary arteries is well-established in clinical practice, pulsatile blood flow velocity measurement remains a significant challenge (17). Currently, Doppler-based techniques are the primary method for this purpose (18). However, the inherent motion artifacts associated with continuous cardiac activity introduce substantial difficulties in obtaining stable Doppler signals (17). Furthermore, the requirement for simultaneous acquisition of pulsatile pressure and blood flow velocity increases the complexity and cost of the procedure. Secondly, the BDW and BCW originate from coronary microvasculature. This microvasculature, serving as the primary regulator of coronary blood flow, exhibits significant variations in vascular tone across different physiological states (with or without functional stenosis, resting or hyperemic states) (19). However, the precise influence of these hemodynamic variations on the quantification of the characteristic waveforms remains poorly understood. This uncertainty raises concerns regarding the reliability of coronary disease diagnosis and prognostic evaluations based on BDW and BCW quantification.

The primary objective of this study is to advance the clinical application of WIA in coronary disease assessment. Firstly, we implement a novel coronary angiography-based method for the simultaneousness calculation of coronary blood flow, leveraging fractional flow reserve (FFR) (20). This approach, based on a novel hemodynamic model, utilizes routine angiographic images and FFR measurements to derive the synchronous blood flow velocity data required for WIA, thereby significantly streamlining the data acquisition process (20). This study will validate, for the first time, the feasibility of applying this method to coronary WIA. Secondly, this paper endeavors to examine the impact of diverse hemodynamic factors, including adenosine-induced hyperemic states, coronary functional stenosis, and vascular territory (left anterior descending coronary artery (LAD) or right coronary artery (RCA)), on the quantitative parameters of BDW and BCW, gaining a deeper understanding of the physiological significance of BDW and BCW.



Materials and methods


Study population

Between June 2022 and June 2024, patients aged 18 years or older who were referred for diagnostic coronary angiography and fractional flow reserve (FFR) assessment at the Department of Cardiology, Xijing Hospital, Fourth Military Medical University, due to stable or unstable angina were screened for enrollment. Written informed consent was obtained in all patients and the study was approved by the research ethics board (Medical Ethics Committee of the First Affiliated Hospital of the Fourth Military Medical University, KY20222192-F-1). Exclusion criteria were as follows: (1) acute myocardial infarction (ST-elevation or non-ST-elevation); (2) allergy to iodine-based contrast agents; (3) significant bleeding risk or coagulation disorders (e.g., malignancy); (4) presence of anemia, infectious diseases, or severe pulmonary diseases; (5) severe ventricular arrhythmias or hemodynamic instability. Angiographic exclusion criteria included suboptimal image quality or severe vascular overlap that precluded accurate assessment.



Pulsatile pressure and flow velocity measurement


Pulsatile pressure measurement

Pulsatile pressure data was gathered using conventional FFR measurement techniques with the QUANTEIN and PRESSUREWIRE systems (Abbott Global Health Care, USA). Before insertion, the devices underwent a three-time in vitro zeroing process, which included the catheter chamber pressure channel, aortic pressure, and pressure guidewire pressure. Following this, the aortic and guidewire pressures were equilibrated to a shared baseline. The pressure guidewire was then carefully guided across the target lesion, stopping 2–3 cm distal to it. Once the pressure waveform stabilized, maximal hyperemia was initiated through a continuous intracoronary infusion of adenosine triphosphate (ATP). Finally, both the pressure waveforms and FFR values were meticulously recorded.



Pulsatile flow velocity calculation

To calculate pulsatile flow velocity using coronary angiography images and FFR, the following sequential steps are implemented (as illustrated in Figure 1):


	1.3D Reconstruction: Multi-angle angiography images, acquired at 15 frames per second from various perspectives, were utilized for 3D model reconstruction. We reconstructed the 3D centerlines of the target coronary vessel and its major branches (defined as those with a diameter greater than 1 mm and a length exceeding 2 cm) using a point-cloud-based method (21) from two angiographic projections, which were separated by at least 25°. Following this, circular luminal contours were fitted along all identified vascular pathways, creating the complete 3D anatomical model of the coronary artery;

	2.Calculation of Blood Flow Resistance Parameters: Based on the reconstructed 3D anatomical model, the flow resistance parameters of the epicardial coronary artery were calculated. The pressure drop across the epicardial coronary artery would be approximated by the equation (20):


ΔP(t)=VF⋅Q(t)+EL⋅Q(t)2+αdQ(t)dt










[image: Flowchart illustrating a method for pulsatile blood flow velocity calculation, starting from coronary angiography and 3D reconstruction, followed by computational fluid dynamics simulation to determine blood flow resistance, and concluding with graphical analysis of pressure-flow relationships and velocity profiles.]
FIGURE 1
Pulsatile blood flow velocity calculation workflow. First, a 3D model of the target vessel was reconstructed from two coronary angiography images. Next, CFD was used to simulate pulsatile pressure and blood flow within the 3D model under predefined boundary conditions, and the vessel resistance model parameters were fitted based on these simulation results. Finally, pulsatile blood flow and velocity were calculated by combining the FFR-acquired inlet and outlet pressure waveforms with the fitted vessel resistance model parameters. CFD: computational fluid dynamics; VF, viscous friction; EL, expansion loss; α, inertia term coefficient; ΔP(t), pressure drop across the epicardial coronary artery; Pa(t), proximal pressure; Pa(t), distal pressure; Q(t), flow rate; U, flow velocity.


Where, VF represented viscous friction, EL denoted expansion loss, and α was the inertia term coefficient for pulsatile flow. These parameters, which are determined by the anatomical structure of the epicardial coronary artery, were derived using a previously proposed computational method (20). The fundamental principle of this method is as follows: we first use computational fluid dynamics (CFD) simulations to generate pulsatile blood flow and pressure drop data, and then employ a fitting method to inversely derive the model parameters from this generated data. Detailed procedures of the computational method are provided in the Supplementary Material;


	3.Pulsatile Flow Velocity Calculation: Pulsatile pressure drops were derived from the measured pressure values of FFR, and were refined by using the Savitzky-Golay convolution method (22). Then, with the pressure drops and the pre-calculated flow resistance parameters (VF, EL, and α), the pulsatile blood flow rate Q(t) and flow velocity U(t) [dividing Q(t) by the cross-sectional area of the distal end] were calculated by using the finite-difference method (20).






Coronary wave-intensity analysis

cWIA was performed using MATLAB R2021a (MathWorks, Natick, MA, USA) to quantitatively assess energy transfer characteristics within coronary arteries. Wave speed was calculated via the single-point method, using the formula c=√(ΔP2/ΔU2) (23). A key methodological choice was to use the wave speed from the resting state for the analysis of both resting and hyperemic conditions. This decision addresses the documented issue of the single-point method underestimating wave speed during hyperemia (24), thereby ensuring a more reliable and consistent comparison between the two states. The net wave intensity (WI) was derived from arterial blood pressure and blood flow velocity signals, applying the formula WI=(dP/dt)⋅(dU/dt) (6). The resulting wave-intensity profile was automatically characterized by compression (dP/dt > 0) vs. decompression (dP/dt < 0), and was subsequently separated into its forward and backward components (6, 25). The variables of interest in this study were the peak wave energy, cumulative wave intensity, and the proportion of cumulative wave intensity of the forward compression wave (FCW), forward decompression wave (FDW), BCW and BDW under resting and hyperemic conditions. The cumulative wave intensity of each wave was calculated by measuring the area under the curve (12). The proportion of cumulative wave intensity was calculated by expressing the cumulative wave intensity of an individual wave as a percentage of the total cumulative wave intensity in the cardiac cycle (12). For reliable computational results, three consecutive cardiac cycles exhibiting stable pressure waveforms (a time period with no significant variation, defined as a variation rate of no more than 5%—in cycle duration, systolic pressure, and diastolic pressure) were chosen from both resting and hyperemic conditions. The average of the cWIA quantitative parameters derived from these three cycles were subsequently employed for statistical analysis.



Statistical analysis

All statistical analyses were carried out using GraphPad Prism 9.5.0 (GraphPad Software, La Jolla, CA, USA). Continuous variables are presented as their mean ± standard deviation. For paired measurements, differences were assessed using the paired-samples t-test if the differences were normally distributed. If the differences were not normally distributed, the paired-sample Wilcoxon signed-rank test was used. For group comparisons, the independent-samples t-test was applied if the data for each group were normally distributed and variances were equal. Otherwise, the Mann–Whitney U test was performed. Spearman's correlation coefficient was applied to evaluate linear relationships between variables. A p-value of <0.05 was considered to indicate statistical significance.




Results

A total of 137 patients with simultaneously recorded angiographic images and fractional flow reserve (FFR) data were retrospectively reviewed. Of these, 8 patients were excluded due to missing angiographic views or severe vessel overlap precluding 3D model reconstruction, and 5 patients were excluded due to incomplete FFR data. Consequently, 124 patients with 125 target vessels were ultimately included in the final analysis. Out of the 125 target vessels, 94 (75.20%) in LAD, 8 (6.40%) in left circumflex coronary artery (LCX), 23 (18.40%) in RCA and 24 vessels (19.20%) with a positive FFR (≤0.80). Further baseline variables for the included patients were described in Table 1.



TABLE 1 Baseline characteristics.



	Variables
	n = 125





	Age (Year)
	62.31 ± 9.87



	Males (male, %)
	98 (78.40%)



	BMI (kg/m2)
	24.42 ± 2.55



	SBP (mmHg)
	131.80 ± 18.10



	DBP (mmHg)
	76.34 ± 11.32



	Heart rate (bpm)
	76.04 ± 9.22



	Hospitalization days (Day)
	5.26 ± 2.28



	History of smoking (%)
	53 (42.40%)



	History of drinking (%)
	25 (20.00%)



	Hypertension (%)
	77 (61.60%)



	Diabetes (%)
	53 (42.40%)



	Family history of cardiovascular disease (%)
	4 (3.20%)



	ALT (U/L)
	27.52 ± 14.56



	AST (U/L)
	23.40 ± 6.64



	Creatinine (μmoI/L)
	76.97 ± 21.10



	TC (mmol/L)
	3.21 ± 0.83



	TG (mmol/L)
	1.68 ± 0.84



	LDL-C (mmol/L)
	1.54 ± 0.74



	HDL-C (mmol/L)
	1.21 ± 0.39



	cTnI (μg/L)
	0.01 ± 0.01



	NT-proBNP (ng/L)
	253.00 ± 568.90



	NYHA functional class



	 Ⅰ
	54 (43.20%)



	 Ⅱ
	71 (56.80%)



	 Ⅲ
	0 (0.00%)



	 Ⅳ
	0 (0.00%)



	LVEF(%)
	57.56 ± 4.07



	Aspirin (%)
	90 (72.00%)



	Clopidogrel (%)
	58 (46.40%)



	Ticagrelor (%)
	48 (38.40%)



	Statins (%)
	125 (100.00%)



	Proton pump inhibitor (%)
	74 (59.20%)



	ACEI/ARB(%)
	35 (28.00%)



	Beta blockers (%)
	104 (83.20%)



	Cardiotonic diuretic (%)
	0 (0.00%)




	BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; ALT, alanine transaminase; AST, aspartate transaminase; FBG, fasting blood glucose; TC, total cholestrol; TG, triglyceride; HDL-C, high density lipoprotein cholestrol; LDL-C, low density lipoprotein cholestrol; NT-proBNP, N-terminal pro-brain natriureticpeptide; cTnI, cardiac troponin I; LVEF, left ventricular.







Figure 2 showed the changes in pressure, blood flow velocity, and pulse wave velocity (calculated by the single-point method) continuously acquired in the LAD of a 78-year-old female patient before and after adenosine infusion. Following adenosine-induced microvascular dilation and increased blood flow velocity, the pulse wave velocity calculated by the single-point method also decreased accordingly. The coronary wave speed was, on average, 19.65 ± 17.27 m/s at rest, which was significantly higher than the average wave velocity of 14.75 ± 10.03 m/s during hyperemia (p < 0.001).


[image: Panel a displays a paired dot plot comparing c (centimeters per second) at rest and during hyperemia, with most values decreasing during hyperemia; a p-value less than 0.001 is indicated. Panel b shows three line graphs over time: arterial (red) and distal (blue) pressures fluctuating synchronously, U (meters per second) increasing after approximately 40 seconds, and c (meters per second) decreasing after 40 seconds.]
FIGURE 2
Comparison of pulse wave velocity in resting and hyperemic states. (a) Paired t-test showed a significant difference in pulse wave velocity between resting and hyperemic states; (b) continuous measurements of pressure, blood flow velocity, and pulse wave velocity (calculated using the single-point method) in the left anterior descending (LAD) artery of a 78-year-old female patient. Note the decrease in pulse wave velocity concurrent with increased blood flow velocity following adenosine-induced microvascular dilation.


As shown in Table 2, the total cumulative wave intensity during hyperemia was slightly higher than at rest, but this difference was not statistically significant (5.32 ± 4.35 × 104 W/m2s vs. 5.70 ± 4.09 × 104 W/m2s, p = 0.118). In both resting and hyperemic states, BCW and BDW, originating from the microcirculation, were dominant. Adenosine-induced hyperemia significantly increased the energy proportions of BCW (36.52 ± 8.68% vs. 40.63 ± 10.55%, p < 0.001), whereas the energy proportions of BDW showed no significant difference between resting and hyperemic conditions (40.22 ± 9.43% vs. 39.36 ± 10.60%, p = 0.372).



TABLE 2 Impact of adenosine-induced hyperemia on cWIA wave energy proportions.



	Total cumulative wave intensity (×104 W/m2s)
	Rest
	Hyperemia
	P value



	5.32 ± 4.35
	5.70 ± 4.09
	0.118





	Proportion of cumulative wave intensity (%)
	FCW
	15.20 ± 8.40
	13.59 ± 9.30
	0.002



	FDW
	8.06 ± 4.02
	6.43 ± 4.42
	<0.001



	BCW
	36.52 ± 8.68
	40.63 ± 10.55
	<0.001



	BDW
	40.22 ± 9.43
	39.36 ± 10.60
	0.372




	Values are means ± SE; FCW, forward compression wave; FDW, forward decompression wave; BCW, backward compression wave; BDW, backward decompression wave.







As depicted in Figure 3; Table 3, adenosine-induced hyperemia significantly increased both the peak BCW intensity (pBCW) (4.30 ± 4.61 × 105 W/m2s2 vs. 5.21 ± 4.68 × 105 W/m2s2, p = 0.008) and cumulative BCW intensity (cBCW) (1.88 ± 1.46 × 104 W/m2s vs. 2.31 ± 1.74 × 104 W/m2s, p < 0.001). Conversely, the peak BDW intensity (pBDW) significantly decreased during hyperemia (5.41 ± 6.06 × 105 W/m2s2 vs. 3.99 ± 4.64 × 105 W/m2s2, p < 0.001), while the cumulative BDW intensity (cBDW) showed no significant difference between resting and hyperemic states (2.22 ± 2.05 × 104 W/m2s vs. 2.22 ± 1.76 × 104 W/m2s, p = 0.958). Figure 4 presented a typical case illustrating the complete cWIA waveform, demonstrating that the pBCW was notably higher during hyperemia, whereas the BDW waveform during hyperemia exhibits a lower peak and a longer duration.


[image: Four-panel figure showing paired dot plots comparing rest and hyperemia conditions for four parameters: (a) pBCW significantly increased after hyperemia (P = 0.008), (b) pBDW significantly increased after hyperemia (P < 0.001), (c) cBCW significantly increased after hyperemia (P < 0.001), and (d) cBDW showed no significant change (P = 0.958); each panel displays individual data points connected by lines.]
FIGURE 3
Comparison of quantitative parameters of microvascular-originated backward waves between resting and hyperemic states. (a) pBCW; (b) pBDW; (c) cBCW; (d) cBDW. pBCW, peak backward compression wave intensity; pBDW, peak backward decompression wave intensity; cBCW, cumulative backward compression wave intensity; cBDW, cumulative backward decompression wave intensity.




TABLE 3 Impact of adenosine-induced hyperemia on quantitative parameters of microvascular-originated backward waves.



	Variables
	Rest
	Hyperemia
	P value
	
	Rest
	Hyperemia
	P value





	pBCW (×105 W/m2s2)
	4.30 ± 4.61
	5.21 ± 4.68
	0.008
	cBCW (×104 W/m2s)
	1.88 ± 1.46
	2.31 ± 1.74
	<0.001



	pBDW (×105 W/m2s2)
	5.41 ± 6.06
	3.99 ± 4.64
	<0.001
	cBDW (×104 W/m2s)
	2.22 ± 2.05
	2.22 ± 1.76
	0.958




	Values are means ± SE; pBCW, peak backward compression wave intensity; pBDW, peak backward decompression wave intensity; cBCW, cumulative backward compression wave intensity; cBDW, cumulative backward decompression wave intensity.








[image: Figure consisting of six panels, with the top two panels showing line plots of arterial and distal pressures (Pa, Pd) and velocity (U) over 60 seconds, highlighting intervals for rest and hyperemia. Four lower panels provide detailed time series: pressures and velocities at rest and hyperemia, and corresponding bar plots of indices (I) for backward compression and backward decompression waves (BCW, BDW).]
FIGURE 4
Comparison of BCW and BDW in resting and hyperemic states. This figure shows measurements from the LAD artery of a 69-year-old male patient with a negative FFR of 0.84. The panels display: (top) continuously acquired pulsatile pressure and blood flow velocity; (bottom left) Resting state pressure, blood flow velocity, and backward wave forms; (bottom right) Hyperemic state pressure, blood flow velocity, and backward wave forms.


As showed in Table 4, regardless of whether it was at rest or during hyperemia, the coronary wave velocity in the FFR-positive group was slightly higher than that in the FFR-negative group, but the difference was not significant (at rest: 21.64 ± 18.68 m/s vs. 19.17 ± 16.98 m/s, p = 0.532; during hyperemia: 16.42 ± 13.91 m/s vs. 14.35 ± 8.91 m/s, p = 0.367). As indicated in Table 5, functional stenosis of epicardial arteries had no significant impact on the quantified parameters of microvascular-originated waves. Given the limited number of LCX cases, we confined our analysis to the differences in statistical parameters between LAD and RCA. As shown in Table 6, there were no significant differences in the quantified parameters of both BCW and BDW, for either peak or cumulative wave intensity, between these two vessel types.



TABLE 4 Impact of functional stenosis of epicardial arteries on pulse wave speed.



	Condition
	Pulse wave speed (c) (m/s)



	FFR ≤ 0.8 (n = 24 )
	FFR > 0.8 (n = 101)
	P value





	Rest
	21.64 ± 18.68
	19.17 ± 16.98
	0.532



	Hyperemia
	16.42 ± 13.91
	14.35 ± 8.91
	0.367




	Values are means ± SE.









TABLE 5 Impact of functional stenosis of epicardial arteries on quantitative parameters of microvascular-originated backward waves.



	Variables
	FFR ≤ 0.8 (n = 24)
	FFR > 0.8 (n = 101)
	P value





	Rest
	pBCW (×105 W/m2s2)
	3.29 ± 2.59
	4.53 ± 4.95
	0.239



	pBDW (×105 W/m2s2)
	5.87 ± 4.33
	5.30 ± 6.41
	0.678



	cBCW (×104 W/m2s)
	1.45 ± 0.83
	1.99 ± 1.56
	0.108



	cBDW (×104 W/m2s)
	2.13 ± 1.30
	2.24 ± 2.20
	0.823



	Hyperemia
	pBCW (×105 W/m2s2)
	5.73 ± 4.70
	5.09 ± 4.70
	0.551



	pBDW (×105 W/m2s2)
	4.84 ± 3.54
	3.79 ± 4.85
	0.320



	cBCW (×104 W/m2s)
	2.63 ± 1.46
	2.23 ± 1.80
	0.310



	cBDW (×104 W/m2s)
	2.73 ± 1.68
	2.10 ± 1.77
	0.116




	Values are means ± SE; pBCW, peak backward compression wave intensity; pBDW, peak backward decompression wave intensity; cBCW, cumulative backward compression wave intensity; cBDW, cumulative backward decompression wave intensity.









TABLE 6 Differences in quantitative parameters of microvascular-originated backward waves between LAD and RCA.



	Variables
	LAD 
(n = 94 )
	RCA 
(n = 23)
	P value





	Rest
	pBCW (×105 W/m2s2)
	4.29 ± 5.00
	4.91 ± 3.45
	0.575



	pBDW (×105 W/m2s2)
	5.50 ± 6.59
	5.88 ± 4.43
	0.792



	cBCW (×104 W/m2s)
	1.94 ± 1.59
	1.94 ± 1.59
	0.866



	cBDW (×104 W/m2s)
	2.30 ± 2.26
	2.20 ± 1.32
	0.838



	Hyperemia
	pBCW (×105 W/m2s2)
	5.22 ± 4.72
	5.39 ± 4.82
	0.879



	pBDW (×105 W/m2s2)
	4.21 ± 5.13
	3.40 ± 2.93
	0.466



	cBCW (×104 W/m2s)
	2.36 ± 1.77
	2.29 ± 1.87
	0.859



	cBDW (×104 W/m2s)
	2.36 ± 1.91
	1.81 ± 1.31
	0.194




	Values are means ± SE; pBCW, peak backward compression wave intensity; pBDW, peak backward decompression wave intensity; cBCW, cumulative backward compression wave intensity; cBDW, cumulative backward decompression wave intensity.







As shown in Figure 5, cBCW and cBDW exhibited a very strong correlation, reaching 0.846 (95%CI: 0.786–0.891, p < 0.001) during the resting state. This correlation decreased to 0.768 (95%CI: 0.681–0.833, p < 0.001) under hyperemic conditions. Similarly, pBCW and pBDW also showed a strong correlation in the resting state (rho = 0.688, 95%CI: 0.580–0.773, p < 0.001), with a decrease in correlation observed during hyperemia (rho = 0.522, 95%CI: 0.377–0.642, p < 0.001).


[image: Four scatterplots show correlations between pairs of variables related to blood flow wave metrics at rest and during hyperemia, with each panel displaying data points, a fitted line, correlation coefficient r, and P-value less than 0.001.]
FIGURE 5
Correlation of BCW and BDW quantitative parameters in resting and hyperemic states. (a) Correlation of pBCW and pBDW at rest; (a) correlation of cBCW and cBDW at rest; (c) correlation of pBCW and pBDW during hyperemic; (d) correlation of cBCW and cBDW during hyperemic. pBCWrest, peak backward compression wave intensity at rest; pBDWrest, peak backward decompression wave intensity at rest; cBCWrest, cumulative backward compression wave intensity at rest; cBDWrest, cumulative backward decompression wave intensity at rest; pBCWhyper, peak backward compression wave intensity during hyperemic; pBDWhyper, peak backward decompression wave intensity during hyperemic; cBCWhyper, cumulative backward compression wave intensity during hyperemic; cBDWhyper, cumulative backward decompression wave intensity during hyperemic.




Discussion


Comparison to traditional cWIA analysis

Traditional cWIA was performed based on blood flow signals measured by Doppler ultrasound technology. Due to the relatively low signal-to-noise ratio of these signals, it was necessary to ensemble the blood flow signals from multiple cycles with reference to the synchronously acquired ECG signals (26). However, as shown in Figure 2, there were certain variations in the blood flow and pressure signals of consecutive cardiac cycles, which would have a certain impact on the cWIA analysis. In this paper, the blood flow velocity signals used for cWIA analysis were calculated based on FFR and blood flow resistance model. Beat-to-beat cWIA analysis was achieved, without the need for multi-cycle signal superposition and ensemble. This method has certain advantages over traditional methods in terms of operational complexity and analysis principles. The pBCW and pBDW values calculated by our method in the resting state were on the order of 105 W/m2s2, and the magnitudes of cBCW and cBDW were on the order of 104 W/m2s, which aligns with the ranges reported in previous literature (11, 16, 27).



Coronary pulse wave speed

Coronary pulse wave speed serves as an indicator of coronary arterial wall elasticity and provides valuable insights for the diagnosis and prognosis of coronary artery disease (28, 29). In contrast to the two-point measurement technique, the single-point method offers notable advantages in the coronary arteries. The conventional approach relies on quantifying the transit time of the pressure wave between two spatially defined points (24). However, due to the limited length of coronary arteries and the challenge of obtaining adequate time intervals, this method is impractical in this vascular bed (23, 24). The single-point method, which involves simultaneous measurement of pressure and flow velocity, circumvents these limitations. While the single-point method provides reliable estimates of coronary wave speed at rest, it has been documented to underestimate wave speed by approximately 40% during hyperemia (24). Our results aligned with the aforementioned reports in that adenosine-induced hyperemia significantly reduced the pulse wave velocity calculated by the single-point method. However, the average reduction observed in this study was approximately 25%, which is slightly less than that reported in previous literature. Given this observation, the cWIA analysis for the hyperemic state in this paper still utilized the pulse wave velocity calculated under resting conditions. Furthermore, comparisons between FFR-negative and FFR-positive cohorts demonstrated no significant differences in wave speed, either at rest or during hyperemia.



Dominated waves and their relationship

The interplay between the myocardium and the coronary arteries gives the coronary arteries special pulsating nature. The BCW and BDW, which start in the microvasculature, hold most of the energy of the pulse wave, both at rest and during hyperemia. Earlier research had suggested that the BCW was related to ventricular systolic function, while the BDW more reflected ventricular diastolic function (10–12, 15). However, there hasn't been much research looking at how these two waves relate to each other. Our results indicated that BCW and BDW exhibit a very strong correlation in the resting state, for both peak and cumulative wave intensity. This strong correlation suggests that, despite appearing at different times during the cardiac cycle, the two waves may be more intrinsically linked than previously thought. Therefore, the common practice of independently considering them as distinct indicators of systolic or diastolic function, as done in the past, is debatable. Our findings point to the need for a more integrated understanding of their relationship in the assessment of coronary physiology.



Impact of adenosine-induced hyperemia

Only a limited number of studies had investigated the impact of adenosine on quantitative cWIA parameters. Claridge et al. reported significant increases in both cBCW and cBDW from measurements in 36 vessels across 8 subjects following adenosine administration (11). Similarly, DeMarchi et al. observed a significant rise in cBDW induced by adenosine (26). However, our results presented a contrasting picture: adenosine-induced hyperemia led to a significant increase in pBCW and cBCW, but a significant decrease in pBDW, with no significant effect on cBDW. This discrepancy might stem from methodological differences: DeMarchi et al. required alignment and reconstruction of 30-s continuously acquired raw pressure and blood flow velocity data based on ECG (26). Given adenosine's very short half-life [typically around 20 s (30)], this extended data segment may have inadvertently included phases where adenosine's effect was diminishing. In contrast, our study analyzed data from independent cardiac cycles, ensuring greater temporal accuracy of the data. Furthermore, our results were consistent with the observed cWIA waveform changes: the BDW waveform exhibited a lower peak and a longer duration during hyperemia. The hemodynamic changes induced by adenosine are relatively complex: in addition to the significant increase in diastolic blood flow velocity caused by microvascular dilation, a notable decrease in perfusion pressure can also be clearly observed, which may have an impact on the myocardial-coronary interaction. Our results suggest that the interaction between myocardial relaxation and coronary blood flow become less intense but more prolonged under hyperemic conditions. In addition, it can be seen from the experimental results that the quantitative parameters of cWIA are greatly affected by adenosine, which suggests that changes in the baseline hemodynamic state have a significant impact on the quantitative analysis of cWIA. When attempting to investigate the relationship between the absolute values of these parameters and various physiological or pathological changes, special attention must be paid to the corresponding baseline hemodynamic state.



Impact of flow-limited stenosis

Conflicting reports existed regarding the influence of functional stenosis on quantitative cWIA parameters. Narayan et al. compared cWIA parameters in 17 patients before and after percutaneous coronary intervention (PCI) and found significant increases in cBDW post-PCI (31). In contrast, DeMarchi et al. reported no significant correlation between BDW quantitative parameters and the presence of stenotic lesions (26). Our results indicated that while there were some differences in cWIA wave quantitative parameters between the FFR-positive and FFR-negative groups, these differences did not reach statistical significance. We therefore hypothesized that despite functional stenosis leading to a reduction in distal perfusion pressure and associated blood flow, its impact on the interaction between the myocardium and coronary blood flow was limited.



Differences between LAD and RCA

It is generally believed that the interaction between the myocardium and coronary blood flow is significantly weaker in the RCA compared to the LAD, primarily due to the substantially lower pressures in the right ventricle (25). However, our results showed no significant differences in the quantitative parameters of the microvascular-originated waves between these two vessel types, regardless of whether in a resting or hyperemic state, or during systole or diastole. We further analyzed the pressure and flow velocity waveforms collected from RCA cases. Among 23 RCA vessels, 21 exhibited instances where Pd was greater than Pa during systole, leading to clearly observable retrograde blood flow. Our findings point to the possibility that the myocardial-coronary interaction also significantly influences the pulsatile flow pattern in the RCA, a hypothesis that warrants further investigation.



Limitations

Several limitations of this study warrant consideration. First, the blood flow calculation method employed in this study was applicable only to patients with epicardial obstructive lesions who underwent FFR examination. This inherent selection criterion might introduce a degree of bias into the patient cohort. Second, individual variability in blood viscosity and rheology—a well-recognized challenge across CFD-based methodologies—may introduce deviations in our calculation results, which might be a potential source of systematic error. Third, the number of FFR-positive cases and RCA cases included in this study was relatively small. Despite our current statistical findings of no significant impact on the cWIA quantification results, future research is warranted to expand the sample size for further validation. Finally, due to existing constraints, this study was unable to investigate the clinical diagnostic value of cWIA quantitative parameters in coronary artery disease, a crucial area for future research.




Conclusion

This study utilized a low cost approach, leveraging angiographic images and FFR pressure data, to calculate pulsatile coronary blood flow velocity and subsequently perform cWIA. This method enables beat-to-beat cWIA analysis and simplifies the data acquisition process. We validated the feasibility of applying this method for clinical cWIA analysis. Building on this, we found a strong and significant correlation between BCW and BDW quantitative parameters. Further analysis revealed that adenosine-induced hyperemia significantly enhanced pBCW and cBCW while significantly decreasing pBDW, with no significant impact on cBDW. Furthermore, functional stenosis of epicardial arteries showed no significant effect on BCW and BDW quantitative parameters. Finally, our analysis did not observe significant differences in the quantitative parameters of microvascular-originated waves between different coronary branches (LAD and RCA).
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Introduction: Pre-test probability stratification of individuals with suspected obstructive coronary artery disease (CAD) has remained suboptimal for many years. Consequently, the majority of diagnostic tests used to rule out CAD exhibit normal results. An acoustic device capable of measuring micro bruits caused by stenosis-induced turbulence in the coronary circulation has showcased potential for stratifying CAD. The aim of this meta-analysis was to investigate the conceivable diagnostic value of phonocardiogram (PCG) in detecting the presence of CAD.



Methods: We conducted a comprehensive search of PubMed, EuropePMC, and ScienceDirect for articles published through January 2025. Studies were eligible if they assessed the accuracy of PCG using the CADScor® system in predicting CAD and provided enough data to construct a 2 × 2 contingency table.



Results: A total of 4 studies involving 4,050 patients were included for the final analysis. The pooled sensitivity and specificity were 87% (95% CI, 80%–92%) and 35% (95% CI, 21%–52%), respectively. The pooled positive likelihood ratio (PLR) was 1.34 (95% CI, 1.09–1.64) and the pooled negative likelihood ratio (NLR) was 0.37 (95% CI, 0.25–0.55). The area under the receiver operating characteristic curve (AUC) was 0.79 (95% CI, 0.75–0.82) in predicting CAD. Fagan's nomogram showed that the posterior probability of PCG with the CADScor® system for the detection of CAD was 19% when the CAD-score was above the cut-off value, and 6% in those with CAD-score below the cut-off value.



Conclusion: Phonocardiography shows promise as a rule-out tool for patients with suspected CAD.



Systematic Review Registration: https://www.crd.york.ac.uk/PROSPERO/view/CRD42024550526, PROSPERO CRD42024550526.
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1 Introduction

Coronary artery disease (CAD) has been identified as a frequent yet highly perilous cardiovascular condition, incorporating one of the major causes of hospital admission among adults globally, with over 1 million hospitalizations each year (1). Unlike acute coronary syndrome, stable CAD (or currently known as chronic coronary syndrome) advances slowly and chronically and often yields atypical symptoms, rendering it a tough row to hoe to determine whether the patient requires further non-invasive testing as an initial work-up to rule out this malady, which is a major concern for most of emergency healthcare providers (2, 3).

Current risk stratification measures, such as the Diamond-Forrester score (DF-score), which is used to stratify people with chest pain and possible stable CAD, have been proven to greatly overestimate the disease's likelihood. Several recent investigations have demonstrated that merely 6%–12% of those referred for non-invasive testing suffer from significant CAD. This implies that the remaining 88%–94% of patients with normal coronary arteries (NCA) had to undergo an array of expensive, time-consuming, hazardous, and futile examinations (4, 5). Hence, there is growing concern about the need for practical, swift, and cost-effective diagnostic strategies, particularly for discerning obstructive CAD.

The notion of analyzing heart sounds using spectrum analysis was initially used in the 1950s to identify various cardiac diseases, including valvular heart disease and CAD (6, 7). Several investigations have found that coronary artery blockages can cause high-frequency murmur sounds arising from turbulent blood flow colliding with partially occluded arteries. The murmurs are beyond mere turbulence; they comprise an intricate combination of signals caused by vibrations within the surrounding cardiac walls, producing noises that are difficult to perceive with the human ear (8–12). Nonetheless, current state-of-the-art computer and acoustic technology advancements have resulted in identifying heart sounds more effortlessly, which facilitates the prompt risk assessment of CAD (13, 14).

Phonocardiogram (PCG), a non-invasive, yet low-cost modality, is an option for diagnosing CAD by utilizing heart sounds. PCG systems such as the CAD-score analyze heart sounds, particularly during diastole for patterns of turbulence caused by coronary artery narrowing. The system derives acoustic features including spectral slope, signal entropy, and heart rate variability, which are then combined with clinical variables (e.g., age, sex, blood pressure) to generate a risk score from 0 to 99 (15). The correct categorization of patients at risk of CAD using this PCG tool, coupled with the existing risk stratification scoring system, may not only lower health expenses, but also drawbacks from non-invasive and invasive procedures. However, data on its efficacy and accuracy remains scarce due to the small-scale number of investigations and diverse algorithms approach throughout available studies, therefore lack of accuracy. Our aim was to yield more robust evidence by pooling all these data in this meta-analysis in order to achieve better identification and reliability in diagnosing stable CAD.



2 Materials and methods


2.1 Protocol and registration

This meta-analysis was conducted following the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) recommendations. The review protocol was registered in the PROSPERO (Prospective Register of Systematic Reviews) international registry database under registration number CRD42024550526 (16).



2.2 Search strategy

We reviewed the databases PubMed, Europe PMC, and ScienceDirect up to June 2025. The search terms were as follows: (“phonocardiogram” OR “phonocardiography” OR “heart sound” OR “murmur” OR “cardiac auscultation”) AND (“coronary artery disease” OR “chronic coronary syndrome” OR “angina” OR “stable ischemic heart disease”). When required, the reference lists of the included research and relevant review papers were scrutinized for additional references. We adapted the search terms to fit the particular requirements of each database. Our search as in line with PRISMA principles, and the flowchart in Figure 1 portrays the search and screening procedures.
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FIGURE 1
PRISMA diagram of selection process for studies included in the meta-analysis.




2.3 Study selection and eligibility criteria

We included both prospective and retrospective observational studies reporting the predictive value of PCG in diagnosing CAD (categorical) compared with invasive coronary angiography (ICA) in this meta-analysis. The detailed inclusion criteria were as follows: (1) CAD patients over 18 years old, characterized by symptoms suggestive of stable angina pectoris; (2) studies reported key exposure between high- and low-PCG score, defined as a value surpassing cut-off point determined within each study in a comparative manner between the aforementioned variable. Our investigation required studies to publish sufficient information to generate a 2 × 2 table consisting of true positive, false positive, false negative, and true negative to compute the effect size.

We excluded studies in which patients: (1) presented with acute coronary syndrome; (2) valvular heart disease and other pre-existing diagnosis which could generate cardiac murmurs and affect the quality of auscultation; (3) previous coronary revascularization (either percutaneous coronary intervention or coronary artery bypass graft); (4) any contraindications to ICA; (5) any arrhythmias that caused non-sinus rhythm; (6) substantial skin impairments or any aberrant anatomies at the site of auscultation; (7) pregnancy. Our analysis omitted studies that failed to provide sufficient of the aforementioned data. Animal studies, review papers, editorials, comments, letters to editors, case reports/series, meta-analyses, and conference abstracts were also disregarded from our meta-analysis.



2.4 Phonocardiogram vs. control groups

Due to the vast number of articles employing multiple distinct PCG analysis methods, our research included studies utilizing the CADScor® System, Acarix A/S, Kongens Lyngby, Denmark, since only investigations involving this sort of PCG could be merged in the meta-analysis. Following a 5-min rest interval, the patient's heart sounds were collected in the supine position for 3 min utilizing the aforementioned device in the left fourth intercostal region, with four bouts of eight-second breath holding. The aim of holding breaths while recording was to avert breathing noise, which could obscure heart sounds. Audio recording was also carried out in a quiet environment. To ensure the blinding protocol, the acoustic analysis findings were not directly presented on the acoustic detection system. The CAD-Score System's final score was derived using an integrated pre-existing algorithm that included eight acoustic features as well as combining numerous factors such as age, gender, and blood pressure information. If the recording equipment detected poor sound quality, it would instantaneously request a re-recording. The CAD-score varied from 0 to 99. After the recording was completed, a CAD-score of more than 20 was classified as CAD; otherwise, it was classified as non-CAD (9, 10, 12).

The reference standard for diagnosing or ruling out obstructive CAD is ICA. Two cardiologists will blindly evaluate the coronary angiography (CAG) results independently to determine the degree of vascular stenosis. Patients with stenosis of at least 50% of the diameter were classified as significant CAD, while the remainder were classified as non-CAD (9, 10, 12). Our research protocol allowed for investigations encompassing computed tomography coronary angiography (CTCA) as a supplemental examination, to be employed as additional data analysis for determining the diagnostic accuracy of PCG.



2.5 Data extraction and risk of bias assessment

The course of data abstraction was conducted by two authors independently using a form detailing baseline characteristics of the included studies, such as first author's name, age, male sex, study design, the country in which the study was conducted, ethnicity, chest pain characteristics, body mass index (BMI), hypertension, diabetes mellitus (DM), smoking status, hypercholesterolemia, Diamond-Forrester pre-test probability (PTP) score, CTCA characteristics, ICA characteristics, and follow-up length. If the study did not disclose mean and standard deviation, an estimate was utilized using a method proposed by Wan et al. (17). Two independent reviewers managed the whole research selection and data extraction process. Disagreements over study selection and data extraction were handled by consensus or a third reviewer.

The Newcastle-Ottawa Scale (NOS) was implemented by the authors to independently assess the possibility of bias in each study. A study with a total score of seven or above was deemed bias-free. Research with a total score of six or less was considered to be biased and thus excluded from the research. Author discussion was applied to settle quality rating disagreements (18). Discrepancies in quality ratings were resolved through discussion with a third reviewer.



2.6 Statistical analysis

In this meta-analysis, we implemented STATA 17.0 to calculate the overall effect magnitude. A bivariate random-effects regression model was performed to determine sensitivity, specificity, positive likelihood ratio (PLR), and negative likelihood ratio (NLR). A summary receiver operating characteristic (SROC) curve was drawn to assess the overall diagnostic accuracy. The higher the area under the curve (AUC), the greater the diagnostic power. Fagan's nomogram was plotted to assess the connection between prior and post-test probability. Deek's funnel plot was used to identify any publication bias. A P-value less than 0.10 denotes a publication bias. Univariable meta-regression and subgroup analyses for the output of diagnostic test accuracy meta-analysis with possible covariates were also performed if the included studies were sufficient to generate the results. All statistical tests were two-sided, and P < 0.05 indicated statistical significance.




3 Results


3.1 Study selection and characteristics of the included studies

Figure 1 depicts the results of the literature search. After identifying duplicates, we discovered 472 pre-screened articles, reviewed the title and abstract of the remaining articles, and omitted 428 records. The remaining 44 entries' full-text articles were obtained and investigated. Eventually, 40 studies were deemed ineligible, and the remaining 4 were chosen for qualitative and quantitative analyses. The mean age of the participants was 60.3 ± 3.3 years, 51.2% of patients were male, with a total of 4,050 participants. Previous hypertension, DM, smoking status, and hypercholesterolemia were present in 65.9%, 15.9%, 24.7%, and 54.2% of patients, respectively. 55.7% of patients presented with typical chest pain. The cut-off value for CAD-score was set at 20 amidst the studies.

Baseline and clinical characteristics of the included studies were listed in Table 1. Calculations from PTP were made using three pre-defined probability categories based on DF-score: low risk: 10.2%; intermediate risk: 82.3%; high risk: 7.5%. Of the patients referred for ICA, 15.8% were later classified as obstructive CAD (≥50% stenosis). Based on the results of the CTCA, patients were grouped into non-CAD (42.2%), mild CAD (29.4%), moderate CAD (8,9%), and severe CAD (19.5%). The mean CAD-score calculated from spectrum analysis was 25.8 ± 4.6 in the non-CAD group, which was significantly lower than the CAD-score in the significant CAD group (38.5 ± 6.2).



TABLE 1 Baseline characteristics of the included studies.



	No.
	Author (year)
	Country
	Study design
	Sample size (n)
	PCG characteristics
	Mean age (years)
	Male (%)
	Ethnicity (%)
	Chest pain characteristics (%)
	BMI (kg/m2)
	Hypertension (%)
	Blood pressure (mmHg)
	DM (%)
	Smoking (%)
	Hypercholesterolemia (%)
	Diamond Forrester PTP score
	CTCA characteristics
	ICA characteristics
	NOS





	1
	Renker et al. (9)
	Germany
	POS
	226
	CADScor® System, Acarix A/S, Kongens Lyngby, DenmarkMean CAD score: Non-CAD: 31.5 ± 13.2CAD: 41.2 ± 11.9
	64.6 ± 10.6
	60.2
	Caucasian: 99.6
	Typical: 85.6Atypical: 10.6Non-specific: 3.5
	28.2 ± 5.32
	85
	SBP: 135 ± 17.7DBP: 77.1 ± 13.6
	27.9
	44.2
	NR
	Mean score: NRLow risk (<15%): 0%Moderate risk (15–85%): 82.3%High risk (>85%): 17.7%
	N/A
	≥50% stenosis: 39.3%1VD: 23%2VD: 9.7%3VD or LMD: 6.6%
	9



	2
	Schmidt et al. (10)
	Denmark
	ROS
	2,245
	CADScor® System, Acarix A/S, Kongens Lyngby, DenmarkMean CAD score:Non-CAD: 26.4 ± 14.3CAD: 38.4 ± 13.9
	58.3 ± 8.4
	47.2
	NR
	Typical: 21.8Atypical: 27.1Non-specific: 51.1
	26.9 ± 4.2
	58.5
	NR
	5.3
	16
	76
	Mean score: 36.4 ± 21.2%Low risk (<15%): 16.5%Moderate risk (15–85%): 81.2%High risk (>85%): 2.3%
	CACS score:0: 48.8%1–399: 41.3%≥400: 9.6%Non-CAD: 36.6%Mild-moderate: 20.1%Severe: 15.2%
	≥50% stenosis: 9.4%
	8



	3
	Schnaubelt et al. (11)
	Austria
	POS
	105
	CADScor® System, Acarix A/S, Kongens Lyngby, DenmarkMean CAD score:Non-CAD: 25 ± 15.9CAD: 44.3 ± 17.1
	61 ± 15.1
	48.6
	Caucasian: 94.3
	Typical: 87.6Atypical: 5.7Non-specific: 6.7
	28 ± 6.1
	54.3
	SBP: 142.7 ± 19.5DBP: 78 ± 15.1
	24.8
	22.9
	32.4
	NR
	N/A
	≥50% stenosis: 3.8%
	8



	4
	Winther et al. (12)
	Denmark
	POS
	1,474
	CADScor® System, Acarix A/S, Kongens Lyngby, DenmarkMean CAD score:Non-CAD: 20.4 ± 12CAD: 29.9 ± 12
	57.2 ± 8.8
	48.8
	Caucasian: 99.3
	Typical: 27.8Atypical: 33.6Non-specific: 38.6
	26.7 ± 4.1
	NR
	SBP: 138 ± 19DBP: 83 ± 11
	5.4
	15.8
	NR
	Mean score: 37.7 ± 25.2%Low risk (<15%): 14.2%Moderate risk (15–85%): 83.4%High risk (>85%): 2.4%
	CACS score:0: 51.1%1–399: 38.5%≥400: 10.4%Non-CAD: 47.8%Mild: 20.8%Moderate: 7.6%Severe: 23.8%
	≥50% stenosis: 10.6%1VD: 6.5%2VD: 2.9%3VD or LMD: 1.2%
	9




	1VD, one-vessel disease; 2VD, two-vessel disease; 3VD, three-vessel disease; BMI, body mass index; CACS, coronary artery calcium score; CAD, coronary artery disease; CTCA, computed tomography coronary angiography; DBP, diastolic blood pressure; DM, diabetes mellitus; ICA, invasive coronary angiography; kg/m2, kg/m2, kilograms divided by the square of the height in meters; LMD, left main disease; mmHg, millimeter of mercury; N/A, not available; NOS, Newcastle-Ottawa Scale; NR, not reported; PCG, phonocardiogram; POS, prospective observational study; PTP, pre-test probability; ROS, retrospective observational study; SBP, systolic blood pressure.









3.2 Diagnostic-test accuracy meta-analysis

The pooled sensitivity and specificity were 87% (95% CI, 80%–92%) and 35% (95% CI, 21%–52%), respectively (Figure 2). The PLR was 1.34 (95% CI, 1.09–1.64), and the NLR was 0.37 (95% CI, 0.25–0.55) (Figure 3). The SROC curve is shown in Figure 4. The AUC of PCG for predicting CAD was 0.79 (95% CI, 0.75–0.82), indicating moderate-high diagnostic value. Fagan's nomogram showed that if the pre-test probability was set to 15%, the post-test probability of PCG for the detection of CAD was 19% when the CAD-score was above the cut-off value. On the contrary, when the CAD-score was below the cut-off value, the post-test probability was 6% (Figure 5).


[image: Forest plot comparing diagnostic likelihood ratios (DLR) for positive and negative phonocardiogram results in coronary artery disease across four studies, with pooled effect sizes, confidence intervals, heterogeneity, and statistical values displayed.]
FIGURE 2
Forest plot showing pooled sensitivity and specificity of PCG in diagnosing CAD.



[image: Fagan nomogram displaying pre-test probability, likelihood ratio, and post-test probability for a diagnostic test. A pre-test probability of fifteen percent yields a post-test probability of nineteen percent with a likelihood ratio of one, and six percent with a likelihood ratio of zero point three seven.]
FIGURE 3
Forest plot showing positive and negative likelihood ratio of PCG in diagnosing CAD.



[image: Receiver operating characteristic (ROC) curve plot showing sensitivity on the vertical axis and specificity on the horizontal axis, with observed data points as circles, a summary operating point as a red diamond, a solid SROC curve, and dashed contours representing ninety-five percent confidence and prediction intervals. Chart legend provides curve labels, summary sensitivity, specificity, and area under the curve values.]
FIGURE 4
Summary of receiver operating characteristic plots for diagnostic accuracy of PCG in diagnosing CAD.



[image: Flowchart illustrating a PRISMA process for study selection. Initial identification yielded 648 records via database search and 2 from other sources. After removing duplicates, 472 records were screened, with 428 excluded. Forty-four full-text articles were assessed; 40 were excluded for reasons such as differing learning models, inappropriate patient populations, being reviews, or duplicate data. Four studies were included in both qualitative and quantitative syntheses. Blue labels on the left indicate the stages: Identification, Screening, Eligibility, and Included.]
FIGURE 5
Fagan's nomogram.




3.3 Publication bias

In this meta-analysis, Deek's funnel plot asymmetry test was used to determine the likelihood of publication bias. The Deek's funnel plot was rather symmetrical in comparison to the regression line, and the asymmetry test was non-significant (P = 0.14) (Figure 6). The mean NOS of the included studies was 8.5 ± 0.58, indicating a low risk of bias.


[image: Forest plot graphic comparing sensitivity and specificity for phonocardiogram in diagnosing coronary artery disease using four studies, showing pooled sensitivity at zero point eighty seven and pooled specificity at zero point thirty five with confidence intervals and heterogeneity statistics.]
FIGURE 6
The Deeks’ funnel plot for assessment of potential publication bias of the included studies.





4 Discussion

Early detection and agile awareness methods for coronary artery disease are crucial issues requiring additional investigation as any late acknowledgments can result in misdiagnosis and futile medical procedures, which may subsequently impair clinical progression, raise the healthcare expenses, and complications related to the testing. The most notable finding in this study was that PCG, specifically the CAD-score, had a considerably high predictive value for identifying CAD, comprising a sensitivity of 87%, specificity of 35%, an AUC value of 0.79, with PLR and NLR of 1.34 and 0.37, respectively. Given its high sensitivity and low negative likelihood ratio, PCG is more suitable as a rule-out rather than a rule-in modality. A negative CAD-score substantially reduces the post-test probability of obstructive CAD, reinforcing its role in excluding disease in low- to intermediate-risk populations. In contrast, the modest increase in post-test probability with a positive CAD-score highlights that PCG should not be used as a confirmatory test but rather as a triage tool that can complement existing risk stratification strategies.

Figure 7 outlines a pragmatic pathway in which PCG is used to rule out obstructive CAD among low–intermediate PTP patients; positive results trigger guideline-directed confirmatory testing (CTCA/functional imaging), whereas high-PTP patients bypass PCG. To further illustrate clinical application, we employed Fagan's nomogram to estimate post-test probabilities. When a CAD-score exceeds the cut-off value, the post-test probability rises modestly to 19% from a 15% pre-test estimate, suggesting that a positive PCG result should not be interpreted as confirmatory. In contrast, patients with a CAD-score below the threshold showed a substantial reduction in post-test probability to 6%, reinforcing the CAD-score's value as a rule-out tool. This supports its use in low- to intermediate-risk populations to avoid unnecessary downstream testing. To our knowledge, this is thus far the first meta-analysis evaluating PCG in predicting CAD, as will be captivatingly discussed in the remainder of this article.


[image: Flowchart outlining the diagnostic pathway for stable chest pain or suspected chronic coronary syndrome, showing clinical assessment, CAD-score evaluation, and decision points for further testing or routine check-up based on pre-test probability and guideline direction.]
FIGURE 7
Proposed clinical decision algorithm integrating PCG (CAD-score) into stable chest pain workflows.


To fully comprehend the association between PCG and CAD detection, it is necessary to understand the critical mechanism of PCG, as the findings of this meta-analysis are directly tied to the disease's pathophysiology. Coronary blood flow reaches its highest during the diastole phase (19). Thus, the rise in energy, frequency, and murmur produced during this period is commonly utilized as a feature model to identify coronary artery blockage on a PCG device. The CAD-Score System features an autonomous algorithm that may detect discrepancies in heart sounds, such as micro bruits that result from turbulence in the obstructed coronary circulation. First, the algorithm will filter cardiac sounds and separated them into systolic and diastolic periods before extracting eight acoustic properties that will be utilized to determine whether the patient has CAD. Using a logistic regression approach, the aforementioned recorded acoustic parameters will be incorporated with additional factors consisting of age, gender, and hypertension to formulate the CAD-score (9–12).

Another aspect worth considering is how an amalgamation of the above features might predict the CAD condition. The device's initial acoustic characteristic is heart rate variability (HRV), as one of the early subclinical manifestations of CAD is cardiac autonomic dysfunction, which results in a reduction in HRV (20). Apart from that, the principal component analysis-based measure of randomness (PCAR) component is used to segment cardiac sounds into systolic and diastolic period, while quantify the frequency spectrum into a single measure (13, 21, 22). This is crucial because CAD produces a murmur sound, which increases the diastolic power spectrum (SpectSlope), frequency distribution of S2 owing to vessel-induced murmur vibration (S2freq), as well as enhanced complexity of the sound produced (Sample Entropy). S4amp (fourth sound Amplitude) is related with extra heart sounds near the end of diastole, indicating a reduction in ventricular compliance as a result of CAD injury (13, 23). However, the frequency power ratio (FPR), which measures low frequency power in the mid diastolic phase, remains disputed in terms of mechanism. This might be produced by the cardiac murmur sound, which can theoretically vary from low to high frequencies (where the murmurs are frequently detected), instead coincidentally happens at low frequencies, increasing the magnitude of the low-frequency sound. Other measurements, such as SysFPR (systolic FPR), are utilized to evaluate right coronary artery stenosis, considering peak blood flow occurs within this period (24).

The potential role of PCG is not only as a handy tool for determining the PTP from obstructive CAD based solely on heart sound analysis; the study done by Schmidt et al. (10) also successful in reclassifying patients with suspected stable CAD into a low probability group that was previously utilizing DF-score characteristics. Prior to the CAD-Score test, 227 individuals were classified as low risk and 1,395 (83.4%) as intermediate risk. CAD-Score System could reclassify 472 out of 1,395 patients to “low risk”. The overall low risk group was increased from 227 to 699 patients. Expressed in percentages, initially only 13.6% of the total patient population were classified as low risk. Post-test with CAD-scoring, 41.8% were classified as low risk and could be ruled out from further diagnostics. This lowered the number of intermediate-risk individuals from 1,395 to 923, or from 83.4% to 55.2%. Given its high sensitivity and low negative likelihood ratio, PCG is best positioned to rule out obstructive CAD in low- to intermediate-risk populations.

Exploration of heterogeneity should ideally be undertaken using meta-regression and sub-group analysis, although this is implausible due to a paucity of research. Hence, the leave-one-out sensitivity analysis was carried out, and it was discovered that one study (9) was deemed as the primary contributor to the high inter-study heterogeneity. This can be explained by the fact that Renker et al. (9) investigation had the greatest prevalence (39.3%) of significant CAD, which is conceded as substantial determinant of positive (PPV) and negative predictive (NPV) values. The device's rule-out capability would be reduced in this high-prevalence cohort as the prevalence increased, as might certainly the PPV, while the NPV decreased (25). These findings underscore that the clinical applicability of PCG is closely tied to the baseline risk of the population in which it is used. Nonetheless, the result of our meta-analysis was fairly robust in the leave-one-out sensitivity analysis; removal of any single study did not alter the statistical significance of the pooled estimate, indicating that our results were stable and reliable.

Several limitations still warrant consideration in this meta-analysis. First, we were unable to do meta-regression to determine the direct effect on our outcomes of interest due to a paucity of research. Second, the majority of the research employed a CAD-Score System in CAD patients with ≥50% stenosis; thus, the results cannot be generalized to other PCG device. Third, CAD-Score System does not indicate the location of stenosis. However, we saw a correlation of the severity of CAD and the CAD-score. Limitations also include a small number of studies, with the available evidence derives almost exclusively from European cohorts with predominantly Caucasian participants. Hence, results should be extrapolated with caution to patients of various ethnic backgrounds. Finally, beyond technical factors, practical issues such as operator training, proper sensor placement, and environmental noise can affect PCG accuracy, despite built-in noise reduction features.



5 Conclusion

PCG derived from heart sounds provides great clinical diagnostic information in patients with symptoms suggestive of CAD and should be implemented in the standard of care. PCG is best positioned as a rule-out tool rather than a confirmatory diagnostic test. Its integration into current clinical pathways may help clinicians identify patients at low risk of obstructive CAD who can safely avoid unnecessary advanced testing, thereby reducing costs and patient burden. Larger, multi-center, and multi-ethnic investigations are needed to confirm its diagnostic accuracy, assess its real-world applicability, and establish its integration into clinical pathways.
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Background: While coronary computed tomography angiography (CTA) is widely used for diagnosing chronic coronary syndrome (CCS), its potential for assessing physiological function and plaque vulnerability—through AI-derived fractional flow reserve (CT-FFR) and high-risk plaque characteristics (HRPC)—is not fully leveraged in clinical practice. The combined prognostic value of these non-invasive tools in newly diagnosed CCS patients remains underexplored.



Objective: To evaluate the individual and combined prognostic value of AI-based CT-FFR and HRPC in predicting major adverse cardiovascular events (MACE) in patients with newly diagnosed CCS.



Methods: In this observational cohort study, 222 inpatients newly diagnosed with CCS who were admitted for non-acute chest pain and underwent coronary CTA were included. Patients were stratified into four groups based on their CT-FFR and HRPC values. Kaplan–Meier survival curves and multivariate Cox proportional hazards models were used to assess the predictive value of CT-FFR and HRPC for MACE. Model performance was evaluated using the C-index, area under the receiver operating characteristic curve (AUC), net reclassification improvement (NRI), and integrated discrimination improvement (IDI).



Results: Vessels with CT-FFR ≤0.8 had a higher prevalence and number of HRPC compared to those with CT-FFR >0.8. Over a median follow-up period of 22 months, 52 patients (23.4%) experienced MACE. Both CT-FFR ≤0.8 [hazard ratio (HR): 2.62, 95% confidence interval (CI): 1.06–6.47; P = 0.036] and HRPC ≥2 (HR: 2.39, 95% CI: 1.20–4.77; P = 0.014) independently predicted MACE. Patients with both CT-FFR ≤0.8 and HRPC ≥2 had a 6.06-fold increased risk of MACE compared to those with CT-FFR >0.8 and HRPC <2 (P = 0.017). Combining CT-FFR and HRPC significantly improved the predictive accuracy of risk models, reflected in increases in C-index, AUC, NRI, and IDI (P ≤ 0.038), providing superior predictive performance compared to using either metric alone.



Conclusion: The combined use of AI-derived CT-FFR and HRPC significantly improves risk stratification in patients with newly diagnosed CCS, offering better predictive accuracy for adverse cardiovascular events. This enhanced risk assessment could enable clinicians to identify high-risk patients more effectively and tailor management strategies accordingly. Further multicenter studies are warranted to validate these findings across diverse populations.
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Introduction

Ischemic heart disease continues to be the leading cause of cardiovascular mortality worldwide, accounting for 9.24 million deaths in 2022 (1). Early identification of high-risk individuals and the development of appropriate therapeutic strategies at the time of initial diagnosis of coronary artery disease (CAD) are critical for improving patient outcomes (2–4). Coronary computed tomography angiography (CTA) is often the first-choice diagnostic modality for non-emergent CAD patients, particularly when acute myocardial infarction is not highly suspected (5–7). However, CTA's accuracy in detecting stenosis remains limited, and anatomical stenosis alone cannot fully assess cardiovascular risk because it lacks functional information (8, 9).

Invasive techniques such as fractional flow reserve (FFR) and high-risk plaque detection using intravascular ultrasound (IVUS) or optical coherence tomography (OCT) provide valuable risk assessment but are limited by their invasiveness, complexity, and high cost, especially in less developed regions (10–13). Recently, non-invasive CT-derived FFR (CT-FFR), obtained from CTA images using artificial intelligence (AI) techniques, has been shown to correlate closely with invasive FFR (14, 15). Similarly, high-risk coronary plaque characteristics (HRPC) based on CTA—such as low-density plaques, positive remodeling, napkin-ring sign, and spotty calcification—provide a safer and more cost-effective alternative to invasive techniques (16). Importantly, both CT-FFR and HRPC can be obtained in a single analysis through specialized software. Studies have confirmed that CT-FFR ≤0.80 (14, 17, 18) and HRPC ≥2 (19, 20) are key indicators of poor prognosis in patients with CAD.

Previous large-scale trials such as SCOT-HEART (21), and DISCHARGE (2, 22) primarily enrolled outpatient or lower-risk populations, establishing the prognostic value of CT-FFR and HRPC when evaluated separately. However, evidence in hospitalized patients with chronic coronary syndrome (CCS)—who generally exhibit higher event rates, greater comorbidity burdens, and more complex therapeutic decision-making—remains limited. The present study, based on a prospective inpatient registry, is among the first to comprehensively evaluate the combined prognostic utility of AI-derived CT-FFR and HRPC for predicting major adverse cardiovascular events (MACE), thereby testing their robustness and clinical translatability in a real-world high-risk setting.

However, the prognostic role of CT-FFR and HRPC in newly diagnosed CCS patients has not been fully validated. More importantly, although both metrics can now be easily obtained together, research on their combined application for risk stratification in CCS patients is still lacking. This study aims to investigate the individual and combined prognostic value of CT-FFR and HRPC in patients with newly diagnosed CCS hospitalized for non-acute chest pain, adding predictive value beyond traditional clinical risk factors and coronary stenosis severity.



Methods


Study design and population

This observational cohort study enrolled patients admitted to the First Hospital of Hebei Medical University between March and September 2022 due to chest pain. All patients underwent coronary CTA and were diagnosed with CAD for the first time. Inclusion criteria were: (1) age ≥18 years; (2) presence of >30% stenosis in any major coronary artery on CTA; and (3) a diagnosis of stable angina, with guideline-directed treatment including antiplatelet and lipid-lowering therapy. Exclusion criteria included: (1) a prior diagnosis of CAD; (2) poor image quality preventing accurate CT-FFR and HRPC measurement; (3) cancer, heart failure, significant valvular disease, cardiomyopathy, primary arrhythmia, or other severe cardiac conditions; (4) non-cardiovascular causes of chest pain, such as pulmonary embolism or aortic dissection; and (5) stage 5 renal failure or patients undergoing dialysis. Informed consent was obtained from all patients, and the study was approved by the Ethics Committee of the First Hospital of Hebei Medical University (approval number: 20220362). The participant selection process is outlined in Figure 1, and a total of 222 patients were included. Baseline information, including sex, age, body mass index (BMI), medical history, and cardiovascular risk factors, was collected.


[image: Flowchart illustrating patient selection: out of 270 patients with newly diagnosed CCS, 6 excluded for poor imaging, 23 for medical conditions or incomplete data, and 19 lost to follow-up, resulting in 222 patients for final analysis.]
FIGURE 1
Flowchart of the study participants.




CT-FFR and HRPC analysis

Coronary CTA images were obtained using either a Siemens SOMATOM Force dual-source CT scanner or a Toshiba Aquilion ONE 320-row CT scanner. Coronary CTA was performed using 320-row or dual-source CT scanners with prospective ECG-gated acquisition. Heart rate was controlled with oral or intravenous β-blockers when appropriate to maintain a stable rhythm below 60 bpm. Automatic tube-voltage selection (100–120 kVp) and tube-current modulation were applied according to body size. Iodinated contrast (300–370 mg I/mL, 50–80 mL) was injected at 4–6 mL/s followed by a 20 mL saline flush using bolus tracking (trigger threshold 120 HU in the ascending aorta). Images were reconstructed with 0.5–0.75 mm slice thickness using both standard and sharp kernels. CTA images were analyzed in a blinded manner by the CT team at the First Hospital of Hebei Medical University using Shukun v1.03 (Shukun Technology, Beijing, China), with quality control for segmentation accuracy and exclusion of scans with motion artifacts or inadequate contrast opacification.

The degree of coronary stenosis, CT-FFR values, and HRPC were assessed. Significant stenosis was defined as ≥50% narrowing of any major coronary artery. CT-FFR was calculated using a simplified machine-learning-enhanced algorithm. HRPC were identified as: (1) low-density plaque, defined as non-calcified regions with an attenuation <30 HU in three randomly selected areas within the plaque (23); (2) positive remodeling, defined by a remodeling index ≥1.1 (24); (3) napkin-ring sign, characterized by a low-attenuation core surrounded by a high-attenuation ring (25); and (4) spotty calcification, defined by an average attenuation >130 HU, a diameter <3 mm, a length <1.5× the vessel diameter, and a width <two-thirds of the vessel diameter (26).



Data collection

Baseline demographic and clinical characteristics were recorded at hospital admission, including sex, age, BMI, smoking status, and alcohol use. Medical history included hypertension, diabetes, cerebrovascular disease, family history of cardiovascular disease, and hyperlipidemia, with detailed definitions provided in the appendix. Laboratory data were obtained from fasting blood samples taken at admission or within 24 h. Biomarkers included total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), triglycerides (TG), apolipoprotein A1 (ApoA1), apolipoprotein B (ApoB), uric acid, creatinine, and high-sensitivity C-reactive protein (hs-CRP).



Follow-up and outcome measurement

Patients were followed up at 1, 3, 6, and 12 months post-diagnosis, and annually thereafter, with follow-up ending on July 30, 2024. Data were collected through outpatient visits or telephone interviews with patients and their families, supplemented by electronic health records. To ensure data accuracy, follow-up data were cross-verified with electronic records. The primary outcome was the occurrence of major adverse cardiovascular events (MACE), which included all-cause death, acute myocardial infarction, unplanned revascularization, and rehospitalization for stable or unstable angina or heart failure.



Statistical analysis

Baseline characteristics were compared across four groups categorized by CT-FFR and HRPC. Categorical variables were expressed as numbers and percentages, and continuous variables as mean ± standard deviation or median (interquartile range), depending on distribution. The Kolmogorov–Smirnov test was used to assess normality, and Levene's test to assess homogeneity of variances. Group comparisons for categorical variables were made using the chi-square test, while continuous variables were compared using one-way analysis of variance (ANOVA) or the Kruskal–Wallis test. The distribution of HRPC across CT-FFR groups was compared on a per-vessel basis to examine the relationship between CT-FFR values and HRPC. MACE risk was compared across groups on a per-patient basis. Kaplan–Meier survival curves were plotted to evaluate MACE incidence, and survival probabilities were compared using the log-rank test.

Multivariable Cox proportional hazards models were constructed to assess the independent predictive value of CT-FFR and HRPC for MACE risk. Covariates were selected according to clinical relevance and univariable Cox regression results with P < 0.30. The final multivariable Cox regression model included age, sex, smoking status, hyperlipidemia, coronary stenosis, and treatment modality, with CT-FFR and HRPC mutually adjusted for each other. Hazard ratios (HRs) with 95% confidence intervals (CIs) were reported. Subgroup analyses were performed to evaluate the consistency of associations across different patient subgroups, such as gender, diabetes, and hypertension.

The predictive performance and accuracy of CT-FFR and HRPC were evaluated by calculating the C-index (based on 10,000 bootstrap samples) and the area under the receiver operating characteristic (ROC) curve (AUC). Differences in performance between prediction models were compared using the C-index (bootstrap and Z-test comparison), AUC (DeLong test), net reclassification improvement (NRI), and integrated discrimination improvement (IDI). Statistical analyses were performed using R version 4.4.1 (R Foundation for Statistical Computing, Vienna, Austria). A P-value <0.05 was considered statistically significant.




Results


Baseline characteristics

A total of 222 patients were enrolled in the study, with a mean age of 65.1 ± 10.9 years; 78 (35.1%) were female. Fifty-one patients (23.0%) had diabetes, and 163 (73.4%) had hypertension. Based on their CT-FFR and HRPC values, the patients were divided into four groups: Group 1 (CT-FFR >0.8 and HRPC <2), Group 2 (CT-FFR >0.8 and HRPC ≥2), Group 3 (CT-FFR ≤0.8 and HRPC <2), and Group 4 (CT-FFR ≤0.8 and HRPC ≥2). The baseline characteristics of each group are shown in Table 1. In Group 4, the proportion of females was the lowest (24.5%, P = 0.002), serum creatinine levels were the highest (73.0 μmol/L, P = 0.029), and this group had the highest rates of PCI or CABG (46.4%, P = 0.001) and significant coronary stenosis (P < 0.001). There were no statistically significant differences between the groups in terms of age, hypertension, diabetes, BMI, smoking, alcohol consumption, or other biochemical indicators (all P > 0.05). Furthermore, the proportion of high-risk plaque characteristics—including low-density plaque, positive remodeling, and spotty calcification—was significantly higher in Group 4 compared to the other groups (P < 0.001).



TABLE 1 Clinical characteristics of individuals by CT-FFR and HRPC.



	Variables
	CT-FFR >0.8
	CT-FFR ≤0.8
	P



	HRPC <2
	HRPC ≥2
	HRPC <2
	HRPC ≥2



	Group 1 (n = 26)
	Group 2 (n = 33)
	Group 3 (n = 53)
	Group 4 (n = 110)





	Age, years
	65.7 (8.7)
	63.8 (11.0)
	64.5 (11.5)
	65.7 (11.2)
	0.796



	Female, n (%)
	15 (57.7)
	11 (33.3)
	25 (47.2)
	27 (24.5)
	0.002



	Hypertension, n (%)
	24 (92.3)
	21 (63.6)
	39 (73.6)
	79 (71.8)
	0.089



	Diabetes, n (%)
	7 (26.9)
	5 (15.2)
	15 (28.3)
	24 (21.8)
	0.512



	Smoking, n (%)
	21 (80.8)
	21 (63.6)
	40 (75.5)
	65 (59.1)
	0.069



	Family history, n (%)
	7 (26.9)
	8 (24.2)
	9 (17.0)
	13 (11.8)
	0.158



	BMI, kg/m2
	25.34 (3.87)
	25.99 (2.66)
	26.76 (3.53)
	25.95 (3.30)
	0.302



	Hyperlipidemia, n (%)
	12 (46.2)
	17 (51.5)
	16 (30.2)
	38 (34.5)
	0.156



	TC, mmol/L
	4.46 [3.62, 5.23]
	5.00 [4.24, 5.71]
	4.49 [3.84, 5.12]
	4.82 [3.86, 5.46]
	0.140



	LDL-C, mmol/L
	2.77 (0.80)
	3.14 (0.76)
	2.80 (0.77)
	2.96 (0.84)
	0.198



	HDL-C, mmol/L
	1.07 (0.20)
	1.10 (0.22)
	1.02 (0.22)
	1.01 (0.23)
	0.175



	TG, mmol/L
	1.33 [0.96, 2.06]
	1.49 [1.10, 2.05]
	1.32 [1.05, 1.70]
	1.40 [0.98, 2.02]
	0.851



	ApoA1, g/L
	1.25 (0.17)
	1.26 (0.27)
	1.24 (0.22)
	1.23 (0.24)
	0.959



	ApoA1, g/L
	0.76 (0.22)
	0.85 (0.26)
	0.76 (0.19)
	0.83 (0.25)
	0.139



	Uric acid, µmol/L
	317 (269, 369)
	323 (271, 412)
	349 (285, 379)
	346 (291, 413)
	0.410



	Creatinine, μmol/L
	61.3 [56.6, 71.0]
	68.2 [57.1, 81.6]
	72.0 [62.3, 80.9]
	73.0 [64.2, 84.9]
	0.029



	Hs-CRP, mg/L
	1.83 (1.68)
	2.57 (4.69)
	5.31 (16.05)
	2.94 (4.77)
	0.270



	Treatment, n (%)
	
	
	
	
	0.001



	 Medical therapy alone
	23 (88.5)
	28 (84.8)
	40 (75.5)
	59 (53.6)
	



	 PCI
	3 (11.5)
	5 (15.2)
	10 (18.9)
	45 (40.9)
	



	 CABG
	0 (0.0)
	0 (0.0)
	3 (5.7)
	6 (5.5)
	



	Significant stenosisa, n (%)
	
	
	
	
	<0.001



	 0 vessel
	11 (42.3)
	9 (27.3)
	8 (15.1)
	8 (7.3)
	



	 1 vessel
	14 (53.8)
	17 (51.5)
	25 (47.2)
	49 (44.5)
	



	 2 vessels
	1 (3.8)
	6 (18.2)
	14 (26.4)
	41 (37.3)
	



	 3 vessels
	0 (0.0)
	1 (3.0)
	6 (11.3)
	12 (10.9)
	



	 ≥1 vessels
	15 (57.7)
	24 (72.7)
	46 (86.8)
	103 (93.6)
	<0.001



	HRPC, n (%)



	 Low attenuating plaque
	1 (3.8)
	13 (39.4)
	5 (9.4)
	45 (40.9)
	<0.001



	 Positive remodeling
	2 (7.7)
	32 (97.0)
	10 (18.9)
	108 (98.2)
	<0.001



	 Spotty calcification
	0 (0.0)
	15 (45.5)
	1 (1.9)
	64 (58.2)
	<0.001



	 Napkin ring sign
	1 (3.8)
	26 (78.8)
	2 (3.8)
	107 (97.3)
	<0.001




	BMI, body mass index; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; TG, triglycerides; ApoA1, apolipoprotein A1; ApoB, apolipoprotein B; PCI, Percutaneous Coronary Intervention; CABG, Coronary Artery Bypass Grafting; HRPC, High-risk plaque characteristics; CT-FFR, CT-derived fractional ﬂow reserve.


	aSignificant stenosis: defined as ≥50% stenosis of a coronary artery as assessed by Coronary Computed Tomography Angiography.









Comparison of plaque characteristics across FFR groups

On a per-patient basis, 163 (73.4%) of the 222 patients had at least one major artery with CT-FFR ≤0.8, and 165 (74.3%) exhibited at least one HRPC. Furthermore, 143 patients (64.4%) had two or more HRPC. Among the 666 coronary arteries analyzed, 290 (43.6%) had CT-FFR ≤0.8, and 247 (37.1%) exhibited at least one HRPC. Specifically, the number of vessels with each high-risk plaque feature was as follows: low-density plaque in 71 vessels (10.7%), napkin-ring sign in 180 vessels (27.0%), positive remodeling in 225 vessels (33.8%), and spotty calcification in 95 vessels (14.3%).

When comparing HRPC distribution across different CT-FFR groups, arteries with CT-FFR ≤0.8 had significantly more high-risk plaques, with 50% of these arteries containing HRPC, compared to 27.1% in arteries with CT-FFR >0.8 (P < 0.001). The proportion of arteries with 1–4 HRPC was 10%, 15.9%, 16.6%, and 7.6%, respectively, which was higher than the percentages observed in arteries with CT-FFR >0.8 (7.7%, 10.6%, 6.1%, and 2.7%; P < 0.001). Analyzing individual plaque characteristics revealed that arteries with CT-FFR ≤0.8 had significantly higher rates of low-density plaque, napkin-ring sign, positive remodeling, and spotty calcification compared to those with CT-FFR >0.8 (15.2% vs. 7.2%, 40.3% vs. 16.8%, 45.2% vs. 25%, and 21% vs. 9%, respectively; all P ≤ 0.001). These results are shown in Figure 2.


[image: Stacked bar chart compares the distribution of high-risk plaque characteristics (HRPC) according to CT-FFR values. Each vertical bar represents HRPC number, low density, napkin ring, positive remodeling, and spotty calcification across CT-FFR less than or equal to zero point eight versus greater than zero point eight. Color coding indicates presence and count of HRPC, with more positive findings in CT-FFR less than or equal to zero point eight groups. Differences are statistically significant with p-values below zero point zero zero one.]
FIGURE 2
Distribution of HRPC counts and its characteristics in two CT-FFR groups. Bar graph comparing the total number of HRPC and the distribution of specific characteristics (Low Density, Napkin Ring, Positive Remodeling, Spotty Calcification) across CT-FFR groups (≤0.8 and >0.8). Percentages indicate the proportion of cases with 0–4 HRPCs. P-values show significant differences between groups for each characteristic. CT-FFR, CTA-derived fractional flow reserve; HRPC: high-risk plaque characteristics.




Association of CT-FFR and HRPC with MACE incidence

The median follow-up duration was 22.39 months (interquartile range: 20.26–25.11 months). During this period, 52 patients (23.4%) experienced major adverse cardiovascular events (MACE). Kaplan–Meier survival analysis (Figure 3) demonstrated that patients with CT-FFR ≤0.8 had a significantly higher MACE incidence (28.2%, 46 out of 163 patients) compared to those with CT-FFR >0.8 (10.2%, 6 out of 59 patients) (log-rank test, P = 0.009). Similarly, patients with HRPC ≥2 had a higher MACE incidence (28.7%, 41 out of 143 patients) compared to those with HRPC <2 (13.9%, 11 out of 79 patients) (P = 0.015). Combining both factors, patients in Group 4 (CT-FFR ≤0.8 and HRPC ≥2) exhibited the highest MACE incidence (33.6%, 37 out of 110 patients, P = 0.006), demonstrating a clear gradient of risk across different CT-FFR and HRPC combinations, as illustrated in Figure 3.


[image: Three Kaplan-Meier survival curves labeled panels A, B, and C compare survival probability across time in months among patient subgroups. Panel A contrasts groups with values above and below or equal to 0.8, showing worse survival for the ≤0.8 group. Panel B contrasts groups with values below and above or equal to 2, indicating worse survival for the ≥2 group. Panel C displays four groups (Groups 1–4) with worsening survival from Group 1 to Group 4. p-values indicate statistically significant differences. Numbers at risk tables are shown below each plot for clarity.]
FIGURE 3
Kaplan–Meier curves and percentages of patients who experienced MACEs at different groups. (A) Patients with CT-FFR >0.8 or CT-FFR ≤0.8. (B) Patients with HRPC <2 or HRPC ≥2. (C) Patients were categorized into four groups based on CT-FFR and HRPC: Group 1 (CT-FFR >0.8 and HRPC <2), Group 2 (CT-FFR >0.8 and HRPC ≥2), Group 3 (CT-FFR ≤0.8 and HRPC < 2), and Group 4 (CT-FFR ≤0.8 and HRPC ≥2). CT-FFR, CTA-derived fractional flow reserve; HRPC, high-risk plaque characteristics. *Proportions of MACEs incidence in each group.




Independent predictive value of CT-FFR and HRPC for MACE

Univariate Cox regression analysis results, presented in Appendix Table S1, revealed that both CT-FFR ≤0.8 and HRPC ≥2 were significantly associated with an increased risk of MACE. These findings were further supported by multivariate Cox regression analysis (Table 2), which adjusted for potential confounders such as age, sex, smoking status, hyperlipidemia, coronary stenosis, and treatment modality, as well as mutually adjusting for CT-FFR and HRPC. In this analysis, both CT-FFR ≤0.8 [hazard ratio [HR]: 2.62, 95% confidence interval (CI): 1.06–6.47, P = 0.036] and HRPC ≥2 (HR: 2.39, 95% CI: 1.20–4.77, P = 0.014) remained independent predictors of MACE. Moreover, combining both factors showed that patients in Group 4 had a 6.06-fold increased risk of MACE compared to those in Group 1 (95% CI: 1.38–26.52, P = 0.017), highlighting the combined prognostic value of these markers, as shown in Table 2.



TABLE 2 Association between CT-FFR, HRPC, and their combinations with the risk of MACE.



	Groups
	Model 1
	Model 2
	Model 3



	HR (95% CI)
	P
	HR (95% CI)
	P
	HR (95% CI)
	P





	CT-FFR >0.8
	Ref
	—
	Ref
	—
	Ref
	—



	CT-FFR ≤0.8
	2.97 (1.27–6.95)
	0.012
	3.09 (1.31–7.28)
	0.010
	2.62 (1.06–6.47)†
	0.036



	HRPC <2
	Ref
	—
	Ref
	—
	Ref
	—



	HRPC ≥2
	2.24 (1.15–4.36)
	0.017
	2.46 (1.25–4.86)
	0.009
	2.39 (1.2–4.77)§
	0.014



	HRPC + CT-FFR



	 Group 1
	Ref
	—
	Ref
	—
	Ref
	—



	 Group 2
	1.77 (0.32–9.64)
	0.512
	2.01 (0.37–11.04)
	0.421
	2.27 (0.41–12.54)
	0.349



	 Group 3
	2.41 (0.52–11.13)
	0.262
	2.58 (0.56–11.96)
	0.227
	2.51 (0.53–11.89)
	0.245



	 Group 4
	5.09 (1.23–21.10)
	0.025
	6.03 (1.43–25.42)
	0.014
	6.06 (1.38–26.52)
	0.017




	HR, hazard ratio; CI, confidence interval; MACE, major adverse cardiovascular events; CT-FFR, computed tomography-derived fractional flow reserve; HRPC, high-risk plaque characteristics.


	Group 1, CT-FFR >0.8&HRPC <2; Group 2, CT-FFR >0.8&HRPC ≥2; Group 3, CT-FFR ≤0.8&HRPC <2; Group 4, CT-FFR ≤0.8&HRPC ≥2.


	Model 1: Unadjusted.


	Model 2: Model 1 + age, gender and smoking.


	Model 3: Model 2 + hyperlipidemia, significant stenosis, revascularization (percutaneous coronary intervention or coronary artery bypass grafting), and additionally adjusted for HRPC and CT-FFR where applicable.


	†Additional adjusted for HRPC (<2 or ≥2).


	§Additional adjusted for CT-FFR (>0.8 or ≤0.8).







Subgroup analyses (Figure 4) were conducted to explore potential variations in the predictive value of CT-FFR and HRPC across different patient groups. However, no significant interaction effects were found for either CT-FFR or HRPC (all P for interaction >0.05). Additionally, HRPC's predictive value remained consistent across different CT-FFR strata (P for interaction = 0.929), confirming the robustness of these markers in predicting MACE.


[image: Panel A displays a forest plot and table analyzing hazard ratios for subgroups based on CT-FFR values, age, gender, and diabetes status, with significant results for females, non-diabetics, and the overall total. Panel B shows a similar subgroup analysis for HRPC scores, listing hazard ratios, confidence intervals, and p-values, highlighting significance for males, those with diabetes, and the overall total.]
FIGURE 4
Associations between CT-FFR (A) and HRPC (B) and the risk of experiencing MACE among patients with newly diagnosed CCS in different subgroups. HRs were adjusted for age, gender, smoking status, hyperlipidemia, significant coronary stenosis, and revascularization (percutaneous coronary intervention or coronary artery bypass grafting). Additionally, adjustments were made for HRPC (in A) and CT-FFR (in B) where applicable. HR, hazard ratio; CI, confidence interval; MACE, major adverse cardiovascular events; CCS, chronic coronary syndrome; CT-FFR, computed tomography-derived fractional flow reserve; HRPC, high-risk plaque characteristics;.




Improvement of cardiovascular risk prediction

Incorporating CT-FFR and HRPC into traditional cardiovascular risk prediction models significantly enhanced their predictive performance (Table 3). The base model, which included age, sex, smoking status, hyperlipidemia, significant coronary stenosis, and revascularization, had a C-index of 0.621 and an area under the receiver operating characteristic curve (AUC) of 0.641. Adding either CT-FFR or HRPC individually improved model performance, with significant improvements in both the net reclassification improvement (NRI) and integrated discrimination improvement (IDI) (all NRI P-values ≤0.006; all IDI P-values ≤0.012).



TABLE 3 Improvement in MACE risk reclassiﬁcation and discrimination with CT-FFR and HRPC.



	Reference
	Comparison model
	C index (95%CI)§
	P
	AUC
	P
	NRI (95% CI)
	P
	IDI (95% CI)
	P





	BM†
	—
	0.621 (0.533–0.709)‡
	—
	0.641‡
	—
	—
	—
	—
	—



	BM
	BM + CT-FFR
	0.653 (0.574–0.731)
	0.157
	0.681
	0.143
	0.393 (0.170–0.615)
	<0.001
	0.026 (0.006–0.047)
	0.012



	BM
	BM + HRPC
	0.664 (0.583–0.746)
	0.078
	0.677
	0.201
	0.377 (0.111–0.643)
	0.006
	0.030 (0.008–0.052)
	0.007



	BM
	BM + CT-FFR + HRPC
	0.688 (0.613–0.762)
	0.021
	0.712
	0.038
	0.532 (0.248–0.816)
	<0.001
	0.056 (0.025–0.087)
	<0.001



	BM + CT-FFR
	BM + CT-FFR + HRPC
	—
	0.237
	—
	0.180
	0.377 (0.111–0.643)
	0.006
	0.030 (0.007–0.053)
	0.010



	BM + HRPC
	BM + CT-FFR + HRPC
	—
	0.214
	—
	0.110
	0.393 (0.170–0.615)
	<0.001
	0.026 (0.005–0.047)
	0.017




	HR, hazard ratio; CI, confidence interval; MACE, Major adverse cardiovascular events; CT-FFR, Computed tomography-derived fractional flow reserve; HRPC, High-risk plaque characteristics; C-index, Harrell's concordance index; AUC, area under the receiver operating characteristic curve; NRI, net reclassification improvement; IDI, integrated discrimination improvement.


	Bold text indicates that the result is statistically significant.


	†BM (The basic model) included age, gender, smoked or smoking, hyperlipidemia, one or more vessels with stenosis≥50% and revascularization (percutaneous coronary intervention or coronary artery bypass grafting).


	§C-index calculated using 10,000 bootstrap samples.


	‡C-index and AUC values in the first row correspond to the Basic Model (BM). In subsequent rows, these values correspond to the Comparison Models.







As shown in Table 3, the addition of CT-FFR and HRPC to the base model significantly improved model performance. Relative to the base model (BM), the following incremental changes were observed: BM → BM + CT-FFR: ΔC-index: +0.032, ΔAUC: +0.040, NRI: 0.393 (P < 0.001), IDI: 0.026 (P = 0.012); BM → BM + HRPC: ΔC-index: +0.043, ΔAUC: +0.036, NRI: 0.377 (P = 0.006), IDI: 0.030 (P = 0.007); BM → BM + CT-FFR + HRPC: ΔC-index: +0.067, ΔAUC: +0.071, NRI: 0.532 (P < 0.001), IDI: 0.056 (P < 0.001). Compared with either predictor alone, the combined model demonstrated superior reclassification (NRI: 0.377–0.393) and discrimination (IDI: 0.026–0.030). All C-index values were obtained from 10,000 bootstrap samples, and continuous NRI and IDI were used.

Notably, the greatest improvement was observed when both CT-FFR and HRPC were added simultaneously. Compared to adding either marker alone, the combination resulted in significantly greater improvements in NRI and IDI (all P-values ≤0.006 for NRI; all P-values ≤0.017 for IDI). Furthermore, adding both CT-FFR and HRPC led to significant improvements over the base model in both C-index, increasing from 0.621 to 0.688 (P = 0.021), and AUC, increasing from 0.641 to 0.712 (P = 0.038). These results highlight the superior predictive power of using both CT-FFR and HRPC together to identify high-risk patients and enhance cardiovascular risk prediction (Table 3, Figure 5).


[image: Receiver operating characteristic (ROC) curve comparing four models for diagnostic performance, each represented by a different line color. Area under the curve (AUC) values are provided in the embedded legend, ranging from 0.641 for the basic model to 0.712 for the model including CT-FFR and HRPC. Axes indicate sensitivity and 1 minus specificity.]
FIGURE 5
ROC curves comparing the predictive performance of different models for predicting MACE. The basic model included age, gender, smoked or smoking, hyperlipidemia, one or more vessels with stenosis≥50% and revascularization (percutaneous coronary intervention or coronary artery bypass grafting). MACE, major adverse cardiovascular events; CT-FFR, computed tomography-derived fractional flow reserve; HRPC, high-risk plaque characteristics.





Discussion

To our knowledge, this is the first study to evaluate the combined prognostic value of AI-based CT-FFR and HRPC for risk stratification in patients with CAD. Our findings highlight three key points: First, vessels with CT-FFR ≤0.8 were significantly more likely to exhibit HRPC. Second, both CT-FFR ≤0.8 and HRPC ≥2 were independent predictors of MACE, even after adjusting for multiple confounding factors. Third, patients with both CT-FFR ≤0.8 and HRPC ≥2 had the worst prognosis, with the combination of these two metrics providing the highest predictive accuracy. These results suggest that the simultaneous use of CT-FFR and HRPC, both of which can be easily obtained from coronary CTA, may offer significant clinical utility for risk stratification.

The overall MACE incidence in this study (23.4% over a median follow-up of 22 months) was higher than that reported in large multicenter trials such as DISCHARGE and SCOT-HEART, mainly due to differences in endpoint definitions and study populations. Our definition of MACE was broader, including cardiovascular death, nonfatal myocardial infarction, revascularization (PCI or CABG), and rehospitalization for heart failure or severe angina, whereas those prior trials focused primarily on hard endpoints such as all-cause death, cardiovascular death, and nonfatal stroke. Moreover, our study enrolled hospitalized patients with chronic coronary syndrome (CCS) who generally present with more advanced disease, multiple comorbidities, and higher intervention rates than the outpatient or lower-risk populations in DISCHARGE and SCOT-HEART, which reasonably explains the higher cumulative event rate observed during a comparable follow-up period.

Our findings demonstrated a clear association between CT-FFR and HRPC. Vessels with CT-FFR ≤0.8 were significantly more likely to have HRPC, and the proportion of vessels with multiple HRPC was higher in this group. Each high-risk plaque feature—including low-density plaque, napkin-ring sign, positive remodeling, and spotty calcification—was more frequent in vessels with CT-FFR ≤0.8. These observations are consistent with prior research, including the PACIFIC trial (27), which demonstrated a similar association with invasive FFR. Other studies, including those by Otaki et al. (28) and Lee et al. (29), confirmed that HRPC are associated with both CT-based and invasive FFR, regardless of stenosis severity. Most prior studies relied on 64-slice or higher CT scanners (7, 29–31), whereas our study used 320-slice or dual-source CT scanners, which may have improved the detection of high-risk plaques (32–34).

CT-FFR has been widely validated as an independent predictor of adverse outcomes in patients with stable CAD. It offers a functional assessment of ischemia, complementing anatomical measures of stenosis severity. Our findings are consistent with previous studies showing that patients with CT-FFR ≤0.8 have worse outcomes compared to those with higher values (14, 35, 36). Importantly, AI-based CT-FFR is a non-invasive tool that provides quick and reliable results, reducing unnecessary invasive testing (37, 38), lowering healthcare costs, and offering valuable prognostic insights (39, 40). Previous research has demonstrated that AI-based CT-FFR performs well in identifying functional ischemia, further supporting its clinical utility (41, 42). By incorporating CT-FFR into routine clinical practice, it may be possible to avoid up to 57% of unnecessary invasive procedures (38), making it especially beneficial in high-risk populations or in situations where invasive testing poses additional risk (43, 44).

Coronary artery stenosis and ischemia alone do not fully capture cardiovascular risk, as they overlook key plaque characteristics crucial for predicting outcomes (16, 45–47). For example, while only 42% of patients with acute myocardial infarction had >50% stenosis, 92% showed evidence of coronary plaque (48). Beyond ischemia, HRPC identified via CTA have proven essential for diagnosing CAD and predicting outcomes, consistent with prior studies (19, 30, 49). The ROMICAT-II trial found that HRPC independently predicted acute myocardial infarction, even in patients with normal ECG and troponin levels (30). Long-term studies with follow-up periods of 7.8–10.5 years have also demonstrated that spotty calcification, low-density plaque, and napkin-ring sign strongly predict MACE, beyond stenosis and traditional risk factors (6, 7, 50). In our study, we used HRPC ≥2 as a threshold for comprehensive risk assessment, a method supported by a meta-analysis of 30 studies that demonstrated its highest predictive accuracy for MACE (19). Additionally, HRPC ≥2 was more effective for risk stratification than calcium scores or the Framingham risk score in patients with acute stroke and no prior CAD history (20).

Crucially, our findings demonstrate that CT-FFR and HRPC are not only correlated but also provide complementary information for predicting MACE in CAD patients. Incorporating either metric into traditional risk models enhanced predictive accuracy, with the most significant improvement observed when both were combined. The addition of both CT-FFR and HRPC significantly increased the C-index, AUC, NRI, and IDI (all P ≤ 0.038), whereas neither marker alone had such a profound effect. This suggests that ischemic burden and plaque vulnerability are independent yet synergistic risk factors for adverse outcomes in CAD (10, 51). For instance, even in patients with FFR >0.8, the presence of HRPC increased the risk of MACE (11). Additionally, HRPC adds prognostic value in patients with FFR <0.8 before PCI and FFR >0.8 after PCI, with HRPC ≥2 predicting worse outcomes (52). The SCOT-HEART trial similarly demonstrated that patients with both significant stenosis and high-risk plaques were at the greatest risk (53), a pattern also seen in post-myocardial infarction patients (10) and those with multivessel disease (49). Furthermore, the NXT sub-study confirmed that CT-FFR maintains high diagnostic accuracy for ischemic lesions across various levels of plaque calcification, reinforcing its utility in diagnosing functionally significant ischemia (54).

In this study, the combination of CT-FFR and HRPC provided incremental prognostic value beyond either parameter alone. CT-FFR reflects the functional significance of coronary stenosis, whereas HRPC captures plaque vulnerability; integrating both enables a more comprehensive assessment of ischemic and morphological risk. The complementary prognostic information from CT-FFR and HRPC is supported by prior landmark work: noninvasive CT-FFR has shown strong diagnostic performance (42), while CTA-defined high-risk plaque features—including positive remodeling, low-attenuation plaque, and spotty calcification—predict future acute coronary syndromes (55); the napkin-ring sign further indicates advanced atherosclerotic lesions on histology (25). Reviews underscore that combining functional and morphological CT metrics can enhance prognostic accuracy and decision-making (54). Outcome-oriented studies of FFRCT-guided strategies also support clinical utility in real-world settings (40). Together, these data and our findings suggest that integrated CT-FFR plus HRPC evaluation may better identify high-risk CCS inpatients who could benefit from intensified therapy or closer surveillance, supporting individualized inpatient management.

These findings have significant clinical implications. Combining CT-FFR with HRPC offers a more comprehensive risk assessment, particularly in patients with CT-FFR ≤0.8 and HRPC ≥2, where the combined approach significantly enhances risk stratification. This method can help guide clinical decision-making and optimize treatment plans. Additionally, both CT-FFR and HRPC are non-invasive and can be derived from the same coronary CTA images, making this approach both cost-effective and practical, especially in resource-limited settings. Although our study focused on a subset of newly diagnosed, non-emergency CAD patients, excluding those with myocardial infarction, the integration of these two metrics may have broader implications for risk prediction across the full spectrum of CAD. This combined approach holds potential for improving risk assessment and treatment strategies in a wider range of CAD populations. Nevertheless, larger studies are required to further validate these findings and explore their full clinical potential.


Limitations

This study has several limitations. First, being a single-center study with a relatively small sample size, its findings may not be broadly generalizable. Second, as this study focused primarily on CT-FFR and HRPC, and only a portion of patients underwent invasive coronary angiography (ICA), we did not include ICA results in our analysis. However, we did adjust for coronary stenosis based on CTA findings. As a registry-based observational study, no prospective sample-size estimation was performed. The limited number of MACE events may have reduced the statistical power, particularly for subgroup and interaction analyses; therefore, these results should be interpreted as exploratory. Lastly, as an observational study, this research does not explore the effects of therapeutic interventions in patients with high HRPC and low CT-FFR. Future studies should focus on larger multicenter cohorts and interventional research to validate the prognostic utility of combining HRPC and CT-FFR.




Conclusion

The combination of AI-derived CT-FFR and HRPC significantly improves cardiovascular risk prediction in newly diagnosed chronic coronary syndrome. Patients with both CT-FFR ≤0.8 and HRPC ≥2 are at the highest risk of adverse outcomes, and combining these metrics enhances risk stratification and supports more informed clinical decisions. While these findings are promising, larger multicenter studies are needed to confirm these results and further establish the clinical value of integrating CT-FFR and HRPC.
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Background: Coronary heart disease (CHD) is the leading cause of death from cardiovascular diseases. Previous studies related to traditional Chinese medicine (TCM) mostly lacked objective basis for TCM syndrome types, which may affect the accuracy of syndrome differentiation.



Objective: To explore the distribution pattern of TCM syndrome types in patients with CHD, analyze its correlation with TCM symptoms and myocardial injury markers.



Method: This study adopted a cross-sectional research design. A total of 1,503 patients with CHD from January 2023 to January 2025 were included. The clinical and TCM four diagnostic data of the selected patients were systematically collected, aiming to analyze the association between TCM syndrome types and TCM symptoms as well as myocardial injury markers, and to construct and verify the predictive model of TCM syndrome types.



Result: A total of 1435 patients were included and grouped according to the syndrome types in TCM. The main types were 295 cases (20.5%) of phlegm blocking the heart meridian syndrome, 289 cases (20.1%) of qi and Yin deficiency syndrome, 257 cases (17.9%) of heart and kidney Yin deficiency syndrome, 199 cases (13.8%) of qi deficiency and blood stasis syndrome, 177 cases (12.3%) of qi stagnation and blood stasis syndrome, and 186 cases (12.9%) of heart blood stasis obstruction syndrome. BNP and NT-proBNP were statistically significant differences among different TCM syndrome types (P < 0.05). Further, unordered multi-class regression analysis was used to compare the differences in TCM symptom indicators among different TCM syndrome types. Meaningful statistical results and TCM symptoms were combined for discriminant analysis of TCM syndrome types (coincidence rate of discrimination = 62.8%), and machine learning models (LGBM, XGBoost, etc.) were used to construct TCM syndrome type prediction models. Ultimately, the best-performing model LGBM (validation set accuracy = 72.51%) was selected and SHAP was used to explain the contribution of the model.



Conclusion: The combination of TCM symptoms and myocardial injury markers can be used to distinguish and predict the syndrome types of patients.



KEYWORDS
coronary heart disease, discriminant analysis, markers of myocardial injury, predictive model, TCM syndrome types





1 Introduction

The “Summary of the 2023 China Cardiovascular Health and Disease Report” (1) shows that the current number of people suffering from CHD is 11.39 million. Globally, cardiovascular diseases (CVDs) are the leading cause of morbidity and mortality, incurring significant social and economic costs. Among them, CHD is the leading cause of death from cardiovascular diseases worldwide (2). Although percutaneous coronary intervention (PCI) and drug therapy have improved clinical outcomes, the management of CHD still faces challenges in terms of risk stratification and personalized treatment, especially the combination of TCM and evidence-based Western medicine (3).

The TCM syndrome differentiation of CHD, such as “blood stasis blocking the heart” and “phlegm-dampness blocking the meridians”, has long been used to guide treatment strategies. However, their clinical application is limited by subjective diagnostic criteria relying on symptomatology, and there is a lack of biomarkers to verify the syndrome differentiation (4). This ambiguity may lead to inconsistent treatment responses and hinder the standardization of TCM protocols in modern cardiology.

More and more evidence indicates that biomarkers of myocardial injury, such as lactate dehydrogenase (LDH), cardiac troponin (cTnT), and N-terminal pro-brain natriuretic peptide (NT-proBNP) (5), not only reflect myocardial pathophysiology but may also be related to TCM syndrome types. For instance, elevated LDH is associated with tissue hypoxia and microcirculation dysfunction, which may be consistent with the pathogenesis of “phlegm and blood stasis” in TCM (6); Similarly, NT-proBNP, a marker of ventricular wall pressure, may reflect the “Yang deficiency and water retention” syndrome characterized by fluid retention and autonomic nerve imbalance (7); cTnT has the highest level in “Qi deficiency and blood stasis syndrome”, followed by “Yang deficiency and water retention syndrome” and “Qi and Yin deficiency syndrome”, which may be related to myocardial microcirculation disorders associated with CHD (8). Despite these hypotheses, systematic studies on the biomolecular characteristics of TCM syndrome types of CHD remain scarce. Existing studies often have small sample sizes, high heterogeneity in syndrome classification, and insufficient statistical methods to handle high-dimensional data. Therefore, strictly designed studies are needed to clarify syndrome-specific biomarkers.

Here, we conducted a cross-sectional analysis of 1,435 patients with CHD confirmed by coronary angiography, aiming to explore the distribution characteristics of TCM syndrome types in patients with CHD and analyze the correlation between myocardial injury markers (e.g., LDH, cTnT, N-proBNP, etc.) and TCM syndrome types was further explored. The predictive value of these biomarkers for differentiating TCM syndrome types was further investigated. Finally, the relevant factors were screened through multiple disordered logistic regression analysis. The discriminant and predictive model of TCM syndrome types for CHD were finally established, and Shapley Additive Explanatory Values (SHAP) was used to explain the contribution of the predictive model.

Our research aims to bridge the gap between TCM syndrome differentiation and objective biomarkers, enhance the accuracy of syndrome differentiation, and provide a framework for precise medical treatment of CHD, with the expectation of offering ideas for the objectification and standardization of TCM syndrome type research on CHD. The flowchart is shown in Figure 1.


[image: Flowchart illustrating patient enrollment and analysis in a study of coronary heart disease between 2023 and 2025. Patients are filtered for complete information, classified by traditional Chinese medicine syndrome types, statistically analyzed, and used to construct a prediction model.]
FIGURE 1
Flowchart.




2 Materials and methods


2.1 Clinical data


2.1.1 Source of research subjects

This study included 1,435 patients with CHD who were hospitalized in Shuguang Hospital Affiliated to Shanghai University of Traditional Chinese Medicine, Yueyang Hospital Affiliated to Shanghai University of Traditional Chinese Medicine, Shanghai Yangpu District Hospital of Traditional Chinese Medicine, Shanghai Antu Branch of Yangpu District Central Hospital, and Shanghai Jiading District Central Hospital from January 2023 to January 2025.



2.1.2 Diagnostic criteria

The diagnostic criteria for CHD in Western medicine: If coronary angiography (CAG) reveals that the diameter of the subepicardial coronary artery is narrowed by more than 50%, and the patient has typical angina pectoris symptoms, and there is evidence of ischemic changes on the electrocardiogram (such as ST-segment elevation or lowering, T-wave inversion, etc.), CHD can be diagnosed (9).There are two major types of CHD in the guidelines, namely Chronic coronary syndrome (CCS) and acute coronary syndrome (ACS). The former is further divided into stable angina pectoris, ischemic cardiomyopathy and latent cardiomyopathy. The latter is divided into Unstable angina (UA) and ST-segment elevation myocardial infarction (STEMI) and non-ST-segment elevation myocardial infarction (NSTEMI).

The criteria for TCM diagnosis and treatment of CHD in our research group: According to the “Guidelines for the Diagnosis and Treatment of Stable Angina Pectoris in Coronary Heart Disease with Traditional Chinese Medicine” (10), patients with CHD are classified into eight syndrome types: Qi and Yin deficiency syndrome, phlegm blocking the heart meridian syndrome, heart and kidney Yin deficiency syndrome, Qi stagnation and blood stasis syndrome, heart blood stasis obstruction syndrome, Qi deficiency and blood stasis syndrome, Yang Qi deficiency and decline syndrome, and Yin cold stagnation syndrome. (The clinical manifestations are as Supplementary Appendix AI).



2.1.3 Inclusion criteria

① It meets the Western medical diagnostic criteria for CHD; ② Age: 35–85 years old. ③ Informed consent of the patient; ④ The clinical literature and materials are complete and accurate.



2.1.4 Exclusion criteria

① Patients with acute or chronic nephritis, urinary tract infections, hypertrophic cardiomyopathy, trauma, surgery, acute infectious diseases and severe liver or kidney dysfunction; ② Pregnant and lactating women, and those with mental disorders; ③ Subjects who voluntarily propose to withdraw; ④ In cases where serious complications occur or the condition deteriorates during the research process and emergency measures need to be taken; ⑤ Incomplete clinical data or those that do not conform to the data collection process.



2.1.5 Research methods

This study adopted a cross-sectional research design and included 1,435 patients with CHD. General information, disease diagnosis, TCM symptoms, and myocardial injury markers of the patients were collected.

The TCM symptoms were collected based on the TCM consultation information collection form for CHD made by our research group (see Supplementary Appendix AII). This scale includes a total of 275 symptoms and signs, including general conditions (such as gender, age, height, weight, past medical history and family history, etc.), specialized inquiries (palpitations, chest tightness, chest pain, shortness of breath/shortness of breath, etc.), systemic inquiries (chills and fever, sweating, head, body, chest and abdomen, diet, sleep, defecation and urination, etc.) and other conditions (exercise status, information on the patient's tongue, face, pulse, etc.). As this syndrome type analysis was grouped based on TCM syndrome types, the items were screened in combination with clinical experience and TCM theories, and the symptoms and signs that have reference value for diagnosis were retained, totaling 141.

This research has been reviewed and approved by the Ethics Committee of Shanghai University of Traditional Chinese Medicine, with the approval number: 2023-3-10-08-07 (see Supplementary Appendix AIII). At the same time, it is confirmed that informed consent has been obtained from the research participants and that compliance with the guidelines outlined in the Helsinki Declaration has been confirmed.



2.1.6 General information

The patient's age, gender, Body Mass Index (BMI), TCM symptoms and other information, as well as past medical history and risk factors, such as: history of hypertension, history of diabetes, history of hyperlipidemia, history of hyperuricemia, history of cerebral infarction, history of chronic gastritis, history of malignant tumors, history of smoking, history of drinking, etc.



2.1.7 Markers of myocardial injury

Creatine kinase isoenzyme (CK-MB), creatine kinase (CK), lactate dehydrogenase (LDH), aspartate aminotransferase (AST), troponin I (cTnI), troponin T (cTnT), hypersensitive troponin (hs-cTnI), myoglobin (MYO), heart-type fatty acid binding protein (H-FABP), brain Natriuretic peptide (BNP), N-terminal pro-B-type natriuretic peptide (NT-proBNP).



2.1.8 Quality control

All the clinical data required for this research were sourced from the hospital. The data entry was completed by two people (Zhou Mi and Xiao Xin ‘ang). They carefully checked the data needed for this research, strictly followed the established diagnostic criteria for TCM syndrome types (10) to conduct syndrome differentiation for patients with CHD, and used a unified TCM consultation information collection form for CHD to enter the data. After the data entry was completed, the two people carefully checked and proofread. If there are any objections, please have the third chief physician of TCM (Xu Zhaoxia) make the ruling.



2.1.9 Statistical methods

Data analysis was conducted using SPSS 27.0 statistical software. Counting data are expressed in absolute numbers and relative numbers (%). Measurement data conforming to the normal distribution were expressed as (z ± s), and those not conforming to the normal distribution were expressed as M(P25, P75). The chi-square test was used for the comparison between groups of count data, and a two-sided P < 0.05 was statistically significant. One-way analysis of variance (ANOVA) or Kruskal–Wallis H test was used for the comparison between groups of measurement data. A two-sided P < 0.05 was statistically significant.

The modeling plan of this research is divided into principal analysis and exploratory analysis. Among them, establishing a predictive model is the principal analysis, while unordered multiple logistic regression and discriminant analysis are exploratory analyses.

Unordered multiple logistic regression was used to analyze the symptom indicators of TCM. The above baseline data with statistical significance, myocardial injury markers, and symptom indicators of TCM were analyzed for discriminant analysis and a discriminant analysis model was constructed. The prediction accuracy of each TCM syndrome type was calculated and a typical function classification graph was drawn. The included indicators were feature screened through the Boruta method, and finally, machine learning was used to construct a multi-classification prediction model for the main syndrome types. Machine learning algorithms can extract useful information from massive amounts of data and make objective and accurate predictions through algorithm models. We hope to analyze baseline data, myocardial injury markers and TCM symptoms through machine learning to more comprehensively assess their application value in predicting TCM syndrome types. The predictive capabilities of five different models (XGBoost, LGBM, Logistic, Random Forest and GBDT) were compared. The cross-validation method was adopted with 5 times and 88 random seeds. The accuracy was calculated, and the learning curve and confusion matrix heat map were drawn. During each modeling process, the dataset is randomly divided into a training set and a test set in a ratio of 8.5:1.5. The training set is used for model training, while the test set is used to verify model performance. The classification metrics used to evaluate the performance of model training and validation include accuracy, precision, recall, support and F1 Score.

To enhance the credibility of the model and facilitate its use by clinicians, it is necessary not only to report the prediction results but also to explain the model. In our study, we used SHAP for visual analysis. The SHAP value not only reveals the significance of features but also provides a quantitative indicator to evaluate the contribution of each feature to the prediction results, which enables us to accurately compare the impact of different baseline data, myocardial injury markers, and TCM symptoms on the model output results. This study will utilize the best machine learning algorithm for TCM syndrome types and use the Jizhi Analysis platform to plot the SHAP value of each sample, the vertical axis represents variables, with the higher the elevation, the greater the importance. The horizontal axis represents numerical values. Different colors in the graph represent different types of TCM syndromes, and the larger the area, the greater the importance of the variable to a certain syndrome type.





3 Results


3.1 Comparison of data on different TCM syndrome types in patients with CHD


3.1.1 Distribution frequency of TCM syndrome types of CHD

As shown in Figure 2, the results of this study indicate that the distribution of various syndrome types among 1,435 CHD patients is as follows: There were 295 cases (20.5%) of phlegm blocking the heart meridian syndrome, 289 cases (20.1%) of Qi and Yin deficiency syndrome, 257 cases (17.9%) of heart and kidney Yin deficiency syndrome, 199 cases (13.8%) of Qi deficiency and blood stasis syndrome, 177 cases (12.3%) of Qi stagnation and blood stasis syndrome, and 186 cases (12.9%) of heart blood stasis obstruction syndrome. The sample sizes of the other syndrome types were too small. A total of 32 cases (with 2.1% of the cases being Yang Qi deficiency syndrome and Yin cold stagnation syndrome), and the specific distribution is shown in Figure 2.


[image: Pie chart illustrating the distribution of eight syndrome types in patients with coronary heart disease, with the largest portions being syndrome of deficiency and decline of Yang Qi at 20.6 percent and deficiency syndrome of both Qi and Yin at 20.1 percent. Each syndrome’s percentage and count are labeled, with the color legend on the left indicating syndrome type.]
FIGURE 2
Distribution map of the 8 major syndrome types of CHD.




3.1.2 Baseline data

This study statistically analyzed 1,403 cases of six major syndrome types with a relatively large number of syndrome types (phlegm blocking the heart meridian syndrome, Qi and Yin deficiency syndrome, heart and kidney Yin deficiency syndrome, Qi deficiency and blood stasis syndrome, Qi stagnation and blood stasis syndrome, and heart blood stasis blocking syndrome). Chi-square test and Kruskal–Wallis H test were used to statistically analyze the baseline differences among patients of the six syndrome types. The results showed that the differences in BMI, Pulmonary artery systolic pressure, disease course, White blood cell(WBC), High-density lipoprotein cholesterol(HDL) among the six syndrome types were statistically significant (P < 0.05), as detailed in Table 1.



TABLE 1 Baseline data analysis of patients with different TCM syndrome types of CHD.



	Variable name
	
	1 (n = 289)
	2 (n = 177)
	3 (n = 295)
	4 (n = 257)
	5 (n = 186)
	6 (n = 199)
	Z
	p





	Gneder, n (%)
	Female
	136 (47.059)
	94 (53.107)
	118 (40.000)
	121 (47.082)
	80 (43.011)
	95 (47.739)
	9.035
	0.108



	Male
	153 (52.941)
	83 (46.893)
	177 (60.000)
	136 (52.918)
	106 (56.989)
	104 (52.261)



	Age
	
	69.000 [61.000,75.000]
	70.000 [64.000,76.000]
	69.000 [62.000,76.000]
	70.000 [63.000,76.000]
	69.000 [64.000,74.000]
	71.000 [65.000,75.000]
	4.185
	0.523



	Systolic blood pressure (SBP)
	
	130.000 [120.000,142.000]
	130.000 [120.000,141.000]
	130.000 [122.000,142.000]
	127.000 [120.000,141.000]
	133.000 [121.000,146.000]
	133.000 [120.000,144.000]
	7.829
	0.166



	(Diastolic blood pressure) DBP
	
	78.000 [70.000,86.000]
	77.000 [70.000,82.000]
	78.000 [72.000,82.000]
	77.000 [70.000,82.000]
	77.000 [68.000,86.000]
	78.000 [72.000,83.000]
	4.061
	0.541



	Heart rate
	
	76.000 [70.000,80.000]
	75.000 [68.000,80.000]
	77.000 [66.000,80.000]
	76.000 [68.000,81.000]
	75.000 [68.000,80.000]
	75.000 [68.000,80.000]
	1.596
	0.902



	BMI
	
	24.035 [21.778,26.644]
	24.035 [21.094,26.639]
	25.381 [22.491,27.587]
	24.280 [22.032,27.239]
	24.088 [20.957,26.122]
	23.438 [21.970,25.620]
	22.368
	<0.001



	History of smoking, n (%)
	0
	200 (69.204)
	110 (62.147)
	174 (58.983)
	164 (63.813)
	115 (61.828)
	131 (65.829)
	7.485
	0.187



	1
	89 (30.796)
	67 (37.853)
	121 (41.017)
	93 (36.187)
	71 (38.172)
	68 (34.171)



	History of alcohol consumption, n (%)
	0
	212 (73.356)
	120 (67.797)
	185 (62.712)
	184 (71.595)
	127 (68.280)
	134 (67.337)
	9.057
	0.107



	1
	77 (26.644)
	57 (32.203)
	110 (37.288)
	73 (28.405)
	59 (31.720)
	65 (32.663)



	Hypertension, n (%)
	0
	77 (26.644)
	53 (29.944)
	100 (33.898)
	73 (28.405)
	71 (38.172)
	62 (31.156)
	9.083
	0.106



	1
	212 (73.356)
	124 (70.056)
	195 (66.102)
	184 (71.595)
	115 (61.828)
	137 (68.844)



	Type 2 diabetes(T2DM), n (%)
	0
	196 (67.820)
	116 (65.537)
	211 (71.525)
	175 (68.093)
	120 (64.516)
	144 (72.362)
	4.799
	0.441



	1
	93 (32.180)
	61 (34.463)
	84 (28.475)
	82 (31.907)
	66 (35.484)
	55 (27.638)



	Hyperlipidemia, n (%)
	0
	268 (92.734)
	161 (90.960)
	267 (90.508)
	238 (92.607)
	174 (93.548)
	177 (88.945)
	4.108
	0.534



	1
	21 (7.266)
	16 (9.040)
	28 (9.492)
	19 (7.393)
	12 (6.452)
	22 (11.055)



	Hyperuricemia, n (%)
	0
	281 (97.232)
	170 (96.045)
	290 (98.305)
	249 (96.887)
	183 (98.387)
	193 (96.985)
	3.333
	0.649



	1
	8 (2.768)
	7 (3.955)
	5 (1.695)
	8 (3.113)
	3 (1.613)
	6 (3.015)



	Cerebral infarction, n (%)
	0
	251 (86.851)
	150 (84.746)
	258 (87.458)
	236 (91.829)
	163 (87.634)
	173 (86.935)
	5.826
	0.324



	1
	38 (13.149)
	27 (15.254)
	37 (12.542)
	21 (8.171)
	23 (12.366)
	26 (13.065)



	Chronic gastritis, n (%)
	0
	280 (96.886)
	167 (94.350)
	280 (94.915)
	248 (96.498)
	180 (96.774)
	192 (96.482)
	3.332
	0.649



	
	1
	9 (3.114)
	10 (5.650)
	15 (5.085)
	9 (3.502)
	6 (3.226)
	7 (3.518)
	
	



	Gensini
	
	40.000 [0.000,170.000]
	30.000 [0.000,180.000]
	40.000 [0.000,150.000]
	37.500 [0.000,170.000]
	60.000 [5.000,240.000]
	37.000 [0.000,155.000]
	7.566
	0.182



	Left ventricular ejection fraction(LVEF)
	
	63.000 [58.000,67.000]
	64.000 [61.000,68.000]
	64.000 [61.000,67.000]
	64.000 [60.000,67.000]
	64.000 [62.000,67.000]
	67.000 [67.000,68.000]
	9.854
	0.079



	Pulmonary artery systolic pressure
	
	54.000 [54.000,54.000]
	49.000 [30.000,65.000]
	38.000 [24.000,57.000]
	50.000 [30.000,65.000]
	42.000 [27.000,55.000]
	46.000 [30.000,57.000]
	22.482
	<0.001



	Course of the disease
	
	1.000 [1.000,2.000]
	1.000 [1.000,2.000]
	1.000 [1.000,2.000]
	1.000 [1.000,2.000]
	1.000 [1.000,2.000]
	2.000 [1.000,2.000]
	14.830
	0.011



	Red blood cell (RBC)
	
	4.252 [3.950,4.580]
	4.398 [4.111,4.750]
	4.290 [3.900,4.670]
	4.270 [3.910,4.630]
	4.310 [3.980,4.650]
	4.375 [4.030,4.730]
	15.167
	0.010



	WBC
	
	6.000 [5.000,6.940]
	6.100 [5.500,7.430]
	6.040 [5.200,7.200]
	6.109 [5.000,7.500]
	6.110 [5.200,7.400]
	6.160 [5.200,7.400]
	3.442
	0.632



	Platelet
	
	193.449 [168.000,229.000]
	188.000 [152.000,233.000]
	187.000 [155.000,229.000]
	194.000 [166.000,230.000]
	196.000 [157.000,229.000]
	193.000 [166.000,229.000]
	2.949
	0.708



	Total cholesterol (TC)
	
	4.000 [3.280,4.630]
	3.863 [3.250,4.690]
	4.000 [3.280,4.900]
	3.900 [3.320,4.870]
	3.840 [3.260,4.670]
	3.930 [3.280,4.800]
	1.160
	0.949



	Low-density lipoprotein cholesterol (LDL)
	
	2.100 [1.720,2.710]
	2.046 [1.560,2.720]
	2.250 [1.680,3.000]
	2.129 [1.680,2.950]
	2.240 [1.570,3.000]
	2.082 [1.560,2.810]
	6.255
	0.282



	HDL
	
	1.060 [0.890,1.240]
	1.080 [0.870,1.280]
	1.120 [0.950,1.310]
	1.110 [0.960,1.300]
	1.040 [0.890,1.280]
	1.030 [0.860,1.220]
	13.984
	0.016



	TG (Triglyceride)
	
	1.300 [0.970,1.744]
	1.280 [0.900,1.890]
	1.300 [1.030,1.790]
	1.251 [0.950,1.712]
	1.290 [0.960,1.950]
	1.310 [0.960,1.850]
	1.271
	0.938




	1 Qi and Yin deficiency syndrome.


	2 Qi stagnation and blood stasis syndrome.


	3 Phlegm turbidity obstruction syndrome.


	4 Syndrome of Yin deficiency of heart and kidney.


	5 Syndrome of blood stasis in the heart.


	6 Qi deficiency and blood stasis syndrome.









3.1.3 Comparison of myocardial injury markers in patients with CHD of different TCM syndrome types

The myocardial injury markers in different TCM syndrome types groups were compared. Table 2 below shows that there were statistically significant differences in BNP and NT-proBNP indicators (P < 0.05), while the remaining indicators had no statistical significance.



TABLE 2 Analysis of differences in myocardial injury markers among patients with different TCM syndrome types of CHD.



	Variable name
	1 (n = 289)
	2 (n = 177)
	3 (n = 295)
	4 (n = 257)
	5 (n = 186)
	6 (n = 199)
	Z
	p





	AST
	21.877 [18.000,26.000]
	21.000 [17.000,27.200]
	23.700 [19.000,28.400]
	21.000 [17.500,26.700]
	21.000 [17.000,28.000]
	23.000 [18.400,28.000]
	6.410
	0.268



	CK
	75.290 [61.000,99.000]
	79.000 [61.000,95.944]
	76.000 [53.000,99.000]
	77.526 [64.000,99.468]
	78.251 [67.000,97.116]
	76.000 [58.000,99.000]
	2.300
	0.806



	LDH
	188.380 [168.000,214.309]
	187.000 [161.139,212.000]
	194.840 [170.000,224.000]
	189.000 [173.000,215.630]
	187.860 [170.000,211.000]
	190.000 [172.000,224.000]
	6.176
	0.290



	MYO
	37.396 [30.454,48.278]
	37.800 [31.601,48.792]
	36.601 [28.400,48.000]
	37.941 [31.298,50.066]
	35.747 30.000,47.700]
	37.547 [32.500,48.600]
	4.760
	0.446



	CKMB
	2.290 [1.460,6.000]
	2.290 [1.310,6.000]
	2.740 [1.510,6.000]
	2.640 [1.510,6.050]
	2.400 [1.450,5.000]
	3.000 [1.620,6.000]
	6.256
	0.282



	cTnT
	0.017 [0.008,0.024]
	0.017 [0.007,0.020]
	0.016 [0.007,0.028]
	0.020 [0.008,0.040]
	0.020 [0.008,0.033]
	0.019 [0.007,0.027]
	7.350
	0.196



	BNP
	107.657 [64.563,193.822]
	116.849 [62.783,239.925]
	113.167 [59.320,253.864]
	121.819 [65.662,252.054]
	114.580 [70.654,201.828]
	145.940 [90.630,224.263]
	11.731
	0.039



	NT-proBNP
	250.400 [124.238,589.714]
	255.600 [95.000,477.900]
	223.203 [70.000,492.032]
	265.400 [131.200,669.500]
	249.060 [98.766,550.953]
	286.686 [133.643,653.423]
	11.761
	0.038




	1 Qi and Yin deficiency syndrome.


	2 Qi stagnation and blood stasis syndrome.


	3 Phlegm turbidity obstruction syndrome.


	4 Syndrome of Yin deficiency of heart and kidney.


	5 Syndrome of blood stasis in the heart.


	6 Qi deficiency and blood stasis syndrome.










3.2 Discriminant analysis of different syndrome types based on baseline data, TCM symptoms, and myocardial injury markers

This study took the syndrome types of TCM as the dependent variable and used TCM symptom indicators such as palpitations, chest tightness, shortness of breath, and chest pain as independent variables for unordered multi-class logistic regression analysis. Due to the excessive number of symptom indicators in TCM, the baseline data with statistical differences in the above statistical results, the symptom indicators of TCM and the myocardial injury marker indicators (BNP, NT-proBNP) were discriminated and analyzed to construct the discriminant.The specific results of the unordered multi-class logistic regression analysis can be found in Supplementary Material Table S1.

A total of 32 indicators were ultimately included in the discriminant analysis, and a classification variable based on TCM syndrome types was established: BMI (X1), chest pain (X2), pain on the inner side of the shoulder and arm (X3), distending pain (chest) (X4), dull pain (chest) (X5), emotional distress induced (X6), alcohol or overeating induced (X7), rainy days induced (X8), relief after rest (X9), fatigue and reluctance to speak (X10), forgetfulness (X11), spontaneous sweating (X12), dizziness (X) 13) Dry eyes (X14), tinnitus (X15), distension in the flanks (X16), general body aches (X17), preference for cold drinks (X18), constipation (X19), frequent urination at night (X20), insomnia (X21), irritability (X22), anxiety/depression (X23), sallow complexion (X24), red tongue (X25), dark purple tongue (X) 26), plump tongue (X27), scanty coating (X28), mirror tongue (X29), taut pulse (X30), BNP (X31), NT-proBNP (X32) are the independent variable discriminant equations. The coefficients of the discriminant analysis classification function are shown in Table 3, as detailed below, Table 4 shows the dialectical results of the discriminant analysis:


	1.Y1 = 0.834X1−0.259X2−0.473X3 + 1.024X4 + 0.269X5−1.108X6 +  1.542X7−2.257X8 + 3.626X9 + 2.902X10 + 0.780X11 + 2.182X12 +  2.248X13−0.627X14 + 1.022X15 + 0.200X16−0.294X17 − 0.204X18 + 1.018X19 + 0.918X20 + 1.116X21 + 0.416X22 + 0.940X23−0.971X24 + 2.423X25 + 1.929X26 + 0.896X27 + 1.584X28  + 1.424X29 + 1.669X30 + 0.001X31 + 0.000X32−16.569

	2.Y2 = 0.816X1 + 3.641X2−1.619X3 + 3.649X4−2.808X5 + 4.844X6− 0.988X7−1.622X8 + 2.184X9 + 2.362X10 + 0.321X11 + 0.407X12 + 1.018X13 + 0.102X14 + 1.329X15 + 2.315X16 + 0.127X17− 0.142X18 + 0.550X19 + 0.836X20 + 0.576X21 + 2.513X22 +  3.401X23 + 1.443X24 + 2.518X25 + 2.814X26 + 0.798X27 +  3.173X28 + 4.565X29 + 2.857X30 + 0.001X31 + 0.000X32−19.664

	3.Y3 = 0.857X1 + 0.558X2 + 0.850X3 + 1.411X4 + 2.773X5−1.115X6 +  3.257X7−0.703X8 + 2.649X9 + 2.425X10−0.062X11 + 0.690X12 +  1.108X13−0.194X14 + 1.537X15−0.303X16 + 2.592X17 + 1.199X18 +  0.879X19 + 0.675X20 + 0.726X21 + 0.610X22 + 1.618X23−0.592X24 + 2.749X25 + 2.370X26 + 1.166X27 + 1.532X28 +  1.285X29 + 1.339X30 + 0.001X31 + 0.000X32−17.243

	4.Y4 = 0.881X1−0.248X2−0.454X3 + 1.864X4−0.173X5−1.280X6 +  1.974X7−1.038X8 + 2.611X9 + 2.578X10 + 1.380X11 + 0.563X12 +  0.982X13 + 1.448X14 + 2.342X15−0.236X16 + 0.211X17 +  0.107X18 + 0.634X19 + 0.448X20 + 2.751X21 + 1.008X22 +  1.480X23−0.728X24 + 3.728X25 + 2.681X26 + 0.599X27 +  2.462X28 + 3.141X29 + 1.315X30 + 0.001X31 + 0.000X32−18.938

	5.Y5 = 0.812X1 + 6.156X2 + 3.451X3−1.957X4−4.657X5−0.614X6−1.055X7−0.434X8 + 2.181X9 + 2.582X10 + 1.303X11 + 0.735X12 + 0.607X13−0.324X14 + 2.050X15−0.058X16−0.405X17−0.348X18−0.105X19 + 0.546X20 + 0.543X21 + 0.095X22 + 1.226X23 + 0.718X24 + 2.543X25 + 2.818X26 + 0.546X27 + 1.290X28 + 3.107X29 + 1.504X30 + 0.001X31 + 0.000X32−18.338

	6.Y6 = 0.821X1 + 2.865X2−0.656X3−0.408X4−0.556X5−0.847X6 +  1.027X7−1.828X8 + 3.640X9 + 5.227X10−0.687X11 + 1.389X12 +  1.243X13−0.433X14 + 1.426X15 + 1.006X16−0.161X17 − 0.400X18 + 0.701X19 + 0.657X20 + 0.449X21 + 0.442X22 + 1.634X23 +  3.922X24 + 3.203X25 + 4.258X26 + 3.180X27 + 1.217X28 + 2.027X29 + 1.091X30 + 0.001X31 + 0.000X32−18.305





TABLE 3 Coefficients of discriminant analysis classification function.



	Variable name
	Certificate type



	1
	2
	3
	4
	5
	6





	X1BMI
	0.834
	0.816
	0.857
	0.881
	0.812
	0.821



	X2Chest pain
	−0.259
	3.641
	0.558
	−0.248
	6.156
	2.865



	X3Pain leads to the inner side of the shoulder and arm
	−0.473
	−1.619
	0.850
	−0.454
	3.451
	−0.656



	X4Distending pain (chest)
	1.024
	3.649
	1.411
	1.864
	−1.957
	−0.408



	X5Dull pain (chest)
	0.269
	−2.808
	2.773
	−0.173
	−4.657
	−0.556



	X6Triggered by unfulfilled emotions
	−1.108
	4.844
	−1.115
	−1.280
	−0.614
	−0.847



	X7Induced by excessive drinking or overeating
	1.542
	−0.988
	3.257
	1.974
	−1.055
	1.027



	X8Induced by rainy days
	−2.257
	−1.622
	−0.703
	−1.038
	−0.434
	−1.828



	X9Relieved after rest
	3.626
	2.184
	2.649
	2.611
	2.181
	3.640



	X10Weak and reluctant to speak
	2.902
	2.362
	2.425
	2.578
	2.582
	5.227



	X11Forgetfulness
	0.780
	0.321
	−0.062
	1.380
	1.303
	−0.687



	X12Spontaneous sweating
	2.182
	0.407
	0.690
	0.563
	0.735
	1.389



	X13Dizziness
	2.248
	1.018
	1.108
	0.982
	0.607
	1.243



	X14Dry eyes
	−0.627
	0.102
	−0.194
	1.448
	−0.324
	−0.433



	X15Tinnitus
	1.022
	1.329
	1.537
	2.342
	2.050
	1.426



	X16Fullness in the costal region
	0.200
	2.315
	−0.303
	−0.236
	−0.058
	1.006



	X17Aches all over the body
	−0.294
	0.127
	2.592
	0.211
	−0.405
	−0.161



	X18Like cold drinks
	−0.204
	−0.142
	1.199
	0.107
	−0.348
	−0.400



	X19Constipation
	1.018
	0.550
	0.879
	0.634
	−0.105
	0.701



	X20Frequent urination at night
	0.918
	0.836
	0.675
	0.448
	0.546
	0.657



	X21Insomnia
	1.116
	0.576
	0.726
	2.751
	0.543
	0.449



	X22Quick-tempered and irritable
	0.416
	2.513
	0.610
	1.008
	0.095
	0.442



	X23Anxiety/Depression
	0.940
	3.401
	1.618
	1.480
	1.226
	1.634



	X24Sallow complexion
	−0.971
	1.443
	−0.592
	−0.728
	0.718
	3.922



	X25Red tongue
	2.423
	2.518
	2.749
	3.728
	2.543
	3.203



	X26Purple Dark Tongue
	1.929
	2.814
	2.370
	2.681
	2.818
	4.258



	X27Fat tongue
	0.896
	0.798
	1.166
	0.599
	0.546
	3.180



	X28Less moss
	1.584
	3.173
	1.532
	2.462
	1.290
	1.217



	X29Mirror tongue
	1.424
	4.565
	1.285
	3.141
	3.107
	2.027



	X30Pulse Strings
	1.669
	2.857
	1.339
	1.315
	1.504
	1.091



	X31BNP
	0.001
	0.001
	0.001
	0.001
	0.001
	0.001



	X32NT-proBNP
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000



	(Constant)
	−16.569
	−19.664
	−17.243
	−18.938
	−18.338
	−18.305




	1 Qi and Yin deficiency syndrome.


	2 Qi stagnation and blood stasis syndrome.


	3 Phlegm turbidity obstruction syndrome.


	4 Syndrome of Yin deficiency of heart and kidney.


	5 Syndrome of blood stasis in the heart.


	6 Qi deficiency and blood stasis syndrome.









TABLE 4 Dialectical results of discriminant analysis.



	Classification resulta,c



	Certificate type
	Certificate type
	Predict the information of the group members



	1
	2
	3
	4
	5
	6
	Total





	Original
	Count (%)
	1
	192 (66.4)
	8 (2.8)
	11 (3.8)
	33 (11.4)
	16 (5.5)
	29 (10.0)
	289 (100)



	2
	13 (7.3)
	108 (61.0)
	7 (4.0)
	13 (7.3)
	29 (16.4)
	7 (4.0)
	177 (100)



	3
	39 (13.2)
	14 (4.7)
	160 (54.2)
	36 (12.2)
	27 (9.2)
	19 (6.4)
	295 (100)



	4
	35 (13.6)
	10 (3.9)
	19 (7.4)
	159 (61.9)
	23 (8.9)
	11 (4.3)
	257 (100)



	5
	3 (1.6)
	10 (5.4)
	5 (2.7)
	6 (3.2)
	158 (84.9)
	4 (2.2)
	186 (100)



	6
	23 (11.6)
	10 (5.1)
	24 (12.1)
	8 (4.0)
	29 (14.6)
	104 (52.5)
	198 (100)



	Cross-validationb
	Count (%)
	1
	184 (63.7)
	9 (3.1)
	15 (5.2)
	39 (13.5)
	16 (5.5)
	26 (9.0)
	289 (100)



	2
	16 (9.0)
	107 (60.5)
	6 (3.4)
	9 (5.1)
	30 (16.9)
	9 (5.1)
	177 (100)



	3
	48 (16.3)
	14 (4.7)
	154 (52.2)
	36 (12.2)
	27 (9.2)
	16 (5.4)
	295 (100)



	4
	40 (15.6)
	11 (4.3)
	24 (9.3)
	150 (58.4)
	20 (7.8)
	12 (4.7)
	257 (100)



	5
	4 (2.2)
	11 (5.9)
	5 (2.7)
	6 (3.2)
	151 (81.2)
	9 (4.8)
	186 (100)



	6
	30 (15.2)
	12 (6.1)
	30 (15.2)
	13 (6.6)
	31 (15.7)
	82 (41.4)
	198 (100)




	1 Qi and Yin deficiency syndrome.


	2 Qi stagnation and blood stasis syndrome.


	3 Phlegm turbidity obstruction syndrome.


	4 Syndrome of Yin deficiency of heart and kidney.


	5 Syndrome of blood stasis in the heart.


	6 Qi deficiency and blood stasis syndrome.


	a62.8% of the original grouped cases were classified correctly.


	bCross-validation is only conducted for individual cases in the analysis. In cross-validation, each case is classified by the functions derived from all cases other than that one.


	cThe 59.1% of cross-validated grouped cases were correctly classified.







The predictive results of the discriminant analysis function show that the overall coincidence rate of discriminating the TCM syndrome types of CHD patients using TCM symptom indicators in this study is 62.8%, as detailed in Figure 3. As shown in the results of Table 5, the specific accuracy rates of each TCM classification are as follows: phlegm blocking the heart meridian syndrome (54.2%), Qi and Yin deficiency syndrome (66.4%), heart and kidney Yin deficiency syndrome (61.9%), Qi deficiency and blood stasis syndrome (52.5%), Qi stagnation and blood stasis syndrome (61.0%), and heart blood stasis blocking syndrome (84.9%).


[image: Scatterplot visualizing canonical discriminant functions with data points representing six Traditional Chinese Medicine syndrome types in different colored circles, group centroids marked by dark squares, and axes labeled Function 1 and Function 2.]
FIGURE 3
Overall classification diagram of canonical functions.




TABLE 5 Analysis table of five model validation sets (baseline + TCM symptoms + myocardial injury markers).



	Model
	Name
	Precision
	Recall
	f1-score
	Support





	Logistic
	1
	1.0
	1.0
	1.0
	13.0



	2
	1.0
	1.0
	1.0
	10.0



	3
	1.0
	1.0
	1.0
	18.0



	4
	1.0
	1.0
	1.0
	18.0



	5
	1.0
	1.0
	1.0
	12.0



	6
	1.0
	1.0
	1.0
	16.0



	Accuracy
	1.0
	1.0
	1.0
	1.0



	Macro avg
	1.0
	1.0
	1.0
	87.0



	Weighted avg
	1.0
	1.0
	1.0
	87.0



	XGBoost
	1
	0.617
	0.659
	0.637
	13.0



	2
	0.762
	0.762
	0.762
	13.0



	3
	0.711
	0.711
	0.711
	10.0



	4
	0.7
	0.622
	0.659
	16.0



	5
	0.649
	0.8
	0.716
	19.0



	6
	0.643
	0.545
	0.59
	16.0



	Accuracy
	0.673
	0.673
	0.673
	0.673



	Macro avg
	0.68
	0.683
	0.679
	87.0



	Weighted avg
	0.675
	0.673
	0.671
	87.0



	LGBM
	1
	0.808
	0.7
	0.75
	14.0



	2
	0.895
	0.81
	0.85
	6.0



	3
	0.581
	0.781
	0.667
	17.0



	4
	0.774
	0.615
	0.686
	22.0



	5
	0.7
	0.875
	0.778
	17.0



	6
	0.667
	0.686
	0.676
	11.0



	Accuracy
	0.725
	0.725
	0.725
	0.725



	Macro avg
	0.737
	0.744
	0.734
	87.0



	Weighted avg
	0.74
	0.725
	0.726
	87.0



	Random Forest
	1
	0.765
	0.929
	0.839
	14.0



	2
	0.375
	0.5
	0.429
	6.0



	3
	0.625
	0.588
	0.606
	17.0



	4
	0.85
	0.773
	0.81
	22.0



	5
	0.7
	0.824
	0.757
	17.0



	6
	0.667
	0.364
	0.471
	11.0



	Accuracy
	0.701
	0.701
	0.701
	0.701



	Macro avg
	0.664
	0.663
	0.652
	87.0



	Weighted avg
	0.707
	0.701
	0.695
	87.0



	GBDT
	1
	0.765
	0.929
	0.839
	14.0



	2
	0.25
	0.333
	0.286
	6.0



	3
	0.667
	0.588
	0.625
	17.0



	4
	0.833
	0.682
	0.75
	22.0



	5
	0.684
	0.765
	0.722
	17.0



	6
	0.5
	0.455
	0.476
	11.0



	Accuracy
	0.667
	0.667
	0.667
	0.667



	Macro avg
	0.616
	0.625
	0.616
	87.0



	Weighted avg
	0.678
	0.667
	0.668
	87.0




	1 Qi and Yin deficiency syndrome.


	2 Qi stagnation and blood stasis syndrome.


	3 Phlegm turbidity obstruction syndrome.


	4 Syndrome of Yin deficiency of heart and kidney.


	5 Syndrome of blood stasis in the heart.


	6 Qi deficiency and blood stasis syndrome.









3.3 Construction and interpretation of predictive models for different syndrome types of CHD patients based on baseline data, TCM symptoms, and myocardial injury markers

The above baseline data with statistical significance, TCM symptoms, myocardial injury markers and other indicators were subjected to Boruta feature screening, and the following indicators were obtained and could be included in the final model establishment (Figure 4): Chest pain, Pain leads to the inner side of the shoulder and arm, Triggered by unfulfilled emotions, Weak and reluctant to speak, Spontaneous sweating, Dry eyes, Tinnitus, Frequent urination at night, Purple Dark Tongue, Fat tongue, Pulse Strings, BNP, Prothrombinactivity, BMI, Distending pain chest, Dull pain chest, Induced by rainy days, Forget fulness, Dizziness, Fullness in the costal region, Constipation, Insomnia, Anxiety Depression, BUN, INR, Course of the disease, Pulmonary artery systolic pressure.


[image: Boxplot graphic shows variable importance for multiple features, labeled on the x-axis, with importance on the y-axis. Variables are color-coded in blue, red, yellow, and green. Chestpain ranks highest in importance, followed by PurpleActTongue, WeakandReluctanttospeak, and Fatigue. ShadowMin ranks lowest. Outliers are marked as circles.]
FIGURE 4
Feature screening of boruta.


Using 5-fold cross-validation, multiple machine learning models (Logistic, XGBoost, LGBM, Random Forest, GBDT) were used to predict the six syndrome types. Firstly, baseline data and TCM symptoms were included to establish the prediction model, training set and validation set (Supplementary Tables S2, S3), and then myocardial injury markers were included on this basis to establish the model. Compare the results of the two models. The results showed that the accuracy of the model established by incorporating baseline data, TCM symptoms and myocardial injury markers was significantly better than that of the model established by incorporating baseline data and TCM symptoms.

Due to overfitting in the Logistic model, therefore the final results showed that LGBM machine learning performed the best (validation set = 72.5%). The specific results of the training set and validation set are shown in Supplementary Tables S4, S5 respectively. Figure 5 below shows the learning curves of the training set and validation set of the LGBM model. Figure 6 is the heat map of the confusion matrix of the training set of the LGBM model. Figure 7 is the heat map of the confusion matrix of the validation set of the LGBM model. Finally, the contribution of the feature factors included in the LGBM model is summarized using the SHAP model interpreter (Figure 8).


[image: Line chart titled "Learning Curves" showing two lines: a red line for the training set with consistently high scores near one and a green line for the validation set gradually increasing from about 0.4 to 0.65 as training examples rise from zero to nine hundred. X-axis is labeled "Training examples" and y-axis is labeled "Score." Legend distinguishes red for training and green for validation sets.]
FIGURE 5
Learning curves of the training set and validation set of the LGBM model.



[image: Confusion matrix heatmap with six true and predicted classes, labeled one to six on both axes, showing most values concentrated along the diagonal, indicating strong classification accuracy, with color intensity reflecting count magnitude.]
FIGURE 6
Heat map of the confusion matrix of the LGBM model training set.



[image: Confusion matrix heatmap with six true and predicted classes showing values from zero to forty. Diagonal cells are darkest, indicating the highest correct predictions, especially for classes one, three, four, five, and six. Color intensity reflects prediction frequency, with a color bar on the right.]
FIGURE 7
Heat map of the confusion matrix of the validation set for the LGBM model.



[image: Horizontal bar chart shows top twenty features influencing a model’s output, ranked by mean SHAP value. Chest pain has the greatest impact, followed by BMI, pulmonary artery systolic pressure, unfulfilled emotions, insomnia, and other factors. Each bar is color-coded into segments labeled from one to six, corresponding to the legend at the bottom right. Chart’s x-axis measures average SHAP value from zero to 0.35 to indicate feature importance.]
FIGURE 8
Summary of the contribution of SHAP values in the LGBM model.





4 Discussion

This study reveals a significant correlation between TCM syndrome types and myocardial injury markers in patients with CHD, and uses TCM symptoms and myocardial injury markers to construct discriminative and predictive models for CHD syndrome types. Our research results are consistent with the development model of integrating myocardial injury markers with TCM syndrome differentiation, resolving the previous reliance on subjective clinical symptoms (11).


4.1 Distribution patterns of TCM syndrome types

The syndrome of phlegm blocking the heart pulse (295, 21%) and the syndrome of deficiency of both Qi and Yin (289, 20%) dominated in this study, which is in line with the contemporary epidemiological trend. Early multicenter studies (N = 7,512) determined that Qi deficiency and blood stasis was the most common pattern (12), while regional surveys in eastern China emphasized the high incidence of phlegm blocking the heart vessels, which might reflect the influence of diet and environment. The proportion of patients with phlegm-dampness obstruction syndrome is relatively high in South China, while in northern China, qi deficiency and blood stasis syndrome is predominant. Studies in different provinces have shown that Qi deficiency, phlegm turbidity, blood stasis and other syndrome types are distributed in all regions, but the specific proportions vary (13). Previous studies have indicated that the BMI values of patients with phlegm blocking the heart pulse syndrome are significantly different from those of other syndrome types, and the BMI value of patients with phlegm blocking the heart pulse syndrome is the highest (14), which is consistent with the results of this study.Other studies have shown that the average disease course of patients with phlegm blocking the heart and pulse syndrome (about 5–6 years) is significantly shorter than that of patients with Yang Qi deficiency, heart and kidney Yin deficiency, and Qi and Yin deficiency (6.5–7 years or more) (15), which is inconsistent with the results of this study. However, some research reports indicate that the average disease course of patients with phlegm blocking the heart and pulse syndrome is slightly longer than that of patients with heart blood stasis and Qi deficiency and blood stasis. It may reflect the specific pathological tendencies of this syndrome type in terms of metabolic abnormalities and arteriosclerosis (16).

When CHD is complicated with other diseases (such as hypertension, diabetes, and hyperlipidemia), the distribution of syndrome types will change. For instance, some studies have found that among patients with CHD complicated with hypertension, Qi deficiency and blood stasis syndrome and Qi stagnation and blood stasis syndrome are more common (17), while among patients with CHD complicated with diabetes, the proportion of Qi and Yin deficiency syndrome and phlegm and blood stasis intermingled syndrome is relatively high (18). However, there was no statistical difference in this study. Relevant studies have found that the distribution of syndrome types varies among patients of different age groups. For instance, young patients are mainly characterized by heart and liver syndrome, while middle-aged patients are mainly characterized by heart and kidney syndrome. Female patients have a higher proportion of Qi deficiency syndrome and phlegm-dampness syndrome, while male patients mainly have Qi deficiency and blood stasis syndrome (19). However, in this study, there was no difference in age or gender among patients with different syndrome types. With the passage of time, the distribution of TCM syndrome types of CHD shows certain changes. For instance, from the 1990s to the 2010s, the proportions of Qi deficiency and Yin deficiency gradually decreased, while the proportions of blood stasis and phlegm turbidity gradually increased (20).

In conclusion, the distribution pattern of TCM syndrome types for CHD mainly consists of Qi deficiency, blood stasis, phlegm turbidity, etc., and is influenced by factors such as BMI. These studies provide theoretical basis and practical guidance for the TCM syndrome differentiation and treatment of CHD.



4.2 Correlation between myocardial injury markers and TCM syndrome types

Myocardial injury markers such as cTnI, CK-MB, BNP, etc. have significant value in the diagnosis of myocardial injury. These markers can reflect the degree and type of myocardial damage and provide a basis for clinical treatment. For instance, cTnI is regarded as the “gold standard” for assessing myocardial injury, and an increase in its level is positively correlated with the severity of myocardial injury (21). Previous studies have shown that there is a certain correlation between different TCM syndrome types and myocardial injury markers. For instance, among patients with heart failure, the syndrome of Qi deficiency and blood stasis is significantly correlated with the level of NT-proBNP (22). This is consistent with the results of this study, confirming that as the patient's cardiac function declines and energy metabolism disorders occur, Qi deficiency further worsens, with weak propulsion, causing blood stasis and water retention, activation of the coagulation system, and excessive production of inflammatory factors, leading to disorders in the body's coagulation function and cytokines. TCM theory emphasizes syndrome differentiation and treatment. Research has found that certain TCM syndrome types may be related to specific mechanisms of myocardial injury. For instance, patients with Yang deficiency syndrome have a higher incidence of acute left heart failure (23), while those with Qi deficiency syndrome have a higher classification of cardiac function (24). These studies provide theoretical support for the application of TCM syndrome types in myocardial injury. In conclusion, certain progress has been made in the research on the correlation between myocardial injury markers and TCM syndrome types. However, it is still necessary to further improve research methods and standardize data to promote the application and development of integrated TCM and Western medicine in the field of myocardial injury.


4.2.1 Correlation between BNP and TCM syndrome types

BNP is a neurohormone secreted by the heart and mainly participates in the regulation of the cardiovascular system. In patients with CHD, due to pathophysiological processes such as myocardial ischemia and ventricular remodeling, the secretion of BNP often increases. High levels of BNP not only reflect the decline of cardiac function but may also further aggravate the degree of myocardial ischemia by promoting mechanisms such as myocardial cell apoptosis and fibrosis (25). When myocardial cell damage occurs in CHD, neutrophils are activated, promoting inflammatory infiltration and granulocyte apoptosis, and the level of AnxA1 increases. When the BNP level rises in the later stage of cardiac load and enters the bloodstream, BNP is also one of the markers reflecting cardiac function (26).BNP was significantly positively correlated with New York Heart Association Functional Classification(NYHA) functional classification, and the BNP level increased with the increase of classification. The correlation coefficients were mostly between 0.3 and 0.8, all reaching statistical significance (P < 0.05) (27–30). They are important biomarkers for evaluating the cardiac function status of patients with coronary heart disease, guiding treatment decisions, and predicting prognosis.

This study found that among patients with CHD, there were significant differences in BNP levels among different TCM syndrome types. Among them, patients with Qi deficiency and blood stasis syndrome had the highest BNP levels, the left ventricular function of patients with this syndrome is more significantly impaired. The blood circulation block (blood stasis) leads to an increase in myocardial load, which in turn promotes an increase in ventricular wall tension and myocardial cell stress, and the secretion of BNP rises accordingly. In contrast, patients with Qi and Yin deficiency syndrome had the lowest BNP levels, it may reflect that the cardiac function is relatively stable, or that the body has formed a strong compensatory mechanism through the nourishment of Yin fluid, resulting in no significant increase in ventricular pressure and volume load. This provides an important basis for the precise treatment of integrated traditional Chinese and Western medicine. In the future, through large-scale sample verification and mechanism research, such biomarkers can be more systematically integrated into clinical syndrome differentiation and treatment decisions.

Relevant studies (31) have shown that among patients with heart failure, the average BNP value of Qi deficiency and blood stasis syndrome is 3,188.97 pg/mL, significantly higher than that of Qi and Yin deficiency syndrome (994.03 pg/mL). This data directly supports the conclusion that patients with qi deficiency and blood stasis syndrome have the highest BNP level. This study also found that BNP levels are positively correlated with the classification of cardiac function. The syndrome of Qi and Yin deficiency is mainly characterized by grade II cardiac function, while the syndrome of Qi deficiency and blood stasis is mainly characterized by grade III and IV cardiac function, further supporting the pathological mechanism of elevated BNP. Qi deficiency and blood stasis syndrome is the core pathogenesis of CHD. Its “deficiency at the root and excess at the symptoms” feature (Qi deficiency as the root and blood stasis as the symptoms) may lead to insufficient compensation of cardiac function, thereby causing an increase in BNP (32). In the early stage of heart failure, Qi deficiency syndrome is the main symptom. As the disease progresses, it may develop into Yang deficiency or Yin deficiency. The BNP level of Qi and Yin deficiency syndrome is relatively low, which may be related to the relatively stable heart function (33).



4.2.2 Correlation between NT-proBNP and TCM syndrome types

NT-pro BNP is a cardiogenic neurohormone with the effect of dilating blood vessels. When the myocardium is damaged, the pressure of the ventricular wall increases, stimulating the secretion of NT-pro BNP. It is an important indicator for clinical assessment of cardiac function in patients with heart failure. Meanwhile, NT-proBNP can be used as a biomarker for evaluating the cardiac function classification of patients with coronary heart disease and monitoring the disease progression, helping doctors conduct more objective risk stratification based on the NYHA classification. Existing multiple clinical studies have confirmed that NT-proBNP is significantly positively correlated with the NYHA function classification of patients with coronary heart disease. Its correlation coefficient is approximately between 0.4 and 0.65, indicating reliable clinical application value (34).Therefore, The level of NT-proBNP in serum is closely related to the degree of myocardial ischemia and the severity of the disease in patients with CHD (35, 36).

This study found that among patients with CHD, there were significant differences in NT-proBNP levels among different TCM syndrome types. Among them, the NT-proBNP level was the highest in patients with Qi deficiency and blood stasis syndrome, the most obvious reflection is myocardial stress, with a relatively severe deterioration of cardiac function (such as grade III or IV cardiac function), and the degree of blood stasis may be even deeper (37), while the NT-proBNP level was the lowest in patients with phlegm blocking the heart vein syndrome. It may be related to the fact that this syndrome type is mainly characterized by “phlegm turbidity”, and the compensatory mechanism of cardiac function is relatively strong (38).This discovery provides quantifiable biological basis for syndrome differentiation and typing in TCM, which is conducive to achieving precise treatment through the integration of TCM and Western medicine.

The previous research results (38) have certain differences from the current results: The NT-proBNP among different syndrome types, from high to low, is Yang deficiency with water retention syndrome, phlegm turbidity blocking the lung syndrome, Qi and Yin deficiency syndrome, heart and lung Qi deficiency syndrome, and Qi deficiency with blood stasis syndrome, and the differences are statistically significant (P < 0.05). This may be related to the sample size, inclusion criteria and detection methods of different studies.




4.3 The correlation between TCM symptoms and TCM syndrome types


4.3.1 Deficiency of both Qi and Yin syndrome

In the discriminant, spontaneous sweating (coefficient = 2.167) and dizziness (coefficient = 2.368) are most closely related to the syndrome of Qi and Yin deficiency, indicating that spontaneous sweating, dizziness and vertigo are closely associated with Qi and Yin deficiency. In the SHAP interpreter of the predictive model, symptoms such as dizziness, spontaneous sweating, and relief after rest are closely related to deficiency of both Qi and Yin.

Qi and Yin deficiency syndrome holds an important position in the TCM diagnosis of CHD. Its clinical manifestations include palpitations, chest tightness and dull pain, dizziness, spontaneous sweating or night sweats, hot palms, soles and chest, dry mouth, insomnia, etc (10). ① Spontaneous sweating and deficiency of both Qi and Yin syndrome. The key pathogenesis of spontaneous sweating lies in the imbalance of Yin and Yang and the loss of control over the opening and closing of skin, that is, Qi deficiency fails to retain sweat.

② Dizziness, vertigo and deficiency of both Qi and Yin syndrome. Due to Qi deficiency, one cannot nourish the head and eyes, while Yin deficiency causes false fire to be disturbed, leading to symptoms such as dizziness, tinnitus and vertigo.

In conclusion, symptoms such as spontaneous sweating and dizziness in patients with CHD are closely related to the syndrome of deficiency of both Qi and Yin. The syndrome of Qi and Yin deficiency is caused by the combined effect of Qi deficiency and Yin deficiency, leading to the failure of the heart meridian to be nourished and resulting in a series of symptoms. In terms of treatment, the focus should be on tonifying Qi and nourishing Yin, promoting blood circulation and unblocking meridians. Commonly used TCM include Codonopsis pilosula, Astragalus membranaceus, Ophiopogon japonicus and Salvia miltiorrhiza, etc. At the same time, patients should pay attention to dietary, lifestyle and psychological care to improve symptoms and enhance the quality of life.



4.3.2 Qi stagnation and blood stasis syndrome

Among the discriminative criteria, distension and pain (chest) (coefficient >4), induction by emotional distress (coefficient >4), distension and fullness in the chest and hypochondrium (coefficient >3), irritability and anger (coefficient >2), scan-like coating on the tongue (coefficient >3), tauted pulse (coefficient = 2.831), and mirror tongue (coefficient >4) have the highest correlation coefficients with Qi stagnation and blood stasis syndrome. In the SHAP interpreter of the predictive model, taut pulse, emotional distress, anxiety and depression are closely related to the syndrome of Qi stagnation and blood stasis.

The chapter on Chest pain in “Internal Medicine of Traditional Chinese Medicine” mentions that the characteristics of chest pain in the syndrome of Qi stagnation and blood stasis are “stabbing pain, aggravated at night, accompanied by distension and oppression in the chest and hypochondrium, induced or aggravated by emotional fluctuations, dark purple tongue, and taut or sluggish pulse” (39). ① Distending pain and Qi stagnation and blood stasis: Distending pain in the chest and hypochondrium is an external manifestation of Qi stagnation and blood stasis. Qi stagnation leads to distension and fullness in the chest, hypochondrium, epigastrium and abdomen, while blood stasis is manifested as stabbing pain, dark purple tongue, taut and sluggish pulse, etc. In the scoring criteria of the “International Clinical Practice Guidelines for Traditional Chinese Medicine—Stable Angina Pectoris in Coronary Heart Disease”, hypochondriac distension or hypochondriac pain (3 points) is one of the key indicators for diagnosing Qi stagnation and blood stasis (40). ② Emotional distress, distension and fullness in the chest and hypochondrium, irritability and anger, and Qi stagnation: Emotional fluctuations are important triggers for Qi stagnation and blood stasis. Long-term negative emotions such as depression, anxiety, irritability and anger can damage liver Qi, leading to liver Qi stagnation and poor Qi circulation. The Huangdineijing states that “anger causes the Qi to rise”, which directly leads to the disorder of Qi circulation and aggravates blood stasis. ③ Scanty coating and Qi stagnation: In patients with CHD, Qi stagnation itself does not directly cause scanty coating. However, if Qi stagnation persists for a long time and depletes Qi and blood, or if it interacts with phlegm-dampness and blood stasis, it may indirectly affect the metabolism of body fluids, leading to scanty coating. ④ Taut pulse and Qi stagnation: Taut pulse is often related to the obstruction of Qi movement and the tension of the pulse channels. Modern medical research indicates that pathological taut pulses are associated with factors such as arteriosclerosis, increased blood viscosity, and increased peripheral resistance of the circulatory system. According to TCM, Qi stagnation and blood stasis can lead to poor circulation of Qi and blood, constricting and rapid pulse pathways, and thus manifest as taut pulse (41). ⑤ Mirror-like tongue and Qi stagnation: Mirror-like tongue (completely without coating) is more commonly seen in Qi deficiency or Yin deficiency syndrome types, rather than simply Qi stagnation and blood stasis. If patients with coronary heart disease suffer from poor circulation of Qi and blood due to Qi stagnation and blood stasis, it may further deplete Qi and blood, indirectly leading to insufficient body fluids and thus resulting in mirror-like tongue. ⑥ The unity of pathological mechanism and clinical manifestations: The formation mechanism of Qi stagnation and blood stasis syndrome is a vicious cycle of “Qi stagnation → blood stasis”. Qi stagnation leads to poor blood circulation, and blood stasis further aggravates the stagnation of Qi movement, resulting in a pathological state of mixed deficiency and excess. Qi stagnation and blood stasis is an excess syndrome, while long-term emotional stress may develop into “Qi deficiency and blood stasis” (deficiency syndrome). However, both are characterized by common features such as chest pain, chest tightness, dark purple tongue, and taut and sluggish pulse (42). ⑦ Correspondence between treatment and symptoms: Promoting blood circulation and removing blood stasis, as well as regulating Qi and relieving pain, are the core strategies for treating Qi stagnation and blood stasis syndrome. If the patient has “significant chest pain and obvious blood stasis”, drugs such as Corydalis yanhusuo and turmeric that promote blood circulation and remove blood stasis can be added. If there is “significant distension and fullness with obvious Qi stagnation”, then drugs such as agarwood that regulate Qi should be added. This indicates that the relief of symptoms needs to target the dual pathogenesis of Qi stagnation and blood stasis.

In conclusion, Qi stagnation and blood stasis syndrome is an important TCM syndrome type of CHD, and its core symptoms (stabbing pain, distending pain) are closely related to emotions such as irritability and anger. Emotional fluctuations cause Qi stagnation by damaging liver Qi, which in turn leads to blood stasis, creating a vicious cycle of “Qi stagnation → blood stasis → intensified pain”. The clinical manifestations include fixed chest pain, distension in the hypochondrium, dark purple tongue, taut and sluggish pulse, etc. The treatment should focus on promoting blood circulation and removing blood stasis, regulating Qi and relieving pain, while also paying attention to emotional management.



4.3.3 Phlegm blocking the heart pulse syndrome

In the discriminant formula, dull pain and alcohol and overeating induction are most closely related to the syndrome of phlegm blocking the heart pulse (coefficient >5), while in the predictive model SHAP interpreter, dull pain, pulmonary artery systolic pressure are closely associated with the syndrome of phlegm blocking the heart pulse.

Multiple studies have clearly pointed out that the core symptoms of phlegm blocking the heart and pulse syndrome include chest tightness, excessive phlegm, obesity, white and greasy or slippery tongue coating, and slippery pulse, etc (34). For instance, it is mentioned that “phlegm blocking the heart meridian is mainly characterized by dull pain, and symptoms of excessive phlegm turbidity are also observed” (43); it is further emphasized that “severe chest tightness and mild heart pain” is a typical manifestation of phlegm turbidity and obstruction (44). These descriptions indicate that chest tightness and pain are highly correlated with the syndrome of phlegm blocking the heart pulse in terms of symptoms. This study also confirmed that patients with phlegm blocking the heart pulse syndrome of CHD have a higher BMI than those with other syndrome types. Drinking alcohol and overeating directly induce the syndrome of phlegm blocking the heart pulse by damaging the spleen, promoting the generation of phlegm and dampness, and causing lipid disorders, thereby aggravating the pathological process of CHD.

In clinical syndrome differentiation, the diagnosis of phlegm blocking the heart and pulse syndrome requires the combination of tongue appearance (white and greasy coating on the tongue), pulse appearance (slippery pulse), and physical signs (obesity, excessive phlegm). For instance, some studies have detailed the diagnostic criteria for the syndrome of phlegm blocking the heart pulse, including “chest tightness and shortness of breath, or distension and pain; pain in the back or left arm; shortness of breath and wheezing excessive phlegm; fat body; the coating on the tongue is turbid and greasy or slippery. the pulse is slippery or taut and slippery” (45). The treatment should focus on promoting Yang circulation, eliminating turbidity, clearing phlegm and resolving nodules. These characteristics further support the close connection between the syndrome of phlegm blocking the heart pulse and dull pain.



4.3.4 Syndrome of Yin deficiency of heart and kidney

Among the discriminant, red tongue, tinnitus and insomnia are most closely related to the syndrome of heart and kidney Yin deficiency (coefficient >2), while in the predictive model SHAP interpreter, insomnia, dry eyes, forgetfulness and tinnitus are closely associated with the syndrome of heart and kidney Yin deficiency.

Relevant guidelines for CHD (10) indicate that patients with heart and kidney Yin deficiency syndrome present with symptoms such as soreness and weakness in the waist and knees, palpitations, insomnia, hot flushes in the palms, soles and chest, dry mouth and throat, night sweats, red tongue with little coating, and fine and rapid pulse. Red tongue (with a red tongue body) is a typical manifestation of Yin deficiency and hyperactivity of internal heat. Insufficiency of kidney Yin prevents essence and qi from ascending to the ear orifices, leading to tinnitus. Patients with heart and kidney Yin deficiency syndrome often have tinnitus, which worsens especially after fatigue or hunger, and is mostly high-pitched tinnitus accompanied by a feeling of ear blockage. When kidney Yin is insufficient and false fire rises to disturb the heart spirit, it leads to restlessness of the heart spirit, which is manifested as insomnia. When the heart and kidney are not in harmony, the heart fire becomes excessive, disturbing the mind and aggravating insomnia.

The therapeutic principle centers on nourishing Yin and benefiting the kidneys, as well as nourishing the heart and calming the mind. It is recommended to use prescriptions such as Liuwei Dihuang Pills, Tianwang Buxin Dan, and Qiju Dihuang Pills. Modern research has found that the method of nourishing kidney Yin can reduce the levels of serum ET(endothelin) and MDA(Malondialdehyde) in patients with CHD, increase SOD (Superoxide Dismutase) activity, and improve myocardial ischemia (46).



4.3.5 Syndrome of blood stasis in the heart

Among the discriminants, chest pain (coefficient >5) and pain leading to the inner side of the shoulder and back (coefficient >3) are most associated with the syndrome of cardiovascular blood stasis, while in the predictive model SHAP interpreter, chest pain and others are closely related to the syndrome of cardiovascular blood stasis.

The typical symptoms of blood stasis syndrome are stabbing or colic pain in the chest and heart, with a fixed location, aggravated at night, and often radiating to the shoulder and back or the inner side of the left arm (10). The syndrome of blood stasis in the heart leads to the obstruction of the heart meridian, and the circulation of Qi and blood is not smooth. When there is no smooth flow, pain occurs. The Hand Shaoyin Heart Meridian “runs from the inner side of the shoulder to the lower chest, passes through the diaphragm, and spreads to the heart envelope”, following the inner side of the shoulder and back. Therefore, pain can be transmitted along the meridians to the shoulder and back. When the heart meridian is blocked, the stimulation of Qi and blood circulation will be transmitted along the meridians to these areas, presenting as radiating pain. Many studies have emphasized that chest pain radiating to the shoulder, back or left arm is a key point for differentiating the syndrome of blood stasis in the heart.



4.3.6 Qi deficiency and blood stasis syndrome

Among the discriminants, a plump tongue (coefficient >2), fatigue and reluctance to speak (coefficient >4), and a sallow complexion (coefficient >5) are most closely related to the syndrome of Qi deficiency and blood stasis. However, in the predictive model SHAP interpreter, fatigue and reluctance to speak, forgetfulness, BNP and a plump tongue are closely associated with the syndrome of Qi deficiency and blood stasis.

The typical symptoms of Qi deficiency and blood stasis syndrome include chest pain, which is characterized by chest pain and tightness, and is triggered by physical exertion. The symptoms include shortness of breath, fatigue, listlessness, reluctance to speak, palpitations, spontaneous sweating, pale or dull complexion, plump and pale tongue, and deep and sluggish pulse (10). Qi deficiency fails to warm the spleen Yang, leading to internal retention of water and dampness and swelling of the tongue. At the same time, Qi deficiency leads to weak propulsion and blood circulation is blocked, resulting in blood stasis syndrome, with Qi deficiency as the root cause and blood stasis as the symptom. Deficiency of heart Qi fails to promote the circulation of Qi and blood, leading to blood stasis and obstruction, which is manifested as symptoms of deficiency such as fatigue and laziness in speech. Qi deficiency fails to warm and nourish the internal organs, leading to the internal generation of cold and dampness. Cold coagulation causes blood stasis, which is manifested as dull complexion and rough skin.Qi deficiency leads to insufficient blood circulation, and blood stasis further blocks the cerebral blood vessels, which is the main pathogenesis of forgetfulness in patients with CHD in TCM. The “Classification of Syndromes and Treatment of Forgetfulness” points out that blood stasis is an important factor causing forgetfulness. When Qi deficiency aggravates blood stasis, it is easy to cause memory disorders. Studies have shown that TCM intervention (such as Qihong Powder, Yiqi Fumai Injection, etc.) can significantly reduce BNP levels, and the extent of BNP reduction is consistent with the improvement degree of Qi deficiency and blood stasis syndrome, suggesting that BNP can be used for therapeutic effect monitoring (47). In conclusion, Qi deficiency and blood stasis syndrome is significantly positively correlated with serum BNP levels, and BNP can be used as an objective biomarker for this syndrome. Help assess cardiac function, stratify risks and monitor the therapeutic effects of TCM.





5 Limitations and prospects

As there is no unified standard for the TCM syndrome types of CHD at present, the clinical data collection this time found that the syndrome of phlegm blocking the heart pulse accounted for the largest proportion (20.5%), and the syndrome of phlegm turbidity and blood stasis occurred most frequently among the 17 guidelines/concoms (N = 16). Meanwhile, this study has the problem that the probability of some unordered multiple logistic regression is unstable due to the scarcity of categories, so it should be interpreted with caution. In addition, the lack of detailed clinical medication data may lead to the association between the myocardial injury markers observed in the study and the TCM syndrome types and symptoms being affected by unmeasured confounding factors. Therefore, future research should focus on establishing a unified classification standard for TCM syndrome types, and combine modern biomarker technology to deeply explore the causal relationship between myocardial injury markers and TCM syndrome types. At the same time, systematic medication information should be integrated to more accurately assess the independent association between biomarkers and TCM syndrome differentiation. Finally, research on the integration of TCM and Western medicine should be strengthened. To improve the diagnosis and treatment effect of myocardial injury (48).



6 Summary

This study constructed a prediction model for TCM syndrome types. The modeling plan was divided into principal analysis and exploratory analysis. Among them, the establishment of the prediction model was the principal analysis, while unordered multiple logistic regression and discriminant analysis were exploratory analyses. This study provides empirical evidence for the verification of myocardial injury markers in the TCM syndrome differentiation of CHD, builds a biochemical bridge between myocardial injury indicators and TCM pathophysiology as well as modern cardiology, and lays the foundation for the formulation of personalized comprehensive treatment strategies. Future research should further verify the role of the above-mentioned biomarkers in predicting treatment outcomes and deeply explore their application potential in guiding the combination of TCM.
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