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Background

Coronary slow flow (CSF) has gained significance as a chronic coronary artery disease, but few studies have integrated both biological and anatomical factors for CSF assessment. This study aimed to develop and validate a simple-to-use nomogram for predicting CSF risk by combining biological and anatomical factors.





Methods

In this retrospective case-control study, 1042 patients (614 CSF cases and 428 controls) were randomly assigned to the development and validation cohorts at a 7:3 ratio. Potential predictive factors were identified using least absolute shrinkage and selection operator regression and subsequently utilized in multivariate logistic regression to construct the nomogram. Validation of the nomogram was assessed by discrimination and calibration.





Results

N-terminal pro brain natriuretic peptide, high density lipoprotein cholesterol, hemoglobin, left anterior descending artery diameter, left circumflex artery diameter, and right coronary artery diameter were independent predictors of CSF. The model displayed high discrimination in the development and validation cohorts (C-index 0.771, 95% CI: 0.737-0.805 and 0.805, 95% CI: 0.757-0.853, respectively). The calibration curves for both cohorts showed close alignment between predicted and actual risk estimates, demonstrating improved model calibration. Decision curve analysis suggested high clinical utility for the predictive nomogram.





Conclusion

The constructed nomogram accurately and individually predicts the risk of CSF for patients with suspected CSF and may be considered for use in clinical care.
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Introduction

After decades of exploration and research, clinical physicians have gradually come to accept that coronary slow flow (CSF) is an independent clinical entity characterized by unique epidemiological characteristics, clinical manifestations, and prognosis (1). It distinguishes itself from slow blood flow or no-reflow resulting from percutaneous coronary intervention (PCI) (2). However, the pathophysiology of CSF remains unclear and may be linked to factors such as gender, lifestyle, impaired carbohydrate and lipid metabolism, alterations in cardiac and coronary anatomical structures, and changes in blood composition (3–5). Some studies have indicated a relatively low incidence of CSF in coronary angiography, with patients frequently presenting risk factors such as smoking, obesity, and metabolic syndrome1. The main clinical manifestations are recurrent unstable angina, chest tightness, chest pain, and other chest discomfort symptoms (6, 7). These symptoms often recur days or months after discharge, significantly impacting the life quality of patients. In addition, patients with CSF are often susceptible to arrhythmia, myocardial infarction, and even sudden death (8–10). Unfortunately, specific treatments for CSF are currently lacking (1).

Easy-to-use, well-validated tools for clinical diagnosis of CSF are important in clinical care, in particular for treatment decisions in primary prevention. Regrettably, to date, there has been limited progress in enhancing the utility of diagnostic tools by incorporating cardiac influencing factors. Nomograms, which are simple and accurate visualization tools, have found extensive application in predicting the risk of coronary artery diseases. Nevertheless, there have been few studies integrating cardiac risk factors into nomograms for assessing the risk of CSF. In this study, we sought to develop and validate a nomogram including cardiac factors for predicting the risk of CSF.





Materials and methods




Patient population

The retrospective cohort study was performed by using collected data from the First Medical Centre of Chinese PLA General Hospital. The inclusion criteria: the study included patients with normal or near-normal coronary vessels (angiographic stenosis<30%) during the coronary angiography. The exclusion criteria: Patients with incomplete clinical or angiographic data, percutaneous coronary intervention (PCI) and Stenting, no-reflow and slow flow after PCI, thrombolytic therapy, organic heart disease (e.g. cardiomyopathy, severe valvular heart disease, congenital heart disease), left ventricular systolic dysfunction (ejection fraction <50%), significant arrhythmias (e.g. second degree or higher atrioventricular block, pacemaker implantation, and cardioverter defibrillator implantation), coronary spasm, coronary ectasia, malignant tumors, air embolism during coronary angiography, severe liver or kidney dysfunction, infection, autoimmune diseases, hematological disorders, coronary myocardial bridge were excluded. A total of 35,771 consecutive patients were enrolled between January 1, 2017, and December 31, 2021 (Figure 1). 1042 patients were included according to the inclusion criteria. Among them, 614 patients were identified as CSF and 428 patients as non-coronary slow flow (NCSF).




Figure 1 | Selection diagram of all patients enrolled in the study.







Ethical considerations

The study was approved by the medical ethics committee of the Chinese PLA General Hospital and abided by the ethical principles of the Declaration of Helsinki. Written informed consent was obtained from all participants.





Coronary angiography

The corrected thrombolysis in myocardial infarction frame count (CTFC), a quantitative and objective measure, was employed to assess coronary blood flow. Coronary angiography (CAG) was performed by the standard Judkins technique and through the radial or femoral approach in all patients. The first frame was determined when the injected contrast medium completely filled the entrance of the coronary artery. The final frames were considered to be that the contrast agent reached the distal landmark branch of every coronary artery, including the left anterior descending artery (LAD), left circumflex artery (LCX), and right coronary artery (RCA). The distal LAD bifurcation (“whale’s tail”, “figure eight” branch), the distal bifurcation of the obtuse marginal branch of LCX, and the first branch of the posterolateral branch of RCA were considered standard signs. The CTFC values were recorded and then counted at the speed of 15 frames per second. Therefore, the CTFC attained was multiplied by two. The obtained values for the LAD were divided by 1.7 to obtain a modified CTFC, because the LAD was longer than other coronary arteries. Patients were recognized as having CSF, if the CTFC exceeded 2 standard deviations from the normal range for at least one among three major coronary arteries.





Data extraction

Demographic variables (age and sex), and traditional coronary artery disease (CAD) risk factors (hypertension, hyperlipidemia, diabetes, smoking history, and alcohol consumption) were collected. Body mass index (BMI), systolic blood pressure (SBP), diastolic blood pressure (DBP), heart rate, height, weight, and body surface area (BSA) were recorded for all participants.

Information on the following laboratory test results was collected: total cholesterol (TC), triglyceride (TG), high density lipoprotein cholesterol (HDL-C), LDL-C: low density lipoprotein cholesterol, hemoglobin (HBG), white blood cell count (WBC), neutrophil ratio, lymphocyte ratio, platelet count, alanine aminotransferase (ALT), aspartate aminotransferase (AST), troponin T (cTnT), glucose, urea, creatinine, uric acid, creatine kinase (CK), creatine kinase isoenzyme (CK-MB), N-terminal pro brain natriuretic peptide (NT-proBNP), neutrophil-lymphocyte ratio (NLR), systemic immune-inflammation index (SII). The SII was calculated using the following formula: (neutrophil count × platelet count)/lymphocyte count. NLR was calculated from the neutrophil count/lymphocyte count.

The data of echocardiography were recorded, including left ventricular end-diastolic diameter (LVEDD), left ventricular end-systolic diameter (LVESD), ejection fraction (EF), interventricular septal end-diastolic thickness (IVSd), left ventricular posterior wall end-diastolic thickness (LVPWd), left atrial anteroposterior diameter (LA-ap), mitral valve E peak velocity, mitral valve A peak velocity, mitral valve E/A ratio, aortic valve peak systolic velocity (AV-v), left ventricular mass (LVM). The following formula was used to calculate left ventricular mass: Left ventricular mass = 0.8×1.04× [(IVSd + LVEDD + LVPWd)3-(LVEDD)3] +0.6.





Coronary diameter

Data collection training was carried out for cardiovascular intervention doctors. Upon successfully passing the training, doctors proceeded to collect data based on specific diagnostic criteria. The angiography image was analyzed offline at the imaging disk workstation, employing measurement tools for assessing coronary artery diameter. Proximal diameters of the three major coronary arteries were assessed using a computerized quantitative coronary angiography analysis system (Philips Medical System, Philips, the Netherlands).





Statistical analysis

Data was collected using EpiData software version 3.1, and then the statistical analyses were performed using SPSS statistical software version 26.0 and R software version 4.3.1. Descriptive statistics were presented as mean, standard deviation, frequency and percentage, or median and interquartile ranges (P25, P75). The Kolmogorov-Smirnov test was performed to assess whether the quantitative variables were normally distributed. The independent sample test and Mann–Whitney U test were used to compare the continuous variables. Chi-square test and Fisher’s exact test were used to compare the categorical variables. The subjects were randomly divided into the development cohort and the validation cohort at a ratio of 7:3. The influencing factors related to CSF were screened by using the least absolute shrinkage and selection operator (LASSO) regression. Multivariate logistic regression analysis was performed to analyze the influencing factors of CSF. A nomogram was developed by using weighted estimators corresponding to each covariate derived from fitted Logistic regression coefficients and estimates of variance. Validation of the nomogram was assessed by discrimination and calibration. Harrell’s C statistic was calculated by 1,000-fold bootstrap resampling iterations to an initial fitted Logistic model in the development cohort. These development estimates were then applied to yield a Harrell’s C statistic in the validation cohort. The calibration curve was used to assess the discriminatory ability and calibration of the model. The clinical utility of the model was assessed using decision curve analysis (DCA). A probability value <0.05 was considered statistically significant.






Results




Characteristics of the development cohort and the validation cohort

Among the 35771 patients enrolled in the First Medical Centre of Chinese PLA General Hospital, 1042 patients met the above inclusion criteria and were randomly divided into the development cohort (n=729) and the validation cohort (n=313) at a ratio of 7:3. There were no statistically significant differences in clinical characteristics or laboratory test results between the groups (Table 1). This demonstrated that the separation of our dataset is reasonable and comparable.


Table 1 | Baseline characteristics of training and validation cohorts.







Baseline patient characteristics in development cohort

Baseline clinical characteristics of the nomogram derivation cohort are presented (Table 2). This study found that there was significantly more prevalence of men, smoking history, and alcohol consumption in the CSF group compared to the NCSF group. The study group had a significantly higher height, weight, BMI, DBP, LVEDD, LVESD, IVSd, LA-ap, LVM, creatinine, uric acid, HBG, WBC, neutrophil ratio, AST, ALT, CK, TG, NLR than the control group, while age, mitral valve E peak velocity, mitral valve A peak velocity platelet count, lymphocyte ratio, and HDL-C were significantly lower in the study group. Patients with CSF had larger coronary arteries and higher CTFC in each of the major coronary arteries compared to the control group. The clinical characteristics including the presence of hypertension, hyperlipidemia, and diabetes were not statistically significant different between the CSF and NCSF groups. Similarly, the parameters incorporating heart rate, SBP, DBP, EF, AV-v, mitral valve E/A ratio, urea, potassium, TC, cTnT, Glucose, creatine kinase isoenzyme, myoglobin, CK-MB, NT-proBNP, and SII did not differ significantly between groups (Table 2).


Table 2 | Baseline characteristics of the CSF group and NCSF group.







LASSO regression and multivariate logistic analyses

LASSO regression analysis showed that hypertension, heart rate, height, weight, IVSd, mitral valve E peak velocity, cTnT, serum creatinine, blood urea, NT-proBNP, TC, HDL, hemoglobin, white blood cell count, neutrophil ratio, platelet count, left anterior descending artery diameter, left circumflex artery diameter, and right coronary artery were the more important predictors in patients with CSF (Figure 2). These 19 variables were evaluated by using multivariate logistic regression analysis to identify independent factors significantly associated with CSF. The results showed that NT-proBNP, HDL, left anterior descending artery diameter, left circumflex artery diameter, and right coronary artery were independent predictors of CSF (Table 3). Among these, HDL was a protective factor, while the remaining variables were considered risk factors (Table 3).




Figure 2 | LASSO regression model screening predictors of CSF. (A) LASSO regression model cross-validation plot. Draw a vertical line at the optimum with the minimum criterion and 1se of the minimum criterion. 19 variables were selected when the most available parameter value λ = 0.0141. (B) Coefficient profile plot of predictors was performed against the log (λ) sequence.




Table 3 | Multivariate logistic regression analysis for risk factors of CSF.







Development of the nomogram

Based on the above analysis, a nomogram was created to predict the probability of CSF using NT-proBNP, HDL, left anterior descending artery diameter, left circumflex artery diameter, and right coronary artery as predictors (Figure 3). Each patient was assigned points based on the presence of these factors. The sum of these points (“total points”) is converted to a probability of CSF.




Figure 3 | Nomogram to predict the risk of CSF. Draw a line perpendicular from the corresponding axis of each risk factor until it reaches the top line labeled “POINTS”. Sum up the number of points for all risk factors then draw a line descending from the axis labeled “Total Score” until it intercepts diagnostic probabilities. NT-proBNP, N-terminal pro brain natriuretic peptide; HDL, high density lipoprotein cholesterol; HBG, hemoglobin; LADD, left anterior descending artery diameter; LCXD, left circumflex artery diameter; RCAD, right coronary artery diameter.







Validation of the nomogram

Harrell’s C-index was performed to analyze the discriminatory capacity of the nomogram model. Harrell’s C-index for the development cohort was 0.771 (95% CI: 0.737-0.805, Figure 4A). Applying the development cohort estimates to the validation cohort yielded a similar Harrell’s C-index of 0.805 (95% CI: 0.757-0.853, Figure 4B). This indicates that there was an outstanding discriminative ability in the nomogram model. Bootstrap self-sampling method with B = 1000 repetitions and the calibration curves were performed to assess the valid predictive accuracy of the nomogram for the development and validation cohorts. The patterns of both plots showed good agreement between the predicted and observed probabilities of CSF, indicating suitable model calibration (Figures 4C, D). Decision curve analysis (DCA) was used to measure the clinical utility of the nomogram model. DCA presented that when the threshold probability was approximately 23–91%, the model had a good overall net benefit in the development cohort (Figure 4E). Additionally, the nomogram had an overall net benefit within a wider threshold probability in the validation cohort (Figure 4F). Those results suggested that the nomogram holds potential clinical validity.




Figure 4 | Validation of the nomogram. Harrell’s C-index of the predictive accuracy of the nomogram for CSF in the development (A) and independent validation cohorts (B). Calibration curve of the nomogram on the data of the development cohort (C) and validation cohort (D). Decision curve analysis of the nomogram in the development (E) and validation (F) cohorts.








Discussion

CSF was first discovered by Tambe et al. in 1972 in patients undergoing coronary angiography due to chest pain (3). These patients exhibited normal coronary artery structure, but experienced slow blood flow velocity. Although CSF is currently considered an independent chronic coronary syndrome, the pathogenetic mechanisms of CSF still remain uncertain. Importantly, in previous studies, several hypotheses have been proposed including endothelial dysfunction, subclinical coronary atherosclerosis, microcirculation disorders, chronic inflammation, and oxidative stress (1, 4, 11–13). In addition, recent studies have also shown that CSF could be associated with coronary artery anatomical factors and gene polymorphisms (14–16).

In the comparison of clinical data between the two groups, this study found that there was significantly more prevalence of man, smoking history, and alcohol consumption and a significantly higher height, weight, BMI, DBP, and TG in the CSF group, which is in good agreement with earlier reports (6, 17, 18). Numerous studies have suggested that CSF was associated with male gender, smoking, and metabolic risk factors (higher TC and LDL-C levels, impaired glucose metabolism, lower HDL-C levels, and higher BMI) (18–20). Cardiovascular diseases are more prevalent in male patients, but women develop these diseases about a decade later than men. This phenomenon may be related to the effect of estrogen on improving vascular endothelial function and reducing LDL-C (21, 22). However, most men have histories of smoking and drinking. The nicotine and tar in tobacco can lead to endothelial damage, vasospasm, and decreased blood oxygen-carrying capacity (21). Additionally, traditional risk factors of cardiovascular diseases, including lipid and glucose metabolism abnormalities and hypertension, are also involved in endothelial dysfunction, vascular wall thickening, and atherosclerosis formation. These factors can contribute to myocardial ischemia and hypoxia due to weight gain, increased BMI, left ventricular wall thickening, diastolic function deterioration, and myocardial microcirculation disturbances (23).

However, in the multivariate analysis, this study did not show that male gender, hyperlipidemia, smoking history, drinking history, weight, BMI, and DBP were independent risk factors of CSF, which was related to the fact that males accounted for the main part of the included population and were greatly affected by their diet and lifestyle. The prospective studies were required to verify the above influencing factors.

In this study, the patients with CSF had significantly higher values of NT-proBNP and the NT-proBNP were identified as independent predictors of CSF. While the role of NT-proBNP in the pathogenic mechanisms of CSF still remains completely unclear, the previous study demonstrated that elevated NT-proBNP has been highly associated with patients with CSF (24). It has been shown that the NT-proBNP is secreted primarily from cardiomyocytes in response to ischemia or increased wall stress. Elevated levels of serum NT-proBNP are widely used as significant indicators to predict clinical diagnosis, mortality, and hospitalization in patients with cardiac dysfunction, coronary hypoperfusion, and cardiovascular disease (25, 26). Candemir et al. suggested that the levels of NT-proBNP are higher in patients with CSF, particularly those with scar tissue (24). The secretion of BNP from fibroblasts of scar tissue induces matrix metalloproteinases, leading to fibrosis (27). Elevated NT-proBNP in CSF may be associated with impaired coronary blood flow, which can induce myocardial ischemia and subsequent BNP secretion. Moreover, the increased wall stress in increased LV filling pressures is another potential cause of elevated NT-proBNP levels. This study also revealed that patients with CSF had significantly higher LVEDD and LVESD, further supporting the role of increased wall stress in NT-proBNP elevation. Additionally, histological and pathological changes in the coronary arteries may also induce the ventricular myocardium to release BNP.

This study observed that the diameter of the coronary arteries was larger in patients with CSF than in those with NCSF and was associated with high CSF risk, which is consistent with previous studies (14, 15). According to Bernoulli’s equation and Poiseuille’s law, the flow velocity of Newtonian fluids in circular-sectioned pipes decreases when the pipes abruptly enlarge28 (28). Thus, changes in cardiovascular diameter or cross-sectional area may play an important role in the pathophysiology of CSF. The enlarged coronary artery may be associated with early atherosclerosis, chronic inflammation, and endothelial dysfunction (14). In terms of myocardial pathology, Mangieri et al. have conducted a myocardial biopsy of the left ventricle in patients with CSF, revealing small coronary vessels with features such as medial hypertrophy, fibromuscular hyperplasia, myofibril disarray, mitochondrial abnormalities, and decreased intracellular glycogen (29). In addition, the structural abnormalities in coronary arteries mainly leaded to luminal narrowing and functional obstruction, including thickening of the arteries, fibromuscular hyperplasia, endothelial swelling, and increased resting microvascular resistance in coronary vessels <400µm (30–32). These factors are impairing myocardial blood supply, resulting in unstable angina pectoris in normal or near-normal coronary arteries. Nie et al. showed that the tortuosity index and the number of distal branches of the three major coronary arteries were significantly increased, significantly correlated with the mean CTFC, and independent predictors of CSF (14). Furthermore, using multidetector CT coronary angiography, Kantarci et al. found a significant correlation between CSF and a small angle of origin of the main coronary arteries from the aorta (15). Finally, Yigit et al. reported that carotid and coronary artery diameters were significantly elevated in patients with CSF, suggesting carotid artery dilatation may be used as an early indicator for CSF (33).

Patients with CSF often present with recurrent unstable angina pectoris, arrhythmias, and cardiovascular and cerebrovascular events, and they generally have a poor prognosis (6, 34). Therefore, early identification of patients with high risk of CSF is crucial for defining preventive treatment strategies and improving the quality of life and survival prognosis for these individuals. This study included NT-proBNP, HDL, hemoglobin, left anterior descending coronary artery diameter, left circumflex artery diameter, and right coronary artery diameter as prediction factors to develop a nomogram model. The verification results showed that it had high distinguishing ability, agreement, and clinical application value.

This study complies with several limitations. The study was conducted as a single-center retrospective case-control study. This design may introduce selection bias, as all subjects were referred by physicians. Consequently, the findings may not be fully generalizable to broader populations. Additionally, this study had a small sample size due to the low incidence of CSF in coronary angiography. The limited number of these study individuals could impact the robustness of the conclusions drawn. The limited number of clinical indicators collected may introduce bias in the study of risk factors of CSF. Moreover, as this study was the first to establish a nomogram for estimating the probability of CSF, there were few similar studies to refer to during its development. Finally, multicenter external validation of the nomogram model was not performed, which limited the extrapolation of the model. Therefore, prospective, multicenter, and large-sample studies are needed to yield more robust results in the future. In light of these limitations, the findings of this study should be interpreted with caution.

In conclusion. This study developed and validated a nomogram that incorporates six clinical characteristics, including NT-proBNP, HDL, left anterior descending artery diameter, left circumflex artery diameter, and right coronary artery. Those variables are both straightforward to obtain and usually collected in CSF risk assessment. The nomogram serves as a practical tool, offering clinicians a user-friendly method to directly assess the risk of CSF in their patients.
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