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Editorial on the Research Topic
Systems biology and data-driven machine learning-based models in personalized cardiovascular medicine




1. Introduction

The fields of health and medicine have joined the rest of the other branches of life sciences in adopting computerized systems, digital communication, information processing, and an overall data-centrism. Artificial intelligence (AI) has emerged as one of the current drivers for this data-centric approach, particularly in the form of machine learning (ML) and, more specifically, deep learning (DL), which is one of its most successful sub-families.

This brief editorial paper provides an introduction to the 16 papers that contributed to the current special issue on systems biology and data-driven ML-based models in personalized cardiovascular medicine. The collection comprises original research, systematic reviews, and meta-analyses, and we are confident that it will be of great interest to the readers of this journal. Cardiovascular medicine is in fact one of the most active medical areas for the application of ML and AI techniques (1). The breadth and variety of topics broached by the works in this collection bear testimony to such a reality. In the next paragraphs, we shall characterize these studies according to the cardiovascular problem addressed, the ML approaches adopted, and any other relevant characteristics of the data analysis workflows.

The studies conducted by Cornhill et al. and Dykstra et al. have reported on the predictions of heart failure hospitalization and atrial fibrillation based on similar cardiac magnetic resonance (CMR) information. In both cases, the CMR data are combined with electronic health record (EHR) features, in addition to supplementary information such as patient health questionnaires. In the study conducted by Peng et al. the authors address the problem of predicting all-cause in-hospital mortality for patients in the intensive care unit (ICU) with heart failure combined with hypertension. The data under analysis include gender, age, vital signs, laboratory tests, and comorbidities.

The study conducted by Ren et al. focuses on developing a predictive DL model for predicting the progression of cardiovascular disease (CVD), including coronary heart diseases, cerebrovascular diseases, congestive heart failure, and peripheral artery diseases in patients with diabetic kidney disease. The predictive model uses seven clinical variables, including age, smoking status, systolic blood pressure, total cholesterol, hemoglobin, high-density lipoprotein cholesterol levels, and urinary protein excretion. The best performing model, called DeepSurv, is used to develop an online tool for predicting CVD risk in patients with diabetic kidney disease.

Several papers (Cai et al., Guo et al., Li et al.) are devoted in predicting acute myocardial infarction (AMI). In the study conducted by Cai et al. the authors developed a predictive model for the risk stratification of acute kidney injury in patients with AMI using data from the Medical Information Mart for Intensive Care (MIMIC) IV database. Siva Kumar et al. in their study developed a quantitative electrocardiogram (ECG) risk score in conjunction with coronary artery calcification (CAC) to assess their ability in predicting major adverse cardiovascular events (MACE) in patients with at least one cardiovascular risk factor from the Community Benefit of No-charge Calcium Score Screening Program (CLARIFY) trial. A nomogram constructed by integrating the quantitative ECG risk score with CAC, age, and sex was found to be associated with MACE and demonstrated accurate discrimination between patients at high risk and those at low risk. The study conducted by Guo et al. identified the genes related with inflammation associated to the pathogenesis of AMI. This study performed, for the first time, a systematic analysis of biomarkers associated with the development from stable cardiovascular disease to AMI, specifically focusing on 5mC regulators. Interestingly, nine hub 5mC regulators were identified and validated by a robust model, leading to developing a diagnostic model that might be used to discriminate AMI from coronary artery disease. The study conducted by Li et al. focused on identifying the genes associated with heart failure induced by ischemic cardiomyopathy. Both papers utilized the data from the Gene expression Omnibus (GEO) and Genomic Spatial Event (GSE) databases. Weighted gene co-expression network analysis (WGCNA) is employed as a method in identifying potential functional modules. The CIBERSORT algorithm is used in characterizing immune cell infiltration.

In the study conducted by Kong et al. the authors employed a new proteomic assay platform called Olink multiplex cardiovascular disease III to assess the variations in protein expression in patients with acute phase atrial fibrillation who underwent cryoballoon ablation, radiofrequency balloon ablation, or radiofrequency ablation procedures. The pathway analysis revealed major changes in the cytokine–cytokine receptor interaction after the three different ablations, as well as in certain proteins associated with hemorrhage and coagulation. It should be noted that the scope of this exploratory study was rather constrained due to the small sample size and the focus on the proteins included in the Olink panel.

The problem of atrial fibrillation in patients with chronic obstructive pulmonary disease (COPD), using data from GEO and GSE databases, is addressed in the study conducted by Sun et al. These data were investigated using the WGCNA method and the STRING platform to construct a protein–protein interaction network. The CIBERSORT algorithm was used once again to characterize immune cell infiltration.

Shi et al. performed a retrospective observational study with 1,493 patients diagnosed with obstructive sleep apnea (OSA) admitted to the Department of Otorhinolaryngology—Head and Neck Surgery of the Second Affiliated Hospital of Xi’an Jiaotong University between October 2019 and December 2021. The authors used six different ML analyses and found that the gradient boosting machine (GBM) model was the best in assessing risk factors and predicting OSA-related hypertension. In addition to identifying several known risk factors, such as BMI, age/10, and minimum SaO2/10, the multivariate logistic regression and SHAP analysis also found that CT90/10OSA, a novel variable related to sleep disorder, exhibits a strong association with CVD, metabolic disorders, and cognitive impairment.

The study conducted by Song et al. provided a systematic review and meta-analysis that examined the use of 60 ML models in predicting cardiac surgery-associated acute kidney injury (CSA-AKI). The study included a total of 255,943 patients from 38 eligible studies and found that NNET and Extreme Gradient Boosting (XGBoost) are more effective in the early prediction of CSA-AKI compared with logistic regression (LR).

In another study, Zhou et al. used ML on the Genotype-Tissue Expression project (GTEx) database to find genes associated with sudden death (SD). The SD group included 88 blood samples from 69 donors with fast death of natural causes (0–1 h) and 17 donors with intermediate death (1–24 h). In this case, the authors employed two different ML algorithms, namely Least Absolute Shrinkage and Selection Operator (LASSO) and the Support Vector Machine with Recursive Feature Elimination (SVM-RFE), in order to reduce errors. Consequently, the analysis revealed a correlation between two specific genes, MYL2 and TNNT3, and the occurrence of SD.

One of the main barriers to the application of ML methods in clinical medicine is the difficulty of obtaining sizeable samples of harmonized, properly curated, and representative (multi-center, international) data. Many of the studies in this collection reflect this limitation and would require further validation in data-richer contexts in order to guarantee reproducibility. In any case, the reported circumstances are varied, as some works use original data, whereas others resort to existing publicly available databases. Among the former, for instance, the CMR data used in the studies conducted by Cornhill et al. and Dykstra et al. are derived from a single center and encompass a substantial number of cases. In the study conducted by Shi et al. a single-center retrospective design was used. However, more patients from multiple sources are required to validate the robustness and repeatability of their model. Among the latter, Peng et al. utilized data from several thousands of patients from the MIMIC-IV and the eICU Collaborative Research Databases. The meta-analysis conducted by Song et al. utilized an uncharacteristically large multi-center data sample of 255,943 patients. An interesting alternative approach was used in the study conducted by Feng et al. wherein the authors hypothesized that ML models can be effectively trained utilizing limited datasets by incorporating domain knowledge encoding.

The range of ML methods available to medical data scientists through open-access implementation is staggering. This issue reflects such variety: The most extreme example is the meta-analysis conducted by Song et al. where the performance of 60 ML models was compared. The studies conducted by Cornhill et al. and Dykstra et al. employed the Random Survival Forests as a statistical method. The research conducted by Peng et al. used a K-nearest neighbor method for missing data imputation. In addition, the study utilized the artificial neural networks (ANN), Naïve Bayes, and Random Forests (RF) as predictive models. In the study conducted by Cai et al. several analytical techniques such as RF, Bayesian analysis, SVM, XGBoost, Decision Trees, and LR to analyze the data. On the other hand, Li et al. utilized LASSO, RF, and SVM-REF for their analysis, while Guo et al. and Zhou et al. employed LASSO and SVM-RFE for their respective studies. The atrial fibrillation problem in Sun et al.’s study was analyzed using RF, SVM, XGBoost, and generalized linear models (GLM). Shi et al. employed LR, GBM, XGBoost, adaptive boosting (AdaBoost), bootstrapped aggregating (Bagging), and ANN for predicting OSA-related hypertension. XGBoost was also used in Li et al.’s study to assess the predictive value of a pressure recording analytical method for the duration of mechanical ventilation in children undergoing cardiac surgery, while LASSO and RF were also used in the study conducted by Lin et al. for the analysis of plasma protein profiling in patients with atrial fibrillation.

The lack of interpretability of ML models has recently emerged as a serious limitation in their implementation in medical settings (2). This topic has been investigated by Cai et al. and Shi et al. using the SHAP method to assess the relevance of input features. In addition, Lin et al. utilized an RF-related software package (in R) called randomForestExplainer.

This special issue offers an overview of the latest developments in AI and ML in the field of cardiovascular medicine. However, it is worth noting that future progress also points toward a more precise approach to treatment that takes into account individual differences in patient's genes, environmental factors, and lifestyle choices. This is a context in which AI and ML may help in improving diagnosis, drug discovery, and treatment personalization, perhaps with the help of new tools such as digital twins. The scalable storage of clinical data in data lakes that support fast multidimensional queries should enable data sharing and fuel clinical research. Finally, the emergence of large language models and generative AI, together with federated learning, may provide clinicians with powerful tools for bridging the gap between patients and devices, paving the way for interactive clinical decision support systems.
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Background: Heart failure (HF) hospitalization is a dominant contributor of morbidity and healthcare expenditures in patients with systolic HF. Cardiovascular magnetic resonance (CMR) imaging is increasingly employed for the evaluation of HF given capacity to provide highly reproducible phenotypic markers of disease. The combined value of CMR phenotypic markers and patient health information to deliver predictions of future HF events has not been explored. We sought to develop and validate a novel risk model for the patient-specific prediction of time to HF hospitalization using routinely reported CMR variables, patient-reported health status, and electronic health information.

Methods: Standardized data capture was performed for 1,775 consecutive patients with chronic systolic HF referred for CMR imaging. Patient demographics, symptoms, Health-related Quality of Life, pharmacy, and routinely reported CMR features were provided to both machine learning (ML) and competing risk Fine-Gray-based models (FGM) for the prediction of time to HF hospitalization.

Results: The mean age was 59 years with a mean LVEF of 36 ± 11%. The population was evenly distributed between ischemic (52%) and idiopathic non-ischemic cardiomyopathy (48%). Over a median follow-up of 2.79 years (IQR: 1.59–4.04) 333 patients (19%) experienced HF related hospitalization. Both ML and competing risk FGM based models achieved robust performance for the prediction of time to HF hospitalization. Respective 90-day, 1 and 2-year AUC values were 0.87, 0.83, and 0.80 for the ML model, and 0.89, 0.84, and 0.80 for the competing risk FGM-based model in a holdout validation cohort. Patients classified as high-risk by the ML model experienced a 34-fold higher occurrence of HF hospitalization at 90 days vs. the low-risk group.

Conclusion: In this study we demonstrated capacity for routinely reported CMR phenotypic markers and patient health information to be combined for the delivery of patient-specific predictions of time to HF hospitalization. This work supports an evolving migration toward multi-domain data collection for the delivery of personalized risk prediction at time of diagnostic imaging.

Keywords: cardiovascular magnetic resonance imaging, machine learning, heart failure hospitalization, prediction, systolic heart failure (HF)


INTRODUCTION

Heart failure (HF) is estimated to affect approximately 64 million people worldwide (1) and is associated with a high incidence of disease-related hospitalization (2). HF hospitalization is increasingly prioritized as an important clinical outcome by patients and healthcare organizations given strong associations with morbidity, mortality and dominant contribution to healthcare expenditures (3). In 2017 it was estimated that each HF hospitalization incurred a mean cost of $14,631 USD with 40% of patients readmitted within 90 days (4). Of all patient populations, those with systolic HF provide greatest contributions to HF hospitalization costs (2), justifying an expanding focus on this population for risk modeling. While the prediction of HF re-admission early following index HF hospitalization has been explored from administrative health data (5–7), risk models for incident HF hospitalization applicable to broader HF populations are required. The deployment of such models at time of diagnostic imaging, delivering descriptors of disease with opportunity for the capture of contextual health information, provides an attractive solution for personalized prediction modeling.

Cardiovascular magnetic resonance (CMR) imaging has become a routinely engaged test for the diagnosis and management of systolic heart failure. This has been justified by its versatility for the delivery of a broad range of phenotypic markers that accurately differentiate ischemic from non-ischemic etiologies (8–10), describe patterns of tissue injury (8), identify valvular pathology (11), and deliver reference standard quantification of chamber volumes, function, and ventricular mass (12, 13). While demonstrated to provide independent value for the prediction of composite outcomes (14–17), the combined value of CMR-reported phenotypic features and contextual patient health information to deliver personalized predictions of HF-related outcomes remains unexplored.

We hypothesized that CMR-reported markers of disease contextualized to patient-reported and EHR-derived markers of health can permit patient-specific predictions of time to HF hospitalization. To achieve this, we explored both machine learning (ML)-based modeling and competing risk Fine-Gray (FGM)-based risk modeling techniques for individualized predictions of time to HF hospitalization at time of CMR.



MATERIALS AND METHODS


Dataset Available for Risk Modeling

CMR imaging data, patient-reported measures of health status and electronic health record (EHR) abstracted data was provided by the Cardiovascular Imaging Registry of Calgary (CIROC, NCT04367220). CIROC is a prospectively recruiting clinical outcomes Registry of the Libin Cardiovascular Institute engaging patients clinically referred for cardiac diagnostic imaging. Consenting patients undergoing CMR imaging between February 2015 and October 2019 for the evaluation of systolic HF and completing a minimum 1-year follow-up period were included. All data was collected at time of diagnostic test performance using a commercial workflow, data integration, and diagnostic test reporting software platform (cardioDI™, Cohesic Inc., Calgary).

Patients with chronic systolic HF resulting from ischemic cardiomyopathy or idiopathic non-ischemic cardiomyopathy were identified. All patients were required to have CMR-based confirmation of reduced global systolic function, defined as a left ventricular ejection fraction (LVEF) ≤ 50%. Recognizing the unique natural history of patients with specific non-ischemic cardiomyopathy states, all patients with confirmed cardiac amyloid, cardiac sarcoidosis, and hypertrophic cardiomyopathy were excluded. Patients with an acute cardiomyopathy state due to recent (within 90 days) acute coronary syndrome, takotsubo cardiomyopathy, per-partum cardiomyopathy, or viral infection (suspected or confirmed acute myocarditis) were also excluded. This established a final patient cohort with chronic systolic HF of either ischemic or idiopathic non-ischemic etiology. Ischemic cardiomyopathy (ICM) was defined by occurrence of prior myocardial infarction, percutaneous coronary intervention and/or coronary bypass surgery, or presence of ischemic (subendocardial) pattern injury on late gadolinium enhancement (LGE) imaging corresponding to one or more vascular territories. Patients not meeting this criterion were classified as idiopathic non-ischemic dilated cardiomyopathy. For patients who underwent multiple CMR studies, the index study was used for prediction modeling.

A total of 8,773 unique patients enrolled in the CIROC Registry were considered. Of these, 2,455 had an LVEF ≤ 50% by CMR. Following application of the inclusion and exclusion criteria, 1,775 unique patients satisfied cohort eligibility.

The study was approved by the University of Calgary Conjoint Health Research Ethics Board. All subjects provided written informed consent. All research activities were performed in accordance with the Declaration of Helsinki.



Data Element Generation and Collection


Patient Reported Health Data

Patient health questionnaires were electronically deployed prior to each CMR examination to collect patient demographics, comorbid cardiac and non-cardiac illness, smoking, and alcohol history, patient-reported shortness of breath [based on New-York Heart Association (NYHA) classification], and HRQoL using the EQ-5D tool (18).



Cardiovascular Magnetic Resonance Imaging-Based Phenotype Data

CMR imaging was performed on 3 Tesla clinical scanners (Prisma or Skyra, Siemens Healthcare, Erlangen, Germany) using standardized imaging protocols inclusive of routine cine and LGE imaging techniques in sequential short-axis views and 2-, 3-, and 4-chamber long axis views. Quantitative image analysis was performed using standardized operating procedures developed according to guidelines of the Society for Cardiovascular Magnetic Resonance (19). Image analysis was performed using commercially available software (cvi42; Circle Cardiovascular Inc., Calgary) to obtain left ventricular (LV) and right ventricular (RV) volumes and function from semi-automated contour tracing of the endocardial and epicardial borders followed by manual adjustment. Papillary muscles were considered part of the LV mass. Maximal left atrial volume was assessed in the phase immediately prior to mitral valve opening using the bi-plane area-length method on matched 2- and 4-chamber cine images. All measurements were indexed to body surface area, where appropriate, using the Mosteller formula.

Standardized software was used to receive and code quantitative markers of chamber volumes and function, and to code disease-specific phenotypes (cardioDI™; Cohesic Inc., Calgary). LGE images were visually scored for the presence, extent, and pattern of fibrosis: the latter scored as subendocardial, mid-wall striae, right ventricular insertion site, mid-wall patchy, subepicardial, and diffuse patterns, as previously described (20, 21). Valvular pathology was coded based upon visually graded assessments of regurgitation and stenosis severity. The presence of pleural and pericardial effusions was routinely coded.



Electronic Health Record Abstracted Data

Electronic health information was abstracted from institutional EHR data warehouses and was inclusive of pharmacy, laboratory and ICD-10 coded diagnostic and procedural data. Historic data was abstracted at time of index CMR, and every 3-months perpetually thereafter. The primary clinical outcome of HF-related hospitalization was identified by ICD-10 coding registered in the Discharge Abstract Database System, using primary ICD-10 codes of I50.X. All documented events were manually adjudicated by medical chart review. Mortality data, used for competing risk analysis, was collected from Vital Statistics Alberta.




Statistical Analysis

Continuous variables are reported as means ± standard deviation whereas categorical variables are expressed as counts with percentages. Comparison between groups for continuous variables were performed using a Student’s t-test or a Welch’s t-test where appropriate. Chi-squared tests without a Yates Correction and Fishers Exact tests were used for comparison between groups for categorical variables. Univariable CoxPH analysis of baseline variables was performed to identify associations with the primary outcome, this used for identifying candidate variables for FGM-based modeling.



Risk Model Development

We aimed to develop and compare performance of machine learning (ML) and non-ML based modeling for the patient-specific prediction of time to HF hospitalization with reference comparison to a historic HF prediction model. As a ML-based approach we used Random Survival Forest (RSF) based modeling, this compared to a FGM-based model. For the development of our novel prediction models our study dataset was split into a 70% (n = 1,245) development and 30% (n = 530) holdout validation cohort, balanced for both event rate and follow-up duration. The development cohort was partitioned into five training and testing datasets for 5-fold cross-validation-based model development and selection. Within each cross-validation fold, missing data was independently imputed by multivariable feature imputation (Hmisc: aregImpute) (22). Manual variable reduction was executed to remove variables with a missingness rate > 15% and those believed to have poor generalizability to other clinical settings (i.e., unique to the local institution). This led to 63 consistently available disease phenotype (imaging) and patient health variables for the development of our risk models (Supplementary Table 1).



Machine Learning Model Development and Performance Evaluation

For each development fold, 100 bootstrap samples with replacement were generated and 100 RSF models were trained for variable selection. These models were applied to out-of-bag data where variable importance was then assessed using permutation importance rank. The top 15 performing variables for each training fold were selected by their mean variable rank across all 100 out-of-bag datasets. A comprehensive grid search technique was used for hyperparameter tuning, as summarized in Supplementary Table 2. Optimized models in each training fold were applied to the test sets for final model evaluation and selection using time-dependent area under the curve (tAUC) and C-index. Models containing a range of 13–17 features were assessed in the test set, comparing tAUC and C-index to identify the optimal number of model features. The final model was then applied to the holdout dataset where performance was assessed using C-index, tAUC, average positive predictive value (PPV), average recall and F1 score. A model threshold for discriminating “High” from “Low” risk cohorts was then defined by observing the inflection point of observed events across deciles of predicted risk in the development cohort. Cumulative incidence plots accounting for competing events and stratifying patients by predicted risk category were generated. Calibration plots were generated by plotting mean difference in predicted and observed event rates for each decile of risk across 100 bootstrap replicates at 2 years. The Aalen-Johansen method was used to account for competing events.



Competing Risk Fine-Gray-Based Models Risk Model Development and Performance Evaluation

For development of the FGM based model variable candidacy was defined by a threshold p-value of 0.1 in univariable analysis. Backward variable selection was performed to select features, based on order of variable exclusion. Highly correlated features were excluded using a threshold of a Pearson’s coefficient greater than 0.7. The competing risk FGM model was applied to generate coefficients for each variable that could then be used to estimate 90 day, 1 and 2-year probability of HF hospitalization for individual patients, as previously described (23). The test dataset was used to assess model performance for each development and test fold, resulting in five candidate risk models. C-index and tAUC were then used to select an optimal model for validation in the holdout dataset. Model performance in the holdout dataset was assessed using C-index, tAUC, average PPV, average recall and F1 score. Calibration was assessed using the method described above.



MAGGIC Score-Based Risk Model Performance Evaluation

Originally developed for mortality prediction in systolic HF populations (24), the MAGGIC risk score served as the best available surrogate model for the estimation of HF outcomes in our referral population. MAGGIC risk scores were applied to the holdout cohort to provide matched assessments of performance vs. novel risk models.

All statistical analysis and modeling was performed in R version 4.0.3 and Python version 3.8.8 (25).




RESULTS


Population Characteristics

Our chronic systolic HF population consisted of 1,775 unique patients with a mean age of 59 ± 13 years and 24% being female. Baseline clinical and CMR characteristics are summarized in Table 1. The population was composed of 52% ischemic cardiomyopathy and 48% non-ischemic dilated cardiomyopathy patients.


TABLE 1. Baseline clinical and CMR characteristics of the study cohort.

[image: Table 1]
During a median follow-up period of 2.79 years (IQR: 1.59–4.04) 333 patients (19%) experienced the primary outcome of HF hospitalization. Ninety-five patients (5%) died, 40 of these (2%) dying without prior HF hospitalization.

No significant differences were observed between development and validation cohorts (Supplementary Table 3). In the development cohort, 233 patients (19%) experienced the primary outcome over a median follow-up period of 2.8 (IQR: 1.59–4.04) years. In the validation cohort 100 patients (19%) experienced the primary outcome over a median follow-up period of 2.74 (1.58–4.04) years.



Machine Learning Risk Model Performance

The final RSF risk model contained15 predictive variables, 9 of which were sourced from the CMR-reported phenotype. The variable selection process produced a model containing LVESVi, LVEDVi, LVEF, RVESVi, RVEDVi, and RVEF. Given that end systolic volumes are implicit in a model containing end diastolic volumes and ejection fraction, two predictive late gadolinium enhancement patterns (subendocardial and mid-wall striae) were added to the model and performance in the test datasets compared. The model containing LGE features achieved higher C-index and tAUC values and this feature set was subsequently used to train the final RSF model. The mean permutation importance of each selected variables is shown in Figure 1. In the holdout cohort, the RSF model achieved a C-index of 0.77 and provided 90-day, 1 and 2-year AUC values of 0.87, 0.83, and 0.80, respectively (Figure 2). The RSF model delivered a mean PPV of 0.50 with an F1 score of 0.60 with good calibration across all deciles of risk (Figure 3). We defined patients with risk estimates above the seventh-risk decile to be “high-risk,” these patients experiencing 66% of all observed outcomes in the holdout cohort. Cumulative incidence curves (Figure 4) for patients predicted to be “high-risk” vs. “low-risk” showed significantly higher occurrence of HF hospitalization. The respective event rates for high vs. low-risk cohorts were 19 vs. 0.6% (p < 0.0001) at 90 days; 28 vs. 4% (p < 0.0001) at 1-year; and at 35 vs. 7% (p < 0.0001) at 2-years.
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FIGURE 1. Mean permutation importance values over 100 bootstrap samples for the features included in the final CIROC-HF-RSF model.
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FIGURE 2. (A) Receiver operating characteristic curves for the CIROC-HF-RSF Model, CIROC-HF-FGM Risk Model, and modified MAGGIC risk score at 90 days, 1 and 2 years follow-up in the holdout cohort. (B) Summary of CIROC-HF-RSF model, CIROC-HF-FGM Risk Model, and modified MAGGIC risk score performance in the holdout cohort.
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FIGURE 3. Calibration plots for (A) CIROC-HF-RSF risk model, and (B) CIROC-HF-FGM risk model for the prediction of HF hospitalization in the holdout cohort. Plots display difference between observed and expected event rates at each decile of risk. Confidence intervals are derived from 100 bootstrapped datasets.
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FIGURE 4. Cumulative incidence curves describing time to HF hospitalization in the holdout dataset stratified by “High-risk” vs. “Low-risk” classification by the (A) CIROC-HF-RSF model, and (B) CIROC-HF-FGM Risk Model.




Competing Risk Fine-Gray-Based Models Model Performance

Similar to machine learning-based modeling, variables from all data domains were shown to provide value toward an optimal FGM-based model with respective associations summarized in Supplementary Table 4. In holdout validation CIROC-HF-FGM delivered a mean C-index of 0.77 with 90-day, 1 and 2-year tAUC’s of 0.89, 0.84, 0.80, respectively. The mean PPV and F1 score was 0.49 and 0.59, respectively (Figure 2). Similar to the ML-based model, patients with a predicted risk above the seventh-risk decile were defined as “high-risk.” High-risk patients experienced 62% of all observed outcomes in the holdout cohort, with cumulative incidence curves shown in Figure 4. The respective event rates for high vs. low-risk groups were 18 vs. 1% (p < 0.0001) at 90-days; 28 vs. 3% (p < 0.0001) at 1-year; and 35 vs. 7% (p < 0.0001) at 2-years.



Comparison of CIROC-HF Risk Models to the MAGGIC Risk Score

Both CIROC-HF risk models were compared to the MAGGIC Risk Score (24) in the validation cohort. The MAGGIC Risk Score delivered a mean C-index of 0.72 with a respective 90-day, 1-year, 2-year tAUC’s of 0.81, 0.78, 0.74. Comparisons of tAUC performance between the CIROC-HF risk models and MAGGIC Risk Score are shown in Figure 2, demonstrating superior performance for both novel CIROC-HF models.




DISCUSSION

In this study we demonstrated the capacity of routinely reported CMR disease markers to be contextualized by patient health information at the time of diagnostic testing for delivery of patient-specific estimations of time to HF hospitalization. Our modeling identified unique and independent value from each of the imaging phenotype, patient-reported health, and EHR data domains; their collective availability permitting improved prediction performance vs. the MAGGIC Risk Score. Using our ML-based model, patients classified to the high-risk category experienced a 34-fold higher occurrence of HF hospitalization at 90-days, 8-fold at 1-year, and 5-fold at 2-years. To our knowledge, this represents the first validated model for the prediction of HF hospitalization in HF patients undergoing CMR imaging.

HF hospitalization risk models have, to date, focussed on the prediction of re-admission following index hospitalizations for acute decompensation (5–7, 26–28). These models have consistently focussed on data sourced from in-patient electronic health records to identify those at higher likelihood of re-admission, typically at 90-days. All have struggled to achieve the performance of models trained to predict mortality (29, 30), suggesting elevated need to consider patient-specific disease phenotypes. The latter concept was explored in a study of 3,189 HF in-patients where multi-domain phenotypic data, gathered from routine echocardiography reporting, enabled prediction of all-cause early re-hospitalization with higher predictive accuracy than prior administrative data supported models, achieving an AUC of 0.76 at 90-days (31). While demonstrating value from multi-domain imaging phenotypes, this study was limited to high-risk inpatient populations, preventing generalizability to those patients routinely encountered by diagnostic imaging services.

Supported by a prior study showing incremental value from ML-based modeling for the prediction of HF re-admission using EHR sourced data (32), we postulated similar performance gains in our referral population. In contrast, we observed very similar performance for our modeled clinical outcome when compared to a FGM-based model provided matched multi-domain data resources. The exception was improved stability in time-dependent AUC seen using the ML-based approach at 2-years (Figure 2). However, a distinct advantage of ML-based modeling is its capacity to consider non-linear interactions between features without the limitations introduced by the proportional hazards assumption. Through this, we were afforded the opportunity to objectively evaluate the respective contributions of imaging phenotype, patient-reported health, and EHR-based markers have on the incident occurrence of HF hospitalization. As shown in Figure 1, we identified that current use of loop diuretics was the strongest contributor to model performance, followed by left atrial volume, LVEF, age and LV mass index. Other relevant features included volumetric markers of right ventricular health and patterns of myocardial fibrosis, these demonstrating the unique contributory value that CMR-based phenotyping can provide in this patient population. Collectively, these selected features appropriately represented phenotypic markers recognized to have strong predictive value in HF populations from prior studies (14, 15, 17, 20, 21, 33–46).

The capacity of contextual patient health information to contribute value for HF hospitalization prediction has been previously reported (47–49). To our knowledge, our current study is the first to describe the routine clinical deployment of patient-reported health questionnaires at time of diagnostic imaging for the delivery of this unique data domain. Of the top fifteen variables selected by our ML-based model, three were selected from the EQ-5D health related quality of life instrument (18). This demonstrates strong value from the synchronous capture of patient-reported measures of health at time of diagnostic testing, features recognized to be critical for the optimal prediction of HF-related events (29).



LIMITATIONS

This study was executed at a single tertiary care healthcare institution and therefore requires external site validation prior to deployment beyond the local environment. This is of particular importance for unique clinical environments that may be exposed to a local referral bias in diagnostic testing or have altered socio-demographic profiles. While systematically explored, we did not report results of other classification-based ML techniques for event prediction at specific time-points given lower performance metrics. Due to lack of routine performed surrounding the time of CMR imaging, we were unable to consider BNP or NT-proBNP values into our predictive models. In addition, given the high engagement of private out-patient echocardiography laboratories in clinical practice, direct comparison to models trained from echocardiographic variables in the same patient population was not feasible. Advanced CMR based markers of myocardial disease of recognized value, such as tissue mapping (50), were not undertaken in this large cohort study given desire for generalizability to routine practice and a high degree of vendor and hardware dependence for such measures.



CONCLUSION

In this study we developed and validated a machine learning based model for the prediction of time to HF hospitalization in systolic HF patients undergoing CMR. Our study was focussed on demonstrating the respective value provided by imaging phenotypes, patient-reported measures of health, and EHR-sourced data for the delivery of personalized HF predictions. Overall, our study supports strong value provided by the routine capture of multi-domain health data resources at time of diagnostic imaging, this approach facilitating the implementation of personalized outcome prediction.
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Background: Diabetic kidney disease (DKD) patients are facing an extremely high risk of cardiovascular disease (CVD), which is a major cause of death for DKD patients. We aimed to build a deep learning model to predict CVD risk among DKD patients and perform risk stratifying, which could help them perform early intervention and improve personal health management.

Methods: A retrospective cohort study was conducted to assess the risk of the occurrence of composite cardiovascular disease, which includes coronary heart disease, cerebrovascular diseases, congestive heart failure, and peripheral artery disease, in DKD patients. A least absolute shrinkage and selection operator (LASSO) regression was used to perform the variable selection. A deep learning-based survival model called DeepSurv, based on a feed-forward neural network was developed to predict CVD risk among DKD patients. We compared the model performance with the conventional Cox proportional hazards (CPH) model and the Random survival forest (RSF) model using the concordance index (C-index), the area under the curve (AUC), and integrated Brier scores (IBS).

Results: We recruited 890 patients diagnosed with DKD in this retrospective study. During a median follow-up of 10.4 months, there are 289 patients who sustained a subsequent CVD. Seven variables, including age, high density lipoprotein (HDL), hemoglobin (Hb), systolic blood pressure (SBP), smoking status, 24 h urinary protein excretion, and total cholesterol (TC), chosen by LASSO regression were used to develop the predictive model. The DeepSurv model showed the best performance, achieved a C-index of 0.767(95% confidence intervals [CI]: 0.717–0.817), AUC of 0.780(95%CI: 0.721–0.839), and IBS of 0.067 in the validation set. Then we used the cut-off value determined by ROC (receiver operating characteristic) curve to divide the patients into different risk groups. Moreover, the DeepSurv model was also applied to develop an online calculation tool for patients to conduct risk monitoring.

Conclusion: A deep-learning-based predictive model using seven clinical variables can effectively predict CVD risk among DKD patients and perform risk stratification. An online calculator allows its easy implementation.

Keywords: machine learning, diabetic kidney disease, cardiovascular disease, prediction model, risk stratification


INTRODUCTION

Diabetic kidney disease (DKD) has been one of the most serious diabetic microvascular complications, implicating up to 50% of patients with diabetes and becoming the major cause of the end-stage renal disease (ESRD) worldwide (1–3). DKD patients are at high risk of developing cardiovascular disease (CVD), bringing a heavy burden on the public health system (4, 5). Reduction in renal function is considered as an independent risk factor and predictor of CVD (6, 7). Therefore, DKD patients are more susceptible to CVD than the general population, resulting in much worse functional outcomes, morbidity, and mortality (8, 9). Meanwhile, they also have under-treated problems because of the lack of awareness of the CVD risks. However, the mechanisms by which CVD occurs in patients with DKD have also not been fully clarified. The individual performance and prognosis are often heterogeneous. Accordingly, improving awareness of cardiovascular risk factors and conducting early intervention in high-risk patients may improve prognosis and slow the progress.

There are many risk factors associated with the high prevalence of CVD in DKD patients. Studies of risk factors and predictive tools for CVD are common among the general population, such as the Framingham, QRISK, and China-PAR models (10–12). But these models often excluded the populations with a decline in kidney function, so they cannot be fully applied to the DKD patients with high risk of cardiovascular events (13, 14). Researches on cardiovascular risk factors in this population are still limited. Network Initiative Cardiovascular and Renal Clinical Trialists (INI-CRCT) also advise that we should attach more importance to these patients to enhance their cardiovascular outcomes (15). Therefore, identifying these cardiovascular risk factors and patients at high risk is still a challenging problem.

In recent years, artificial intelligence, particularly deep learning is developing rapidly and has been applied to a variety of medical fields, such as disease prediction (16), machine vision (17) and diagnostic study (18), etc. Deep learning is superior in handling different types of data for its strong computing power (19). So far, there have been many deep learning methods were developed for survival analysis (20, 21). Katzman et al. also developed a novel deep feed-forward neural network based on Cox assumption called DeepSurv, which combined survival analysis with deep learning and had the advantage to perform a prediction of time-to-event data. It has been successfully applied in the survival analysis of multiple diseases and showed promising performance in predicting patients' outcomes, such as oncological diseases, Covid-19, and atherosclerotic cardiovascular disease (22–26). Several online calculation tools were constructed based on the DeepSurv method (27–29).

In this study, we aimed to develop a predictive model based on the deep learning method to predict the progression of CVD in DKD patients. It also can help us to investigate the associated risk factors, to provide treatment recommendations for better cardiovascular outcomes and support personalized medicine. Patients were stratified into different risk subgroups using the output risk values from the model. We further evaluated the performance of the DeepSurv model with the classical Cox proportional hazards (CPH) model and the Random survival forest (RSF) model using the concordance index (C-index), to prove that machine learning can effectively improve the predictive performance. Additionally, an easy-used online tool for calculating the incidence rate of CVD in DKD patients based on the predictive model was developed.



MATERIALS AND METHODS


Study Population

We retrospectively reviewed the patients who were diagnosed with DKD from the electronic medical records of the First Affiliated Hospital of Zhengzhou University from January 2013 to January 2020. DKD is defined as diabetic patients who performed persistent urinary albumin excretion or a reduction in estimated glomerular filtration rate (eGFR) for more than 3 months (2). Patients were required to have at least two hospitalizations, which allowed us to record patients' baseline data before a CV event (if any). The exclusion criteria were: (1) patients with incomplete clinical information (n = 17); (2) age <18 years (n = 1); (3) patients had history of cardiovascular diseases or coronary revascularization (n = 1,065); (4) patients with surgery, infection or injured at baseline (n = 18); and (5) patients with autoimmune disease or malignant tumor (n = 45). The selection process of patients is shown in Supplementary Figure 1.



Cardiovascular Outcomes

The CVD outcomes in this study were the first occurrence of a subsequent CVD, including coronary heart disease (coronary heart disease, myocardial infarction, angina, and coronary revascularization); cerebrovascular disease (hemorrhagic stroke and ischaemic stroke); congestive heart failure and peripheral arterial disease (amputations, aortic aneurysm, revascularization of the aorta or other peripheral arteries) and the combination of cardiovascular events. Outcomes were defined by the International Classification of Diseases, Tenth Revision (ICD-10) codes. The ICD-10 codes are summarized in Supplemental Table 1.



Statistical Analysis

we extracted the baseline patients' characteristics from the electronic medical records, including demographic details, comorbidities, physical examination measures, and laboratory values. If the missing-value ratio of a variable is more than 30%, the variable will be excluded. To impute the missing data, we applied multivariate imputation by chained equations (MICE) (30). After data imputation, we used the Z-score normalization method to normalize all variables to reduce the bias. The least absolute shrinkage and selection operator (LASSO) regression was performed to determine the significant clinical variables using 10-fold cross-validation (31). Furthermore, we used both univariate and multivariate cox regression analysis to assess the independent prognostic significance of the selected variables.



Modeling Process

The database was divided into two mutually exclusive datasets with balanced data distribution, 70% as a training set and 30% as an internal validation set. Continuous variables are presented as mean ± standard deviation (SD) and compared between groups using the t-test, or as median (interquartile range [IQR]) and compared by Mann–Whitney U-tests, depending on whether the data is normally distributed or not. Categorical variables are shown as frequency (percentage) and compared by the chi-squared test. The cumulative incidence rate of the two sets was plotted by the Kaplan-Meier method and then compared using the log-rank test. Deep Learning-based Survival Model (DeepSurv) was used to perform the task of predicting patient-individual cardiovascular risk using the preselected variables by LASSO regression. We applied Bayesian hyperparameter optimization including learning rate decay, dropout, and other hyperparameters, to prevent overfitting (32). The list of hyperparameters of DeepSurv was provided in the Supplementary Table 2. More details about the DeepSurv method are available online (https://github.com/jaredleekatzman/DeepSurv). After splitting the datasets into the training and validation sets, we trained the model performing a 5-fold cross-validation on the training set to assess for overfitting and determine the model validity. Then we estimated the model performance in the validation set.



Model Validation

After obtaining the output predicted individual risks with the DeepSurv model, the DKD patients were then divided into high-risk and low-risk groups based on the cut-off value determined by ROC (receiver operating characteristic) curve. The cumulative incidence curves were plotted using the Kaplan-Meier method and compared using the log-rank test to visualize the difference in the predicted cumulative incidence of patients in two risk groups. The importance values of the selected variables were calculated by their component weights in the DeepSurv model, indicating the univariate contribution to the model. Finally, we compared the performance of the DeepSurv model with the CPH model and RSF model as conventional prediction methods to verify its performance. The discrimination performance of the proposed methods was assessed using the C-index, integrated Brier score (IBS) (33), and the area under the receiver-operator characteristic curve (AUC) in both the training and validation cohorts. C-index is a commonly used indicator of survival prediction, which can reflect the ability to predict time-to-event data. IBS compares the predicted survival rate with the actual status of patients. Higher C-index, higher AUC, and smaller IBS indicate a stronger fit of the model. Then we plotted the calibration curves of the predicted individual risk probabilities of CVD events at 1, 3, and 5 year. Furthermore, for these four different cardiovascular diseases included in our study, a subgroup analysis was conducted to determine which of their outcomes has the best-predicted performance using the DeepSurv models. A simple depiction of our study design is shown in Figure 1. The study was reported according to the Transparent Reporting of a multivariable prediction model for Individual Prognosis or Diagnosis (TRIPOD) guidelines (Supplementary Table 3). Statistical analysis was completed with R v.4.1.1 and SPSS v.26 (IBM Corporation) software. Python v.3.7 and TensorFlow v.1.14 were used to implement DeepSurv models. A p-value <0.05 was considered statistically significant.


[image: Figure 1]
FIGURE 1. The working process of this study. The study procedure consisted of variables selection, model building, and model evaluation.





RESULTS


Patient Characteristics

A total of 890 patients were included in the final analysis. During a medium follow-up of 10.4 (IQR: 3.8–23.4) months, 284(31.91%) patients required rehospitalization due to subsequent cardiovascular events (128 cases of coronary heart diseases, 98 cerebrovascular diseases, 62 congestive heart failures, and 33 peripheral artery diseases; patients may have had >1 event). The median age for all patients was 52 years (IQR = 43–57), and that was 56 years (IQR = 48–65) for patients who sustained a subsequent CVD. Baseline demographic and clinical characteristics of the included patients, stratified by CVD outcomes are summarized in Supplementary Table 4. Patients were randomly divided into the training set (70%) and the validation set (30%), 606 patients in the training set, and 286 patients in the validation set. There were no statistically significant differences in the variables between the two groups (Table 1). Figure 2 also showed that the cumulative incidence curves of the two sets were no statistically significant difference using the log-rank test (p = 0.21).


Table 1. Baseline characteristics in the training set and validation set.
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FIGURE 2. Cumulative incidence curve of cardiovascular disease in the training set and validation set. Cardiovascular disease is the composite of coronary heart disease, cerebrovascular disease, congestive heart failure, and peripheral arterial disease. There was no statistically significant difference between the survival of the two sets using the log-rank test (p = 0.21).




Variables Selection

There are 91 baseline clinical variables with at least 70% data completeness as candidate predictors used for LASSO regression. Seven variables, including age, high density lipoprotein (HDL), hemoglobin (Hb), systolic blood pressure (SBP), smoking status, 24 h urinary protein excretion, and total cholesterol (TC), were selected using the lambda with 1 SE of the minimum partial likelihood deviance. These variables are all easily available demographic, clinical characteristics, and laboratory results. Baseline characteristics of the selected variables were presented in Table 2. The results of the univariate analysis and multiple CPH regression analysis showed that each clinical parameter has independent prognostic power (Supplementary Table 5). To explore whether the correlation between variables would have an impact on the model, we applied the correlation-based heat map to calculate the correlation between every two factors. Supplementary Figure 2 revealed that there were few correlations between the chosen variables (all correlation absolute values are <0.5).


Table 2. Demographic and clinical characteristics of patients with or without CVD in the dataset.
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Model Performance

After the feature selection process, all seven variables as independent predictors were used for the model development. We use the DeepSurv method to construct survival models to analyze individual CVD outcomes. A three-layer neural network with one input layer, one hidden layer, and one output layer is used to construct the predictive model. We used dropout, batch normalization, and L1 and L2 regularization during training and selected adaptive moment (Adam) as the optimizer and Tanh as the activation function to reduce overfitting. The optimized hyperparameters for DeepSurv are shown in Supplementary Table 6. The 5-fold cross-validation in the training set was performed to prove the robustness of this model, with a mean AUC of 0.779(SD: 0.009), and a C-index of 0.793(SD: 0.012). To evaluate the DeepSurv model discriminative performance, we compared it with the CPH and RSF models using the C-index, AUC, and IBS. Table 3 showed that the DeepSurv model performed best among the three survival models. The C-index of the DeepSurv model in the training and validation sets were 0.796 (95% CI: 0.761–0.831) and 0.796 (95% CI: 0.761–0.831). The AUC were 0.781 (95% CI:0.740–0.822) and 0.780 (95% CI: 0.721–0839) (Figure 3), and the IBS were 0.046 and 0.067 in the training and validation sets respectively. We assess the importance of the variables according to their weight in the DeepSurv model, indicating the univariate contribution to the model. It revealed that older age, lower HDL, lower Hb, higher 24 h urinary protein, smoking, higher SBP, and higher TC were significantly associated with the high risk of CVD (Figure 4). Age, HDL, and Hb were the three main relevant risk factors in the model. Subgroup analysis of four cardiovascular diseases showed that this model performed best in patients with congestive heart failure (Table 4), showed a C-index of 0.874 (95% CI: 0.822–0.826), and the AUC of 0.831 (95%CI: 0.770–0.892). The calibration curves of predicted event probabilities illustrated that this model has higher accuracy in predicting cardiovascular risk at 1 year (Supplementary Figure 3).


Table 3. Performance of different models.
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FIGURE 3. Receiving operating characteristics (ROC) curves for the training set and validation set.



[image: Figure 4]
FIGURE 4. Variable Importance. The importance score of the selected variables is calculated by their weights in the DeepSurv model. SBP, systolic blood pressure; TC, total cholesterol; Hb, hemoglobin; HDL, high density lipoprotein.



Table 4. Subgroup analysis of the performance of different cardiovascular diseases.
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Risk Stratification

Furthermore, after calculating the predicted individual risk score, patients were divided into high-risk and low-risk groups based on the risk cut-off values (the sensitivity of 76.7% and specificity of 72.4%). 410 patients were classified as high risk and 480 patients were classified as low risk group. We plotted the cumulative incidence curves for the two risk subgroups. Figure 5 illustrates that risk stratification based on the DeepSurv model can successfully stratify patients into different risk groups with significant differences (p <0.01).


[image: Figure 5]
FIGURE 5. Cumulative Incidence curves for predicted cardiovascular disease among diabetic kidney disease patients in different risk groups. Cardiovascular disease is the composite of coronary heart disease, cerebrovascular disease, congestive heart failure, and peripheral arterial disease. Patients were stratified into a high-risk group and a low-risk group based on the cut-off value of the ROC curve. The P-values between the high-risk and low-risk subgroups were calculated by the log-rank test.




Model Visualization

The best performing model, the DeepSurv model, was used to construct an easy-used online tool to predict CVD risk in DKD patients (http://model.51ehealth.com/). It can calculate the individual CVD risk and monitor the trend of the risk, providing a more intuitive and understandable way to interpret the predictive model. The DeepSurv model was able to plot the predicted Kaplan-Meier survival curves for each patient. Meanwhile, for understanding convenience, we transformed the predicted time-to-event curves output from the model into curves of event incidence rates. DKD patients can input their personal information to get their risk stratification and the incidence of CVD for 1, 3, and 5 year. The interface of this risk calculator is shown in Figure 6. This online tool can also help physicians to choose the appropriate treatments and provide individual recommendations for the individuals to improve outcomes based on the output risk values.


[image: Figure 6]
FIGURE 6. The interface of the online calculation tool. This online calculation tool is used to predict the cardiovascular disease risk among diabetic kidney disease patients.





DISCUSSION

The occurrence and progression of CVD is a crucial factor contributing to poor outcomes in patients with DKD (34). In this study, we developed a deep learning-based predictive model and an online tool to predict the CVD risk in DKD patients. Our model used seven clinical variables, including age, smoking status, SBP, TC, Hb, HDL, and 24 h urinary protein, as independent predictors, and had a promising performance in the validation set. Different from the previous CVD models, our model targets a specific population: DKD patients, which allows it to be applied with greater accuracy. The C-index, ROC curves, and IBS indicated that this deep-learning model had better model discrimination in analyzing patient-individual survival outcomes than the traditional models. Furthermore, the ability to classify patients into different risk groups based on their prognosis may benefit patients by identifying high CVD risk patients and attaching more importance to them. The application of an online tool translates the predictive model into clinical practice, which may be useful for risk calculation and risk monitoring in practical clinical applications. As a result, physicians can determine the most appropriate treatment strategy to implement personalized management based on the results of risk stratification and even improve the CVD outcomes.

This study applied deep learning methods to develop models for prediction and risk stratification of CVD among DKD patients without overfitting been observed, demonstrating that this deep learning-based survival predictive model showed better performance compared to the conventional statistical method. Despite the CPH model being the most widely used approach for survival analysis in analyzing time-to-event survival data (35–37), it has its inherent drawbacks (38). The Cox model assumes the effect of each covariate is proportional and it is unable to properly model non-linearities and interaction effects. Deep-learning methods can learn to solve non-linear and intricate relationships between covariates and individual outcomes efficiently and have advantages in processing large amounts and various types of data (39). But many deep learning methods also have problems with weak interpretation in clinical practice. In this study, DeepSurv methods can combine the deep learning method with the traditional Cox assumption for survival analysis of the non-linear effect using clinical variables to predict the CVD risk of DKD patients. We reveal that this model can significantly improve the prediction performance in terms of the C-index. It not only has good model discrimination but it also can be applied for clinical use for its good interpretability. It can generate predicted Cumulative incidence curves for individuals, thus identifying them into different risk groups. The superior performance of the DeepSurv model demonstrates its ability to handle the complex association of risk factors. In addition, the DeepSurv model has been widely applied to many survival analyses with a favorable prediction value (22, 23, 29). It also can provide a framework on which more datasets can be trained in the future in a broader population.

Numerous risk factors have been proved to be related to the high incidence of CVD in some DKD patients. In this study, we also demonstrated several recognized similar traditional risk predictors, consisting of age, SBP, smoking status, HDL, and TC, in consistent with the previous studies (40). A meta-analysis has shown that these traditional risk factors have been proved in previous classical predictive models based on the general population, including age, blood pressure, smoking status, and cholesterol levels (41). Age is a generally recognized risk factor for CVD (42). During aging, cardiac structural changes and functional dysfunction often occur caused by injury in fundamental cardiomyocytes (43). Hypertension is highly prevalent in chronic kidney disease (CKD) patients, which is widely recognized as a risk factor for the development of CVD (44–47). Reducing blood pressure is an important treatment strategy that not only slows the progression of renal failure but also decreases the risk of cardiovascular disease (48). Smoking is regarded as a crucial and modifiable predictor of the progression of CVD (49). The Study of Heart and Renal Protection (SHARP) found that smoking attributed to the high risk of vascular adverse complications among patients with chronic kidney disease, and may be changed by quitting smoking (50, 51). The potential benefits of cessation are even greater than those of pharmacological treatment for cardiovascular protection (52). There was a strong and inverse correlation between HDL and CVD risk in the DKD population (53). Through reverse cholesterol transport (RCT), HDL can protect against plaque formation and development in the prevention of CVD (54). TC concentration measurement is also proved to be important in the evaluation of CVD risk factors. Besides these traditional risk factors (55), we also found that anemia and high proteinuria play a significant role in the incidence of CVD among DKD patients. Anemia was found significantly associated with the occurrence of CVD events. Anemia can cause changes in ventricular structure (56). Long-term anemia will lead to decreased oxygen capacity and utilization disorders. The compensatory hyperdynamic circulation is needed to maintain normal oxygen supply, resulting in increased cardiac output and left ventricular hypertrophy (57). Anemia often contributes to recurrent and progressive cardiac and renal deterioration, which is also called cardiorenal anemia syndrome (CRAS) (58). Proteinuria, which can reflect kidney lesions, is also a predictive factor of cardiovascular events and mortality (59). A meta-analysis also showed that participants with proteinuria had a higher risk of stroke than non-participants (33). All these included variables were independently correlated with an increased risk of CVD progression. Identifying and increasing awareness of these risk factors for CVD is essential in the early intervention and appropriate treatment of DKD patients. New integrating approaches to prognostic factors could also increase the accuracy of prediction.

There are several limitations to this study. Firstly, this study was a retrospective single-center study. Further prospective research and multicenter datasets are needed to test the generalizability and validity of the model. Secondly, a relatively small number of patients included is also a limitation in our study. Although deep learning methods have advantages in processing data with small sample sizes, Replication in a broader population is needed to confirm the superior predictive potential. Thirdly, our model used only clinical variables. Although the use of these easily accessible variables facilitates the generalization and application of the models, multi-dimensional variables such as medical imaging, omics data, and histopathological information, may also have clinical significance in the occurrence of CVD. Finally, this predictive model is based on the Chinese population, and further validation is needed to verify whether it can be applied to other ethnicities.

In conclusion, we developed and validated a new predictive model with good discrimination to estimate CVD risk among patients with DKD using seven readily available clinical variables. A user-friendly online tool based on this model was developed for clinical implementation and patient surveillance.
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Background: Predictive models based on machine learning have been widely used in clinical practice. Patients with acute myocardial infarction (AMI) are prone to the risk of acute kidney injury (AKI), which results in a poor prognosis for the patient. The aim of this study was to develop a machine learning predictive model for the identification of AKI in AMI patients.

Methods: Patients with AMI who had been registered in the Medical Information Mart for Intensive Care (MIMIC) III and IV database were enrolled. The primary outcome was the occurrence of AKI during hospitalization. We developed Random Forests (RF) model, Naive Bayes (NB) model, Support Vector Machine (SVM) model, eXtreme Gradient Boosting (xGBoost) model, Decision Trees (DT) model, and Logistic Regression (LR) models with AMI patients in MIMIC-IV database. The importance ranking of all variables was obtained by the SHapley Additive exPlanations (SHAP) method. AMI patients in MIMIC-III databases were used for model evaluation. The area under the receiver operating characteristic curve (AUC) was used to compare the performance of each model.

Results: A total of 3,882 subjects with AMI were enrolled through screening of the MIMIC database, of which 1,098 patients (28.2%) developed AKI. We randomly assigned 70% of the patients in the MIMIC-IV data to the training cohort, which is used to develop models in the training cohort. The remaining 30% is allocated to the testing cohort. Meanwhile, MIMIC-III patient data performs the external validation function of the model. 3,882 patients and 37 predictors were included in the analysis for model construction. The top 5 predictors were serum creatinine, activated partial prothrombin time, blood glucose concentration, platelets, and atrial fibrillation, (SHAP values are 0.670, 0.444, 0.398, 0.389, and 0.381, respectively). In the testing cohort, using top 20 important features, the models of RF, NB, SVM, xGBoost, DT model, and LR obtained AUC of 0.733, 0.739, 0.687, 0.689, 0.663, and 0.677, respectively. Placing RF models of number of different variables on the external validation cohort yielded their AUC of 0.711, 0.754, 0.778, 0.781, and 0.777, respectively.

Conclusion: Machine learning algorithms, particularly the random forest algorithm, have improved the accuracy of risk stratification for AKI in AMI patients and are applied to accurately identify the risk of AKI in AMI patients.

KEYWORDS
acute myocardia infarction, acute kidney injury, machine learning, random forest, area under the receiver operating characteristic curve


Introduction

Ischemic heart disease is a significant contributor to mortality in the global population, which is one of the leading causes of disability-adjusted life years (DALYs) in middle-aged and elderly patients (1). Acute myocardial infarction (AMI) is the most serious type of ischemic heart disease, which is one of the causes of Acute kidney injury (AKI) in patients. AKI occurs in a certain proportion of hospitalized patients with AMI. Studies have shown that the incidence of AKI during hospitalization in AMI patients ranges from 7.1 to 29.3% (2–4). The occurrence of AKI during hospitalization was independently associated with increased in-hospital mortality and long-term mortality post AMI (5–13). Several studies have also shown that AKI is associated with a significant increase in in-hospital mortality. Because there is unexpected and life-threatening characteristic of AMI, early identification of risk factors for AKI in patients with AMI is critical to improving overall prognosis, which can benefit patient management and overall treatment planning (14).

Machine learning is an important supporting technology for artificial intelligence. Machine learning is an algorithm that allows computers to “learn” automatically, analyze and construct models from data, and then use the models to make predictions for new samples. Machine learning predictive models are useful tools for identifying potential risk factors and predicting the occurrence of adverse events (15). In recent years, machine learning algorithms have been used increasingly in cardiovascular diseases. Combination with clinical big data, machine learning could help doctors predict risk accurately, therefore choose personalized medical treatment for patients. Than et al. developed a machine learning model and it could provide an individualized and objective assessment of the likelihood of myocardial infarction (16). Khera et al. reported three machine learning models which was developed with patients from the American College of Cardiology Chest Pain-MI Registry. They found that XGBoost and meta-classifier models offered improved prediction performance for high-risk individuals (17). Advanced machine learning methods were also used to predict the risk of tachyarrhythmia after AMI. The artificial neural network (ANN) model reached the highest accuracy rate, which is better than traditional risk scores (18). These studies indicated that machine learning is a reliable novel method for the clinic. Therefore, they broaden the new horizons for clinical researches.

MIMIC is a large, single-center, open-access database. MIMIC-III includes data on more than 58,000 admissions to Beth Israel Deaconess Medical Center in Boston from 2001 to 2012, including 38,645 adults and 7,875 newborns (19, 20). MIMIC-IV includes data from 524,740 admissions of 382,278 patients at the center from 2008 to 2019 (21, 22). The clinical records include demographic data, vital signs, laboratory test results, microbiological culture results, imaging data, treatment protocols, medication records, and survival information were recorded in MIMIC databases.

Due to the advantages of machine learning, we aim to develop machine learning models with AMI patients from Medical Information Mart for Intensive Care III and IV (MIMIC-III v1.4 and MIMIC-IV v1.0) databases to predict the risk of AKI.



Materials and methods


Data source

AMI patient data were extracted from the MIMIC-III v1.4 and MIMIC-IV v1.0 databases. The use of the MIMIC database was approved by the Institutional Review Board of the Beth Israel Deaconess Medical Center and Massachusetts Institute of Technology. We have obtained permission after application and completion of the course and test (record IDs: 44703031 and 44703032). Because all patient information in the database is anonymous, so informed consent was not required (23).



Patients enrollment and data collection

SQL (Structured Query Language) programming in Navicat Premium (version 15.0.12) was used for data extraction. ICD-9 (International Classification of Diseases, Ninth Revision) codes were used to identify patients with AMI, and Codes 41000–41092 were used to identify the patients with AMI. Exclusion criteria: (1) Patients who are younger than 18 years or older than 90 years; (2) Patients with deficient test results of serum creatinine and troponin; (3) Patients with missing data of more than 5% were excluded from the analysis. (4) Patients admitted to the hospital for a recurrent episode of AMI. We randomly assigned 70% of the patients in the MIMIC-IV data to the training cohort, which is used to develop models in the training cohort. The remaining 30% is allocated to the testing cohort. Meanwhile, MIMIC-III patient data performs the external validation function of the model.

After identifying eligible subjects, we collected clinical data including demographics, comorbidities, vital signs, and laboratory parameters. Comorbidities include Atrial Fibrillation (AF), Heart Failure (HF), Diabetes Mellitus (DM), Hypercholesterolemia, Hypertriglyceridemia, Hypertension, Respiratory Failure, Ventricular Tachycardia (VT), and Cardiogenic Shock. Vital signs collect the first recorded results at the time of hospitalization, including heart rate, respiratory rate, body temperature, arterial systolic blood pressure, arterial diastolic blood pressure, and mean blood pressure. Laboratory parameters were also obtained for the first time after admission. The research indicators are red blood cells (RBC), white blood cells (WBC), platelets, hemoglobin, glucose, hematocrit, blood urea nitrogen (BUN), creatinine, potassium, sodium, chloride, calcium, phosphorus, magnesium, bicarbonate, activated partial prothrombin time (APTT), prothrombin time (PT), International Normalized Ratio (INR), Creatine Kinase Isozyme-MB (CK-MB), Troponin-T (TNT).



Model construction and evaluation

Five machine learning models were constructed based on the features selected by the training cohort. The models used are: Decision Tree (DT) model, Support Vector Machine (SVM) model, Random Forest (RF) model, Naive Bayes (NB) model, and eXtreme Gradient Boosting (xGBoost) model. The 10-Fold cross-validation was used for model training. Among the five models, DT, SVM, RF, NB, and xGBoost are considered as the most common machine learning algorithms. DT (24) is very versatile machine learning model that can be used for both regression and classification. A decision tree is a tree-shaped structure in which each internal node represents a judgment on an attribute, each branch represents the output of a judgment result, and finally each leaf node represents a classification result. SVM (25) is a fast and dependable classification algorithm that performs very well with a limited amount of data. For classification, SVM works by creating a decision boundary in between our data points, that tries to separate it as best as possible. NB (26) is a model in a Bayesian classifier that trains a model with a dataset of known categories to achieve categorical judgment on data of unknown categories. The theoretical basis of NB is Bayesian decision theory. RF (27) is a kind of model that can be used both for regression and classification. It is one of the most popular ensemble methods, belonging to the specific category of bagging methods. This method can be described as techniques that use a group of weak learners together, in order to create a stronger, aggregated one. In our case, RF is an ensemble of many individual DT models. XGBoost (28) is an optimized distributed gradient boosting library designed to be highly efficient, flexible, and portable. It implements machine learning algorithms under the Gradient Boosting framework. The traditional logistic regression (LR) (29) model is also used for model construction. The nomogram (30) is used visualize regression models. and the calibration curve can be used as one of the evaluation indicators of the model. The calibration curve is used to evaluate the fit of the model (31). After the model is developed, data from the test cohort and validation cohort was used to further evaluate the performance of the model. The area under the receiver operating characteristic curve (AUC) and precision-recall curves was used to compare the performance of each model.



Study endpoint

The study endpoint was AKI during hospitalization, which is based on a comprehensive assessment by the glomerular filtration rate to reflect renal function at admission and the changes of serum creatinine levels after admission. Estimating Glomerular filtration rate (eGFR) by Modification of Diet in Renal Disease (MDRD) study equation at admission was calculated from first serum creatinine level and age (32). The calculation formula was showed as following: (eGFR[mL/(min⋅1.73 m2) = 186⋅(Scr)−1.154⋅(age)−0.203). The diagnosis of AKI was based on the latest international AKI clinical practice guidelines (33). The diagnostic criteria are met in any of the following three criteria: (a) increase in creatinine by ≥ 0.3 mg/dl (≥26.5 μmol/l) within 48 h; (b) increase in creatinine to ≥ 1.5 times baseline, which is known or presumed to have occurred within the prior 7 days; (c) urine volume < 0.5 ml/kg/h for 6 h.



Statistical analysis

In order to avoid excessive bias, the missing ratio of variables in this study was less than 5% and was imputed. Multiple imputation to account for missing data. The principle of multiple imputation was roughly divided into several points. First, several data sets containing all the missing variables were generated. Second, these datasets were used to build several complementary models, usually using generalized linear models. Third, these models were integrated together and then the performance of the multiple complementary models was evaluated. Finally, the complete dataset was output (34, 35).

Frequency and percentage were used to describe the categorical variables, and the chi-square test or Fisher’s exact test was used to identify differences between groups. The Shapiro-Wilk test was applied to continuous variables to confirm that they conformed to a normal distribution. All continuous variables in this study did not conform to a normal distribution and were described using the median and interquartile range (IQR), and the Mann–Whitney U-test was used to determine differences between different groups.

The training cohort consisted of 2,624 patients, including a heterogeneous sample of AKI and non-AKI patients, AKI patients accounted for only 29.4% of the entire cohort, whereas non-AKI patients accounted for 70.6% of the entire cohort. The proportions of these two categories are quite different, which may lead to lower prediction accuracy of the prediction model. Therefore, to solve the problem of classification imbalance, we used the synthetic minority oversampling technique (SMOTE) (36). The SMOTE method is an effective tool to solve the problem of data distribution imbalance. It is used in the training cohort to preprocess the data before the construction of the models.

The importance ranking of all variables was obtained by the SHapley Additive exPlanations (SHAP) method. SHAP could explain the output of any machine learning model. Its name came from the SHapley Additive exPlanation, inspired by cooperative game theory, SHAP constructed an additive explanatory model in which all features were considered as contributors. SHAP had a solid theoretical basis for achieving both local and global interpretability. The advantage of SHAP value was that it provided us not only SHAP values to evaluate feature importance, and it also showed us the positive or negative effects of the impact (37, 38).

R software (version 4.1.2) and Python software (version 3.10) were used for statistical analysis; GraphPad Prism (version 8.3.0) and Origin (version 9.1.0) was used to draw graphs; and P < 0.05 was considered statistically significant.




Results


Baseline characteristics

After applying the inclusion and exclusion criteria, 1,258 and 2,624 AMI patients were extracted from the MIMIC-III and MIMIC-IV database, respectively, and entered into the final analysis (Figure 1). In patients with AMI, the incidence of AKI was 25.8 and 29.4% in the MIMIC-III database and MIMIC-IV database, respectively. In the MIMIC-III group, there was no difference in the proportion of males in the AKI group and the non-acute kidney injury (non-AKI) group (p = 0.79), while the median age of the AKI group was significantly higher than that of the non-AKI group (p < 0.001). The proportion of males and median age in the AKI group were higher than those in the non-AKI group (p < 0.05, p < 0.001, respectively). Other baseline characteristics of the patients are shown in Table 1.


[image: image]

FIGURE 1
Flow diagram of the selection process of patients.



TABLE 1    Baseline characteristics.
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Feature selection for models

The SHAP graph group are shown in Figure 2, including single-sample feature influence map, feature distribution heat map under sample clustering, feature importance histogram, and feature density scatter plot. SHAP gives variables importance ranking, which relies on the xGBoost classification algorithm, and provides an intrinsic measure of the importance of each feature, called the Shap value (39). The top 5 predictors were serum creatinine, activated partial prothrombin time, blood glucose concentration, platelets, and atrial fibrillation (SHAP values are 0.670, 0.444, 0.398, 0.389, and 0.381, respectively). We then developed machine learning models which included top 5 variables, top 10 variables, top 15 variables, top 20 variables, top 25 variables, and all variables, respectively, according to the variable importance ranking.
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FIGURE 2
Single-sample feature impact map (A); heat map of feature distribution under sample clustering (B); histogram of feature importance (C); scatter plot of feature density (D).




Logistic regression model

A LR model was first developed that included the top 5 most important variables, creatinine, activated partial prothrombin time, glucose, platelets, and atrial fibrillation. The LR model was plotted the receiver operating characteristic (ROC) curve (Figure 3) in the training cohort, and the AUC was calculated to be 0.615 (Figure 4). Meanwhile, the Nomogram and the Calibration curves are shown in the training cohort, test cohort, and validation cohort (Figure 3). The LR model with all variables (LR-all) in training cohort achieved an AUC of 0.713, (95% CI: 0.693∼0.732) (Figure 4). Meanwhile, the LR-all model in test cohort, achieved an AUC of 0.694 (95% CI: 0.656∼0.733) (Supplementary Figure 1). In the validation cohort, the AUC of the LR model with top 20 variables (LR-20) performed best in validation cohort (with an AUC of 0.686, 95%CI: 0.653∼0.720) (Figure 5).
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FIGURE 3
Logistic Regression model with different variables ROC curves; training cohort (A); test cohort (B); validation cohort (C). Logistic Regression model calibration curve; training cohort (D); test cohort (E); validation cohort (F). Logistic Regression model Nomogram (G).
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FIGURE 4
The ROC curves for machine learning models and the performances of all models in test cohort. The X-axis in 4G-4L represents the AUC values of each model. Top 5 variables (A,G); top 10 variables (B,H); top 15 variables (C,I); top 20 variables (D,J); top 25 variables (E,K); models for all variables (F,L).
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FIGURE 5
The ROC curves for machine learning models and the performances of all models in validation cohort. The X-axis in 5G-5L represents the AUC values of each model. Top 5 variables (A,G); top 10 variables (B,H); top 15 variables (C,I); top 20 variables (D,J); top 25 variables (E,K); models for all variables (F,L).




Machine learning models in the training cohort

Five machine learning models including RF, NB, SVM, xGBoost, DT were then developed. According to the order of variable importance, top 5 variables, top 10 variables, top 15 variables, top 20 variables, top 25 variables and models including all variables were successively developed. The machine learning models of using top 5 important features in training cohort were as follows: the RF model (RF-5), with an AUC of 1 (95% CI: 1); the NB model (NB-5), with an AUC of 0.744, (95% CI: 0.725∼0.763); the SVM model (SVM-5), with an AUC of 0.750 (95% CI: 0.730∼0.769); the xGBoost model (xGBoost-5), with an AUC of 1 (95% CI: 1); the DT model (DT-5), with an AUC of 0.682 (95% CI: 0.662∼0.703). All machine learning models outperformed the LR model in the training cohort. The RF-5 model and xGBoost-5 performed the best of all machine learning models. The DT-5 model has the worst performance. NB-5 and SVM-5 perform well in the training cohort. The SVM-5 model outperforms the NB-5 model. We gradually increased the number of included variables to develop different machine learning models. The ROC curves are shown for each model in the training cohort (Figure 4). The performances of all of the models are shown in the training cohort (Figure 4), and statistics for all models in the training cohort are shown in Supplementary Tables 1–6. There are, as the number of variables increased, dynamic plot of the area under the ROC curve for all machine learning models in training cohort (Figure 6).
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FIGURE 6
Dynamic plot of the area under the ROC curve for all machine learning models; training cohort (A); test cohort (B); validation cohort (C). The x-axis represents the number of variables included in the model, the y-axis represents different kinds of models, and the z-axis represents the AUC values of each model.




Machine learning models in the test cohort

The other 30% of the data in MIMIC-IV is used as a test cohort to test the performance of each machine learning model. The machine learning models of the variable importance top 5 in test cohort were as follows: the RF-5 model, with an AUC of 0.696 (95% CI: 0.658∼0.734); the NB-5 model, with an AUC of 0.724 (95% CI: 0.687∼0.762); the SVM-5 model, with an AUC of 0.718 (95% CI: 0.680∼0.756); the xGBoost-5 model, with an AUC of 0.666 (95% CI: 0.626∼0.706); the DT-5 model, with an AUC of 0.663 (95% CI: 0.622∼0.704). The performance of the five machine learning models in the test cohort is better than that of the NB model, and the AUC of LR model with top 5 variables (LR-5) has only 0.652 in the test cohort. The NB model is the best performer of all machine learning models in the test cohort. The NB model performed best when the variable importance top 20 variables were added to the model (AUC for NB-20 model: 0.739, 95% CI: 0.702∼0.776). The worst performing model is DT model with top 20 variables (AUC for DT-20 model: 0.663, 95% CI: 0.622∼0.704). xGBoost model performed general in the test cohort and their AUC increased when more variables were added (AUC for xGBoost-20 model: 0.689, 95% CI: 0.650∼0.728). But, the AUC of SVM model not increased when more variables were added (SVM-20 model: 0.687, 95% CI: 0.647∼0.727). And outperformed the RF-20 model (AUC for RF-20 model: 0.733, 95% CI: 0.695∼0.770). The ROC curves are shown for each model (Supplementary Figure 1). The performances of all models are shown in the test cohort (Supplementary Figure 1). Statistical measures of the performance of all models in the test cohort are shown in Supplementary Tables 7–12. There are, as the number of variables increased, dynamic plot of the area under the ROC curve for all machine learning models in test cohort (Figure 6).



Machine learning models in the validation cohort

Externally validated in a validation cohort of 1,258 cases, among all developed machine learning models, the RF model performed the best, followed by xGBoost, and the worst performing model was DT. The RF models were as follows in the external validation cohort: the RF-5 model, with an AUC of 0.711 (95% CI: 0.678∼0.744); the RF model with top 10 variables (RF-10), with an AUC of 0.754 (95% CI: 0.722∼0.786); the RF model with top 15 variables (RF-15), with an AUC of 0.778, (95% CI: 0.747∼0.808); the RF-20 model, with an AUC of 0.781, (95% CI: 0.750∼0.811); the RF model with top 25 variables (RF-25), with an AUC, 0.777 (95% CI: 0.746∼0.807); the RF model with all variables (RF-all), with an AUC of 0.770 (95% CI: 0.740∼0.801). The AUC of DT model with all variables (DT-all) in the validation cohort was 0.637 (95% CI: 0.602∼0.672). The AUC of LR-all was 0.686 (95% CI: 0.653∼0.720) in the validation cohort. The ROC curves are shown for each model (Figure 5). The performances of all models are shown in the validation cohort (Figure 5), and statistical measures of the performance for the variable importance top20 models in the validation cohort (Table 2). Statistical measures of performance of other models are shown in the validation (Supplementary Tables 13–17). Meanwhile, there are, as the number of variables increased, dynamic plot of the area under the ROC curve for all machine learning models in validation cohort (Figure 6). Precision-recall curves of the six models with different variables in the validation cohort were showed in Supplementary Figures 2–7. The area under the precision-recall curves of each model was calculated. Consistent with the AUC values, it indicated that random forest outperformed the other five models in the validation cohort. Moreover, an application software program based on the top 20 predictors were developed for evaluating the risk of AKI. The AKI probability of each patient could be calculated after the patient was admitted to hospital (Figure 7).


TABLE 2    The performance of six models containing the top 20 importance variables.
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FIGURE 7
An example of the application software for predicting AKI risk in AMI patients.





Discussion

This study identified various clinical features associated with the risk of AKI in patients with AMI. Using a sophisticated machine learning approach, we found that creatinine, blood urea nitrogen, atrial fibrillation, glucose and hemoglobin were considered as the most important five features with AKI in patients with AMI. Among the six models, the RF model has the best performance with an AUC of 0.781 for the RF-20 model in the external validation cohort. The results of this study showed that the occurrence of AKI in patients with AMI was 28.2%. Compared with previously reported studies, the incidence of in-hospital AKI in patients with AMI reported in this study is close to the upper limit of normal (2–4). The possible reasons are follows; (a) firstly, we excluded patients with more than 5% missing data, which resulted in fewer hospitalizations for AMI overall and ultimately led to a higher incidence of AKI; (b) secondly, the median age of patients in each group was high (>65 years) for both MIMIC-III and MIMIC-IV, which suggest that general condition of our study population is not very optimistic, and they have poor resistance to injury.

Early identification of AKI in patients admitted for AMI improves overall outcomes (19). Therefore, identifying risk factors for AKI in patients with AMI can help to identify high-risk patients and to make appropriate clinical decisions. With the development of machine learning algorithms, the number of predictors that can be processed has largely been enriched. Therefore, advanced machine learning techniques allow researchers to develop more optimized models compared to traditional models (40). With such a model, cardiologists can be alerted in advance when a patient is admitted to the hospital with an AMI.

Zhou et al. reported a risk model for AKI prediction in AMI patients with LR analysis. The model calibrated well and performed better than traditional risk scores (41). With the development of concepts such as real-world research and precision treatment, the demand for medical big data processing by scientific researchers is increasing. Machine learning technology had a unique advantage in processing massive and high-dimensional data and conducting predictive evaluation, so in recent years, the application of machine learning method in the medical field had been deepening. Sun et al. developed several machine learning models and found that random forest model out performed outperformed LR in every comparison (36). Random forest methods improved the accuracy of AKI risk stratifying in AMI patients. The sample size of this study was relatively small and this was a single-center study, so we tried to explore a more robust AKI risk prediction model with a larger sample size from another canter. This study is an example of how machine learning methods works for evaluating AKI risk in AMI patients. Similarly, machine learning algorithms can be applied to other risk assessments of AMI patients, such as the risk of all-cause mortality, the risk of cardiac mortality and the incidence of major adverse cardiac event (MACE). The association between the risk factors and the risk of AKI is established by using artificial intelligence, and indicators such as patients’ vital signs and laboratory test results are matched with AKI risks, which helps to improve the risk perception and recognition ability of the model. This innovative approach to risk assessment helps clinicians benefit from better individualized treatment decisions.

In the present study, we used advanced statistical methods and specially processed data. The former includes five machine learning algorithm development models and traditional LR development models, with the 70% subset used for training cohort, and the 30% subset used for internal testing. Meanwhile, the data in MIMIC-III were used external validation and the ROCs to evaluate the models (28). Although there are many ways to filter the importance of variables, such as Boruta Algorithm and LASSO Regression (36, 42), SHAP method was used in the present study for feature selection. SHAP method not only shows the contribution of all features to the model output at the macro level with the feature density scatter plot, feature importance SHAP value and feature distribution heat map under sample clustering, but also shows the model output at the micro level through a single sample feature influence map (43, 44). Machine learning techniques help doctors analyze large amounts of information and are critical in optimizing medical practice. The latter is that we used the data in MIMIC-IV, the training and test cohort, to create a new dataset with a 1:1 ratio of AKI to non-AKI, addressing the imbalance of samples.

MIMIC, a high-quality database with a large sample size, was used in this study. There are several advantages for using the database. (a) Firstly, it is one of the few critical care databases that is freely accessible. (b) Secondly, the dataset spans more than a decade and contains a wealth of detailed information on patient care. (c) Thirdly, once the data usage agreement is accepted, the investigator’s analysis is not subject to limitations, thereby enabling clinical research and education around the world. (d) Finally, data can be downloaded from multiple sources (45).

There are also some limitations in our study. Firstly, our model was developed retrospectively based on a single-center database. Missing data and input errors exist, such as C-reactive protein and N-terminal pro-brain natriuretic peptide, despite the very high quality of the MIMIC databases. Therefore, prospective validation of our model in another cohort is still required in the future (46, 47). Secondly, we trained the model and tested it using synthetic datasets due to the severe class imbalance of the extracted datasets, which could have led to, in the training cohort, over fitting of models cannot be avoided and an overly optimistic assessment of its performance (48). Thirdly, this study only focused on the incidence of AKI during hospitalization, while other important prognostic indicators such as long-term mortality after discharge still require further investigation.



Conclusion

We have developed several machine learning prediction models based on the MIMIC database. Among them, the RF model has good performance and can be used to guide clinical practice.
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Background: Cardiac surgery-associated acute kidney injury (CSA-AKI) is a common complication following cardiac surgery. Early prediction of CSA-AKI is of great significance for improving patients' prognoses. The aim of this study is to systematically evaluate the predictive performance of machine learning models for CSA-AKI.

Methods: Cochrane Library, PubMed, EMBASE, and Web of Science were searched from inception to 18 March 2022. Risk of bias assessment was performed using PROBAST. Rsoftware (version 4.1.1) was used to calculate the accuracy and C-index of CSA-AKI prediction. The importance of CSA-AKI prediction was defined according to the frequency of related factors in the models.

Results: There were 38 eligible studies included, with a total of 255,943 patients and 60 machine learning models. The models mainly included Logistic Regression (n = 34), Neural Net (n = 6), Support Vector Machine (n = 4), Random Forest (n = 6), Extreme Gradient Boosting (n = 3), Decision Tree (n = 3), Gradient Boosted Machine (n = 1), COX regression (n = 1), κNeural Net (n = 1), and Naïve Bayes (n = 1), of which 51 models with intact recording in the training set and 17 in the validating set. Variables with the highest predicting frequency included Logistic Regression, Neural Net, Support Vector Machine, and Random Forest. The C-index and accuracy wer 0.76 (0.740, 0.780) and 0.72 (0.70, 0.73), respectively, in the training set, and 0.79 (0.75, 0.83) and 0.73 (0.71, 0.74), respectively, in the test set.

Conclusion: The machine learning-based model is effective for the early prediction of CSA-AKI. More machine learning methods based on noninvasive or minimally invasive predictive indicators are needed to improve the predictive performance and make accurate predictions of CSA-AKI. Logistic regression remains currently the most commonly applied model in CSA-AKI prediction, although it is not the one with the best performance. There are other models that would be more effective, such as NNET and XGBoost.

Systematic review registration: https://www.crd.york.ac.uk/; review registration ID: CRD42022345259.
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Introduction

Cardiac surgery-associated acute kidney injury (CSA-AKI) is a common complication following cardiac surgery, with its morbidity rising due to the increasing demand of cardiac surgery worldwide. The prevalence of cardiac surgery ranges from 0.5 to 500 per million in developing countries. Cardiac and vascular procedures are common risk factors in CSA-AKI, with 3% of the patients requiring renal replacement therapy. According to the Kidney Disease Improving Global Outcomes (KDIGO) criteria (1), AKI is defined as a sudden deterioration of renal function within a period of hours to days, and is characterized by the decrease of serum creatinine (SCr) levels, estimated glomerular filtration rate (eGFR), blood urea nitrogen (BUN), and urine output, with high morbidity and mortality. It can be divided into three stages based on either a decrease of urine output or an increase of SCr (2). AKI often requires high treatment costs, and inappropriate management for it can lead to chronic kidney disease (CKD) or end-stage renal disease (ESRD) (3). AKI induces not only short-term adverse events but long-term poor outcomes such as fluid and electrolyte disturbance. Even mild AKI is associated with poor patient survival according to the KDIGO (1) analysis. An analysis of recovery patterns after AKI shows that 41.2% of the patients could not have their renal function recovered before hospital discharge.

Cardiac and vascular surgery is one of the common risk factors for AKI. The incidence of CSA-AKI reaches up to 40% (4). Blood dynamics alteration following cardiac surgery causes a decrease in renal blood perfusion, and subsequently reduces eGFR, leading to necrosis of glomerular epithelial cells, which underlies the pathogenesis of CSA-AKI (5, 6).

Machine learning refers to computer simulation or implementation of human behavior to endow the computer with the ability of self-improvement so as to be capable of complex multitasking. It covers multiple disciplines such as mathematics, statistics, and computer science, and has been widely used in scientific research and industry. In recent years, machine learning has also been widely applied in disease prediction, and multiple studies on the use of machine learning in CSA-AKI prediction have been reported. However, its predictive value lacks evidence-based support. Therefore, we conducted this systematic review and meta-analysis to evaluate the predictive value of machine learning for CSA-AKI so as to provide evidence-based support for its clinical application (7).



Methods

This meta-analysis is carried out in strict accordance with The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 statement, which has been preregistered on PROSPERO (Registration No. CRD420222345259).


Literature search

Cochrane Library, PubMed, EMBASE, and Web of Science were searched from inception to 18 March 2022. Search items were designed based on the combination of medical subject headings and free words, without language and region restriction. A literature search was conducted by Zhe Song (detailed search strategy is shown in Supplementary File 2).



Inclusion and exclusion criteria

Studies meeting the following criteria were included:

(1) Randomized controlled trial (RCT), prospective cohort study, nested case-control study, case-control study, and registration data on patients with cardiovascular diseases who had undergone heart surgery such as heart valve replacement and cardiac contrast.

(2) A complete predictive model was established;

(3) Published in English.

Exclusion criteria were:

(1) Study unrelated to CSA-AKI or only reported risk factors;

(2) Containing no outcome measures related to the effectiveness of a predictive model (e.g., RFC, sensitivity, specificity, accuracy, confusion matrix, etc.);

(3) Other study design: case reports, letters, conference summaries, reviews, etc.;

(4) Incomplete data or data unavailable.

(5) AKI staged using KDIGO (1) serum creatinine criteria; cardiac function graded via the American Heart Association guideline and ESC 2021 guideline (8, 9).



Literature search

All articles identified were imported into EndNote X9. Titles and abstracts of the articles were browsed following duplicate removal, and the full-texts of the remaining articles were retrieved and read to identify eligible studies. Literature search and screening were processed by two reviewers (SZ and YZY) independently, any disagreements were settled by a third reviewer (HM). The articles searching a flow chart are presented in Supplementary materials. Pieces of literature, which contain unclear information or missing critical data, were excluded from our study.



Data extraction

The data extraction form was designed according to the Modified CHARMS checklist (10), which mainly included: name of the first author, publication date, nation, duration of data hiring, study design (prospective and retrospective), types of validation (external, internal, random split, and time split), and sample size (total number, developments, and testing cluster). The development set was defined as all data sets other than the test set in this study due to the unclear description in each study.



Risk of bias assessment

We used the prediction model risk of bias assessment tool (PROBAST) (11) and the external prognostic validity model to assess the risk of bias in the included studies. PROBAST is a risk of the bias assessment tool designed for systematic reviews of diagnostic or prognostic prediction models. It contains four domains: participants, predictors, outcome, and statistical analysis. Items under each domain can be filled as “yes,” “probably yes,” “probably no,” “no,” and “no information,” depending on the characteristics of the study. If a domain contains at least one item filled as “no” or “probably no,” it would be graded as high risk. A domain with all the items filled as “yes” or “probably yes” would be graded as low risk. The overall risk of bias would be graded as low risk when all the domains are graded as low risk. The risk of bias assessment was performed by two reviewers independently.



Statistical analysis

We calculated and reported descriptive statistics to summarize the characteristics of the models. For prediction models that were examined in more than two independent datasets (excluding the model development dataset), a random-effect meta-analysis was performed to estimate the performance and accuracy. Prediction models, which were internally validated through bootstrapping or cross-validation and were externally validated in only two independent datasets, were also considered. We followed a recently published framework of meta-analysis for prediction models. If a measure of uncertainty (standard error or 95% confidence interval) was not available for the mean C-index, a formula was used to approximate the standard error of the mean C-index based on the number of events and number of participants. All data analyses were performed using the R software (Version 4.1.1).




Results


Study selection

There were 1,909 articles identified [Cochrane (n = 133), PubMed (n = 33), Embase (n = 231), Web of Science (n = 1,512)]. After removing 220 duplicates, titles and abstracts of the remaining 1,689 articles were browsed, and 38 studies (12–49) were finally included. A PRISMA flow diagram of the study selection process is shown in Supplementary File 4.



Characteristics of included studies

A total of 139,444 participants were involved, with 116,499 in the validation set. Data were collected from 12 countries. Among the included studies, 25 (about 66%) have been published in recent 5 years (2017–2022), indicating that research in the field of the machine learning-based prediction model has been a hotspot in recent years, and is of great value and significance.

These were 60 prognostic models for CSA-AKI included, 12 external validation models, and 7 random sampling validation models. The types of these 60 prognostic models include: Logistic Regression (12–16, 19–22, 24–35, 37–49) (n = 34), Neural Net (15, 17–19) (n = 6), Support Vector Machine (15, 16) (n = 4), Random Forest (15, 16, 30, 40) (n = 6), Extreme Gradient Boosting (15, 16, 49) (n = 3), Decision Tree (15, 16) (n = 3), Gradient Boosted Machine (19) (n = 1), COX regression (19) (n = 1), κ Neural Net (19) (n = 1), and Naïve Bayes (19) (n = 1). Characteristics of included studies are shown in Supplementary File 1.



Quality assessment

The quality assessment showed that 92.11% of included studies were graded as high risk in the domain of analysis, 36.84% were graded as high risk in the domain of outcomes, and 26.32% in that of participants (Figure 1).


[image: Figure 1]
FIGURE 1
 Quality assessment of included studies.




Predictors

The most commonly used predictors were Age (n = 25, 41.67%), Types of surgery (n = 23, 38.33%), CBP time (n = 19, 31.67%), Blood pressure (n = 17, 28.33%), SCr (n = 16, 26.67%), heart rate (n = 14, 23.33%), Transfusion (n = 14, 23.33%), BMI (n = 13, 21.67%), Hemofiltration (n = 13, 21.67%), gender (n = 12, 20.00%), diabetes (n = 10, 16.67%), Hemoglobin (n = 10, 16.67%), pNGAL (n = 9, 15.00%) (Figure 2).


[image: Figure 2]
FIGURE 2
 A frequency bar chart of predictors.




Training set and test set accuracy

In the training set, the logistic regression model was the most commonly applied [n = 27, accuracy = 0.705 (0.703, 0.708)]. XGBoost showed to be of the best performance [n = 3, accuracy = 0.732 (0.715, 0.748)], with large modeling sample size (Figures 3, 4).


[image: Figure 3]
FIGURE 3
 Accuracy of the machine learning-based model in the training set: logistic regression.



[image: Figure 4]
FIGURE 4
 Accuracy of the machine learning-based model in the training set: other models.


In the test set, logistic regression was also the most commonly applied model [n = 10, accuracy = 0.708 (0.705, 0.71)]. NNET was of the best effect [n = 3, accuracy = 0.711 (0.708, 0.713)], with large modeling sample size, so we think NNET has the best effect. XGBoost also showed an excellent effect in all models [accuracy = 0.755 (0.705, 0.802)], while its modeling sample size was limited (Figures 5, 6).


[image: Figure 5]
FIGURE 5
 Accuracy of the machine learning-based model in the test set: logistic regression.



[image: Figure 6]
FIGURE 6
 Accuracy of the machine learning-based model in the test set: other models.




Training set and test set c-index

In the training set, logistic regression was the most commonly applied model [n = 26, c-index = 0.76 (0.75, 0.76)]. XGBoost showed to be of the best performance [n = 3, c-index =0.8 (0.78, 0.82)], with large modeling sample size. COX also showed a remarkable effect in all models [c-index = 0.9 (0.81, 1)], while its modeling sample size was limited (Figures 7, 8).


[image: Figure 7]
FIGURE 7
 C-index in the training set: logistic regression.



[image: Figure 8]
FIGURE 8
 C-index in the training set: other models.


In the test set, logistic regression was also the most commonly applied model [n = 8, c-index = 0.75 (0.74, 0.76)]. NNET and XGBoost presented excellent performance, with the c-index of 0.89 (0.86, 0.92) and 0.81 (0.75, 0.88), respectively, while the modeling sample size of these two models was limited (Figures 9, 10).


[image: Figure 9]
FIGURE 9
 C-index in the test set: logistic regression.



[image: Figure 10]
FIGURE 10
 C-index in the test set: other models.


Detailed results of data analyses are shown in Supplementary File 3.




Discussion

There were 38 studies, with 60 CSA-AKI models, 12 external validity models, and 7 random sampling models. Most of them were logistic regression models. Risk of bias assessment showed that there was a high risk of bias in the analyses of included studies, which might be related to the incomplete variables and limited sample size involved in the model, improper processing of missing data, internal verification of models, interpretation of complex data, and correlation between some predictors and CSA-AKI definition. Therefore, follow-up studies should take into account the selection and verification of models, expansion of samples, and application of multivariate analysis. Data screening should also be more scientific to obtain more clinically valuable results.

Cardiac surgery altered the hemodynamics leading to hypoperfusion in the kidneys. Cardiac Angio Pulmonary Bypass can also induce hemodynamic disturbance directly and lead to acute kidney injury. Cardiac surgery-associated acute kidney injury (CSA-AKI) is a common and serious complication of cardiac surgery. There were more than 2 million people receiving cardiac surgery every year, and the incidence of CSA-AKI fluctuated between 5 and 42%. The occurrence of CSA-AKI is associated with high perioperative mortality, prolonged hospital stay, and heavy treatment costs. Pathogenesis of CSA-AKI should be further explored to elucidate the relationship between cardiac surgery undergoing and AKI occurring (2, 18).

Detailed mechanisms of CSA-AKI have not been fully elucidated. Ischemic reperfusion injury, activation of inflammatory cytokines cascades, oxidative stress, and nephrotoxic reaction might be involved in the pathogenesis of CSA-AKI (16, 19, 50). Hypotension may play a critical role in renal dysfunction, while the optimal mean arterial pressure (MAP) helpful to prevent CSA-AKI during CPB remains unknown. Almost all studies that assessed MAP during CPB were observational designs and were conducted to evaluate the correlation between hypotension and adverse neurologic outcomes. Griffin et al. (5) conducted a single-center RCT that included 300 patients who had known risk factors in AKI, and underwent elective cardiac surgery with normothermic CBP. They found that MAP during CPB was targeted to 50–60 mmHg in the control group, whereas that in the intervention group was targeted to 75–85 mmHg, and the overall mean MAP in the two groups was 60 ± 6 and 79 ± 6 mmHg, respectively. There was no intergroup difference in CSA-AKI, hospital LOS, and mortality.

AKI is a serious complication that can directly induce renal failure. The initiated injury process leads to irreversible renal function impairment that would continually deteriorate. Machine learning is capable of identifying the pathological factors of AKI so as to facilitate early intervention. Dong et al. (51) recruited 16,863 pediatric critical care patients aged from 1 month to 21 years, and used machine learning to predict pediatric AKI. Their findings were promising. Machine learning is a state-of-the-art approach to risk stratification. Interpretive modeling can use complex decision boundaries to help clinicians understand the risks specific to individual patients.

The application of machine learning is driven by the development of big data analysis and the need for evidence-based care. The practicality of the combination of artificial intelligence and machine learning has aroused widespread interest in medical research. Machine learning has its own advantages in performance and scalability, and machine learning-based modeling from mass data presents to be helpful to the implementation of dynamic monitoring for multiple diseases (52–55). Some machine learning algorithms, such as Extreme Gradient Boost (XGBoost), can calculate and predict the relative size of variables in a specific result, which makes the level of insight into individual risk factors and their prognostic significance comparable to that of logistic regression models (56). Gradient Boosting (GBM) is a widely used method to predict the incidence of AKI (57). Huang et al. (58) proposed a GBM-based risk prediction model for AKI after percutaneous coronary intervention (PCI). They collected a large amount of data from 947,091 patients receiving PCI to construct a baseline model, and time verification was carried out through the data of more than 900,000 hospitalized patients. The AUC of the GBM model was 79% larger than that of the baseline linear regression model. Lee et al. (59) proposed an AKI-prediction model based on several machine learning algorithms, and compared their performance in patients undergoing liver transplantation and heart surgery. Both the studies found that GBM had the most reliable performance.

In conclusion, CSA-AKI is a complex and multifaceted syndrome with significant morbidity and mortality. The application of machine learning in nephrotic clinical practice, including CSA-AKI, has a promising prospect.

We found that age, SCr, type of surgery, BMI, CBP time, and blood pressure were significant predictors for CSA-AKI. A large multinational and multicenter RCT, which involved 4,752 participants from 19 different countries, reported that Patients who underwent cardiac surgery without CPB were significantly less likely to have AKI 30 days after surgery [28 vs. 32.1%, RR = 0.87, 95% CI (80–0.96), p = 5.01] (17).

This systematic review and meta-analysis, based on a large sample size, showed that machine learning was effective in predicting the risk of CSA-AKI. Recently, the most common machine learning method is conventional logistic regression, followed by artificial neural networks, while SVM and RF are also commonly used. A study by Tseng et al. (16) demonstrated that machine learning could successfully predict CSA-AKI, which reflects the risks of cardiac surgery, enabling the optimization of postoperative treatment processes to diminish the postoperative complications following cardiac operations.

This study also has some limitations: first, this study focused on the accuracy of the machine learning model and did not predict the risk factors of CSA-AKI. Second, some of the included models contained special variables (such as SCr and eGFR), which were related to the diagnosis of AKI, and these variables would be of value for further verification and research in subsequent studies.



Conclusion

Logistic regression remains the most commonly used model in CSA-AKI prediction, while it might not be the optimal option. Other models, such as NNET, XGBoost, and GBM, are of more remarkable performance. Using predictive models for early risk assessment has a relatively desirable effect on preventing CSA-AKI; however, it still needs to be further improved. Therefore, we look forward to more validated machine learning methods based on convenient, noninvasive, or minimally invasive predictive indicators that could be of remarkable performance and accuracy in the prediction of CSA-AKI.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Author contributions

ZS finished the entire research and bibliography retrieval. ZY was responsible for writing and review. MH and XS acted as the consultants. All authors contributed to the article and approved the submitted version.



Funding

This study is supported entirely by the ZS. The whole study was finished without any external financial support.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcvm.2022.951881/full#supplementary-material



References

 1. Stevens PE, Levin A, Kidney Disease: Improving Global Outcomes Chronic Kidney Disease Guideline Development Work Group Members. Evaluation and management of chronic kidney disease: synopsis of the kidney disease: improving global outcomes 2012 clinical practice guideline. Ann Intern Med. (2013) 158:825–30. doi: 10.7326/0003-4819-158-11-201306040-00007

 2. Massoth C, Zarbock A, Meersch M. Acute kidney injury in cardiac surgery. Crit Care Clin. (2021) 37:267–78. doi: 10.1016/j.ccc.2020.11.009

 3. Wang Y, Bellomo R. Cardiac surgery-associated acute kidney injury: risk factors, pathophysiology and treatment. Nat Rev Nephrol. (2017) 13:697–711. doi: 10.1038/nrneph.2017.119

 4. Romagnoli S, Ricci Z, Ronco C. Perioperative acute kidney injury: prevention, early recognition, and supportive measures. Nephron. (2018) 140:105–10. doi: 10.1159/000490500

 5. Griffin BR, Liu KD, Teixeira JP. Critical care nephrology: core curriculum 2020. Am J Kidney Dis. (2020) 75:435–52. doi: 10.1053/j.ajkd.2019.10.010

 6. Azau A, Markowicz P, Corbeau JJ, Cottineau C, Moreau X, Baufreton C, et al. Increasing mean arterial pressure during cardiac surgery does not reduce the rate of postoperative acute kidney injury. Perfusion. (2014) 29:496–504. doi: 10.1177/0267659114527331

 7. Deo RC. Machine learning in medicine. Circulation. (2015) 132:1920–30. doi: 10.1161/CIRCULATIONAHA.115.001593

 8. Benjamin EJ, Virani SS, Callaway CW, Chamberlain AM, Chang AR, Cheng S, et al. Heart disease and stroke statistics-2018 update: a report from the American Heart Association. Circulation. (2018) 137:e67–e492. doi: 10.1161/CIR.0000000000000558

 9. Vahanian A, Beyersdorf F, Praz F, Milojevic M, Baldus S, Bauersachs J, et al. 2021 ESC/EACTS Guidelines for the management of valvular heart disease: Developed by the Task Force for the management of valvular heart disease of the European Society of Cardiology (ESC) and the European Association for Cardio-Thoracic Surgery (EACTS). Rev Esp Cardiol. (2022) 75:524. doi: 10.1016/j.rec.2022.05.006

 10. Moons KG, de Groot JA, Bouwmeester W, Vergouwe Y, Mallett S, Altman DG, et al. Critical appraisal and data extraction for systematic reviews of prediction modelling studies: the CHARMS checklist. PLoS Med. (2014) 11:e1001744. doi: 10.1371/journal.pmed.1001744

 11. Wolff RF, Moons K, Riley RD, Whiting PF, Westwood M, Collins GS, et al. PROBAST: a tool to assess the risk of bias and applicability of prediction model studies. Ann Intern Med. (2019) 170:51–8. doi: 10.7326/M18-1376

 12. Verwijmeren L, Bosma M, Vernooij LM, Linde EM, Dijkstra IM, Daeter EJ, et al. Associations between preoperative biomarkers and cardiac surgery-associated acute kidney injury in elderly patients: a cohort study. Anesth Analg. (2021) 133:570–7. doi: 10.1213/ANE.0000000000005650

 13. Kiessling AH, Dietz J, Reyher C, Stock UA, Beiras-Fernandez A, Moritz A. Early postoperative serum cystatin C predicts severe acute kidney injury following cardiac surgery: a post-hoc analysis of a randomized controlled trial. J Cardiothorac Surg. (2014) 9:10. doi: 10.1186/1749-8090-9-10

 14. Guangqing Z, Liwei C, Fei L, Jianshe Z, Guang Z, Yan Z, et al. Predictive value of neutrophil to lymphocyte ratio on acute kidney injury after on-pump coronary artery bypass: a retrospective, single-center study. Gen Thorac Cardiovasc Surg. (2022) 70:624–33. doi: 10.1007/s11748-022-01772-z

 15. Lee HC, Yoon HK, Nam K, Cho YJ, Kim TK, Kim WH, et al. Derivation and validation of machine learning approaches to predict acute kidney injury after cardiac surgery. J Clin Med. (2018) 7:322. doi: 10.3390/jcm7100322

 16. Tseng PY, Chen YT, Wang CH, Chiu KM, Peng YS, Hsu SP, et al. Prediction of the development of acute kidney injury following cardiac surgery by machine learning. Crit Care. (2020) 24:478. doi: 10.1186/s13054-020-03179-9

 17. Rank N, Pfahringer B, Kempfert J, Stamm C, Kühne T, Schoenrath F, et al. Deep-learning-based real-time prediction of acute kidney injury outperforms human predictive performance. NPJ Digit Med. (2020) 3:139. doi: 10.1038/s41746-020-00346-8

 18. Meyer A, Zverinski D, Pfahringer B, Kempfert J, Kuehne T, Sündermann SH, et al. Machine learning for real-time prediction of complications in critical care: a retrospective study. Lancet Respir Med. (2018) 6:905–14. doi: 10.1016/S2213-2600(18)30300-X

 19. Penny-Dimri JC, Bergmeir C, Reid CM, Williams-Spence J, Cochrane AD, Smith JA. Machine learning algorithms for predicting and risk profiling of cardiac surgery-associated acute kidney injury. Semin Thorac Cardiovasc Surg. (2021) 33:735–45. doi: 10.1053/j.semtcvs.2020.09.028

 20. Zhang H, Zhou K, Wang D, Zhang N, Liu J. The predictive value of the intraoperative Renal Pulsatility Index for acute kidney injury in patients undergoing cardiac surgery. Minerva Anestesiol. (2020) 86:1161–9. doi: 10.23736/S0375-9393.20.14460-2

 21. Xu J, Jiang W, Li Y, Shen B, Shen Z, Wang Y, et al. Volume-associated hemodynamic variables for prediction of cardiac surgery-associated acute kidney injury. Clin Exp Nephrol. (2020) 24:798–805. doi: 10.1007/s10157-020-01908-6

 22. Oshita T, Hiraoka A, Nakajima K, Muraki R, Arimichi M, Chikazawa G, et al. A better predictor of acute kidney injury after cardiac surgery: the largest area under the curve below the oxygen delivery threshold during cardiopulmonary bypass. J Am Heart Assoc. (2020) 9:e015566. doi: 10.1161/JAHA.119.015566

 23. Li Y, Xu J, Wang Y, Zhang Y, Jiang W, Shen B, et al. A novel machine learning algorithm, Bayesian networks model, to predict the high-risk patients with cardiac surgery-associated acute kidney injury. Clin Cardiol. (2020) 43:752–61. doi: 10.1002/clc.23377

 24. Zheng JY, Xiao YY, Yao Y, Han L. Is serum cystatin C an early predictor for acute kidney injury following cardiopulmonary bypass surgery in infants and young children? Kaohsiung J Med Sci. (2013) 29:494–9. doi: 10.1016/j.kjms.2013.01.004

 25. Xu J, Jiang W, Li Y, Li H, Geng X, Chen X, et al. Association between syndecan-1, fluid overload, and progressive acute kidney injury after adult cardiac surgery. Front Med. (2021) 8:648397. doi: 10.3389/fmed.2021.648397

 26. Zivkovic N, Elbaz-Greener G, Qiu F, Arbel Y, Cheema AN, Dvir D, et al. Bedside risk score for prediction of acute kidney injury after transcatheter aortic valve replacement. Open heart. (2018) 5:e000777. doi: 10.1136/openhrt-2018-000777

 27. Regolisti G, Maggiore U, Cademartiri C, Belli L, Gherli T, Cabassi A, et al. Renal resistive index by transesophageal and transparietal echo-doppler imaging for the prediction of acute kidney injury in patients undergoing major heart surgery. J Nephrol. (2017) 30:243–53. doi: 10.1007/s40620-016-0289-2

 28. Crosina J, Lerner J, Ho J, Tangri N, Komenda P, Hiebert B, et al. Improving the prediction of cardiac surgery-associated acute kidney injury. Kidney Int Rep. (2016) 2:172–9. doi: 10.1016/j.ekir.2016.10.003

 29. Jorge-Monjas P, Bustamante-Munguira J, Lorenzo M, Heredia-Rodríguez M, Fierro I, Gómez-Sánchez E, et al. Predicting cardiac surgery-associated acute kidney injury: The CRATE score. J Crit Care. (2016) 31:130–8. doi: 10.1016/j.jcrc.2015.11.004

 30. Heringlake M, Charitos EI, Erber K, Berggreen AE, Heinze H, Paarmann H. Preoperative plasma growth-differentiation factor-15 for prediction of acute kidney injury in patients undergoing cardiac surgery. Crit Care. (2016) 20:317. doi: 10.1186/s13054-016-1482-3

 31. Shah KS, Taub P, Patel M, Rehfeldt M, Struck J, Clopton P, et al. Proenkephalin predicts acute kidney injury in cardiac surgery patients. Clin Nephrol. (2015) 83:29–35. doi: 10.5414/CN108387

 32. Bucholz EM, Whitlock RP, Zappitelli M, Devarajan P, Eikelboom J, Garg AX, et al. Cardiac biomarkers and acute kidney injury after cardiac surgery. Pediatrics. (2015) 135:e945–56. doi: 10.1542/peds.2014-2949

 33. Du SL, Zeng XZ, Tian JW, Ai J, Wan J, He JX. Advanced oxidation protein products in predicting acute kidney injury following cardiac surgery. Biomarkers. (2015) 20:206–11. doi: 10.3109/1354750X.2015.1062917

 34. Birnie K, Verheyden V, Pagano D, Bhabra M, Tilling K, Sterne JA, et al. Predictive models for kidney disease: improving global outcomes (KDIGO) defined acute kidney injury in UK cardiac surgery. Crit Care. (2014) 18:606. doi: 10.1186/s13054-014-0606-x

 35. Hu P, Mo Z, Chen Y, Wu Y, Song L, Zhang L, et al. Derivation and validation of a model to predict acute kidney injury following cardiac surgery in patients with normal renal function. Ren Fail. (2021) 43:1205–13. doi: 10.1080/0886022X.2021.1960563

 36. Liebetrau C, Dörr O, Baumgarten H, Gaede L, Szardien S, Blumenstein J, et al. Neutrophil gelatinase-associated lipocalin (NGAL) for the early detection of cardiac surgery associated acute kidney injury. Scand J Clin Lab Invest. (2013) 73:392–9. doi: 10.3109/00365513.2013.787149

 37. Katagiri D, Doi K, Honda K, Negishi K, Fujita T, Hisagi M, et al. Combination of two urinary biomarkers predicts acute kidney injury after adult cardiac surgery. Ann Thorac Surg. (2012) 93:577–83. doi: 10.1016/j.athoracsur.2011.10.048

 38. Zhang Y, Zhao H, Su Q, Wang C, Chen H, Shen L, et al. Novel plasma biomarker-based model for predicting acute kidney injury after cardiac surgery: a case control study. Front Med. (2022) 8:799516. doi: 10.3389/fmed.2021.799516

 39. Esmeijer K, Schoe A, Ruhaak LR, Hoogeveen EK, Soonawala D, Romijn F, et al. The predictive value of TIMP-2 and IGFBP7 for kidney failure and 30-day mortality after elective cardiac surgery. Sci Rep. (2021) 11:1071. doi: 10.1038/s41598-020-80196-2

 40. Du Y, Wang XZ, Wu WD, Shi HP, Yang XJ, Wu WJ, et al. Predicting the risk of acute kidney injury in patients after percutaneous coronary intervention (PCI) or cardiopulmonary bypass (CPB) surgery: development and assessment of a nomogram prediction model. Med Sci Monit. (2021) 27:e929791. doi: 10.12659/MSM.929791

 41. Dolapoglu A, Avci E, Kiris T, Bugra O. The predictive value of the prognostic nutritional index for postoperative acute kidney injury in patients undergoing on-pump coronary bypass surgery. J Cardiothorac Surg. (2019) 14:74. doi: 10.1186/s13019-019-0898-7

 42. Lakhal K, Bigot-Corbel E, Sacchetto E, Chabrun F, Senage T, Figueres L, et al. Early recognition of cardiac surgery-associated acute kidney injury: (an observational pilot study). BMC Anesthesiol. (2021) 21:244. doi: 10.1186/s12871-021-01387-6

 43. Volovelsky O, Gist KM, Terrell TC, Bennett MR, Cooper DS, Alten JA, et al. Early postoperative measurement of fibroblast growth factor 23 predicts severe acute kidney injury in infants after cardiac surgery. Clin Nephrol. (2018) 90:165–71. doi: 10.5414/CN109359

 44. Perry TE, Muehlschlegel JD, Liu KY, Fox AA, Collard CD, Shernan SK, et al. Plasma neutrophil gelatinase-associated lipocalin and acute postoperative kidney injury in adult cardiac surgical patients. Anesth Analg. (2010) 110:1541–7. doi: 10.1213/ANE.0b013e3181da938e

 45. Dasgupta MN, Montez-Rath ME, Hollander SA, Sutherland SM. Using kinetic eGFR to identify acute kidney injury risk in children undergoing cardiac transplantation. Pediatr Res. (2021) 90:632–6. doi: 10.1038/s41390-020-01307-3

 46. Portilla D, Dent C, Sugaya T, Nagothu KK, Kundi I, Moore P, et al. Liver fatty acid-binding protein as a biomarker of acute kidney injury after cardiac surgery. Kidney Int. (2008) 73:465–72. doi: 10.1038/sj.ki.5002721

 47. Candela-Toha A, Elías-Martín E, Abraira V, Tenorio MT, Parise D, de Pablo A, et al. Predicting acute renal failure after cardiac surgery: external validation of two new clinical scores. Clin J Am Soc Nephrol. (2008) 3:1260–5. doi: 10.2215/CJN.00560208

 48. Wang J, Yu C, Zhang Y, Huang Y. A prediction model for acute kidney injury after pericardiectomy: an observational study. Front Cardiovasc Med. (2022) 9:790044. doi: 10.3389/fcvm.2022.790044

 49. Li J, Gong M, Joshi Y, Sun L, Huang L, Fan R, et al. Machine learning prediction model for acute renal failure after acute aortic syndrome surgery. Front Med. (2022) 8:728521. doi: 10.3389/fmed.2021.728521

 50. Sutherland L, Hittesdorf E, Yoh N, Lai T, Mechling A, Wagener G. Acute kidney injury after cardiac surgery: a comparison of different definitions. Nephrology. (2020) 25:212–8. doi: 10.1111/nep.13669

 51. Dong J, Feng T, Thapa-Chhetry B, Cho BG, Shum T, Inwald DP, et al. Machine learning model for early prediction of acute kidney injury (AKI) in pediatric critical care. Crit Care. (2021) 25:288. doi: 10.1186/s13054-021-03724-0

 52. Shorten G, Srinivasan KK, Reinertsen I. Machine learning and evidence-based training in technical skills. Br J Anaesth. (2018) 121:521–3. doi: 10.1016/j.bja.2018.04.012

 53. Ghahramani Z. Probabilistic machine learning and artificial intelligence. Nature. (2015) 521:452–9. doi: 10.1038/nature14541

 54. Quax S, van Gerven M. Emergent mechanisms of evidence integration in recurrent neural networks. PLoS ONE. (2018) 13:e0205676. doi: 10.1371/journal.pone.0205676

 55. Abraham A, Pedregosa F, Eickenberg M, Gervais P, Mueller A, Kossaifi J, et al. Machine learning for neuroimaging with scikit-learn. Front Neuroinf . (2014) 8:14. doi: 10.3389/fninf.2014.00014

 56. Kilic A. Artificial Intelligence and Machine Learning in Cardiovascular Health Care. Ann Thorac Surg. (2020) 109:1323–9. doi: 10.1016/j.athoracsur.2019.09.042

 57. Koyner JL, Carey KA, Edelson DP, Churpek MM. The development of a machine learning inpatient acute kidney injury prediction model. Crit Care Med. (2018) 46:1070–7. doi: 10.1097/CCM.0000000000003123

 58. Huang C, Murugiah K, Mahajan S, Li SX, Dhruva SS, Haimovich JS, et al. Enhancing the prediction of acute kidney injury risk after percutaneous coronary intervention using machine learning techniques: a retrospective cohort study. PLoS Med. (2018) 15:e1002703. doi: 10.1371/journal.pmed.1002703

 59. Lee HC, Yoon SB, Yang SM, Kim WH, Ryu HG, Jung CW, et al. Prediction of acute kidney injury after liver transplantation: machine learning approaches vs. logistic regression model. J Clin Med. (2018) 7:428. doi: 10.3390/jcm7110428














	
	TYPE Original Research
PUBLISHED 28 September 2022
DOI 10.3389/fcvm.2022.998558






Machine learning prediction of atrial fibrillation in cardiovascular patients using cardiac magnetic resonance and electronic health information

Steven Dykstra1,2, Alessandro Satriano1,2,3, Aidan K. Cornhill1,2, Lucy Y. Lei1,2, Dina Labib1,2, Yoko Mikami1,2,3, Jacqueline Flewitt1, Sandra Rivest1,2, Rosa Sandonato1,2, Patricia Feuchter1,2,3, Andrew G. Howarth1,2,3, Carmen P. Lydell1,2,3, Nowell M. Fine2, Derek V. Exner2, Carlos A. Morillo2, Stephen B. Wilton2, Marina L. Gavrilova4 and James A. White1,2,3*


1Stephenson Cardiac Imaging Centre, Libin Cardiovascular Institute of Alberta, University of Calgary, Calgary, AB, Canada

2Department of Cardiac Sciences, Cumming School of Medicine, University of Calgary, Calgary, AB, Canada

3Department of Diagnostic Imaging, Cumming School of Medicine, University of Calgary, Calgary, AB, Canada

4Department of Computer Science, University of Calgary, Calgary, AB, Canada

[image: image2]

OPEN ACCESS

EDITED BY
Yael Yaniv, Technion Israel Institute of Technology, Israel

REVIEWED BY
John Adeoye, The University of Hong Kong, Hong Kong SAR, China
 Jorge Rodríguez Capitán, Centro de Investigación Biomédica en Red en Enfermedades Cardiovasculares (CIBERCV), Spain

*CORRESPONDENCE
 James A. White, jawhit@ucalgary.ca

SPECIALTY SECTION
 This article was submitted to Cardiovascular Imaging, a section of the journal Frontiers in Cardiovascular Medicine

RECEIVED 20 July 2022
 ACCEPTED 05 September 2022
 PUBLISHED 28 September 2022

CITATION
 Dykstra S, Satriano A, Cornhill AK, Lei LY, Labib D, Mikami Y, Flewitt J, Rivest S, Sandonato R, Feuchter P, Howarth AG, Lydell CP, Fine NM, Exner DV, Morillo CA, Wilton SB, Gavrilova ML and White JA (2022) Machine learning prediction of atrial fibrillation in cardiovascular patients using cardiac magnetic resonance and electronic health information. Front. Cardiovasc. Med. 9:998558. doi: 10.3389/fcvm.2022.998558

COPYRIGHT
 © 2022 Dykstra, Satriano, Cornhill, Lei, Labib, Mikami, Flewitt, Rivest, Sandonato, Feuchter, Howarth, Lydell, Fine, Exner, Morillo, Wilton, Gavrilova and White. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



Background: Atrial fibrillation (AF) is a commonly encountered cardiac arrhythmia associated with morbidity and substantial healthcare costs. While patients with cardiovascular disease experience the greatest risk of new-onset AF, no risk model has been developed to predict AF occurrence in this population. We hypothesized that a patient-specific model could be delivered using cardiovascular magnetic resonance (CMR) disease phenotyping, contextual patient health information, and machine learning.

Methods: Nine thousand four hundred forty-eight patients referred for CMR imaging were enrolled and followed over a 5-year period. Seven thousand, six hundred thirty-nine had no prior history of AF and were eligible to train and validate machine learning algorithms. Random survival forests (RSFs) were used to predict new-onset AF and compared to Cox proportional-hazard (CPH) models. The best performing features were identified from 115 variables sourced from three data domains: (i) CMR-based disease phenotype, (ii) patient health questionnaire, and (iii) electronic health records. We evaluated discriminative performance of optimized models using C-index and time-dependent AUC (tAUC).

Results: A RSF-based model of 20 variables (CIROC-AF-20) delivered an overall C-index of 0.78 for the prediction of new-onset AF with respective tAUCs of 0.80, 0.79, and 0.78 at 1-, 2- and 3-years. This outperformed a novel CPH-based model and historic AF risk scores. At 1-year of follow-up, validation cohort patients classified as high-risk of future AF by CIROC-AF-20 went on to experience a 17.3% incidence of new-onset AF, being 24.7-fold higher risk than low risk patients.

Conclusions: Using phenotypic data available at time of CMR imaging we developed and validated the first described risk model for the prediction of new-onset AF in patients with cardiovascular disease. Complementary value was provided by variables from patient-reported measures of health and the electronic health record, illustrating the value of multi-domain phenotypic data for the prediction of AF.

KEYWORDS
  machine learning, atrial fibrillation, risk prediction, random survival forest, Cox proportional-hazard models


Introduction

Atrial Fibrillation (AF) is the most common arrhythmia encountered in clinical practice, affecting over 30 million patients worldwide (1, 2). Beyond the age of 40, ~26% of men and 23% of women will develop AF (3, 4), a diagnosis associated with elevated risk of cardioembolic stroke (5), reduced quality of life (4), and higher risk of heart failure (HF) related events (6–9). Targeted efforts to develop and validate AF risk scores have been described (6, 8, 10–12) leveraging data from healthy populations without cardiovascular disease. The Framingham Heart Study (6), Atherosclerosis Risk in Communities (ARIC) Study (12), and Cohorts for Heart and Aging Research in Genomic Epidemiology (CHARGE)-AF consortium (8) each constructed risk models with modest predictive accuracy. The C2HEST score demonstrated superior performance through broader inclusion of patient phenotypic features (11). However, while patients with established cardiovascular disease experiencing greatest incident risk of AF (4), no risk model has been developed in this population.

The prediction of cardiac outcomes in diseased referral populations is anticipated to require a central emphasis on patient-specific disease phenotypes followed by their contextualization to patient demographics, comorbid states, current pharmacologic care, and cardiovascular symptoms. In this study we tested the predictive utility of multi-domain data resources being routinely captured at time of diagnostic testing for the prediction of time to future AF in patients with cardiovascular disease. This was tested in 7,639 consecutive patients referred to cardiovascular magnetic resonance (CMR) at two tertiary care referral institution. Collective data resources were provided to machine learning based modeling for the patient-specific prediction of time to future AF. Prediction performance using machine learning was then compared to traditional statistical modeling using a Cox proportional-hazard models and published AF risk models.



Materials and methods


Dataset available for risk modeling

Data from 9,448 unique patients was available from the Cardiovascular Imaging Registry of Calgary (CIROC, NCT04367220), a prospective clinical outcomes study of the Libin Cardiovascular Institute. Patients referred for CMR at two tertiary care centers were engaged at time of diagnostic testing to provide informed consent and complete a standardized patient health questionnaire. All imaging studies were triaged, protocolled, and interpreted using EHR-integrated software (cardioDITM, Cohesic Inc, Calgary) for the standardized collection of qualitative and quantitative phenotypic markers. Electronic health data was abstracted from the institutional data warehouse to provide patient-related laboratory, pharmacy, 12-lead ECG, Holter, and ICD-10 coded diagnostic and procedural data, as shown in Figure 1. Patients enrolled between February 2015 and November 2019 subsequently completing a minimum follow-up of 120 days were considered for model development and validation.


[image: Figure 1]
FIGURE 1
 Central Illustration providing an overview of the multi-domain data collection and modeling process.


For the purposes of the described prediction model, all patients with a prior history of AF were excluded followed by the exclusion of patients with complex congenital heart disease (given their unique data model). Of 9,448 unique Registry patients, 7,802 met inclusion criteria with 7,639 having completed 120 days of clinical follow-up.



Data element generation and collection
 
Patient reported health data

A standardized patient reported health (PRH) questionnaire was used to collect baseline demographic information, inclusive of ethnicity, education level, employment status, comorbid cardiac and non-cardiac diseases, alcohol consumption, smoking history, patient-reported shortness of breath based upon the New-York Heart Association (NYHA) classification, and QoL using the EQ-5D tool (13).



CMR imaging-based disease phenotype

CMR imaging was performed on 3-T clinical scanners (Prisma or Skyra, Siemens Healthcare, Erlangen, Germany) using standardized protocols inclusive of breath-held cine and late gadolinium enhancement (LGE) imaging in sequential short-axis views and 2-,3-, and 4-chamber long axis views. Quantitative image analyses were performed using commercial software (cvi42; Circle Cardiovascular Inc., Calgary). Left ventricular (LV) and right ventricular (RV) volumes and function were assessed on short axis cine images using semi-automated contour tracing of the endocardial and epicardial borders followed by manual adjustment. Maximal left atrial volume was assessed in the phase immediately prior to mitral valve opening using the bi-plane area-length method. All measurements were indexed to body surface area (BSA), where appropriate, using the Mosteller formula (14). Chamber volumes, mass and function were coded by z-score comparison to age and sex-based reference values (15). LGE images were scored for the presence, distribution, and burden of fibrosis, as previously described (16, 17). All other disease features were coded in accordance with guidelines provided by the SCMR and European Association of Cardiovascular Imaging (EACVI) or the American Society of Echocardiography (ASE) (18, 19).



Electronic health record-derived data

Electronic health information was abstracted from the institutional data warehouse, inclusive of laboratory, pharmacy, 12-lead ECG, Holter, and ICD-10 coded diagnostic and procedural data. ICD-10 coding was abstracted from the Discharge Abstract Database (DAD) and the National Ambulatory Care Reporting System (NACRS). 12-lead ECG and Holter data were obtained from archival systems (MUSE and MARS, GE Healthcare Milwaukee, USA) using custom scripts to extract vendor-coded detection of AF and identify text-based reporting of AF through internally validated natural language processing. Mortality data was obtained from Vital Statistics Alberta.



Primary clinical outcome

Patients were followed for the primary outcome of new-onset AF, defined as one or more of the following: (i) ICD-10 coded admission for AF (I48.0-I48.2, I48.9), atrial flutter (Aflut: I48.3-I48.4), (ii) any 12-lead ECG or Holter-based detection of AF, (iii) ICD-10 coded direct-current (DC) cardioversion (1HZ09) or ablative procedure (025S3ZZ, 025T3ZZ) for the treatment of AF. Atrial flutter was included in the primary outcome due to common co-existence, similar clinical management, and sequelae. A 2-month blackout period was applied to ensure outcomes were unrelated to any clinical events triggered by performance of diagnostic testing. The primary outcome was described in days from index CMR test performance.




Statistical analysis

Descriptive statistics are reported as mean ± standard deviation (SD) for continuous variables with categorical variables expressed in counts with percentages. Categorical data were compared using the chi-square test/Fisher's exact test, continuous data compared using Mann-Whitney U test for non-parametric variables and independent t-tests for dependent variables. Missing data points were excluded from comparison for respective variables. A total of 115 variables routinely captured at time of patient encounter by the CIROC Registry were considered for risk modeling (Supplementary Table 1), inclusive of imaging-based disease phenotype (n = 33), patient-reported health measures (n = 48), and EHR abstracted variables (n = 34). Variables with rare missing data (< 15%) were imputed using Multivariate Imputation via Chained Equations (MICE) (20).



Variable selection and model development

Population data was split into training and validation datasets using 5-fold cross validation. In this process four training folds were combined (80%) and the remaining fold (20%) reserved as a hold-out for model validation. We performed a nested cross-validation for feature selection and hyperparameter tuning. Due to the relatively rare nature of new-onset AF, each outer fold was stratified to ensure balanced event rates across folds. The validation cohorts were used for estimation of final model performance and generalizability. Missing data was imputed using Python Scikit-Learns single iterative imputer (20) separately in each fold of the cross-validation process to ensure no data leakage.

Six independent risk models were trained to predict new-onset AF over 4-years of clinical follow-up. These included two random survival forest (RSF)-based models, a novel penalized Cox proportional-hazard (CPH) model using the least absolute shrinkage and selection operator (LASSO) for variable selection, and three CPH models based on variables from published AF risk scores [C2HEST (11), Aronson et al. (10), and CHARGE-AF (8)]. For CPH models, non-linearities in continuous variables were modeled using restricted cubic splines (21) and tested to ensure proportional hazard assumptions were satisfied by way of regression analysis relating Schoenfeld residuals to time. Clinical records were reviewed for patients taking anti-arrhythmic and anti-coagulant drugs to confirm prescription for non-AF related conditions.

RSF-based modeling was performed to consider non-linear interactions between variables and risk contribution to future events (22), an extension of Random Forest algorithms for right censored survival data (23). RSF also are fully data driven and independent of model assumption and can handle high dimensional data without the need for apriori feature selection (24). A RSF model was selected for its capacity to deliver an explainable prioritization of contributory model features in the form of permutation importance rank, this aimed at allowing for direct comparison to variables selected by traditional statistical modeling. First, we trained a RSF using all eligible (n = 115) CIROC variables (CIROC-AF-115). Second, with desire for a clinically translatable model, and recognizing that removal of variables with low predictive value can improve performance (25), we constructed a parsimonious RSF model using the 20 top performing variables (CIROC-AF-20), as shown in Figure 2. Variable performance was established by calculating each variable's permutation importance over 100 bootstrap samples from within the nested training cohort and training an RSF on each bootstrapped sample for the prediction of new-onset AF. Each variable's permutation importance was determined by the out-of-bag sample for each forest and its average importance calculated across the bootstraps (Figure 2). To determine optimal hyperparameters for each RSF-based model we performed an exhaustive grid search using a nested 5-fold CV in the training cohort (Supplementary Table 2). In the same fashion, the alpha parameter for LASSO was determined by hyperparameter tuning within the nested folds. Within each training fold data for LASSO CPH modeling was normalized to zero mean and unit variance, while categorical variables were one-hot encoded.


[image: Figure 2]
FIGURE 2
 Top 20 variables for prediction of new-onset atrial fibrillation ranked by mean permutation importance calculated over 100 bootstrap samples of training data within each fold of cross-validation. VHD: valvular heart disease defined as ≥ moderate mitral or aortic valve insufficiency or stenosis. COPD: Chronic Obstructive Pulmonary Disease. EHR, Electronic Health Records; CMR, Cardiac Magnetic Resonance; PRH, Patient Reported Health (Questionnaires).




Performance evaluation

Each model's performance was assessed by discrimination and calibration measures. For discrimination we calculated the C-index, describing each model's ability to correctly rank event-free survival from patient scores, and the integrated brier score, which reports a measure of model performance over all time points. We reported mean C-index and integrated brier score over the five validation folds. Since C-index is shift invariant, time-dependent AUC is superior for assessing temporally sensitive risk predictions (26, 27) and was calculated at 1-, 2-, and 3-years, as well as mean value over the study duration. To assess calibration, we plotted the mean difference between predicted and observed rates of new-onset AF at each decile of risk for the best performing model's validation set, using 500 bootstrap estimates to generate 95% confidence intervals. Finally, for each risk model we compared the number needed to diagnose (NND) and the number needed to predict (NNP) at 1-, 2-, and 3-years to permit a comparison of clinical utility across models. NND estimates the number of patients who must be evaluated to correctly detect the disease of interest, NNP the number to correctly predict this disease will occur in the future (28); the former being insensitive to variation in disease prevalence. All statistical analysis and modeling were performed in Python 3.6 and R 3.6.3. Model development and validation were done in accordance with the TRIPOD reporting guidelines (Supplementary Table 3).




Results


Study population characteristics

The baseline characteristics of 7,639 patients contributing to each prediction model are presented in Table 1. The mean age was 52.2 ± 15.7 years with 40.8% female. The prevalence of hypertension, diabetes and coronary artery disease was 33, 12, and 11%, respectively. Referral indications are provided in Supplementary Table 4. Imaging features showed a mean left ventricular ejection fraction (LVEF) of 55.5 ± 13.7%, right ventricular ejection fraction (RVEF) of 55.1 ± 9.7%, indexed left ventricular mass (LVMi) of 59.8 ± 19.9 g/m2, and indexed left atrial volume (LAVi) of 35.9 ± 14.1 ml/m2.


TABLE 1 Baseline Clinical Demographics in patient with and without the primary outcome of incident atrial fibrillation.

[image: Table 1]

Following 17,697 patient-years of follow-up with median duration of 931 days (IQR 849), 314 patients (4.1%) experienced new-onset AF (crude incidence rate: 17.7 per 1,000 patient-years, with 283 diagnosed as atrial fibrillation and 31 diagnosed as atrial flutter). Patients experiencing AF showed significant differences in characteristics across all data domains (Table 1). Patients developing new-onset AF were older, more likely male, had higher rates of diabetes, hypertension, chronic obstructive pulmonary disease (COPD), hyperlipidemia, and taking more cardiovascular medications. Imaging-based phenotype revealed significantly higher LA and LV volumes, higher LV mass, lower LVEF and RVEF, and a higher prevalence of moderate-severe valvular disease (Table 2).


TABLE 2 Baseline imaging phenotypic features in patient with and without the primary outcome of incident atrial fibrillation.

[image: Table 2]

For model development and validation that 7,639 patients were spilt into 5 folds for cross validation. Each fold contains 1,527–1,528 patients, with 62–63 of them developing future atrial fibrillation in the following 4 years.



Historical cox proportional hazard AF risk model performance

Performance measures for CPH-based models trained using validated risk score variables (8, 10, 11) are listed in Table 3. Each showed similar discriminative performance with C-index scores of 0.70 to 0.72 averaged over the training folds. All models showed age and hypertension to be significant (p < 0.01) independent predictors. Model performance (mean C-index) for the C2HEST, Aronson, and CHARGE-AF models in validation datasets ranged between 0.69 and 0.71, with CHARGE-AF performing best at 0.71 ± 0.02. Each model showed a similar IBS of 0.034, indicating good performance and calibration across all time points. All models showed relatively stable validation c-indexes across each fold, with the largest difference between folds being 0.08 c-index. All historic models performed similarly over 1, 2, and 3 years by time dependent AUC (Table 4). AUC stability was modest, declining over time (Figure 3A).


TABLE 3 Historic Cox Proportional Hazard model variables and corresponding variables chosen from the CIROC Registry.
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TABLE 4 Model discriminative performance at 1-, 2-, and 3-years, as well as overall performance by C-index and time dependent AUC.
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FIGURE 3
 Comparison of discrimination performance for the prediction of new-onset atrial fibrillation. (A) Time-dependent AUC for CPH and RSF models averaged over the 5-fold validation cohorts, calculated at 15 time points for each model throughout the first 1,450 days. Dotted lines represent the mean time dependent AUC for each model. (B) Receiver operating characteristic (ROC) curves for each model generated at 1-year, 2-years, and 3-years.




LASSO-based cox proportional hazard model performance

The novel penalized-CPH model (CIROC-AF-Cox) reduced the variable set to 11 non-co-linear variables. CIROC-AF-Cox provided a mean C-index of 0.75 ± 0.01 over the training folds and mean validation C-index of 0.74 ± 0.02 and mean validation IBS of 0.034 ± 0.001. It showed similarly stable validation across each of the 5-folds (Table 4). CIROC-AF-Cox showed time-dependent AUC values at 1-, 2- and 3-years of 0.75 ± 0.02, 0.75 ± 0.03, 0.73 ± 0.03, and 0.75 ± 0.01, respectively. CIROC-AF-Cox showed improved stability in AUC values over time vs. historic models (Figure 3A).



Machine learning based AF risk prediction model performance

Our novel RSF-based models showed improved discrimination performance vs. historic CPH-based models, and vs. our novel CIROC-AF-Cox model. The CIROC-AF-115 model achieved a mean C-index of 0.77 ± 0.02, with the parsimonious CIROC-AF-20 model providing similar performance with mean C-index of 0.78 ± 0.01. Both RSF models had mean IBS of 0.033 ± 0.001 and showed model stability on par with the best CPH model (CHARGE-AF) with a maximum variation of 0.05 c-index between the folds. RSF models also outperformed CPH based approaches when assessed by time-dependent AUC. CIROC-AF-115 provided respective AUCs at 1-, 2- and 3-years of 0.80, 0.80, and 0.77 while CIROC-AF-20 provided respective AUCs of 0.80, 0.79, and 0.78 (Table 4).RSF Model stability was similar to the CPH models, declining slightly over the 4 year study time (50 days−1,450 days) (Figure 3A).

CIROC-AF-20 and CIROC-AF-Cox models were compared to determine how they correctly predicted low, intermediate, and high risk of incident AF. High risk was considered a predicted risk >4% per year, chosen as a 10-fold higher rate than the general population (29). Low risk was considered < 1.5%. As shown in Figure 4, predicted risk estimates appropriately discriminated the future occurrence of AF. High risk patients predicted by CIROC-AF-20 experienced a 24.7-fold higher rate of AF at 1-year, 14.3-fold at 2-years, and 13.0-fold at 3-years vs. low-risk patients (p < 0.001 for all).
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FIGURE 4
 Kaplan-Meier survival curves and hazard ratios for risk of new-onset atrial fibrillation based on tertiles of predicted risk by (A) CIROC-AF-Cox and (B) CIROC-AF-20 models. The shaded area indicates a 95% confidence interval. Number at risk indicates the number of patients each model has predicted to be within each group at a given time. Intermediate risk is an estimated risk of > 1.5% and < 4%, where high risk is patients estimated at a risk of > 4%. These curves show a single fold's model performance on the fold's validation set. The log rank test p-values between each survival curve are shown in the table and have been adjusted via the Benjamini-Hochberg Procedure.




Time interval-based AUC performance and calibration

AUC curves for each model generated at 1-, 2-, and 3-years are shown in Figure 3B. RSF-based models showed improved discrimination across all time intervals vs. CIROC-AF-Cox and historic risk models. Calibration plots describing observed vs. predicted probabilities of new-onset AF at a 1-, 2-, and 3-years are shown in Figure 5. Both novel models showed good calibration across all deciles of predicted risk.
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FIGURE 5
 Comparison of model calibration for CIROC-AF-Cox and CIROC-AF-20 for new-onset atrial fibrillation prediction at (A) 1-year, (B) 2-years, and (C) 3-years. Differences between predicted and observed event rates is plotted across each decile of predicted risk. Black points indicate estimates from validation data sets and error bars indicate the 95% confidence interval from 500 bootstrapped validation data sets.




Clinical diagnostic performance

To compare diagnostically relevant performance markers, NND and NNP were calculated at 1-, 2- and 3-years. RSF models consistently outperformed CIROC-AF-Cox and all historic CPH models. RSF based models showed lowest NND between 1.97 and 2.32, with NNP ranging from 4.73 to 15.73 (Table 5).


TABLE 5 Number needed to diagnose (NND) and number needed to predict (NNP) performance indicators for all constructed prediction models of new-onset atrial fibrillation.
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Discussion

This study demonstrated the capacity for machine learning to deliver accurate patient-specific predictions of future AF occurrence in patients with cardiovascular disease using routinely reported CMR phenotypic markers contextualized to patient-reported and EHR-abstracted health information. Versus historic AF risk models (8, 10, 11) we observed significant performance gains through expanded access to multiple data domains and through the use of machine learning-based methods.

With the exception of two studies focused in critically ill patients (30, 31), machine learning-based predictions of incident AF have been restricted to community practice settings using administrative health record data (32, 33). Despite the limited translation of these models to cardiovascular disease referral populations, these studies provided foundational evidence for machine learning to provide incremental value for the prediction of incident AF. Hill et al., used administrative health data from the UK Clinical Practice Research Datalink (CPRD) to predict future AF occurrence from 18 variables, delivering an AUC of 0.827 at 10-years vs. 0.725 using the CHARGE-AF risk score (32). A subsequent study confirmed similar findings but highlighted that much of the observed value in this referral population was being provided by conventional AF risk factors (33). Due to a low annual incidence of AF in community population settings, both studies required long term surveillance (e.g., 10-years) to identify patients at a meaningful risk of incident AF, this significantly limiting future implementation of cost-effective surveillance strategies. The alternate consideration of diagnostic testing data to assist in machine learning-based AF prediction has, to date, focused on 12-lead ECG data (34). In a single study, a model trained from ECG vector data in a community referral population showed potential for the identification of patients at elevated risk. However, whether such approaches can discriminate risk in patients with cardiovascular disease (where ECG abnormalities are more consistently observed) remains unknown. Our study uniquely focused on the prediction of AF risk in patients undergoing diagnostic imaging for cardiovascular disease, demonstrating the complementary value of disease phenotypic markers, patient-reported health measures, and EHR-abstracted health information to inform risk modeling. Importantly, all these data assets were routinely captured by, or automatically migrated to a central reporting solution. By eliminating any need for manual data collection or abstraction at time of diagnostic testing this study offers pragmatic evidence for the real-world delivery of multi-domain data collection in routine clinical practice.

As shown in Table 3, many predictors adopted by historical AF risk models (in primary care populations) failed to reach significance in patients with cardiovascular disease. Our machine learning based model objectively chose seven of the top 10 predictive variables from the imaging-based phenotype data domain. LA volume ranked first, a marker recognized as a dominant predictor of AF in both healthy (35–38) and disease-specific cohorts (29, 39). Left atrioventricular coupling index (LACI) and its change have also been shown to have an independent association with new-onset AF in the Multi-Ethnic Study of Atherosclerosis (MESA) (40). Incrementally, LVEF, LVEDVi and LV mass were important contributors; the latter acknowledged by CHARGE-AF (8). Of interest, RV EDVi was highly ranked, justifying value for multi-chamber phenotyping using CMR.

The cumulative risk of new-onset AF in our cardiovascular disease population was 4.1% at a median follow-up of 2.6 years; representing 17.7 AF events per 1,000 patient-years. This event confirms a higher incident risk of AF in this referral population vs. primary care where incident rates are between 4.0 and 6.7 events per 1,000 person-years (6, 8, 12, 29). This unique risk distribution emphasizes the need for population-specific risk models.

Finally, new-onset AF represents an ideal disease target for personalized prediction modeling at time of diagnostic testing given the availability of validated therapies for reduction of cardio-embolic risk (41). With our model's observed 17.8% 1-year incident rate of new-onset AF in patients classified to be high-risk, actionable justification exists for the implementation of surveillance programs using Holter or wearable device-based tools for the prevention of AF-related cardiovascular events.


Limitations

Several important limitations are recognized for the current study. Our study was performed at two tertiary care hospitals within the same healthcare system. The initial study only validated the model through cross-validation and needs further hold-out validation and accordingly, external validation prior to model implementation beyond our local institution. Incremental model calibrations through expanded population exposures are also advisable for all risk models, particularly to address varying ethnic distributions (42). Of the 7,639 studied patients, 5,195 (68%) were Caucasian. At time of risk modeling, the CIROC Registry had prospectively tracked clinical outcomes for a period of 4 years, and therefore uncertainty remains in the capacity of the presented model to deliver risk estimation beyond this period. Our models were trained using CMR-specific phenotypic variables. Matched echocardiographic data was not routinely available given high rates of private outpatient laboratory use, as is commonly encountered in cardiology practice. Accordingly, direct comparison to similar models trained from echocardiographic variables was not feasible. Implementation for other imaging modalities requires unique variable training and validation, recognizing unique differences in variable characteristics and referral bias. Similarly, our study did not include patients with congenital heart disease given unique anatomic phenotypes and disease profiles to routine adult cardiovascular disease. Accordingly, the current risk model is not applicable to this patient population. Finally, alternate machine learning-based techniques can be exploited for the prediction of outcomes from complex health data (32) and are planned for future investigation. In this inaugural study we did not comprehensively examine the comparative performance of alternate machine learning methodologies for survival-based prediction. Future research aimed at optimizing the presented AF prediction tool using alternate models is planned.




Conclusions

In this study we demonstrated capacity for multi-domain patient data collected at time of CMR-based phenotyping to support machine learning-based prediction of future AF in patients with cardiovascular disease. As the first described prediction model of AF risk in a cardiovascular disease population, our optimized model identified de-novo patients who experienced a 25-fold higher risk of incident AF over a 12-month period. This work provides foundational support for phenotype-based prediction modeling at time of diagnostic imaging for the delivery of personalized care. Future studies assessing the impact of AF prediction modeling at time of diagnostic imaging are warranted.
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Background: Precision estimation of cardiovascular risk remains the cornerstone of atherosclerotic cardiovascular disease (ASCVD) prevention. While coronary artery calcium (CAC) scoring is the best available non-invasive quantitative modality to evaluate risk of ASCVD, it excludes risk related to prior myocardial infarction, cardiomyopathy, and arrhythmia which are implicated in ASCVD. The high-dimensional and inter-correlated nature of ECG data makes it a good candidate for analysis using machine learning techniques and may provide additional prognostic information not captured by CAC. In this study, we aimed to develop a quantitative ECG risk score (eRiS) to predict major adverse cardiovascular events (MACE) alone, or when added to CAC. Further, we aimed to construct and validate a novel nomogram incorporating ECG, CAC and clinical factors for ASCVD.

Methods: We analyzed 5,864 patients with at least 1 cardiovascular risk factor who underwent CAC scoring and a standard ECG as part of the CLARIFY study (ClinicalTrials.gov Identifier: NCT04075162). Events were defined as myocardial infarction, coronary revascularization, stroke or death. A total of 649 ECG features, consisting of measurements such as amplitude and interval measurements from all deflections in the ECG waveform (53 per lead and 13 overall) were automatically extracted using a clinical software (GE Muse™ Cardiology Information System, GE Healthcare). The data was split into 4 training (Str) and internal validation (Sv) sets [Str (1): Sv (1): 50:50; Str (2): Sv (2): 60:40; Str (3): Sv (3): 70:30; Str (4): Sv (4): 80:20], and the results were compared across all the subsets. We used the ECG features derived from Str to develop eRiS. A least absolute shrinkage and selection operator-Cox (LASSO-Cox) regularization model was used for data dimension reduction, feature selection, and eRiS construction. A Cox-proportional hazards model was used to assess the benefit of using an eRiS alone (Mecg), CAC alone (Mcac) and a combination of eRiS and CAC (Mecg+cac) for MACE prediction. A nomogram (Mnom) was further constructed by integrating eRiS with CAC and demographics (age and sex). The primary endpoint of the study was the assessment of the performance of Mecg, Mcac, Mecg+cac and Mnom in predicting CV disease-free survival in ASCVD.

Findings: Over a median follow-up of 14 months, 494 patients had MACE. The feature selection strategy preserved only about 18% of the features that were consistent across the various strata (Str). The Mecg model, comprising of eRiS alone was found to be significantly associated with MACE and had good discrimination of MACE (C-Index: 0.7, p = <2e-16). eRiS could predict time-to MACE (C-Index: 0.6, p = <2e-16 across all Sv). The Mecg+cac model was associated with MACE (C-index: 0.71). Model comparison showed that Mecg+cac was superior to Mecg (p = 1.8e-10) or Mcac (p < 2.2e-16) alone. The Mnom, comprising of eRiS, CAC, age and sex was associated with MACE (C-index 0.71). eRiS had the most significant contribution, followed by CAC score and other clinical variables. Further, Mnom was able to identify unique patient risk-groups based on eRiS, CAC and clinical variables.

Conclusion: The use of ECG features in conjunction with CAC may allow for improved prognostication and identification of populations at risk. Future directions will involve prospective validation of the risk score and the nomogram across diverse populations with a heterogeneity of treatment effects.

KEYWORDS
 machine learning, artificial intelligence, atherosclerotic cardiovascular diseases (ASCVD), electrocardiogram (ECG), risk assessment/classification, nomogram


Introduction

Cardiovascular disease is the leading cause of death in the United States, with significant morbidity and cost of care (1). While cardiovascular mortality has declined in recent decades, the rate of decline appears to be decelerating, thought to be related to the increasing prevalence and exposure to risk factors such as unhealthy diet, obesity, physical inactivity, hyperlipidemia, hypertension and high alcohol use (2). Therefore, primary prevention of atherosclerotic cardiovascular disease (ASCVD) remains an important public health goal but requires precise identification of at-risk individuals.

Current approaches for risk evaluation are dependent on probabilistic risk scores, which are poorly calibrated, do not perform well across populations and do not provide individual risk assessment. The Pooled Cohort Equations (PCE) (1), which is a sex- and race-specific tool for estimating 10-year absolute rates of ASCVD is based on nine clinical variables. While PCE is in routine clinical use in the U.S., its CV risk overestimation (3, 4) and suboptimal calibration in specific patient populations have been noted (5–9), leading to updated clinical practice guidelines in 2019 (10, 11). While cardiac death was originally defined in the PCE as only those related to coronary heart disease, other types of cardiac death, such as those related to fatal arrhythmias or heart failure, also occur and may not be captured by the PCE (12–17) Coronary artery calcium (CAC), a marker of atherosclerosis, is an essential predictor of coronary artery disease, incident cardiovascular events and all-cause mortality (18–21). CAC combined with traditional clinical risk factors in an ML model, have been associated with superior risk prediction when compared to PCE and CAC alone (22). Also, combining CAC with traditional risk scores are better predictors of 1-year MACE and early revascularization (23, 24). However CAC may still not capture risk in the context of other indications such as for arrhythmic events.

ECG features have been used to diagnose or predict cardiovascular events. For instance, heterogeneity of R-wave and T-wave morphology and ST-segment elevation have been used to diagnose ventricular arrhythmias (25, 26). ST-segment elevation myocardial infarction (STEMI) has also been used for chronic HF prediction (27). QRS duration and morphology including left bundle branch block have been used for assessing ventricular dyssynchrony and predicting heart failure (28). Similarly, QT-prolongation and T-wave abnormalities are associated with increased risk for arrhythmia (29) and SCD (30), respectively. However, these individual ECG markers require manual assessment and can thus, be prone to subjective interpretation and variable clinical decisions. Recently, machine learning (ML) have been employed to analyze the 12-lead, high-dimensional ECG signal automatically, providing a more quantitative and reproducible alternative to more subjective interpretation (31, 32). Neural networks on ECGs have been shown to outperform manual QTc measurements for life-threatening ventricular arrhythmia prediction (33, 34) and also as predictive tools for ventricular dysfunction (35, 36), coronary artery disease (37), atrial fibrillation (38, 39), myocardial hypertrophy (40) and ischemic heart disease (41). Although ML frameworks on ECGs lack direct interpretability, they have been used to detect the most relevant waves (P-wave, QRS complex or T-wave), contributing to diagnosis of CVDs (42). Additionally, ML frameworks have shown to detect both, clinically significant and other subtle features that are not traditionally used by cardiologists (42).

Given the significant value and success of ML-aided techniques over manual assessment for cardiovascular disease diagnosis and prediction, traditional ASCVD risk calculators can potentially be augmented by features derived from ECG using ML. In addition to ECG and other clinical predictors, inclusion of CAC may improve cardiovascular risk stratification beyond using CAC or ECG alone. This study sought to address three objectives: (1) To evaluate the utility of ML on ECG data (hand-crafted features) to predict MACE, (2) To evaluate the additive benefit of ECG on CAC scores to predict MACE and (3) To construct a nomogram with ECG and clinical variables to assess its predictive capability of MACE. By including ECG and CAC in a single model using a large prospective cohort (5,864 patients), a novel ASCVD-specific risk calculator is presented, one that addresses some of the limitations associated with the PCE.



Methods


Study design and participants

We used data from the Community Benefit of No-charge Calcium Score Screening Program (CLARIFY, ClinicalTrials.gov Identifier: NCT04075162), a prospective cohort study of patients with at least one cardiovascular risk factor who underwent no-charge coronary artery calcium scoring at University Hospitals Health Systems (UHHS), comprising 11 hospitals and >31 health centers across Ohio. We included participants with at least 1 cardiovascular risk factor and with a clinically available 12 lead electrocardiogram in CLARIFY who underwent CAC between January 1st, 2014, to November 4th, 2020. Cardiovascular events were identified from the electronic medical records as part of the registry and included heart failure, myocardial infarction, coronary revascularization, stroke, and death. Available patient factors included CAC, age, female, race, smoking status, body mass index, blood pressure, serum lipids (total cholesterol, low-density lipoprotein, high-density lipoprotein, triglycerides). The 10-year predicted risk of atherosclerotic cardiovascular disease was calculated for individuals with available variables using the AHA/ACC pooled cohort equations.



ECG feature extraction

During an ECG test, each patient's data is automatically processed through GE Muse™ Cardiology Information System (Milwaukee, WI, USA) using the validated GE Marquette™ 12SL™ ECG analysis program (43). For each 12-lead ECG test, a total of 649 ECG features (53 per lead and 13 overall) were extracted. These features consisted of measurements such as amplitude and interval measurements from all deflections in the ECG waveform in each of the 12 leads (Supplementary Table 1). These 649 features along with cardiovascular event outcomes were extracted for all CLARIFY patients and were made available for subsequent analysis.



Feature selection and model construction

For this analysis, patients in the CLARIFY trial were split randomly into training (Str) and validation sets (Sv) using a stratification technique to preserve the same proportion of those who had an adverse CV event vs. those without an event during their follow-up period. Four split sizes were implemented [Str (1): Sv (1): 50:50, Str (2): Sv (2): 60:40, Str (3): Sv (3): 70:30, Str (4): Sv (4): 80:20], and the results were compared across all the subsets.

The least absolute shrinkage and selection operator (LASSO) (44) method was used to select the most useful predictive features from the patients in Str. The value of the tuning parameter in the LASSO-Cox model (λ) was averaged out via 10 cross-validations to minimize error. An advantage of the LASSO based analysis is the sparse solution associated with it, resulting in unimportant features being assigned a weight of 0. As a result, only the most discriminative features are preserved using this strategy. After selecting the top features, the corresponding LASSO coefficients were used for the eRiS construction. eRiS was calculated for each patient via a linear combination of selected features that were weighted by their respective coefficients. Hence, for each patient, a new composite ECG-risk score is added as a single feature (Figure 1).


[image: Figure 1]
FIGURE 1
 Overall workflow. The first step involves collecting ECG tests, manual CAC scores and clinical data from eligible patients. The ECG features are then automatically extracted using the commercially available GE MUSE software. Top ECG features were selected using the LASSO feature selection method and used for constructing eRiS. Mnom was constructed using clinical features and eRiS. Mecg and Mnom were validated for prognostic performance and predicting downstream MACE events. LASSO: least absolute shrinkage and selection operator; eRiS: ECG risk score, Mecg: Cox PH model using eRiS alone; Mnom: Nomogram with eRiS, CAC and clinical factors.


A Cox-proportional hazards model was used to assess the benefit of using an eRiS alone (Mecg), CAC alone (Mcac) and a combination of eRiS and CAC (Mecg+cac) for ASCVD that is prognostic of adverse CV disease-free survival. These models were then further validated on Sv. Mnom was constructed by integrating eRiS with CAC and clinical covariates (age and sex) (Figure 1). This was developed on Str and then validated on Sv. To validate Mnom against the standard PCE based risk calculator (1), we extracted the estimated 10-year ASCVD risk from PCE for patients in this study. This information was available for only 1,291 patients out of the 5,864 eligible patients analyzed in this study.



Outcomes

The primary endpoint of the study was the prognostic performance of Mecg, Mcac, Mecg+cac and Mnom with respect to CV risk prediction, which was measured from the date of CAC scoring to the time of composite cardiovascular event. Patients who were alive and did not have an event were censored at the date of last follow-up. We validated whether performance of Mnom was statistically better when compared to Mecg+cac and Mecg. A second objective of our study was to assess whether eRiS in addition to CAC score (Mecg+cac) could provide additional benefit to CAC when predicting CV risk. Other objectives of our study were to assess whether Mecg and Mnom could be used to identify patient cohorts at higher probability for developing major adverse cardiovascular events (MACE: defined as composite of myocardial infarction, coronary revascularization, stroke, heart failure, or death).



Statistical analysis

The risk determination of Mecg and Mcac was validated using hazard ratios (HR) (95% CI) and Harrell's concordance index. Further, the fit for the combination model Mecg+cac was evaluated against Mecg and Mcac using ANOVA. The benefit of addition of eRiS to CAC in CV risk prediction was evaluated using C-indices and HRs of eRiS and CAC. For prognostic stratification, eRiS values were used to divide the training cohort into two groups for which MACE-free survival and HRs were calculated. The prognostic performance of Mecg was validated using Kaplan-Meier survival analysis, log-rank test, HR (95% CI), and Harrell's concordance index [C index (95% CI)]. Univariate analysis of eRiS and the clinical variables was performed. Multivariable Cox-regression analysis was used to investigate the relationships between the various covariates and 2-year MACE-free survival. To assess nomogram risk discrimination, C indices were calculated from the nomogram for eRiS alone, CAC alone and clinical risk factors alone.




Results


Patient population

A total of 5,864 eligible patients were included in this study. Baseline characteristics are listed in Table 1. Over a median follow-up of 14.3 months, 73 died (1.2%), 220 had heart failure (HF) (3.8%), 71 had myocardial infarction (MI) (1.2%), 104 had stroke (1.8%), 235 had MACE (Death/MI/Stroke), 106 had Revascularization (coronary artery bypass graft surgery/percutaneous coronary intervention) (1.8%), and 494 had composite MACE (8.4%). CAC score distribution was skewed to the right with 37% patients with CAC score 0, and mean score 250 [0–9,479].


TABLE 1 Patient baseline characteristics.
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ECG-based risk score construction

The LASSO-Cox regularization model resulted in preservation of 89, 119, 89, and 115 features, respectively, with 27 features being common to all across Str (1), Str (2), Str (3) and Str (4). The selected features are listed in Supplementary Table 2. This feature selection methodology preserved only about 18% of the initial extracted features, representing the highly correlated nature of the signal itself.



Cox proportional model analysis
 
ECG-risk score alone model (Mecg)

A Cox proportional model (Mecg) comprising of eRiS alone predicted time-to-MACE across all data splits (C-Index: 0.6, p = <2e-16 across all Sv): Sv (1) [HR: 2.98 (2.3–3.87)], Sv (2) [HR: 2.26 (1.77–2.9)], Sv (3) [HR: 5.09 (4.14–6.25)], Sv (4) [HR: 2.74 (2.04–3.67)]. Association of downstream MACE events to eRiS was visualized in Figure 2. It was observed that patients with higher eRiS score tended to have a higher probability of a MACE event.


[image: Figure 2]
FIGURE 2
 ECG risk score predicts MACE events. Patients with higher ECG risk score (eRiS) correlate with occurrence of MACE events, demonstrating the value of considering ECG as a factor in determining probability of a MACE event. X-axis denotes patients arranged in ascending value of eRiS scores.


For prognostic validation, two groups were identified in Str using eRiS median threshold. For instance, in Str (4), threshold was −0.055, below which patients were observed to have low risk of MACE (and hence increased MACE-free survival) and above which patients were observed to have high risk of MACE (hence decreased MACE-free survival). Kaplan-Meier for MACE-free survival were plotted to visualize patient MACE survival over follow-up time in our validation group (Figure 3).


[image: Figure 3]
FIGURE 3
 Kaplan-Meier plot for MACE-free survival according to eRiS-based risk groups in Sv. The eRiS threshold of −0.055 showed two distinct groups of high vs. low MACE-free survival in Sv (4).




CAC alone model (Mcac)

Mcac was found to be significantly associated with CV events. (C-index 0.7, p = <2e-16).



ERiS ± CAC model (Mecg±cac)

Mecg+cac was significantly associated with cardiovascular events (C-index: 0.65, p = <2e-16). Model comparison using ANOVA showed that Mecg+cac performed in a manner that was statistically superior when compared to Mcac (p < 2.2e-16) (Figures 4A, 5A). M ecg+cac also performed better in comparison to MCAC+PCE (p < 2.2e-16) (Figures 4B, 5B). Additionally, the adjustment of CAC to eRiS score did not attenuate HR for eRiS. Figure 6 shows this for Sv (4). Similar results were seen for other splits.


[image: Figure 4]
FIGURE 4
 Receiver operating characteristic (ROC) curve for CAC only vs. eRiS+CAC shows the benefit of adding eRiS to CAC for better prediction of the probability of a MACE event in (A). CAC+eRiS showed better performance than CAC+PCE (C-index: 0.72 vs. 0.67) for patients who had PCE available in (B).



[image: Figure 5]
FIGURE 5
 Precision-Recall (PR) curve for CAC only vs. eRiS+CAC shows the benefit of adding eRiS to CAC for better prediction of the probability of a MACE event in (A) (Average F1 statistic 0.20 vs. 0.21. PR AUC: 0.68 vs. 0.71). (B) CAC+eRiS showed better performance than CAC+PCE for patients who had PCE available (Average F1 statistic 0.28 vs. 0.30. PR AUC: 0.68 vs. 0.71).



[image: Figure 6]
FIGURE 6
 Additive benefit of eRiS to CAC: Hazard ratio is not attenuated when eRiS is adjusted by CAC score, indicating a strong relationship with MACE which is not weakened by the addition of CAC. Similar results were seen with other splits.


Mecg+cac was used to divide the population into 4 groups: (1) eRiS<median and CAC=0; (2) eRiS<median and CAC>0; (3) eRiS> median and CAC=0; (4) eRiS> median and CAC>0 (Figures 6, 7). As seen in the figure, worst prognosis was seen in the group with higher eRiS and CAC score, showing the additive benefit of ECG to CAC for MACE survival prediction. Similar groupings were seen when eRiS alone was used to divide Str into 4 groups, although higher HRs were observed between high and low risk patients with the eRiS+CAC model. These observations were validation on the held-out validation datasets (Sv).


[image: Figure 7]
FIGURE 7
 Kaplan-Meier plot for MACE-free survival according to eRiS+CAC and eRiS only risk groups in Sv (4). (A) The eRiS+CAC threshold showed worse prognosis for patients with high eRiS combined with high CAC score. HR between high and low risk: 6.72 [4.42–10.22]. (B) Similar observation seen in eRiS based segregation. HR between high and low risk: 5.22 [2.54–10.75].


We also evaluated reclassification index into high vs. low risk based of eRiS and CAC scores. We considered a threshold of −0.055 (eRiS median threshold in training data) for ECG and 400 for CAC for this analysis. In Sv (4), 41% of patients with CAC score of 0 were reclassified as high risk by ECG. Further, 38% of patients with CAC>400 were reclassified as low risk by ECG.



ECG, CAC and clinical factors nomogram (Mnom)

The calibration curve for the nomogram showed agreement between predicted survival and actual survival, and the C index for Mnom was 0.76. As shown in Figure 8, the ECG risk score had the most significant contribution, followed by CAC score and other clinical variables.


[image: Figure 8]
FIGURE 8
 ECG Nomogram (Mnom) demonstrates relative contribution of each covariate in MACE prediction. ECG risk score has the most significant contribution, followed by CAC score and other clinical variables.


Mnom was also used to divide the population into high, medium and low risk groups using thresholds of 20 and 60% MACE free survival. As illustrated in Figure 9, Mnom predictions resulted in high and low risk groups. The two groups were significantly different in terms of their survival


[image: Figure 9]
FIGURE 9
 Kaplan-Meier plot for MACE-free survival according to Mnom risk groups for Sv (4) [C-index 0.6 (se = 0.023]). HR between high and low risk: 3.24 [1.02–10.30].




ECG risk score-based nomogram vs. PCE for MACE survival prediction

Mnom was found to be statistically superior in terms of prognosis, to MPCE across all Sv (C-index: 0.71 vs. 0.68; p < 0.001).





Discussion

Current ACC/AHA guidelines for atherosclerotic cardiovascular disease (ASCVD) risk assessment involves incorporation of traditional risk factors but does not include additional dimensions of risk that may be conveyed through other modalities such as coronary artery calcium (CAC) and electrocardiography (ECG). Improving prediction of major adverse cardiovascular events (MACE) risk can help identify at risk patients who may benefit from treatment interventions. Conversely, identification of patients who are at low risk of MACE, might help prevent the potentially harmful impact of unnecessary treatments. In this study, we developed and validated a novel ECG and CAC-based nomogram, that was not only associated with likelihood of MACE but, improved cardiovascular risk stratification when compared to the frequently used PCE for ASCV risk estimation calculator.

CT-based coronary artery calcium scoring has shown to be the single best predictor of CHD and CVD and is currently endorsed by clinical practice guidelines in select populations (21, 45, 46). CAC scoring, however, has modest discrimination for total CVD events (e.g., inclusive of heart failure event and arrhythmic events), which is becoming an important composite outcome. Additionally, CAC does not involve electrophysiologic parameters present in ECG (e.g., QRS width, q-waves, AV block) that can be markers of CV risk. Therefore, one of the main objectives of this study was to combine both electrophysiological and CT-based diagnostic information to improve CV risk prediction and prognosis when compared to either using ECG or CAC alone.

Previous studies have assessed associations of ECG with CAC in certain cardiac conditions. For instance, one study noted CAC scores being higher with ECG abnormalities as compared to those with normal ECGs and an elevated CAC burden with myocardial disease (47). In another study, QT interval duration significantly correlated with CAC in diabetic patients (48). Further, presence of both CAC and abnormal ECG has been associated with the highest rate of coronary events (49). Our study differs from these works in that we employed ML on a standard 12-lead ECG to automatically select relevant features and use these features to construct a risk score which was then tested for additive prognostic ability with CAC. Our ECG-CAC model was significantly associated with cardiovascular events in our dataset comprising of 5,864 patients. Additionally, our ECG-CAC model performed in a manner that was statistically superior compared to ECG or CAC alone or CAC-PCE, thus demonstrating the value of combining ECG and CAC for MACE prediction. We also demonstrated the risk reclassification by incorporating both ECG and CAC into MACE prediction. For patients with CAC score of 0, a higher risk predicted by ECG features may help guide clinical decision-making toward statin prescription recommendations.

A dedicated nomogram was developed demonstrating the relative contribution of ECG, CAC with traditional clinical factors for CV risk prediction. As seen in the nomogram, ECG risk score, which is currently not included in routine clinical practice for ASCVD risk prediction, was the most significant contributor to risk prediction. When tested against PCE for patients with this information, our nomogram performed at a level that was statistically superior to PCE. This suggests that incorporation of anatomic imaging (CAC), physiologic data (ECG) and clinical variables is superior to employing each stream of data independently. Our nomogram was also used to assess high vs. low risk patients based on their ECG risk scores and clinical variables. Patients in the low-risk group had higher survival rates compared to the high-risk patients. These findings appear to suggest that our novel tool, when deployed in the clinic, could be used for triaging patients far superior to PCE. ECG signals are routinely used as part of CAC imaging for image gating and thus are routinely available. A fully automated platform incorporating ECG, CAC and clinical variables can be envisioned for accurate risk prediction.

Much prior work around developing an ECG risk score has been based on using specific leads or ECG waveforms to predict CV risk/events (50). One study, for instance, used P-wave variables to stratify patients into 3 risk groups (51). Manually annotated features from ECG reports have been used to calculate an ECG risk score, associated with sudden cardiac death and risk stratification (52). ECG risk equation based on age, sex, QT interval, heart rate, and T axis was shown to be comparable to the Framingham risk score and yielded significant improvement in risk classification (53). Although ECG based risk scores have been proposed in the past, most of these were not employed in a way to take advantage of the entire 12-lead signal. Additionally, to our knowledge, no study has tested the impact of ECG-based risk score in conjunction with CAC scoring to predict MACE.

Due to the high-dimensional electrophysiological information captured in a single 12-lead ECG test, previous studies have utilized sophisticated ML techniques, including deep learning (DL) to automatically diagnose and predict various cardiovascular outcomes (54). For instance, convolutional neural networks (CNN) on ECGs have identified patients with atrial fibrillation with high accuracy (39). DL models have also been developed to automatically interpret ECG abnormality types (55). Similarly, DL algorithms on routine 12-lead ECGs have been used to detect low ejection fraction (36), arrhythmia detection (56), aortic stenosis (57), atrial fibrillation (58), heart failure (59) and even all-cause mortality (60). Additionally, wavelets have also been used to extract features from ECGs for LV diastolic dysfunction detection using ML models (61). Also, unsupervised ML of ECG have been used to stratify which CRT candidates may have better response to resynchronization therapy beyond using QRS duration and left bundle branch block (62). However, all prior studies have relied upon DL methodologies employing neural networks or ML models. While these approaches are powerful and do not require domain level expertise to employ, the abstract nature of DL transformations often preclude any clear, clinically meaningful explanation of the features that drive the model predictions.

Recognizing that adoption of automated signal analysis platforms into clinical practice will require not only convincing statistical demonstrations but also clear, transparent, and biologically inspired methods, we chose to employ a “hand-crafted” feature-engineering approach in this work. This approach relied on using clinically validated ECG features automatically extracted from the GE Muse™ Cardiology Information System. Our risk score comprised of ECG features selected from a standard 12-lead ECG using ML to preserve the most important features. A major advantage of our score is the fact that no manual annotation is required to define the ECG features. As seen in this study, the ML derived ECG risk score was able to improve stratification of high-risk ASCVD patients, thus potentially helping physicians with identification of such patients. Another strength of this study was the relatively large sample size, and the inclusion of the CAC score, which is arguably considered the best marker of MACE risk.

This study did have its limitations. First, the ECG features used here were those that were automatically extracted from the GE MUSE system. Although this widely available clinical software has been validated with manual annotations, disadvantages might include inability to capture other subtle features in the ECG waveform beyond what is offered from the system. Second, the patient datasets used in this study consisted only of those who were part of the UH health system and are subject to referral bias. Although ECG, ECG-CAC and the subsequent nomogram showed consistent performance with respect to predicting patients with MACE, this tool needs to be validated prospectively in an external cohort with a diverse population in a multi-institution setting. In this current study, we were unable to compare to the MESA 10 -year CHD risk with CAC model, which may be current standard of care for many clinicians when making decisions from CAC scores. This will be considered in future analyses. Third, effects of treatment, if any, has not been considered in this study. Future studies could be directed toward adding more treatment-related variables into the nomogram, thus capturing the heterogeneity in the ASCVD prediction effects. As shown in this study, CAC score along with the ECG provided an additive benefit in ASCVD risk prediction. This suggests that assessing features from the CAC score itself such as CT radiomics features (63) with ECG omics, might provide even better risk stratification.



Conclusion

We developed and validated an ECG risk score-based model, ECG incorporated with CAC and a novel nomogram, with ECG, CAC and clinical factors. These models were implemented on various training-validation dataset sizes and the ECG features extracted were overall consistent. The nomogram identified high vs. low risk patients for downstream MACE with high separability. Following prospective multi-site validation, the ECG score could be incorporated in the electronic medical systems of patients which would enable personalization of treatment regimens with the addition of ECG based information. Specifically, it could be employed as a clinical decision tool to enable triaging patients based on ECG, CAC and the patient-specific clinical factors. Future testing is needed to evaluate how clinical CVD outcomes may be affected by incorporating this risk estimation tool into primary prevention efforts.
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Background: Heart failure (HF) combined with hypertension is an extremely important cause of in-hospital mortality, especially for the intensive care unit (ICU) patients. However, under intense working pressure, the medical staff are easily overwhelmed by the large number of clinical signals generated in the ICU, which may lead to treatment delay, sub-optimal care, or even wrong clinical decisions. Individual risk stratification is an essential strategy for managing ICU patients with HF combined with hypertension. Artificial intelligence, especially machine learning (ML), can develop superior models to predict the prognosis of these patients. This study aimed to develop a machine learning method to predict the 28-day mortality for ICU patients with HF combined with hypertension.

Methods: We enrolled all critically ill patients with HF combined with hypertension in the Medical Information Mart for IntensiveCare Database-IV (MIMIC-IV, v.1.4) and the eICU Collaborative Research Database (eICU-CRD) from 2008 to 2019. Subsequently, MIMIC-IV was divided into training cohort and testing cohort in an 8:2 ratio, and eICU-CRD was designated as the external validation cohort. The least absolute shrinkage and selection operator (LASSO) Cox regression with internal tenfold cross-validation was used for data dimension reduction and identifying the most valuable predictive features for 28-day mortality. Based on its accuracy and area under the curve (AUC), the best model in the validation cohort was selected. In addition, we utilized the Shapley Additive Explanations (SHAP) method to highlight the importance of model features, analyze the impact of individual features on model output, and visualize an individual’s Shapley values.

Results: A total of 3,458 and 6582 patients with HF combined with hypertension in MIMIC-IV and eICU-CRD were included. The patients, including 1,756 males, had a median (Q1, Q3) age of 75 (65, 84) years. After selection, 22 out of a total of 58 clinical parameters were extracted to develop the machine-learning models. Among four constructed models, the Neural Networks (NN) model performed the best predictive performance with an AUC of 0.764 and 0.674 in the test cohort and external validation cohort, respectively. In addition, a simplified model including seven variables was built based on NN, which also had good predictive performance (AUC: 0.741). Feature importance analysis showed that age, mechanical ventilation (MECHVENT), chloride, bun, anion gap, paraplegia, rdw (RDW), hyperlipidemia, peripheral capillary oxygen saturation (SpO2), respiratory rate, cerebrovascular disease, heart rate, white blood cell (WBC), international normalized ratio (INR), mean corpuscular hemoglobin concentration (MCHC), glucose, AIDS, mean corpuscular volume (MCV), N-terminal pro-brain natriuretic peptide (Npro. BNP), calcium, renal replacement therapy (RRT), and partial thromboplastin time (PTT) were the top 22 features of the NN model with the greatest impact. Finally, after hyperparameter optimization, SHAP plots were employed to make the NN-based model interpretable with an analytical description of how the constructed model visualizes the prediction of death.

Conclusion: We developed a predictive model to predict the 28-day mortality for ICU patients with HF combined with hypertension, which proved superior to the traditional logistic regression analysis. The SHAP method enables machine learning models to be more interpretable, thereby helping clinicians to better understand the reasoning behind the outcome and assess in-hospital outcomes for critically ill patients.
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MIMIC-IV, interpretable machine learning, neural networks, heart failure, hypertension


Introduction

Cardiac diseases are among the leading causes of overall mortality and hospitalization globally. Amongst them, heart failure (HF) is of the highest socio-economic relevance, and it is a global epidemic with high morbidity, mortality, and readmission rates, affecting more than 64 million people worldwide (1–4). In the United States, the estimated prevalence of HF is expected to increase by 24% to approximately 8.5 million in 2030 (5, 6). Hypertension, the most frequent comorbidity of HF, promotes the development of the disease and contributes to its progression and poor outcome (7). In the United States, around 10–51% of hospitalized patients with HF have been documented with ICU admission, and ICU-admitted patients have significantly higher adjusted in-hospital mortality compared with those admitted to the general medical floor (8–10). In addition, the in-hospital mortality rate for patients treated in the ICU was 10.6%, compared with 4.0% for all HF patients (11). Because ICU physicians receive large amounts of data from many patients stored in electronic patient-data management systems (PDMS) surpassing the amount limits of the human brain to process information, it is often difficult for physicians to extract the most important information in a short period to make the best decisions for patient care. In addition, the limited ability of humans to process this vast amount of data makes them prone to data overload, change blindness, and task fixation (12), which also increases the risk of clinicians failing to identify and interpret relevant information and act accordingly (13, 14). Low nurse-to-patient ratios in the ICU and insufficient numbers of ICU physicians are associated with higher ICU mortality in patients whose conditions deteriorate and who do not receive timely and appropriate treatment (15–18). Despite recent advances in diagnosis and treatment as well as evidence-based management, the results regarding HF remain unsatisfactory (19).

Risk stratification as a common method for risk classification, deciding the duration of intervention, and assessing the mortality in patients with HF combined with hypertension provide not only a fundamental strategy for clinical decision-making but also practical information for health policy and insurance services (20). For this reason, several in-hospital mortality prediction models have been developed and evaluated for risk stratification and mortality prediction of HF patients in the ICU (21–30). However, an interpretable machine learning (ML) model has not been established to predict 28-day in-hospital mortality for ICU patients with HF combined with hypertension.

Artificial intelligence, such as ML techniques, is excellent at analyzing complex signals in data-rich environments (31). The large amount of data collected in ICU and the public availability of datasets such as MIMIC-III (32) and emergency intensive care unit (eICU) (33) are critical to developing ML in this context. ML is the use of computational algorithms that can learn to identify underlying patterns and classes from large amounts of data. It is an alternative method of using previous or existing data to train computer models to make predictions about the outcome. In this study, we aimed to develop and validate an interpretable prediction model to predict 28-day in-hospital mortality in patients admitted to the ICU with HF combined with hypertension using ML algorithms and leveraging data from the Medical Information Mart for Intensive Care (MIMIC-IV) and eICU database.



Materials and methods


Data source and outcome

This study was a retrospective cohort study based on cohort data extracted from the MIMIC-IV (v.1.4) database, which contains over 70,000 ICU admissions across the United States collected from 2008 to 2019. The database is a large, single-center, publicly available, and de-identified patient database containing comprehensive patient information [e.g., demographics, admission records, International Classification of Diseases-9th and Diseases-10th (ICD-9 and ICD-10) revision diagnoses, laboratory tests, medications, procedures, fluid balance, discharge summaries, vital sign measurements undertaken at the bedside, caregivers notes, radiology reports, and survival data] (34, 35). In addition, the eICU-CRD database (version 2.0), a multicenter database of more than 200,000 ICU admissions in the United States, was used as an independent external validation set. We studied these courses in depth and obtained permission to use the database (record ID:42039823). The requirement for individual patient consent and an ethical approval statement was waived as the program does not affect clinical practice and all patient privacy information in the database was de-identified. The selected primary outcome for this study was the all-cause mortality within 28 days of patients with HF combined with hypertension who were admitted to ICU.



Study patients and definitions

All adult patients in the MIMIC-IV database with a diagnosis of HF who were admitted to the ICU were recruited (only the first admission was included for analysis). The diagnosis was identified by a manual review of ICD-9 and ICD-10 codes. The exclusion criteria for participation in the study were as follows: (1) patients without hypertension, (2) patients with ICU length of stay less than 24 h or more than 28 days, (3) patients with severe liver disease, (4) patients with malignant cancer, and (5) patients with more than 30% missing data. In this study, the patient’s first hospitalization time was taken as the starting point for statistics on whether he died, and the patient’s death or whether the patient did not die within the period recorded in the database was taken as the statistical endpoint. The primary outcome of this study was in-hospital mortality, defined as the survival status at the time of hospital discharge.



Data collection and variable extraction

Following the variable selection method of Deshmukh et al. (35), 58 candidate variables that were associated with the results were selected. The extracted variables included the general demographic variables of patients and other important variables, as follows: gender, age, ethnicity, body weight, comorbidities, vital signs, laboratory findings, medical treatments, and first care unit. The severity of the disease was assessed using Sequential Organ Failure Assessment (SOAF), Simplified Acute Physiology Score II (SAPS-II), Oxford Acute Severity of Illness Score (OASIS), and Logistic Organ Dysfunction System scoring system.

Charlson comorbidity index was used, and the comorbidities included hyperlipidemia, atrial fibrillation, paraplegia, renal disease, aids, dementia, diabetes without, diabetes with, peripheral vascular disease, cerebrovascular disease, dementia, chronic pulmonary disease, rheumatic disease, peptic ulcer disease, myocardial infarction, and congestive heart failure. For vital signs, the mean values in the ICU for the following variables were selected: respiratory rate, heart rate (HR), body temperature, mean blood pressure, diastolic blood pressure, systolic blood pressure, creatine kinase MB isoenzyme, creatinine phosphokinase, Troponin, and N-terminal prohormone of B-type natriuretic peptide (NT-proBNP). For the results of the first laboratory examination after admission to the ICU, the mean value for the following variables were selected: RBC, hematocrit, hemoglobin, platelets, MCV, WBC, MCHC, MCH, RDW, anion gap, bicarbonate, BUN, creatinine, calcium, chloride, sodium, potassium, PT, PTT, and INR. Medical treatments included MECHVENT and RRT. Finally, the cumulative urine output within the first 24 h. To reduce the impact of missing data on classification, a modified KNN-based (K-nearest neighbor) classification algorithm to fill in the missing values was proposed. Considering a large number of features still presented in the cohort, the least absolute shrinkage and selection operator (LASSO) regression in the variable selection was utilized to effectively prevent overfitting.



Missing data handling

Missing data with < 30% in each feature was processed by KNN-based classification algorithm using the “DMwR2” package in R. KNN-based classification algorithm is used as a missing value estimation method, which is a non-parametric ML algorithm based on neighbors. The imputed value is the average of the neighbor’s measurements or multiple neighbors’ measurements. The estimation of missing values is obtained by using the average of the non-missing values of its neighbors, and in addition, the case where all neighbors in a given set are missing can be circumvented by averaging the overall column for that particular feature. Therefore, this technique is advantageous for dealing with data sets that contain a large number of variables with missing values (36).



Machine learning model building

The original raw data included gender, age, vital signs, laboratory tests, and comorbidities. The processed data included 58 characteristics. In our study, five common algorithms, i.e., logistic regression (LR), Neural Networks (NN), Multi-Layer perceptron (MLP), Naive Bayes (NB), and Random Forest (RF), were applied to build models for predicting 28-day in-hospital mortality of ICU patients with HF combined with hypertension. To improve the stability of the prediction models, all continuous variables were rescaled to a distribution with a mean of 0 and a standard deviation of 1 with scale transformation. Threefold cross-validation of the ML models to be tuned (LR, NN, MLP, NB, and RF) was performed to select the best prediction model for each algorithm with different tuning parameters. During the search process, the accuracy or ROC was set as the metric. The test set was not used during model tuning and was used only for model evaluation after the entire model selection and training process.



Model assessment

The final models were evaluated using the confusion matrix metrics such as sensitivity, specificity, positive prediction value (PPV), negative prediction value (NPV), accuracy, and the area under the curve (AUC) of the receiver operating characteristic (ROC). ROC curves were constructed based on the prediction probabilities and the area under the curve (AUC) values of the models in the testing dataset were compared to identify the model with the best predictive performance.



Features important

Feature ranking evaluation is a measure that evaluates the importance of each feature in a feature set through its impact on the final classification result. We analyzed the importance of features using the DALEX package, which explains the predictions of any classifier in an interpretable and faithful manner by learning an interpretable model locally around the prediction. By calculating the relative importance of variables, the impact of features on the prediction model was plotted.



Statistical analysis

Patients were divided into two groups based on whether they died or survived during their 28-day stay in the ICU. Then, categorical variables were presented as a percentage of the total and continuous variables as mean ± SD or median and IQR, according to the normality of the distribution. For categorical and continuous variables, between-group differences were compared by using a two-sided Pearson’s χ2 test or Fisher’s and two-sided one-way ANOVA or Wilcoxon rank sum test, respectively. Logistic regression with the LASSO penalization method was performed for predictor selection, which helped to reduce the dimensionality of the prediction model. LASSO regression shrinked the coefficient estimates toward zero, with the degree of shrinkage dependent on an additional parameter, lambda. To determine the penalty factor (lambda), we constructed a tenfold cross-validated error plot for the LASSO model. After that, the patients were randomly divided into two groups, of which 80% were used as the training cohort and the remaining 20% as the test cohort. Five common ML methods were applied to develop the models in the test cohort. The quantitative performance of the models was assessed by comparing the AUC and accuracy in the test cohort. The optimized model with the best mortality prediction performance in the test cohort (i.e., the Neural Network-NN) was defined as the final model. Then the top 7 most important clinical features were screened out of the 22 most influential features in the NN model, and they were used to build the best NN model again and finally used for external validation. The sensitivity performance analysis of the NN model was compared with the seven most important clinical features in the LR model. In addition, the Shapley additive explanations (SHAP) method was adopted to improve the interpretability of the final model. The SHAP values of features were evaluated by the lime package. We selected four cases for the feature’s SHAP value evaluation.

All statistical analyses were carried out using R software (v. 3.6.3, R Foundation for Statistical Computing), and statistical significance was set at p < 0.05.




Results


Baseline characteristics

As shown in Figure 1, data of 15,354 critically ill patients were downloaded from the MIMIC-IV database. Among them, 3,458 HF patients with hypertension were included in our study. Among the included patients, 459 patients passed away and 2,999 survived within 28 days, respectively. Table 1 summarizes the comparison of baseline characteristics, vital signs, and laboratory parameters within 28 days between non-survivors and survivors. In the non-survivor group, gender, age, ethnicity, body weight, SOFA, SAPS II, OASIS, LODS, Charlson comorbidity index, hyperlipidemia, atrial fibrillation, paraplegia, cerebrovascular disease, congestive heart failure, respiratory rate, HR, creatinine phosphokinase, Troponin, NT-proBNP, platelets, MCV, WBC, MCHC, hematocrit, RDW, anion gap, bicarbonate, bun, creatinine, calcium, chloride, sodium, potassium, PT, INR, MECHVENT, RRT, hematocrit, and the cumulative urine output within 24 h differ significantly compared to those who survived. However, dementia, diabetes and non-diabetes, peripheral vascular disease, chronic pulmonary disease, rheumatic disease, peptic ulcer disease, body temperature, mean blood pressure, diastolic blood pressure, systolic blood pressure, creatine kinase MB isoenzyme, RBC, hemoglobin, and MCH showed no significant difference between the two groups. Figure 1 is the flow chart describing the procedure for subject selection.
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FIGURE 1
A flow chart describing the procedure for subject selection.



TABLE 1    Baseline characteristics, vital signs, laboratory parameters and statistic results of mimic-IIV patients with HF combined with hypertension.
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Features selected in models

The LASSO regularization process resulted in 22 potential predictors based on 2,766 patients in the training cohort (Figures 2A,B). Using MLP, NN, RF, NB, and LR, the 58 selected variables were used to identify patients who died during their hospital stay in the training cohort. We show the proportional importance of the top 22-ranked input variables in the NN model and the LR model, respectively. Figure 2B shows the LASSO-selected predictors (shrinkage parameter, λ = 0.01914052).
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FIGURE 2
Demographic and clinical feature selection using the least absolute shrinkage and selection operator (LASSO) binary logistic regression model. (A) Tuning parameter (λ) selection in the LASSO model used 10- fold cross-validation via minimum criteria. The partial likelihood deviance (binomial deviance) curve was plotted versus log(λ). Dotted vertical lines were drawn at the optimal values by using the minimum criteria and the one SE of the minimum criteria (the 1-SE criteria). λ value of 0.01914052, with log(λ), −3.9545 was chosen (1- SE criteria) according to 10-fold cross-validation. (B) LASSO coefficient profiles of the 58 features. A coefficient profile plot was produced against the log(λ) sequence. The vertical line was drawn at the value selected using 10-fold cross-validation, where optimal resulted in 20 features with non-zero coefficients.




Development and comparison of machine learning models

A total of 58 clinical features were collected during the first 24 h after ICU admission. KNN was used to impute missing data. LASSO regression was employed to identify signature variables for hospital mortality in patients with HF combined with hypertension. Ultimately, 22 out of 58 clinical features were associated with prognosis, and these results are presented in Table 2. In addition, we have constructed five ML binary classifiers, namely MLP, NN, RF, NB, and LR, to predict the risk of death in HF patients with hypertension (Figure 1). Then the obtained hyperparameters were used to train the ML model with the entire training data, and the performance of the model was evaluated using the testing cohort. Figure 4 and Table 3 describe the performance of these predictive models, showing that the NN model with all available variables relatively outperformed the other four models or predictive factors in testing cohorts with an AUC of 0.764 and an accuracy of 0.8731 in the testing cohort, compared with the other ML models (AUC: LR, 0.640; RF, 0.748; NB, 0.751; MLP, 0.730). Therefore, we selected the NN as the most promising approach among the five ML algorithms for further prediction in this study.


TABLE 2    Comparison of clinical characteristics between the training and testing cohort.
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FIGURE 3
SHAP summary plot for the top 22 clinical features contributing to the NN (A) and LR (B) model. SHAP feature importance is measured as one minus AUC loss after permutations. This matrix plot depicts the importance of each covariate in the development of the final predictive model.
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FIGURE 4
The receiver operator characteristic (ROC) curves for the ML models predict in-hospital mortality (The training cohort and testing cohort). ROC curves for five ML models predicting in-hospital mortality in the training (A) and testing cohort (B), respectively; (C) ROC curves for in-hospital mortality in the test set predicted by the un-simplified NN model and the ROC curves for in-hospital mortality in the test set and external validation set predicted by the simplified NN model, respectively.



TABLE 3    Predictive performances of the five machine learning models for predicting in-hospital mortality.
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Significant predictors and development of the simplified model

We identified the 22 most significant predictors by permuting feature importance techniques, transforming the NN model and LR model into a universally applicable prediction model (Figure 3). The features specific to death included age, MECHVENT, chloride, bun, anion gap, paraplegia, RDW, hyperlipidemia, SpO2, respiratory rate, cerebrovascular disease, HR, WBC, INR, MCHC, glucose, aids, MCV, NT-proBNP, calcium, RRT, and PTT. For the convenience of clinical providers and patients, the order of importance of these features is not the same in the two models. Furthermore, we also assembled a simplified ML model for HF risk stratification by artificial intelligence with the top seven most important high-ranking and readily available variables, namely bun, paraplegia, anion gap, RDW, MECHVENT, chloride, and age. The AUC of SMART-HF reached 0.741 and 0.674 in the test cohort and external validation cohort, respectively (Figure 4C).



Shapley additive explanations values depending on variables

The impact of the top seven factors on the NN model’s mortality risk prediction was further explored using the SHAP dependency plot. The probability of death in ICU patients with HF combined with hypertension increases with the following indicators: age, increased anion gap, elevated BUN, elevated RDW, increased serum chloride level, and paraplegia (Figure 5). In contrast, the mortality risk decreases with the increase of the MECHVENT index.
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FIGURE 5
SHAP contribution values of different variables for a single sample of the NN model.





Discussion

Given that HF patients with hypertension have a relatively high chance of ICU admission, prioritization of patients who require higher levels of care or immediate medical attention is critical. Accurately predicting prognosis is the foundation of both patient-centered care and shared decision-making, such as selecting treatment strategies and informing patients. The present study has shown the potential for the NN model to assist physicians with predicting 28-day all-cause in-hospital mortality. Using data derived from the MIMIC-IV database, this study explored and validated five real-time diagnostic and prognostic prediction models based on a ML algorithm for 28-day in-hospital mortality in ICU patients with HF combined with hypertension. These learning models incorporated static and dynamic variables. Ultimately, it was found that an NN model best-stratified patients’ risks with good external validation. The algorithm showed that age, MECHVENT, chloride, BUN, anion gap, paraplegia, RDW, hyperlipidemia, SpO2, respiratory rate, cerebrovascular disease, HR, WBC, INR, MCHC, glucose, AIDS, MCV, NT-proBNP, calcium, RRT, and PTT were associated with an increased risk of death. The NN prediction model may facilitate clinical decision-making for advanced management of ICU-admitted HF patients with hypertension. The proposed model has several advantages over traditional clinical risk models. First, a highly specific cohort of ICU patients with HF combined with hypertension we used, rather than a more generalized cohort such as patients admitted to the general medical floor. Second, a simplified ML model for HF risk stratification was also assembled by artificial intelligence with the top seven most important high-ranking variables to avoid the collection of a large number of variables for a prognostic model in real clinical settings. In addition, improving the model predictive performance can directly improve risk assessment even before patients receive a more comprehensive diagnostic evaluation in the ICU.

Hospitalized patients with HF often require admission to the ICU, especially when their condition is complicated by various comorbidities such as hypertension. Data from 341 hospitals in the USA showed a median ICU admission rate of 10% (IQR, 6–16%) for hospitalized HF patients (8). Numerous studies have shown that in-hospital mortality in patients with advanced HF admitted to the ICU is significantly higher than that of HF patients admitted to hospital wards only. All-cause in-hospital mortality was 10.6% for HF patients admitted to the ICU, compared with 4.0% for all HF patients in the ADHERE study (11). Meanwhile, 17.3% mortality among ICU patients versus 6.5% among all hospitalized HF patients was reported in the RO-AHFS study, and 17.8% death rate among ICU patients versus 4.5% among all hospitalized HF patients was observed in the ALARM-HF study (37, 38). It is noteworthy that a decision on whether a patient with HF requires intensive care depends on both clinical judgment and resource availability, which adds unmeasured differences to outcome studies.

Our study population comprised ICU-admitted HF patients with hypertension, and the in-hospital mortality rate was 15.3% (n = 459 patients). This rate was substantially higher than other prediction models for in-hospital mortality based on all HF patients, regardless of ICU admission. However, in the ADHERE in-hospital mortality risk stratification model, the in-hospital mortality rate of their study population was only 4.2% (27). In the optimized heart failure prediction model, the GWTG-HF risk scoring model, and a single-center elderly Chinese patient-based model established by Jia et al., the rates were 3.8, 2.86, and 5.58%, respectively (28, 29, 39).

Our model contains only variables that are easily accessible: its simplicity makes risk prediction applicable for different purposes during the hospitalization of HF patients in the ICU. For example, when the calculated risk of death for an individual is high, it indicates the need for more aggressive monitoring or resource allocation, which can help assign patients to different levels of care. This is particularly useful when healthcare resources are limited. The discriminative performance of the model is very high, and its validation was confirmed by testing the model in a cohort of HF patients with hypertension in the eICU database.

Although several published studies provide a wealth of computational tools or predictive models that can be easily used in a variety of settings to assess risk in patients with HF (21, 24, 40–45). Such calculators unfortunately require tedious data entry. Real-time processing of the predictive model directly from the Electronic Health Record (EHR) provides immediate and seamless calculation, and the score from this calculation is well suited to support clinical decision-making and prioritization when the healthcare system is overloaded. An accurate prognosis is a basis for many clinical decisions regarding patients admitted to the ICU with HF (24). To avoid the shortcomings of using traditional LR analyses such as overfitting and predictor variables with skewed distributions, data on demographic characteristics, vital signs, comorbidities, and laboratory variables were used in the present study for LASSO regression analysis to screen for independent risk factors for in-hospital mortality.

Other predictive models have been published previously, and many variables have been reported to correlate with mortality in HF patients. Variables, such as gender, BUN level, BMI, age, sodium levels, health status, systolic blood pressure, diabetes mellitus, serum creatinine levels, low SBP, chronic obstructive lung disease, NYHA (New York Heart Association) classification, left ventricular ejection fraction (LVEF), smoking, not receiving ACEIs/ARBs (Angiotensin-Converting Enzyme Inhibitors/Angiotensin II Receptor Blockers), and not receiving beta-blockers, have been reported to explain the predictive model (25, 44). Consistent with previous studies, our study identified age as a strong prognostic predictor. When HF worsens, especially in the elderly, it can lead to severe ischemia and hypoxia, respiratory failure, and ultimately death. In our model, BUN levels also substantially contributed to the predicted probabilities, and elevated BUN levels substantially contributed to increased in-hospital mortality, which is consistent with previously published studies (27–29). Elevated BUN levels suggest a high probability of prerenal injury, which may be related to reduced renal blood supply due to insufficient effective blood volume or a decrease in cardiac output after the onset of HF, as well as fluid management (urine output). Some HF mortality prediction models believe that HR affects prognosis strongly (28, 30), while some other models disagree (27, 46, 47). In our study, HR was included in the final model, in contrast to BMI, which was not included in the final model because our study failed to prove that BMI was a predictor of in-hospital mortality of ICU-admitted HF patients with hypertension. This may be related to differences in study populations and our relatively small sample size. Whether the “obesity paradox” biases our results is uncertain, as the “obesity paradox” presented for both critical care-related outcomes (48) and HF (49). Therefore, further studies are still needed to elaborate on the effect of obesity or BMI.

Our study showed that chloride and hyperlipidemia correlated with an unfavorable outcome. Consistent with previous findings, chloride has a more prominent contribution to the pathophysiology and affects the prognosis of HR, which may be related to hyperchloremia, acidosis, inflammation, and renal injury secondary to hyper chlorination. In clinical practice, it is uncommon to focus on this one marker alone in patients with HF, but it is often integrated with blood gas analysis and evaluation of anion gap (50). Although several studies in acute and chronic HF populations have demonstrated the prognostic value of hypochlorhydria, interventional clinical trials exploring serum chloride as a therapeutic target have been inconclusive to date. Ongoing prospective randomized controlled studies may shed light on the role of serum chloride as a therapeutic target to improve outcomes in patients with HF. These studies should clarify whether serum chloride should be included in current models for predicting prognosis in HF (51). In the general population and patients with atherosclerotic cardiovascular disease, hypercholesterolemia has consistently been shown to be associated with poor outcomes, including mortality, cardiovascular events, and the development of HF (52, 53). Conversely, in patients with established HF, several analyses have now demonstrated an inverse relationship between cholesterol levels and outcomes. That is, low cholesterol levels have been shown to be independently associated with increased mortality, while higher cholesterol levels have been associated with improved survival. It is unclear whether low cholesterol levels play a pathogenic role in adverse outcomes in patients with HF or whether low cholesterol levels simply reflect advanced disease status. Given the observed inverse relationship between cholesterol levels and mortality in patients with HF, the applicability of cholesterol treatment goals recommended for the general population and patients with atherosclerotic CVD to patients with HF is unclear and remains to be determined (54). Consistent with previous studies (39, 55), our study also identified the anion gap as a strong prognostic predictor and found that this factor was independently associated with an increased risk of death.

Our study also showed that the anion gap was also a very important prognostic feature. The anion gap formula (AnionGap=SNa+SK−SHCO3_−SCl–) itself already shows an interdependent relationship between serum chloride, sodium, potassium, and bicarbonate (50), so it is not surprising why hypochlorhydria often occurs in conjunction with metabolic alkalosis. It is known as “chloride-depleted alkalosis,” a state of extracellular fluid volume constriction caused primarily by diuretic-induced diuresis. Although the exact role of pH as a prognostic indicator of HF has not been fully explored, pH is influenced by chloride levels in the form of chloride-depleted alkalosis or hyperchloremic metabolic acidosis (56). Chloride-depleted alkalosis is an independent predictor of in-hospital mortality in patients with decompensated HF (57). In HF, electrolyte depletion is primarily the result of salt restriction and cyclic and thiazide diuretic therapy, whereas metabolic alkalosis often occurs as a result of diuretic usage (58).

Notably, our study found that the use of MECHVENT improved the prognosis of patients with HF (Figure 5). The use of MECHVENT often indicates that patients are in serious conditions, such as the occurrence of acute HF and respiratory failure, but the use of MECHVENT as treatment improves the patient’s prognosis by rapidly improving respiratory symptoms and ventilatory function compared to conventional drug therapy. The previous study has shown that in-hospital mortality in HF patients receiving non-invasive ventilation (NIV) or non-invasive ventilation (NIV) + invasive mechanical ventilation (IMV) decreases significantly over time, even if the clinical profile is worsening (59).

In our model, paraplegia and high RDW were also high-risk factors for ICU-admitted patients with HR combined with hypertension. When paralysis, prolonged bed rest, and reduced activity occur, the likelihood of thrombosis, crushing pneumonia, and infection increases. Consistent with the previous study (60), RDW is a powerful predictor of poor long-term outcomes in HF patients with acute exacerbation (AHF), and its prognostic value outperforms that of other well-established risk variables or biomarkers.

In addition, we further enhanced the readability of the model by using the SHAP framework, making the individual variables that contribute to the overall prediction easily available and understandable to physicians in real-time, along with the model’s risk score.

In comparison with the reported GWTG-HF risk score (29), a well-validated tool for predicting in-hospital mortality in HF patients, both the NN model and the LR model showed superiority in predictive power in our study population. Both models showed good discrimination and calibration power in both the derivation and validation sets. To obtain a more concise and broader range of net benefit threshold probabilities, we chose the NN model to develop our simplified ML model.

Neural networks are constructed from basic units called neurons, which can be easily arranged into layers. The layers are easily connected, and the entire network can be trained end-to-end using a stochastic gradient descent algorithm (61). While single-layer networks can approximate any function to arbitrary accuracy [as implied by the general approximation theorem (62)], the real power of these models lies in providing automatic abstraction by stacking multiple layers into deep neural networks (DNNs). Each layer abstracts its input, providing the next layer with a representation of the data that is more likely to work within the scope of the task being solved. The most advanced models of NNs are DNNs models and have been shown to provide superhuman performance (63, 64) on many tasks involving difficult to abstract data, such as those involving image and audio processing.

In recent literature (65, 66), shallow NNs have been used to predict mortality in heart failure despite training on unbalanced datasets, showing superior performance to other learning methods. DNNs have been used to predict mortality (67, 68) or the risk of heart failure and acute heart failure (69). The authors of these two works compared DNNs with other ML techniques and showed improved performance. Another interesting recent application of NNs in this field is exploiting their ability to process very complex and related data. This is the case with the Deep Cox Mixture Model (70), where NNs assist the Cox Regression Model to fit the risk ratio of the regression. This work is based on a sound statistical and ML background, is fully disclosed, and provides state-of-the-art performance when working with diverse groups of individuals.

Compared to traditional ML algorithms such as logistic regression, neural networks typically require more data, at least thousands or even millions of labeled samples. This is not an easy problem to solve, but if other algorithms are used, the related ML problem can be solved with less data. At the same time, compared to traditional algorithms, neural networks are computationally more expensive than traditional algorithms. Advanced deep learning algorithms can take weeks to train successfully. Whereas most traditional ML takes less than a few minutes, hours, or days. Of course, the computational power required by NN depends heavily on the size of the data and also on the depth and complexity of the network. The smaller the data set as well as the smaller the depth and complexity of the network, the less computational power is required by the NN.

This study has several limitations: First, as a retrospective study, selection bias was hardly avoidable. However, the inclusion criteria were set strictly so that the cases included in the study reflected the actual conditions as accurately as possible. Second, data were collected from patient medical records and the final performance of our predictive model was strictly dependent on the accuracy of the records. Third, as a single-center study, the scope and number of study populations involved were relatively small. Fourth, the impact of this predictive model on routine patient care in different clinical settings has not been well investigated. Therefore, data with mortality outcomes from other independent healthcare systems will be required to fully assess its generalizability. Finally, our model may only facilitate the rapid identification of critical clinical situations at the bedside but does not provide additional information about the underlying life-threatening pathophysiological mechanisms.



Conclusion

Using ML techniques, we developed a predictive model to predict the 28-day mortality for ICU-admitted patients with HF combined with hypertension based on NN. It was proved with a better predictive value than the traditional logistic regression analysis. With a high AUC of 0.764 and an accuracy of 0.8731 in the testing cohort, this model is promising for routine use in the ICUs to automatically warn the staff at any stage of the disease. The SHAP method enables ML models to be more interpretable, thereby helping clinicians to better understand the reasoning behind the outcome and evaluate in-hospital outcomes for critically ill patients, especially those with uncertain survival outcomes. Also, the model involves a small number of routinely collected variables that can be easily used at the bedside.
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Objective: To search for significant biomarkers associated with sudden death (SD).

Methods: Differential genes were screened by comparing the whole blood samples from 15 cases of accidental death (AD) and 88 cases of SD. The protein-protein interaction (PPI) network selects core genes that interact most frequently. Machine learning is applied to find characteristic genes related to SD. The CIBERSORT method was used to explore the immune-microenvironment changes.

Results: A total of 10 core genes (MYL1, TNNC2, TNNT3, TCAP, TNNC1, TPM2, MYL2, TNNI1, ACTA1, CKM) were obtained and they were mainly related to myocarditis, hypertrophic myocarditis and dilated cardiomyopathy (DCM). Characteristic genes of MYL2 and TNNT3 associated with SD were established by machine learning. There was no significant change in the immune-microenvironment before and after SD.

Conclusion: Detecting characteristic genes is helpful to identify patients at high risk of SD and speculate the cause of death.
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Introduction

Sudden death (SD) is the sudden, non-violent death of a healthy or seemingly healthy person caused by an outbreak of disease or an underlying disease in the body. Those who died within 24 h after the onset of symptoms is called SD. It is common in young or middle-aged adults, which imposes a significant burden on families and society.

The diagnosis of the cause of SD is usually based on autopsy (1). Even with the development of forensic science, there is still a considerable reasons of SD that cannot be inferred (2). With the deepening of research, it is found that genetic factors play a crucial role in SD (3). It is estimated that up 35% of sudden unexplained death cases are associated with genetic variants in cardiac channels (4). With the development of gene sequencing technology, molecular autopsy is gradually used for forensic identification. This method is especially suitable for SD of unknown causes (5, 6). However, molecular autopsy is still in its infancy, with only preliminary testing in patients with a genetic family history (7). There is still a lack of research on specific genes related to SD.

The Genotype-Tissue Expression (GTEx) database holds data of normal tissue DNA and RNA sequencing (RNA-seq) from donors (8). Now 54 tissues from 948 donors have been preserved, including 17,382 samples. Donor death time in the database were divided into instantaneous death (0 h), short-term death (0–1 h), moderate death (1–24 h) and slow death (> 24 h). This provides a good source of data source for the study of the causes of SD. It can assist forensic medicine to find characteristic genes related to SD.

Machine learning is a collection of data-analytical techniques aimed at building predictive models from multi-dimensional datasets (9). Machine learning outperforms traditional statistical algorithms when faced with complicated problems involving a large number of noisy and heterogeneous predictor (10). It is becoming an integral part of modern data mining and clinical diagnosis (11).

In this study, we searched for the characteristic genes of SD by machine learning based on the GTEx database. These biomarkers can be used to screen patients at high risk of SD. And also characteristic genes provide potential advice for taking early measures in high-risk patients. In addition, theoretical support for molecular autopsy can also be verified.



Materials and methods


Datasets

Donor RNA-seq was downloaded from the GTEx (RRID:SCR_013042) and all sequencing results were normalized by FPKM. The relevant clinical information of the donors can be downloaded from the GTEx official website.1 The GTEx emphasizes that the database is free and open to the society, but the official website information needs to be marked in the paper. Database use does not require institutional review board approval and informed consent.



Differential gene screening and protein-protein interaction network analysis

The Wilcox test in the “limma” package was used to screen significantly differentially expressed genes between AD and SD in GTEx cohort. We took | LogFC| > 1, false discovery rate (FDR) < 0.05 as the threshold point for differential genes. Simultaneously, volcano plots and heatmaps of differential genes were figured out. There is a close relationship between the biological functions of gene/protein clusters (12). Therefore, proteins usually cooperate to perform biological functions. The protein-protein interaction (PPI) network helps to differentiate the core genes in SD according to the frequency of interaction. PPI analysis was performed on the STRING database2 with a confidence index of 0.7. The more the interaction relationship, the more important role the gene plays in the process of SD. The connectivity table was drawn in R language, and connectivity ≥ 5 is defined as core genes.



Biological role and disease analysis

Function, pathway enrichment and disease analysis of core genes based on “clusterProfiler,” “enrichplot,” “org.Hs.eg.db,” “ggplot2,” “GSEABase” and “DOSE” packages were performed in R language. The biological significance of core genes was analyzed by Gene Ontology (GO) functional enrichment, including Biological Process (BP), Cellular Components (CC), and Molecular Function (MF). Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis was used to explore the pathways of core genes. Disease Ontology (DO) enrichment analysis was applied to discover major diseases led by core genes. P < 0.05 and corrected P < 0.05 were considered to be statistically significant in all the analysis process. The visualization of GO, KEGG, and DO could be achieved by the R package “GOplot.”



Machine learning

In order to reduce errors, we used two different machine learning algorithms to seek for potential characteristic genes. The Least Absolute Shrinkage and Selection operator (LASSO) is a machine learning based regression analysis algorithm that uses regularization to remove highly correlated genes, which can avoid overfitting.

Support vector machine recursive feature elimination (SVM-RFE) is a machine learning algorithm based on classification and regression. Gene redundancy can be automatically eliminated and a better, more compact subset of genes can be generated. We use the R packages of “glmnet” and “e1071” to implement machine learning algorithms for LASSO and SVM-RFE. Finally, characteristic genes are obtained by intersection.



Analysis of clinical value of characteristic genes

To test the diagnostic value of the characteristic genes, we compared the expression of characteristic genes in AD and SD groups in R language software. Moreover, receiver operating characteristic (ROC) curves were drawn to analyze the validity of the characteristic genes.



Analysis of the expression of characteristic genes in human tissues

Human anatomy were drawn in R software based on “gganatogram,” “dplyr,” “viridis,” and “gridExtra.” The R package of “gganatogram” can draw modular anatomical maps and quantify the expression of characteristic genes in various tissues in human body. The Human Protein Atlas (HPA) database3 was used to validate the protein expression level of the target SD genes.



Analysis of immune-microenvironment

We used the CIBERSORT (RRID:SCR_016955) algorithm to assess the relative proportions of immune cell infiltration in different populations. And the abundance of 22 immune cells can be quantified via this method. The R package of “corrplot” visualizes 22 types of immune cells. And the R package of “vioplot” draws violin plots to show differences in immune cell infiltration between different groups.




Results


Clinical information

The clinical information of the patients was obtained on the GTEx official website (see text footnote 1). The AD group consisted of 15 whole blood samples from 15 donors who died unexpectedly (violent and fast death). The SD group included 88 blood samples, including 69 donors with fast death of natural causes (0–1 h) and 17 donors with intermediate death (1–24 h). More details could be referred in Table 1.


TABLE 1    Summary of clinical information for donors.
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Analysis of protein-protein interaction network for differential genes

This study retrospectively analyzed whole blood samples from donors of AD and SD. According to the cutoff value, a total of 47 differential genes were obtained and considered to be related to SD (Supplementary Table 1). All of these genes were down-regulated in the SD group (Figure 1A). The heat map shows the expression levels of all differential genes in different groups (Figure 1B). To better understand the interactions between these SD-related genes, we used the STRING online database4 to construct a PPI network for 47 differential genes (Figure 1C). Ten genes with high interaction were identified as core genes (MYL1, TNNC2, TNNT3, TCAP, TNNC1, TPM2, MYL2, TNNI1, ACTA1, CKM). It was suggested that they play an important role in SD process (Figure 1D).


[image: image]

FIGURE 1
Differential expression and core gene screening. (A) Volcano plot of all genes. (Red dots represent up-regulated genes and green dots represent down-regulated genes). (B) Heatmap of differential genes in AD and SD groups. (Rows represent 47 differential genes and columns represent samples). (C) PPI network of differential genes. (Nodes represent hub genes. Lines represent interactions between hub genes). (D) Bar graph of all hub genes in the PPI network. (The x-axis represents channel counts. The y-axis represents hub genes). AD, Accidental death; SD, Sudden death.




Functional correlation analysis of core genes

In order to explore the role of these genes in the process of SD and related diseases. We focused on the function, pathway and disease analysis of 10 core genes related to SD. GO analysis results shows that the annotations of genes come from three ontologies, namely biological process (BP), molecular function (MF), and cellular component (CC). BP terminology mainly contains muscle filament sliding, muscle contraction. MF terminology mainly contains sarcomere, myofibril, contractile fiber. CC terminology mainly contains actin binding, myosin binding (Figure 2A). The circle diagram shows that core genes are mainly enriched in muscle contraction, actin filament-based movement, muscle filament sliding, etc. (Figure 2B). The pathways of core genes were mainly enriched in Cardiac muscle contraction, Hypertrophic cardiomyopathy (HCM), Dilated cardiomyopathy (DCM), Adrenergic signaling in cardiomyocytes, and Calcium signaling pathway (Figure 2C). The circle diagram shows certain core genes corresponding to KEGG pathways (Figure 2D). DO analysis shows that the core genes of SD were mainly enriched in myopathy, HCM, cardiomyopathy, autosomal dominant disease, clubfoot, acute myocardial infarction, DCM, pulmonary embolism, and other diseases (Figure 2E). The circle diagram shows top 10 diseases corresponding to SD-associated core genes (Figure 2F).
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FIGURE 2
Function, pathway, and disease enrichment analysis of core genes. (A) Bubble plot of GO function enrichment for core genes. (BP, Biological Process; CC, Cellular Components; MF, Molecular Function). (B) Circle plot of GO functional enrichment. (C) Bubble map of KEGG pathway enrichment for core genes. (D) Circle plot of KEGG enrichment analysis. (E) Bubble plot of DO enrichment for core genes. (F) Circle plot of DO enrichment analysis. The size of bubbles in the bubble plot represents the number of core genes in the corresponding pathway. The color of the bubbles represents the adjusted p-value. The circle plot illustrates certain core genes corresponding to the GO/KEGG terminology or disease. LogFC represents the expression level of gene.




Machine learning characteristic genes

We used two machine learning methods, LASSO regression and SVM-RFE, to study the core genes of SD. LASSO regression learned from the 10 core genes to obtain 2 characteristic genes of SD (Figure 3A). The SVM-RFE algorithm learned from 10 core genes to obtain 8 characteristic genes of SD (Figure 3B). The two algorithms were intersected by a Venn diagram, and 2 common genes were obtained as the characteristic genes closely related to SD (Figure 3C).
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FIGURE 3
Machine learning identifies characteristic genes of sudden death. (A) The LASSO regression algorithm was used to select the characteristic genes of sudden death. (B) SVM-RFE algorithm to select the characteristic genes of sudden death. (The blue point represents the lowest error rate, correspondingly to the best genome selected by SVM-RFE). (C) Venn diagram showing 2 sudden death characteristic genes shared by LASSO (green) and SVM-RFE (pink) algorithms. LASSO, least absolute shrinkage and selector operation. SVM-RFE, support vector machine-recursive feature elimination.




Analysis of clinical value of characteristic genes

We compared the expression of the two characteristic genes in the AD and SD groups. And the ROC curve was exhibited to confirm the clinical value of the characteristic genes. The expression of SD-related characteristic genes (MYL2 and TNNT3) were both decreased in the SD group (Figures 4A,B; all P < 0.05). The AUC value of ROC curves for MYL2 was 0.732 (95%CI = 0.595–0.849) (Figure 4C). The AUC value for TNNT3 was 0.766 (95%CI = 0.668–0.858) (Figure 4D). These shows that the SD-associated characteristic genes have good performance with high diagnostic ability.
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FIGURE 4
Expression and ROC curves of characteristic genes of sudden death. (A) The expression level of MYL2 in AD and SD groups. (B) The expression level of TNNT3 in AD and SD groups. (C) The ROC curve of MYL2. (D) The ROC curve of TNNT3. ROC, receiver operating characteristic; AD, Accidental death; SD, Sudden death.




Expression analysis of characteristic genes in human body

In order to verify the expression of characteristic genes in the human body, we extracted the expression levels of MYL2 and TNNT3 in various tissues from GTEx database. And an anatomical map was generated (Figures 5A,B). Moreover, the protein levels of immunohistochemistry (IHC) staining obtained from the HPA database illustrated that MYL2 was highly expressed in cardiac muscle and moderately expressed in skeletal muscle (Figure 5C); while TNNT3 is lowly expressed in cardiac muscle and highly expressed in skeletal muscle (Figure 5D).
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FIGURE 5
Expression of sudden death characteristic genes in human tissues. (A,B) MYL2 and TNNT3 expression levels in tissues in males and females. (C) Validation of MYL2 in turquoise module by HPA (IHC). (D) Validation ofTNNT3 in turquoise module by HPA (IHC). Red represents high expression, green represents low expression, and black represents mediate expression.




Immune infiltration analysis

We explored immune cell profiles in patients in AD and SD groups using the CIBERSORT method. The infiltration of 22 immune cells were estimated in SD and AD groups in Figure 6A. The ratios of 22 immune cells were further compared in SD and AD groups (Figure 6B). The results showed that all immune cell differences were not statistically significant (P > 0.05). This suggested that although SD was caused by various diseases, no significant participation of immune cells was witnessed in this short-term process.
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FIGURE 6
Profile and visualization of immune cell infiltration. (A) The infiltration of 22 immune cells after quantification by the CIBERSORT algorithm. (The X-axis represents the sample and the Y-axis shows the percentage of 22 immune cells in the sample as stacked bars). (B) Violin plot showing comparison based on 22 immune cells. (Blue and red represent AD and SD group samples, respectively). AD, Accidental death; SD, Sudden death.





Discussion

SD is the most serious clinical adverse phenomenon. Accurate cause of death is difficult to conclude even with the aid of forensic science. Based on the large-scale database of the GTEx platform, we explore the related genes and diseases that cause SD. We screened out 10 core genes (MYL1, TNNC2, TNNT3, TCAP, TNNC1, TPM2, MYL2, TNNI1, ACTA1, CKM) from the database. Two characteristic genes (MYL2, TNNT3) were extruded via two machine learning algorithms, with good diagnostic ability. Our study demonstrated that most sudden deaths are acute onsets of chronic diseases without the involvement of the immune microenvironment.

We are the first to put forward 10 core genes related to SD via the GTEx database. The biological processes of these core genes mainly focus on myofilament and sarcomere activities mediated by actin and myosin. Consistent with our study, Klaassen et al. pointed out that sarcomeric protein gene defects can cause various heart diseases (13). Furthermore, the possible causes of SD proposed from the core genes are as follows: myopathy, HCM, cardiomyopathy, autosomal dominant disease, clubfoot, acute myocardial infarction, DCM, pulmonary embolism, etc. These above diseases are clinically common and can lead to death in a short time. The major forms of cardiomyopathy include hypertrophic, dilated, restrictive and arrhythmogenic cardiomyopathy (14). Among them, HCM is usually witnessed with obvious heredity (15). At present, more and more scholars have pointed out the importance of gene detection in HCM risk stratification (16). Our study identified TNNC1, TCAP and MYL2 as the risk genes for SD in HCM. The mutation rate of TNNC1 in HCM patients is approximately 0.4% (17). Multiple studies have shown that mutations in TNNC1 cause HCM and early sudden cardiac death (18, 19). TCAP is a key regulator of muscle growth, and reduced TCAP expression will destroy muscle growth (20). MYL2 is also a risk gene for HCM, and Arg58Gln and R58Q mutations in MYL2 can lead to early sudden cardiac death (21, 22). This is consistent with our research. DCM is a type of cardiomyopathy characterized by left ventricular enlargement and systolic dysfunction. Our study showed that the main SD-related genes in DCM were TCAP and TNNC1. TCAP mutation was detected in DCM patients (23, 24). But whether the mutation of this gene can cause SD in DCM patients has not been reported in the literature. TNNC1 is also a risk gene for DCM (25). Numerous articles have reported premature sudden cardiac death or heart transplantation would occur in DCM patients with TNNC1-mutated (26, 27). Abnormal expression of core genes in various diseases will lead to the increase of SD rate. Focusing on core genes in hereditary diseases is helpful for the early identification and prevention of deadly outcomes.

Machine learning can discover excellent prognostic genes in the form of self-learning. MYL2 and TNNT3 were extraordinary extruded after machine learning. MYL2 is mainly expressed in the ventricle, and its mutation will cause HCM (28, 29). Statistics found that the probability of MYL2 mutation in HCM patients was 2.1–5% (28, 30–32). Manivannan et al. suggested that mutation in MYL2 in HCM families had resulted in SD of four children before the age of one (29). When MYL2 mutation existed in HCM patients, the clinical lesions appear early, the disease is severe, the prognosis is very poor, and many suffer early SD (21, 33). This is supportive to our study. Thus we advocate that genetic disease guidance can focus on SD associated genes.

Mutations in TNNT3 will cause various muscle disorders, mainly covering distal arthrogryposis (DA) (34). Also there are nemaline myopathy (NEM) (35) and atrial septal defect (36) associated with TNNT3 mutation. DA is a clinically and genetically heterogeneous disease, mainly characterized by congenital spasticity of the joints of the extremities. In 2018, Sandaradura et al. described that TNNT3 mutations had led to non-invasive ventilation in the neonatal period with a result of death at 8 months of age (37). Our study showed that TNNT3 was highly expressed in the heart, as well as in muscle tissues. Therefore, we consider that TNNT3 mutation would cause changes in the myocardium resulting SD. Although these two characteristic genes have less variation in other diseases, the probability of SD is greatly increased with their mutation. Early or aggressive clinical interventions such as heart transplantation or ICD are strongly suggested with characteristic genetic variants.

The AUC values of MYL2 and TNNT3 were 0.732 and 0.766, respectively. We consider that the final result of SD is caused by a large category of SD-related diseases. A single gene can only represent one or several diseases, not all diseases, so the AUC value is not very high. Our study also showed that no changes in the immune-microenvironment before and after death in SD patients. We supposed that SD is the result of a short-term deterioration of the disease without the involvement of immune cells.

This study has some limitations. First, most SD donors died in less than an hour. The main cause of death in these patients is sudden cardiac death, so the characteristic genes are relatively close to the genes related to cardiac death. Second, in order to protect the privacy of donors, GTEx platform only provides the age and gender of the donors, and no other specific clinical data was displayed. Therefore, valid information such as previous diseases, family history and autopsy cannot be obtained in details. Third, there might be bias in our study due to limited sample size, even if we used the PPI network to capture the most active genes as many as possible. Hopefully, we are looking forward to larger cohorts in future validation researches that may require multi-institutional collaboration.



Conclusion

SD is caused by a variety of diseases, most of which are heart disease. Studies have shown that genetics play an important role in SD. Our study found that the cause of SD might be HCM, dilated cardiomyopathy, acute myocardial infarction, pulmonary embolism and so on. MYL2 and TNNT3 were discovered as characteristic genes by machine learning, which could predict the prognosis of SD. For high risk patients with familial SD history, the expression of SD genes can be investigated. For high risk patients, early intervention can be carried out, such as early cardiac surgery or pacemaker placement.
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Objective: Prolonged mechanical ventilation in children undergoing cardiac surgery is related to the decrease in cardiac output. The pressure recording analytical method (PRAM) is a minimally invasive system for continuous hemodynamic monitoring. To evaluate the postoperative prognosis, our study explored the predictive value of hemodynamic management for the duration of mechanical ventilation (DMV).

Methods: This retrospective study included 60 infants who underwent cardiac surgery. Cardiac index (CI), the maximal slope of systolic upstroke (dp/dtmax), and cardiac cycle efficiency (CCE) derived from PRAM were documented in each patient 0, 4, 8, and 12 h (T0, T1, T2, T3, and T4, respectively) after their admission to the intensive care unit (ICU). A linear mixed model was used to deal with the hemodynamic data. Correlation analysis, receiver operating characteristic (ROC), and a XGBoost machine learning model were used to find the key factors for prediction.

Results: Linear mixed model revealed time and group effect in CI and dp/dtmax. Prolonged DMV also have negative correlations with age, weight, CI at and dp/dtmax at T2. dp/dtmax outweighing CI was the strongest predictor (AUC of ROC: 0.978 vs. 0.811, p < 0.01). The machine learning model suggested that dp/dtmax at T2 ≤ 1.049 or < 1.049 in combination with CI at T0 ≤ 2.0 or >2.0 can predict whether prolonged DMV (AUC of ROC = 0.856).

Conclusion: Cardiac dysfunction is associated with a prolonged DMV with hemodynamic evidence. CI measured by PRAM immediately after ICU admission and dp/dtmax 8h later are two key factors in predicting prolonged DMV.

KEYWORDS
 CHD, congenital heart disease, cardiac surgery, pressure recording analytical method, mechanical ventilation, machine learning model


Introduction

Myocardial dysfunction is a critical challenge for hemodynamic management after cardiac surgery. For infants with congenital heart disease, the continuous decline in cardiac performance may remain long after cardiopulmonary bypass (CPB) (1, 2). Cardiac index (CI) decreased around 30% postoperatively in neonates, reaching the lowest point 9–12 h after surgery (1). Adults show decreasing CI over the first 4–8 h in the ICU but recover to the baseline within 24 h (3). Hemodynamic instability and myocardial dysfunction in infants often cause serious complications, which incur higher mortality, prolong the cardiopulmonary support, and even lead to weaning failure (4, 5).

As cardiac surgeons have widely admitted the duration of mechanical ventilation as an index for patients' prognosis after surgery, many studies have tried to reveal the risk factors associated with delayed extubation. However, most of these studies focused on the direct effects of the respiratory system on mechanical ventilation and failed to consider about the radical hemodynamic changes and heart–lung interactions as a whole (6–8). Though a few studies suggested that weaning failure is associated with increased left ventricular end-diastolic pressure (LVEDP) and left ventricular dysfunction (9, 10), clinical explorations based on the theory of the heart–lung interactions in the perioperative period still lack data evidence and methods on evaluating the appropriate timing for weaning remain limited (11, 12). With the benefits of early extubation wellestablished, fast-track anesthesia is now widely used in cardiac 40 surgery in adult, but less well described in children (13–15). Therefore, it is of great necessity for feasible evaluation on the course of mechanical ventilation.

Our research aimed to reveal that hemodynamic parameters representing cardiac function at the early postoperative time can predict the duration of mechanical ventilation, which provides new insights into postoperative management.



Patients and methods


Patients

This retrospective study included 60 infants who underwent heart defect repaired surgeries in our hospital between January 2017 and March 2021. Patients who expired during hospitalization were excluded. All the open heart surgeries were performed through standard procedures of CPB. Mechanical ventilation was initiated immediately when the patient arrived at the ICU after surgery. Extubation was performed when the patients met the standard criteria: (1) hemodynamic stability with reasonable urination and warm peripheral extremities; (2) PaO2 ≥75 mmHg and PaCO2 ≤ 50 mmHg with adequate spontaneous respiration under FiO2 ≤ 40% and the end of expiratory pressure ≤ 5 cm H2O; (3) awake and able to respond to commands without new neurological symptoms; (4) no active bleeding with a reasonable change in hemoglobin and no requirement for volume replacement; and (5) no reasonable fear of reintubation. The duration of mechanical ventilation (DMV) longer than 24 h was considered with delayed extubation, and patients were divided into two groups according to this.



Hemodynamic monitoring

Postoperative management consists of continuous intravenous infusion of sufentanil, dexmedetomidine, or midazolam. Inotropic and vasoactive drugs include dopamine, milrinone, epinephrine, norepinephrine, or levosimendan to maintain arterial blood pressure. Anti-infective treatment is routinely performed with the intravenous antibiotic. Since the Fick (1870) principle was developed (16), many technological methods have been invented to measure the cardiac output and other hemodynamic parameters. MostCare (Vygon Vytech, Padova, Italy) uses the pressure recording analytical method (PRAM) for direct monitoring based on pulse spectrum analysis methods in the same way as PICCO2. It is a minimally invasive real-time method recorded at a high sampling rate (1,000 pressure/time points) without the need of calibration (17, 18). Most care has shown a good level of agreement with the Fick method measurements and is widely studied in animals and adults but rarely in infants after cardiac surgery. Hemodynamic parameters collected in this study included cardiac index (CI), the maximal slope of systolic upstroke (dp/dtmax), and cardiac cycle efficiency (CCE). Data were collected and recorded by the device 0, 4, 8, and 12 h after radial artery cannulation was established (T0, T1, T2, and T3, respectively).



Analysis method

The Shapiro–Wilk method was used to test whether the data followed the normal distribution that were normally distributed and median values with interquartile range (IQR, 25th−75th percentile) for variables that were not normally distributed, and as the frequency with percentage (%) for categorical variables. Hemodynamic data recorded by MostCare are presented as mean ± SD. In univariate analysis, differences between groups were evaluated using the Wilcoxon rank-sum test or t-test for continuous variables according to distribution. Chi-square test and Fisher's exact test are used for categorical variables. Linear mixed models were used to deal with the repeated measurement of hemodynamic data. For each CI, CCE, and dp/dtmax, we tested for interactions between groups (DMV ≤ 24h or >24h) and time (T0, T1, T2, and T3). The model equation is shown as follows:

[image: image]

where Yi, j is the hemodynamic variables (CI, CCE, or dp/dtmax) for patients i at Time j (i = 1, 2,…60. j = 0, 1, 2, 3); Time*Group is the interaction between the group term and the time term. ID is the patients i. β0, β1, β2, and β3 are the fixed effect coefficients. b0 and b1 are the random effect coefficients. The Pearson correlation coefficient was calculated to assess the relationship between the cardiac functions and DMV. ROC curves are used to assess the diagnostic performance. p-value < 0.05 was considered statistically significant. Statistical analysis and data processing were performed with R language (version 4.2.0).



Machine learning model

Yan et al. (20) have designed an XGBoost machine learning-based model that can predict the 92 mortality rates of patients with more than 90% accuracy for COVID-19 prognostic prediction. The treeheatr R package creates interpretable decision tree visualizations with the data represented as a heat map at the tree's leaf nodes (21). XGBoost algorithms are based on recursive decision tree building from past residuals and can identify those trees that contribute the most to the decision of the predictive model. The leaf nodes are labeled based on their majority votes and colored to correlate with the true outcome in the decision tree. The models were evaluated by assessing the classification accuracy (ratio of true predictions overall predictions), the precision, sensitivity/recall, and defined scores. The importance of individual feature in XGBoost is determined by its accumulated use in each decision step in trees, computing the relative importance of each feature. Hence, it can estimate features that are the most discriminative of model outcomes. Using this machine learning model, we construct a clinically operable decision model.




Results


Patients' characteristics

Demographic characteristics are shown in Table 1. A total of 60 infants were included in the study, among which 35 (58%) children were extubated within 24 h (DMV ≤ 24h group), while 25 (42%) were over 24 h (DMV>24h group). According to the pathophysiology, congenital heart disease (CHD) is divided into left-right shunt CHD and right-left shunt ones. In our study, the former included atrial septal defect (ASD), ventricular septal defect (VSD), patent ductus arteriosus (PDA), and simple valvular disease, while the latter included tetralogy of Fallot (TOF), double outlet right ventricle (DORV), and Complete endocardium pad defect (CEPD). Infants with a prolonged DMV were characterized by significantly younger ages, lower heights and weights, longer CPB time and aortic cross clamp (ACC) time, as well as longer ICU and postoperative hospital stays (p-value < 0.05) (Table 1).


TABLE 1 Baseline characteristics.

[image: Table 1]



Hemodynamic data of the two DMV groups

Mean ± SD of hemodynamic monitoring in the ICU at different time points for each DMV group was recorded (Supplementary Table 1), and the changes in cardiac function over time were shown (Figure 1). The results from the linear mixed model revealed significant main effects of time and group in CI and dp/dtmax, but not CCE (Table 2). DMV ≤ 24h group showed significant increases in CI and dp/dtmax from T0 to T2 (CI, β1 = 0.44, SE = 0.09, p < 0.001; dp/dtmax, β1 = 0.182, SE = 0.049, p < 0.001) and from T0 to T3 (CI, β1 = 0.35, SE = 0.09, p < 0.001; dp/dtmax, β1 = 0.096, SE = 0.049, p < 0.05). T0 observed a significant difference between the two groups with decreased CI and dp/dtmax in patients with a prolonged DMV (CI, β2 = −0.27, SE = 0.12, p < 0.05; dp/dtmax, β2 = −0.182, SE = 0.058, p < 0.01). Besides, there was a significant group-time interaction in dp/dtmax from T0 to T2 (β3 = −0.152, SE = 0.075, p < 0.05) but not CI or CCE.


[image: Figure 1]
FIGURE 1
 Trends of systemic hemodynamic value over time in patients with different duration of mechanical ventilation (DMV); the red line represents DMV >24h, and the green line represents DMV ≤ 24h. (A) Time-dependent changes in cardiac index(CI). (B) Time-dependent changes in cardiac cycle efficiency (CCE). (C) Time-dependent changes in the maximal slope of the systolic upstroke (dp/dtmax).



TABLE 2 Linear mixed effects of hemodynamic variables.
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Correlation analysis

Age, height, weight, CPB, ACC, which showed a significant difference between the two groups by univariate analysis (Table 1), and CI and dp/dtmax at T0, T2, and T3, which showed significant effects of time or group in the linear mixed models (Table 2), were entered for correlation analysis. Figure 3 shows a prolonged DMV has significant and negative correlation with age (r = −0.48, p < 0.01), weight (r = −0.42, P < 0.05), CI at T2 (r = −0.53, p < 0.001), and dp/dtmax at T2 (r = −0.82, P < 0.001). There was no significant correlation in CPB or ACC. dp/dtmax at T2 has a strong correlation, whereas age, weight, and CI at T2 have a moderate correlation.



Predictive values
 
ROC curves

As shown in Figure 3, dp/dtmax outweighing CI at T2 was the strongest predictor of a prolonged DMV (p < 0.01). dp/dtmax at T2 < 1.052 (sensitivity = 1.000, specificity = 0.840), CI at T2 < 2.670 (sensitivity = 0.800 specificity = 0.800), and CI at T0 < 2.215 (sensitivity = 0.857 specificity = 0.560) could predict prolonged DMV.



XGBoost machine learning-based model

Age, height, weight, CPB, ACC, CI, and dp/dtmax at T0, T2, and T3 were also entered into the XGBoost machine learning-based model, which produced a decision tree-heat map. As Figure 4 shows, the model suggested that patients with dp/dtmax ≤ 1.049 at T2 were in DMV>24h group, and those whose dp/dtmax > 1.049 at T2 was in DMV ≤ 24h. On the split of CI at T0, although individuals of both branches are all predicted to DMV ≤ 24h by majority voting, the leaf nodes have different purity, indicating different confidence levels the model has in classifying samples in the two nodes. Therefore, patients with CI ≤ 2 at T0 cannot easily exclude the possibility of being prolonged DMV. The whole model had excellent accuracy and predictive value (accuracy = 0.933, balance accuracy = 0.920, Kappa = 0.860, AUC of ROC = 0.856, AUC of PR = 0.907).





Discussion

Andre' and DelRossi reported that PRAM has been proved to correlate well with “gold-standard” thermodilution (3) in assessing cardiac output. Other methods included Fick, Doppler echocardiography, BNP, and lactate levels (19, 22). Our study initiatively found correlations between the cardiac function characterized by hemodynamic parameters and mechanical ventilation. Prolonged DMV, mainly caused by cardiac dysfunction, is a significant sign of worse prognosis, and successful early extubation is a goal to promote recovery after cardiac surgery with both medical and economic benefits (13, 14). Furthermore, we proved good predictive value of these parameters and provided a visualized decision-making map with the application of machine learning model.


Hemodynamic management with PRAM in the postoperative process

The linear mixed model showed time effects of hemodynamic parameters, indicating that cardiac function presented a significant increase over time in the first 4–8h after the surgery (Figure 1 and Table 2), which contradicted the classic conclusions from Wernovsky et al. (1) and Gil-Anton et al. (4) measured CI of children with CHD 24 h after surgery by femoral arterial thermodilution and found no obvious changes between CI over time. Another exploration of trends of the postoperative hemodynamic based 161 on PRAM found an increase in CCE and dp/dtmax in 48 h postoperatively (23). The different trends of postoperative cardiac function between the early study and later ones perhaps resulted from the developed CPB techniques, such as modified ultrafiltration and dexmedetomidine sedative (24–26), which may prevent CPB-related inflammatory responses and lead to better hemodynamic outcomes. Besides, the use of vasoactive agents has proven to be another key factor contributing to improving postoperative cardiac function (27–29).



Cardiac function for predicting DMV

The group effect on hemodynamic parameters revealed by the linear mixed model suggested that patients with a prolonged DMV showed significantly lower CI and dp/dtmax after the surgery (Table 2, Figure 1). Cardiac dysfunction is the main risk factor for 80% weaning failure (5). Han et al. and Kadir et al. also found that cardiac dysfunction is associated with longer mechanical ventilation duration (30, 31). Both the preload and afterload increase due to the decrease in intrathoracic pressure premature in the process of extubation and increase cardiac work and myocardial oxygen consumption. As a result, premature extubation deteriorates patients' condition by inducing pulmonary edema, pulmonary artery spasm, severe anoxia, heart failure, and reintubation.

dp/dtmax measured 8h after the surgery had strongest correlation with a prolonged DMV and was the best hemodynamic predictor (Table 2, Figures 2–4). On the one hand, dp/dtmax has generally been used as a sensitive index of cardiac contractility and reserving ability (32). Arterial dp/dtmax tracks the left ventricular contractility changes and is mainly determined by myocardial contractility with very limited influence by loading conditions (32–35). Decreased dp/dtmax is associated with a myocardial injury even in extracardiac surgery using PRAM (36). Yang et al. also reported that not CI but dp/dtmax have a higher correlation with BNP when used PRAM after CHD operation (22). In addition, the exact 8 h after the surgery may be a turning point for restoring cardiac function or prognosis. Yang et al. and Liu et al. observed the nadir of cardiac output, the minimal central venous oxygen saturation, and the peak of BNP and lactate level at 8h after the surgery (22, 37). Su et al. revealed that the increase of troponin-I beyond 8h after CPB was a strong predictor of postoperative hypoperfusion in infants (38).
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FIGURE 2
 Correlation analysis of heat map for relationship between selected the characteristics, hemodynamic parameters, and prolonged DMV. CI, cardiac index. Dp/dt max, the maximal slope of systolic upstroke. DMV24, binary-classified variable, duration of mechanical ventilation leq24h or >24h.
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FIGURE 3
 ROC curves for predicting prolonged duration of mechanical ventilation (DMV). (A) CI, cardiac index, measured at T2 for predicting prolonged DMV. (B) dp/dtmax, the maximal slope of the systolic upstroke, measured at T2 for predicting prolonged DMV. (C) CI, cardiac index, measured at T0 for predicting prolonged DMV. (D) Comparison between the AUC of ROC of CI and dp/dtmax at T2.
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FIGURE 4
 Tree-heat map of XGBoost machine learning model for prediction. T2_dpdt, dp/dtmax (the maximal slope of systolic upstroke) at T2. T0_CI, CI (cardiac index) at T0. DMV, duration of mechanical ventilation. BAL_ACCURACY, balance accuracy, KAP, kappa. ROC_AUC, Under area curve of ROC.


CI reflects the complex outcomes of the endogenous cardiac, neurohumoral responses, and the exogenous inotropic and vasoactive drugs, dependent more on heart rate, preload, and afterload. Based on the heart–lung interaction theory, an increase in cardiac output is considered a positive response to a volume challenge (39, 40). Although it did not have a linear correlation with delayed extubation, CI measured at T0 is a predictor that could not be neglected (Table 2, Figure 4). Furthermore, the difference of CI and dp/dtmax between the two DMV groups at T0 alarmed us that inotropic and vasoactive drugs should be used as early as intraoperatively.

CCE is a unique parameter derived from PRAM, which evaluates the compensating interplay of different cardiovascular system compartments, including left and right ventricular contractility, preload and afterload, heart rate, reflected waves, as well as elasticity of great arteries and the ventricular-arterial coupling (24, 39). CCE with no significant changes over time in our study (Table 2) indicates the constant condition of cardiac energy expenditure for compensation to maintain cardiovascular homeostasis after the surgery (31, 41). However, influenced by many factors, CCE is too sensitive and variable: McBride et al. (42) reported the inability of negative-pressure ventilation to reduce HR in sedated extubated patients which meant that other hemodynamic benefit increases did not translate into the improved CCE.



XGBoost machine learning-based model

XGBoost machine learning model is a widely used technique for a predictive model for its significant accuracy, which is better than many linear models. It is well designed to prevent overfitting by cross-validation and regularization. Furthermore, the more extended corresponding color column of the outcome means more cases of the event and more substantial predictive value of these branches in our XGBoost-based model. Heat map colors present the relative value compared to the rest of the group on each feature (21). Although CI at T2 had good performance in ROC curves, dp/dtmax at the same time point probably substitutes for it completely, and CI at T0 improved the predictive value when added into the algorithm. XGBoost machine learning model has been more prevalent in dealing with clinical problems such as treatment evaluation and disease risk management (43).



Other factors affecting DMV in infants

Age and weight are important factors for both early extubation in fast-track management and delayed extubation after congenital heart surgery in children (44). Infants' left ventricle has altered relaxation characteristics that progressively change over the first year of life and reach adult level (45). The less proliferation of cardiomyocytes and sarcoplasmic reticulum in the myocardium contributes to the lower cardiac contractility. Besides, infants with lower body weight had a higher frequency of adverse events and longer DMV, ICU stay and hospital stay (46, 47). Cardiac surgery often necessitates CBP, which causes myocardial ischemia–reperfusion and induces oxidative stress and ventricular dysfunction (48). Children with a prolonged DMV undergo longer CBP and ACC during the surgery (Table 1). However, CBP and ACC did not correlate with a prolonged DMV and could not use for prediction (Figures 2, 4). Tabib et al. and Garci'a-Montes et al. also reported a similar irrelevance to the mechanical ventilation condition (44, 49).




Limitation

There are several limitations to this study. First, the sample size is not big enough, especially for applying the machine learning model. The number of key factors and their priority may change if more patients are included. Extensive multi-center cohort study including complicated cases is needed to confirm our findings. Our general protocol for determining whether patients should be performed extubation may not align with management at other institutions. In addition, MostCare machine records the data at every 30s, but the calculation on postoperative hours is rough and thus the data collected unavoidably have time error.



Conclusion

In summary, postoperative hemodynamic management with PRAM shed light on the interconnection between cardiac function and mechanical ventilation. CI measured by PRAM immediately after ICU admission and dp/dtmax 8 h later are two key factors in predicting a prolonged DMV with the application of the machine learning model.
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Background: Obstructive sleep apnea (OSA) is a globally prevalent disease closely associated with hypertension. To date, no predictive model for OSA-related hypertension has been established. We aimed to use machine learning (ML) to construct a model to analyze risk factors and predict OSA-related hypertension.

Materials and methods: We retrospectively collected the clinical data of OSA patients diagnosed by polysomnography from October 2019 to December 2021 and randomly divided them into training and validation sets. A total of 1,493 OSA patients with 27 variables were included. Independent risk factors for the risk of OSA-related hypertension were screened by the multifactorial logistic regression models. Six ML algorithms, including the logistic regression (LR), the gradient boosting machine (GBM), the extreme gradient boosting (XGBoost), adaptive boosting (AdaBoost), bootstrapped aggregating (Bagging), and the multilayer perceptron (MLP), were used to develop the model on the training set. The validation set was used to tune the model hyperparameters to determine the final prediction model. We compared the accuracy and discrimination of the models to identify the best machine learning algorithm for predicting OSA-related hypertension. In addition, a web-based tool was developed to promote its clinical application. We used permutation importance and Shapley additive explanations (SHAP) to determine the importance of the selected features and interpret the ML models.

Results: A total of 18 variables were selected for the models. The GBM model achieved the most extraordinary discriminatory ability (area under the receiver operating characteristic curve = 0.873, accuracy = 0.885, sensitivity = 0.713), and on the basis of this model, an online tool was built to help clinicians optimize OSA-related hypertension patient diagnosis. Finally, age, family history of hypertension, minimum arterial oxygen saturation, body mass index, and percentage of time of SaO2 < 90% were revealed by the SHAP method as the top five critical variables contributing to the diagnosis of OSA-related hypertension.

Conclusion: We established a risk prediction model for OSA-related hypertension patients using the ML method and demonstrated that among the six ML models, the gradient boosting machine model performs best. This prediction model could help to identify high-risk OSA-related hypertension patients, provide early and individualized diagnoses and treatment plans, protect patients from the serious consequences of OSA-related hypertension, and minimize the burden on society.
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obstructive sleep apnea, hypertension, machine learning, risk factor, Shapley additive explanations, gradient boosting machine (GBM)


Introduction

Obstructive sleep apnea (OSA) is a sleep disorder characterized by intermittent hypoxemia, autonomic fluctuation, and sleep fragmentation. As of 2019, the prevalence of OSA aged 30–69 years (men and women) in China has reached 24.2%, ranking first in the world (1). Aside from the fact that OSA causes difficult symptoms, many studies demonstrated that OSA is closely associated with many complications, such as cardiovascular diseases, metabolic disorders, and cognitive impairment (2–4). Among them, cardiovascular diseases have received extensive attention because of their serious consequences and high morbidity, especially hypertension. Observational studies have illustrated that 45–68% of subjects with OSA have hypertension (5, 6), and the prevalence of OSA is more than 30% among hypertension patients (7).

Hypertension that is primarily caused or exacerbated by OSA is called OSA-related hypertension after excluding other definite secondary etiologies (e.g., renal artery stenosis, renal parenchymal disease, primary aldosteronism, pheochromocytoma, and Cushing’s disease) (8). In addition, OSA-related hypertension is characterized by high rates of masked hypertension, elevated nocturnal blood pressure, a non-dipper pattern of nocturnal hypertension, and an increased blood pressure variability (9). Notably, patients with OSA and hypertension seem to be associated with more severe outcomes. Studies based on ambulatory blood pressure monitoring (ABPM) showed that participants with a non-dipper pattern of nocturnal hypertension and those who have elevated blood pressure at night demonstrate a greater degree of end-organ damage, higher risk of stroke, increased risk of incident heart failure, and increased risk of renal disease progression (10). Regrettably, OSA-related hypertension is easily disregarded by patients.

As for the general population, the reference method for blood pressure testing is primarily an in-office measurement. However, this diagnostic method is unreliable in the OSA population because of the specific characteristics of OSA-related hypertension. Previous studies have shown that among OSA patients, masked hypertension was found in 30% of patients, and white-coat hypertension was found in approximately 33% of patients (11–13). It means that there is a high risk that OSA patients may be underdiagnosed or overdiagnosed with hypertension. The application of ABPM to systematically and correctly assess blood pressure is recommended in clinically normotensive OSA patients (14). However, ABPM is not cost-efficient and often burdensome, and in clinical practice, it seems challenging to propose ABPM to all OSA patients with normal clinic blood pressure. Thus, the necessity of a simple and convenient clinical tool to assess OSA-related hypertension in daily clinical practice is emphasized, which can allow the use of ABPM selectively rather than routinely.

Machine learning (ML) has been widely developed and used in the medical field because of its remarkable performance in recent years. It can extract information from complex and non-linear data, establish models through science, reveal hidden dependencies between factors and diseases in the big data environment, and help clinicians better understand the diseases (15). Especially in cardiovascular diseases, machine learning has a wide range of applications and satisfactory diagnostic performance. For example, Ward et al. demonstrated that the gradient boosting machine (GBM) model has good discrimination for atherosclerotic cardiovascular disease risk (16). Although ML has gained extensive attention because of its powerful predictive capabilities, it is often criticized for being a black box model, making it hard for clinicians to understand and trust these complex models. Hence, this has limited its widespread use in medical decision-making (17).

Timely blood pressure screening and early accurate identification of OSA-related hypertension are crucial in minimizing the associated negative health effects. Regrettably, no ML models are available to predict the risk of OSA-related hypertension. In this study, we aimed to develop ML-based prediction models for OSA-related hypertension based on available clinical data from patients to identify high-risk patients. In addition, we used Shapley additive explanations (SHAP) (18), a method for interpreting results made by machine learning models, to explore the relationship between features and the risk of OSA-related hypertension. In addition, we further provide individual interpretations of the model’s decisions through SHAP. Moreover, we established a web-based risk calculator based on the most predictive maximum likelihood algorithm to promote its clinical application, which provided clinicians with valuable tools for risk assessment in OSA-related hypertension.



Materials and methods


Study design and subjects

This is a retrospective observational study. It retrospectively included the OSA patients admitted to the Department of Otorhinolaryngology—Head and Neck Surgery of the Second Affiliated Hospital of Xi’an Jiaotong University between October 2019 and December 2021. All study subjects underwent nighttime polysomnography or home sleep apnea testing and blood pressure monitoring, additionally, cardiologists assessed their blood pressure. OSA was diagnosed on the basis of apnea–hypopnea index (AHI) ≥ 5 events per hour through polysomnography (19). Hypertension was defined as a previous diagnosis with current antihypertensive therapy. Additionally, patients with elevated nocturnal blood pressure who had no history of hypertension were further examined and identified as newly diagnosed with hypertension by a cardiologist with more than 10 years of working experience. The definition of hypertension is described in detail in the Supplementary material.

The inclusion criteria were as follows: (1) patients with age ≥ 18 years, (2) patients with AHI ≥ 5 events per hour, and (3) patients who have not received OSA-related treatment in the past. The exclusion criteria were as follows: (1) patients with incomplete baseline data; (2) patients with disease potentially affecting blood pressure regulation, such as multiple organ dysfunction syndrome, uremia, severe cardiac heart failure, renal, or cardiac transplantation; (3) patients with the most common causes of secondary hypertension, namely, renal parenchymal disease, renovascular diseases, coarctation of the aorta, Cushing’s syndrome, primary hyperaldosteronism, pheochromocytoma, hyperthyroidism, and hyperparathyroidism; (4) pregnant women; (5) patients with history of snoring shorter than the duration of hypertension; and (6) patients who were diagnosed with central sleep apnea (central AHI ≥ 5 events per hour).

This study was approved by the ethics committee of the Second Affiliated Hospital of Xi’an Jiaotong University (approval no. 2021031). In addition, all patients who participated in the research provided informed consent. The inspection items and processes involved in this study are in line with the Declaration of Helsinki.



Data elements

Twenty-seven relevant clinical indicators were collected, and overall, the 27 candidate variables included were as follows: (1) demographic characteristics, namely, gender, heart disease family history of hypertension, diabetes, hypothyroidism, body mass index (BMI), waist circumference, neck circumference, and age/10; (2) lifestyle behaviors, namely, drinking, smoking, high-salt diet, high-fat diet, poor sleep quality, sedentariness, emotionally stable, mental stress, and smoking amount; and (3) OSA-related medical history and indicators, namely, memory decline, inattention, Epworth Sleepiness Scale (20), course of snoring, course of choking, AHI, obstructive apnea index (OAI), minimum arterial oxygen saturation/10 (minimum SaO2/10), and percentage of time of SaO2 < 90%/10 (CT90/10).



Development and validation of prediction models

By comparing the clinical characteristics of the hypertension and non-hypertension groups, the risk factors for predicting OSA-related hypertension were analyzed using the univariate analysis, and they were incorporated into machine learning as characteristic variables. Additionally, they were also used in the multivariate logistic regression analysis to obtain independent predictors associated with OSA-related hypertension.

All patients were randomly divided into a training set for constructing the predictive model and a test set for the model validation at a ratio of 7:3. The following six representative supervised ML algorithms were used for model construction in the training dataset: adaptive boosting, GBM, multilayer perceptron, bootstrapped aggregating, logistic regression, and extreme gradient boost (21–24). During training, the training cohort internal validation method used 10-fold cross-validation to evaluate the predictive power of each ML classifier in plotting the average area under the receiver operating characteristic curve (AUC). With the use of the validation cohort, the receiver operating characteristics of the six ML models were plotted, and AUC values were calculated to evaluate the predictive ability of the different models in cohorts. By comparing the predictive performance of our ML models, the model with the best predictive performance was selected as the final model. In addition, a confusion matrix was used to evaluate the prediction model performance. Subsequently, on the basis of the best predictive ability model, an online risk calculator that can make predictions using newly entered data of OSA patients was created.



Model interpretation

Shapley additive explanations (SHAP) is a model-agnostic explanation technique based on cooperative game theory that helps interpret the results from a predictive model. The interpretation is based on quantifying the SHAP value for each feature, representing the contribution of a feature to the predicted risk of OSA-related hypertension (25, 26). For each sample, the model produces a prediction value, and the sum or average of the absolute Shapley value of each feature of all individuals is the overall feature importance. Components with large fundamental Shapley values are very important. In addition, the SHAP method also proves each feature value’s positive or negative influence on the predicted results, similar to coefficient values in logistic regression. A positive SHAP value indicates that the corresponding feature contributes to a higher risk of the result, whereas a negative SHAP value indicates that the corresponding feature leads to a lower risk of the result. To determine the main predictors of OSA-related hypertension, we identified the importance of ranking features from the final model through the SHAP summary plot and provided individual interpretations of the model’s decisions.



Statistical analysis

All analyses and random division of training and validation sets were performed with R software (version 3.6.0). Continuous variables were represented as the median (p25, p75), whereas categorical variables were represented as numbers (n) and proportions (%). The Wilcoxon rank-sum test compared the two groups’ differences for continuous variables, and categorical variables were evaluated using the chi-squared test. Logistic regression analysis was used to analyze the relationship between various predictor variables (either categorical or continuous) and an outcome that is binary (dichotomous). The Python programming language (version 3.8) was also used to develop and evaluate ML models and design network calculators. For model interpretation, the SHAP was implemented using the Python Shap package. P < 0.05 was considered statistically significant.




Results


Patient characteristics

After the screening process, a total of 1,493 OSA patients were eligible for the study (Figure 1). The baseline characteristics of these patients are summarized in Table 1. For the demographic variables, the two groups were significantly different in heart disease, family history of hypertension, diabetes, BMI, waist circumference, neck circumference, and age/10 (all P < 0.05). For the lifestyle behavior variables, high-salt diet, poor sleep quality, and smoking amount were significant variables (all P < 0.05). For OSA-related medical history and indicators, memory decline, Epworth Sleepiness Scale, course of snoring, course of choking, AHI, OAI, minimum SaO2/10, and CT90/10 were all significantly different between the two groups (all P < 0.05).
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FIGURE 1
Summary of patient inclusion. AHI, apnea–hypopnea index; OSA, obstructive sleep apnea.



TABLE 1    Demographic and clinical characteristics.
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Univariate and multivariate logistic regression

Variables with a P < 0.05 in the univariate analysis were selected for multivariate logistic regression analysis to identify the independent risk factors of OSA-related hypertension patients (Table 2), and all regression coefficients are shown in Supplementary Table 1. In addition, the results indicated that family history of hypertension, BMI, age/10, minimum SaO2/10, and CT90/10 were independent risk factors for OSA-related hypertension (all P < 0.05).


TABLE 2    Univariate analysis and multivariate logistic regression analysis of variables.
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Performance of the machine learning algorithm

The average AUC of the six models determined by 10-fold cross-validation is displayed in Figure 2A, with the GBM model achieving the best performance (AUC = 0.837). The model validation results based on the validation set are displayed in Figure 2B, and the GBM model still exhibited the best performance in predicting OSA-related hypertension (AUC = 0.873). Moreover, we further evaluated the stability and accuracy of GBM through five cross-validations, and the results reveal that the GBM has good stability (average AUC = 0.810 ± 0.048) (Figure 2C). The radar plot of the six ML models is shown in Supplementary Figure 1. A comparison of model performance on the validation set is shown in Table 3. Generally, all models performed satisfactorily in AUC, but not ideally in the sensitivity. Among them, the GBM exhibited the highest sensitivity at 0.713. Because GBM yielded the best results for AUC and sensitivity, we chose the GBM model as the final prediction model and then evaluated it (Figure 3). Meanwhile, on the basis of this model, we developed a prediction tool for the web, which can be accessed to further facilitate clinical use through an online risk calculator at https://shimunana-true-ml-vmz425.streamlitapp.com/ (Figure 4). The receiver operating characteristic properties of other ML models are shown in Supplementary Figure 2.
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FIGURE 2
(A) Area under the curve (AUC) values of 10-fold cross-validation. (B) Validation of machine learning algorithms. (C) Receiver operating characteristic curve in the gradient boosting machine (GBM) model. AdaBoost, adaptive boosting; LR, logistic regression; Bagging, bootstrapped aggregating; MLP, multilayer perceptron; GBM, gradient boosting machine; XGBoost, extreme gradient boost; AUC, average area under the curve; ROC, receiver operating characteristic. AUC is used as an indicator of performance, the GBM model achieved the best predictive performance, and the Bagging model had the lowest predictive performance.



TABLE 3    Performance comparison of six machine learning (ML) models.
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FIGURE 3
Confusion matrix of GBM. GBM, gradient boosting machine.
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FIGURE 4
Web calculator for predicting OSA-related hypertension. OSA, obstructive sleep apnea.




Model interpretability

To identify the features that influenced the prediction model the most, we illustrated the SHAP summary plot of GBM and the top 15 features of the prediction model in decreasing order (Figures 5A,B). The SHAP summary plot shows that age/10, family history of hypertension, minimum SaO2/10, BMI, and CT90/10 were the five most critical predictive features of the GBM model and had the most significant impact on the prediction results.


[image: image]

FIGURE 5
Shapley additive explanations (SHAP). (A,B) The standard and classified bar charts of the SHAP summary plots showed the influence of each parameter on the gradient boosting machine (GBM) model. (C,D) SHAP model explanation of two typical predictions. The features are ranked according to the sum of the SHAP values for all patients, and the SHAP values are used to show the distribution of the effect of each feature on the GBM model outputs. Each dot represents a case in the dataset. The color of a dot indicates the value of the feature, with blue indicating the lowest range and red the highest range. The horizontal axis shows the corresponding SHAP value of the feature. A positive SHAP value contributes to the prediction of rupture and vice versa. SHAP, Shapley additive explanations; GBM, gradient boosting machine; SaO2, arterial oxygen saturation; BMI, body mass index; AHI, apnea–hypopnea index; CT90/10, percentage of time of SaO2 < 90%/10.


Shapley additive explanations (SHAP) values not only could show the contribution of each feature to the final prediction but also could effectively clarify and explain model predictions for individual patients. We provided two living examples to illustrate the role of the SHAP method in describing the machine learning model: a 46-year-old female patient who was diagnosed with OSA but with normal blood pressure and a 54-year-old male patient who was diagnosed with OSA-related hypertension (Figures 5C,D). The constructed model predicted the probability of OSA-related hypertension to be 23% and 57%, respectively. The model predicted the outcome as non-OSA-related hypertension for the female patient, which was consistent with the actual outcome (true negative). In addition, the model prediction result was OSA-related hypertension for the male patient, which was consistent with the actual situation (true positive).




Discussion

The present study is the first study to assess the predictive performance of several machine learning algorithms for OSA-related hypertension, obtain a GBM model that can be used to predict OSA-related hypertension clinically, and explain the model. GBM is a commonly used ML algorithm with satisfactory performance in managing large and complex non-linear datasets and avoiding overfitting (27). Subsequently, we designed a network risk calculator based on the GBM model to estimate the probability of hypertension in individuals with OSA so as to help clinicians make targeted diagnoses and treatment plans, making precision medicine possible.

As hypothesized, our multivariate logistic regression suggested that BMI, age/10, and minimum SaO2/10 were significant independent risk factors for OSA-related hypertension, which converges with previous research. Pan et al. found that among police officers in southern China, the prevalence of OSA-related hypertension was associated with the age of the patients. However, their study population was small and occupation-specific (28). Furthermore, Natsios and colleagues reported that age, BMI, comorbidity, daytime SaO2, and indices of hypoxia during sleep were estimated to be the most precise predictors of hypertension (29). Additionally, because of the differences in study design and study population, we found some different results from previous studies. Family history of hypertension and CT90/10 were also found to be risk factors for OSA-related hypertension in our study. Interestingly, to further confirm how input factors contribute to the model, we calculated SHAP feature importance and feature effects. The importance of variables also showed that the BMI, age/10, and minimum SaO2/10, family history of hypertension, and CT90/10 were the most important input parameters that contribute to the predicted risk of OSA-related hypertension. This strongly demonstrates that these five variables were significant contributors to OSA-related hypertension, and proved the accuracy and reliability of the GBM model. Surely, a prospective study and animal experiments are essential to confirm the accuracy and reliability of our proposed model.

Interestingly, in addition to identifying several known risk factors, multivariate logistic regression and SHAP analysis also found that CT90/10, a variable that had been overlooked in previous cardiovascular studies, also plays an important role in OSA-related hypertension. Previous studies have shown a significant association between CT90 and Coronary Artery Calcium, cerebral small vessel disease and diabetic nephropathy (30–32), but the relationship between CT90 and hypertension has not been explored. The underlying causes by OSA and hypertension have not been fully elucidated. A few pathophysiological mechanisms have been suggested to participate in it, such as elevated sympathetic nervous system activity, renin-angiotensin aldosterone system activity, endothelial dysfunction, inflammation, and metabolic dysregulation (33). And López-Cano et al. showed a positive and significant association between the nocturnal concentration of urine metanephrines and the CT90 (34), suggesting that CT90 may influence sympathetic activity. And this also explains the important role of CT90 in OSA-related hypertension, and needs more attention in the future. Surprisingly, in our statistical model, AHI, as a diagnostic indicator of adult OSA, participates weakly. Whether there is a dose–response relationship between the severity of OSA and the cumulative incidence of hypertension has been debated. The Wisconsin Sleep Cohort Study discovered a dose–response association between OSA and the presence of hypertension 4 years later (35). At the same time, the Sleep Heart Health Study and the Victoria Sleep Cohort Study found that the relationship between hypertension and OSA was no longer significant after age and BMI were controlled for O’Connor et al. (36) and Cano-Pumarega et al. (37). Additionally, AHI is a simple measure of the average number of respiratory events (apneas and hypopneas) per hour of sleep, and it does not reflect adequately the various phenotypes and comorbidities of OSA. Our results disclosed that blood oxygen indicators (e.g., minimum SaO2/10 and CT90/10) might be better predictors of OSA-related hypertension than AHI.

Notably, the risk for OSA-related hypertension is increased most by family history of hypertension in the multivariate logistic regression, followed by age/10. However, the SHAP analysis showed that minimum SaO2/10 has the highest predictive value for OSA-related hypertension. The discrepancy between multivariate logistic regression and SHAP values can be explained by the prevalence of a variable. Odds ratios were calculated only for patients associated with this variable, but the mean SHAP value for all patients was calculated. In addition, the average SHAP value was further used to evaluate the importance of features and rank them. Hence, variables with low impact and high prevalence will have low odds ratios but high SHAP values.

In our study, full integration of the standard clinical variables with Polysomnography parameters was performed during the construction of the ML model. The model can thus predict OSA-related hypertension risk stratification for the patient, using all relevant covariates rather than individual measures. Our approach was also validated with repeated 10-fold cross-validation to provide a robust estimation of prediction accuracy with minimal bias. The six models performed well, with AUC ranging from 0.698 to 0.873 and sensitivity from 0.353 to 0.713 in the test dataset. And the GBM prediction model with the highest AUC, accuracy, and sensitivity was identified as the final model for this study and clinical use. The GBM model with 0.873 AUC and 0.713 sensitivity proves good discrimination and stability. What’s more, we introduce the Shapley value to explain the GBM model. SHAP is a model-independent interpretation technique that interprets black box models globally and locally, and can provide a rational explanation for the prediction, which can significantly enhance the confidence of clinicians in the model.

However, despite our best efforts to improve it, this study still has some limitations. First, this is a single-center retrospective study, and the performance of machine learning algorithms may vary for datasets with different distributions of patient characteristics and various institutions. Therefore, more patients from multiple sources are required to validate our model’s robustness and repeatability in the future. Second, the undesirable sensitivity may be that the ML algorithm learns from input features, and some discreet relationships may have been lost because of unknown or disregarded features not registered by doctors. In the future, we will conduct prospective validation based on this model, continue to explore crucial risk factors for OSA-related hypertension, and modify the model further to improve the accuracy and reliability of the GBM prediction model.



Conclusion

We established a risk prediction model for OSA-related hypertension patients using the ML method and demonstrated that the GBM model performs best among the six ML models. This prediction model could help to identify high-risk OSA-related hypertension patients, provide early and individualized diagnoses and treatment plans, protect patients from the serious consequences of OSA-related hypertension, and reduce the burden on society.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving human participants were reviewed and approved by the Ethics Committee of The Second Affiliated Hospital of Xi’an Jiaotong University (approval no. 2021031). Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



Author contributions

YS, SW, and XR designed the research. XC and LM wrote the manuscript. YF, YY, HL, and LY collected the data. YX, ZC, and CZ performed data curation. YZ, LM, and WL analyzed and processed the data. XR directed the research and the guarantor of the manuscript and takes full responsibility for the integrity of the work, from its inception to the published manuscript. All authors reviewed the results and approved the final version of the manuscript.



Funding

This work was supported by the National Natural Science Foundation of China (grant no. 62076198) and the Key Research and Development Program in the Social Development Field of Shaanxi, China (grant nos. 2020GXLH-Y005 and 2021SF-286).



Acknowledgments

We wish to thank all who volunteered to participate in this study.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcvm.2022.1042996/full#supplementary-material


Abbreviations

OSA, obstructive sleep apnea; ML, machine learning; AUC, area under the curve; SHAP, Shapley additive explanations; SaO2, arterial oxygen saturation; OAI, obstructive apnea index; BMI, body mass index; GBM, gradient boosting machine; ABPM, ambulatory blood pressure monitoring; AHI, apnea–hypopnea index; CT90/10, percentage of time of SaO2 < 90%/10.


References

1. Benjafield AV, Ayas NT, Eastwood PR, Heinzer R, Ip MSM, Morrell MJ, et al. Estimation of the global prevalence and burden of obstructive sleep apnoea: a literature-based analysis. Lancet Respir Med. (2019) 7:687–98.

2. Shi Y, Luo H, Liu H, Hou J, Feng Y, Chen J, et al. Related biomarkers of neurocognitive impairment in children with obstructive sleep apnea. Int J Pediatr Otorhinolaryngol. (2019) 116:38–42. doi: 10.1016/j.ijporl.2018.10.015

3. Shi Y, Feng Y, Chen X, Ma L, Cao Z, Shang L, et al. Serum neurofilament light reflects cognitive dysfunctions in children with obstructive sleep apnea. BMC Pediatr. (2022) 22:449. doi: 10.1186/s12887-022-03514-9

4. Yeghiazarians Y, Jneid H, Tietjens JR, Redline S, Brown DL, El-Sherif N, et al. Obstructive sleep apnea and cardiovascular disease: a scientific statement from the American heart association. Circulation. (2021) 144:e56–67. doi: 10.1161/CIR.0000000000000988

5. Kiely JL, McNicholas WT. Cardiovascular risk factors in patients with obstructive sleep apnoea syndrome. Eur Respir J. (2000) 16:128–33. doi: 10.1034/j.1399-3003.2000.16a23.x

6. Millman RP, Redline S, Carlisle CC, Assaf AR, Levinson PD. Daytime hypertension in obstructive sleep apnea. Prevalence and contributing risk factors. Chest. (1991) 99:861–6. doi: 10.1378/chest.99.4.861

7. Worsnop CJ, Naughton MT, Barter CE, Morgan TO, Anderson AI, Pierce RJ. The prevalence of obstructive sleep apnea in hypertensives. Am J Respir Crit Care Med. (1998) 157:111–5. doi: 10.1164/ajrccm.157.1.9609063

8. HPCO Chinese. Medical association expert consensus on clinical diagnosis and treatment of obstructive sleep apnea-related hypertension. Chin J Pract Intern Med. (2013).

9. Kario K, Hettrick DA, Prejbisz A, Januszewicz A. Obstructive sleep apnea-induced neurogenic nocturnal hypertension: a potential role of renal denervation? Hypertension. (2021) 77:1047–60. doi: 10.1161/HYPERTENSIONAHA.120.16378

10. Ahmad M, Makati D, Akbar S. Review of and updates on hypertension in obstructive sleep apnea. Int J Hypertens. (2017) 2017:1848375. doi: 10.1155/2017/1848375

11. Pio-Abreu A, Moreno H Jr, Drager LF. Obstructive sleep apnea and ambulatory blood pressure monitoring: current evidence and research gaps. J Hum Hypertens. (2021) 35:315–24. doi: 10.1038/s41371-020-00470-8

12. Baguet JP, Lévy P, Barone-Rochette G, Tamisier R, Pierre H, Peeters M, et al. Masked hypertension in obstructive sleep apnea syndrome. J Hypertens. (2008) 26:885–92. doi: 10.1097/HJH.0b013e3282f55049

13. García-Río F, Pino JM, Alonso A, Arias MA, Martínez I, Alvaro D, et al. White coat hypertension in patients with obstructive sleep apnea-hypopnea syndrome. Chest. (2004) 125:817–22. doi: 10.1378/chest.125.3.817

14. Parati G, Lombardi C, Hedner J, Bonsignore MR, Grote L, Tkacova R, et al. Recommendations for the management of patients with obstructive sleep apnoea and hypertension. Eur Respir J. (2013) 41:523–38. doi: 10.1183/09031936.00226711

15. Schwalbe N, Wahl B. Artificial intelligence and the future of global health. Lancet. (2020) 395:1579–86. doi: 10.1016/S0140-6736(20)30226-9

16. Ward A, Sarraju A, Chung S, Li J, Harrington R, Heidenreich P, et al. Machine learning and atherosclerotic cardiovascular disease risk prediction in a multi-ethnic population. NPJ Digit Med. (2020) 3:125. doi: 10.1038/s41746-020-00331-1

17. Molnar C. Interpretable Machine Learning. Morrisville: Lulu.com (2020).

18. Lundberg SM, Lee S-I. A unified approach to interpreting model predictions. In: Guyon I, Von Luxburg U, Bengio S, Wallach H, Fergus R, Vishwanathan S editors. Advances in Neural Information Processing Systems 30. San Jose, CA: Curran Associates, Inc (2017).

19. Sateia MJ. International classification of sleep disorders-third edition: highlights and modifications. Chest. (2014) 146:1387–94. doi: 10.1378/chest.14-0970

20. Johns MW. A new method for measuring daytime sleepiness: the epworth sleepiness scale. Sleep. (1991) 14:540–5. doi: 10.1093/sleep/14.6.540

21. Chen T, Guestrin C. X: a scalable tree boosting system. Proceedings of the 22nd ACM SIGKDD International Conference on Knowledge Discovery and Data Mining-KDD 2016. San Francisco, CA: (2016). p. 785–94. doi: 10.1145/2939672.2939785

22. Singh A, Thakur N, Sharma A. A review of supervised machine learning algorithms. 2016 3rd International Conference on Computing for Sustainable Global Development (INDIACom). Piscataway: IEEE (2016). p. 1310–5.

23. Ngiam KY, Khor IW. Big data and machine learning algorithms for health-care delivery. Lancet Oncol. (2019) 20:e262–73. doi: 10.1016/S1470-2045(19)30149-4

24. Zhang Z, Zhao Y, Canes A, Steinberg D, Lyashevska O. Predictive analytics with gradient boosting in clinical medicine. Ann Transl Med. (2019) 7:152. doi: 10.21037/atm.2019.03.29

25. Rodríguez-Pérez R, Bajorath J. Interpretation of compound activity predictions from complex machine learning models using local approximations and shapley values. J Med Chem. (2020) 63:8761–77. doi: 10.1021/acs.jmedchem.9b01101

26. Lundberg SM, Erion G, Chen H, DeGrave A, Prutkin JM, Nair B, et al. From local explanations to global understanding with explainable AI for trees. Nat Mach Intell. (2020) 2:56–67. doi: 10.1038/s42256-019-0138-9

27. Sheridan RP, Wang WM, Liaw A, Ma J, Gifford EM. Extreme gradient boosting as a method for quantitative structure-activity relationships. J Chem Inf Model. (2016) 56:2353–60. doi: 10.1021/acs.jcim.6b00591

28. Pan M, Ou Q, Chen B, Hong Z, Liu H. Risk factors for obstructive sleep apnea-related hypertension in police officers in Southern China. J Thorac Dis. (2019) 11:4169–78. doi: 10.21037/jtd.2019.09.83

29. Natsios G, Pastaka C, Vavougios G, Zarogiannis SG, Tsolaki V, Dimoulis A, et al. Age, body mass index, and daytime and nocturnal hypoxia as predictors of hypertension in patients with obstructive sleep apnea. J Clin Hypertens. (2016) 18:146–52. doi: 10.1111/jch.12645

30. Liu X, Lam DC, Mak HK, Ip MS, Lau KK. Associations of sleep apnea risk and oxygen desaturation indices with cerebral small vessel disease burden in patients with stroke. Front Neurol. (2022) 13:956208. doi: 10.3389/fneur.2022.956208

31. Seo MY, Lee SH, Hong SD, Chung SK, Kim HY. Hypoxemia during sleep and the progression of coronary artery calcium. Cardiovasc Toxicol. (2021) 21:42–8. doi: 10.1007/s12012-020-09593-3

32. Zhang R, Zhang P, Zhao F, Han X, Ji L. Association of diabetic microvascular complications and parameters of obstructive sleep apnea in patients with type 2 diabetes. Diabetes Technol Ther. (2016) 18:415–20. doi: 10.1089/dia.2015.0433

33. Salman LA, Shulman R, Cohen JB. Obstructive sleep apnea, hypertension, and cardiovascular risk: epidemiology, pathophysiology, and management. Curr Cardiol Rep. (2020) 22:6. doi: 10.1007/s11886-020-1257-y

34. López-Cano C, Gutiérrez-Carrasquilla L, Sánchez E, González J, Yeramian A, Martí R, et al. Sympathetic hyperactivity and sleep disorders in individuals with type 2 diabetes. Front Endocrinol. (2019) 10:752. doi: 10.3389/fendo.2019.00752

35. Peppard PE, Young T, Palta M, Skatrud J. Prospective study of the association between sleep-disordered breathing and hypertension. N Engl J Med. (2000) 342:1378–84. doi: 10.1056/NEJM200005113421901

36. O’Connor GT, Caffo B, Newman AB, Quan SF, Rapoport DM, Redline S, et al. Prospective study of sleep-disordered breathing and hypertension: the Sleep Heart Health Study. Am J Respir Crit Care Med. (2009) 179:1159–64. doi: 10.1164/rccm.200712-1809OC

37. Cano-Pumarega I, Durán-Cantolla J, Aizpuru F, Miranda-Serrano E, Rubio R, Martínez-Null C, et al. Obstructive sleep apnea and systemic hypertension: longitudinal study in the general population: the Vitoria sleep cohort. Am J Respir Crit Care Med. (2011) 184:1299–304. doi: 10.1164/rccm.201101-0130OC












	 
	

	TYPE Original Research
PUBLISHED 23 December 2022
DOI 10.3389/fcvm.2022.1053697





5mC modification patterns provide novel direction for early acute myocardial infarction detection and personalized therapy

Yiqun Guo1†, Hua Jiang1†, Jinlong Wang2†, Ping Li2†, Xiaoquan Zeng3, Tao Zhang2, Jianyi Feng2, Ruqiong Nie4, Yulong Liu5*, Xiaobian Dong2* and Qingsong Hu2*

1Department of Interventional Radiology and Vascular, Guangzhou Women and Children’s Medical Center, The Affiliated Hospital of Guangzhou Medical University, Guangzhou, Guangdong, China

2Department of Cardiology, The First Affiliated Hospital of Jinan University, Guangzhou, Guangdong, China

3Department of Cardiology, Xinfeng County People’s Hospital, Shaoguan, Guangdong, China

4Department of Cardiology, Sun Yat-sen Memorial Hospital, Sun Yat-sen University, Guangzhou, Guangdong, China

5Department of Intervention and Vascular Surgery, The First Affiliated Hospital of Jinan University, Guangzhou, Guangdong, China

[image: image]

OPEN ACCESS

EDITED BY
Guangdong Yang, Laurentian University, Canada

REVIEWED BY
Francesco Ferrara, Ospedali Riuniti San Giovanni di Dio e Ruggi d’Aragona, Italy
Ruihuan Yu, Yale University, United States

*CORRESPONDENCE
Yulong Liu, ✉ 22646911@qq.com
Xiaobian Dong, ✉ dongxiaobian0317@163.com
Qingsong Hu, ✉ hqssyshospital@163.com

†These authors have contributed equally to this work and share first authorship

SPECIALTY SECTION
This article was submitted to Cardiovascular Genetics and Systems Medicine, a section of the journal Frontiers in Cardiovascular Medicine

RECEIVED 26 September 2022
ACCEPTED 05 December 2022
PUBLISHED 23 December 2022

CITATION
Guo Y, Jiang H, Wang J, Li P, Zeng X, Zhang T, Feng J, Nie R, Liu Y, Dong X and Hu Q (2022) 5mC modification patterns provide novel direction for early acute myocardial infarction detection and personalized therapy.
Front. Cardiovasc. Med. 9:1053697.
doi: 10.3389/fcvm.2022.1053697

COPYRIGHT
© 2022 Guo, Jiang, Wang, Li, Zeng, Zhang, Feng, Nie, Liu, Dong and Hu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

Background: Most deaths from coronary artery disease (CAD) are due to acute myocardial infarction (AMI). There is an urgent need for early AMI detection, particularly in patients with stable CAD. 5-methylcytosine (5mC) regulatory genes have been demonstrated to involve in the progression and prognosis of cardiovascular diseases, while little research examined 5mC regulators in CAD to AMI progression.

Method: Two datasets (GSE59867 and GSE62646) were downloaded from Gene Expression Omnibus (GEO) database, and 21 m5C regulators were extracted from previous literature. Dysregulated 5mC regulators were screened out by “limma.” The least absolute shrinkage and selection operator (LASSO) and support vector machine recursive feature elimination (SVM-RFE) algorithm were employed to identify hub 5mC regulators in CAD to AMI progression, and 43 clinical samples (Quantitative real-time PCR) were performed for expression validation. Then a logistic model was built to construct 5mC regulator signatures, and a series of bioinformatics algorithms were performed for model validation. Besides, 5mC-associated molecular clusters were studied via unsupervised clustering analysis, and correlation analysis between immunocyte and 5mC regulators in each cluster was conducted.

Results: Nine hub 5mC regulators were identified. A robust model was constructed, and its prominent classification accuracy was verified via ROC curve analysis (area under the curve [AUC] = 0.936 in the training cohort and AUC = 0.888 in the external validation cohort). Besides, the clinical effect of the model was validated by decision curve analysis. Then, 5mC modification clusters in AMI patients were identified, along with the immunocyte infiltration levels of each cluster. The correlation analysis found the strongest correlations were TET3—Mast cell in cluster-1 and TET3-MDSC in cluster-2.

Conclusion: Nine hub 5mC regulators (DNMT3B, MBD3, UHRF1, UHRF2, NTHL1, SMUG1, ZBTB33, TET1, and TET3) formed a diagnostic model, and concomitant results unraveled the critical impact of 5mC regulators, providing interesting epigenetics findings in AMI population vs. stable CAD.

KEYWORDS
acute myocardial infarction, coronary heart disease, epigenetics, bioinformatics, 5mC


1 Introduction

Acute myocardial infarction (AMI) continues to be a common cardiac emergency incidence with significant morbidity and mortality worldwide and is caused by the rupture or erosion of a flawed, lipid-laden, chronic atherosclerotic coronary plaque, which causes an acute interruption of myocardial blood flow and ischemic myocardial necrosis (1, 2). According to prior findings, older individuals with coronary artery disease (CAD) have worse results, such as increased all-cause mortality and recurrent events (3, 4). Early and correct diagnosis may decrease mortality (5). Previous research reported some risk factors linked to the occurrence of AMI, including age, gender, alcohol use, diabetes, hypertension, physical labor, and smoking (6–9). However, there is growing evidence that genetics and epigenetics contribute to the occurrence and development of AMI (10).

Epigenetics is a collective term referring to processes that change the activity of the genome in a heritable way without affecting the DNA sequence (11). And the critical modification of 5-methylcytosine (5mC) is a dynamic and reversible modification process in epigenetics (12). DNA methyl transferase enzymes (writers) are responsible for DNA methylation in mammalian cells (13). They do so by adding a methyl group to the cytosine base’s carbon-5 position, which inhibits transcription in the genome (14). Researchers discovered that by altering DNA methylation, 5mC regulators (methyl transferase: writers; signal transducers: readers; and demethylase: erasers) are essential for a variety of cellular biological activities, including the silencing of retroelements, the stabilization of centrioles, and the regulation of gene expression (14–16). While it was reported that DNA methylation plays a major regulatory role in atherosclerosis, myocardial hypertrophy, heart failure as well as AMI (17–19), and diverse therapeutic targets for AMI and other diseases have been identified through the study of genetic factors (20–22). Studies examined 5mC regulators and molecular typing based on 5mC regulator gene expression are still limited. Consequently, research into new, highly sensitive and specific biomarkers for the diagnosis of cardiovascular disease is essential, and DNA methylation seems to be a promising new approach.

In this study, we systematically evaluate the modification pattern of 5mC regulators in AMI and CAD. Then, LASSO and SVM-RFE algorithms were employed to screen out the hub 5mC regulators. We also established a 5mC regulator-based classifier that can discriminate AMI from CAD via a machine-learning method. Afterward, we clustered AMI samples according to 21 5mC regulators, and two distinct 5mC modification clusters were identified. The immune cell differences as well as the correlations between hub 5mC regulators and 28 immunocytes were observed between the clusters. Besides, 64 5mC phenotype-related genes were identified and their biological functions were investigated. These findings may provide novel diagnostic biomarkers and a new perspective for individualized therapy in AMI patients.



2 Materials and methods


2.1 Ethics statement

This study gained the approval of the Ethics Committee of Guangdong Provincial People’s Hospital (GDREC2016255H). in accordance with the ethical standards of the Declaration of Helsinki. Written informed consent was collected from all participants.



2.2 Patient sample collections

We recruited 43 participants with complete information on biochemical and clinical parameters, and medical history, from Guangdong Provincial People’s Hospital between January 2022 and June 2022. The coronary angiography was performed on all patients, and two observers independently verified the angiographic results. Twenty-four patients diagnosed with AMI (23) were included in the test group, and nineteen patients diagnosed with Stable CAD (24) were included in the control group. The inclusion and exclusion criteria (25) and TIMI scores of the participants used in this research were in Supplementary Table 1. Blood samples were collected from each patient within 1 h from the admission, which were centrifuged at 2,000 rpm at 4°C for 30 min. The serum samples were isolated and stored at −80°C until analysis.



2.3 Animals

All animal experiments were conducted in compliance with the Guide for the Care and Use of Laboratory Animals by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) and approved by the Ethics Committee of Guangdong Provincial People’s Hospital. Sixty ApoE–/– mice were housed in a pathogen-free environment at animal laboratory of Sun Yat-sen University. The animals were allowed access to food and water ad libitum on a 12-h light/dark cycle. ApoE–/– mice were initially fed a standard rodent chow diet until 8 weeks of age and then switched to a high-fat diet (D12109C Formula) (New Brunswick, NJ). Afterward, the sixty mice were randomly divided into group A (AMI group, n = 30) and group C (CAD group, n = 30), They were anesthetized by intraperitoneal injection of sodium pentobarbital (50 mg/kg). AMI was performed on group A by ligation of the proximal left anterior descending coronary artery. Subsequently, the mice were sacrificed, and the infarcted myocardium in group A and the controls in group C were obtained for further experiments.



2.4 Western blots

The AMI and CAD tissues were lysed using strong RIPA buffer containing Halt Protease Inhibitor Cocktails (Thermo Fisher Scientific, Waltham, USA). Protein concentrations were evaluated with a bicinchoninic acid assay kit (Beyotime, Nantong, China). Primary antibodies targeting to beta actin (ab8226, Abcam), UHRF2 (ABE1028, MilliporeSigma), TET3 (ab153724, Abcam), UHRF2 (ZBTB33, MilliporeSigma), TET1 (ab19198, Abcam), DNMT3B (ab2851, Abcam), NTHL1 (ab191413, Abcam), UHRF1 (ab213223, Abcam), MBD3 (ab157464, Abcam), and SMUG1 (ab192240, Abcam), were incubated with targeted proteins at 4°C overnight, followed by incubating with appropriate horseradish peroxidase-conjugated secondary antibodies. Detection of horseradish peroxidase was performed with the Super Signal West Pico Chemiluminescent Substrate (Pierce).



2.5 RNA isolation and quantitative real-time PCR

Followed by total RNA extraction using TRIzol LS (Invitrogen) and examination of RNA quality and concentration using a NanoDrop ND-1000 analyzer according to the manufacturer’s instructions. Total RNA was subjected to reverse transcription using the GoScript™Reverse Transcription Mix (Promega). GAPDH was selected as an internal control gene, the primers are listed in Supplementary Table 2. Quantitative real-time PCR (qRT-PCR) was performed on Applied Biosystems QuantStudio 6 machine with SYBR-Green dye (Takara). The internal control was GAPDH, and data were calculated by the 2 (–ΔΔCt) method.



2.6 Public data obtaining

The integration of bioinformatic analyses and experiment data is illustrated by the flowchart in Figure 1. Expression microarray data were downloaded from the Gene Expression Omnibus (GEO) database: GSE59867 dataset (26), which contained peripheral blood mononuclear cell (PBMC) samples from 111 patients with STEMI and 46 patients with stable CAD at admission; GSE62646 (27), which contained PBMC samples from 28 patients with STEMI and 14 patients with stable CAD at admission. The two independent datasets were both based on the GPL6244 platform of [HuGene-1_0-st] Affymetrix Human Gene 1.0 ST Array [transcript (gene) version]. Since AMI can hasten atherosclerosis 1 day after AMI, causing recurrent occurrence due to status altering of coronary artery walls or plaques (28), only admission patient data with STEMI and stable CAD were included in this study. We used GSE59867 (included 157 PBMC specimens at admission) in the screening of feature genes and as the training cohort during model construction, whereas GSE62646 was deployed as the external validation cohort (included 42 PBMC specimens at admission). In this article, 21 5mC regulators from previous studies (29–32) were systematically included: three writers (DNMT1, DNMT3B, and DNMT3A), 14 readers (NEIL1, NTHL1, SMUG1, UHRF1, UHRF2, MBD1, MBD2, MBD3, MBD4, UNG, and MECP2) and four erasers (TDG, TET1, TET2, and TET3).


[image: image]

FIGURE 1
The illustrations for this study. The overall protocol utilized in the current study to identify hub 5mC regulators that can be potential biomarkers in unstable plaques and CAD progression and explore the characteristics of 5mC modification patterns in AMI.




2.7 Alteration analysis of 5mC regulator between AMI and CAD

The protein-protein interaction network of 21 5mC regulators was obtained from the STRING (33) database,1 and the PPI network was then visualized via Cytoscape (34) software, V3.8.3. Besides, the biological processes these 5mC regulators participate were analyzed by Metascape (35). Then, the expression value was pre-processed by the “normalize between arrays” function in the “limma” package (36), and differential gene expression analysis was conducted. A | log2FoldChange| value > 0, and a p-value < 0.05 were considered statistically significant. The expression relationship among 21 5mC regulators was evaluated by Spearman correlation analysis in AMI and CAD samples, respectively. Afterward, the expression status differences of 21 5mC regulators between AMI and CAD were compared by the Wilcox test.



2.8 Identification of hub AMI-related 5mC regulators and establishment of a classifier

The differentially expressed 5mC regulators were defined as the AMI-related 5mC regulators. Subsequently, these AMI-related 5mC regulators were subjected to least absolute shrinkage and selection operator (LASSO) regression (37) and support vector machine recursive feature elimination (38) (SVM-RFE) with 10-fold cross-validation, the R package “glmnet” and “e1071” helped implemented the above process. These two machine learning methods were used for feature selection and dimension reduction, so the hub AMI-related 5mC regulators were identified. Furthermore, by using “rms” package, we developed a 5mC regulator-related AMI-CAD classifier based on the hub 5mC regulator gene expression values, and receiver operating characteristic (ROC) curve analysis was used to evaluate the distinguishing performance of the classifier (39). Besides, a nomogram, a calibration plot, decision curve analysis (DCA) and a clinical impact curve were visualized based on the results, the above analyses can help assess the predictive power of the classifier and evaluated the clinical value of the classifier (40, 41).



2.9 Identification of 5mC-associated molecular clusters

To confirm distinct 5mC methylation modification patterns, unsupervised clustering analysis based on 21 5mC regulators expression profiles was conducted by the R package “ConsensuClusterPlus” (42). To guarantee the stability of the clustering, a thousand repetitions were performed, and each iteration contained 80% of the samples. The cumulative distribution function (CDF) curve of the consensus score was used to define the optimal cluster number. Then, similar to previous studies (43–47), principal component analysis was further performed on these 5mC regulators to calculate principal component 1, which was used for 5mC score calculation in this study.
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i shows the expression of 5mC regulator genes.



2.10 Exploration of immune characteristics and hallmark pathway activity in the clusters

Gene set variation analysis (GSVA) via the R package “GSVA” was performed to explore Hallmark pathways on biological differences between two clusters (48). Besides, the enrichment scores that represented the 28 immunocytes infiltration levels in each sample were evaluated using single-sample GSEA (ssGSEA) algorithm, and immunocyte scores of the samples in CAD group were calculated as well. The marker genes of the 28 immunocytes were acquired from a previous study (49). The Kruskal-Wallis test was used to analyze the infiltration levels of each immunocyte between two clusters. Then the correlation between hub 5mC regulators and immunocytes was determined by Spearman correlation analysis. Subsequently, DEGs between clusters were identified by the R package “limma.” Then, Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) functional enrichment analyses were conducted on these 5mC phenotype-related DEGs to observe the functions or pathways in which the 5mC regulators may affect.



2.11 Association of identified 5mC regulators and AMI

To further investigate the follow-up relationship between 5mC regulators and AMI. Two datasets (GSE59867 and GSE62646) were employed. The GSE59867 dataset contains relevant gene expression pattern at four time points of AMI patients: admission, discharge, after 1 month, and after 6 months. The GSE62646 dataset contains relevant gene expression pattern at three time points of AMI patients: admission, discharge, and after 6 months. The expression status of the hub 5mC regulators were compared between admission and other time points using Wilcoxon rank sum test.



2.12 Statistical analysis

R software 4.1.1 was conducted in this study for statistical analyses and visualization. The R package “ggplot2” was used to make statistical plots, and a two-tailed P-value < 0.05 was considered statistical significance unless otherwise specified.




3 Results


3.1 An overview of 5mC regulator genes in AMI and CAD

Twenty-one 5mC regulators were investigated in this study, including 3 writers, 14 readers, and 4 erasers. A protein-protein network (Figure 2A) depicting the regulation interactions of these 5mC regulators was found to have multiple close connections. Besides, the biological processes these 5mC regulators take part in were exhibited in Supplementary Figure 1, and they are mainly involved in the DNA modification process just as anticipated. Figure 2B displays the location of the 5mC regulator genes via a circle diagram, which was mainly distributed on Chromosomes 2, 3, 12, 18, 19, and X. Besides, we analyzed the transcriptome links and discovered strong correlations between writers, readers, and erasers (Figure 2C): most regulators statistically correlated with each other in expression in both group of samples; in the CAD samples, reader MBD1 and reader ZBTB4 are the most correlated 5mC regulators; while in the AMI samples, reader MECP2 and read ZBTB4 showed the closest correlation, indicating these readers may function as a complex. Then, differentially expressed analysis found 14 dysregulated 5mC regulators, where eraser TET3 had the largest fold change, and the well-studied writer DNMT3A did not alter noticeably (Figure 2D), indicating that it might not be crucial in unstable plaques and CAD progression. The expression variations of the 21 5mC regulators were depicted in the boxplot (analyzed by the Wilcox test) and heatmap (Figures 2E, F), and the immunocytes alteration were shown in Supplementary Figure 2.
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FIGURE 2
Expression landscape of 5mC regulators in AMI and CAD. (A) The protein-protein interactions among 21 5mC DNA methylation regulators and the composition summary of them. (B) Circle diagram of 5mC-related genes. (C) The volcano plot shows the expression changes of 21 5mC-related genes between AMI and CAD samples, and the statistically significant 14 5mC regulators are labeled. (D) Correlations among the expression of 21 5mC regulators in AMI and CAD samples, the correlation scatter plot shows the pair of genes with the most positive correlations in AMI and CAD, respectively. The box plot (E) and heatmap plot (F) demonstrated the transcriptome expression status of 21 5mC regulators between AMI and CAD samples.




3.2 Hub 5mC regulator genes were selected via integrated machine learning methods

As mentioned earlier, 14 5mC regulators were dysregulated between AMI and CAD. Then, the abovementioned genes in the training cohort were used as inputs for both LASSO (Figures 3A, B) and the SVM-RFE algorithm (Figure 3C) with 10-fold cross-validation. By taking the intersection of the outputs of LASSO and SVM-RFE algorithms, nine hub 5mC regulator genes were identified (Figure 3D), including one writer (DNMT3B), six readers (MBD3, UHRF1, UHRF2, NTHL1, SMUG1, and ZBTB33), and two erasers (TET1 and TET3). Furthermore, a diverse 5mC regulator expression pattern between AMI and CAD was also shown by PCA results (Figure 3E), and the contribution of each hub regulator was shown: the erasers contribute more than other regulators, suggesting some potential roles of which in unstable plaques and CAD progression.
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FIGURE 3
Identification of hub 5mC regulators. (A) The least absolute shrinkage and selection operator (LASSO) coefficient profiles of the 14 5mC regulators. (B) 10-fold cross-validation for optimum tuning parameter (λ) selection using LASSO. (C) Estimating 10-fold cross-validation error using the support vector machine recursive feature elimination (SVM-RFE). (D) Intersections of diagnostic gene outputs generated by LASSO and SVM-RFE. (E) Principal component analysis of nine hub 5mC regulators between AMI and CAD. The ROC curve and evaluated by the AUC value in the training cohort (F) and the external validation cohort (G) based on the constructed logistic model.




3.3 Construction and assessment of a logistic regression model for AMI diagnosis

The R package “Rms” was utilized to constructed a logistic regression model for AMI diagnosis based on the hub 5mC regulators (DNMT3B, MBD3, UHRF1, UHRF2, NTHL1, SMUG1, ZBTB33, TET1, and TET3). The ROC curve was plotted (Figures 3F, G), and the classification model showed a satisfactory discrimination capability in both the training cohort (area under the curve [AUC] = 0.936, concordance index [CI] = 0.900–0.972) and the external validation cohort (AUC = 0.888, CI = 0.785–0.991). According to the logistic regression model, a nomogram was generated (Figure 4A). Afterward, a calibration curve was plotted to assess the predictive capability of the classifier and very little difference between the actual and predicted AMI risks was shown, demonstrating the robustness of the model (Figure 4B). Besides, the DCA of the model was conducted, and patients who use this model would be more beneficial than either the treat-none or the treat-all scheme (Figure 4C). Furthermore, the clinical impact curve based on the DCA curve was plotted to test the clinical influence of the logistic regression model (Figure 4D). At high risk threshold from 0.4 to 1, the “Number high risk with event” curve was close to the “Number high risk” curve, suggesting that the logistic regression model has the exceptional predictive capability. In certain ways, these findings also suggested that the 10 hub 5mC regulators may be crucial in unstable plaques and CAD progression. To validate our findings, experiments were conducted, and qRT-PCR (Figures 5A–I) and Western blot (WB) (Figure 5J) results showed significantly differentiated expressions of the genes between AMI and CAD clinical samples, which were consistent with our bioinformatics results.
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FIGURE 4
Construction and validation of a logistic model for AMI diagnosis based on the training dataset GSE59867. (A) Nomogram to predict the occurrence of AMI. (B) Calibration curve to assess the predictive power of the logistic model. (C) DCA curve to evaluate the clinical value of the logistic model. (D) Clinical impact curve based on the DCA curve to assess the logistic model.
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FIGURE 5
Experiment validation of the nine hub 5mC regulators. (A–I) DNMT3B, MND3, NTHL1, SMUG1, TET1, TET3, UHRF1, UHRF2, ZBTB33. The results were presented as mean ± standard deviation (t-testing). **p < 0.01, (J) Western blot analysis of hub 5mC regulators.


In addition, information on the association between genes change level and AMI outcome was also analyzed. Based on patients TIMI risk score, 5mC regulators’ expression level in patients with high, intermediate, low-risk score was evaluated (Supplementary Figure 3).



3.4 The association of identified nine 5mC regulators and AMI

To investigate the relationship between these nine 5mC regulators and AMI, the expression status of these 5mC regulator genes were evaluated. Of interest, we found that the expression levels of “eraser” TET3 was the most significantly varied in both training cohort (Figure 6) and external validation cohort (Supplementary Figure 4).
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FIGURE 6
Nine 5mC regulators expression level at four time points of AMI patients in GSE59867. (A–I) MND3, NTHL1, SMUG1, UHRF1, UHRF2, ZBTB33, DNMT3B, TET1, TET3. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.




3.5 5mC methylation modification patterns mediated by 21 regulators in AMI

Based on the expression levels of 21 5mC regulators in AMI, the pam clustering algorithm with two clusters (including 43 samples in cluster-1 and 68 samples in cluster-2) was found achieved the clearest population clusters, and k = 2 was determined as the optimal value (Figures 7A–C), and the detail of the clusters and samples were listed in Supplementary Table 2. Besides, the PCA results showed distinct 5mC modification patterns between the two clusters (Figure 7D), and the 5mC score of each sample was calculated based on the abovementioned calculation formula. We found that cluster-1 members have a much higher 5mC score than cluster-2 members (Figure 7E), and the correlations between the 5mC score samples and 5mC cluster samples were shown by a Sankey diagram (Figure 7F). Afterward, the expression values of the 21 5mC regulators were compared, and the majority of them notably altered between cluster-1 and cluster-2, demonstrating distinct expression patterns between the two clusters (Figure 7G).
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FIGURE 7
Identifying 2 distinct 5mC modification pattern clusters in AMI by unsupervised clustering of 21 5mC regulators. (A) Heatmap of the matrix of co-occurrence proportions for AMI specimens. (B) Consensus clustering cumulative distribution function (CDF) for K = 2–6. (C) Relative change in area under CDF curve for K = 2–6. (D) Principal component analysis for the transcriptome profiles of two 5mC clusters. (E) The differences in the 5mC score between the 5mC clusters. (F) Sankey plot showing the correlations between the 5mC score groups and 5mC clusters. (G) The expression status of 21 5mC regulators between the two 5mC clusters. *p < 0.05; **p < 0.01; ***p < 0.001; *⁣*⁣**p < 0.0001.




3.6 Function and immunocyte infiltration analysis based on molecular typing

Besides, based on the ssGSEA results, the enriched scores of 28 types of immunocytes were evaluated, and some immunocytes differ between the two subtypes. For example, cluster-1 owned a greater monocyte count, while cluster-2 owned a greater immature and activated B cell count (Figure 8A). The distinct immunological features were explored, we then explored other biological functions between the two clusters. The different HALLMARK pathways activity between the clusters were analyzed via GSVA algorithm (Figure 8B), and we found that the MYOGENESIS pathway and the G2M_CHECKPOINT pathway were the most significantly dysregulated ones, indicating their potential linkages. Then, the correlation between immunocytes and hub 5mC regulators were analyzed in separate cluster (Figures 8C, D), the results show that the most positively correlated immunocyte and 5mC regulator pair in cluster-1 was TET3 and Mast cell whereas the most positively correlated immunocyte and 5mC regulator pair in cluster-2 was TET3 and Myeloid-derived suppressor cell (MDSC). Then 64 DEGs between the clusters were identified (Supplementary Figure 5), and these DEGs were subjected to GO and KEGG functional enrichment analyses (Figures 8E, F). The enrichment results showed that they were mainly involved in cytokine-related pathways and immune-related pathways.
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FIGURE 8
Further exploration of the characteristics between the two AMI clusters. (A) The abundance differences of each infiltrating immunocyte in 2 5mC modification clusters. (B) The differences in HALLMARKS pathway enrichment score between 5mC modification cluster-1 and cluster-2. The correlation between 28 immunocytes and hub 5mC regulators in cluster-1 (C), and cluster-2 (D). (E) Gene Ontology enrichment analysis of DEGs between cluster-1 and cluster-2, the outermost ring represented the name of pathways. The second outer ring represented the number of genes in pathways, and the heights of the columns in the inner ring indicate the value of GeneRatio. (F) Chord plot depicting the relationship between genes and KEGG signaling pathways. *p < 0.05; **p < 0.01.





4 Discussion

AMI, a leading cause of morbidity and mortality globally, is increasingly being researched by academics in terms of its early diagnosis and treatment (50). Prior studies reported the bidirectional relationship between plaques progression and CAD progression: stable CAD to STEMI can induce plaques progression and plaque progression can worsen CAD progression (28, 51). Nevertheless, the therapeutic targets and predictive biomarkers are currently few, and AMI continues to be a major factor in death and disability. Thus, more research is needed to find novel biomarkers for the early detection of AMI.

To add more theoretical bases to the urgent issue, here, we systematically investigated the 21 5mC regulators under the “stable CAD to AMI” circumstance. A set of bioinformatics algorithms were performed, and 14 differentially expressed 5mC regulators genes were identified which correlated and interacted with each other, resulting in a 5mC regulation network in AMI and CAD. Then, examined by the integrated machine learning methods (LASSO and SVM-RFE), the nine most important 5mC regulators (DNMT3B, MBD3, UHRF1, UHRF2, NTHL1, SMUG1, ZBTB33, TET1, and TET3) were screened out. Afterward, similar to previous studies (52, 53), a logistic model was established for the AMI diagnosis. Satisfactory discrimination ability was shown, for which C-index is 0.936 in the training cohort and 0.888 in the external validation cohort. The calibration, DCA and clinical impact curve plots indicated the pleasant fit of the model, suggesting DNA methylation may be a crucial molecular variable in the development of AMI.

Given the individual heterogeneity of 5mC methylation modification, unsupervised clustering of the AMI specimens based on 5mC regulator expression profiles was performed, and the results led us to two clusters with distinctive 5mC modification patterns, and distinct immunocyte characteristics were observed. Of interest, we found that many significant correlations between hub 5mC regulators and immune cells in the clusters, respectively. The most correlated pair in cluster-2 is TET3-MDSC (correlation coefficient = 0.65, p < 0.001), while TET3- Mast cell (correlation coefficient = 0.59, p < 0.001) in cluster-1. MDSCs are pathologically activated monocytes and neutrophils with formidable immunosuppressive activity (54), and current studies found that MDSCs mobilization were closely related to AMI (55). By preventing the local inflammatory response and inflammation-mediated apoptosis, MDSCs may have a positive and protective effect on the process of ventricular remodeling after AMI (56). However, Yao et al. reported that myocardial damage in AMI mice can get worse by the growing MDSCs infiltration (57). Besides, DNA methylation can in a way regulate MDSC metabolism. Smith et al. reported that MDSC survival could be affected by DNA methylation via an independent mechanism (58). According to our findings, a tight bond of mast cell and 5mC regulator was revealed in AMI subclusters. Mast cells have been seen in AMI and are multifunctional cells that contain a variety of mediators, including histamine, tryptase, and cytokines (59). Kupreishvili et al. reported that excessive mast cell infiltration can give rise to increased risk of AMI, possibly increasing the risk of re-infarction (60). In addition, Leoni et al. found that DNA methylation is crucial in regulating mast cell reactivity (61). Regarding TET3, i.e., tet methylcytosine dioxygenase 3, which is one of the DNA methylation eraser regulators and can oxidize 5mC into 5-hydroxymethylcytosine (5hmC) (62). It has been verified that TET3 was closely associated with the process of stem cell renewal, epigenetic modulation, tumor, and embryonic development (63–66). However, the relationship between TET3 and AMI or between TET3 and MDSC is yet to be found. Furthermore, based on the GSVA results, distinct pathway overview between clusters were drawn. As demonstrated by a previous literature, the pathophysiology of heart failure (HF) is caused by the inappropriate resolution of inflammation following post-myocardial injury, which is linked to failed left ventricular remodeling (67). Apparently, immune-related pathways were more activated in cluster-1, suggesting patients in this cluster may suffer a poor prognosis. Last, we identified the 5mC phenotype-related genes, and the GO and KEGG enrichment analyses results were mainly involved in cytokine-related pathways and immune-related pathways, indicating these processes may mainly contribute to 5mC mediation in AMI. Abundant discoveries were found, and other researchers in the field will get directions to catch the key 5mC regulator and immune features in AMI rapidly.

To our best knowledge, our study is the first one to systematically explored the biomarkers for stable CAD to AMI progression regarded to 5mC regulators. Fruitful findings were generated: hub 5mC regulators were identified and validated by qRT-PCR; an AMI diagnosis model was built and validated; subclusters of AMI were identified, as well as their unique immune characteristics.


4.1 Limitations of the present study

However, there are still some limitations that we must admit. This research is mainly based upon silico analysis, and most findings are theoretically sound but haven’t been tested in actual experiments. Although nine hub 5mC regulators were validated by a robust model, an external validation cohort, and qRT-PCR, the biological function and specific mechanism they may involve in AMI is still a giant gap. Besides, the method for immunocyte infiltration analysis is based on the most widely applied ssGSEA algorithm, although single-cell sequencing is still needed to obtain the most precise number of immunocytes. More importantly, some important information were not reported in the current study, such as biomarkers, echo, EKG and clinical characteristics of the population.




5 Conclusion

In brief, a non-negligible impact of 5mC regulators on the diagnostic effect of stable CAD to AMI was determined. Nine hub 5mC regulators are identified to be latent biomarkers in AMI (DNMT3B, MBD3, UHRF1, UHRF2, NTHL1, SMUG1, ZBTB33, TET1, and TET3). Besides, two 5mC molecular clusters were identified, and the immunocyte infiltration and pathway activity of each cluster was analyzed in this study. The findings may provide a novel direction for the follow-up exploration of the molecular mechanism of 5mC regulators in the progression of stable CAD to AMI and provide a new reference for the personalized treatment of patients.
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Great strides have been made in past years toward revealing the pathogenesis of acute myocardial infarction (AMI). However, the prognosis did not meet satisfactory expectations. Considering the importance of early diagnosis in AMI, biomarkers with high sensitivity and accuracy are urgently needed. On the other hand, the prevalence of AMI worldwide has rapidly increased over the last few years, especially after the outbreak of COVID-19. Thus, in addition to the classical risk factors for AMI, such as overwork, agitation, overeating, cold irritation, constipation, smoking, and alcohol addiction, viral infections triggers have been considered. Immune cells play pivotal roles in the innate immunosurveillance of viral infections. So, immunotherapies might serve as a potential preventive or therapeutic approach, sparking new hope for patients with AMI. An era of artificial intelligence has led to the development of numerous machine learning algorithms. In this study, we integrated multiple machine learning algorithms for the identification of novel diagnostic biomarkers for AMI. Then, the possible association between critical genes and immune cell infiltration status was characterized for improving the diagnosis and treatment of AMI patients.
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Introduction

Acute myocardial infarction (AMI) is a medical emergency caused by acute occlusion of the coronary arteries resulting in hypoperfusion and ischemic necrosis of myocardial cells. The pathophysiology of AMI is complex involving hemodynamic and circulatory dysfunction, organ failure, and even crosstalk between inflammation and immune disorders. The high incidence and mortality of AMI cause a serious social and healthy economic burden and affect the quality of human life (1, 2). It is vital to diagnose and treat AMI as soon as possible to reduce myocardial injury and malignant consequences, reduce mortality to a certain extent, and improve the patient’s prognosis (3). As of now, the evaluation of myocardial enzyme (CKMB) and cardiac troponin I (cTnI) remains the gold standard for the diagnosis of acute myocardial infarction. Nevertheless, some researchers have pointed out that patients with chronic kidney disease and heart failure also have elevated cTnI levels, making the diagnosis of AMI based on these biomarkers still unsatisfactory due to their low specificity and sensitivity (4–6). In addition, with an aging global population and an increasing life expectancy, it has become more crucial than ever to diagnose and prevent AMI.

In recent years, new technologies such as next-generation sequencing have allowed us to make great advances in diagnosing cardiovascular disease and identifying therapeutic biomarkers. With the rapid development of bioinformatics, novel methods are being developed for the prediction of AMI. It is worth noting that traditional differential gene expression analysis (DEGs) is mainly used to identify hub genes, but may lead to the loss of intrinsic biological information. Furthermore, although multi-biomarker approaches have been reported to significantly improve the diagnostic accuracy of AMI, they still lack robust capabilities due to complex genetic structures and inadequate methods (7–9). Many predictive models with poor accuracy and low efficiency may not enough for screening and early detection of AMI. Fortunately, the development of machine-learning algorithms, such as random forest (RF) and support vector machine-recursive feature elimination (SVM-REF), have been successfully applied to biomarker discovery and to build accurate prognostic risk models (10, 11).

Hence, in the present study, we integrated weighted gene co-expression network analysis (WGCNA) and DEGs analysis to identify candidate genes related to the pathogenesis of AMI. Then by combining the utilization of multiple machine-learning algorithms including the least absolute shrinkage and selection operator (LASSO), RF, and SVM-REF, we finally obtained seven optimal feature genes. Then we evaluated their predictive performance of them using the receiver operating characteristic (ROC) curve. Thereafter, the mechanism by which they contribute to AMI was investigated by functional enrichment analyses such as GO, KEGG, DO, and GSEA. Besides, immune-related algorithms such as ssGSEA were conducted to assess of the levels of infiltration of different immune cell types and functions. In conclusion, we found that seven powerful diagnostic efficacy genes were present in patients with AMI, indicating that they may provide new potential targets for diagnosis and prognosis of AMI, thus leading to improved outcomes.



Materials and methods


Data collection and processing

The study flowchart is presented in Figure 1. AMI-related raw gene expression profiles data were downloaded from the Gene Expression Omnibus database (GEO).1 Two microarray datasets GSE48060 (GPL570, Control: 21, AMI: 31) and GSE66360 (GPL570, Control: 50, AMI: 49) were included in subsequent bioinformatics analysis. Three microarray datasets GSE19339 (GPL570, Control: 4, AMI: 4), GSE97320 (GPL570, Control: 3, AMI: 3), and GSE61145 (GPL6106, GPL6884, Control: 17, AMI: 31) were used as independent validation sets. Information on the datasets was displayed in Supplementary Table 1. It should be noted that if a gene has multiple probe loci during the conversion of probe ID and gene symbol, we use the average value of probe loci as the gene expression level. A further step was taken to convert the probe IDs to the gene symbols based on the annotation files from the respective platforms and to remove the probes which did not correspond to the gene symbols. Next, the microarray data were transformed into log2 values for further analysis. And we integrated them using Combat algorithm implemented in R package “sva” (12) and removed batch effects to form a merged dataset.
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FIGURE 1
The workflow of this study.




Differential expression analysis

Differential expression analyses between AMI and control samples were conducted to identify DEGs using R package “limma” (criteria: | logFC| > 0.75, P-value < 0.05). Significantly upregulated genes and downregulated genes were visualized by volcano plot and heatmap.



Weighted gene co-expression network analysis

Weighted gene co-expression network analysis was performed via the R package “WGCNA” to identified potential functional modules that could characterize the biological function of the AMI samples (12). It was checked to ensure that no anomalous samples had escaped clustering of samples and were excluded from the merged gene matrix. In brief, on the basis of weighted correlation adjacency matrices and cluster analyses, genes with similar expression patterns were assigned to co-expression modules. From the adjacency matrix, a topological overlap matrix (TOM) was derived, based on which genes were divided into modules according to the degree of dissimilarity between them in the TOM. The cut height, minimal module size, and soft-thresholding power were set as 0.25, 50, and 24 (scale-free R2 = 0.9), respectively. Finally, gene importance (GS) and module membership (MM) were calculated. Then spearman correlation coefficients as well as the corresponding P-value between control, AMI groups, and functional modules were calculated by using the Spearman method. Finally, the hub module extracted the corresponding genes were selected for in-depth analysis.



Functional enrichment analysis and protein-protein interaction network

To identify the putative significant functional terms between the AMI and control groups, we applied the gene sets enrichment analysis (GSEA) using GSEA software with reference gene set (c2.cp.kegg.v11.0.symbols) and the significance levels for enriched gene sets were determined at q-value [false discovery rate (FDR)] < 0.05 and P < 0.05 (13). The upregulated pathways had a normalized enrichment score (NES) greater than zero, whereas the downregulated pathways had a NES less than zero. We further obtained the overlapped candidate genes between DGEs and module genes based on above mentioned analyses. Venn diagrams were created using the Venn Diagrams software2 to display the overlap genes. Gene ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and Disease ontology (DO) enrichment analyses were performed using “clusterProfiler” and “DOSE” R packages to explore the function and pathways of the overlapped candidate genes (14). Besides, we mapped a protein-protein Interaction (PPI) network to explore the interaction of overlapped candidate genes using the online mapping tool ‘‘STRING.3 “ The co-expression network was plotted by using R package “igraph” to explore the correlation intensity between score genes.



Screening optimal feature genes

We applied a combination of machine learning algorithms (LASSO, SVM-REF, and RF) to predict disease status and identify significant prognostic variables. The LASSO regression analysis tool selects variables and regularizes them simultaneously to improve the predictive capability of statistical models (14). The SVM, a supervised machine learning method, is used for regression and classification; the FRE algorithm was used to prevent overfitting while producing interpretable results (15, 16). As a result, the SVM-RFE algorithm was used to identify the gene sets with the highest discriminatory powers that would be used to identify the most appropriate feature genes. The classification tree is the basis for the RF method, which is one of the most popular approaches to various prediction problems (17). The optimal tree number was determined by the tree number with the lowest error rate and the best stability among 1–500 trees. Following this, an RF was constructed based on the selected parameter, and the important genes were selected as the key genes for AMI diagnosis based on the decreasing accuracy method (Gini coefficient). Considering the gene importance greater than 2 is a common screening criterion in the RF algorithm, which has been used in similar studies (18), the top 10 important genes (importance > 2) were chosen as the novel gene signatures for predicting prognosis in AMI. Finally, the commonly shared genes from the intersection of a couple of machine learning algorithms were the optimal feature genes.



The expression and diagnosis significance of optimal feature genes

The expression levels of the optimal feature genes in AMI samples and control samples were calculated using Wilcoxon rank-sum test. We further validated the predictive value of the optimal feature genes using receiver operator characteristics (ROC) curves.



Assessment of hallmark gene sets and immune cell infiltration

The CIBERSORT algorithm is a deconvolutional arithmetic on the foundation of genetics expressions, and it can be used to assess variations in a gene group within a specimen in comparison with the variations in the rest of the genes (19). The CIBERSORT algorithm was used to identify the infiltration of 22 immune cells in normal and AMI samples, and box plots were used to illustrate the immune cell composition of patients with varying immune patterns. The Wilcoxon rank-sum test was used to evaluate the differences in immune cell proportions, and P < 0.05 was considered statistically significant. Additionally, the relative levels of the 50 hallmark gene sets (h.all.v7.5.1.symbols.gmt) in the merge dataset were quantified using the ssGSEA algorithm (20). Additionally, Spearman’s correlations for the 50 hallmark genes sets and the optimal feature genes were calculated.



GSEA and correlation analysis of optimal feature genes

In addition, GSEA was utilized to determine the biological significance of optimal feature genes, utilizing the gene set of ‘‘c2.cp.kegg.v11.0.symbols’’ from the Molecular Signature Database4 as a reference. A gene set permutation with 1,000 times was conducted for each analysis in order to obtain a normalized enrichment score. An FDR < 0.05 was regarded as significant enrichment. Besides, correlations between optimal feature gene expression levels were calculated using Pearson correlation analysis.



Sample collection

Six AML patients and six healthy subjects of peripheral blood was stored inside 1.5 ml RNase-free tubes at −80°C until use. All blood samples were randomly sampled from the Baotou Central Hospital from August 2021 to September 2022. Diagnosis of AMI was based on the Fourth Universal Definition of Myocardial Infarction. This study was approved by the Ethics Committee of the Baotou Central Hospital and was conducted in accordance with the Declaration of Helsinki.



RNA extraction and quantitative reverse transcription PCR (qRT-PCR)

RNA was extracted from blood samples using Trizol reagent and then cDNA was synthesized by reverse transcription using the PrimeScript™ RT Reagent Kit (RR037, TaKaRa, China) based on the manufacturer’s protocol. GAPDH was used as the internal references, then qRT-PCR was conducted using the SYBR Green PCR Kit (RR820, TaKaRa, China) based on the manufacturer’s protocol. The expression level was quantized by 2–ΔΔCT mode. All reactions were repeated in triplicate. The primers used are shown in Supplementary Table 2.



Statistical analysis

All data processing, statistical analysis, and plotting were conducted in R software (version 4.1.1) and GraphPad Prism (version 8.0.2). Wilcoxon rank-sum test or Student’s t-test was utilized for analyzing the difference between the two groups. The correlation between the variables was determined using Pearson’s or Spearman’s correlation test. All statistical P-values were two-side, and P < 0.05 was regarded as statistical significance.




Results


Identification of DEGs between control and AMI samples

In this study, we merged two microarray datasets including GSE48060 and GSE66360 datasets from the GEO database and totally obtained 71 control and 80 AMI samples. Before data analysis, we removed the batch effect from different batches between the datasets (Figure 2A). Next, a total of 118 DEGs (Supplementary Table 3) including 11 downregulated genes and 107 upregulated genes were identified, which were intuitively presented in the heatmap (Figure 2B). Among them, some genes were significantly upregulated, such as ACSL1, S100A12, NFIL3, THBD, NR4A2, IL1R2, BCL6, IRAK3, S100P, PELI1, NAMPT, CLEC4E, MMP9, CLEC4D, CDA, IL1B, RNASE2, PTX3, EIF1AY, etc. While genes like XIST, TSIX were significantly downregulated (Figure 2C). To further clarify the differences in functional and biological pathways between AMI and control samples, we performed GSEA analysis of KEGG and screened significant enriched signaling pathways (Supplementary Table 4). Ridgeline plot showed that there were changes in various immune-related biological functions and processes in AMI, such as the activation of IL-17, NF-kB, and TNF signaling pathways, and the formation of centriole extracellular traps (NETs) (Figure 2D). Additionally, IL-17 signaling pathway, starch and sucrose metabolism, and pantothenate and CoA biosynthesis were significantly enriched in the AMI group (Figure 2E). In contrast, basal transcription factors, DNA replication, mismatch repair, fanconi anemia, etc. were significantly enriched in the control group (Figure 2F).
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FIGURE 2
Identification of DEGs and functional annotation. (A) Gene expression level statistics of the integrated dataset after removed batch effect. (B) The heatmap of AMI-related DEGs expression levels: blue-low gene expression; red-high gene expression. (C) The volcano plot of AMI-related DEGs expression. (D) Ridgeline plot of GSEA results. (E,F) The main signaling pathways that are significantly enriched in the AMI group (E), and in the control group (F).




WGCNA and screening of hub modules

The co-expression network was constructed by WGCNA. A total of 21,654 genes, 71 control and 80 AMI samples were preferred to cluster the samples and exclude the obviously aberrant samples by setting a threshold, as shown in Figure 3A. Then, based on scale-free R2 = 0.9 and a high average connectivity, we set the soft power threshold to 24 (Figure 3B). In total, seven modules were identified for further study after the strongly associated modules were merged according to a 0.25 clustering height limit. The primed and merged modules were eventually displayed under the clustering tree (Figure 3C). The correlation between modules was assessed, and the results revealed that there was no significant association between them (Figure 3D). The reliability of modules delineation was demonstrated by transcription correlation analysis within modules, which revealed no substantial linkage between modules (Figure 3E). Similarly, an examination of the correlation between ME values and clinical features was conducted using frontal correlations to investigated the relationships between ME values and clinical symptoms. The cyan module showed a strong correlation with AMI (R = 0.42, P < 6.3e-39) (Figures 3F, G). In total 519 candidate genes in the cyan module were included in the subsequent analysis (Supplementary Table 5).
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FIGURE 3
Weight correlation network analysis. (A) Sample clustering dendrogram with tree leaves corresponding to individual samples. (B) Analysis of the scale-free fit index (R2) and the mean connectivity for various soft-thresholding powers. (C) The original and combined modules under the clustering tree with cut-off values height of 0.25. (D) Collinear heat map of module feature genes. Red color indicates a high correlation, blue color indicates the opposite results. (E) Clustering dendrogram of module feature genes. (F) Heat map of module–trait correlations. Red represents positive correlations and blue represents negative correlations. (G) MM vs. GG scatter plot of AMI for cyan module.




Functional enrichment analysis of overlapping DEGs

In total 96 overlapping genes (Supplementary Table 6) were screened from above mentioned DEGs and cyan module hub genes, which were also named candidate feature genes (Figure 4A). To reveal the possible biological function and enrichment pathways of the candidate feature genes, GO, KEGG, and DO analyses were carried out, subsequently. Among them, GO analysis consisted of three categories: biological process (BP), cellular component (CC), and molecular function (MF). In the BP category, the candidate feature genes were mainly enriched in neutrophil degranulation, neutrophil activation involved in immune response, neutrophil mediated immunity and neutrophil activation, etc. For the CC category, the candidate feature genes were enriched in many aspects, such as tertiary granule, ficolin-1-rich granule, specific granule and secretory granule membrane. For the MF category, the candidate feature genes were significantly enriched in immune receptor activity, pattern recognition receptor activity, chemokine activity and carbohydrate binding (Figure 4B). In addition, these genes were particularly associated with IL-17 signaling pathway, TNF signaling pathway, lipid and atherosclerosis, toll-like receptor signaling pathway, C-type lectin receptor signaling pathway, legionellosis, osteoclast differentiation, rheumatoid arthritis and NF-kappa B signaling pathway in the KEGG enrichment analysis (Figures 4C–E). DO analysis showed that the candidate feature genes mainly enriched in arteriosclerotic cardiovascular disease, bacterial infectious disease, arteriosclerosis and atherosclerosis (Figure 4F). The above functional enrichment analyses show that the immune system of AMI patients has changes in multiple dimensions, and it may have a common pathological process with the occurrence and progression of other autoimmune diseases. Then, to further reveal protein-protein interactions in the pathogenesis of AMI, we analyzed the protein-protein interaction (PPI) network of the candidate feature genes and constructed a PPI network using the String website. The PPI network for these proteins was shown in Figures 4G, H. Taken together, candidate feature genes play an important role in the pathogenesis of AMI.
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FIGURE 4
Identification and functional enrichment analyses of overlapping candidate genes. (A) Venn diagram showed the intersection of DEGs and module genes of WGCNA. (B–F) GO (B), KEGG (C–E), and DO (F) enrichment analysis of the overlapping candidate genes. (G) Protein-Protein Interaction (PPI) network of overlapping candidate genes. (H) The co-expression network showing correlation intensity of hub genes from overlapping candidate genes.




Identification of optimal feature genes by integrating multiple machine learning algorithms

To identify the putative feature genes, three different machine learning algorithms were employed. Specifically, we identified 30 feature genes as the diagnostic markers for AMI form the aforementioned 96 candidate feature genes obtained from the LASSO analysis (Figure 5A and Supplementary Table 7). Furthermore, using the SVM-REF algorithm, 60 feature genes were selected after 5-fold cross-validation of the 96 candidate feature genes (Figure 5B, Supplementary Table 8). Besides, for the RF algorithm, top 10 feature genes with importance >2 were determined, including MCEMP1, SLC11A1, IRAK3, THBD, MMP9, NFIL3, IL1R2, ACSL1, BCL6, and GABARAPL1 (Figures 5C, D). Finally, the intersection of the feature genes obtained from the above three machine learning algorithms was taken and a total of seven optimal feature genes were identified, including ACSL1, GABARAPL1, IL1R2, IRAK3, MCEMP1, NFIL3, and THBD, that could be used as potential diagnostic markers for AMI and may be critical genes involved in AMI progression (Figure 5E).
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FIGURE 5
Three machine learning algorithms were integrated to identify the optimal feature genes. (A) LASSO coefficient profiles of the candidate optimal feature genes and the optimal lambda was determined when the partial likelihood deviance reached the minimum value. Each coefficient curve in the left picture represents a single gene. The solid vertical lines in right picture represent the partial likelihood deviance, and the number of genes (n = 30) corresponding to the lowest point of the cure is the most suitable for LASSO. (B) The SVM-RFE algorithm was used to further candidate optimal feature genes with the highest accuracy and lowest error obtained in the curves. The x-axis shows the number of feature selections, and the y-axis shows the prediction accuracy. (C) Relative importance of overlapping candidate genes calculated in random forest (Top 10 genes’ importance > 2). Importance indexes on the x-axis and genetic variables are plotted on the y-axis. (D) Random forest for the relationships between the number of trees and error rate. The x-axis represents the number of decision trees and the y-axis is the error rate. (E) Venn diagram showing the seven optimal feature genes shared by LASSO, Random Forest, and SVM-REF algorithms.




Assessment of the expression and diagnosis significance of optimal feature genes

We further validated the expression levels of the 7 optimal feature genes in 80 AMI samples and 71 normal samples. Additionally, the expression levels of the 7 genes were significantly upregulated in the AMI samples, indicating their potential roles during the progression of AMI (Figures 6A–G, P < 0.01). Besides, to quantitatively assess the diagnostic and predictive value of the optimal feature genes, we conducted a ROC curve analysis (Figure 6H). The AUC values of ROC curves were ACSL1 of 0.827 (Figure 6I), GABARAPL1 of 0.841 (Figure 6J), IL1R2 of 0.849 (Figure 6K), IRAK3 of 0.845 (Figure 6L), MCEMP1 of 0.844 (Figure 6M), NFIL3 of 0.833 (Figure 6N), THBD of 0.843 (Figure 6O), demonstrating that these optimal feature genes enable to estimate the progression and had a high diagnostic value for AMI.
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FIGURE 6
Verification of expression and diagnostic efficacy in predicting AMI progression of optimal feature genes. (A–G) Box plots showing the expression of ACSL1 (A), GABARAPL1 (B), IL1R2 (C), IRAK3 (D), MCEMP1 (E), NFIL3 (F), and THBD (G) in control and AMI samples. Statistic tests: Wilcoxon rank-sum test. (H–O) Roc curves (H) estimating the diagnostic performance of ACSL1 (I), GABARAPL1 (J), IL1R2 (K), IRAK3 (L), MCEMP1 (M), NFIL3 (N), and THBD (O).


In addition, for accurate and reliable results, we further validated the expression levels of the optimal feature genes in external validation dataset including 38 AMI samples and 24 control samples. The GSE19339, GSE97320, and GSE61145 datasets were also normalized before analysis (Supplementary Figure 1). As shown in Figures 7A–G, the expression of the seven optimal feature genes were significantly upregulated in the AMI samples relative to the control samples (all P < 0.05). Meanwhile, the external validation dataset also presented high AUC values: ACSL1 (AUC: 0.705), GABARAPL1 (AUC: 0.664), IL1R2 (AUC: 0.747), IRAK3 (AUC: 0.737), MCEMP1 (AUC: 0.783), NFIL3 (AUC: 0.671), THBD (AUC: 0.716) (Figures 7H–O). The results of external validation strongly proved that all optimal feature genes are involved in AMI and have a high diagnostic value for AMI.
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FIGURE 7
Verification of expression and diagnostic efficacy for optimal feature genes using external validation dataset. (A–G) Box plots showing the expression of ACSL1 (A), GABARAPL1 (B), IL1R2 (C), IRAK3 (D), MCEMP1 (E), NFIL3 (F), and THBD (G) in control and AMI samples. Statistic tests: Wilcoxon rank-sum test. (H–O) Roc curves (H) estimating the diagnostic performance of ACSL1 (I), GABARAPL1 (J), IL1R2 (K), IRAK3 (L), MCEMP1 (M), NFIL3 (N), and THBD (O).




Identification of the function of seven feature genes

Since these seven characteristic genes have a high guiding significance for judging prognosis, we then performed GSEA analysis on them to clarify their potential biological functions. Based on median expression levels of the optimal feature genes, we divided AMI samples into two groups, respectively. Additionally, immune-related pathways such as B cell receptor signaling pathway, graft-vs.-host disease, legionellosis, leishmaniasis, and rheumatoid arthritis were significantly enriched in the high ACSL1 subgroup (Figure 8A), while metabolism-related pathways such as butanoate metabolism, linoleic acid metabolism, and taurine and hypotaurine metabolism were significantly enriched in the low ACSL1 subgroup (Supplementary Figure 2A). Allograft rejection, graft-vs.-host disease, legionellosis, leishmaniasis and type I diabetes mellitus were significantly enriched in the high GABARAPL1 subgroup (Figure 8B), whereas metabolism of xenobiotics by cytochrome P450, aminoacyl-tRNA biosynthesis, butanoate metabolism, and valine, leucine and isoleucine degradation were significantly enriched in the low GABARAPL1 subgroup (Supplementary Figure 2B). B cell receptor signaling pathway, fc gamma R-mediated phagocytosis, legionellosis, leishmaniasis and osteoclast differentiation were significantly enriched in the high IL1R2 subgroup (Figure 8C), whereas linoleic acid metabolism, taurine and hypotaurine metabolism, and maturity onset diabetes of the young were significantly enriched in the low IL1R2 subgroup (Supplementary Figure 2C). Epithelial cell signaling in helicobacter pylori infection, graft-vs.-host disease, legionellosis, leishmaniasis and pertussis were significantly enriched in the high IRAK3 subgroup (Figure 8D), while aminoacyl-tRNA biosynthesis, primary immunodeficiency, and RNA polymerase were significantly enriched in the low IRAK3 subgroup (Supplementary Figure 2D). B cell receptor signaling pathway, epithelial cell signaling in helicobacter pylori infection, legionellosis, leishmaniasis and rheumatoid arthritis were significantly enriched in the high MCEMP1 subgroup (Figure 8E), whereas taste transduction and olfactory transduction were significantly enriched in the low MCEMP1 subgroup (Supplementary Figure 2E). B cell receptor signaling pathway, graft-vs.-host disease, legionellosis, leishmaniasis and osteoclast differentiation were significantly enriched in the high NFIL3 subgroup (Figure 8F), whereas drug metabolism - cytochrome P450, Linoleic acid metabolism, and nicotine addiction were significantly enriched in the low NFIL3 subgroup (Supplementary Figure 2F). Asthma, legionellosis, leishmaniasis, osteoclast differentiation and pertussis were significantly enriched in the high THBD subgroup (Figure 8G), whereas alanine, aspartate and glutamate metabolism, primary immunodeficiency, and ribosome were significantly enriched the low THBD subgroup (Supplementary Figure 2G). Interestingly, we noticed that B cell receptor signaling pathway was enriched multiple times, especially was enriched in the apical position in NFIL3, MCEMP1 and IL1R2 high expression groups.
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FIGURE 8
Gene sets enrichment analysis (GSEA) identifies signaling pathways in the optimal feature genes. (A–G) Top five signaling pathways that are significantly enriched in the high expression of ACSL1 (A), GABARAPL1 (B), IL1R2 (C), IRAK3 (D), MCEMP1 (E), NFIL3 (F), and THBD (G).




Hallmark gene sets and immune cell infiltration

To further assess the differences in the immune cell infiltration and hallmark gene sets between AMI and control samples, the CIBERSORT algorithm was employed. The results for differential immune cell infiltration are shown in Figures 9A, B. Relative to control samples, the proportions of monocytes, mast cells activated and neutrophils were significantly upregulated in AMI samples, while the proportion of T cells CD4 memory resting and T cells gamma delta was significantly downregulated. Additionally, correlation analysis for the immune cell types with the seven optimal feature genes suggested that all seven optimal feature genes were significantly positively correlated with infiltration of neutrophils, mast cells activated, monocytes, NK cells resting, while correlated negatively with the infiltration of T cells CD4 memory resting and mast cells resting (Figures 9C–I). For example, ACSL1 gene is positively correlated with neutrophils (R = 0.65, P < 2.2e-16), but highly negatively correlated with T cell CD4 memory resting (R = −0.48, P = 6.4e-10) (Supplementary Figure 3). Gene correlations were also examined, as shown in Figures 9J, K. These seven optimal feature genes showed a significant positive correlation. For example, the correlation coefficient between ACSL1 and IL1R2 was 0.85, indicating that seven optimal feature genes had a significant functional similarity.
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FIGURE 9
Visualization of immune cell infiltration. (A) The relative proportions of 22 immune cells types between control samples and AMI samples. Panel (B) representative boxplot shows the differences of infiltrated immune cells between control samples and AMI samples. Statistic tests: Wilcoxon rank-sum test. (P < 0.05*; P < 0.01**; P < 0.001***; ns, no significance). (C–I) Correlation between immune cells and optimal feature genes ACSL1 (C), GABARAPL1 (D), IL1R2 (E), IRAK3 (F), MCEMP1 (G), NFIL3 (H), and THBD (I); the larger the dots, the stronger the correlation. The color of the dots represents the P-value; the greener the color, the lower the P-value. (J,K) Correlation analysis of seven optimal feature genes in AMI samples.


To further investigate whether the enrichment of hallmark gene sets differs between the AMI group and the control group, we judged the significance of the difference between the two groups for 50 hallmark gene sets based on the enrichment score by using ssGSEA algorithm. The detailed distribution of the 50 hallmark gene sets between AMI and control samples was illuminated in Figure 10A. A number of hallmark gene sets exhibited a significant difference, including KRAS-signaling-up, IL2-STAT5-signaling, angiogenesis, UV-response-up, P53-pathway, glycolysis, xenobiotic-metabolism, inflammatory-response, epithelial-mesenchymal-transition, complement, hedgehog-signaling, apical-surface, apical-junction, myogenesis, estrogen-response-late, estrogen-response-early, apoptosis, IL6-JAK-STAT3-signaling, mitotic-spindle, cholesterol-homeostasis, hypoxia, and TNFα-signaling-via-NFKB. So, we can infer that compared with the normal group, these hallmark gene sets were over-activated in the AMI group. Additionally, we can find that the seven optimal feature genes are generally consistent in the majority of hallmark gene sets. For instance, all of the seven optimal feature genes were positively correlated with the inflammatory-response hallmark gene set. However, across a small subset of hallmark gene sets, the seven genes were not consistently correlated. For example, GABARAPL1 was positively correlated with the G2M checkpoint, while the other six genes are negatively correlated with the G2M checkpoint (Figure 10B). These data will require us further reinforce the comprehensive interrogation of the various roles of the optimal feature genes in AMI pathogenesis.
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FIGURE 10
Analysis of hallmark gene sets. (A) The specific distribution of the 50 hallmark gene sets in AMI and control samples. (B) Correlation analysis of the 50 hallmark gene sets with seven optimal feature genes. Statistic tests: Wilcoxon rank-sum test (P < 0.2#; P < 0.05*; P < 0.01**; P < 0.001***; ns, no significance).




qRT-PCR validation of optimal feature genes

We examined the relative expression of seven optimal feature genes in AMI patients and healthy subjects. The detailed baseline information was summarized in Supplementary Table 9. Compared to healthy subjects, the expression of ACSL1 (Figure 11A), GABARAPL1 (Figure 11B), IL1R2 (Figure 11C), IRAK3 (Figure 11D), MCEMP1 (Figure 11E), NFIL3 (Figure 11F), and THBD (Figure 11G) were significantly up-regulated in AMI patients (all P < 0.05), which was in line with the bioinformatics analysis.
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FIGURE 11
The relative expressions of optimal feature genes were validated by qRT-PCR. (A–G) The expressions of ACSL1 (A), GABARAPL1 (B), IL1R2 (C), IRAK3 (D), MCEMP1 (E), NFIL3 (F), and THBD (G) between AMI patients and healthy subjects. Statistic tests: Student’s t-test (P < 0.01**; P < 0.001***; P < 0.0001****).





Discussion

The core pathological process of AMI is currently considered to be an imbalance between myocardial oxygen demand (oxygen consumption) and actual oxygen supply (21, 22). Although existing studies have pointed out that the sensitivity of the troponin-dependent AMI diagnostic method has been greatly improved, and it has shown that it can be valuable for the prognosis of AMI patients, it is a pity that this detection method is currently used for precise diagnosis and treatment (23). AMI still has some deficiencies, especially in the face of complex subtypes of AMI. Based on previous research experience, biomarkers based on the gene level are often more accurate in distinguishing the disease state of patients and can also more deeply explain the mechanism behind the disease, to guide more reasonable and effective clinical treatment strategies. Therefore, in this study, we downloaded the genetic data of AMI patients from the GEO database, used the WGCNA algorithm to find the differential genes most related to the progression of AMI disease, and comprehensively used machine algorithms such as LASSO regression, SVM-REF, and Random Forest. Finally, seven optimal feature genes (ACSL1, GABARAPL1, IL1R2, IRAK3, MCEMP1, NFIL3, and THBD) that were verified to be closely related to the diagnosis and maybe, progression, of AMI were found, and further functional enrichment analyses of these genes were carried out.

To explore the role of these seven optimal feature genes in AMI, we reviewed previous studies. Among the seven genes closely related to AMI identified in this study, three genes, ACSL1, IL1R2, and THBD, have more preliminary studies in AMI. ACSL1 (chain acyl-CoA synthase 1) encodes an enzyme that plays an important role in the activation of triglyceride synthesis (24). Early studies have shown that high expression of this gene in mouse cardiomyocytes often leads to the consequence of high myocardial triglyceride deposition, so this gene is also considered a risk factor for AMI (25). In a 2020 study, Tingting Li et al. pointed out that the same triglyceride deposition phenomenon also occurs in leukocytes overexpressing ACSL1 in the peripheral blood of AMI patients, and this process is likely to be achieved through the PPARγ pathway (26). In addition, except for participating in lipid metabolism, Yuanlong Li et al.’s study also found that the high regenerative activity of the myocardium in neonatal mice was also regulated by ACSL1 within 7 days. In the neonatal mouse MI model, mice knocked out of this gene showed more good recovery (27). IL1R2 is considered to mediate the anti-inflammatory response in the traditional inflammatory response (28). Surprisingly, the study of Amit Saxena et al. also pointed out that IL-1 can cause the infiltration of leukocytes at the AMI site and thereby prevent fibroblasts from entering the body (29). The contractile phenotype is transformed to provide a better survival microenvironment for mesenchymal stem cells, thereby improving the recovery of damaged myocardium in AMI. Similar findings were also mentioned in a clinical study by Hilde L Orrem et al. (30). It is worth mentioning that the latest study by Mingzhe Li et al. directly regarded IL1R2 as a suppressor of ischemic myocardial fibrosis and found that the main reason for the inactivation/downregulation of this gene after AMI is that its promoter region is blocked by POU2F1 (31). In addition, some research methods based on gene sequencing also pointed out that IL1R2 is closely related to AMI process (32). Interestingly, we found that the study by Enfa Zhao et al. simultaneously identified IL1R2, IRAK3, and THBD as prognostic diagnostic markers for acute myocardial infarction and found a high enrichment of the IL-17 pathway in the functional analysis, which was consistent with ours (33). The results are consistent with ours. In addition, an earlier study by Wei Chen et al. also demonstrated that another gene in the IRAK family, IRAK-M knockout mice, developed more severe ventricular remodeling and systolic dysfunction after MI (34). THBD (thrombomodulin gene) belongs to the protein C anticoagulation system, which is of great significance in maintaining the balance of hemorrhage and hemostasis in the body. Current research believes that the variation of THBD is one of the important causes of thrombosis, and coronary microthrombi Formation is also an important risk factor in the pathogenesis of AMI (35). In 2011, a clinical study by Ilaria Guella et al. pointed out that SNPs at 12 loci, including THBD, showed a high correlation with an increased risk of death after AMI (36). Unfortunately, there is still a lack of basic experimental research on the gene and the pathogenesis of AMI, but the existing clinical studies have demonstrated the potential value of this gene in AMI. The relationship between the remaining few genes and AMI has not been thoroughly studied, but some indicative studies have emerged. For example, the study of Fan Qiu et al. pointed out that GABARAPL1, by interacting with STBD1, counteracted the energy protection provided by glycoautophagy and mitophagy of OGD-treated cardiomyocytes, and aggravated myocardial injury after ischemia (37). This is consistent with the results we obtained in the ssGSEA single-gene association test. While NFIL3 (38) and MCEMP1 (39) currently with only a few omics studies demonstrated their potential relationship with AMI, our study points to the potential clinical value of both, which may be a viable direction for future research. It is worth noting that the expression levels of these key genes were verified by qRT-PCR, and the results were consistent with the results of bioinformatics.

In the analysis of immune infiltration, we found that B cells and neutrophils were deeply related to AMI. When single-gene GSEA analysis was performed, we found that the B cell receptor signaling pathway was enriched in the apical position in NFIL3, MCEMP1 and IL1R2 high expression groups. As one of the resident immune cells in the heart, during myocardial ischemia, B cells can release a variety of cytokines (including CCL2, CCL7, etc.) that chemoattract monocytes and neutrophils, thereby greatly increasing peripheral blood leukocytes myocardial infiltration (40). As early as 2013, research by Yasmine Zouggari et al. pointed out that this recruitment of B cells after MI aggravates further damage to ischemic myocardium (41). The mechanism behind this phenomenon was recently pointed out by Margarete Heinrichs et al. through the CXCL13-CXCR5 axis (42). And recently, researcher Claudia Monaco believes that B cells may be an important “middleman” in the formation of distal atherosclerosis after MI. He believes that the necrosis of cardiomyocytes can lead to the release of specific antigens that are not recognized and induce humoral immunity through B cells. Immunoglobulin deposition, which in turn leads to atherosclerosis after MI (43). A similar phenomenon was also found in the study of Tin Kyaw et al. (44). However, it is interesting that B cells are not all damaged in the biological process after MI. For example, the study by Lan Wu et al. found that after mice suffered AMI, there will be a special, mainly secreted, in the pericardial fat of mice. B cell subsets of IL-10 are infiltrated, and this group of cells exhibits anti-inflammatory and prognostic effects (45). The above studies all suggest that B cells have a strong potential in the treatment of AMI. The three genes identified in our study, which are closely related to the B cell receptor pathway, may be key to balancing the double-edged sword of B cell injury-protection. In addition, in multiple GSEA analyses, we found that the IL-17 signaling pathway was significantly enriched in AMI patients. As early as 2013, in the clinical study of Tabassome Simon et al., it was pointed out that low serum IL-17 level was the main cardiovascular time risk correlation in AMI patients (46). In the same year, the work of Onno J de Boer et al. also pointed out that IL-17A can promote thrombus formation by enhancing platelet aggregation (47). This process can feed back with the formation and release of Nets, aggravating coronary thrombosis and thus aggravating the progress of AMI (48). This is consistent with Our original GSEA analysis was consistent. Encouragingly, recent studies by Rafael Blanco-Domínguez et al. have confirmed that Th17 cells are a characteristic of AMI, and the microRNA mmu-miR-721 produced by them has diagnostic significance for AMI (48). The above evidence directly or indirectly illustrates the important role of IL-17 signaling pathway in the progression of AMI.

In addition, in the analysis of immune cell infiltration, we also found that neutrophil infiltration was significantly increased in patients with AMI. Neutrophils, as one of the most important cells in the inflammatory response, have long been considered to be involved in various stages of myocardial ischemia and coronary injury (49, 50), especially in reperfusion injury after myocardial ischemia (51). Some studies in recent years believe that neutrophils are expected to become an important target for the treatment of AMI. For example, Qing Wan et al. found that PDE4B can mediate neutrophil infiltration in mouse myocardium after AMI, and induce neutrophils to release a variety of cytokines, aggravating myocardial injury, which was obtained after administration of PDE4B inhibitors. Improve (52); Ji’e Yang et al. found that the neutrophil glycosylation product Nε- (carboxymethyl) lysine can also aggravate myocardial ischemia-reperfusion injury (53). In addition, the neutrophil extracellular traps (Nets) proposed in recent years have linked various pathological changes such as coronary thrombosis (54), coronary atherosclerosis, and myocardial inflammation in series (55). However, with further research, it has been found that neutrophils may also exhibit anti-inflammatory, pro-angiogenic and pro-reparative protective effects in AMI (56). Based on this, the regulation of neutrophils after AMI must have considerable clinical therapeutic value.

It is true that our research is based on RNA sequencing results from existing databases, and due to the data set, there will be some bias in our research results. In addition, our findings rely on bioinformatics analysis methods and simply verified the expression of these key genes by qRT-PCR, more in vivo and in vitro experiments are needed to verify the results. Taken together, our research aims to provide new ideas and directions for clinical diagnosis and precise treatment management of AMI.



Conclusion

Overall, we found that seven powerful diagnostic efficacy genes were present in patients with AMI, indicating that they provide new potential targets for diagnosis and maybe progression of AMI, thus leading to improved outcomes. Different from other similar studies, we used more machine learning methods to enhance the accuracy of gene screening, and focused on exploring the specific genes that have the most obvious impact on AMI. It can also provide more accurate direction guidance for future AMI research. Overall, our research aims to provide new ideas and directions for clinical diagnosis and precise treatment management of AMI.
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Background: There are controversies on the pathophysiological alteration in patients with atrial fibrillation (AF) undergoing pulmonary vein isolation using different energy sources.

Objectives: We evaluated the changes in plasma proteins in acute phase post-ablation in patients receiving cryoballoon ablation, radiofrequency balloon ablation, or radiofrequency ablation.

Methods: Blood samples from eight healthy controls and 24 patients with AF were taken on the day of admission, day 1, and day 2 post-ablation and analyzed by the Olink proximity extension assay. Proteins were identified and performed with enrichment analysis. Protein–protein interaction network and module analysis were conducted using Cytoscape software.

Results: Of 181 proteins, 42 proteins in the cryoballoon group, 46 proteins in the radiofrequency balloon group, and 43 proteins in the radiofrequency group significantly changed after ablation. Most of the proteins altered significantly on the first day after ablation. Altered proteins were mainly involved in cytokine–cytokine receptor interaction. Both balloon-based ablations showed a similar shift toward enhancing cell communication and regulation of signaling while inhibiting neutrophil chemotaxis. However, radiofrequency ablation presented a different trend. Seed proteins, including osteopontin, interleukin-6, interleukin-10, C-C motif ligand 8, and matrix metalloproteinase-1, were identified. More significant proteins associated with hemorrhage and coagulation were selected in balloon-based ablations by machine learning.

Conclusion: Plasma protein response after three different ablations in patients with AF mainly occurred on the first day. Radiofrequency balloon ablation shared similar alteration in protein profile as cryoballoon ablation compared with radiofrequency ablation, suggesting that lesion size rather than energy source is the determinant in pathophysiological responses to the ablation.

KEYWORDS
proteomics, bioinformatics, Olink, atrial fibrillation, catheter ablation


Introduction

Atrial fibrillation (AF) is the most common arrhythmia around the world, which can cause a variety of clinical outcomes, such as stroke, heart failure, and cardiovascular mortality. The two main strategies of treatment are anti-arrhythmic drugs and catheter ablation. Although the primary treatment for AF is pharmacology therapy, it has limited effectiveness (1). Previous studies have demonstrated that catheter ablation outperforms drug therapy in terms of recurrence rate and quality of life in long term (2–4). Accordingly, catheter ablation is recommended by the most recent guidelines (5, 6).

Currently, radiofrequency (RF) ablation and cryoballoon (CB) ablation are the most common techniques to treat AF, with no significant difference in terms of safety or efficacy (7, 8). Experimental data suggested that the use of cryoablation is different from radiofrequency ablation due to its preservation of the extracellular matrix and reduction of endothelial and thrombus formation (9–11). In clinical studies, however, there was a comparable increase in markers of cell damage, platelet activation, and inflammatory response between CB and RF ablation (12, 13). Radiofrequency balloon (RB) ablation, also called hot balloon ablation, is an emerging approach for AF ablation with favorable safety and effectiveness (14, 15). However, there are few data about the biomarkers’ changes compared to the CB or RF ablation.

In order to resolve the controversy, we utilized a new proteomic assay platform—Olink proximity extension assay, which has been widely applied in the biomarker discovery of the cardiovascular disease field (16, 17), to assess the change in 181 different proteins during the acute post-procedure phase from the cryoballoon ablation group and irrigated-tip RF catheter ablation group. We also introduced the RB ablation group into comparison to avoid alteration resulting from lesion size rather than energy sources (18).



Materials and methods


Patient samples

After the Institutional Review Committee and Ethics Committee approved the study, 24 patients diagnosed with paroxysmal or persistent AF at our institution who gave informed written consent were included, in which pulmonary vein isolation was performed with the CB catheter (Arctic Front Advance Cardiac Cryoablation Catheter, Medtronic), RB catheter (HELIOSTAR™ Balloon Ablation Catheter, Biosense Webster Inc.), or RF catheter (NaviStar™RMT, ThermoCool™; Biosense Webster, CA, USA). In our study, all patients met the following inclusion criteria: (1) Non-valvular AF or flutter. The exclusion criteria were as follows: (1) <18 or >80 years old; (2) history of left atrial surgery; (3) transesophageal echocardiography-witnessed left atrial thrombus; (4) uncontrolled hyperthyroidism; (5) pregnancy; (6) history of obstructive sleep apnea syndrome; and (7) history of myocardial infarction, percutaneous coronary intervention, heart surgery, transient ischemic attack, or stroke within 3 months before the procedure. Patients were treated with oral anticoagulation at least 1 month before the ablation procedure. During the procedure, 100-IU/kg heparin was administered to maintain an activated clotting time of ≥300 s. Eight healthy controls were also enrolled as a comparison. A blood sample of 2 ml from the peripheral vein was taken and added to the ethylene diamine tetraacetic acid (EDTA) anticoagulant tube on three-time points, the admission day, day 1 (D1), and day 2 (D2) after ablation. The samples were immediately centrifuged and frozen at −80°C until analysis. All the patients were monitored by the telemetry electrocardiogram during hospitalization, and electrocardiogram data were collected for analysis.



Olink proteomic profiling

The proteomic analyses were performed at the National Research Center for Translational Medicine, Ruijin Hospital, Shanghai Jiao Tong University School of Medicine. The Olink multiplex cardiovascular disease III and inflammation panels comprise 184 proteins. Three protein markers were available on both panels, resulting in 181 unique markers. Samples were run in duplicates. The limit of detection (LOD) was defined as three standard deviations above the background, and values below this limit were reported as <LOD. The results from each assay were rendered as normalized log2 protein expression (NPX) data, which are relative values, and one-unit higher NPX represents a doubling of the measured protein concentration. NPX values for proteins with >75% of measurements below LOD were removed from the analysis.



Statistic analysis

Statistical analysis was performed using GraphPad Prism nine software and SPSS 25. Normally distributed continuous variables were shown as mean ± SD. Categorical variables were shown as counts and percentages. Categorical variables were compared with the chi-square test. Wilcoxon matched-pairs signed-rank test was used to assess differences for each analyte before and after ablation. The Kruskal–Wallis H-test was used to assess differences in the clinical characteristics and the levels of analytes according to the ablation type. A P-value of <0.05 was considered statistically significant.



Proteins bioinformatic analysis

Heatmap was plotted by http://www.bioinformatics.com.cn, a free online platform for data analysis and visualization. The protein interaction, the gene ontology (GO) functional, and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis in the network were performed by Search Tool for the Retrieval of Interacting Genes (STRING, version 11.5) database with the threshold of false discovery rate (FDR) <0.05. The required confidence (combined score) >0.4 was used as the cutoff criterion. In addition, the Molecular Complex Detection (MCODE) plugin in Cytoscape (version 3.7.1) was used to screen the significant modules and seed protein in the protein–protein interaction (PPI) network (degree cutoff = 2, node cutoff = 0.2, k-core = 2, and max. depth = 100). Moreover, enrichment analysis for the proteins involved in the most significant module was conducted using the STRING online tool. LASSO logistic regression model was fitted with the glmnet R package. Feature contributions to the models were visualized using the regression coefficients. The random forest model was fitted with random Forest and caret R packages according to Jack Gisby et al. with slight modifications (19). The 4-fold cross-validation that was repeated 100 times was used to estimate the model accuracy. Mtry value was calculated as the square root of the number of features. The random forest feature was extracted using the R randomForestExplainer package. Benjamini–Hochberg adjustment was applied to the p-value calculated by the model, and an adjusted value of 0.05 was indicated as the significance threshold. Multiway importance plot was replotted via R package ggplot2.




Results


Baseline characteristics and clinical outcomes after ablation

A total of 32 persons were included in this study, of which eight were controls and eight received CB, RB, or RF ablation, respectively. The baseline characteristics of 32 participants are presented in Table 1. There were no significant differences in ages, gender, laboratory values, past medical history, and the history of medication apart from the use of anticoagulants (p < 0.01).


TABLE 1    Clinical characteristics at baseline.

[image: Table 1]
[image: Table 1]

All the patients were monitored by the telemetry electrocardiogram during the hospitalization. The recurrent atrial arrhythmia after ablation has no significant differences in the three groups, although four patients presented AF or premature atrial contraction in the CB group, compared with two patients in the RB and RF groups, respectively (p = 0.472, Figure 1).


[image: image]

FIGURE 1
Early recurrence of atrial arrhythmia post-different ablations during hospitalization. The early recurrent cases of atrial arrhythmia post-ablations were not significantly different between three ablation groups (p = 0.472).




The change in plasma proteins before and after three different ablations

A total of 181 unique proteins in two panels were tested, and 19 (10.5%) analytes were removed with over 75% of samples below LOD. Table 2 shows the biomarkers that showed significant differences before and after ablation using three different methods. Forty-two proteins (19 increased and 24 decreased), 46 proteins (21 increased and 25 decreased), and 43 proteins (13 increased and 30 decreased) showed significant changes in the CB, RB, and RF groups, respectively (Supplementary Figure 4).


TABLE 2    Significantly altered proteins before and after ablation were sorted by three different techniques.
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The heatmaps of the altered proteins in three groups before and after ablation are shown in Figure 2, which indicates that the change in proteins in the acute phase was mainly on D1 post-ablation, especially in CB and RB groups.


[image: image]

FIGURE 2
Heatmap of altered proteins before and after ablation. Most of the altered proteins changed on the first day after ablation. The heatmap of the altered proteins before and after ablation D1 and D2 in the cryoballoon group (A,B), the radiofrequency balloon group (C,D), and the radiofrequency group (E,F) (red: high expression and blue: low expression).




Enrichment analysis and module analysis of PPI network in three ablation groups

Based on the altered proteins and the STRING database, we constructed the PPI network for the increased and decreased proteins separately in three groups (Supplementary Figures 1–3). The top KEGG pathways of altered proteins in different groups are shown in Figure 3. There was no distinguishment because the altered proteins in three groups were mainly enriched in cytokine–cytokine receptor interaction and viral protein interaction with cytokine and cytokine receptor.
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FIGURE 3
Kyoto encyclopedia of genes and genomes pathways analysis of altered proteins in three ablation groups. Altered proteins in three groups are all mainly enriched in cytokine–cytokine receptor interaction and viral protein interaction with cytokine and cytokine receptor. (A,B) The top 20 KEGG pathways enriched for the increased proteins and decreased proteins in the cryoballoon ablation group; (C,D) the top 20 KEGG pathways enriched for the increased proteins and decreased proteins in the radiofrequency balloon ablation group; (E,F) the all KEGG pathways enriched for the increased proteins and decreased proteins in the radiofrequency ablation group. The sizes of the bubbles are illustrated from big to small in descending order of the number of potential targets involved in the pathways.


In order to more accurately elucidate the protein change pattern after different ablations, we used the MCODE plugin in the Cytoscape software to conduct module analysis on the PPI network and obtained a potential protein functional module with the best score, as shown in Figure 4. Furthermore, the GO enrichment analysis for six significant modules (Supplementary Tables 1–5) showed a similar biological process in CB and RB groups. Proteins involved in the most significant module for the decreased proteins were both enriched in the neutrophil chemotaxis (Tables 3, 4). Proteins in the most significant module for the increased proteins in the CB group mainly enriched in the cytokine-mediated signaling pathway (Table 3), which is part of cell communication and regulation of signaling, the two major positively regulated biological processes in the RB group (Table 4). However, as seen in Table 5, the cytokine-mediated signaling pathway was downregulated in the RF group.
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FIGURE 4
Potential functional modules with the best score in the PPI network. The most significant module for the increased proteins (A) and decreased proteins (B) in the cryoballoon group; (C,D) in the radiofrequency balloon group and (E,F) in the radiofrequency group, respectively. The significant modules were analyzed by using MCODE plugin, and then module networks were visualized using Cytoscape software.



TABLE 3    GO_BP and KEGG pathways enriched in the most significant module in the CB group (only top five listed).
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TABLE 4    GO_BP and KEGG pathways enriched in the most significant module in the RB group (only top five listed).
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TABLE 5    GO_BP and KEGG pathways enriched in the most significant module in the RF group (only top five listed).
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Identification of the seed protein under three different techniques

The MCODE application also provided the highest dense protein complex as the seed protein from the potential functional module, which helps to identify the potential markers for further study in three different techniques. The seed protein of the increased proteins was osteopontin (OPN), also known as secreted phosphoprotein 1, in the CB group and interleukin-6 (IL-6) in the RB group. For patients who received RF ablation, the seed increased protein was IL-10.

Among the proteins decreased after ablation, the seed protein was C-C motif ligand 8 (CCL8), also known as monocyte chemoattractant protein-2, in both CB and RB groups. Differently, the seed protein was matrix metalloproteinase-1 (MMP-1) in the RF group.

The change in OPN, IL-6, IL-10, CCL8, and MMP-1 levels at three-time points in three ablation groups and the control group are shown in Figure 5, with a comparable measurement between the groups. No significant difference was observed in these proteins at baseline between the control group and three ablation groups as well, which can exclude the disease-related effect on the change in proteins.


[image: image]

FIGURE 5
Levels of seed proteins before and after ablation. No differences were seen between the groups at any time point. Differences before and after ablation were assessed with the Wilcoxon signed-rank test. P-values are given for comparison within the group between different time points. OPN, osteopontin, seed-increased protein in the CB group; IL-6, interleukin-6, seed-increased protein in the RB group; IL-10, interleukin-10, seed-increased protein in the RF group; CCL8, C-C motif ligand 8, seed decreased protein in CB and RB groups; MMP-1, matrix metalloproteinase-1, seed decreased protein in the RF group. NPX, normalized protein expression. *P < 0.05.




Biomarkers associated with hemorrhage and coagulation activity

As shown in Table 6, we identified some altered proteins associated with hemorrhage and coagulation. Proteins changes that increased thrombus formation risk after ablation were noted for OPN and urokinase-type plasminogen activator (uPA) in all groups, along with trefoil factor 3 (TFF3) in the RB group and MMP-1 in the RF group. Proteins changes that caused higher bleeding risk after ablation, include growth/differentiation factor 15, myeloblastin (PRTN3), collagen alpha-1 (I) chain, tumor necrosis factor receptor 1 (TNF-R1), ephrin type-B receptor 4 (EPHB4), and von Willebrand factor (vWF). We also conducted LASSO logistic regression and random forest to select significant proteins (Figure 6). Interestingly, two proteins (uPA and PRTN3) in the CB group and three proteins (vWF, uPA, and EPHB4) in the RB group were also the significant proteins selected by LASSO logistic regression and random forest, among which only PRTN3 was related to hemorrhage and coagulation in the RF group. No significant differences in the levels of these proteins were found between three groups (Figure 7).


TABLE 6    Protein changes are associated with hemorrhage and coagulation activity.
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FIGURE 6
LASSO logistic regression and random forest of altered proteins in three ablation groups. (A) Significant proteins selected by LASSO logistic regression before and after ablation D1 and D2 in three ablation groups; (B) significant proteins selected by random forest before and after ablation D1 and D2 in three ablation groups.
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FIGURE 7
Levels of proteins associated with hemorrhage and coagulation activity. No differences were seen between the groups at any time point. Differences before and after ablation were assessed with the Wilcoxon signed-rank test. P-values are given for comparison within the group between different time points. uPA, urokinase-type plasminogen activator; TFF3, trefoil factor 3; GDF-15, growth/differentiation factor 15; PRTN3, myeloblastin; COL1A1, collagen alpha-1(I) chain; TNF-R1, tumor necrosis factor receptor 1; EPHB4, ephrin type-B receptor 4; vWF, von Willebrand factor; NPX, normalized protein expression; *P < 0.05. Note that the levels of OPN and MMP-1 are shown in Figure 5.





Discussion


Proteins mainly altered on the first day after ablation

In this study, we analyzed a total of 181 different plasma proteins from eight control patients and 24 patients with AF before and after interventional ablation using three different techniques. Most of the proteins changed significantly on the first day after ablation. Although clinical studies demonstrated that same-day discharge is safe with a comparable rate of complications in the long term in patients with an overnight stay after ablation (20, 21), the pathophysiological alterations recover until the overnight stay in patients with AF undergoing pulmonary vein isolation. Given that plasma proteins changed mainly limited on the first day after three different ablations, it would be safer for patients to be discharged overnight.



Similar enrichment analysis in both balloon-based ablations

Pathway analysis indicated that the proteins that changed after ablation in the acute phase were mainly in cytokine–cytokine receptor interaction in three groups. Interestingly, the module analysis and enrichment analysis indicated that CB and RB groups showed similar trends in cell communication, the regulation of signaling, and neutrophil chemotaxis. Specifically, the cytokine-mediated signaling pathway in the CB group was upregulated significantly. As part of cell communication and regulation of signaling, this signaling pathway was also positively regulated in the RB group (Supplementary Table 3). However, the cytokine-mediated signaling pathway was downregulated in the RF group. Meanwhile, neutrophil chemotaxis was inhibited in both balloon-based ablations (Tables 3, 4) but not in the RF group. To our knowledge, this phenomenon was not noted in previous studies.



Similar response to inflammation in both balloon-based ablations

We also found that both balloon-based ablations shared a similar response to inflammation, while radiofrequency ablation showed different tendencies to inflammatory response as indicated by different seed proteins after ablation. In the CB group, OPN was the most important increased protein after ablation. OPN is a matricellular protein that contributes to acute inflammation by increasing the production of IL-6, IL-12, IL-17, and interferon-gamma (IFN-γ) and inhibiting the expression of IL-10 (22). Since RB ablation is a new technique, there are few comparative studies about markers of inflammation between RB and CB ablation or RF ablation. However, the high risk of inflammation in the RB group was indicated by the seed protein IL-6 in our study. Such a finding was consistent with a previous image study, which describes the regional inflammation pattern occurring after CB ablation and RB ablation in the human left atrium using positron emission tomography (23). The upregulated expression of IL-6 by OPN has been demonstrated in inflammatory disease (24). Thus, IL-6 may trigger IL-6 trans-signaling, contributing to the upregulation of OPN in THP-1 macrophages (25). Of note, higher IL-6 concentrations can also play a role in regulating leukocyte infiltration by suppressing neutrophil recruitment (26). Neutrophil activation, as reflected by the seed protein CCL8 (27, 28), displayed a similar decreased trend in the CB and RB group in this study. While in the RF group, IL-10 generally recognized as an anti-inflammatory cytokine, was the seed protein of increased proteins in our study. The new report demonstrated that mature neutrophils could potentially dampen local inflammation by IL-10 production (29).

There is no obvious explanation for why these proteins altered significantly, but it could be related to larger lesion size and injury. Previous studies have shown that endothelial injury is related to inflammatory biomarkers, including OPN and IL-6 (30, 31). High levels of IL-6 are also associated with vascularization in sites of inflammation and with wound healing (32, 33). The higher inflammatory tendency in balloon-based ablation might show that the endothelial surface is kept less intact after balloon lesion than what is seen after irrigated RF ablation.

Although this study noted comparable levels of inflammatory markers in the acute phase between the CB and RF ablation, which is supported by other publications (34, 35), the different inflammatory effects of seed proteins indicates greater local inflammatory response in the balloon-based ablation. Along with similar enrichment analysis, these results suggest that pathophysiological response in the acute phase after ablation is more likely to be affected by the lesion size rather than the energy source.



Proteins associated with hemorrhage and coagulation activity in three ablations

Thromboembolism events are uncommon but one of the most feared complications of AF ablation. By using a new proteomic assay, we identified some proteins which are different from the common-used biomarkers in previous studies, such as D-dimer and P-selection.

As shown in Table 6, radiofrequency energy affected greater numbers of proteins, indicating a stronger impact on hemorrhage and coagulation activity. This finding is consistent with previous studies showing a higher rate of thrombus formation after RF than after CB ablation (11, 36). However, current data are lacking to define the prevalence of thromboembolism in patients received RB ablation. Compared with the CB group, both radiofrequency energy groups affected one more protein that could increase the risk of thrombus. As the most important decreased protein in the RF group in our study, MMP-1 plays an important role in the occurrence and development of a deep venous thrombus (37, 38), and also in regulating prothrombotic state in patients with AF (39). TFF3 is a protective marker of underlying myocyte damage/ischemia and is moderately correlated with ischemic stroke in patients with AF (40, 41). We also noticed the bleeding tendency with the lower level of vWF after RB ablation, which is commonly increased after CB and RF ablation (13, 42). In an explorative study, TNF-R1 and EPHB4 were independently associated with major bleedings in patients with AF (43), also suggesting higher hemorrhage risk in RB ablation.

Interestingly, results from LASSO logistic regression and random forest presented a different explanation for proteins associated with hemorrhage and coagulation. Among the significant proteins selected in three groups by LASSO logistic regression and random forest, respectively, only one protein in the RF group was associated with hemorrhage and coagulation activity, compared with two related proteins in the CB group and three in the RB group. Although RF ablation affected more proteins associated with thrombus and bleeding events, they are not characteristic enough to distinguish RF from other techniques. The underlying reason for a greater impact on hemorrhage and coagulation activity in balloon-based ablation groups shown in two novel bioinformatic analyses could be attributed to the larger ablation lesion.

In clinical practice, the basis for the selection of ablation technologies for pulmonary vein isolation in patients with AF remains unclear, especially with the emergence of a new technique RB. A recent clinical study showed that all ablation technologies facilitate safe and efficient pulmonary vein isolation, with slight differences in the procedural data and complications (44). To replenish previous clinical studies, the similar alteration of two balloon-based ablations in protein profile in our study provided the pathophysiological evidence from protein levels to support the application of RB in the clinic.




Limitations

This study was limited to the proteins provided by the Olink panel and the evaluation period. Thus, most of the investigated proteins are still not clearly related to the clinical event, although they are useful for the pathophysiological understanding of the ablation lesion mechanism. Finally, the size of this explorative study was small and, as such, did not have enough power to show minor differences between the three ablation techniques.



Conclusion

Multiple plasma proteins were differently expressed after catheter ablation using different techniques, especially on the first day after ablation, suggesting that longer monitoring is not needed in patients with AF undergoing uncomplicated catheter ablation. The pattern of the protein change during the acute phase is mainly affected by the lesion size according to the similar enrichment analysis in the most significant module of CB and RB ablation. We also identified some important plasma proteins that could be of potential interest to future studies.

By comparison, balloon-based ablation (CB and RB) showed a higher tendency of inflammation and had more influence on hemorrhage and coagulation activity. Further studies of these biomarkers and clinical events in patients with AF who received different ablations are warranted.
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Background: Ischemic cardiomyopathy (ICM) induced heart failure (HF) is one of the most common causes of death worldwide. This study aimed to find candidate genes for ICM-HF and to identify relevant biomarkers by machine learning (ML).



Methods: The expression data of ICM-HF and normal samples were downloaded from Gene Expression Omnibus (GEO) database. Differentially expressed genes (DEGs) between ICM-HF and normal group were identified. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment and gene ontology (GO) annotation analysis, protein–protein interaction (PPI) network, gene pathway enrichment analysis (GSEA), and single-sample gene set enrichment analysis (ssGSEA) were performed. Weighted gene co-expression network analysis (WGCNA) was applied to screen for disease-associated modules, and relevant genes were derived using four ML algorithms. The diagnostic values of candidate genes were assessed using receiver operating characteristic (ROC) curves. The immune cell infiltration analysis was performed between the ICM-HF and normal group. Validation was performed using another gene set.



Results: A total of 313 DEGs were identified between ICM-HF and normal group of GSE57345, which were mainly enriched in biological processes and pathways related to cell cycle regulation, lipid metabolism pathways, immune response pathways, and intrinsic organelle damage regulation. GSEA results showed positive correlations with pathways such as cholesterol metabolism in the ICM-HF group compared to normal group and lipid metabolism in adipocytes. GSEA results also showed a positive correlation with pathways such as cholesterol metabolism and a negative correlation with pathways such as lipolytic presentation in adipocytes compared to normal group. Combining multiple ML and cytohubba algorithms yielded 11 relevant genes. After validation using the GSE42955 validation sets, the 7 genes obtained by the machine learning algorithm were well verified. The immune cell infiltration analysis showed significant differences in mast cells, plasma cells, naive B cells, and NK cells.



Conclusion: Combined analysis using WGCNA and ML identified coiled-coil-helix-coiled-coil-helix domain containing 4 (CHCHD4), transmembrane protein 53 (TMEM53), acid phosphatase 3 (ACPP), aminoadipate-semialdehyde dehydrogenase (AASDH), purinergic receptor P2Y1 (P2RY1), caspase 3 (CASP3) and aquaporin 7 (AQP7) as potential biomarkers of ICM-HF. ICM-HF may be closely related to pathways such as mitochondrial damage and disorders of lipid metabolism, while the infiltration of multiple immune cells was identified to play a critical role in the progression of the disease.
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ischemic cardiomyopathy (ICM), heart failure (HF), machine learning (ML), immune cell infiltration, weighted gene co-expression network analysis (WGCNA)





1. Introduction

Heart failure (HF) is a complex clinical syndrome and the end-stage manifestation of cardiovascular disease (1, 2). Ischemic heart disease refers to myocardial degeneration, necrosis and fibrosis caused by coronary artery disease, which leads to severe left ventricular dysfunction (LVEF ≤ 35%–40%) (3). The alterations in neurohumoral, cellular, and molecular mechanisms are triggered by the structural damage and decompensation of the heart and act as a network to maintain its original normal physiological functions. These coordinated, complex processes lead to excessive volume overload, increased sympathetic activity, and circulatory redistribution and result in the distinct, parallel development of clinical signs and symptoms (4). Depending on the cause, HF is divided into ischemic HF caused by ischemic cardiomyopathy (ICM) and non-ischemic HF (5). ICM refers to the damage to the heart muscle caused by ischemia, where the heart is unable to pump blood properly. According to the WHO, ICM is the leading cause of death worldwide (6). Despite new drugs and surgical advances in the treatment of ICM, the prognosis for ischemic HF caused by coronary artery disease remains poor, with a five-year mortality rate of 40%–50% (7). A recent report from China showed that the prevalence of HF among residents aged ≥35 years was 1.3% (8). Thus, research targeting HF, especially ischemic HF, is of great importance. With the advancements in science and technology, we have developed a new understanding of HF caused by ICM, i.e., genetic alterations and immune environmental factors are jointly involved in the progression of the pathological process.

With the advancements in bioinformatics, the available microarray data can be used to identify hub genes, interaction networks, and pathways in ischemic HF. While traditional assays have certain limitations, weighted gene co-expression network analysis (WGCNA) is a highly systematic bioinformatics method (9). WGCNA may be applied to construct expression profiles of mRNAs in HF triggered by ICM by combining multiple informatics approaches to screen for modules and genes that are highly correlated with the disease to reveal potential molecular mechanisms. It can help provide new ideas for the diagnosis and treatment of the disease. WGCNA constructs scale-free networks by linking gene expression levels to clinical features and is commonly used for the bioanalysis of various systems. We first normalized the samples and then removed outlier samples to ensure reliable results in network construction. Soft threshold power had to be selected according to the standard scale-free network, and all differential genes were calculated using the power function. Machine learning (ML) method has very significant advantages in the processing of big data (10). Algorithms for ML analyze training data to uncover hidden patterns, build models, and then make predictions using the most accurate of these patterns. In fact, existing technology, such as support vector machine recursive feature elimination (SVM-RFE) and random forest (RF), have been applied to problems in genomics, proteomics, systems biology and other fields (11). ML methods are distinguished by their capacity to examine large amounts of data in order to discover correlations, provide explanations. These ML methods can assist in enhancing the dependability, performance, predictability and precision of diagnostic systems (12). Recent research suggests that the application of ML techniques may have the potential to improve heart failure outcomes and management by improving existing diagnostic and therapeutic support systems (13).

In the past decades, high-throughput platforms for analyzing gene expression, such as microarray technology, have been widely used to screen for genetic alterations at the genomic level, which helps us identify differentially expressed genes (DEGs), functions and pathways associated with disease pathogenesis and progression. We identified DEGs by using R (v4.0.1) software with Limma package (14) between ICM-HF myocardial tissue and normal tissue. WGCNA, gene ontology (GO), Kyoto gene and genome encyclopedia (KEGG) pathway enrichment analyses were performed and protein-protein interaction (PPI) networks were constructed and various ML approaches were used for further screening to explore the molecular mechanisms behind ICM-HF. Subsequently, we screened the most important modules of the PPI network built by DEG and the hub genes was screened by ML for further discussion. The aim of this study is to explore the underlying molecular mechanisms in ICM through a combination of several common analytical methods and ML approaches. Future research in the field of cardiovascular disease may benefit from the ideas and methods generated by our work.



2. Materials and methods


2.1. Data acquisition and preprocessing

Figure 1 depicts the study flowchart. A sample of 136 normal samples and 95 samples of ICM-HF from the GSE57345 (15) dataset. The GSE42955 (16) dataset was downloaded from the GEO database (https://www.ncbi.nlm.nih.gov/geo/) for validation of the results. ICM-HF was determined by medical history and pathological examination of the explanted hearts (15). Information on the datasets was displayed in Supplementary Table S1. Batch effects were removed using R (v4.0.1). Gene annotation was completed based on GPL9052 Illumina Genome Analyzer (Homo sapiens) and GPL6244 Affymetrix Human Gene 1.0 ST Array (Homo sapiens). It should be noted that if a gene has multiple probe loci, the average value of the probe loci is used as the gene expression level when converting probe ID to gene symbol. On the basis of the annotation files from the respective platforms, probe IDs were converted to gene symbols and probes that did not correspond to gene symbols were removed.
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FIGURE 1
Study flowchart, Figure 1 is a summary of our study as a whole.




2.2. Identification of differentially expressed genes

We compared ICM-HF subjects with normal using R (v4.0.1). We used the limma package in R to distinguish between differentially expressed genes (DEGs) and then set |log2 (fold change)| ≥ 0.5 and adjusted p < 0.05 as the threshold for DEGs, followed by WGCNA and identification of modules. We also used the MIC algorithm implemented in the minepy class library in Python to screen genes.



2.3. Protein–protein interaction analysis network construction and module analysis

We entered DEGs into the STRING database (http://string-db.org) to collect interactions of target proteins with a medium confidence score >0.4 and constructed a protein–protein interaction (PPI) network (v3.9.0) using Cytoscape software. In addition, we used the Cytoscape plug-in software “cytoHubba” to identify related genes based on mixed character calculations.



2.4. Functional enrichment analysis of DEGs

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis are two very important components of bioinformatics analysis. It is difficult to describe the function and relationship among these genes only by gene names. This allows for better insight into the pathways behind the genes. Therefore, we performed a visual analysis in R to analyze all genes in the modules of interest and to identify possible mechanisms by which the module genes play a role in the clinical features of interest. Cutoff criteria were set at a p-value <0.05 and a false discovery rate (FDR) <0.1.



2.5. Machine learning analysis of disease genes

Gene fetching intersections using DEGs and WGCNA were used to select gene features using the minimum absolute shrinkage and selection operator (LASSO) algorithms of the glmnet R package (17) and the e1071 package (18), LASSO is a regression method for selecting a variable to improve the predictive accuracy and is also a regression technique for variable selection and regularization to improve the predictive accuracy and comprehensibility of a statistical model (19), respectively, and the support vector machine recursive feature elimination (SVM-RFE) method (20). Support vector machines (SVM) are a powerful tool to analyze data with a number of predictors approximately equal or larger than the number of observations (20). The “randomForest” R package (21) was used to perform the random forest (RF) analysis. RF is an appropriate approach with the benefits of no limits on variable conditions and better accuracy, sensitivity, and specificity, which can be used to predict continuous variables and provide forecasts without apparent variations (22). The use of Maximal Information Coefficient Maximum mutual information coefficient (MIC) to measure the degree of association between two genes, linear or nonlinear, is more accurate than Mutual Information (MI) mutual information. Next, the intersection-related genes were derived.



2.6. The receiver operating characteristic curve evaluation of candidate genes and tests of relative expression of genes

Receiver operating characteristic (ROC) curves were established to assess the diagnostic value of candidate genes and columnar maps for ICM-HF, and the area under the curve (AUC) and 95% confidence interval (CI) were calculated to quantify their value. AUC > 0.70 was considered the ideal diagnostic value. Differential expression in the experimental and validation groups was then assessed separately using a nonparametric test and visualized through R.



2.7. Immune infiltration analysis

CIBERSORT is a computational method for determining the proportion of immune cells in HF and controls using tissue gene expression profiles to identify different immune cell proportions (23). We performed immune cell infiltration analysis using the “Cibersort” R software package (23). Bar graphs were used to visualize the proportion of each immune cell type in different samples. A comparison of the proportion of different types of immune cells between HF and control groups was visualized by vioplot. Heatmaps depicting the correlation of 22 types of infiltrating immune cells were created using the “corrplot” R package (24).



2.8. GSEA analysis and ssGSEA analysis

For gene set enrichment analysis (GSEA), we obtained the GSEA software (version 3.0) from the GSEA website (DOI: 10.1073/pnas.0506580102, http://software.broadinstitute.org/gsea/index.jsp). We then divided the samples into two groups according to the occurrence of HF and then downloaded the GSEA software from the Molecular Signatures Database (DOI: 10.1093/bioinformatics/btr260, http://www.gsea-msigdb.org/gsea/downloads.jsp) downloaded the c2.cp.kegg.v7.4.symbols.gmt subset to evaluate relevant pathways and molecular mechanisms based on gene expression profiles and phenotypic groupings, setting a minimum gene set of 5 and a maximum gene set of 5,000, with a p-value of <0.05 (as needed) and an FDR of <0.25 (as needed) were considered statistically significant.




3. Results


3.1. Transcriptome profile analysis of the ICM samples and normal samples

A total of 313 DEGs were identified in GSE57345, and 184 upregulated and 129 downregulated genes were identified in the ICM-HF group (Figure 2A). The heatmap shows the expression profiles of the top 30 upregulated DEGs and the top 30 downregulated DEGs (Figure 2B). We performed GO and KEGG pathway analysis to investigate the biological function of DEGs. Our KEGG analysis revealed that differential genes were mainly enriched in the p53 signaling pathway, cell cycle regulation, and lipid metabolism pathway (Figure 3A). BP analysis revealed that differential genes were mainly enriched in numerous immune response pathways, intrinsic organelle damage regulation, and protein transport (Figure 3B). CC analysis revealed that differential genes were enriched in numerous organelle peroxidase and organelle membrane regulation (Figure 3C). MF enrichment the analysis showed that the differential genes were enriched in the metabolism of nucleotides (Figure 3D).
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FIGURE 2
Limma analysis of ICM-HF and the normal group. (A) Volcano plot of differentially expressed genes (DEGs) in GSE57345, set |log2(FC)| ≥ 0.5. Red dots are upregulated genes, and green dots are downregulated genes. (B) A heatmap showing the top 30 upregulated and the top 30 downregulated genes in ICM-HF and normal groups.
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FIGURE 3
Functional enrichment of genes in the object module. The x-axis shows the number of ratios of genes, and the y-axis shows the pathway terms. The −log10 (p-value) of each term is colored according to the legend. (A) Kyoto encyclopedia of genes and genomes (KEGG) pathway analysis. (B–D) Gene ontology (GO) analysis.




3.2. Weighted gene co-expression network analysis screens for key modules

Before constructing the weighted co-expression network, we selected the soft threshold β parameter as the appropriate weighting parameter for the neighbor-joining function. After calculation, we set the soft threshold β to 6 and chose a correlation coefficient close to 0.86 to construct the gene modules (Supplementary Figure S1A,B). In total, about five gene modules were identified using dynamic tree cutting in all samples (Figure 4A). The sensitivity was set to 3. In addition, we merged modules with a distance of less than 0.5, resulting in five co-expression modules; notably, the gray module was regarded as the set of genes that could not be assigned to any module and the brown module was considered the most significant gene module (Figure 4B). A total of 1,288 genes were identified in the brown gene module. Brown module membership and gene significance were significantly positively correlated (r2 = 0.82, p = 9.9E−324) (Supplementary Figure S1E).
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FIGURE 4
Demonstration of the WGCNA process. (A) Gene and trait clustering dendrograms. Gene clustering trees (dendrograms) obtained by hierarchical clustering of neighbor-based differences. (B) Module feature association. Each row corresponds to a module feature, and each column corresponds to a clinical feature. Each cell contains the corresponding correlation in the first row and the corresponding p-value in the second row. The table is color-coded by correlation according to the color legend.




3.3. Establishment of PPI protein interactions network to screen out key HUB genes

In order to obtain a protein interaction network map between differential genes, the 313 genes from the limma analysis were entered into the STRING database and the PPI (https://cn.string-db.org) network was obtained. The PPI network (v3.9.0) was constructed using Cytoscape software (Figure 5), in order to further screen for key hub genes, the Stress, MCC, Degree, EPC, EcCentricity, Radiality, Closeness and Betweenness algorithms were used to calculate the associated gene scores (Supplementary Figure S2A–G). The UpSet graph was used to filter out five common HF-associated genes (Supplementary Figure S3). They are G protein subunit alpha O1 (GNAO1), cyclin H (CCNH), caspase 3 (CASP3), mitotic arrest deficient 2 like 1 (MAD2L1) and cyclin E1 (CCNE1).
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FIGURE 5
Protein–protein interaction (PPI) analysis. PPI network of DEGs. The edges represent the interactions between two genes. Degrees are used to describe the importance of protein nodes in the network; deep red colors indicate high degrees, whereas light red colors indicate low degrees.




3.4. Identification of key disease genes by machine learning

A total of 114 disease genes were obtained by taking the common genes of DEGs and WGCNA (Figure 6A). For further training of the above mentioned genes, these 114 genes were input into LASSO, RF algorithm and SVM-RFE algorithm were performed on GSE57345. A total of 31 genes were derived from the LASSO algorithm (Figure 6B). The top 16 genes from the SVM-RFE calculation were the most significant, with an accuracy of 0.758 (Figure 6C) and an error incidence of 0.242 (Figure 6D). The RF algorithm yielded 133 genes, and the top 20 in importance were taken as the resultant genes (Figures 7A,B). The three algorithms were then intersected with the ML MIC algorithm for a Venn diagram, and the genes with the intersection of the four algorithms were taken as the key disease genes (Figure 8C), yielding a total of seven genes. They are coiled-coil-helix-coiled-coil helix domain containing 4 (CHCHD4), transmembrane protein 53 (TMEM53), acid phosphatase 3 (ACPP), aminoadipate-semialdehyde dehydrogenase (AASDH), purinergic receptor P2Y1 (P2RY1), caspase 3 (CASP3), aquaporin 7 (AQP7). Among them, CHCHD4 and CASP3 genes are the causative genes common to all ML algorithms, with CASP3 being the gene shared by multiple cytohubba algorithm-related genes. We evaluated the correlation between the genes derived from cytohubba and ML algorithms (Figure 8D). Red dots represent negative correlation between two genes, blue represents positive correlation between two genes. The absolute value corresponding to the dot is the correlation coefficient of the two genes.
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FIGURE 6
Screening of disease intersection genes and machine learning algorithm to identify the optimal feature genes. (A) Strong correlation module of WGCNA and Limma analysis of differential genes to do a Venn diagram screening of intersecting genes. (B) LASSO coefficient profiles of the candidate optimal feature genes and the optimal lambda was determined when the partial likelihood deviance reached the minimum value. Each coefficient curve in the left picture represents a single gene. The solid vertical lines in right picture represent the partial likelihood deviance, and the number of genes (n = 30) corresponding to the lowest point of the cure is the most suitable for LASSO. (C,D) The SVM-RFE algorithm was used to further candidate optimal feature genes with the highest accuracy and lowest error obtained in the curves. The x-axis shows the number of feature selections, and the y-axis shows the prediction accuracy. Sixteen gene features were identified through SVM-RFE analysis with an accuracy of 0.758 and an error of 0.242.
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FIGURE 7
Machine learning algorithm and correlation heatmap. (A) Relative importance of overlapping candidate genes calculated in random forest (Top 10 genes’ importance >2). Importance indexes on the x-axis and genetic variables are plotted on the y-axis. (B) Relative importance of overlapping candidate genes calculated in random forest. Importance indexes on the x-axis and genetic variables are plotted on the y-axis. (C) Four machine learning algorithm genes screened for intersection genes using Venn diagram. (D) The correlation heatmap of machine learning algorithm-related genes and cytohubba algorithm-related genes. Red dots represent negative correlation between two genes, blue represents positive correlation between two genes. The absolute value corresponding to the dot is the correlation coefficient of the two genes.
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FIGURE 8
Verification of expression and diagnostic efficacy in predicting ICM-HF progression of optimal feature genes. (A) Validation of ROC of genes screened by a machine learning algorithm. (B) ROC validation of genes related to the cytohubba algorithm. (C) Violin plot of the expression of the relevant genes in the experimental set GSE57345. *p < 0.05, **p < 0.01, ***p < 0.001, Wilcoxon rank-sum test.




3.5. Establishment of ROC to assess the reliability of candidate genes and the relative expression of disease and experimental groups

We further evaluated the diagnostic values of TMEM53, ACPP, AASDH, P2RY1, CASP3, AQP7, GNAO1, CCNH, MAD2L1 and CCNE1 in GSE57345 using ROC curves, in order to improve their diagnostic performance, so we chose AUC > 0.7 as inclusion criteria. Demonstrating that these optimal feature genes have a high diagnostic value for ICM-HF and permit the estimation of progression (Figures 8A,B). The relative expression of genes in the experimental cohort was observed using a nonparametric test (Figure 8C) and validated using a validation set, the expression of GNAO1 was not statistically significant between the two groups (Figure 8C). CHCHD4, CASP3, ACPP, AASDH, CCNH, MAD2L1, and CCNE1 were all significantly upregulated in the ICM-HF group, and TMEM53, P2RY1, and AQP7 were significantly downregulated in the ICM-HF group.

In addition, for accurate and reliable results, we further validated the expression levels of the optimal feature genes in external validation dataset GSE42955 (Figure 9). In the dataset GSE42955, the genes CCNH and MAD2L1 were not statistically significant calculated by cytohubba method. Interestingly, the 7 (CHCHD4, CASP3, ACPP, AASDH, AQP7, P2RY1, TMEM53) genes screened by ML methods all share the same trend in the above-mentioned dataset, and at the same time, they are all statistically significant.
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FIGURE 9
Verification of expression and diagnostic efficacy for optimal feature genes using external validation dataset. (A) Validation of ROC of genes screened by a machine learning algorithm. (B) ROC validation of genes related to the cytohubba algorithm. (C) Violin plot of the expression of the relevant genes in the experimental set GSE42955.




3.6. GSEA analysis and ssGSEA analysis

GSEA analysis showed that the enrichment pathway was mainly positively correlated with pathways such as cholesterol metabolism and negatively correlated with pathways such as lipolysis presentation in adipocytes (Figures 10A,B). The upregulated pathways in ssGSEA are shown in Figure 11A by mountain range plots. The relative significance of each pathway is shown by a box line plot (Figure 11B). The most significant differential pathways are mainly focused on lipid metabolism, organelle damage, and oxidative stress-related pathways. We analyzed the correlations of individual genes in the relevant pathways. The correlations of genes screened by ML and genes screened by cytohubba with the pathways are visualized in Figure 12C, with red representing positive correlations and green representing negative correlations.
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FIGURE 10
Enrichment of GSEA pathway. (A) GSE57345 upregulated gene pathway enriched in GSEA. (B) GSE57345 enriched in GSEA for downregulated gene pathway.
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FIGURE 11
Plot of correlated differences in GSEA enrichment. (A) Mountain range plot of the correlation pathway of GSE57345 enrichment in GSEA. (B) The specific distribution of the hallmark gene sets in ICM-HF and normal samples. (C) Correlation analysis of the hallmark gene sets with seven optimal feature genes. Statistic tests: Wilcoxon rank-sum test (p < 0.2; *p < 0.05; **p < 0.01; ***p < 0.001; ns, no significance).#.
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FIGURE 12
Immune infiltration analysis. (A) Visualization of stacked plots of various infiltrating immune cells in GSE57345. (B) Visualization of violin plots of infiltrating immune cells in the ICM-HF and normal groups. *p < 0.05, **p < 0.01, ***p < 0.001. Wilcoxon rank-sum test.




3.7. Immune infiltration analysis

Since we observed enrichment of ICM-HF-related genes in immune regulation, immune cell infiltration analysis was performed to better elucidate the immune regulation of ICM-HF.

Regarding the infiltration of 22 immune cells in the ICM-HF and the normal group controls shown in Figure 12A, the violin plot indicates that patients with ICM-HF have higher levels of plasma cells, naive B cells, and resting mast cells and lower levels of activated NK cells and regulatory T cells (Figure 12B). The correlation of individual immune cells is shown in Figure 13A. In general, multiple immune cells are differentially expressed in patients with ICM-HF, which can be used as potential therapeutic targets. Correlation analysis of genes and immune cells (Figure 13B) revealed positive correlations between resting mast cells and several related genes, so we hypothesize that resting mast cells may play an important role in HF due to ICM-HF and CCNH genes correlate with several immune cells, such as negative correlations with memory T cells and resting NK cells and positive correlations with plasma cells and M2 type macrophages. The CCNH gene is associated with several immune cells, such as memory T cells and resting NK cells and with plasma cells and M2 macrophages.


[image: Figure 13]
FIGURE 13
Correlation analysis of immune-related infiltration analysis. (A) The relative proportions of 22 immune cells types between normal samples and ICM-HF samples. in GSE57345. (B) Correlation analysis of 11 related disease genes and associated immune cells. *p < 0.05, **p < 0.01, ***p < 0.001.Wilcoxon rank-sum test.





4. Discussion

The strong bioinformatics analysis community and technology repositories that have driven advances in modern genetics. Recently, an increasing number of examples of ML-driven analysis are emerging in the field of cardiovascular genetics, including coronary calcium studies (25), pulmonary hypertension (26), and multiple clinically relevant variant assays from next-generation sequencing or proteomic data (27). Modern medical practice is awash with many types of data. In cardiovascular medicine, the range and quality of diagnostic tests, such as non-invasive imaging, such as computed tomography (CT) angiography, physiological tests, and other fractional flow reserves or biomarkers, have increased over the past few decades (28). These tests provide physicians with additional complementary information upon which to base diagnostic and therapeutic decisions, which are widely accessible, less expensive and low-risk. Overall, the high prevalence of cardiovascular disease generates a large amount of patient data related to cardiovascular disease. This provides a large amount of data for training ML models and gives ML the opportunity to assist in more clinical work.

In our research, we used multiple independent algorithms. And then we identified the important genes from dataset. These ML methods are used to find valuable information from complex and large gene expression data. This has enabled researchers to explore potential influences in disease from different perspectives and using different methods. For example, it can identify genes that have not been studied in previous research and provide researchers with new insights and ideas in the study of specific diseases. We screened 7 disease-associated genes using ML (CHCHD4, CASP3, TMEM53, ACPP, AASDH, P2RY1 and AQP7). We used cytohubba to screen for 5 genes (GNAO1, CCNH, MAD2L1, CASP3, CCNE1). Among them, CASP3 was the common gene derived from cytohubba analysis and ML analysis. Based on the results of our study, overall, the diagnostic efficacy of the genes screened by ML may be better than that of cytohubba.

CASP3 is a frequently activated death protease that catalyzes the specific cleavage of many key cellular proteins and is involved in apoptotic cell death (29). Studies have demonstrated that CASP3 is involved in the inflammatory activation and immune cell aggregation in cardiovascular disease through the regulation of the Rho-kinase axis by vascular smooth muscle cells (30, 31).

According to our results, CHCHD4 expression was significantly higher in the ICM-HF group compared to normal group, so it is speculated that elevated CHCHD4 may play an important role in the ICM-HF. CHCHD4 plays a key role in oxidative protein folding in the mitochondrial membrane gap, representing a minimal thioredoxin-independent oxidoreductase, which ensures its catalytic function in mitochondrial oxidative folding (32). CHCHD4-based protein import mechanisms are essential for the maintenance of normal mitochondrial functions (33). Damaged mitochondria produce less adenosine triphosphate (ATP) and generate dangerous amounts of ROS. Accumulated ROS may damage mitochondrial DNA, cell membranes, and respiratory complex proteins, leading to catastrophic oxidative damage and cell death (34). We hypothesize that the elevated CHCHD4 protein in the ICM-HF group is a compensatory manifestation of mitochondrial damage due to hypoxia in cardiomyocytes caused by myocardial ischemia. It is expected to be a new target for the diagnosis and treatment of ICM-HF.

Studies have shown that Aquaporins (AQPs) are involved in the regulation of cardiovascular function and the development of related diseases, particularly in cerebral ischemia, congestive HF, hypertension, and angiogenesis (35). AQP7 in AQPs is a hydroglycerol channel protein that is mainly distributed in proximal renal tubules, cardiac muscles, and adipose tissue. Studies have shown that the heart is the second most expressed tissue after adipose tissue for AQP7 mRNA (36). However, the role of AQP7 in the myocardium has been barely investigated. In the above study, AQP7 expression was significantly lower in the disease group than in the control group. During periods of high energy demand and metabolic stress, lipolysis increases and converts triglycerides to free fatty acids and glycerol. AQP7 controls glycerol efflux under these conditions, and the exported glycerol is then taken up by other cells and used as a backbone for energy requirements during high energy demands (37). ICM-HF is often accompanied by the loss of energy metabolic function and disturbances in lipid metabolism. AQP7 is required for carbohydrate metabolism, complex lipid biosynthesis, urea/arginine metabolism, redox homeostasis, amino acid metabolism, and nucleotide metabolism. Thus, AQP7 plays a critical role in regulating lipid metabolism (38).

The analysis with GO, KEGG, and GSEA pathways was enriched in cholesterol metabolism, regulation of lipolysis in adipocytes, and amino acid metabolism. The presence of a significant downregulation of AQP7 in the ICM-HF group relative to the control group was confirmed in our experimental group and validation group. AQP7's deficiency appears to impair metabolic adaptation during cardiac overload by limiting glycerol uptake and reducing intracellular ATP levels (39). This is of fundamental importance because cardiomyocyte metabolism is dependent on fatty acids, but they are converted to glucose and glycerol as energy substrates when the heart is overloaded (40). Overall, AQP7's deficiency may exacerbate the damage to the energy metabolism of the ischemic myocardium, ultimately leading to HF.

P2RY1 is a G protein-coupled receptor in which ADP is a physiological agonist that actively couples to phospholipase C via Gαq, thereby triggering the release of intracellular stores of Ca2+ (41). HF is characterized by the reduced contractile function of cardiac myocytes, resulting in reduced systolic left ventricular contraction. Defective myocardial contractility is associated with impaired excitation–contraction (EC) coupling, a mechanism that converts electrical stimulation from pacemaker cells into contraction through the release of large amounts of Ca2+ from the sarcoplasmic reticulum (SR) (42). Interestingly, studies have shown that the dysregulation of intracellular calcium homeostasis in cardiac myocytes is an important factor in exacerbating the cardiovascular disease (43). We found a significant downregulation of P2RY1 in ICM-HF group. Therefore, we consider that P2RY1 may play an important role in ICM-HF.

Growing evidence suggests that immune cell infiltration of the myocardium has a detrimental effect on cardiac function (44–46). Immune cell profiles differ significantly in healthy and diseased hearts (46). In this study, we found that naive B cells and resting mast cells were significantly elevated in the disease genome. Plasma cells, regulatory T cells, and activated NK cells were significantly downregulated within the ICM-HF group. Mast cells exacerbate the progression of ischemic HF by activating matrix metalloproteinases and cardiac fibrosis (47). Myocardial fibrosis and resistance to neo-angiogenesis caused by dysfunction of regulatory T cells are, on the other hand, a very critical step in the pathological progression of cardiovascular disease (48, 49). Through our analysis, we consider that the infiltration of immune cells may provide new ideas and insights in the diagnosis and treatment of ICM-HF.

We identified 11 potentially significant pathogenic genes in ICM-HF through ML and PPI analysis. We focused on the possible roles of the mitochondrial damage and apoptosis genes CHCHD4 and CASP3 and the lipid metabolism regulatory genes AQP7 and P2RY1 in disease development. The differential expression of TMEM53, ACPP and AASDH genes may also play an important role in ICM-HF, but these genes have been barely investigated, so little is known about the function of these genes. These genes may play a critical role in the development and progression of the ICM-HF, and their functions and mechanisms need to be further explored. This is a reflection of the innovation and excellence of ML in the medical field, which has been able to identify many influences that have not been identified by previous studies. At the same time, it can also provide new directions and ideas for the study of ICM-HF. Overall, our study demonstrates for the first time the promising potential of a combined WGCNA and ML approach in transcriptomic data for ICM-HF. Our findings suggest that ML modeling of genome-wide transcriptomic data from cardiac samples collected by clinical heart biopsy can explore potential biomarkers. Finally, our study prioritizes previously unknown genes and genes that have not been studied in ICM-HF as potential candidate biomarkers. Our work can serve as an important part of future research in the field of ICM-HF. Interestingly, we found that after validation by external gene set GSE42955, all seven genes screened by ML were well validated, while CCNH and MAD2L1 of the five genes screened by PPI were not well validated. This also reflects the superiority of ML compared to common bioinformatics algorithms.

Some limitations of the present study should be noted. First, this is a retrospective study, and further prospective experiments need to be designed. Second, this study can further design animal experiments to explore the mechanism of validating related genes in ICM-HF. Third, the accuracy of our chosen SVM algorithm is only 0.758. However, the use of multiple ML algorithms to analyze the potential causative genes depicting ICM-HF increases the credibility of the study to some extent and explores the correlation between the status of immune infiltrating cells in the tissues of ischemic HF and causative genes, which are biomarkers that may provide guidance for the diagnosis and treatment of patients with ICM-HF.
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Background: Patients with chronic obstructive pulmonary disease (COPD) often present with atrial fibrillation (AF), but the common pathophysiological mechanisms between the two are unclear. This study aimed to investigate the common biological mechanisms of COPD and AF and to search for important biomarkers through bioinformatic analysis of public RNA sequencing databases.



Methods: Four datasets of COPD and AF were downloaded from the Gene Expression Omnibus (GEO) database. The overlapping genes common to both diseases were screened by WGCNA analysis, followed by protein-protein interaction network construction and functional enrichment analysis to elucidate the common mechanisms of COPD and AF. Machine learning algorithms were also used to identify key biomarkers. Co-expression analysis, “transcription factor (TF)-mRNA-microRNA (miRNA)” regulatory networks and drug prediction were performed for key biomarkers. Finally, immune cell infiltration analysis was performed to evaluate further the immune cell changes in the COPD dataset and the correlation between key biomarkers and immune cells.



Results: A total of 133 overlapping genes for COPD and AF were obtained, and the enrichment was mainly focused on pathways associated with the inflammatory immune response. A key biomarker, cyclin dependent kinase 8 (CDK8), was identified through screening by machine learning algorithms and validated in the validation dataset. Twenty potential drugs capable of targeting CDK8 were obtained. Immune cell infiltration analysis revealed the presence of multiple immune cell dysregulation in COPD. Correlation analysis showed that CDK8 expression was significantly associated with CD8+ T cells, resting dendritic cell, macrophage M2, and monocytes.



Conclusions: This study highlights the role of the inflammatory immune response in COPD combined with AF. The prominent link between CDK8 and the inflammatory immune response and its characteristic of not affecting the basal expression level of nuclear factor kappa B (NF-kB) make it a possible promising therapeutic target for COPD combined with AF.
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Introduction

Chronic obstructive pulmonary disease (COPD) is characterized by progressive airway obstruction. It is estimated that COPD will be the third most deadly disease in the world by 2030 (1). In clinical practice, COPD is often combined with multiple cardiovascular diseases, including heart failure, coronary atherosclerotic heart disease, and atrial fibrillation (AF) (2). AF, the most common type of arrhythmia, has been shown in epidemiological surveys to affect at least 33.5 million people worldwide (3). Heart failure and stroke are severe complications of AF, and the risk of heart failure in AF patients is about twice as high as normal, and the risk of stroke is 4–5 times higher (4, 5).

There is a strong association between COPD and AF, with studies showing a 2.23-fold increased risk of AF in COPD patients compared to non-COPD patients (6). Similarly, the prevalence of COPD in patients with AF reached 25% (7). In addition, combined COPD increases the recurrence rate and the incidence of adverse events after catheter ablation in patients with AF (8, 9). A meta-analysis that included 46 studies involving 4,232,784 AF patients showed that AF patients with comorbid COPD had a significantly increased risk of bleeding, cardiovascular event death, and all-cause mortality compared to AF patients without COPD (10). It is currently thought that enhanced sympathetic activity, altered cardiac structure, immune dysfunction, inflammation, and oxidative stress may be involved in the development of AF in patients with COPD. However, the exact mechanisms have not been fully elucidated (11). Meanwhile, drugs commonly used to treat COPD, such as beta-blockers, theophylline, and glucocorticoids, have been linked to an increased risk of AF development (12, 13). Therefore, it is of practical clinical significance to explore the potential mechanisms of COPD and AF co-morbidity at the genetic level and to find promising therapeutic targets for application.

The field of bioinformatics is developing rapidly, and large amounts of genetic data are publicly available to uncover many unknown pathophysiological mechanisms in the development of diseases and potential connections between diseases. Machine learning, an essential artificial intelligence component, has also been widely applied to bioinformatics research and has become an important tool (14). Based on this, this study integrates COPD and AF mRNA datasets in public databases and attempts to reveal the common biological mechanisms of COPD and AF co-morbidity through weighted gene co-expression network analysis (WGCNA), protein-protein interaction (PPI) network construction, and enrichment analysis. Random forest (RF), support vector machine (SVM), extreme gradient boosting (XGBoost), and generalized linear model (GLM) were used to screen potential biomarkers. A comprehensive analysis of key biomarkers was performed, including co-expression analysis, construction of “transcription factor (TF)-mRNA-microRNA (miRNA)” regulatory networks, and drug prediction. An examination of immune cell infiltration on the COPD dataset was also carried out. Figure 1 depicts the study flowchart.


[image: Figure 1]
FIGURE 1
Study flowchart. GSE, gene expression omnibus series; WGCNA, weighted gene co-expression network analysis; RF, Random forest support vector machine; SVM, support vector machine; XGBoost, extreme gradient boosting; GLM, generalized linear model.




Materials and methods


Data source

We applied the Gene Expression Omnibus (GEO) database (15) (http://www.ncbi.nlm.nih.gov/geo/) to filter gene expression datasets for microarrays by qualifying the keywords “COPD” and “AF” with the filter criteria “Homo Sapiens” and “tissues.” Four datasets were finally obtained. In the COPD group, GSE76925 (lung tissue samples from 111 COPD patients and 40 control patients) (16) and GSE106986 (lung tissue samples from 14 COPD patients and 5 control patients) were selected. In the AF group, GSE79768 (left and right atrial tissue samples from 7 AF patients and 6 control patients) (17) and GSE115574 (left and right atrial tissue samples from 15 AF patients and 15 control patients) (18) were selected. GSE76925 and GSE79768 were used as training sets, GSE106986 and GSE115574 were used as the external validation set.



Weighted gene co-expression network analysis

WGCNA analysis was performed on GSE76925 and GSE79768, respectively, to obtain modules closely associated with COPD and AF. WGCNA analysis was constructed using the “WGCNA” package in R (19). The genes were ranked based on the standard deviation of gene expression. The top 25% of genes with the largest fluctuations were selected for subsequent analysis, and outlier samples were excluded by hierarchical clustering. The R2 was set greater than 0.9, and a suitable soft threshold (β) was calculated to make the network conform to the scale-free distribution. The co-expression modules are identified by hierarchical clustering to obtain a hierarchical clustering tree. Finally, the module feature values and the correlation between module feature values and clinical features are calculated to obtain the expression spectrum of each module, which is expressed by the correlation coefficient as well as the p-value. Finally, we select the genes in the modules closely related to the disease for subsequent analysis.



Identification of overlapping genes and PPI network analyses

The genes in the modules closely related to disease in GSE76925 and GSE79768 obtained by WGCNA analysis were taken to intersect. The Venn diagram was used to visualize the overlapping genes. After that, the overlapping genes were imported into the “Search Tool for Interacting Genes” (STRING) online platform (https://cn.string-db.org/) (20). The species was limited to “Homo sapiens,” with the conﬁdence score set to an intermediate value (conﬁdence score > 0.4) to construct the PPI network. The results were exported to Cytoscape 3.7.2 for visualization (21).



Functional enrichment analysis

To further understand the common biological mechanisms between the two diseases, the protein information in the PPI network was enriched for Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways using the “clusterProfiler” package in R (22). The GO includes biological process (BP), cellular component (CC), and molecular function (MF) (23). The screening condition was set at adjust -P < 0.05, and the visualization was presented using the Sangerbox platform (http://vip.sangerbox.com/). Meanwhile, Gene set enrichment analysis (GSEA) enrichment analysis was performed on the GSE76925 and GSE79768 datasets to comprehensively analyze the key pathways associated with COPD and AF pathogenesis. The reference dataset was “c5.kegg.v7.4.symbols.gmt” from the MSigDB database (24). The significantly enriched pathways were identified with the screening criteria of P < 0.05 and FDR < 0.25, and the “enrichplot” package was used for visualization.



Identification of candidate genes based on machine learning algorithms

Machine learning is now widely used to identify characteristic genes. To identify key genes associated with COPD and AF, four machine learning algorithms, including RF, SVM, XGBoost, and GLM, were used to screen for key genes in COPD and AF, respectively. In both training datasets, the response variable was set to whether the diagnosis was COPD and AF, and the overlapping genes were set as explanatory variables. Use 70% of the data for model construction and 30% for model validation. Models for RF, SVM, XGBoost, and GLM were constructed separately using the “caret” R package (25). It is well known that while building a machine learning model with good results, it is equally important to evaluate the interpretation of the model, as only an interpretable machine learning model is likely to be more widely understood and adopted. The “DALEX” R package is a model interpretation package that has been developed to help understand the links between input variables and model outputs (26). It uses the size of the residuals to assess the quality of the model (smaller residuals mean better model quality) and the root mean square error (RMSE) to assess the importance of the variables (defined as how much the absence of a variable affects the predicted value of the response variable). Once modelling was completed, residual box plots were drawn for the four models using the “DALEX” R package and the RMSE was used to assess the importance of each gene in the model. Also, we use the “predict” function in R to verify the accuracy of the predictions of the model constructed by “caret”. Receiver operating characteristic (ROC) curves were then plotted using the “pROC” R package (27) and the area under the curve (AUC) was reported to assess the predictive effectiveness of models. Finally, we selected models with high predictive accuracy based on the quality of the model (assessed by the size of the residuals) and the area of the AUC. According to the gene importance score, select the top 20 genes from the constructed models for COPD and AF respectively, and then perform the intersection for these genes. Afterwards, we compared the differential expression of intersecting genes between the two datasets, with P < 0.05 considered to be significantly different, and used the “ggpubr” R package to plot boxplots. Finally, genes that were differentially expressed in the disease and control groups in both sets of data and that showed the same expression trend in both microarrays were identified as candidate hub genes.



Validation of hub genes and evaluation of prediction accuracy

The identified candidate genes were validated in the validation sets for COPD and AF, respectively. The comparison of gene expression between disease group and control group with P < 0.05 was considered to be significantly different. The candidate genes with significant differences were finally considered to be hub genes and the boxplot was drawn for visualization. Afterwards, ROC curves of the diagnostic value of hub genes in the training set and validation set were plotted using “pROC” R package, and AUC was calculated to evaluate the accuracy of hub gene prediction.



Comprehensive analysis of hub genes

Hub genes were entered into the GeneMANIA online website (28) (http://genemania.org) for co-expression and functional enrichment analyses. The JASPAR database (29) (http://jaspar.genereg.net/) were used to predict TFs regulating hub genes. Prediction of miRNAs regulated by hub genes using the miRTarBase database (30) (https://mirtarbase.cuhk.edu.cn/), and experimentally validated miRNAs were selected. The results were visualized using Cytoscape to demonstrate the “TF-mRNA-miRNA” regulatory network. In addition, we used the DGIDB 3.0 database (31) (http://www.dgidb.org/) to predict potential drugs that could target the hub gene.



Immune cell inﬁltration analysis

CIBERSORT can calculate the proportion of different immune cells in the gene expression profile through a deconvolution algorithm (32). We performed an immune cell infiltration analysis of the COPD gene expression matrix (GSE76925) using the CIBERSORT algorithm. The “barplot” and “vioplot” packages were used to show the relative proportions and differences of immune cell types in the expression profile between the control and COPD groups. The “corrplot” package was used to show the correlation heat map of immune cells in the expression profile. The hub gene's expression was then taken from the expression profile. The correlation between the hub gene and immune cells was analyzed by Spearman correlation analysis, with P < 0.05 as the screening condition, and visualized by the “ggplot” package.




Results


Construction of co-expressed gene modules

WGCNA analysis was performed on the GSE76925 and GSE79768 datasets to identify co-expression modules associated with COPD and AF, respectively. The β selection analysis of GSE76925 showed that the network was closer to the scale-free network when the β = 4 (Figure 2A). Six modules were also identified, of which the yellow module was positively associated with COPD (correlation coefficient = 0.35, P = 9e-06) and contained 745 genes (Figures 2B,C). The β selection analysis of GSE79768 showed that the network was closer to the scale-free network when the β = 10 (Figure 2D). Eleven modules were identified, among which blue (correlation coefficient = 0.55, P = 0.004), pink (correlation coefficient = 0.42, P = 0.03), turquoise (correlation coefficient = 0.73, P = 3e-05), and yellow (correlation coefficient = 0.61, P = 0.001) were positively correlated with AF and contained 3,444 genes (Figures 2E,F). Among them, 952 were blue modules, 287 were pink modules, 1,526 were turquoise modules, and 705 were yellow modules. Detailed gene information is listed in Supplementary Table S1.
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FIGURE 2
Identification of COPD and AF module genes via WGCNA. (A) The scale-free fit index for soft-thresholding powers and mean connectivity (GSE76925). (B) Dendrogram of the genes clustered (GSE76925). (C) Module-trait relationships heatmap (GSE76925). The numbers in each cell means the correlation coefficient and p-value. (D) The scale-free fit index for soft-thresholding powers and mean connectivity (GSE79768). (E) Dendrogram of the genes clustered (GSE79768). (F) Module-trait relationships heatmap (GSE79768).




Identification of overlapping genes and construction of PPI network

By taking the intersection of the genes of COPD and AF-related modules obtained by WGCNA, 133 genes common to COPD and AF were obtained (Figure 3A). After that, we constructed a PPI network of overlapping genes and excluded genes that did not interact. Finally, we obtained 77 interacting genes in the network (Figure 3B).


[image: Figure 3]
FIGURE 3
Construction of overlapping gene PPI networks and enrichment analysis. (A) Venn diagram of COPD and AF module genes. (B)PPI network. (C) KEGG pathway analysis of genes. Different colors represent various significant pathways and related enriched genes. (D) GO analysis of genes. Different colors represent various significant pathways and related enriched genes. (E) GSEA enrichment analysis of upregulated genes in the COPD dataset. (F) GSEA enrichment analysis of upregulated genes in the AF dataset.




Functional enrichment analysis

77 genes in the PPI network were analyzed for GO and KEGG enrichment to reveal the underlying molecular biological processes shared between COPD and AF. The GO enrichment analysis revealed that 77 genes were primarily enriched in the “Leukocyte migration,” “Response to chemokine,” “Cellular response to chemokine,” “Myeloid leukocyte migration,” “Activation of immune response,” “Regulation of inflammatory response”(BP); “External side of plasma membrane,” “Immunological synapse,” “Plasma membrane signaling receptor complex,” (CC); “Immune receptor activity,” “Phosphatidylethanolamine binding,” “Coreceptor activity,” (MF) (Figure 3C, Supplementary Table S2). Also, KEGG analysis showed that genes were enriched in “Hematopoietic cell lineage,” “Intestinal immune network for IgA production,” “Cytokine-cytokine receptor interaction,” “Chemokine signaling pathway,” “Cell adhesion molecules,” “T cell receptor signaling pathway” (Figure 3D, Supplementary Table S3). GSEA enrichment analysis revealed that genes upregulated in the GSE76925 dataset were mainly enriched in signaling pathways such as “Cytokine-cytokine receptor interaction,” “Primary immunodeficiency,” “Alanine aspartate and glutamate metabolism,” “Hematopoietic cell lineage,” “Complement and coagulation cascade” (Figure 3E). The genes upregulated in the GSE79768 dataset were mainly enriched in “RNA degradation,” “Ubiquitin-mediated proteolysis,” “Spliceosome,” “Leukocyte transendothelial migration,” and “Natural killer cell-mediated cytotoxicity” (Figure 3F).



Identification of hub genes based on machine learning algorithms

To identify key genes associated with COPD and AF, we constructed models using four machine learning methods and evaluated the models based on residuals and ROC. Box line plots of residuals and ROC are shown in Figures 4A–D. It can be seen that the SVM, XGB and RF models all exhibit similar excellent performance. Therefore, we selected the top 20 genes predicted by RF, SVM, and XGB in each of these two datasets based on the importance scores of the genes assessed by RMSE. Forty-five genes in total in the GSE76925 dataset and 39 in GSE79768, and 11 intersecting genes were obtained after taking the intersection. (Figure 4E, Supplementary Tables S4, S5). After verifying the differential expression and expression trends, three candidate genes, cyclin dependent kinase 8 (CDK8), solute carrier family 22 member 15 (SLC22A15), and TNF receptor superfamily member 17 (TNFRSF17), were finally obtained, and the box plots of differential expression are shown in Figure 5.


[image: Figure 4]
FIGURE 4
Construction and assessment of machine learning models for COPD and AF. (A) Boxplots of the residuals of the COPD. Red dot stands for root mean square of residuals. (B) ROC curves for model prediction accuracy in COPD dataset. (C) Boxplots of the residuals of the AF. (D) ROC curves for model prediction accuracy in AF dataset (E) Venn diagram of COPD and AF model prediction genes.



[image: Figure 5]
FIGURE 5
Validation of Hub gene expression levels in training and validation sets. The red box represents the disease group, and the blue represents the control group.




Validation of hub genes and assessment of predictive accuracy

The differential expression of CDK8, SLC22A15, and TNFRSF17 was confirmed in the external validation set. Only CDK8 showed a significant increase in expression in both the training and validation sets (P < 0.05) Figure 5. Thus, CDK8 was finally identified as a hub gene that may be related to AF and COPD. the CDK8′s ROC curves demonstrated that in all four data sets, the AUC was near to or greater than 0.7 (Figure 6). It is suggested that CDK8 may be effective for detecting COPD combined with AF.


[image: Figure 6]
FIGURE 6
Validation hub genes are used as marker genes.




Comprehensive analysis of hub genes

Twenty genes associated with hub genes were predicted by GeneMANIA, along with 1,326 interactions. This suggests a complex interaction between the hub gene and the remaining 20 genes. The functional enrichment results were mainly associated with DNA-templated transcription, positive regulation of DNA-templated transcription, and regulation of transcription initiation from the RNA polymerase II promoter (Figure 7A). The “TF-mRNA-miRNA” regulatory network contains 11 TFs that regulate CDK8, and five miRNAs (Figure 7B). DGIDB predicted 20 drugs targeting CDK8, including ALVOCIDIB, ACACETIN, and RONICICLIB (Figure 7C).


[image: Figure 7]
FIGURE 7
(A) Co-expression network of CDK8. (B) The “TF-mRNA-miRNA” regulatory network of CDK8. Blue hexagons are TFs; green diamonds are miRNAs. (C) Drug prediction for CDK8 based on DIGDB database. Blue squares are potential drugs.




Immune cell inﬁltration analysis

By observing the enrichment analysis results, we found that immune-related pathways were significantly enriched, suggesting that immune dysfunction may be involved in the development of AF in COPD patients. Therefore, we performed an immune cell infiltration analysis of gene expression profiles in COPD. Figure 8A shows the ratio of immune cells in the control group to the COPD group. Compared to the control group, the COPD group had higher levels of plasma cells, CD8+ T cells, T follicular helper cells, Gamma-delta (γδ) T cells, macrophage M0, and resting dendritic cells, and lower levels of monocytes, macrophage M1, and activated dendritic cell (Figure 8B). Positive correlations were found between activated mast cells and neutrophils (r = 0.60), T cells and plasma cells (r = 0.42), and γδ T cells and T follicular helper cells (r = 0.42). In contrast, Macrophage M1 and activated dendritic cells were negatively correlated (r = −0.54) (Figure 8C). This suggests that patients with COPD have a different immune pattern compared to normal patients and that there are interactions between different types of immune cells. Detailed results of the immune cell infiltration analysis are shown in Supplementary Table S6.


[image: Figure 8]
FIGURE 8
Immune cell infiltration analysis of GSE76925 and immune cell correlation analysis of CDK8. (A) The proportion of immune cells in different samples. (B) Comparison of immune cell ratios in the COPD and control groups. (C) Heat map of correlation analysis between immune cells. (D) Analysis of the correlation between CDK8 and immune cells.


Correlation analysis of CDK8 and immune cells showed that CDK8 expression correlated with four immune cell types, positively with CD8+ T cells, resting dendritic cells, and macrophage M2, and negatively with monocytes (Figure 8D).




Discussion

COPD affects more than 300 million people worldwide and causes approximately 3 million deaths yearly (33). COPD increases the incidence of AF and the risk of subsequent cardiovascular death. Similarly, comorbid AF increases the incidence of ischemic stroke, respiratory failure, and heart failure events in patients with COPD (34–37). The vicious circle relationship between COPD and AF, and the contradiction of pharmacological treatment, makes it urgent to explore the mechanisms of COPD and AF co-morbidity and to find potential therapeutic targets. It is generally believed that COPD-induced structural changes in the heart, increased sympathetic activity, and hypoxia-induced oxidative stress accelerates the development of AF. But recent studies have highlighted the role of immune dysfunction in the pathogenesis of both diseases, finding that immune dysfunction may play a prominent role in the subsequent inflammatory response, cardiac remodeling, structural remodeling, and neural remodeling (11, 38). However, the exact mechanisms have not been fully elucidated. In this context, we performed the first joint analysis of genetic datasets from both diseases to reveal common mechanisms and key biomarkers for the development of both diseases and to reveal changes in immune cells in COPD by immune cell infiltration analysis.

After screening of overlapping genes and the construction of PPI networks, 77 genes with interactions were obtained. They are mainly involved in biological processes such as activation of the immune response, regulation of inflammatory response, leukocyte migration, response to chemokines, immune receptor activity, and signaling pathways such as hematopoietic cell lineage, IgA-producing intestinal immune network, cytokine-cell receptor interactions, and T cell receptors. Combined with the results of GSEA enrichment analysis, we suggest that immune and inflammatory responses are the key mechanisms linking these two diseases, as confirmed by the results of previous studies (39–41). COPD is accompanied by a long-term and persistent chronic inflammatory response in the airways and lung parenchyma, leading to subsequent airway remodeling and destruction of the lung parenchyma (42). After inhalation of smoke or other toxic particles, the immune response is activated, after which macrophages release various cytokines and chemokines, including tumor necrosis factor-alpha (TNF-α), interleukin 1 beta (IL-1β), interleukin 6 (IL-6), C-X-C motif chemokine ligand 1 (CXCL1), and C-X-C motif chemokine ligand 8 (CXCL8), which attract circulating neutrophils, monocytes, and lymphocytes in the lungs leading to an inflammatory response (39, 43). At the same time, the activation of immune and inflammatory responses is not limited to the lungs, as studies have shown that COPD patients are accompanied by elevated circulating c-reactive protein (CRP), IL-6, CXCL8, and TNF-α (44). Changes in immune cells, especially macrophages, and increases in cytokines and chemokines such as TNF-α, IL-6, IL-1β, C-X-C motif chemokine ligand 1 (CXCL1), and C-X-C motif chemokine ligand 2 (CXCL2) have also been observed in AF (45, 46).

In response to these results, we performed an immune cell infiltration analysis in GSE76925, which showed a higher proportion of plasma cells, CD8+ T cells, T follicular helper cells, γδ T cells, macrophage M0, and resting dendritic cells, and a lower proportion of monocytes, macrophage M1, and activated dendritic cells in COPD lung tissue compared with controls. Studies have shown that CD8+ T lymphocytes increase in number and activity in COPD and produce many cytokines such as Interferon gamma (IFN-γ) and TNF-α (47). γδ T cells are nontraditional T cells, and despite their small number, a study by Murdoch (48) et al. found that γδ T cells increase interleukin 17A (IL-17) production during acute allergic airway disease and are involved in disease pathogenesis. Plasma cells are widely present in the connective tissue of the lamina propria of the respiratory tract and participate in the adaptive humoral immune response by synthesizing antibodies in response to the invasion of the respiratory tract (49). Studies have shown that the severity of COPD is positively correlated with the development of tertiary lymphoid organs (TLOs), and IL-21 T-follicular-helper (Tfh)-like cells have been observed in TLOs of COPD patients, suggesting that Tfh may be involved in the formation of TLOs (50, 51). Dendritic cells are critical antigen-presenting cells involved in adaptive immune activation in COPD. However, Givi (52) et al. found that chronic exposure to harmful particles impairs dendritic cells maturation and inhibits antigen-presenting capacity. Macrophages are differentiated from monocytes and play a key role in chronic inflammation in COPD patients. Naive macrophage M0 can be induced to differentiate into M1- and M2-type macrophages under different conditions, with M1-type mainly playing a pro-inflammatory role (53). Interestingly, our study found a lower proportion of M1-type macrophages in the COPD group compared with controls, the reason for which needs to be further investigated. Similarly, immune cells are the primary cell type in the heart, and one study showed that immune cells accounted for 10.4% of all cell types in atrial tissue (54). More dendritic cells were found in the left atrial myocardium of patients with AF compared to those with sinus rhythm. Increased numbers of neutrophils, lymphocytes, and macrophages were also observed in the atrial adipose tissue (55, 56). These findings suggest that immune cell changes in COPD may also be involved in developing AF.

A biomarker, CDK8, was identified by a machine learning algorithm and validated in the validation set, and it was significantly upregulated in both COPD and AF groups. CDK8 is a serine/threonine protein kinase that plays an important role in transcriptional regulation by binding to cell cycle protein C (57). Recent studies have shown that CDK8 is also involved in the inflammatory response, as Chen et al. (58) found that in response to TNF-α stimulation, nuclear factor kappa B (NF-kB) and CDK8 are jointly recruited to the promoters of response genes, driving the expression of NF-kB early response genes CXCL8, CXCL2, and C-X-C motif chemokine ligand 3 (CXCL3). In addition, CDK8 is involved in the activation of hypoxia inducible factor 1 subunit alpha (HIF1A) (59). lungs of COPD patients overexpress HIF1A, which is associated with hypoxia and inflammatory response (60). Elevated expression of HIF1A is also observed during AF, which may be involved in the structural remodeling of the left atrium (61). CDK8 also highlights potential advantages as a therapeutic target, and NF-kB plays an important role in activating immune inflammatory responses in COPD and AF by encoding chemokines and cytokines (62, 63). Transcription of NF-kB requires activation of CDK8. Studies have shown that reducing CDK8 activity inhibits NF-kB-driven transcription but has no effect on the basal expression of NF-kB-regulated genes or promoters (58). This avoids the detrimental effects of NF-kB blockers due to reduced NF-kB expression levels, making CDK8 a more promising therapeutic target. In addition, we performed a co-expression analysis of CDK8, “TF-mRNA-miRNA” network construction, and drug prediction. These CDK8-associated mRNAs, TFs, and miRNAs also contribute to understanding the CDK8 association network. At the same time, the results predicted by DGIDB may become new drugs for treating COPD combined with AF. Several studies have shown that inhibitors of CDK8 have an inhibitory effect on inflammatory immune responses (64, 65). Studies by Schmerwitz et al. (66) have found that ALVOCIDIB (also known as Flavopiridol) is able to against inflammation by effectively blocking the activation of endothelial cells through the inhibition of NF-kB consensus promoter activity and thereby disrupting the interaction between inflammatory-induced leukocytes and endothelial cells. This suggests that drugs targeting CDK8 may be promising for treating COPD combined with AF.

Analysis of the correlation between CDK8 and immune cell infiltration showed a positive correlation between CDK8 and CD8+ T cells, resting dendritic cells, and macrophage M2 and a negative correlation with monocytes. Patients with COPD have increased infiltration of CD8+ T cells in lung tissue and produce pro-inflammatory factors such as TNF-α (47). The involvement of TNF-α in AF involves multiple mechanisms, and TNF-α has been shown to disrupt intracellular calcium homeostasis in atrial myocytes by decreasing the expression of T-type calcium channel α1G subunit (TCCA 1G) and sarcoplasmic reticulum Ca-ATPase (SERCA2a) thereby participating in AF (67, 68). In addition, TNF-α directly reduces collagen synthesis in cardiomyocytes, enhances matrix metallopeptidase 2 (MMP-2) and matrix metallopeptidase 9 (MMP-9) activities, promotes collagen breakdown, and exacerbates myocardial fibrosis (69, 70). M2 macrophage infiltration in the lungs of patients with COPD is significantly increased. A study by Kaku (71) et al. showed that M2 macrophages are strongly associated with the severity of COPD and a predicted reduction in expiratory force volume in one second (FEV), suggesting the involvement of M2 macrophages in the development of COPD. Macrophages also secrete elastolytic enzymes, such as MMP-2 and MMP-9, which directly lead to the destruction of lung structures and fibrosis of the atria (72–74). Increased sympathetic nervous system activity triggered by COPD promotes the development of AF (11). Studies have revealed that high catecholamine levels induce sympathetic remodeling by acting on the β1-adrenergic receptors on macrophages to produce inflammatory factors such as TNF-α, nerve growth factor (NGF), and interleukin 1 alpha (IL-1). This process may cause the onset of AF (75). Dendritic cell function in AF and COPD is still being studied. Ravi (76) et al. found that monocyte migration capacity was reduced in COPD patients, which may partially explain the negative correlation between CDK8 and monocytes. However, the exact mechanism still needs further investigation. In conclusion, our findings provide a new perspective on the pathogenesis of COPD combined with AF from the viewpoint of the inflammatory immune response and suggest a biomarker CDK8 that could potentially be a therapeutic target.

This study also has several limitations. First, the data in this study were obtained based on the GEO database. Although a dataset containing more samples was selected and validated in an external dataset, the results may be biased due to the different platforms from which they were obtained. Additionally, due to COPD being a heterogeneous disease, there are various phenotypes of COPD, such as small airway-predominant disease, frequent exacerbators, and asthma-COPD overlap, which have different pathophysiological mechanisms that are not completely the same (77). Recent studies have shown that within 90 days of an acute exacerbation of COPD, patients are at a significantly increased risk of an emergency department visit or hospital admission related to AF (78). Another cohort study also found an increased risk of AF in asthmatic patients (79). However, our study was unable to analyze the association between the different phenotypes of COPD and AF separately, so further research is needed to investigate the relationship between these different COPD phenotypes and AF at the genetic level. Secondly, the AUC area of CDK8 in the COPD training set was less than 0.7, and although the AUC area was improved in the validation set, its value in practical clinical applications still needs further validation. Finally, the specific mechanisms of immune inflammatory response and CDK8 in COPD with AF and the association between CDK8 and immune cells need further proof from subsequent in vivo and in vitro experiments.



Conclusion

In this study, through bioinformatic analysis, we found that disturbances in immune regulation and subsequent activation of the inflammatory response may have a significant role in COPD combined with AF. Through machine learning algorithms, CDK8 was finally identified as a key biomarker, and inhibitors targeting CDK8 may be able to be promising therapeutic agents for COPD combined with AF by inhibiting NF-kB-induced immune inflammatory responses.
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Background: Segmentation of computed tomography (CT) is important for many clinical procedures including personalized cardiac ablation for the management of cardiac arrhythmias. While segmentation can be automated by machine learning (ML), it is limited by the need for large, labeled training data that may be difficult to obtain. We set out to combine ML of cardiac CT with domain knowledge, which reduces the need for large training datasets by encoding cardiac geometry, which we then tested in independent datasets and in a prospective study of atrial fibrillation (AF) ablation.



Methods: We mathematically represented atrial anatomy with simple geometric shapes and derived a model to parse cardiac structures in a small set of N = 6 digital hearts. The model, termed “virtual dissection,” was used to train ML to segment cardiac CT in N = 20 patients, then tested in independent datasets and in a prospective study.



Results: In independent test cohorts (N = 160) from 2 Institutions with different CT scanners, atrial structures were accurately segmented with Dice scores of 96.7% in internal (IQR: 95.3%–97.7%) and 93.5% in external (IQR: 91.9%–94.7%) test data, with good agreement with experts (r = 0.99; p < 0.0001). In a prospective study of 42 patients at ablation, this approach reduced segmentation time by 85% (2.3 ± 0.8 vs. 15.0 ± 6.9 min, p < 0.0001), yet provided similar Dice scores to experts (93.9% (IQR: 93.0%–94.6%) vs. 94.4% (IQR: 92.8%–95.7%), p = NS).



Conclusions: Encoding cardiac geometry using mathematical models greatly accelerated training of ML to segment CT, reducing the need for large training sets while retaining accuracy in independent test data. Combining ML with domain knowledge may have broad applications.



KEYWORDS
cardiac CT segmentation, machine learning, mathematical modeling, domain knowledge, atrial fibrillation, ablation





1. Introduction

Segmentation of cardiac imaging data is central to several aspects of clinical care, but can be challenging and time consuming. This may hinder the development of large reference databases. In atrial fibrillation (AF), early rhythm control by ablation reduces morbidity and mortality (1), yet segmenting computed tomography (CT) for ablation by annotating the left atrium, pulmonary veins (PVI) and other target sites (2) still requires substantial human intervention even with current cardiac mapping systems (3), which can be time consuming and introduce errors (4).

Machine learning (ML) can automate image segmentation (5). However, one of the biggest challenge in ML applications is the lack of large annotated ground truth data sets identified by LeCun and others (5). This issue is particularly critical in medicine and healthcare applications (6–8) due to technical, privacy, and regulatory concerns. Many publicly available labeled datasets contain ∼100 cases (9–11), yet traditional ML studies typically use large cohorts (∼70 cases) for training and thus test in only ∼30 cases (12–15), which may limit generalizability and hinder wider application (16, 17).

Methods such as transfer learning showed advances in alleviating the need for large training datasets (18, 19). However, many are tailored for medical image classification instead of segmentation (20) or exhibit inconsistent segmentation performance across tasks and datasets (21). Other techniques such as synthetic data generation (22) and data augmentation (23) can artificially enlarge training sets, but risk lacking real-world diversity (24) or introducing bias due to overfitting (25). Indeed, atlases that leverage anatomic knowledge have long been used for image segmentation (26, 27), but their performance will be compromised when faced with anatomic variants unrepresented in the training data (28).

One novel approach is to train ML with conceptual domain (expert) knowledge to potentially reduce the need for massive amounts of data for training (29, 30) (Figure 1A), analogous to how humans learn (30). Lake et al. used this approach to generate handwritten characters with human-level performance from 1 exemplar, by parsing characters into simple primitives that were composited to create new characters (31). However, domain knowledge for medical applications is rarely sufficient to reduce training sizes for ML (32, 33).


[image: Figure 1]
FIGURE 1
Concept and overview. (A) Conventional machine learning (top) can learn patterns in complex data, but requires laborious manual labeling, in large datasets which may be difficult to obtain. Conversely, our proposed approach (bottom) used natural intelligence to replace manual labeling with anatomical concepts encoded mathematically of domain knowledge, to learn rapidly from small datasets. (B) We applied mathematical encoding to segment heart CT scans via ML of small datasets. We represented heart structures as geometric primitives (“virtual dissection”). This was used to train ML on a small dataset (N = 20) and was able to accurately segment hearts in 2 larger cohorts from different institutions (N = 100, 60). In a prospective study (N = 42), the model segmented cardiac CT scans faster, but as accurately as experts. Acronyms: LA, left atrium; LSPV, left superior pulmonary vein; LIPV, left inferior pulmonary vein; RSPV, right superior pulmonary vein; RIPV, right inferior pulmonary vein; LAA, left atrial appendage.


We hypothesized that ML models could be trained using very small datasets if combined with some mathematical knowledge of the task at hand, or domain knowledge encoding. Specifically, we developed mathematical digital models of the cardiac anatomy (the atria) from generic publicly available databases. While we had access to a large dataset of 232 cases, we leveraged domain knowledge to train ML models in a deliberately small cohort, setting aside more cases for testing from 2 large independent datasets. We also tested our model prospectively in a clinical study (Figure 1B).



2. Materials and methods

Figure 1B outlines our study design, containing the following steps: (1) We developed algorithms that encode atrial and pulmonary vein anatomies; (2) The algorithm was used to train ML to segment cardiac CT, using a small development cohort; (3) The trained ML was tested in 2 external cohorts from different institutions; (4) The combined domain encoded/ML model was tested prospectively to segment CTs in patients undergoing AF ablation, compared to a panel of 3 experts.


2.1. Development and testing clinical cohort

We identified N = 130 consecutive patients who had undergone AF ablation, had CT scans at Stanford Health Care from October 2014 to July 2019, each of whom provided written informed consent. We split this data set randomly into N = 30 for algorithm deriving and model training (Development cohort), and N = 100 patients as a hold-out cohort (Internal Test cohort). To further evaluate our approach, we utilized an external publicly available dataset [MM-WHS (10), N = 60] from a different institution and different CT scanners (External Test cohort).



2.2. Deriving virtual dissection algorithm

We derived our mathematical encoding model from N = 6 publicly available 3D heart models (Figure 2A-1), built using Gaussian process morphable models (34). We employed these digital models solely as simplified yet accurate templates to facilitate the development, analysis, and tuning of our algorithm.
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FIGURE 2
Virtual Dissection algorithm. (A) The detailed pipeline. (B) The progress of the iterative erosion. The automatically selected iteration for erosion is highlighted in red. (C) The progress of the iterative dilation. The automatically selected iteration for dilation is highlighted in red. Acronyms: LA, left atrium; LSPV, left superior pulmonary vein; LIPV, left inferior pulmonary vein; RSPV, right superior pulmonary vein; RIPV, right inferior pulmonary vein; LAA, left atrial appendage.


Inspired by computer graphics (CG) modeling, this “virtual dissection” method identifies critical structures using mathematical encoding (Figure 2). CG uses simple geometrical shapes (‘primitives’) to represent complex objects such as human bodies, that form the basis for techniques such as kinematic modeling that learns 3D human poses from YouTube videos (35) to generate animations. We represented the left atrium (LA) as an ellipsoid; pulmonary veins (PVs) as circular cylinders; and left atrial appendage (LAA) as a paraboloid (Figure 2A-1).

We then reasoned that heart structures can be geometrically parsed by separating the ellipsoidal convex LA from the complex concave whole heart. We used mathematical erosion, dilation (36) and subtraction for this purpose (Figure 2A). First, we dissected digital shells by a novel application of erosion of concave junctions between tubular PVs and paraboloidal LAA with the ellipsoidal left atrium. We propose an Erosion Index, which indicates erosion progression toward a convex shape and can be used to identify the optimal number of erosion iterations (Figure 2B). We then applied dilation to ensure the LA retained its original size after erosion and introduced a Dilation Index to track the restoration process, which helps determine when to stop dilation before PVs and LAA are re-attached (Figure 2C).

To encode the variability of LA geometries across patients, we optimized the virtual dissection algorithm using small clinical seed data from N = {0, 5, 10, 20, 30} patients in the Development cohort. We trained support vector machines (SVMs) with manually segmented images in patients from the seed sets to predict the optimal number of erosion and dilation iterations.

After the left atrium body is isolated after erosion and dilation, we refined boundaries between the LA body and the PVs and LAA (Figure 2A-3) by calculating centerlines from the LA centroid to the centroid of each virtually dissected structure using the Voronoi diagram (37), a method previously used in aorta and great vessels segmentation (9, 38, 39). The original boundaries from the erosion-dilation phase were then refined using a plane aligned perpendicularly to these centerlines. Accuracy of virtual dissection was assessed by centroid-boundary distance and other metrics outlined below in Statistical Analysis.



2.3. Small cohorts of virtually dissected atria can train ML for CT segmentation

We used virtually dissected atria of N = 20 patients from the Development cohort to train ML to segment chest CT scans. We trained a deep neural network architecture, nnU-Net (Supplementary Figure 1), which has been widely used in 23 public datasets (40). For training, we normalized then augmented raw CT scans as input, with the virtual dissected atria as ground truths. We ensured similar voxel spacing for test and training samples. The training protocol is detailed in Supplementary Methods. We applied the trained ML to the independent Internal Test and the External Test cohorts, neither of which was used for training. Accuracy of ML segmentation was assessed by Dice similarity coefficient and other metrics outlined below in Statistical Analysis.



2.4. Prospective study

We prospectively compared our ML approach to experts for segmenting cardiac CT scans in patients prior to AF ablation. The primary endpoints were annotation time and accuracy as assessed by Dice similarity coefficient. The study was approved by the review board of Stanford University Human Subjects Protection Committee, and all subjects gave written informed consent (NCT02997254).

Patient entry criteria were patients undergoing ablation for symptomatic AF refractory to at least one anti-arrhythmic medication between January 1st, 2022, and March 30th, 2022 (N = 96). The predefined exclusion criteria were (1) no valid DICOM files (25 cases), (2) CT performed >90 days before ablation (21 cases), and (3) with LAA closure procedures (8 cases). We identified N = 42 consecutive patients (Prospective cohort). CT images in our prospective study were scanned using the third-generation dual-source CT system (Somatom Force; Siemens AG). The CT images had axial sections of 0.7 mm thickness and typical in-plane pixel size of 0.42 × 0.42 mm.

A panel of 3 experts manually annotated raw CT scans with 3D slicer (41) independently. Each expert had first practiced on several run-in cases, separate from the study cohort, to become familiar with the workflow. During annotation, a bounding box was initially created to identify the LA (including the main branches of PVs and LAA). Several foreground/background seeds were added to these regions, and the region-growing algorithm was applied to get the initial LA geometry. Manual corrections were performed as needed with no further constraints. The final LA segmentation was smoothed using default parameters and exported as a NIFTI file for evaluation. The time taken from loading the CT to exporting the file was recorded for comparison.



2.5. Statistical analysis

We utilized a newly designed metric, the centroid-boundary distance, along with two standard metrics for segmentation tasks (9–15)—Dice similarity coefficient and average surface distance, to evaluate our model's accuracy in capturing 2D LA-PV/LAA boundaries, the global 3D structures, and the local 3D shapes and contours, respectively. Mathematically, the centroid-boundary distance is calculated as the average of all the distances from the centroid of the heart to points on the LA-PV/LAA boundary. The Dice similarity score measures spatial overlap between the model prediction and the ground truth, while 0 indicates no overlap and 1 indicates complete overlap, which can be mathematically expressed as
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The average surface distance is calculated as the average of all the distances from points on the boundary from model prediction to the ground truth boundary. We also measure the success rate of the virtual dissection algorithm, where a heart model is successfully parsed if the Intersect over Union (IoU) between the algorithm prediction and expert manual annotation is larger than 0.5. This metric has been widely used for detection tasks (42).

We expressed continuous data by mean ± SD and categorical data by percentages. The distance and Dice scores were summarized as medians and interquartile range (IQR). Pearson correlation's test was used to assess the similarity of LA volumes and LA sphericity Index estimated from model prediction and ground truth. Student's t-test, Chi-square test, or McNemar's test was applied as appropriate. p < 0.05 was considered as significant.




3. Results


3.1. Study populations

The demographics of the development, internal test and prospective cohorts are shown in Table 1. There were no statistical differences in demographics between cohorts except for a higher incidence of diabetes mellitus in the Development vs. Internal Test cohorts.


TABLE 1 Clinical demographics of retrospective and prospective study.
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3.2. Virtual dissection can automatically parse cardiac geometry

In digital hearts, our developed virtual dissection approach separated the PVs and LAA from left atrial bodies (Figure 3A) with a mean difference for the centroid-boundary distances of −0.27 mm (95% CI: −3.87–3.33; r = 0.99; p < 0.0001; Figure 3B). We randomly selected 5 shells of seed data from the Development cohort for tuning, with LA sizes from 71 to 140 ml that cover a broad range of patients (43).
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FIGURE 3
Virtual dissection performance. (A) Representative samples of digital atria geometrically parsed by un-optimized algorithm. (B) Bland-Altman plots of the centroid-to-boundary of un-optimized algorithm vs. experts in 6 digital atria. After optimizing Virtual Dissection with N = 5 patient cases from the development cohort, (C) Representative patient atria from optimized algorithm in independent Test cohort (N = 100). (D) Bland–Altman plots of the centroid-to-boundary distance of optimized algorithm vs. experts in the Test cohort. (E) Success rate of virtual dissection algorithm using N={0, 5, 10, 20, 30} cases. Acronyms: LSPV, left superior pulmonary vein; LIPV, left inferior pulmonary vein; RSPV, right superior pulmonary vein; RIPV, right inferior pulmonary vein; LAA, left atrial appendage.


In our Internal Test cohort (N = 100), we compared the optimized-virtual dissection to expert annotation using commercially available software (EnSite Verismo Segmentation Tool; Abbott/St Jude Medical, Inc., St. Paul, Minnesota) refined using 3D Slicer (41). Figure 3E shows the success rate of dissection. Accuracy increased from 67% (no tuning) to 94% by tuning with N = 5 shells of seed data (p = 0.034; McNemar's test), then showed only modest changes when tuning in 10–30 shells (92%–94%). Tuned with N = 5 seed data, virtual dissection produced mean difference and limits of agreement for the centroid-boundary distance of 1.46 mm (95% CI: −5.58–8.49; r = 0.99; p < 0.0001; Figure 3D). Figure 3C presents two virtually dissected (left) and manually annotated (right) atria.



3.3. ML trained by virtual dissection can accurately segment CT

Figure 4 shows comparisons between ML prediction (left) and manually labeled (right) atria from select samples, representing the 25th, 50th, and 75th percentile accuracy in the hold out Internal Test cohort (N = 100). Our ML model revealed LA structure, and successfully captured the shape and details of PVs, LAA, and their ostia. The mitral valve plane in the 50th- and 25th-percentile samples showed slight qualitative inconsistencies between ML prediction and ground truth, possibly due to variations in image quality such as density of contrast. Slight differences in LSPV and RSPV measurements were found in the 25th-percentile sample, but the ostia position differences between ML and expert annotations are limited, with LA-LSPV and LA-RSPV boundary errors in a range of 3.54 mm and 0.49 mm, respectively; these differences may not be clinically relevant. Overall, Dice scores were 96.7% (IQR: 95.3% – 97.7%) (Figure 5A, left), a median error in surface distance of boundaries of 1.51 mm (IQR: 0.72 – 3.12)) (Figure 5B) with a mean boundary distance of 1.16 mm (95% CI: −4.57–6.89) again similar to experts (r = 0.99; p < 0.001, Figure 5C-D).
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FIGURE 4
Comparison between the ML model predicted CT segmentation (left) and ground truth manual outlining (right) overlaid on the input CT scans in representative samples selected using 25th, 50th and 75th percentiles of segmentation accuracy in an independent test cohort (N = 100). Our ML model effectively captured the LA geometry, highlighting key features of PVs, LAA, and their ostia. The mitral valve plane represented in the 50th- and 25th- percentile samples showed slight variation between ML prediction and manual labeling, likely from limited image quality. Slight differences in PV measurements were found in the 25th-percentile sample, which may not be clinically relevant. Acronyms: LA, left atrium; LSPV, left superior pulmonary vein; LIPV, left inferior pulmonary vein; RSPV, right superior pulmonary vein; RIPV, right inferior pulmonary vein; LAA, left atrial appendage.



[image: Figure 5]
FIGURE 5
Accuracy CT segmentation using ML of optimized virtual dissection in two test cohorts (A) dice score of ML-based CT segmentation in the internal test cohort (N = 100; left) and an external test cohort from a different institution with different CT scanners (N = 60; right). (B) Boundary surface distances between ML-prediction and expert labelling in the Test Dataset (N = 100). (C) and (D) are Bland–Altman plots and linear regression plots of the centroid-to-boundary distance in the Test Dataset (N = 100). Acronyms: LSPV, left superior pulmonary vein; LIPV, left inferior pulmonary vein; RSPV, right superior pulmonary vein; RIPV, right inferior pulmonary vein; LAA, left atrial appendage.


In our External Test cohort (N = 60) of patients from another Institution with different scanners (10), the model segmented structures with a Dice score of 93.5% (IQR: 91.9% to 94.7%) (Figure 5A, right) again comparing favorably to experts (r = 0.99; p < 0.0001).

Thus, this approach enabled a > 10-fold reduction in the relative size of training to test cases for ML, inverting the ratio of training: test cases less than 1:3, from a typical ratio of >3:1.



3.4. Analysis of Anatomical Variants

Despite not pre-screening to eliminate anatomic variants, segmentation accuracy from our virtual dissection technique was maintained for variant anatomy. Overall, 100% cases with 4 PV ostia (the most common configuration, representing 66 cases) were parsed with mean difference and limits of agreement for the centroid-boundary distance of 1.26 mm (95% CI: −5.15–7.68; r = 0.99; p < 0.0001). We identified 29 cases with one of the 3 main variants: (1) common left PV ostia (N = 8; Supplementary Figure 2A); (2) LAA occlusion by a closure device (N = 1; Supplementary Figure 2B); and (3) supplemental PVs or ostial-branch PV (N = 20; Supplementary Figures 2C,D,G,H). The remaining 5 cases have a combination of these 3 main variants (Supplementary Figures 2E,F).

In summary, 28/34 of identified variants were successfully parsed with anatomic agreement within 1.95 mm (95% CI: −6.34–10.25) which again was in line with experts (r = 0.99; p < 0.0001), despite lack of specific training in variants. In the remaining 6 cases, errors arose mostly from missing PVs or branches relative to the 4 PV mathematical model (Figure 2A-1), which could be addressed by geometric models that adapt to a range of PVs.



3.5. Prospective validation: using virtual-dissection trained ML to segment left atria

Prospectively, in patients prior to AF ablation, the ML model shortened mean left atrial/PV segmentation time by 85.0% compared to the expert panel (2.3 ± 0.8 vs. 15.0 ± 6.9 min, p < 0.0001; Figures 6A,B). Figure 6C shows that our model achieved a Dice score of 93.9% (IQR: 93.0%–94.6%) compared to a panel of 3 experts, statistically indistinguishable from the inter-observer agreement between experts of 94.4% (IQR: 92.8%–95.7%, p = 0.071).
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FIGURE 6
Prospective segmentation of cardiac CT scans in 42 consecutive patients undergoing AF ablation by virtual-dissection trained ML vs. experts. (A,B) Virtual dissection trained ML significantly shortens segmentation time compared to experts. (C) Box plots of Dice similarity coefficient between ML and experts were similar. (D) and (E) LA volume and LA sphericity index marked by Virtual Dissection (red cross) accurately tracks the mean between experts (black cross).


To further analyze CT segmentation by our geometrically encoded ML, we compared the left atrial volume and sphericity index between ML and expert readings. These indices are well reported measures of abnormal left atrial size and shape that predict recurrence of AF after drug therapy or ablation (44, 45). Figures 6D,E shows that they were well correlated (r = 0.99 and 0.95, respectively; p < 0.0001).




4. Discussion

Mathematical encoding of geometry was able to accelerate ML for segmentation of CT, and enable its training on very small datasets. In our study, the training: testing ratio was <1 training to 3 test, which indicates a far lower need for training than the conventional published ratios of >3:1 for ML (11–15). This “inversed training-test ratio” paradigm has recently been applied in domains outside medicine such as for Amazon co-purchasing product predictions (46). Our approach was then tested in two independent test datasets and in a prospective study prior to AF ablation, in which the model accelerated segmentation while maintaining similar accuracy to experts. This novel approach could broaden the ease of access and accuracy of AF ablation. More broadly, this approach has analogies to natural intelligence, which has the potential to reduce the need for large annotated datasets to train ML, and could be applied for diverse imaging applications.


4.1. Benefits for clinical applications

Cardiac CT is increasingly used (12, 14, 47) to guide ablation forAF, and to predict clinical endpoints such as the risk of AF recurrence (45, 48). However, segmentation of these large 70–200 MB datasets manually by experts may take up to tens of minutes (9–12) even with the latest commercial software (49, 50). Our prospective validation demonstrated ML models reduced segmentation time by 10–15 min, representing a reduction of 15%–20% from reported PVI case times of 60–100 min (51, 52), and a larger reduction compared to some recently reported segmentation times of 60–120 min (9–12).

Additionally, existing cardiac mapping systems like Carto® 3 (3) require manual input, and their segmentation varies based on the operator's skill and experience. In contrast, our approach offers a fast and fully automatic solution with ensured consistency. It also allows for manual review and editing if desired.

Moreover, our automated segmentation approach provides an efficient way to label and collect large databases—a feature not available in current cardiac mapping systems like Carto® 3 and Rhythmia, which store data in proprietary formats that are not readily accessible to researchers, and require manual input which hinders scalability.



4.2. Comparison to other studies for ML segmentation of cardiac anatomy

We compared our approach with 4 recent ML studies using traditional large training datasets to segment LA from CT scans (12–15). Baskaran et al. and others (12–15) trained in 73–230 cases using manual segmentations, and only tested in 17–37 cases with a maximum Dice of 95.6% (14). Our model used 3–10 times fewer training data yet outperformed on a test set 3–5 times larger. Our model also showed superior generalizability in external and prospective test cohorts, not included in (12–15).

Our approach circumvents the limitation that most CT studies that segmented the LA often did not specifically segment the PVs and LAA (12, 14). Our approach can accurately reveal other anatomical landmarks, evidenced by our ML model's high Dice score (96.7%) compared to experts. Supplementary Figure 3 illustrates that our ML model successfully identifies the roof and septal walls, which play a significant role in cardiac mapping and AF ablation procedures (53, 54). Our approach can also be applied to other cardiac imaging applications including segmentation of Magnetic Resonance Imaging (MRI) to boost ML by reducing the need for large training data sets.



4.3. Limitations

This study has several limitations. We used only CT and, although this is by far the most widely applied cardiac imaging modality, future studies could extend our approach to MRI through transfer learning. While we tested our approach in cohorts from different institutions, additional studies are needed to define its sensitivity to data from a wide variety of scanners and spatial resolutions. We focused on improving left atrial segmentation, because it is an important and common clinical task, but future studies should extend to other features such as segmenting CT scans to study the aorta for aneurysmal dilation (55), which has a high mortality rate (56), or to plan aortic valve replacement (57), which is commonly performed (58). One limitation and future direction for this work is to adapt our domain knowledge encoding algorithm for different variants, including but not limited to a range of PVs, or congenital variants in the ventricles or aorta (57).




5. Conclusion

Domain knowledge encoding of cardiac geometry was able to train Machine Learning to segment cardiac CT while greatly reducing the need for large training data sets. Our approach (virtual dissection) derived in very small datasets was able to accurately segment cardiac CT in 2 independent datasets of hundreds of patients and in a prospective study prior to AF ablation. In general, this combined domain knowledge encoding and machine learning approach reduce the dependence of ML on large training datasets and could be applied broadly in imaging and benefit personalized cardiovascular medicine.
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Characteristics DMV <24h DMV > 24h p-value
(n=135) (n=25)

Age (month) 4.77 (3.50,6.86) 2.00 (1.57,4.53)  <0.001
Sex 0.493

Female 11(31%) 10 (40%)

Male 24 (69%) 15 (60%) 0.002

Height (cm) 6451£575 58764745

Weight (kg) 62(550,7.40) 5.00(420,620)  0.001

CHD* 1.000

Left-right 31 (89%) 22 (88%)

Right-left 4(11%) 3(12%) 0.660

NYHA

<I 19 (54%) 15 (60%)

>1 16 (46%) 10 (40%) 0357

Preoperative respiratory disease”*

Yes 14 (40%) 13 (52%)

No 21(60%) 12(48%) 0.004

CPB time (min) 76 (66,92) 104(86,136)  0.016

ACC time (min) 45.(36,56) 55(50,79)  <0.001
Ventilation time (h) 12(8.20) 49.(45,72) 0.199

Adverse events***

Yes 18 (51%) 17(68%)

No 17 (49%) 8(32%) <0.001
1CU stay (days) 2(13) 5(47) <0.001
Postoperative hospital stay (days) 10(9,12) 14 (12,18)

Data are presented as mean(IQR)/# (%)/meanzESD. The bold values represent the p-value
< 0.05.

DMV, duration of mechanical ventilation; CPB, cardiopulmonary bypass; AC
cross clamp; NYAH, NYAH class.

*CHD, congenital heart discase includes lefi-right shunt congenital heart discase and
right-left shunt congenital heart discase.

**Preoperative respiratory disease includes respiratory tract infection, pneumonia, and

. aortic

tracheal chondromalacia.
“ Adverse events, whether the patient is subjected to one of the foll
complications during the hospitalization: Low cardiac output syndrome, pleural efusion,
ascites, arrhythmia, infection, or pneumoni:

postoperative
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Characteristic

Gender, n (%)

Female

Male

Heart disease, n (%)

No

Yes

Family history of hypertension, n (%)
No

Yes

Diabetes, n (%)

No

Yes

Hypothyroidism, n (%)

No

Yes

Body mass index, median (Q1, Q3)
Waist circumference, median (Q1, Q3)
Neck circumference, median (Q1, Q3)
Age/10, median (Q1, Q3)

Drinking, n (%)

No

Yes

Smoking, n (%)

No

Yes

High-salt diet, n (%)

No

Yes

High-fat diet, n (%)

No

Yes

Poor sleep quality, n (%)

No

Yes

Sedentariness, n (%)

No

Yes

Emotionally stable, n (%)

No

Yes

Mental stress, n (%)

No

Yes

Smoking amount, median (Q1, Q3)
Memory decline, n (%)

No

Yes

Inattention, n (%)

No

Yes

Epworth sleepiness scale, median (Q1, Q3)
Course of snoring, median (Q1, Q3)
Course of choking, median (Q1, Q3)
AHI, median (Q1, Q3)

OAI, median (Q1, Q3)

Minimum Sa0,/10, median (Q1, Q3)
CT90/10, median (Q1, Q3)

Total (n = 1,493)

224 (15.0)
1,269 (85.0)

1,394 (93.4)
99 (6.6)

1,063 (71.2)
430 (28.8)

1,437 (96.2)
56 (3.8)

1,464 (98.1)
29 (1.9)
26.7 (24.6,29.4)
98.0 (92.0, 105.0)
40.0 (37.5, 42.0)
4.0 (3.3,4.9)

901 (60.3)
592 (39.7)

834 (55.9)
659 (44.1)

1,124 (75.3)
369 (24.7)

1,049 (70.3)
444 (29.7)

808 (54.1)
685 (45.9)

573 (38.4)
920 (61.6)

416 (27.9%)
1,077 (72.1%)

1,092 (73.1)
401 (26.9)
0.0 (0.0, 1.0)

549 (36.8)
944 (63.2)

687 (46.0)
806 (54.0)
9 (6, 14)

9.0 (4.0, 12.0)
3.0 (1.0, 6.0)
46.2 (23.0, 67.9)
21.1 (5.2, 46.6)
7.6 (6.5,8.4)
0.7 (0.1, 3.0)

Non-hypertension (n = 1,134)

161 (14.2)
973 (85.8)

1,085 (95.7)
49 (4.3)

905 (79.8)
229 (20.2)

1,113 (98.1)
21(1.9)

1,109 (97.8)
25 (2.2)
26.2 (24.4,28.7)
97.0 (92.0, 103.0)
39.0 (37.0, 41.0)
3.7 (3.2,4.6)

684 (60.3)
450 (39.7)

647 (57.1)
487 (42.9)

869 (76.6)
265 (23.4)

811 (71.5)
323 (28.5)

634 (55.9)
500 (44.1)

424 (37.4)
710 (62.6)

305 (26.9)
829 (73.1)

842 (74.3)
292 (25.7)
0.0 (0.0, 1.0)

439 (38.7)
695 (61.3)

525 (46.3)
609 (53.7)
8.5 (5, 13)
8.0 (3.6, 10.0)
2.0 (1.0, 5.0)
41.8 (19.8, 66.1)
17.5 (4.2, 43.5)
7.9 (6.8,8.5)
0.5 (0.1, 2.6)

Hypertension (n = 359)

63 (17.5)
296 (82.5)

309 (86.1)
50 (13.9)

158 (44.0)
201 (56.0)

324 (90.3)
35(9.7)

355 (98.9)
4(1.1)

28.1 (25.9, 30.5)
102.0 (95.0, 108.0)
41.0 (38.0, 43.0)
4.8 (4.0,5.6)

217 (60.4)
142 (39.6)

187 (52.1)
172 (47.9)

255 (71.0)
104 (29.0)

238 (66.3)
121 (33.7)

174 (48.5)
185 (51.5)

149 (41.5)
210 (58.5)

111 (30.9)
248 (69.1)

250 (69.6)
109 (30.4)
0.0 (0.0, 1.0)

110 (30.6)
249 (69.4)

162 (45.1)
197 (54.9)
11(7,16)
10.0 (6.0,20.0)
4.0 (1.0,8.0)
57.7 (33.1,70.8)
32,5 (14.7,53.1)
6.9 (5.7,7.8)
1.5(0.3,4.0)

AHI, apnea-hypopnea index; OAI obstructive apnea index; SaO», arterial oxygen saturation; CT90/10, percentage of time of SaO, < 90%/10.

P value

0.143

<0.001

<0.001

<0.001

0.278

<0.001
<0.001
<0.001
<0.001

0.965

0.112

<0.05

0.069

<0.05

0.182

0.157

0.099

<0.05
<0.01

0.744

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
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Gender

Heart disease

Family history of hypertension

Diabetes

Hypothyroidism

Body mass index

Waist circumference

Neck circumference

Age/10

Drinking

Smoking

High-salt diet

High-fat diet

Poor sleep quality

Sedentariness

Emotionally stable

Mental stress

Smoking amount

Memory decline

Inattention

Epworth sleepiness scale
Course of snoring
Course of choking

AHI

OAI

Minimum Sa0,/10
CT90/10

Univariate analysis

Multivariate analysis

OR (95% CI)

Ref

0.777 (0.565-1.070)
Ref

3.583 (2.369-5.419)
Ref

5.027 (3.9-6.48)
Ref
5.725(3.287-9.973)
Ref

0.500 (0.173-1.446)
1.148 (1.109-1.188)
1.051 (1.039-1.064)
1.099 (1.061-1.138)
1.901 (1.707-2.118)
Ref

0.995 (0.780-1.268)
Ref

1.222 (0.963-1.551)
Ref

1.337 (1.025-1.746)
Ref

1.277 (0.99-1.646)
Ref

1.348 (1.063-1.710)
Ref

0.842 (0.661-1.072)
1.217 (0.939-1.577)
Ref

Ref

1.257 (0.968-1.633)
1.383 (1.109-1.723)
Ref

1.430 (1.109-1.844)
Ref

1.048 (0.826-1.331)
1.070 (1.048-1.093)
1.068 (1.051-1.085)
1.064 (1.041-1.088)
1.014 (1.009-1.018)
1.014 (1.010-1.019)
0.638 (0.584-0.697)
1.160 (1.104-1.219)

P value

Ref
0.122
Ref

< 0.001
Ref

< 0.001
Ref

< 0.001
Ref
0.201

< 0.001
< 0.001
< 0.001
< 0.001
Ref
0.965
Ref
0.099
Ref

< 0.05
Ref
0.060
Ref

< 0.05
Ref
0.163
0.139
Ref
Ref
0.086
<0.01
Ref
<0.01
Ref
0.698

< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001

OR (95% CI)

Ref
Ref
1.437 (0.845-2.446)
Ref
5.388 (3.975-7.302)
Ref
1.849 (0.934-3.662)
Ref
1.121 (1.038-1.210)
1.014 (0.984-1.045)
1.017 (0.953-1.085)
2.136 (1.834-2.487)
Ref

Ref
Ref
1.083 (0.776-1.511)
Ref
Ref
1.058 (0.784-1.428)
Ref

Ref
Ref
1.152 (0.869-1.527)
Ref
1.070 (0.777-1.474)
Ref
1.021 (0.993-1.049)
1.009 (0.986-1.033)
1.004 (0.971-1.037)
0.994 (0.982-1.006)
1.007 (0.995-1.019)
0.552 (0.456-0.668)
0.842 (0.751-0.944)

P value

Ref
Ref
0.181
Ref

< 0.001
Ref
0.078
Ref

< 0.01
0.368
0.607

< 0.001
Ref

Ref

Ref
0.639
Ref

Ref
0.711
Ref

Ref
Ref

0.325
Ref
0.679
Ref
0.145
0.443
0.825
0.341
0.282
< 0.001
< 0.01

AHI, apnea-hypopnea index; OAI obstructive apnea index; SaO», arterial oxygen saturation; CT90/10, percentage of time of SaO, < 90%/10; OR, odds ratio; 95% CI, 95% credible interval.
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Model Flscore AUC Accuracy Sensitivity Specificity

AdaBoost  0.757 0.860 0.832 0.553 0.925
LR 0.716 0853 0.810 0.468 0.925
Bagging 0.481 0.698 0.759 0353 0.916
MLP 0.719 0.861 0.807 0.489 0.914
GBM 0.841 0873 0.885 0.713 0.943
XGBoost 0.719 0.807 0.807 0.489 0.914

AUC, area under the curve; AdaBoost, adaptive boosting; LR, logistic regression;
Bagging, bootstrapped aggregating; MLP, multilayer perceptron; GBM, gradient boosting
machine; XGBoost, extreme gradient boost; ML, machine learning.
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Variables

Heart disease

Prediction Model of Obstructive
Sleep Apnea-related Hypertension:
Machine Learning-Based
Development and Interpretation
Study

Risk grouping for OSA-related hypertension:
High Risk

Probability of High risk group: 79.3%
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Variables

Gender, 1 (%)

0

1

Age, Median (Q1, Q3)
Ethnicity, n (%)

0

1

Weight, Median (Q1, Q3)
Hematocrit, Median (Q1, Q3)
Hemoglobin, Median (Q1, Q3)
Platelets, Median (Q1, Q3)
wbc, Median (Q1, Q3)

mch, Median (Q1, Q3)
mchc, Median (Q1, Q3)
mcv, Median (Q1, Q3)

rbe, Median (Q1, Q3)

rdw, Median (Q1, Q3)
aniongap, Median (Q1, Q3)
Bicarbonate, Median (Q1, Q3)
Bun, Median (Q1, Q3)
Calcium, Median (Q1, Q3)
Chloride, Median (Q1, Q3)
Creatinine, Median (Q1, Q3)
Sodium, Median (Q1, Q3)
Potassium, Median (Q1, Q3)
inr, Median (Q1, Q3)

pt, Median (Q1, Q3)

ptt, Median (Q1, Q3)
ck.cpk, Median (Q1, Q3)
ck.mb, Median (Q1, Q3)
Tn.T, Median (Q1, Q3)
Npro.BNP, Median (Q1, Q3)
heart.rate, Median (Q1, Q3)
sbp, Median (Q1, Q3)

dbp, Median (Q1, Q3)

mbp, Median (Q1, Q3)
resp.rate, Median (Q1, Q3)
Temperature, Median (Q1, Q3)
spo2, Median (Q1, Q3)
Glucose, Median (Q1, Q3)
myocardial.infarct, n (%)

0

1

congestive.heart.failure, n (%)
0

1
peripheral.vascular.disease, 1 (%)
0

1

cerebrovascular.disease, n (%)
0

1

Dementia, 1 (%)

0

1
chronic.pulmonary.disease, n (%)
0

1

rheumatic.disease, n (%)

0

1

peptic.ulcer.disease, 1 (%)
0

1

diabetes.without.cc, n (%)
0

1

diabetes.with.cc, n (%)

0

1

Paraplegia, (%)

0

1

renal.disease, n (%)

0

1

Aids, 1 (%)

0

1

mechvent, n (%)

0

1

uo.rt.24 h, Median (Q1, Q3)
rrt, 1 (%)

0

1

Hyperlipidemia, n (%)

0

1

atrialfibrillation, (%)

0

1

charlson.comorbidity.index, Median (Q1, Q3)

lods, Median (Q1, Q3)

sapsii, Median (Q1, Q3)
oasis, Median (Q1, Q3)
f.sofa, Median (Q1, Q3)

Total (n = 3458)

1756 (51)
1702 (49)
75 (65, 84)

923 (27)
2535 (73)
79.5 (66.3, 95.9)
33.6 (28.8,38.3)
11(9.4,12.6)
202 (152, 266)
10.8 (7.9, 14.8)
30.1(28.6,31.5)
33 (319, 34)
91(87,95)
3.69 (3.16,4.25)
14.4 (136, 15.6)
14(12,17)
24(22,27)
21(15,29)
8.5(8.1,89)
104 (99, 108)
1(08,13)
139 (136, 141)
42(38,46)
13 (1.1, 1.5)
142 (126, 16.9)
31.5(27.6,38.2)
122 (82, 179)
5(3.5,6)
0.35(0.29,0.51)
2526.5 (1188.5, 4441)
84(74,97)
123 (106, 139)
64(53,76)
80 (70,93)
18(15,22)
36.67 (36.33, 37)
98 (95, 100)
134 (109, 173)

2394 (69)
1064 (31)

897 (26)
2561 (74)

2900 (84)
558 (16)

2912 (84)
546 (16)

3327 (96)
131 (4)

2152 (62)
1306 (38)

3288 (95)
170 (5)

3383 (98)
75(2)

2332 (67)
1126 (33)

3216 (93)
242(7)

3343 (97)
115(3)

3375 (98)
83 (2)

3455 (100)
3(0)

1247 (36)
2211 (64)
1.13 (0.74, 1.55)

3424 (99)
34(1)

1633 (47)
1825 (53)

1776 (51)
1682 (49)
6(5.7)
4(2,6)
35(29,43)
32(26,39)
42,7)

Survival (n =2999)

1501 (50)
1498 (50)
74 (64, 83)

775 (26)
2224 (74)

80 (67.1,96.95)
33.4(28.6,38.3)
11 (9.4,12.6)
202 (151, 264)
10.55 (7.8, 14.6)
30.1(28.6,31.5)
33.1(32,34.1)
91 (87,95)
3.69 (3.14,4.25)
14.3 (1355, 15.45)
14 (12, 16)
24/(22,27)
20(15,28)
8.5(8.1,8.9)
104 (100, 108)
1(08,1.2)
139 (136, 141)
4.1(3.8,4.6)
13(1.1,15)
14.1 (125, 16.7)
31.4(27.5,37.75)
123 (83.5, 180)
5(3.5,6)
0.35(0.29,0.5)
2397 (1156.75, 4348.25)
84 (74, 96)
123 (106, 140)
64 (54,76)

80 (70,93)

18 (15, 22)
36.67 (36.33,37)
98 (96, 100)
133 (109, 169)

2078 (69)
921 (31)

803 (27)
2196 (73)

2528 (84)
471 (16)

2551 (85)
448 (15)

2888 (96)
111 (4)

1877 (63)
1122 (37)

2854 (95)
145 (5)

2939 (98)
60 (2)

2031 (68)
968 (32)

2795 (93)
204 (7)

2914 (97)
85 (3)

2932 (98)
67 (2)

2998 (100)
1(0)

1131 (38)
1868 (62)
115 (078, 1.57)

2979 (99)
20 (1)

1378 (46)
1621 (54)

1576 (53)
1423 (47)
6(5.7)
4(2,6)
35(28,42)
31(26,38)
4(2,7)

Death (n = 459)

255 (56)
204 (44)
80 (70,87)

148 (32)

311 (68)
74.2 (60.65,91.1)
345 (29.8, 38.45)

113 (9.8,12.5)
210.5 (163.5, 291)
12 (8.3, 16.45)
30.1(28.4,31.4)
327 (31.5,33.6)
92(87,97)
3.73(3.27,4.29)
14.9 (13.8, 16.4)
16 (13,19)
24(20,27)
27 (18.5,39)
85(7.9,8.9)
102 (98, 106)
1.2 (0.8, 1.6)
138 (135, 141)
42(3.8,4.8)
1.3 (1.1,1.8)
14.7 (12.8,19.5)
32.2(28.2,40.65)
1125 (71.5, 163)
5(3,7)

0.4 (0.27,0.63)
3339 (1553.5, 4960.25)
87(76,102)
123 (105, 139)
64(53,77)

78 (67,92)

20 (16,24)
36.61 (36.22, 36.94)
98 (95, 100)
144 (113,193.5)

316 (69)
143 (31)

94 (20)
365 (80)
0.09
372(81)
87 (19)

361 (79)
98 (21)

439 (96)
20 (4)

275 (60)
184 (40)

434(95)
25(5)

444 (97)
15(3)

301 (66)
158 (34)

421(92)
38(8)

429(93)
30(7)

443 (97)
16 (3)

457 (100)
2(0)

116 (25)
343 (75)
0.9 (056, 1.4)

445 (97)
14 (3)

255 (56)
204 (44)

200 (44)
259 (56)
6(5,8)
7 (4,10)
42 (34,53)
39 (32, 46)
6(4,9)

0.032

<0.001
0.005

<0.001
0.011
0.261
0.003
<0.001
0.392
<0.001
0.001
0.178
<0.001
<0.001
0.002
<0.001
0.014
<0.001
<0.001
0.027
0.001
<0.001
<0.001
0.005
<0.001
0.394
0.004
<0.001
<0.001
0.538
0.75
0.099
<0.001
0.211
<0.001
<0.001
0.89

0.005

<0.001

0.579

0.294

0.654

0.118

0.39

0.291

<0.001

0.142

0.048

<0.001

<0.001
<0.001

<0.001

<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
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Variables

Age, Median (Q1, Q3)

wbc, Median (Q1, Q3)
mche, Median (Q1, Q3)
mcv, Median (QI, Q3)

rdw, Median (Q1, Q3)
Aniongap, Median (Q1, Q3)
Bun, Median (Q1, Q3)
Calcium, Median (Q1, Q3)
Chloride, Median (Q1, Q3)
inr, Median (Q1, Q3)

ptt, Median (Q1, Q3)
Npro.BNP, Median (Q1, Q3)
heart.rate, Median (Q1, Q3)
resp.rate, Median (Q1, Q3)
Sp02, Median (Q1, Q3)
Glucose, Median (Q1, Q3)

cerebrovascular.disease, n (%)

0

1

Paraplegia, n (%)
0

1

Aids, n (%)

0

1

mechvent, n (%)
0

1

rrt, n (%)

0

1
Hyperlipidemia, (%)
0

1

Dead, n (%)

0

1

Total (n = 3458)

75 (65, 84)
10.8 (7.9, 14.8)
33(31.9,34)
91 (87,95)
14.4 (13.6, 15.6)
14(12,17)

21 (15,29)
85 (8.1,89)
104 (99, 108)
13 (1.1, 1.5)
31.5(27.6,38.2)
2526.5 (1188.5, 4441)
84 (74,97)
18 (15,22)
98 (95, 100)
134 (109, 173)

2912 (84)
546 (16)

3343 (97)
115 (3)

3455 (100)
3(0)

1247 (36)
2211 (64)

3424 (99)
34(1)

1633 (47)
1825 (53)

2999 (87)
459 (13)

Testing (n =692)

74 (65, 83)
10.8 (7.9, 14.83)
32,9 (319, 33.9)

91 (86, 95)
14.4 (13.7,15.7)

14(12,17)

21(16,31)

85 (8.1,8.9)
104 (99, 108)

1.3 (1.1, 1.6)
31(27.3,37.1)
2580.5 (1176.75, 4479.5)
85 (74,98)

18 (15,22)

98.5 (96, 100)

137 (109.75, 175)

582 (84)
110 (16)

669 (97)
23(3)

692 (100)
0(0)

235 (34)
457 (66)

687 (99)
5(1)

351(51)
341 (49)

586 (85)
106 (15)

Training (n =2766)

75 (65, 84)
10.75 (7.93, 14.78)
33 (32, 34)

91 (87, 95)
144 (13.6,15.5)
14(12,17)

21 (15, 29)

85 (8.1,8.9)
104 (99, 108)
1.3 (1.1, 1.5)
31.6 (27.7,38.4)
2490 (1193.25, 4440.5)
84 (74,97)

18 (15,22)

98 (95, 100)
134 (109, 172)

2330 (84)
436 (16)

2674 (97)
92 (3)

2763 (100)
3(0)

1012 (37)
1754 (63)

2737 (99)
29 (1)

1282 (46)
1484 (54)

2413 (87)
353 (13)

0.742
0.999
0.074
0.104
0.05
0.804
0.538
0.888
0.782
0.308
0.168
0.677
0.454
0.66
0.339
0.534
0.978

0.214

0.574

0.044

0.087
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age
mechvent
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bun
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paraplegia

rdw

hyperlipidemia
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Variables

Calcium score
Age
Gender

Race

Smoking status
Body mass index (kg/m?)

Systolic blood pressure (mmHg)
Diastolic blood pressure (mmPHg)
High-density lipoprotein cholesterol
(HDL-C), mg/dl

Low-density lipoprotein cholesterol
(LDL-C), mg/dl

Total cholesterol, mg/dl

Triglycerides, mg/dl

“Median [IQR].

19.5(0.0-217.0] (n = 5,864)°
60.0 (53.0-67.0] (n = 5,864)"
Female: 53% (n = 3,091)
Male: 47% (1 = 2,773)
‘White: 83% (n = 4,854)
Black: 14% (n = 834)
Other: 1.6% (n = 92)
Unknown: 1.4% (n = 84)
Non-Smokers: 61% (1 = 3,592)
Smokers: 39% (n =2,272)
29.57 [25.9-34.2] (n = 5,533)"
Unknown: 6% (n = 331)
130 [120-142] (n = 5,567)*
Unknown: 5% (n = 297)
80 (72-84] (n=5,568)"
Unknown: 5% (1 = 296)
50 (41-61.5] (n = 3,772)*
Unknown: 36% (n = 2,092)
113 [88-140] (n = 3768)"
Unknown: 36% (1 = 2,096)
193 (163-223) (n = 3,846)*
Unknown: 34% (1 = 2,018)
114 (81-165) (n = 3,744)"
Unknown: 36% (n = 2,120)
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Patients were

“heart failure”(n=15354)
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Only inclued the first ICU admission

for each Patients (998 exclude)

\

y

Patients for further selection

The following patients were excluded:
Patients without hypertension (n=9537)
Less than 24 hours or more than 28 days

\ 4

of ICU stay (n=830)

Patients with severe liver disease (n=71)

\

L Patients with malignant cancer (n=459)

Patients for further selection

Patients with missing data more than 30%

(n=1)

—

Death within 28 days (n=459)

'

Survival within 28 days (n=2999)
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Cryoballoon ablation

Increased proteins LDL receptor, MMP-9, GDF-15, PRTN3, OPN, CHI3L1, ST2, IGFBP-2, MB (D1), IL-8, TFG-alpha, IL-10, CCL23,
CSF-1, MCP-3, IL-17C, CCL20, IL-6, and OSM

Decreased proteins IGFBP-1, Ep-CAM, CXCL11, CXCL9, MCP-4, CCL11, CCL19, TRANCE, IL-12B, FIt3L, IFN-gamma, CCL8, CD244,
CD6, FGF-21, TNFRSF9, uPA, MCP-1, TRAIL, CST5, CXCL10, CCL25, and TNFB, MB (D2)

Radiofrequency balloon ablation

Increased proteins MMP-9, MB, CHI3L1, ST2, IGFBP-2, TNFRSF14, LDL receptor, EPHB4, GRN, LTBR, TR, IL-1RT1, CTSD, CTSZ,
TNF-R1, OPN, IL-6, OSM, CASP-8, TNFSF14, and CSF-1

Decreased proteins TFF3, CSTB, MCP-1, uPA, COL1A1, vWE TRAIL, CXCL9, CD6, CCL11, MMP-1, CCL19, TRANCE, Flt3L, CXCLs,
CXCL10, CCL28, IFN-gamma, MCP-2, TNFB, IL-8, TWEAK, CXCL11, CST5, and MCP-4

Radiofrequency ablation

Increased proteins GDF-15, RETN, TR-AP, PRTN3, OPN, ST2, IGFBP-2, CHI3L1, IL-10, MCP-3, CSF-1, IL-6, and CCL23

Decreased proteins CCL15, uPA, CPB1, MMP-3, CSTB, CD163, BLM hydrolase, IGFBP-1, Ep-CAM, Gal-4, KLK6, PLC, CDH5, FABP4,
COL1A1, GDNE TRAIL, CST5, SLAMF1, CCL11, MMP-1, CCL19, TRANCE, MMP-10, FIt3L, IFN-gamma, CCL25,
TWEAK, TNFB, and FGF-21
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Hb (g/L) 134.25 +3.82 139.38 +-4.44 136.13 £ 5.63 133.88 & 3.20 0.862
ALT (TU/L) 16.13 £ 1.88 31.25£8.38 24.63 £3.24 24.88 £5.83 0.151
AST (IU/L) 21.38 £0.91 30.50 £ 8.64 21.63 £1.52 25.13 £6.25 0.903
Cr (wml/L) 78.75 £ 4.83 74.75 £6.70 68.25 £ 3.07 70.50 £ 5.62 0.504
TC (mmol/L) 4.4140.28 4.144+0.35 4.58 +£0.28 4.13+£0.20 0.654
LDL (mmol/L) 2.55+£0.36 2.36 £0.32 2.76 £0.16 2.53+0.19 0.804
HbAlc (%) 5.48 £+ 0.09 5.83+0.17 6.43 £ 0.59 5.55+0.17 0.401
pro-BNP (pg/ml) 75.56 £ 29.57 359.54 £ 196.27 256.65 £ 84.54 312.08 £ 226.52 0.186
Tnl (ng/ml) 0.39 +£0.37 0.01 £ 0.00 0.66 £ 0.48 0.01 & 0.00 0.217
D-dimer (mg/L) 0.23 £0.04 0.24 £ 0.03 0.50 £0.32 0.30 + 0.02 0.073
Continuous variables were shown as mean & SD. Categorical variables were shown as counts and percentages. N, number; BMI, body mass index; CHA;DS;-VASc, risk score for
BC, white blood cells; RBC, red blood cells; Hb, hemoglobin; ALT, alanine

thromboembolism; ACEI, angiotensin-converting enzyme inhibitors; ARB, angiotensin receptor blockers; W
transaminase; AST, aspartate transaminase; Cr, creatine; TC, total cholesterol; LDL, low-density lipoprotein; HbAlc, glycated hemoglobin; BNP, brain natriuretic peptides; Tnl, troponin I.
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Controls Cryoballoon Radiofrequency Radiofrequency P-value

(n=8) (n=8) (n=8) balloon (n = 8)
Age (years) 65.13 £3.56 65.63 £3.25 63.50 £ 1.69 58.63 £4.13 0.610
Male (n%) 5 (62.5%) 4 (50%) 3 (37.5%) 4(50%) 0.801
BMI (kg/m2) 22.13+£0.92 2296 £0.87 24.07 £0.77 2373 £0.83 0.373
Smoking history (n%) 3 (37.5%) 2 (25%) 0 (0%) 2 (25%) 0.324
Alcohol history (n%) 1(12.5%) 1 (12.5%) 0 (0%) 2 (25%) 0.515

Past medical history

Hypertension (n%) 4 (50%) 2 (25%) 4 (50%) 4 (50%) 0.677
Diabetes (1%) 0 (0%) 0 (0%) 2 (25%) 1(12.5%) 0.257
Coronary heart disease (1%) 1(12.5%) 0 (0%) 1(12.5%) 1(12.5%) 0.776
Cerebral ischemia (n%) 2 (25%) 1 (12.5%) 0 (0%) 1(12.5%) 0.515
Peripheral vascular disease (n%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) /
CHA,DS,-VASc score

Score <1 (n%) / 5(62.5%) 2(25%) 4 (50%) /
Score >2 (n%) / 3 (37.5%) 6 (75%) 4 (50%) /
Atrial fibrillation type

Paroxysmal (n%) / 6 (75%) 5(62.5%) 8 (100%) /
Persistent (n%) / 2 (25%) 3(37.5%) 0 (0%) /
Atrial fibrillation duration / 26.63 +17.43 15+ 13.29 13.25 +8.54 /
(months)

Echocardiography

Left atrium diameter (mm) 37.63 £0.56 40.00 +1.18 40.50 £ 1.31 38.13 £ 1.69 0.095

Ejection fraction (%) 64.50 & 1.54 68.88 = 1.29 66.00 £ 1.52 66.00 £ 1.52 0.223

Transesophageal echocardiography

Normal (n%) 8 (100%) 7 (87.5%) 6 (75%) 7 (87.5%) 0.515
Dense echo (n%) 0 (0%) 1 (12.5%) 2 (25%) 1(12.5%) 0.515
Thrombus (n%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) /
Thrombus in other places (n%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) /

Medicine history

Beta blockers (n%) 2 (25%) 3(37.5%) 1(12.5%) 3(37.5%) 0.637
alpha blockers (1%) 1(12.5%) 0 (0%) 0 (0%) 0 (0%) 0.377
ACEI/ARB (n%) 2 (25%) 1(12.5%) 2 (25%) 2 (25%) 0.908
Diuretics (n%) 1(12.5%) 0 (0%) 1(12.5%) 1(12.5%) 0.776
Ca2 + antagonist (n%) 2 (25%) 2 (25%) 1(12.5%) 1(12.5%) 0.845
Digitalis (1n%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) /

Antiarrhythmic drugs (1n%) 0 (0%) 2 (25%) 3 (37.5%) 4 (50%) 0.144
Antiplatelet drugs (n%) 2 (25%) 0 (0%) 0 (0%) 0 (0%) 0.094
Anticoagulant (n%) 0 (0%) 8 (100%) 8 (100%) 8 (100%) <0.01

Lab results

WBC (*10"9/L) 5.05£0.55 5.13£0.33 5.61 £0.49 5.89£0.98 0.646

RBC (*10"12/L) 4.30 £0.11 4.5540.14 443 £0.15 4.34£0.11 0.574

Platelet (*10"9/L) 185.63 = 14.16 198.13 £+ 18.96 207.75£19.45 206.63 £ 20.82 0.924
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AUC (95%C1)

Training set Validation set
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0.723 (0.680-0.766)

0.780 (0.721-0839)
0.724 (0.659-0.789)
0.765 (0.704-0.826)

IBS
Training set Validation set
0.046 0.067
0177 0.194
0.064 0.148

Model performance of DeepSurv, RSF; and CPH model in terms of C-index, AUC and IBS. CPH, cox proportional hazards regression; DeepSurv, deep learing-based survival model;
RSF, random survival forest model; IBS, integrated brier scores; AUC, the area under the receiver-operator characteristic curve.
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Total

Training set Validation set p-value

(n =890) (n=628) (n=267)

Smoking status 0.474

Never (%) 707 (79.4) 493 (79.1) 214/(80.2)

Previous (%) 64(7.2) 42(6.7) 22(82)

Current (%) 119 (13.4) 88(14.1) 31(11.6)

Age (years) 52 (45-60) 52 (45-60) 52 (45-60) 0543

Systolic blood pressure (mmHg) 185 (126-148) 185 (126-148) 185 (125-149) 0746

Total cholesterol (mmol/L) 45(3.7-5.4) 4.6(3.7-5.4) 45(3.7-5.9) 0615

Hemoglobin (g/L) 111 (94-181) 111 (95-130) 111(92-132) 0652

high density lipoprotein (mmol/L) 1.1(09-1.4) 1.1 (08-1.4) 1.1(09-1.4) 0390

24h urinary protein (g) 27 (0.4-6.3) 27(0.4-6.9) 28(0.4-6.1) 0296

Continuous variables are shown as mean (SD) or median (interquartile range) according to the distribution, and categorical variables are shown as frequency (percentage).
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Total cvD NO CcVvD

(n =890) (n =284) (n = 606)
Smoking status

Never (%) 707 (79.4) 191 (67.9) 516 (31.5)
Previous (%) 64(7.2) 25(8.8) 39 (4.1)
Current (%) 119 (13.4) 68 (239) 51(11.2)
Age (years) 52 (45-60) 564+ 11.7 51(43-57)
Systolic blood pressure (mmHg) 135 (126-148) 142 (131.3-160) 133 (124.8-142)
Total cholesterol (mmol/L) 45(3.7-5.4) 49(4.1-6.7) 43(8.6-52)
Hemoglobin (g/L) 111(94-131) 107 (©1-128) 113 (95.3-133)
High density lipoprotein (mmol/L) 1.4(09-1.4) 1(08-13) 1.1(0.9-1.4)
24 urinary protein (g) 2.7 (0.4-6.3) 3.2(0.7-7.1) 2.5(0.4-6)

p-value

<0.001

<0.001
<0.001
<0.001
0.007
0.002
0.042

Continuous variables are shown as mean (SD) or median (interquartile range) according to the distribution, and categorical variables are shown as frequency (percentage).
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Data domain Full population Event - Event + p-value

n=1,775 n=1442 n=333
Patient reported health questionnaire
Age (years) 59+ 13 58+ 13 63+ 13 <0.0001
Female, n (%) 418 (24) 336 (29) 82 (25) 0.6079
Obesity, n (%) 638 (36) 510(35) 128 (38) 0.2925
NYHA class Il or IV, 1 (%) 439 (25) 313(22) 126 (38) <0.0001
Atrial fibrillation, (%) 322 (18) 247 (17) 75 (23) 0.0213
CAD, n (%) 397 (22) 305 (21) 92 (28) 0.0106
Diabetes, n (%) 346 (19) 251 (17) 95 (29) <0.0001
Hypertension, n (%) 688 (39) 524 (36) 164 (49) <0.0001
Hyperlipidemia, n (%) 382 (22) 290 (20) 92 (28) 0.0026
Peripheral arterial disease, (%) 22(1) 16 (1) 6(2) 0.3034
Pulmonary hypertension, n (%) 26 (1) 14(1) 12 (4) 0.0003
COPD, n (%) 87(5) 56 (4) 319 <0.0001
Smoking, n (%) 340 (19) 279 (19) 61(18) 0.6669
Mobilty issues (EQSD), n (%) 518 (29) 366 (25) 152 (46) <0.0001
Anxiety/depression (EQSD), n (%) 539 (30) 435 (30) 104 (31) 0.7033
Pain issues (EQSD), n (%) 598 (34) 457 (32) 141 (42) 0.0002
Self-care issues (EQSD), n (%) 172 (10) 121(8) 51 (15) 0.0001
Issues with usual activity (EQSD), n (%) 649 (37) 474.(33) 175 (53) <0.0001
Clinical patient history—administrative health data
Prior hospitalization—1 year, 1 (%) 894 (50) 669 (46) 225 (68) <0.0001
Prior hospitalization—3 years, n (%) 1,169 (66) 895 (62) 274 (82) <0.0001
Two weeks hospitalized in prior year, n (%) 248 (14) 160 (11) 88 (26) <0.0001
Ischemic cardiomyopathy, n (%) 919 (52) 710 (49) 209 (63) <0.0001
History of atrial fibrillation, n (%) 396 (22) 292 (20) 104 (31) <0.0001
CMR parameters
LVEF (%) 3611 3710 3111 <0.0001
LVESV index (mL/m?) 75436 71+£33 91 +42 <0.0001
LVEDV index (mL/m?) 113£37 110£35 127 £ 44 <0.0001
LVMass index (g/m?) 70+21 68+21 76+23 <0.0001
RVEF (%) 47 £ 12 4811 44.+13 <0.0001
RVESV index (mL/m?) 45 21 44+£20 51+27 <0.0001
RVEDV index (mU/m?) 84424 83422 87 +£30 0.0260
LA volume index (mL/m?) 44+18 42417 50+ 20 <0.0001
Presence of any LGE pattern, 1 (%) 1,064 (60) 831 (58) 233 (70) <0.0001
Subendocardial pattern, n (%) 695 (39) 533(37) 162 (49) 0.0001
Non-ischemic pattern, n (%) 679 (33) 542(38) 137 (41) 0.2290
Midwall striae, n (%) 304 (17) 232 (16) 72 (22) 0.0157
RV insertion site, 1 (%) 392 (22) 302 (21) 90 (27) 0.0159
Midwall patchy, n (%) 119.(7) 96 (7) 23(7) 0.8697
Subepicardial, n (%) 11(6) 97 (7) 14 (4) 0.0866
Diffuse, n (%) 26 (1) 20 (1) 62 05701
Medications
ACE inhibitor or ARB, 1 (%) 1,498 (84) 1,182 (82) 316 (95) <0.0001
Anti-arthythmic, n (%) 98 (6) 68(5) 30(9) 0.0020
Anti-coagulant, n (%) 547 (31) 393 (27) 154 (46) <0.0001
Anti-platelet (non-ASA), n (%) 275 (15) 221 (15) 54(16) 06857
ASA, n (%) 803 (45) 624 (43) 179 (54) 0.0005
Beta-blocker, 1 (%) 1,492 (84) 1,181 (82) 311(93) <0.0001
Calcium channel blocker (dihydropyradine), n (%) 186 (10) 142 (10) 44 (13) 0.0707
Calcium channel blocker (non-dihydropyridines), n (%) 56(3) 46(3) 10(3) 0.8603
Digoxin, n (%) 138 (8) 92(6) 46 (14) <0.0001
Loop diuretic, n (%) 520 (29) 317 (22) 203 (61) <0.0001
Thiazide diuretic, n (%) 1368 108(7) 28(8) 05699
K-sparing diuretic, n (%) 718 (40) 529(37) 189 (57) <0.0001
Entresto, 1 (%) 178 (10) 142 (10) 36 (1) 05978
Glucose lowering, n (%) 310 (17) 212 (15) 98 (29) <0.0001
Glucose lowering (DPP-4 inhibitors), 1 (%) 35(2) 22(2) 13 (4) 0.0049
Glucose lowering (SGLT 2 inhibitors), (%) 380 32(2) 6.0(2) 0.6353
Insulin, n (%) 121(7) 82(6) 39(12) 0.0001
Nitrates, n (%) 400 (23) 267 (19) 133 (40) <0.0001
Statins, n (%) 1,005 (57) 778 (54) 227 (68) <0.0001
Smoking cessation agents, n (%) 350 24(2) 1@ 0.0525

Variables are described for the full population and those with and without occurrence of the primary clinical endpoint of heart failure related hospitalization.

Quantitative data is presented as means = standard deviation, qualitative data is presented as counts and percentages. History of Atrial Fibrillation variable is derived
from administrative EHR data, Atrial Fibrillation variable is patient reported.

ACE, angiotensin-converting enzyme; ARB, angiotensin Il receptor blocker; BSA, body surface area; CAD, coronary artery disease; COPD, chronic obstructive pulmonary
disease; EDV, end-diastolic volume; EF, ejection fraction; ESV, end-systolic volume; ICM, ischemic cardiomyopathy; LA, left atrial; LGE, late gadolinium enhancement; LV,
left ventricular; NYHA, New York Heart Association; RV, right ventricular. Bold values indicates p < 0.05.
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q & odule
(a
GO_BP GO: 0032101 Regulation of response to external stimulus 5 0.0048 CSF-1, CCL7, SPP1, IL-6, IL-10
GO: 0022603 Regulation of anatomical structure 5 0.0048 CSF-1, CCL7, SPP1, IL-6, IL-10
morphogenesis
GO: 0002690 Positive regulation of leukocyte chemotaxis 3 0.0055 CSF-1, CCL7,IL-6
GO: 0006952 Defense response 5 0.0055 CSF-1, CCL7, SPP1, IL-6, IL-10
GO: 0006954 Inﬂammatory response 4 0.0062 CSF-1, CCL7, SPP1, IL-6
PATHWAYS has04061 Viral protein interaction with cytokine and 4 1.07E-06 CSF-1, CCL7, IL-6, IL-10
cytokine receptor
has04060 Cytokine-cytokine receptor interaction 4 3.71E-05 CSF-1, CCL7, IL-6, IL-10
has05143 African trypanosomiasis 2 0.0041 1L-6, IL-10
has04151 PI3K-Akt signaling pathway 3 0.0043 CSF-1, SPP1, IL-6
has04672 Intestinal immune network for IgA production 2 0.0043 1L-6, IL-10
(b)
GO_BP GO: 0019221 Cytokine-mediated signaling pathway 5 0.00066 IENG, MMP-3, MMP-1, TNESF11, LTA
GO: 0050729 Positive regulation of inflammatory response 3 0.0132 IENG, TNFSF11, LTA
PATHWAYS has05323 Rheumatoid arthritis 4 6.69E-07 IFNG, MMP-3, MMP-1, TNFSF11
has04657 IL-17 signaling pathway 3 0.00018 IFNG, MMP-3, MMP-1
has04060 Cytokine-cytokine receptor interaction 3 0.0033 IFNG, TNFSF11, LTA
has04940 Type I diabetes mellitus 2 0.0036 IFNG, LTA
has04064 NF-kappa B signaling pathway 2 0.0182 TNFSF11, LTA

(a) The most significant module of increased proteins in radiofrequency ablation; (b) the most significant module of decreased proteins in radiofrequency ablation. RF, radiofrequency;
GO, gene ontology; BP, biological process; KEGG, kyoto encyclopedia of genes and genomes; FDR, false-discovery rate.
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(a
GO_BP GO: 0010647 Positive regulation of cell 6 0.0085 OSM, LTBR, CHI3L1, MMP-9, SPP1, IL-6
communication
GO: 0023056 Positive regulation of 6 0.0085 OSM, LTBR, CHI3L1, MMP-9, SPP1, IL-6
signaling
GO: 0001934 Positive regulation of 5 0.0093 OSM, LTBR, CHI3L1, MMP-9, IL-6
protein phosphorylation
GO: 0071310 Cellular response to organic 6 0.0093 OSM, LTBR, CHI3L1, MMP-9, SPP1, IL-6
substance
GO: 0071345 Cellular response to cytokine 5 0.0093 OSM, LTBR, CHI3L1, MMP-9, IL-6
stimulus
PATHWAYS has04060 Cytokine-cytokine receptor 3 0.0199 OSM, LTBR, IL-6
interaction
has04151 PI3K- Akt signaling pathway 3 0.0199 OSM, SPP1, IL-6
has04672 Intestinal immune network for 2 0.0199 LTBR, IL-6
IgA production
has04061 Viral protein interaction with 2 0.0284 LTBR, IL-6
cytokine and cytokine receptor
has04066 HIF-1 signaling pathway 2 0.0284 LTBR, IL-6
(b)
GO_BP GO: 0030593 Neutrophil chemotaxis 7 1.63E-12 CCL13, CXCL6, CXCL10, CXCL8, CXCL11,
CCL19, CCL8
GO: 0070098 Chemokine-mediated 7 1.63E-12 CCL13, CXCL6, CXCL10, CXCL8, CXCL11,
signaling pathway CCL19, CCL8
GO: 0006959 Humoral immune response 8 2.78E-12 CCL13, CXCL6, IFNG, CXCL10, CXCL8, CXCL11,
€CL19,€CL8
GO: 0061844 Antimicrobial humoral 7 3.10E-12 CCL13, CXCL6, CXCL10, CXCL8, CXCL11,
immune response mediated by CCL19, CCL8
antimicrobial peptide
GO: 0006954 Inﬂammatory response 8 2.26E-10 CCL13, CXCL6, IFNG, CXCL10, CXCL8, CXCL11,
€CL19,€CL8
PATHWAYS has04061 Viral protein interaction with 7 243E-13 CCL13, CXCL6, CXCL10, CXCL8, CXCL11,
cytokine and cytokine receptor CCL19, CCL8
has04060 Cytokine-cytokine receptor 8 3.54E-13 CCL13, CXCL6, IFNG, CXCL10, CXCL8, CXCL11,
interaction CCL19, CCL8
has04062 Chemokine signaling pathway 7 7.22E-12 CCL13, CXCL6, CXCL10, CXCL8, CXCL11,
CCL19, CCL8
has04657 IL-17 signaling pathway 4 3.15E-06 CXCL6, IFNG, CXCL10, CXCL8
has05323 Rheumatoid arthritis 3 0.00033 CXCL6, IFNG, CXCL8

(a) The most significant module of increased proteins in radiofrequency balloon ablation; (b) the most significant module of decreased proteins in radiofrequency balloon ablation. RB,

radiofrequency balloon; GO, gene ontology; BP, biological process; KEGG, kyoto encyclopedia of genes and genomes; FDR, false-discovery rate.
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(@)

GO_BP GO: 0019221 Cytokine-mediated 8 1.79E-07 CXCLS8, CSF-1, CCL20, MMP-9, CCL7, IL-6, IL-10, CCL23
signaling pathway
GO: 0030595 Leukocyte chemotaxis 6 1.79E-07 CXCL8, CCL20, CCL7, IL-6, IL-10, CCL23
GO: 0006954 Inflammatory response 7 1.02E-06 CXCLS8, CSF-1, CCL20, CCL7, SPP1, IL-6, CCL23
GO: 0097529 Myeloid leukocyte migration 5 2.50E-06 CXCL8, CCL20, CCL7, IL-6, CCL23
GO: 0002687 Positive regulation of 5 4.19E-06 CXCLS8, CSF-1, CCL20, CCL7, IL-6
leukocyte migration

PATHWAYS has04061 Viral protein interaction with 7 2.05E-13 CCL13, CXCL10, CXCL11, CCL19, CXCL9, CCL25, CCL8
cytokine and cytokine receptor
has04657 IL-17 signaling pathway 7 2.05E-13 CCL13, CXCL10, CXCL11, CCL19, CXCL9, CCL25, CCL8
has04060 Cytokine-cytokine receptor 7 2.05E-13 CCL13, CXCL10, CXCL11, CCL19, CXCL9, CCL25, CCL8
interaction
has05323 Rheumatoid arthritis 7 3.89E-13 CCL13, CXCL10, CXCL11, CCL19, CXCL9, CCL25, CCL8
has04668 TNF signaling pathway 6 2.87E-12 CCL13, CXCL10, CXCL11, CCL19, CCL25, CCL8

(b)

GO_BP GO: 0030593 Neutrophil chemotaxis 7 2.05E-13 CCL13, CXCL10, CXCL11, CCL19, CXCL9, CCL25, CCL8
GO: 0031640 Killing of cells of other 7 2.05E-13 CCL13, CXCL10, CXCL11, CCL19, CXCL9, CCL25, CCL8
organism
GO: 0070098 Chemokine-mediated 7 2.05E-13 CCL13, CXCL10, CXCL11, CCL19, CXCL9, CCL25, CCL8
signaling pathway
GO: 0061844 Antimicrobial humoral 7 3.89E-13 CCL13, CXCL10, CXCL11, CCL19, CXCL9, CCL25, CCL8
immune response mediated by
antimicrobial peptide
GO: 0048247 Lymphocyte chemotaxis 6 2.87E-12 CCL13, CXCL10, €XCL11,; CCL19; CCL25;/CCL8

PATHWAYS has04061 Viral protein interaction with 7 3.05E-14 CCL13, CXCL10, CXCL11, CCL19, CXCL9, CCL25, CCL8
cytokine and cytokine receptor
has04062 Chemokine signaling pathway 7 1.37E-12 CCL13; CXCL10, CXCL11, CCL19, CXCL9, CCL25; CCL8
has04060 Cytokine-cytokine receptor 7 1.59E-11 CCL13, CXCL10, CXCL11, CCL19, CXCL9, CCL25, CCL8
interaction
has04620 Toll-like receptor signaling 3 0.00042 CXCL10, CXCL11, CXCL9
pathway
has04064 NF-kappa B signaling pathway 2 0.038 CCL13, CCL19

(a) The most significant module of increased proteins in cryoballoon ablation; (b) the most significant module of decreased proteins in cryoballoon ablation. CB, cryoballoon; GO, gene
ontology; BP, biological process; KEGG, Kyoto encyclopedia of genes and genomes; FDR, false-discovery rate.
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Retrospective cohort (N =130) Prospective p-value

3 cohort (N=42)
Entire Development Internal test Development | Development

cohort (N=13f cohort (N = 3 cohort (N=100) vs. internal test | vs. prospective
Age, year, mean £ SD 648+98 65.6+10.1 64697 652106

Male gender, N (%) 95 (73.1%) 21 (70.0%) 74 (74.0%) 24 (57.1%)
Non-paroxysmal AF, N (%) 69 (53.1%) 16 (53.3%) 53 (53.0%) 18 (429%)

BMI kg/m’, mean = SD 297+57 30550 294359 296+69
Diabetes, N (%) 16 (12.3%) 7 (23.3%) 9 (9.0%) 5 (11.9%)
CHA2DS2-VASc score, 22+14 23t12 22118 21£13
mean + SD
Smokers, N (%) 51 (39.2%) 16 (53.3%) 35 (35.0%) 14 (33.3%)
Enlarged LA, N (%) 77 (59.2%) 19 (63.3%) 58 (58.0%) 19 (45.2%)
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Baseline characteristics

Age (years)

Male, 1 (%)

BSA (m?)

BMI (kg/m?)

SBP (mmHg)

DBP (mmHg)

NYHA class Il or IV, 1 (%)

Previous angioplasty, 1 (%)

Previous bypass, 1 (%)

Smoker, n (%)

Alcohol consumption (>2 drinks per day), n (%)
Caffeine consumption (2 drinks per day), 1 (%)

Comorbidities*
Diabetes, 1 (%)
Hypertension, n (%)
Hyperlipidemia, 1 (%)
COPD, 1 (%)
Hypothyroidism, 1 (%)
Hyperthyroidism, (%)
Medication use
ACE-Tor ARB, 1 (%)

Antiarrhythmics?, 1 (%)

Anti-coagulant®, 1 (%)

Beta blocker, 1 (%)

Calcium channel blocker (%)
Digoxin, n (%)

Oral hypoglycemic, n (%)

Statin, 1 (%)

Loop diuretic, 7 (%)

Potassium sparing diuretic, 7 (%)

Thiazide diuretic, n (%)

BSA, body surface area; BMI, Body mass index; SB,
1, angiotensin-converting enzyme inhi
treatment of atrial fibrillatior indicate p-value

disease;

Total cohort
(N =7,639)

5224157
4,520 (59.2)
19£02
28.1%62
1164 £ 174
687123
1,127 (14.8)
666 (8.7)
196 (2.6)
1,230 (16.1)
203 (2.6)
952 (12.5)

928 (12.1)

2,531 (33.1)

1,225 (16.0)
201 (26)
582(7.6)
104 (1.4)

3,498 (45.8)
116 (1.5)
673 (838)

3,397 (44.5)
995 (13.0)
92(1.2)
981(12.8)

2,768 (36.2)
855(112)
966 (12.6)
631(83)

olic blood pressure; DBP, diastolic blood pressu
tor; ARB, angiotensin Il receptor blocker. *Comorbi

Event -
(N =7,325)

5184157
4301 (58.9)
19402
280£62
1163£174
687122
1,071 (14.6)
624 (85)
186 (2.5)
1,173 (16.0)
197 2.7)
899 (12.3)

867 (11.8)

2,378 (32.5)

1,150 (15.7)
183 (2.5)
565 (7.7)
99 (1.4)

3,309 (45.2)
94(1.3)
619 (85)
3,202 (43.7)
933 (12.7)
83 (1.1)
915 (12.5)
2,602(35.5)
782 (10.7)
907 (12.4)
580 (7.9)

'YHA, New York Heart Associatio
s were calculated from patient report health questionnaires.

Event +
(N =314)

621£129
219 (69.7)
20£03
288467
1170+ 182
67.4£13.1
56 (17.8)
42(13.4)
10(3.2)
57 (18.2)
6(1.9)
53 (16.9)

61(19.4)
153 (48.7)
75 (23.9)
18(5.7)
17 (5.4)
5(1.6)

189 (60.2)
22(7.0)
54(172)
195 (62.1)
62(19.7)
9(29)
66 (21.0)
166 (52.9)
73(23.2)
59 (18.8)
51(16.2)

p-value

<0001

<0001
0.002
0024
0532
0076
0136
0.004
0599
0352
0509
0.020

<0001
<0001
<0001
<0.001
0163
0911

<0001
<0001
<0001
<0001
0.006
0013
<0001
<0.001
<0001
0.001
<0001

COPD, chronic obstructive pulmonary

t for the
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CMR-imaging variables

Indexed LV EDV (ml/m?)
Indexed LV ESV (ml/m?)

LV EF (%)

Indexed LV Mass (g/m?)
Indexed RV EDV (ml/m?)
Indexed RV ESV (ml/m?)
RV EF (%)

Indexed LA Volume (ml/m?)
n(%)

Aortic regurgitation®, n (%)

Mitral stenosis?, 1 (%)
Mitral regurgitation®, 1 (%)

LV, left ventricular; RV, right ventricular;

(Mosteller formula); > = moderate

EDV; end diastolic volume;

Total cohort
(N =7,639)

87.5429.4
4174283
554£13.7
5984199
8254233
380£17.1
55.1£9.7
359+ 141
124(16)
68(0.9)
1.1
140(1.8)

V, end systolic volume; E

Event -
(N =7,325)

870290
413£280
556+ 136
594:£197
823£230
378£168
552497
355£138
101 (1.4)
57 (0.8)
8(0.1)
121(1.7)

.05.

Event +
(N=314)

98.04366
4984340
5284160
68.1£23.0
87.5430.1
2221
535£110
43180
23(73)
11(3.5)
3010
19(6.1)

p-value

<0001
<0.001
<0001
<0001
<0001
<0001
0.003
<0001
<0001
<0001
0.002
<0.001

ejection fraction; LA, left atrial; All indexed values are indexed to body surface area
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C2HEST Training mean C-index: 0.70 £0.01

Original risk factors CIROC variables HR (95% CI) p-values
CAD CAD 0.93 (0.66-1.32) 0.68
coPD COPD 131(0.76-2.26) 033
Hypertension Hypertension 143 (111-1.86) 0.01
Elderly (age>75) Ageat scan 1.04 (1.03-1.05) <0.01
Systolic HE LVEF <50% 0.99 (0.98-1.00) 005
Thyroid disease (hyperthyroidism) Thyroid disease (hyperthyroidism) 071 (0.23-221) 086
Aronson et al. Training mean C-index: 0.71 £0.01

Original risk factors CIROC variables HR (95% CI) p-values
Age AgeatScan 105 (1.04-1.06) <0.01
Female gender Gender 0.67 (051-0.88) <0.01
BMI BMI 102 (1.00-1.04) 0.08
SBP > 160 SBP 0.99 (0.98-1.00) <0.01
Previous MI Previous MI 088 (0.63-1.22) 043
PAD PAD 090 (0.22-3.65) 0.89
Hypertension Hypertension 141 (1.08-1.84) 0.01
Previous HF Previous HF 130 (0.88-1.92) 018
coPD CoPD 132 (0.76-2.27) 032
Inflammatory disease Inflammatory disease 075 (0.31-1.83) 053
CHARGE-AF Training Mean C-index: 0.72 £0.01

Original risk factors CIROC variables HR (95% CI) p-values
Age Age at Scan (years) 105 (1.04-1.06) <0.01
Race (Caucasian) Self-Reported Ethnicity (Caucasian) 143 (1.05-1.95) 0.02
Height Height (m) 157 (0.38-6.40) 053
Weight Weight (kg) 101 (1.00-1.01) 013
SBP SBP (mmHg) 0.99 (0.98-1.00) 0.08
DBP DBP (mmHg) 0.99 (0.98-1.01) 033
Current smoker Active Smoker 137 (098-1.90) 0.06
Hypertensive medication Hypertensive Medication 136 (1.03-1.79) 0.03
Diabetes Diabetes 120 (0.86-1.68) 029
Previous HF Previous HF 126 (0.85-1.86) 025
Previous MI Previous MI 0.88 (0.63-1.23) 0.46

"AD, coronary artery diseast
olic blood pressure; MI, myocardial infarction; PAD, peripheral

Overall model performance in the traini
 heart failure; LVEF, left ventricular ejection fraction; BMI, body m
0.05.

3 dataset and adjusted hazards for the primary outcome of ne

obstructive pulmonary disease;

DBP, diastolic blood pressure. Bold
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Validation Validation Validation Validation Validation Validation Validation

C-index C-index IBS 1-year AUC 2-year AUC 3-year AUC Mean AUC
(mean = std) stability (mean = std) (mean = std) (mean = std) (mean = std) (mean = std)
(min-max)

Cox PH models

Aronson et al. 0.70 £ 0.03 0.67-0.75 0.034 0,002 0724003 0714002 0.70 002 0714002
C2HE! 0.69 4002 0.65-0.73 0.034 0,001 070 40,04 070 40,02 0.68 4002 0.70 4002
CHARGE-AF 0714002 0.67-072 0.034 0,002 0722003 0714002 0704003 0724002
CIROC-AF-Cox 0.74% 002 071-0.79 0.033 £ 0.001 075 £0.02 075 £0.03 073 £0.03 075001
Random survival forests

CIROC-AF-115 0774002 074-0.79 0.031 0,001 0804004 080 %002 077002 0794001
CIROC-AF-20 0784001 075-0.81 0.031 0,001 0804002 07940.01 078 %002 0774002

50-based variable selection.

dex: Harrells concordance index; IBS: Integrated Brier Score. AUC: time dependent (cumula curve; CIROC-AI

s for each model across the 5-folds.

-dynamic) area under the receiver operating characte
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MIMIC IV

(n=1,258) (n=2,624)

Non-AKI AKI P-value Non-AKI AKI P-value

(n=933) (n=325) (n=1,851) (n=773)
Demographic
Male (n%) 639 (68.5%) 220 (67.7%) 079 1,164 (62.9%) 518 (67.0%) 0.045
Age (year) 65.1(55.3,75.4] 69.2[58.7,78.4] <0.001 67.0(57.0,75.0] 710 (61.0,78.0] <0.001
Vital signs
Heart rate (min~") 830 (72.0,95.0] 87.0(73.0,100.0] <0.05 83.0(73.0,95.0] 86.0 [74.0,100] <0.001
Temperature (°C) 36.5[36.0,36.8] 36.5[35.9,37.1] 0.548 36.6[36.4,36.8] 36.6 (36.3,36.9] 0.789
Respiratory rate (min~") 17.0 (15.021.0] 19.0 (15.0,22.0) <0.05 18.0(15.0,22.0] 19.0 (16.0,24.0) <0.001
ASP (mmHg) 119.8[106.0,1340]  116.0[101.0,133.0] 0.055 118.0 [105.0,134.0] 113 (101.0,131.0] <0.001
ADP (mmHg) 61.0 [52.0,70.0] 59.0 [50.0,68.0] <0.05 66.0 [56.0,76.0] 61.0 (53.0,72.0] <0.001
MAP (mmHg) 78.0 [68.0,88.0] 75.0 [66.0,84.0] <0.05 80.0(71.0,91.0] 77.0 (69.0,87.0] <0.001
Laboratory results
RBC (m/uL) 42(3.84.7) 39(3445] <0.001 4.0(3.445) 38(3243] <0.001
WBC (k/uL) 110 [8.7,14.7] 12.2(8.4,152] 0.088 10.5(8.0,13.7] 11.1(8.0,15.8] <0.05
Platelet (k/uL) 239.0(194.02975]  222.0(175.0,292.5] <0.05 211.0[165.0,2650]  197.0 [153.5,250.0] <0.001
Hemoglobin (g/dL) 130 [11.4,14.4] 12.1(10.4,13.6] <0.001 12.0(10.1,137] 11.2[9.7,13.0) <0.001
Hematocrit (%) 378 (34.0,41.6] 360 (31.3,40.0] <0.001 365 (31.1,40.6] 349 (302,39.5] <0.001
Glucose (mg/dL) 140.0 [114.0,187.0] 155.0(118.0,230.5] <0.001 133.0(109.0,1780]  148.0 (113.0,203.0] <0.001
BUN (mg/dL) 18.0 (14.026.0] 25.0(17.0,37.0) <0.001 19.0 (14.0,32.0] 25.0 [18.5,39.0] <0.001
Potassium (mEq/L) 4.1(3.84.5) 43(3.947) <0.001 42[3.945] 43(39,4.6) <005
Sodium (mEq/L) 139.0 [136.0,140.0]  138.0[135.0,140.0] 0.083 138.0(136.0,1400] 1380 (1350,141.0] 0858
Chloride (mEq/L) 103.0 [100.0,106.0] 102.0[101.0,107.0] 0.353 103.0 [99.0,105.0] 103.0 (99.0,105.0] 0.613
Calcium (mg/dL) 8.6(8.29.1] 8.4(7.9.89] <0.001 87(8.29.1] 8.5(8.09.0] <0.001
Magnesium (mg/dL) 19(1.7.2.1] 19(17,21] 0.468 20(1.82.1] 20(1.822] 0.900
Phosphate (mg/dL) 3.4[2.94.0] 3.6[3.04.5] <0.001 3.6(3.0,4.2] 3.8(3.2,4.6] <0.001
Bicarbonate (mEq/L) 230 (21.0,26.0] 23.0(20.0,25.0] <0.05 23.0(21.0,25.0] 22.0(19.0,25.0] <0.001
APTT (s) 316(26.1,55.4] 35.2(27.6,592] <005 35.6[28.8,55.5] 39.4[294,65.2] <005
INR 12(11,13] 12(1.1,14] <0.05 12(11,13] 12(11,14] <0.001
PT(s) 134 (125,14.6] 13.5(12.8,15.0] <0.05 127 [11.7,14.6) 133 [12.1,15.8] <0.001
CK-MB (ng/mL) 320 (8.094.5] 26.0(8.0,97.0] 0633 200(6.0,710] 18.0(5.0,69.1] 0431
TNT (ng/mL) 1.0 [0.8:4.0] 1.5(0.2,5.5] <0.05 0.5[0.1,23] 0.5[0.1,2.3] 0.978
Creatinine (mg/dL) 1.0(0.8,1.3] 1.3(0.9,1.6] <0.001 1.0[0.8,15) 1.4(10,1.9] <0.001
GER [mL/(min-1.73 m?)] 74.8 [55.8,95.8] 56.3[38.1,82.7] <0.001 72.0 (44.7,99.3] 52.1(33.5,75.9] <0.001
Comorbidities (1%)
HE (1%) 327 (35.0%) 154 (47.4%) <0.001 218 (11.8%) 100 (12.9%) 0.407
Cardiogenic shock (1%) 132 (14.1%) 85(26.2%) <0.001 85 (4.6%) 82 (10.4%) <0.001
Atrial fibrillation (n%) 189 (19.9%) 110 (33.8%) <0.001 501 (27.1%) 325 (42.0%) <0.001
Hypertension (n%) 467 (50.1%) 144 (44.3%) 0.074 339 (18.3%) 96 (12.4%) <0.001
Hyperlipidemia (n%) 273(29.3%) 77(23.7%) 0.054 1,003 (54.2%) 339 (51.6%) 0.229
Hypercholesterolemia (%) 154 (16.5%) 34 (10.5%) <0.05 90 (4.9%) 39 (5.0%) 0.843
Respiratory failure (%) 107 (11.5%) 72 (222%) <0.001 70 (3.8%) 39 (5.0%) 0.162
DM (n%) 188 (20.2%) 86 (26.5%) 0.018 171 (9.2%) 77 (10.0%) 0.559
Ventricular tachycardia (n%) 119 (12.8%) 47 (14.5%) 0434 90 (4.9%) 73 (9.4) <0.001

Continuous variables are presented as the median and interquartile range (IQR). Counting data are presented as numbers and percentages. ASP, arterial systolic pressure; ADP, diastolic arterial
pressure; MAP, mean arterial pressure; RBC, red blood cell; WBC, white blood cell; BUN, blood urea nitrogen; APTT, activated partial prothrombin time; INR, International Normalized Ratio;
PT, prothrombin time; CK-MB, Creatine Kinase Isozyme-MB; TNT, Troponin-T; GFR, Glomerular Filtration Rate; HE, Heart Failure; DM, Diabetes Mellitus.
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