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Introduction: The morbidity and mortality rates of coronary heart disease are significant, with PCI being the primary treatment. The high incidence of ISR following PCI poses a challenge to its effectiveness. Currently, there are numerous studies on ISR risk prediction models after PCI, but the quality varies and there is still a lack of systematic evaluation and analysis.



Methods: To systematically retrieve and evaluate the risk prediction models for ISR after PCI. A comprehensive search was conducted across 9 databases from inception to March 1, 2024. The screening of literature and extraction of data were independently carried out by two investigators, utilizing the checklist for critical appraisal and data extraction for systematic reviews of prediction modeling studies (CHARMS). Additionally, the risk of bias and applicability were evaluated using the Prediction Model Risk of Bias Assessment Tool (PROBAST).



Results: A total of 17 studies with 29 models were included, with a sample size of 175–10,004 cases, and the incidence of outcome events was 5.79%–58.86%. The area under the receiver operating characteristic curve was 0.530–0.953. The top 5 predictors with high frequency were diabetes, number of diseased vessels, age, LDL-C and stent diameter. Bias risk assessment into the research of the risk of higher bias the applicability of the four study better.



Discussion: The overall risk of bias in the current ISR risk prediction model post-PCI is deemed high. Moving forward, it is imperative to enhance study design and specify the reporting process, optimize and validate the model, and enhance its performance.
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1 Introduction

Coronary heart disease (CHD) poses a significant threat to human life and health as a chronic disease, with its morbidity and mortality showing an increasing trend year by year (1). Percutaneous coronary intervention (PCI) is the primary treatment for CHD (2), offering the advantages of minimal trauma and fewer complications. In-stent restenosis (ISR) following PCI refers to the narrowing of the stent lumen or 5 mm segments at both ends of the stent detected by coronary angiography, resulting in a stenosis degree ≥50% (3). The main pathophysiological mechanism involves vascular endothelial injury and neointimal hyperplasia (4). ISR is a major cause of stent failure and repeated revascularization, serving as a key limitation for PCI treatment (5) and significantly impacting postoperative efficacy. Despite the reduction in ISR occurrence with drug-eluting stents (DES), its incidence remains high at 5%–10% (6). Furthermore, there is currently no standardized clinical treatment plan for ISR (7). Therefore, risk stratification based on risk factors plays a crucial role in identifying high-risk populations for ISR after PCI early on and implementing timely intervention measures. Clinical prediction model (8), as an assessment tool, can evaluate the current health status of patients, help medical staff quantify the risk value of a patient's future disease, and also provide individualized medical evidence for patients, which is beneficial to improve medical cost efficiency. It may even affect the diagnosis and outcome (9). Combining multiple variables or features to construct a prediction model for ISR is helpful to understand the pathogenic mechanism of the combined effect of multiple risk factors. This method helps to have more accurate on the onset and progress of ISR evidence-based knowledge, also is advantageous to the medical staff to make the most benefit at the patient's clinical decision, to optimize clinical outcomes (10). Researchers both domestically and internationally have conducted studies on ISR risk factors after PCI, continuously developing or validating various risk prediction models; however, these models vary in research quality. Thus, this study aims to analyze and compare the fundamental characteristics, modeling methods, predictive variables, and methodological quality of ISR risk prediction models for patients after PCI to offer guidance for clinical medical staff when selecting or developing appropriate ISR risk prediction models after PCI.



2 Methods

In this study, the PICOTS model, as suggested by the Cochrane Prognostic Methods Group, was employed to formulate evidence-based inquiries (11). The target population (P) comprised patients experiencing restenosis after PCI. The index prediction model (I) under investigation was the ISR risk prediction model. There was no specific comparator (C) identified. The primary outcome (O) of interest was the occurrence of stent restenosis post-PCI. The model's application timeframe (T) was during angiography following PCI. The setting (S) for utilizing the model was within the domain of cardiovascular medicine. Apart from that, we use the Checklist for Critical Appraisal and Data Extraction for Systematic Reviews of Risk Prediction Models (CHARMS) by Moons et al. (12) was employed for screening literature and extracting data. Furthermore, the Prediction Model Risk of Bias Assessment Tool (PROBAST) developed by Moons et al. (13) was utilized to evaluate the risk of bias and the applicability of quality assessment for research on ISR prediction models.


2.1 Retrieval strategy

We conducted a thorough computerized search across multiple databases, including PubMed, Web of Science, Embase, Cochrane Library, CINAHL, Chinese Biomedical Literature Database (CBM), China National Knowledge Infrastructure (CNKI), Wanfang, and Weipu (VIP). The search spanned from the inception of each respective database up to March 1, 2024.

The search strategy is as follows: using medical subject headings (MeSH), subject headings, abstract and keyword combinations, Key words include: “Percutaneous Coronary Intervention/Coronary Intervention, Percutaneous/Intervention,Percutaneous Coronary/Coronary Revascularization,Percutaneous/PCI""Coronary restenosis/Restenosis, Coronary/restenosis/restenosis lesions/instent restenosis""risk assessment/predict*/prediction model/risk prediction/risk factors”. In addition, we manually searched the references of the included studies. Taking PubMed as an example, the search strategy is as follows: (((((Percutaneous Coronary Intervention[MeSH Terms]) OR (Percutaneous Coronary Intervention[Title/Abstract])) OR (Coronary Intervention*,Percutaneous[Title/Abstract])) OR (Intervention,Percutaneous Coronary*[Title/Abstract])) OR (Coronary Revascularization,Percutaneous[Title/Abstract])) OR (PCI[Title/Abstract]))))) AND ((((((Coronary restenosis[MeSH Terms]) OR (Restenosis*, Coronary[MeSH Terms])) OR (Coronary restenosis[Title/Abstract])) OR (Restenosis*, Coronary[Title/Abstract])) OR (restenosis[Title/Abstract])) OR (restenosis lesions[Title/Abstract])) OR (instent restenosis[Title/Abstract])))))) AND (((((risk assessment[MeSH Terms]) OR (risk assessment[Title/Abstract])) OR (predict*[Title/Abstract])) OR (prediction model[Title/Abstract])) OR (risk prediction[Title/Abstract])) OR (risk factors*[Title/Abstract])))))).



2.2 Study screening and inclusion and exclusion criteria

Use the Endnote software delete found in the database to retrieve all repeated study, two researchers independent screening the rest of the title and abstract, the full text of selected independent review to ensure that the report up to the standard. Study inclusion criteria were as follows: (1) Patients aged ≥18 years old with ISR after PCI; (2) The research content was the construction and/or validation of ISR risk prediction model after PCI; (3) Study types were cross-sectional study, case-control study or cohort study; (4) Chinese and English studies. Exclusion criteria: (1) The model included less than 2 predictors; (2) Unable to extract complete data; (3) unable to get the full text; (4) Repeated publication; (5) The specific process of modeling was not described. Study screening and data extraction were cross-checked by two researchers independently, and a third party was consulted in case of disagreement. See Figure 1 for detail.


[image: Figure 1]
FIGURE 1
Flow chart of literature screening.




2.3 Data extraction

Data from the included studies were independently extracted by two investigators and subsequently cross-checked by a third investigator. Any discrepancies or inconsistencies were resolved through discussion among the investigators or by seeking professional consultation. Utilizing a standardized data collection form, CHARMS data were extracted from the included studies. The form comprises the following details: Year of publication, country of study, study design type, research object, study site, and outcome definition. Additionally, it includes information on the number of candidate variables, continuous variable processing method, sample size, proportion of restenosis events and other information.



2.4 Risk of bias in the studies

Two researchers independently utilized the Prediction Model Risk of Bias Assessment Tool (PROBAST) (13) to assess the risk of bias and applicability of the included studies. In instances of disagreement, a third party was consulted for resolution. The risk of bias assessment encompassed four aspects: subjects, predictors, outcomes, and data analysis, with a total of 20 questions. Applicability was evaluated across three dimensions: subjects, predictors, and outcomes. Each question could answer “Yes (Y)/Probably Yes (PY),” “Probably Not (PN)/No (N),” or “No Information (NI).” Each domain and overall will be assessed as “high risk of bias,” “low risk of bias,” or “unclear risk of bias.” Applicability is rated as “good applicability,” “poor applicability,” or “unclear applicability.” When the evaluation results of all domains are low risk of bias or good applicability, the overall risk of bias and applicability are judged to be low risk of bias or good applicability.



2.5 Statistical analysis

Throughout the study, descriptive statistics and narrative reviews were utilized for organizing and synthesizing research findings (14), while thematic analysis (15) was employed for categorizing influencing factors.




3 Results


3.1 Data search and included literature

A total of 10,422 relevant studies were initially retrieved, from which 17 were ultimately included following screening (16–32). This comprised 13 studies in English and 4 studies in Chinese. The literature screening process is illustrated in Figure 1.



3.2 Study characteristics

Studies were published between 2013 and 2024, with the majority originating from China (n = 12), followed by Germany (n = 2), and one each from Romania, Spain, and South Korea. Among these, three (16, 18, 21) were prospective studies, while the remaining were retrospective. A total of 29 models were included, with sample sizes ranging from 175 to 10,004, and the incidence of outcome events varying from 5.79% to 58.86%. Logistic regression methods were employed in 11 studies (16–21, 23, 25, 27–30, 32) see Table 1.


TABLE 1 Basic characteristics of the included studies (n = 17).
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3.3 Model development and performance

Among the 29 included models, 27 (16–21, 23–25, 27–32) reported areas under the receiver operating characteristic curve (AUC) ranging from 0.460 to 0.953. Except for the 7 models constructed by Scafa-udriste et al. (20), Lin et al. (25), He et al. (28), and Kang et al. (32), the AUC values of the other models exceeded 0.7. The calibration of five models 27 (17, 24, 28, 29) was evaluated using the Hosmer-Lemeshow test. Three studies (16, 28, 31) reported missing data, with two studies (28, 31) employing specific treatment methods such as direct deletion and data imputation, respectively, while six studies (17, 18, 20, 27, 30, 32) did not report the presence or absence of missing values. Table 2 shows the performance and predictors of all models.


TABLE 2 Establishment, validation, variables and model performance of ISR risk prediction model for patients after PCI (n = 29).

[image: Table 2]



3.4 Predictive variables included in the prediction model for ISR after PCI

The number of predictors included in the models ranged from 3 to 19. According to the thematic analysis method, the risk factors involved in the included studies were classified and described, which could be divided into three categories: disease and treatment factors, laboratory indicators, and demographic characteristics. The top 5 predictive variables consistently reported by the models were diabetes mellitus (n = 8), number of diseased vessels (n = 6), age (n = 6), LDL-C (n = 5), and stent diameter (n = 5). see Tables 3, 4 for more details.


TABLE 3 Risk predictors of ISR after PCI.
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TABLE 4 Categories of risk predictors for ISR after PCI.
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3.5 Quality assessment

Among the 17 included studies, 15 (16–25, 27, 28, 30–32) were deemed to have a high risk of bias, while 2 (26, 29) could not be definitively assessed for bias. Concerning study subjects, nine studies (16, 20–25, 28, 32) were rated as high risk, seven studies (17–19, 26, 27, 29, 30) as low risk, and one study (31) as unclear risk. Regarding predictors, four studies (18–20, 25) were judged to have a high risk of bias, ten studies (17, 21, 22, 26–32) as low risk, and three studies (16, 23, 24) as unclear. Concerning outcomes, seven studies (16, 18, 19, 25, 30–32) were deemed to have a high risk of bias, four studies (24, 26, 27, 29) as unclear, and the remainder as low risk. For data analysis, five studies (17, 27, 28, 31) were rated as high risk, six studies (16, 18, 19, 21, 22, 29, 32) had unclear risk, and the rest were deemed low risk. Four studies (21, 23, 24, 30) received favorable applicability evaluations across study subjects, predictors, and outcomes, indicating high overall applicability, while the remaining studies scored low in applicability assessments. See Table 5 and Supplementary Appendix 1.


TABLE 5 Included in the study of risk of bias and applicability evaluation (n = 17).
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4 Discussion


4.1 Summary of main findings

We conducted a systematic review focusing on the application of clinical prediction models in studies concerning the diagnosis and prognosis prediction of in-stent restenosis (ISR) following percutaneous coronary intervention (PCI). Upon screening the 17 finally included studies, we found that the area under the receiver operating characteristic curve (AUC) of ISR prediction models after PCI ranged from 0.530 to 0.953. With the exception of four models (20, 25, 28, 31) with AUC values below 0.70, the remaining models exhibited satisfactory prediction performance (AUC > 0.70). However, it's worth noting that all 17 studies included in this review demonstrated a high risk of bias. This indicates that there's a need for future studies to enhance their study design and reporting processes, optimize and validate the models, and ultimately improve their performance.



4.2 High bias risk analysis of ISR risk prediction model after PCI

All the 17 studies included in this study showed a high risk of bias. The main reasons for this phenomenon are as follows: (1) Inadequate data size: Ten studies (18–20, 24, 25, 27, 28, 30–32) suffered from small sample sizes (sample size/candidate variables < 20), potentially predisposing the models to overfitting. (2) Inadequate handling of missing data: Among the studies included, six (17, 18, 20, 27, 30, 32) did not report any missing data, three (16, 28, 31) specified the presence of missing data, and one (16) did not detail the specific handling methods for missing data. Proper handling of missing data is crucial for reducing bias. Currently, various methods exist for addressing missing data, such as weighting methods, among others. Employing appropriate techniques tailored to the specific circumstances can mitigate the adverse effects of missing data on statistical analysis and model reliability. (3) Improvement needed in validation methods: While five studies (16, 18, 24, 25, 29) utilized the Bootstrap self-sampling method, the majority of included studies relied on internal validation methods, primarily random split validation. However, this validation approach not only diminishes the effective sample size for model development but also heightens the risk of overfitting. (4) Reliance on a single data analysis method: Eleven studies (16, 17, 19, 20, 23, 25, 27–30, 32) employed logistic regression analysis to construct models. However, contemporary approaches encompass various data analysis methods, including deep learning and decision trees, for handling complex data. Hence, alongside traditional prediction methods, integrating alternative techniques can enhance the robustness of prediction models. The initial step in prevention involves conducting risk assessment and prediction. The accuracy of predictive results will directly impact the selection and effectiveness of preventive management measures. Bias is usually defined as the presence of a systematic error that may affect the study's validity (33). A high overall bias in risk prediction models may lead to the following issues: inaccurate predictive results; suboptimal decision-making; bias in resource allocation; trust issues. Suggestions for future research involve augmenting sample sizes, enhancing the standardization of data reporting and processing, refining validation methods, and incorporating diverse data analysis methodologies. Adhering to standardized research methods and reporting processes can bolster the quality of investigations, furnishing a more scientific and reliable foundation for clinical decision-making.



4.3 High risk factors of ISR risk prediction model after PCI

Among the 17 predictors finally included in the study, spanning from 3 to 18, they can be categorized into three types. Analysis revealed that among the 22 models considered, the most prevalent predictors were diabetes mellitus, the number of diseased vessels, age, LDL-C, and stent diameter.

Diabetes is widely recognized as a risk factor for intrastent restenosis after PCI (34), and was also noted in 10 studies (16, 18, 19, 21, 23, 25, 27, 30–32) in this study. This association can be attributed to several factors. Firstly, in individuals with diabetes, chronically elevated blood glucose levels can directly or indirectly stimulate the generation of reactive oxygen species, inflammation, and metabolic factors within the body. These physiological processes can adversely affect the repair of blood vessels where stents are placed. Secondly, insulin resistance in patients with type II diabetes mellitus can easily lead to lipid deposition in the intima of blood vessels, trigger atherosclerosis and inflammatory reaction of the vessel wall, thereby stimulating the inflammatory reaction of the vessel wall, promoting the formation of thrombosis and accelerating the occurrence of ISR. In patients with abnormal lipid metabolism, lipids are more likely to be deposited in the vessel wall, thereby increasing the risk of ISR (35, 36).

The risk of ISR is high in elderly patients. Due to the relatively high number of underlying diseases, the compensatory capacity of various organs is decreased, and the repair of vascular endothelial function is impaired. In addition, the arterial wall of elderly patients is relatively thickened, the anticoagulant ability is weakened, and they are more likely to suffer from atherosclerosis (37).

Elevated levels of LDL-C can disrupt the structure and function of vascular endothelial cells, trigger inflammation, while reducing LDL-C concentration can delay the onset of ISR (34).

Stent implantation itself can cause vascular damage, and with the more and longer stents inserted, the greater vascular resistance and the greater pressure required for stent release will further damage vascular endothelial cells, leading to platelet adhesion and intimal hyperplasia, leading to ISR (34). In addition, bare metal stents can greatly increase the risk of ISR, and drug-eluting stents can inhibit endothelial cell proliferation for a long time (34).

Surgical history is a widely accepted risk factor for in-stent restenosis after PCI (38, 39). Surgery can cause different degrees of damage to the vascular wall, which leads to endothelial cell stripping, inflammatory reaction, intimal repair proliferation and smooth muscle cell proliferation. The more the number of operations, the greater the damage to the vascular wall, and inflammation and repair lead to stent restenosis.

In addition, patients with smaller vessels have a high risk of restenosis due to the fact that they are more likely to develop diseases such as diabetes or multivessel coronary artery disease, resulting from multiple factors (40).

Despite the increasing number of studies on in-stent restenosis after PCI, recognized risk factors include: the type of implanted stent, the presence of diabetes mellitus, previous bypass surgery, and small vessel caliber. However, the exact cause of in-stent restenosis after PCI is still controversial, and the risk factors are complex and diverse. Therefore, it is particularly important to carry out differential risk stratification (39) and accurately identify the predictors related to patients, stents and lesions, which is also the deficiency of existing studies.

Hence, in clinical practice, it is imperative to conduct a comprehensive assessment of individual risk factors, closely monitor these high-risk patients, and devise personalized multidisciplinary intervention programs to preempt the occurrence and progression of ISR.



4.4 Application of prediction models in clinical practice

The risk score within the prediction model relies on readily accessible clinical and laboratory data, facilitating easy calculation and implementation (41). This offers a swift and convenient means for clinics to quantify risk, aiding in the formulation of individualized patient treatments. In clinical practice, prediction models serve to unveil the risk of ISR post-PCI, and accurate models empower medical professionals to make optimal clinical decisions or guide adjunctive therapies. Hence, it is essential for them to grasp the strengths and limitations of these models.

Currently, research on ISR risk prediction models post-PCI is progressively advancing. Our study underscores that while the included ISR risk prediction models post-PCI demonstrate partial applicability, they exhibit an overall high risk of bias. This underscores the imperative for further investigations in the future, such as augmenting sample sizes and extending follow-up periods. Such endeavors are pivotal for refining the accuracy and reliability of these predictive models.

There are a variety of machine learning algorithms that can be used to establish risk prediction models in computer and medical fields, and it has been confirmed that models established by machine algorithms have better prediction performance (42, 43). Therefore, in the future, modeling methods should be used reasonably to improve model performance. To facilitate clinical practice.

Furthermore, the absence of external validation in some studies hampers the universality of prediction models. Limited clinical research exists on whether these prediction models for ISR post-PCI are conducive to early identification and intervention. These shortcomings impede the refinement of prediction models in the post-PCI population and in clinical practice. Future research endeavors should focus on enhancing the clinical utility and simplifying the prediction model for ISR post-PCI, such as refining risk calculation formulas and graphical representations.

Establishing a comprehensive clinical medical decision system through prediction models can assist clinicians in diagnosing and devising personalized treatment plans for post-PCI patients. Based on our study, we recommend that healthcare practitioners adhere strictly to PROBAST report specifications when constructing future models. Additionally, there is a need to bolster multicenter, large-sample external validation efforts and integrate clinical insights to further validate the feasibility and applicability of these models in clinical settings. Moreover, continual updates, optimization, and calibration of the model's predictive power are imperative to furnish a robust foundation for high-quality clinical decision-making.




5 Strengths and limitations

This study has several significant advantages. Firstly, it provides a comprehensive review encompassing all relevant studies on ISR prediction models post-PCI, ensuring a thorough examination of existing literature. Secondly, by employing the PROBAST tool, we meticulously assess model bias and applicability, thereby providing a robust framework for evaluating various diagnostic or prognostic prediction models.

However, we must also acknowledge some limitations. While our primary focus is on evaluating the predictive performance and bias of the included models, we did not directly assess the applicability of the clinical prediction tool in real-world clinical settings. Additionally, the formulation of inclusion and exclusion criteria, along with subjective judgments made by investigators, may lead to omissions in the reviewed literature. Finally, due to language barriers, our study is limited to published Chinese or English literature, which may introduce a certain degree of selection bias.



6 Conclusions

A total of 17 studies, encompassing 29 prediction models, were included in the analysis. The findings suggest that the current prediction models for in-stent restenosis (ISR) following PCI exhibit a high risk of bias overall, with only a minority of the models undergoing external validation. Hence, it is recommended that future research strictly adhere to the reporting steps outlined in PROBAST during model construction. Furthermore, there is a need to strengthen external validation through multi-center studies with large sample sizes. It is essential to further assess the applicability and feasibility of these models in clinical practice, considering the actual clinical context. By doing so, we can furnish a high-quality foundation for clinical decision-making.
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