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Inflammation is a hallmark of the period after a myocardial infarction (MI) that is either promoted or resolved by distinct subtypes of circulating inflammatory cells. The three main monocyte subpopulations play different roles inflammation. This study examined whether the type of MI (type 1 or type 2) or the extent of myocardial injury is associated with differences in monocyte subpopulations. For this purpose, peripheral whole blood from patients with a suspected MI was used for flow cytometric measurements of the monocyte subpopulations, and myocardial injury was classified by cardiac troponin levels in serum. In patients with acute coronary syndrome (n = 82, 62.2% male) similar proportions of the monocyte subsets were associated with the two types of MI, whereas total monocyte counts were increased in patients with substantial myocardial injury vs. those with minor injury (p = 0.045). This was accompanied by a higher proportion of intermediate (p = 0.045) and classical monocytes (p = 0.059); no difference was found for non-classical monocytes (p = 0.772). In patients with chronic coronary syndrome (n = 144, 66.5% male), an independent association with myocardial injury was also observed for classical monocytes (p = 0.01) and intermediate monocytes (p = 0.08). In conclusion, changes in monocyte subpopulation counts, particularly for classical and intermediate monocytes, were related to the extent of myocardial injury in acute and stable coronary artery disease but not to the type of MI.
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INTRODUCTION

Myocardial infarction (MI) is one of the most frequent cardiovascular events and leads to relevant morbidity and mortality. Early inflammatory processes after MI are largely dependent on monocyte-related mechanisms (1, 2). It has been established that following the onset of acute MI, monocytes invade the infarcted area to promote healing of damaged myocardial tissue by removing dead cells and have an important impact on remodeling of myocardial structure (2).

Monocytes represent ~5% of peripheral blood leucocytes; they constitute an essential component of the immune system linking innate and adaptive immunity and are critical drivers in many inflammatory processes (3). This is also the case in atherosclerosis, in which monocytosis after an MI is associated with impaired recovery and unfavorable prognosis of atherosclerotic disease (4, 5).

Three different monocyte subsets can be distinguished, as delineated by the Nomenclature Committee of the International Union of Immunological Societies in 2010. Thus, monocytes are divided into classical monocytes (CD14++CD16–), representing up to 90% of the blood monocytes, intermediate monocytes (CD14++CD16+), and non-classical monocytes (CD14+CD16++) (6). These three monocyte subsets have distinct phenotypic and functional characteristics and play different roles in inflammation and malignancy. Each subset displays different immune functions, including phagocytic activity, cytokine profile, and regenerative capacity (7). Classical monocytes are characterized by a high expression of genes encoding antimicrobial proteins (7). Non-classical cells display numerous patrolling properties and therefore are thought to be involved in innate surveillance of tissues (7). Intermediate monocytes constitute a transitional population that shares some phenotypic and functional features of both classical and non-classical monocytes (7). It has been suggested that the proportion of the three subpopulations of monocytes can differ with the presence of disease, such as the different characteristics associated with different types of MI (8).

MI can be classified by the universal definition as type 1, caused by a spontaneous coronary plaque rupture, and type 2, resulting from increased oxygen demand or decreased supply (9). MI in general is characterized by cell death due to prolonged ischemia, irrespective of the type of MI. Myocardial cell death as related to the extent of myocardial injury can be quantified by measuring different muscle-associated proteins released into the circulation from the damaged myocytes, including cardiac troponins, that serve as biomarkers with high myocardial specificity (10).

The aim of our study was to evaluate whether the type of MI and the extent of myocardial injury are associated with the inflammatory profile and quantity of circulating monocyte subpopulations.



MATERIALS AND METHODS


Clinical Cohorts

The present analyses are based on two independent multicenter cohorts located at the Kerckhoff Heart Center in Bad Nauheim, Germany, and the University Hospital of the Justus-Liebig-University in Giessen, Germany. The two studies were approved by the local Ethics Committee of the University Giessen (AZ 199/15) and each patient gave written informed consent. The studies were carried out in accordance with the Declaration of Helsinki.

The first cohort, referred to as the acute coronary syndrome (ACS) cohort, utilized data and biomaterial from a prospective, multicenter biomarker registry that enrolled patients presenting with suspected acute MI between August 2011 and October 2016, as described previously (11). Here, the final gold-standard study diagnosis, including type of MI, was made independently by two cardiologists based on the Third Universal Definition of Myocardial Infarction (9) using all available clinical, laboratory, and imaging data. In this ACS cohort, flow cytometry data and troponin I values were available in 101 patients.

For the second cohort, referred to as the chronic coronary syndrome (CCS) cohort, data and biomaterial were used from an ongoing multicenter biomarker registry that enrolled patients with suspected CCS starting in August 2010, as described previously (12). This cohort comprised patients with a clinical indication for invasive coronary angiography due to suspected CCS, including patients with and without previously known coronary artery disease. In this CCS cohort, flow cytometry data and troponin I values were available in 144 patients.



Laboratory Analyses and Definition of Myocardial Injury

Standard laboratory parameters such as cholesterol or creatinine levels were measured directly upon enrollment via the respective central laboratories of the recruiting centers. At study enrollment blood samples were taken, centrifuged, aliquoted and stored at −80°C according to standard operating procedures in both cohorts.

To define myocardial injury (13), troponin I in serum samples was measured batchwise with two commercially available troponin I assays. High-sensitive cardiac troponin I (hs-cTnI) was measured in the ACS cohort using an automated immunoassay (ARCHITECT STAT high-sensitive troponin, Abbott Diagnostics, Abbott Park, IL, USA) with a limit of detection (LOD) of 1.9 ng/L, a limit of quantitation (LOQ) of 10 ng/L, and a 99th percentile concentration of 26.2 ng/L (used to define relevant myocardial injury) according to the manufacturer's specifications. To take into account the potentially smaller amount of myocardial injury in patients without MI, a super-sensitive cardiac troponin I (ss-cTnI) was measured in the CCS cohort using a single-molecule array (Simoa Troponin-I, Quanterix, Billerica, MA, USA) on the Quanterix SR-X system with an LOD of 0.021 pg/mL and an LOQ of 0.122 pg/mL according to the manufacturer's information. As no established threshold is available in the context of CCS, we used the median concentration of 3.0 ng/mL to signify the presence of myocardial injury. In both ACS and CCS cohorts, patients were grouped according to the troponin I levels: those in the “minor” injury group had troponin levels below the respective threshold and those in the “substantial” injury group had levels that were higher.



Flow Cytometry

To determine absolute counts of monocyte subsets, 50 μl of freshly collected EDTA-anticoagulated whole blood were transferred into TruCount Absolute Counting Tubes (BD Biosciences, San Jose, CA, USA) by reverse pipetting and stained immediately with fluorophore-labeled monoclonal antibodies directed against the monocyte key markers CD14 (Clone M5E2), CD16 (Clone 3G8), and CD11b (Clone ICRF44) (BioLegend, San Diego, CA, USA) as well as a granulocyte marker (CD66b, Clone G10F5, BioLegend). Erythrocytes were lysed using Pharm Lyse Buffer (BD Biosciences) before acquiring specimen data on a FACSVerse flow cytometer (BD Biosciences). Instrument performance was tracked daily with BD FACSuite CS&T Beads (BD Biosciences), and assay-specific settings were updated daily to ensure proper assay reproducibility.

The resulting FCS files were exported in FCS 3.0 format and analyzed using FACSDiva software (Version 6.3.1, BD Biosciences). An exemplary dataset taken from the ACS cohort is shown in Supplementary Figure 1. Absolute counting beads were identified as highly fluorescent events with low forward scatter. All events outside the bead region were displayed in a two-dimensional dot plot to exclude events with low forward scatter and low side scatter from the analysis. Granulocytes, defined as events with high side scatter and high CD66b staining intensity, were excluded in the next step. Monocytes were identified in the remaining events as a population with intermediate side scatter and high CD11b expression, excluding lymphocytes from the analysis. Events in the monocyte gate were further divided into the three monocyte subsets according to their CD14 and CD16 staining intensity: CD14++ CD16- classical monocytes, CD14++ CD16+ intermediate monocytes, and CD14+ CD16++ non-classical monocytes. Cell counts were calculated according to the manufacturer's protocol.



Statistical Analyses

Data are presented as mean with standard deviation (SD) for normally distributed variables and as median with interquartile range (IQR) for skewed continuous variables. For dichotomous variables data are given as absolute number and percentage. Fischer's exact test, Student's t-test, or the Mann-Whitney U-test were applied, as appropriate, to test for differences between groups. Spearman correlations were calculated between monocytes subsets and peak creatine kinase (CK) values as marker for peak myocardial injury during the individual ACS time course. Further, the potential independent associations of troponin as marker for myocardial injury with monocyte subsets were checked in the ACS and the CCS cohort by using multivariate regression analysis. Not normally distributed variables were logarithmic transformed in the evaluation. All calculated and presented P-values should be viewed as descriptive. All statistical analyses were carried out using the R 3.6.1 software package (R Foundation for Statistical Computing, Vienna, Austria).




RESULTS


Type of MI and Extent of Myocardial Injury in the Acute Coronary Syndrome Cohort

The ACS cohort comprised 101 patients with suspected acute MI. Of those, 62 patients (69% male, age 59–78 years) experienced an MI, whereas in 39 patients (59% male, age 59–76 years) an MI could be excluded. MI patients were further classified according to the final diagnosis of MI type: MI type 1, the prototypical acute MI (T1MI, n = 52, 73% male, age: 59–78 years) or MI type 2, an MI based on ischemia due to an oxygen demand/supply mismatch (T2MI, n = 10, 50% male, age: 61–81 years). T1MI and T2MI patients did not differ regarding their cardiovascular risk profile. The baseline characteristics of the ACS cohort stratified by MI type are provided in Supplementary Table 1.

To evaluate the influence of the extent of myocardial damage irrespective of the final diagnosis given, patients of the entire ACS cohort were classified as having minor or substantial myocardial injury based on the troponin I level. Troponin I data were available in 82 patients. In 42 patients substantial myocardial damage was present (61.9% male, age: 58–81 years), whereas 40 patients showed only minor myocardial injury (62.5% male, age: 64–75 years). In the group of patients with minor myocardial damage, a higher proportion (55.9%) tended to have previously known coronary artery disease compared to patients with substantial injury (44%, p = 0.066). Baseline characteristics of the ACS cohort stratified according to extent of myocardial injury are provided in Table 1.


Table 1. Baseline characteristics of the acute coronary syndrome (ACS) cohort.
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Monocyte Subpopulations in Different Types of MI

Figure 1 shows the distribution of different monocyte subpopulations (classical, non-classical and intermediate) in T1MI and T2MI patients. Visually, there was a slight shift from classical to non-classical in T1MI compared with T2MI (classical median (IQR) 510 (402–687) vs. 758 (426–916); non-classical median (IQR) 48 (33–58) vs. 35 (31–44)); however, none of the differences in subpopulations reached a p-value below 0.05 (see also Supplementary Table 2 for detailed information on the absolute and relative counts of the specific monocyte populations).


[image: Figure 1]
FIGURE 1. Monocyte subsets in myocardial infarction (MI) type 1 vs. type 2. Presented are data from the ACS cohort (n = 101) including patients suffering MI type 1 (n = 52) and type 2 (n = 10). Left: proportions of monocyte subsets in peripheral blood of patients with an MI type 1 or type 2. Right: box-and-whiskers plot of the distribution of the specific monocyte subsets in type 1 and type 2 MI (whiskers represent the interquartile range).




Monocyte Subpopulations in Acute Myocardial Injury

A potential relationship between the extent of myocardial injury, irrespective of the final diagnosis, and the distribution of monocyte subsets was investigated (Figure 2). There was a higher proportion of intermediate monocytes in patients with substantial myocardial injury compared to patients with minor injury (p = 0.045). Patients with substantial injury showed only a tendency to have a lower proportion of non-classical monocytes (p = 0.772). To investigate this apparent difference in detail, absolute monocyte counts were further evaluated (Figure 3). In general, the total monocyte count was higher in patients with substantial injury compared with those with minor injury (p = 0.045). Regarding the different monocyte subset counts, the most relevant difference with respect to the extent of myocardial injury was observed in intermediate monocytes (p = 0.045), a subset that only accounts for 4.9 or 5.8% of total monocytes in patients with minor or substantial injury, respectively. The absolute counts in classical monocytes differed slightly in relation to myocardial injury, with higher counts in patients with substantial injury (p = 0.059). A multivariate analysis did not show relevant independent predictors of classical monocytes (see also Supplementary Table 4).


[image: Figure 2]
FIGURE 2. Monocyte subset proportions according to extent of myocardial injury in acute coronary syndrome (ACS) patients. Presented are data from the ACS cohort (n = 82) including patients with substantial (n = 42) and with minor myocardial injury (n = 40). ACS patients were stratified as having minor or substantial myocardial injury defined by high sensitivity cardiac troponin I values (99th percentile cut-off). Left: proportions of monocyte subsets in ACS patients with minor vs. substantial myocardial injury. Right: distribution of the specific monocyte subsets in relation to the extent of myocardial injury.
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FIGURE 3. Absolute monocyte counts of specific subsets according to extent of myocardial injury in acute coronary syndrome (ACS). Presented are data from the ACS cohort (n = 82) including patients with substantial (n = 42) and with minor myocardial injury (n = 40). ACS patients were stratified as having minor or substantial myocardial injury defined by high sensitivity cardiac troponin I values (99th percentile cut-off). Each point represents the monocyte count of one patient.


We further used the maximum CK value during the individual ACS time course as marker for peak injury. Here we observed a weak correlation with intermediate monocytes (rho = −0.273, p = 0.01), whereas no correlation was seen with classical (rho = −0.172, p = 0.112) or non-classical (rho = −0.102, p = 0.347) monocytes.



Monocyte Subpopulations in Chronic Myocardial Injury

The non-ACS cohort of patients with suspected CCS was investigated to determine whether there was an association of monocyte subsets with extent of myocardial injury in patients without MI. Baseline characteristics of the CCS cohort are provided in Table 2. In comparison with patients showing no myocardial injury, patients showing substantial myocardial injury in this cohort were older (72.7 vs. 63.4 years, p < 0.001), more often male (78.4 vs. 54.3%, p = 0.003), and had a higher percentage of known diabetes mellitus (25.7 vs. 9.0%, p = 0.008), previously known coronary artery disease (54.1 vs. 34.8%, p = 0.02) and poorer renal function (creatinine 0.79 vs. 0.94 mg/dl, p = 0.001).


Table 2. Baseline characteristics of the chronic coronary syndrome (CCS) cohort.

[image: Table 2]

As in the ACS cohort, the total monocyte count was higher in patients of the CCS cohort presenting with substantial myocardial injury than in patients with minor injury (p = 0.01; Figure 4). Regarding the specific monocyte subsets in these non-acute patients, the presence of greater myocardial injury was associated with higher counts of classical monocytes (p = 0.01) and a tendency for higher counts of intermediate monocytes (p = 0.08).


[image: Figure 4]
FIGURE 4. Absolute monocyte counts of specific subsets according to extent of myocardial injury in chronic coronary syndrome (CCS). Presented are data from the CCS cohort (n = 144) including patients with substantial (n = 74) and with minor myocardial injury (n = 70). CCS patients were stratified as having minor or substantial myocardial injury defined by super sensitivity cardiac troponin I values. Each point represents the monocyte count of one patient.


The results of the groups with minor or substantial damage in the CCS cohort were analyzed by multivariate regression. The regression focused on the classical monocyte subpopulation: a 1% increase in troponin I caused a 0.062% increase in classical monocytes (p < 0.05). The other evaluated parameters (diabetes mellitus, known coronary artery disease, creatinine, eGFR, age, and sex) showed no relevant relationship to the amount of classical monocytes (Supplementary Table 5).




DISCUSSION

The inflammatory response component of MI is currently of great interest, as recent studies have documented that post-MI modulation of inflammation via medication reduces the occurrence of atherothrombotic events (14) and ischemic cardiovascular events (15). The early inflammatory response after MI is dominated by inflammatory cells such as monocytes, which are the initial protagonists of the complement cascade that migrate to the site of the event (2). However, the specific role of individual monocyte subsets in this context is still not fully understood.

This study presents data derived from two independent cohorts. In the first cohort of analyzed patients, that enrolled individuals with suspected ACS, a potential association of monocyte subsets with the type of MI and with the extent of myocardial damage was investigated. An association with the extent of myocardial damage was also evaluated in a second cohort comprising stable patients with suspected CCS having less myocardial injury.

The most important findings are: (i) type 1 as well as type 2 MI are associated with comparable proportions of the three monocyte subsets; (ii) monocyte subsets vary according to the extent of myocardial injury, irrespective of the presence of a diagnosed MI; (iii) even a small degree of myocardial injury, as observed in CCS patients, independently affects the distribution of monocyte subsets; (iv) this shift in monocyte subsets is mainly based on a change in intermediate and classical monocyte counts in ACS and CCS patients.

Given the difference in the pathophysiological background of T1MI and T2MI, one would expect a difference in monocyte subpopulations according to the type of MI. It has been shown that, in fact, inflammatory markers play a crucial role in the determination of the type of MI. For example, the type of MI can be differentiated with the help of a combination of the biomarkers MRP 8/14 and troponin I (11). Interestingly, in the present cohort no relevant relationship between the type of MI and monocyte subsets was observed. It must be emphasized that the diagnosis T1MI as well as the respective therapeutic regimen is clearly defined in the literature (16), whereas the group of patients diagnosed with T2MI is much more heterogeneous.

Previous research has shown that there is a difference in the monocyte subpopulations with respect to MI, in particular for patients with ST-elevation MI (STEMI) vs. non-STEMI (NSTEMI) (17). It is a common understanding that the electrocardiogram of STEMI patients is more often associated with a transmural infarction than that of NSTEMI patients. Hence, besides the pathophysiological differences, STEMI is associated with greater myocardial damage compared with NSTEMI. In the present study, cardiac troponins were used as indicators of the extent of damage to the heart due to their role as the current gold-standard biomarkers in MI (16) as well as their association with infarct size (18). Importantly, while previous study cohorts have often been limited to patients with a definite diagnosis of MI (4, 7, 17), our first analyzed patient cohort, named ACS cohort, comprised the whole spectrum of the working diagnoses of “suspected ACS” used in the emergency room, ranging from non-coronary origin of the clinical symptoms or unstable angina to a STEMI with total vessel occlusion.

In the ACS cohort, there was a shift in monocyte subsets according to the extent of myocardial injury, irrespective of the presence of an MI. Previous studies have also shown such a shift in monocyte subsets after a cardiac event, especially in the intermediate monocyte population (15, 19). Greater myocardial damage was associated with a higher monocyte count. This suggests that the observed shift in monocytes is at least in part dependent on the nature of the myocardial damage rather than on the specific cause of damage. To examine this idea further, monocyte subsets were evaluated in stable patients with suspected CCS. Even though the absolute troponin levels were markedly lower in the CCS cohort than in the ACS cohort, reflecting the smaller amount of myocardial injury overall, there was a clear shift in the monocyte subsets according to the degree of myocardial damage. The subset of intermediate monocytes in particular showed a relevant shift between patients with and without myocardial damage in both cohorts evaluated, suggesting an ACS-independent mechanism.

As expected, confounding factors such as age, sex, diabetes mellitus, previously known coronary artery disease, and renal function differed between patients with and without myocardial injury in the CCS cohort. However, multivariate regression analysis showed that the observed association of the amount of myocardial injury and the monocyte count was independent of these factors.

The predictive value of monocyte subsets regarding cardiovascular events occurring within 2 years after an invasively treated MI has been described, which underlines the relevance of changes in these subsets (20). Previous data suggest that changes in monocyte subsets are associated with pathophysiological aspects of ACS. For example, increased intermediate monocyte subsets were reported to be an independent predictor of thin-cap fibroatheroma (21), which itself is a precursor of plaque rupture (22) in ACS scenarios (23). The site of the culprit lesion may be a factor in promoting a shift in subsets (24). Differences in monocyte subsets have also been described between stable patients with coronary artery disease and controls (25). Further, monocyte subsets seem to be associated with prognosis in stable conditions, and it has been observed that the absolute counts of classical monocytes are predictive of major adverse cardiac events in patients with coronary artery disease. Intermediate monocytes express receptors that are crucial for angiogenesis and tissue repair (7). As such, they are predominantly involved in post-AMI healing process, whereas an enrichment of intermediate monocytes has been observed in the circulation of CCS patients and subjects with high risk plaques (26). This highlights the importance of CD14++ monocytes in cardiovascular diseases (27, 28). This upregulation of intermediate monocytes in patients with ACS and CCS might at least partly reflect accelerated mobilization from bone marrow (29). To fully understand the complex role of monocyte subsets in pathophysiological mechanisms further studies need to be performed and additional characterization features have to be considered. Recently, NFAT activating protein with ITAM motif 1 (NFAM1), which is associated with monocyte recruitment, has been identified as novel mediator affecting pathobiological progression of coronary artery disease. NFAM1 was highly elevated in ACS and CCS patients. NFAM1 is significantly higher expressed in classical and intermediate monocytes compared to non-classical monocytes (30). This might be an important link to our results, where a change in classical and intermediate monocyte subsets cell count but not in the non-classical monocyte subpopulation was observed in both ACS and CCS.


Limitations

The present analysis has several limitations. First, due to the small numbers of patients, data from the analysis of each individual monocyte subpopulation could not be related to the final specific diagnoses in the ACS cohort. Second, the transferability to other cohorts with a different ethnicity is limited, as only patients from central Europe were enrolled in the two cohorts. Third, due to limited data availability on information between symptom onset and blood withdrawal in the ACS cohort it was not possible to evaluate a potential influence of differences in the time from symptom onset to measurement of monocyte subsets with adequate validity.



Conclusion

The shift in monocyte subset counts after an MI is related to the severity of myocardial injury rather than the specific type of MI leading to that injury. This association of changes in monocyte subsets with myocardial injury applies to both acute and chronic coronary disease.
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Objective: Viability and functional assessments are recommended for indication and intervention for chronic coronary total occlusion (CTO). We aimed to evaluate myocardial viability and left ventricular (LV) functional status by using cardiovascular magnetic resonance (CMR) and to investigate the relationship between them and collaterals in patients with CTO.

Materials and Methods: We enrolled 194 patients with one CTO artery as detected by coronary angiography. Patients were scheduled for CMR within 1 week after coronary angiography.

Results: A total of 128 CTO territories (66%) showed scar based on late gadolinium enhancement (LGE) imaging. There were 1,112 segments in CTO territory, while only 198 segments (18%) subtended by the CTO artery showed transmural scar (i.e., >50% extent on LGE). Patients with viable myocardium had higher LV ejection fraction (LVEF) (56.7 ± 13.5% vs. 48.3 ± 15.4%, p < 0.001) than those with transmural scar. Angiographically, well-developed collaterals were found in 164 patients (85%). There was no significant correlation between collaterals and the presence of myocardial scar (p = 0.680) or between collaterals and LVEF (p = 0.191). Nevertheless, more segments with transmural scar were observed in patients with poorly-developed collaterals than in those with well-developed collaterals (25 vs. 17%, p = 0.010).

Conclusion: Myocardial infarction detected by CMR is widespread among patients with CTO, yet only a bit of transmural myocardial scar was observed within CTO territory. Limited number of segments with transmural scar is associated with preserved LV function. Well-developed collaterals are not related to the prevalence of myocardial scar or systolic functioning, but could be related to reduce number of non-viable segments subtended by the CTO artery.

Keywords: chronic total occlusion, myocardial viability, coronary artery disease, cardiovascular magnetic resonance, cardiac function


INTRODUCTION

Coronary chronic total occlusions (CTOs) are detected in ~15–25% of patients who undergo coronary angiography (1–4). Beneficial effects of CTO revascularization include angina relief, decreased ischemia, and improved functional status (5–7). However, while better outcomes have been shown in non-randomized studies (5–7), evidence from randomized trials suggests that CTO percutaneous coronary intervention (PCI) treatment is not superior to conservative treatment with regard to functional status and long-term outcomes (8–10). Thus, an appropriate indication of CTO intervention is crucial when considering potential benefits, challenges, and risks. Therefore, baseline characteristics of patients with CTO need to be recorded in detail. Current guidelines recommend evaluation of symptoms and ischemia burden, but myocardial viability is also recommended as it is a newly recognized potential predictor of functional recovery following successful CTO PCI (11). In this study, we assessed the myocardial viability and functional status in CTO territories by using cardiovascular magnetic resonance (CMR) imaging and investigated the relationship between them and collaterals.



MATERIALS AND METHODS


Patients

A total of 254 patients who underwent coronary angiography due to suspected angina or ischemic evidence between December 2014 and March 2020 were verified to have CTO in only one major epicardial coronary artery and were considered for inclusion in this study. The study protocol was approved by the Ethics Board of Beijing Anzhen Hospital, Capital Medical University. Patients with acute myocardial infarction within 3 months, patients with coagulation disorders, and patients who refused or were unable to undergo CMR (n = 46) were excluded from the study. Patients were scheduled for CMR within 1 week after coronary angiography. A total of 14 patients with poor CMR images or failed procedures were also excluded, leaving a final total of 194 eligible patients that were enrolled in the study. Figure 1 shows a schematic diagram describing the study cohort. All the patients were treated with optimal medical therapy (OMT) (medical therapy formulated by clinicians in full consideration of risk factor modification and permanent lifestyle changes) (12), regardless if the revascularization procedure succeeded or not. Written informed consent was obtained from all the patients and the study protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki.


[image: Figure 1]
FIGURE 1. Patient and imaging flowchart. CMR, cardiovascular magnetic resonance; CTO, chronic total occlusion.




Coronary Angiography and Collateral Assessment

Coronary angiography was performed by using the standard method. CTO was defined as 100% stenosis with the thrombolysis in myocardial infarction (TIMI) grade 0 flow in a major epicardial coronary artery (≥2.5 mm) for at least 3 months (13). Significant non-CTO coronary disease was diagnosed if there was ≥70% lumen stenosis in a major epicardial coronary artery (≥2.5 mm), except for the left main (LM) artery or ≥50% lumen stenosis in the LM artery. The presence and state of collaterals supplying the totally occluded vessel from the contralateral artery were graded by using the Rentrop classification system (14): Grade 0 referred to no collateral circulation, grade 1 referred to collateral circulation that only supplied the occluded vessel branch, grade 2 referred to collateral circulation that partially supplied the occluded vessel trunk, and grade 3 referred to collateral circulation that completely filled the occluded vessel trunk. Patients were classified as having poorly-developed collaterals (Rentrop scores of 0 and 1) or well-developed collaterals (Rentrop scores of 2 and 3). Collateral circulation scores were independently assessed by two experienced interventional cardiologists.



Cardiovascular Magnetic Resonance Data Acquisition and Processing

Cardiovascular magnetic resonance was performed with the Siemens 3.0-T Whole-body Scanner (MAGNETOM Verio, Tim System; Siemens Healthcare, Erlangen, Germany, UK). The CMR protocol included cine images and late gadolinium enhancement (LGE) imaging. As described in our previous study (15), 8-mm sections with no intersection gaps were obtained in the short-axis plane (from the base to the apex) and the long-axis plane of the left ventricle (LV) to perform cine cardiac MR and LGE imaging. Postprocessing analyses were performed by using the Siemens–Argus software.

Two experienced radiologists performed a visual analysis of all the images based on the American Heart Association 17-segment model of LV. Discrepancies were resolved by a discussion involving the presence of another senior investigator. Segments 1, 2, 7, 8, 13, 14, and 17 were considered left anterior descending (LAD) artery territory. Segments 5, 6, 11, 12, and 16 were considered left circumflex (LCX) artery territory. Segments 3, 4, 9, 10, and 15 were considered right coronary artery (RCA) territory (16). Taking coronary dominance into account, the inferoseptal segments, inferior segments, and inferolateral segments could be reassigned (17). The wall motion and extent of LGE were graded. The wall motion of each myocardial segment was scored on a scale of 1–4: 1 = normal, 2 = hypokinesia, 3 = akinesia, and 4 = dyskinesia. The extent of segmental wall enhancement was graded on a five-point scale: 1 = no hyperenhancement, 2 = hyperenhancement of 1–25% of tissue, 3 = hyperenhancement of 26–50% of tissue, 4 = hyperenhancement of 51–75% of tissue, and 5 = hyperenhancement of 76–100% of tissue (18, 19). LGE > 50% was considered to be a transmural scar, LGE between 1 and 50% was considered to be an endocardial scar with viable myocardium, and no LGE was considered to be absent of myocardial scar. Viable myocardium was defined as one with either no LGE or 1–50% LGE. Patients with left ventricular ejection fraction (LVEF) <50% were defined as having left ventricular dysfunction.



Statistical Analysis

Statistical analysis was performed by using the Statistical Package for the Social Sciences (SPSS) 26.0 software (IBM Corp., Armonk, NY, USA). Normally distributed data were expressed as mean ± SD. Non-normally distributed data were expressed as median (interquartile range). Continuous variables were compared by using the t-test or the Mann–Whitney U test and categorical variables were compared by using the χ2 test or the Spearman's rank correlation test. Interobserver and intraobserver agreement were tested by using the Cohen's kappa. The correlation between wall motion score and extent of LGE was evaluated by using the Spearman's rank correlation test. A two-tailed p < 0.05 was considered to be statistically significant.




RESULTS


Baseline Characteristics

Baseline clinical and angiographic characteristics are presented in Table 1 and are ordered according to myocardial scar formation in CTO territories. Statistical analyses demonstrated that patients with myocardial scar were likely to be males and smokers and were more likely to have hypertension. The prevalence of myocardial scar in CTO territory detected by CMR (66%) was strikingly higher than traditional clinical evidence that would suggest, as only 11% of included study patients showed pathological Q waves on ECG. Angiographically, 79 patients (41%) showed at least one concomitant main artery with severe stenosis.


Table 1. Baseline characteristics.
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Myocardial Viability and Functional Status

Of the 194 patients included in this study, a total of 128 patients (66%) had myocardial scar in CTO territory detected by CMR, while 66 patients (34%) did not have myocardial scar in CTO territory detected by CMR.

Late gadolinium enhancement imaging demonstrated myocardial scar in 417 segments (37%) out of 1,112 total segments. Over 50% LGE was observed in 198 (18%) CTO-related segments, while no scar was observed in 695 (63%) CTO-related segments (see Table 2). A total of 780 segments (70%) in CTO territory showed normal wall motion (score = 1). The Spearman's rank correlation test showed a significantly positive correlation between wall motion scores and LGE scores (r = 0.488, p < 0.001).


Table 2. Distribution of myocardial segments in CTO territory according to scar formation.

[image: Table 2]

Left ventricular dysfunction was observed in 67 enrolled patients (35%) with an average LVEF of 36.4 ± 9.4%. Over 50% LGE was observed in 27% (103/381) of segments in CTO territory of patients with reduced LVEF (<50%), but only in 13% (95/731) of segments in CTO territory of those patients with normal systolic function (≥50%, p < 0.001). Patients with viable myocardia (LGE 0–50%) had higher LVEF (56.7 ± 13.5% vs. 48.3 ± 15.4%, p < 0.001, Figure 2A) and lower LV end-diastolic volume (LVEDV) (97.3 ± 33.8 ml vs. 121.7 ± 54.4 ml, p = 0.003, Figure 2B) and LV end-systolic volume (LVESV) (43.3 ± 24.4 ml vs. 68.6 ± 48.1 ml, p < 0.001, Figure 2C) than those with transmural scar.


[image: Figure 2]
FIGURE 2. LV function stratified by myocardial viability and collaterals. (A) Median LVEF stratified by the extent of myocardial scar. (B) Median LVEDV stratified by the extent of myocardial scar. (C) Median LVESV stratified by the extent of myocardial scar. (D) Median LVEF stratified by well- or poorly-developed collaterals. (E) Median LVEDV stratified by well- or poorly-developed collaterals. (F) Median LVESV stratified by well- or poorly-developed collaterals. LVEF, left ventricular ejection fraction; LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume.




Myocardial Viability, LV Function, and Collateral Status

Poorly-developed angiographic collaterals were observed in 30 patients (15%), while well-developed collaterals were found in 164 patients (85%). Interobserver and intraobserver agreement for the Rentrop grading of collaterals in 50 (26%) randomly selected patients was high (intraobserver agreement = 90%; the Cohen's kappa = 0.62, 95% CI: 0.32–0.92).

Of the patients with poorly-developed collaterals, a total of 21 (70%) patients had a myocardial scar in CTO territory, while 65% of patients with well-developed collaterals (107/164) showed scar in CTO territory. There was no significant correlation between the presence of myocardial scar and collateral status (p = 0.680). Nevertheless, 25% of segments subtended to CTO arteries showed over 50% LGE in patients with poorly-developed collaterals, while only 17% of segments subtended to CTO arteries showed over 50% LGE in those patients with well-developed collaterals (p = 0.010; Figure 3). Additionally, more viable CTO-related segments were found in the presence of well-developed collaterals than in the presence of poorly-developed collaterals, despite the non-statistically significant difference [591 out of 934 (63%) vs. 104 out of 178 (58%) segments, p = 0.237].


[image: Figure 3]
FIGURE 3. Distribution of myocardial segments subtended by CTO arteries according to scar formation. CTO, chronic total occlusion; LGE, late gadolinium enhancement.


There were no significant differences between mean LVEF and ventricular volume in patients with poorly-developed collaterals when compared with those with well-developed collaterals (p-values: LVEF = 0.191, LVEDV = 0.360, LVESV = 0.300, Figures 2D–F). Typical case scenarios displaying patients with well- or poorly-developed collaterals and patients with different extents of myocardial scar are shown in Figure 4.


[image: Figure 4]
FIGURE 4. Four typical case scenarios displaying patients with well- or poorly-developed collaterals and different extent of myocardial scar. 1: a, CTO in proximal RCA (white arrow); b, a well-developed epicardial collateral from LCX (red arrow); c-e, no myocardial scar of the inferior wall was observed from basal, intermediate, and to apex level. 2: a, CTO in distal RCA (white arrow); b, well-developed collaterals from LCX and septum branches (red arrow); c-e, transmural scar of the inferior wall was observed from basal, intermediate, and to apex level. 3: a, CTO in proximal RCA (white arrow); b, poorly-developed collaterals from septum branches (red arrow); c-e, no myocardial scar of the inferior wall was observed from basal, intermediate, and to apex level. 4: a, CTO in proximal LAD (white arrow); b, poorly-developed collaterals from septum branches (red arrow); c-e, transmural myocardial scar of the anterior wall was observed from basal, intermediate, and to apex level. CTO, chronic total occlusion; RCA, right coronary artery; LCX, left circumflex; LAD, left anterior descending.





DISCUSSION

In this study, we assessed the myocardial viability and functional status in CTO territory by using CMR and investigated the correlation between the prevalence of myocardial viability, LV systolic function, and collateral status. The prevalence of myocardial scar in CTO territory was >50%, while only 18% of segments had transmural scar. Patients with transmural scar had worse systolic functioning. Although collateral status was not related to the presence of myocardial scar or to LV function, well-developed collaterals reduced the number of segments with transmural scar in CTO territory.


Assessment of Myocardial Viability to Predict the Value of CTO PCI

We reported a higher prevalence of myocardial scar detected by CMR than traditional clinical evidence in this study. However, this finding was consistent with previous work (20). We attribute this to the high sensitivity of CMR for recognizing endocardial scar, while the occurrence of myocardial infarction symptoms or Q waves on ECG relates more to transmural necrosis. Despite the considerable prevalence of myocardial scar, less than one-fifth of the segments showed transmural scar, suggesting that severe ischemic injury is limited in CTO territory. However, since the benefits of revascularization for CTO are still controversial, many researchers pay more attention to factors that predict better outcomes following CTO PCI. Studies have shown that myocardial viability is an important outcome predictor, as confined endocardial scar or absolute viability has been associated with functional recovery (21, 22). Schumacher et al. previously reported that 76% of patients had evidence of LGE and that only 5% of CTO segments demonstrated transmural scar tissue that could be detected by CMR (23). The notion that the ischemic myocardial scar is common but most limited within the endocardium would be consistent with our results. Particularly, an evident extensive myocardial scar was observed beyond CTO territories in a few patients, despite adjustment according to the dominance of coronary artery. Indeed, the complexity of vascular variability made it difficult to assign the 17 segments of LV to specific coronary arteries. As previously reported (17), the most specific segments including anterior, anteroseptal segments correspond to LAD, but no segments can be exclusively attributed to RCA or LCX. Additionally, Yajima et al. (24) also reported myocardial scar in territories adjacent or remote to CTO territories in a chronic myocardial infarction (MI) adult porcine model and explained it by endothelium swelling and microvasculature disruption. Therefore, the variable vascular territories and extensive microvasculature injury could account for the bias of myocardial viability analysis.



Functional Status and Recovery

Ischemia is estimated to be responsible for around two-thirds of heart failure cases (25). In patients with ischemic ventricular dysfunction, the presence of CTO is associated with higher morbidity and poor prognosis (26). In this study, we reported that 35% of patients had impaired systolic functioning and that patients with transmural scar had worse functional statuses. A few observational studies investigating the outcomes of CTO PCI among patients with LV dysfunction have shown substantial LVEF improvement and decreased cardiac mortality, especially in those with severely impaired systolic functions (27–30). Interventional procedures are more challenging in these complicated patients. A study demonstrated that PCI was a safe strategy in patients with low LVEF ( ≤ 35%), as the angiographic success rate was high and similar to that in patients with LVEF > 35% without more periprocedural complications (31). However, these outcomes are still limited in non-randomized controlled trials (RCTs). The REVASC trial (A Randomized Trial to Assess Regional Left Ventricular Function After Stent Implantation in Chronic Total Occlusion) did not show any benefits related to CTO PCI. Therefore, experts recommend both the viability and functional assessment in patients with ischemic cardiomyopathy for CTO PCI (32).



Collaterals, Myocardial Viability, and Functional Status

There was no significant difference in the prevalence of myocardial scar or systolic functioning in patients with well- or poorly-developed collaterals and there were fewer non-viable segments in the CTO territory supplied by well-developed collaterals. The presence of well-developed collaterals may not directly predict myocardial viability, but could protect the myocardium from severe ischemic injury to some extent. In fact, whether collaterals could have protective effects on myocardial viability and contractility have long been a matter of debate. In a recent study, patients with well-developed collaterals showed less myocardial scar as assessed by quantitative CMR analysis and more retained systolic function in CTO territory (23). Previously, a few studies reported that collaterals had lower sensitivity for predicting myocardial viability (33, 34). The blood supply from collaterals to the totally occluded territory could be limited, especially when myocardial oxygen consumption increases. Additionally, myocardial viability and contractility could be affected by many concomitant factors including multiple-vessel stenosis and microvascular dysfunction. In the subgroup analysis of the EXPLORE (Evaluating Xience and Left Ventricular Function in Percutaneous Coronary Intervention on Occlusions After ST-Elevation Myocardial Infarction) trial, the presence of well-developed collaterals was shown to correlate with better outcomes. However, well-developed collaterals did not translate into better clinical outcomes. A recent meta-analysis showed that the presence of well-developed collaterals is not well-related to lower rates of acute MI (AMI) or mortality, but does increase the likelihood of successful CTO PCI (35, 36). These results indicated that well-developed collaterals should not be the only factor that affects prognosis.



Limitations

There are several limitations inherent in this study. First, it was a single-center and observational study with a small sample size that enrolled patients with a range of LVEF—meaning the population with impaired LVEF accounted for a minority of patients. This does, however, reflect a real-world trend. Second, the LGE images were analyzed by using a semi-quantitative visual method rather than a quantitative method. However, the utility of quantitative CMR analysis by using commercial software is still limited and thresholds for signal intensity are not unified. Third, stress perfusion imaging was not performed on our patients, meaning that we lacked analysis of ischemic burden in CTO territory. Finally, collateral circulation was only assessed by using visualized angiography and functional intravascular evaluations were not employed.




CONCLUSION

This study demonstrates that myocardial injuries in CTO territory are common, but those non-viable myocardia only account for a minority. Further, transmural myocardial scar appears to be associated with worse functional outcomes. Finally, well-developed collaterals are not related to the prevalence of myocardial scar or systolic functioning, but can reduce the number of segments with non-viable scar that are subtended by CTO arteries.
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The drug-coated balloon (DCB) is an emerging percutaneous coronary intervention (PCI) device with theoretical advantages and promising results. Recent clinical observations have demonstrated that DCB tends to have both good efficacy and a good safety profile in the treatment of in-stent restenosis (ISR) for both bare-metal and drug-eluting stents (DES), de novo coronary artery disease (CAD), and other situation, such as high bleeding risk, chronic total occlusion, and acute coronary syndrome (ACS). Dual antiplatelet therapy (DAPT) has become an essential medication in daily clinical practice, but the optimal duration of DAPT after the implantation of a DCB remains unknown. At the time of the first in vivo implantation of paclitaxel-DCB for the treatment of ISR in 2006, the protocol-defined DAPT duration was only 1 month. Subsequently, DAPT duration ranging from 1 to 12 months has been recommended by various trials. However, there have been no randomized controlled trials (RCTs) on the optimal duration of DAPT after DCB angioplasty. Current clinical guidelines normally recommend the duration of DAPT after DCB-only angioplasty based on data from RCTs on the optimal duration of DAPT after stenting. In this review, we summarized current clinical trials on DCB-only angioplasty for different types of CADs and their stipulated durations of DAPT, and compared their clinical results such as restenosis, target lesion revascularization (TLR) and stent thrombosis event. We hope this review can assist clinicians in making reasonable decisions about the duration of DAPT after DCB implantation.

Keywords: drug-coated balloon, dual antiplatelet therapy, in-stent restenosis, de novo coronary artery disease, percutaneous coronary intervention


INTRODUCTION

Drug-coated balloon (DCB) technology is a combined therapy that involves a balloon and drug to treat coronary lesions, eliminating stent thrombosis, and reducing the rate of restenosis by leaving no metal behind (1). Since 2001, the DCB has been tested experimentally (1), and was later clinically validated in small-randomized controlled trials (RCTs) on coronary in-stent restenosis (ISR) (2) and peripheral stenosis (3). This technology has played an increasingly important role in the field of percutaneous coronary intervention (PCI), and a variety of products have been developed (Table 1). Drug-coated balloon technology has demonstrated safety and efficacy in the treatment of ISR and is recommended by guidelines as Class 1 indication for the treatment of ISR (5–8). Meanwhile, an increasing number of clinical studies using DCB have shown promising results for the treatment of both small and large vessel de novo coronary artery disease (CAD), bifurcation lesions, and other variable disease subsets.


Table 1. Major current drug-coated balloon available in the market (4).
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Dual antiplatelet therapy (DAPT) has become an essential medication in daily clinical practice; it combines aspirin and a P2Y12-receptor inhibitor following PCI and is needed for the primary prevention of stent thrombosis and the secondary prevention of ischemic thrombotic event. With the “leave nothing behind” strategy, based on the shorter period of inflammatory response without a metallic scaffold, this strategy offers the theoretical advantage of virtually eliminating the threat of thrombosis over both the short and long term. Therefore, one possible benefit for many patients using DCB-only angioplasty is a short duration of DAPT, in some cases only 4 weeks, such as in patients with a high bleeding risk (9).

However, it must be pointed out that all previous studies have not adequately addressed questions about the optimal duration of DAPT after DCB implantation. The purpose of this review is to outline different DAPT strategies and trials with the use of DCB for ISR, de novo lesions, and other specific situations and to explore the appropriate DAPT duration to assist clinical practice.



CURRENT GUIDANCE

As first recommended by the German Consensus Group (10), DAPT is necessary for 4 weeks if the DCB is used as a stand-alone procedure, and 6–12 months of DAPT is recommended in combination with bare metal stent (BMS). Then, they formulated more detailed recommendations regarding DAPT duration. In cases of the treatment of an ISR, the patient should receive aspirin 100 mg in the long-term and additional clopidogrel 75 mg for 4 weeks after PCI in BMS and at least 4 weeks or the duration defined by the drug-eluting stent (DES) implantation date. After treatment of small vessel de novo coronary lesions, aspirin 100 mg should be given long-term and clopidogrel 75 mg is recommended for 4 weeks after PCI with DCB alone and for 3 months after DCB with additional spot BMS. Dual antiplatelet therapy is recommended for 4 weeks if only DCB without stenting is used for the treatment of a bifurcation lesion and 6–12 months in case stents are used before or after the DCB procedure. To treat acute coronary syndromes (ACS), the recommended duration of DAPT is 12 months regardless of the use of a BMS, DES, or DCB (11). The Italian Position Group gave similar recommendations regarding a DAPT duration of at least 1 month in the case of DCB-only treatment and 3 months in cases of the implantation of a BMS (12).

However, the European Society of Cardiology Guidelines on DAPT gave more conservative recommendations. In patients with stable CAD treated with DCB, DAPT for 6 months should be considered. Dual antiplatelet therapy for 3 months should be considered if patients with stable CAD are considered a high bleeding risk. In patients with stable CAD in whom 3-months DAPT poses safety concerns, DAPT for 1 month may be considered. As in patients with ACS treated with coronary stent implantation, DAPT with a P2Y12 inhibitor on top of aspirin is recommended for 12 months unless contraindicated. In cases of patients who are at high risk of bleeding, discontinuation of P2Y12 inhibitor therapy after 6 months should be considered (13).

Recently, the Asia-Pacific Consensus Group updated the DCB treatment protocols for CAD and gave their recommendations regarding optimal medical treatment. For the treatment of BMS-ISR and DES-ISR, patients should maintain a lifelong therapy with aspirin 100 mg and take clopidogrel 75 mg for at least 1–3 months. For the treatment of de novo coronary disease except ACS with DCB only, patients should receive DAPT for at least 1 month and then receive aspirin 100 mg for life. Moreover, in cases of de novo stable coronary disease with DCB plus bail-out BMS, DAPT is recommended for at least 3–6 months. For the treatment of bifurcation disease, if the DCB-only method without stenting is used, the duration of DAPT should be the same as other de novo coronary disease. In the case of the DCB method plus stenting, the recommended DAPT duration is at least 6–12 months. For patients with ACS, similar to other guidelines, DAPT is recommended for at least 12 months regardless of the use of BMS, DCB, or DES (7).



PHARMACOLOGY OF ANTIPLATELETS

The goal of antiplatelet therapy after PCI is to maximize protection against short- and long-term postoperative stent or vessel thrombosis by blocking platelet activation while limiting bleeding risk. Figure 1 illustrates the main mechanisms of platelet activation and the sites of action of antiplatelet agents. Platelet adhesion is mediated by the interaction between platelet receptors and ligands exposed at the sites of vascular injury, e.g., the glycoprotein (GP) Ib/V/IX receptor complex with the von Willebrand factor and GPVI and GPla proteins with collagen (15–17). Then the local platelet activating factors, such as adenosine diphosphate (ADP), thromboxane A2 (TXA2), serotonin, and thrombin, promote and amplify the platelet activation by interacting with specific platelet membrane receptors [such as P2Y purinoceptor 12 (P2Y12), 5-hydroxytryptamine 2A receptor, TXA2 receptor isoform-α, and proteinase-activated receptors (PARs)] (15–17). Antiplatelet drugs block platelet activation through different phases: (1) Acetylsalicylic acid, commonly known as aspirin, is an irreversible cyclooxygenase 1 (COX1) inhibitor that diminishes platelet activation and aggregation promoted by TXA2 by blocking TXA2 production during pathological thrombus formation: (2) P2Y12 ADP receptor antagonists, which include clopidogrel, prasugrel, and ticagrelor, exert their clinical benefit by inhibiting the activation of P2Y12-mediated platelet activation during pathological thrombosis (when the occlusive platelet-rich thrombus is formed); (3) Glycoprotein IIb/IIIa inhibitors, including eptifibatide and tirofiban, are currently only for ACS patients undergoing PCI, and interfere with platelet cross-linking and clot formation by competing with fibrinogen and vWF for GP IIb/IIIa binding; (4) Vorapaxar, as a PAR-1 inhibitor, blocks the binding of thrombin to PAR-1, thus inhibiting thrombin-induced activation, and the aggregation of platelets; (5) Cilostazol is an inhibitor of phosphodiesterase type III, which possesses both antiplatelet and vasodilatory effects (15–17).


[image: Figure 1]
FIGURE 1. The role of platelet activation. At the site of vascular injury, platelet adherence to the endothelium through the combination of glycoprotein (GP) receptors with exposed extracellular matrix proteins (particularly collagen and von Willebrand factor, vWF). Platelet activation occurs through complex intracellular signaling processes and leads to the release of various agonists, including thromboxane A2 (TXA2), ADP, and 5-hydroxytryptamine (5-HT), which act by binding to their respective G protein-coupled receptors and mediate paracrine and autocrine platelet activation. The receptor P2Y purinoceptor 12 (P2Y12) has a major role in the amplification of platelet activation, which is also supported by outside-in signaling via αIIbβ3 integrin (the glycoprotein IIb/IIIa receptor). The main platelet integrin GPIIb/IIIa mediates platelet aggregation through conformational shape changes and binding to fibrinogen and vWF, thereby mediating the final common step of platelet activation. The net result of these interactions is thrombus formation mediated by the interaction of platelet aggregate with fibrin and thrombin. The available drugs (gray boxes) blockade different pathways of platelet activation and show additive inhibitory effects when used in combination. PAR, proteinase-activated receptor; TPα, TXA2 receptor isoform-α; COX1, cyclooxygenase 1. Adapted from Varga-Szabo et al. (14).




DAPT DURATION IN MULTIPLE DISEASES


In-stent Restenosis

In-stent restenosis remains the primary cause of PCI failure, though the development of DESs generations has improved anti-restenosis performance (18). A recent report showed that approximately 20% of patients required target lesion revascularization (TLR) at the 10-year follow-up (19). Several therapies for ISR of BMS or DES have been tested in clinical trials (20), and DCB and repeated stenting with DES have become the most effective therapeutic options, which have been recommended as class IA by guidance (5). A recent meta-analysis of 10 RCTs showed that DCB and DES were similarly effective and safe in the treatment of BMS-ISR, whereas DES had higher efficacy than DCB in the treatment of DES-ISR (21).

As the first trial demonstrated that paclitaxel-DCB angioplasty was superior to plain old balloon angioplasty (POBA) alone in BMS-ISR, the PACCOCATH ISR trial recommended DAPT for 1 month followed by treatment with aspirin alone (2). At 6 months, the primary endpoint late lumen loss (LLL) in-segment was lower in the DCB group than in the POBA group (0.03 ± 0.48 mm vs. 0.74 ± 0.86 mm, P = 0.002). Restenosis occurred in 10 of 23 patients (43%) in the POBA group, compared to only 1 of 22 patients (5%) in the DCB group (P = 0.002). Patents who required TLR were significantly fewer in the DCB group than in the POBA group (0 vs. 6%, P = 0.02). At 5 years, TLR rates were still significantly lower in the DCB group than in the POBA group (38.9 vs. 9.3%, P = 0.004) (22). No stent thrombosis was found during the entire follower-up trial, which suggests that short-term DAPT may be feasible and safe for patients who undergo DCB angioplasty.

In most trials on BMS-ISR treatment, DAPT with aspirin 100 mg per day and clopidogrel was recommended for 3 months (23–26) (Table 2). Among these trials, only two cases of stent thrombosis were found during the follow-up (24, 25). It is worth mentioning that one patient in the DCB group experienced stent thrombosis due to clopidogrel discontinuation before late angiography in the RIBS V trial. The PEPCAD II ISR study showed that 19 of 66 (28.8%) patients in the DCB group and 42 of 65 (64.4%) patients in the DES group were still using clopidogrel (P < 0.0001) at 6 months, whereas after 12 months, the usage declined to 12 of 66 (18.1%) and 27 of 65 (41.5%), respective (P < 0.01) (23). However, there was no significance difference between the treatment groups with DAPT at 1 and 3 years (P = 0.80 and 0.47, respectively) (35).


Table 2. Characteristics of randomized trials of DCB for treatment of ISR.
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However, the duration of DAPT varied from 3 to 12 months in trials for DES-ISR treatment (Table 2). In the RIBS IV randomized clinical trial, which showed DCB had lower efficacy compared to EES in patients presenting with DES-ISR, DAPT was prescribed for only 3 months after DCB angioplasty, and then aspirin monotherapy was maintained (30, 36). The TLR rates were significantly reduced in the EES group both at 1-year (4.5 vs. 13.0%, P = 0.007) and 3-years (7.1 vs. 15.6%, P = 0.015) follow-up, but the need for “late” (>1 year) TLR (2.6 vs. 4%) was similar in the two groups. Stent thrombosis (both definitive and probable) occurred in three patients (two in the DCB group and one in the EES group) at 1 year and after that another two cases of stent thrombosis occurred in the DCB group at 3 years (36). However, during the actual follow-up for the trial, 84% of patients in the DCB group were still receiving DAPT at 9 months, and 64% were still receiving DAPT at 1 year, of which 52% suffered from unstable angina at the time of recruitment. For most trials, DAPT was administered for 6 months after DCB dilatation (27, 28, 31, 32). In these trials, DCB showed higher efficacy than POBA with DES-ISR treatment, which showed similar efficacy to DES. Two stent thrombosis cases were found in the DCB group during the follow-up, one in the PEPCAD-DES trial (37) and another in the ISAR-DESIRE trial (28). The PEPCAD China ISR trial also demonstrated that angioplasty with DCB was non-inferior to PES implantation when used to treat DES-ISR (29, 38). In this trial, all patients, irrespective of treatment allocation, were prescribed DAPT for 12 months. There was one late stent thrombosis occurred in the DCB group and two in the PES group at the 1-year follow-up, and another very late stent thrombosis occurred in the PES group at the 2-year follow-up (38).



Small Vessel de novo Coronary Artery Disease

It remains challenging to treat coronary small-vessel disease, which is usually defined as lesions in vessels <3.0 or ≤ 2.75 mm, because it is significantly and directly associated with an increased risk of clinical events (39). Though DES has been found to be equally effective in small and large vessels, the resulting LLL occupies a higher percentage of the respective vessel diameter, leading to a higher incidence of ISR and other clinical events (40). Drug-coated balloon angioplasty has the theoretical advantage of providing immediate and homogenous drug uptake, leaving no metal in the coronary artery and respecting the vessel anatomy, thus forming a “leave nothing behind” strategy in the treatment of do novo CAD (41). Many notable RCTs involving small vessel disease have used this strategy and all studies have shown the benefits of DCB except the PICCOLETO (42) (Table 3), which may be explained as the limitations of the first-generation Dior DCB (49). A recent meta-analysis showed that the use of DCB in the treatment of do novo CAD was associated with comparable clinical outcomes regardless of the indication or comparator device (50). However, there is still no clear conclusion regarding the duration of DAPT against small-vessel disease treated by DCB.


Table 3. Characteristics of randomized control trials of DCB for treatment of small vessel de novo coronary artery disease.
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At present, the widely used postoperative DAPT strategy from clinical trials for the DCB treatment of small-vessel disease is the following: (1) DAPT duration in stable patients using DCB is 4 weeks; (2) DAPT duration in stable patients using DES is 6 months; (3) DAPT duration in patients with ACS is 12 months; and (4) DAPT duration in patients treated with a combination of DCB and BMS is 3 months, and in patients with DCB and DES is 6 months. Notable trials that used this strategy include PICCOLETO (42), BELLO (43), BASKET-SMALL 2 (45), and PICCOLETO II (48). Among these trials, the binary restenosis rates and TLR rates were comparable between the DCB and DES groups and were all low-probability events. It is important to acknowledge that patients treated with DCB and without stenting did not experience any thrombotic events in these trials, whereas only two stent thrombosis events were found in the BASKET-SMALL 2 trial during the 3-year follow-up (45). These results suggest that DCB may provide significant advantages over DES in treating small vessel disease, such as a lower risk of stent thrombosis, a shorter duration and less dependence on DAPT (43).

The RESTORE SVD China trial also demonstrated that the Restore DCB was non-inferior to the second-generation RESOLUTE Integrity DES (47, 51). However, DAPT was prescribed for at least 6 months after discharge from the hospital. During the 12-month follow-up, no significant difference was observed in the comparison of DAPT duration between the DCB and DES groups (91.4 vs. 94.7%), which was partly due to the high proportion of unstable angina in this study and the high incidence of MACE in small vessels.



Large Vessel de novo Coronary Artery Disease

Many interventional cardiologists had doubts about the safety of DCB alone for large vessel de novo CAD because large coronary arteries have more smooth muscle fibers than small vessel arteries and are more prone to recoil and dissection, which may lead to acute occlusion or restenosis of blood vessels (52). Although randomized data for comparing DCB and DES in the treatment of large vessels are still lacking, there are variable proportions of large vessels that were treated using the DCB-only approach in studies, which creates growing evidence for the safety and efficacy of the DCB-only strategy for the treatment of large coronary arteries. The durations of DAPT in these trials ranged from 1 to 12 months (Table 4).


Table 4. Characteristics of prospective trials of DCB for treatment of de novo coronary artery disease including large vessels.
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A recent prospective large-scale multicenter trial demonstrated that DCB as a stand-alone-therapy showed similar efficacy on large and small vessels (60, 61). In this trial, standard DAPT duration was recommended for 1 month in DCB-only treatment and a minimum of 6 months when additional stents were implanted. During the follow-up, in the large vessel group, the DAPT duration was 2.7 ± 1.6 months, whereas in the small vessel group, the DAPT duration was 2.8 ± 1.6 months (p = 0.583). Meanwhile, this trial observed that around half of each group had a recommendation for 4 weeks of DAPT (>2.75 mm: 53.3% vs. ≤ 2.75 mm: 48.1%, p = ns). Only one case of stent thrombosis occurred in each group. The DEBUT trial which showed DCB-only coronary intervention was superior to BMS in patients at bleeding risk, was also administered 1-month of DAPT for all patients (9). In patients assigned to DCB, 64% were treated with a DCB that was 3 mm or larger diameter, and stent thrombosis occurred in none of them. A short duration of DAPT after DCB angioplasty was recommended in the other three trials without any stent thrombosis found and low risk rates of clinical events (56–58). These results indicate that short-term DAPT may be feasible and safe. On the contrary, some trials recommended DAPT for 6 months or longer, and they also did not find stent thrombosis during follow-up (53–55). These trials chose a longer DAPT duration because most patients in these trials were admitted to the hospital for ACS.



Other Clinical Situations
 
Chronic Total Occlusions

Chronic Total Occlusions (CTOs) of the coronary arteries remain one of interventional cardiologists' biggest challenges and some scholars have also attempted to apply the DCB-only strategy to CTO (62, 63). A prospective trial led by Köln et al. showed that the DCB-only strategy as a treatment option for CTO was feasible and well-tolerated (63). Most patients received DAPT for at least 4 weeks and 4 of 34 patients had contraindications for DAPT who received only lifelong aspirin in this trial. Restenosis occurred in 11.8% of all patients, re-occlusion in 5.9%, TLR in 17.6%, and no stent thrombosis was found.



High Bleeding Risk

An all-comers retrospective study that contained 52% high-bleeding-risk patients showed the safety and feasibility of short-term DAPT after DCB angioplasty for both stable CAD and ACS (64). The median and mean durations of DAPT were 1 and 2.8 months in the stable CAD population and 1 and 3.3 months in the ACS population. The MACE rate was 9.8 and 14.8% at 12 and 24 months with 2.1 and 3.1% TLR rates, respectively. Recently, the DEBUT trial demonstrated that DCB was superior to BMS for the treatment of de novo coronary artery lesions in patients with high bleeding risk (9). The duration of DAPT was 1 month in patients with stable CAD and ACS in both groups. For ACS patients receiving anticoagulation therapy, the duration of aspirin was 6 months. At 9 months, the MACE and TLR rates were 1 and 0% in the DCB group and 14 and 6% in the BMS group, respectively. One case of stent thrombosis occurred in each group.




Duration in ACS

Although receiving second-generation DES is the most common option for the treatment of patients with ACS and is generally considered the optimal strategy (65), some small sample size clinical trials have attempted to use the DCB-only strategy in primary percutaneous coronary intervention (PPCI) (54, 55, 66–68). Nicola et al. conducted the first study of a DCB-only strategy in the setting of PPCI, and DPAT was scheduled to be continued for 12 months (66). This study showed good 1-year clinical results with only five MACEs occurring, including three TLR and one acute stent thrombosis, but additional stenting was performed in half of the patients. Recently, the REVELATION study shown that DCB was non-inferior to the second-generation DES in the treatment of ST-segment elevated myocardial infarction patients (55). All patients were on DAPT and/or combined with oral anticoagulation for at least 1 year. Up to the 9-month follow-up, only three patients required TLR (one in the DES group and two in the DCB group) and only one thrombotic event was found in the DCB group. The 1-year duration of DAPT seemed to be a reasonable option based on the guideline recommendations and the results of existing clinical trials.

However, it remains a question whether DAPT duration for ACS patients is worth reducing or prolonging. A recent meta-analysis of the duration of DAPT after PCI with DES demonstrated that short-term DAPT presented similar efficacy and safety to standard-term DAPT for patients with ACS (69). In the DEBUT trial, 46% of patients treated with DCB only were diagnosed with ACS (9). All patients in this trial were recommended to undergo only a 1-month duration of DAPT, and the results showed low MACE rates with no TLR event at 9 months. Meanwhile, no stent thrombosis event occurred during the follow-up. In another retrospective study which contained 55% of ACS patients showed a 12% MACE rate and 2.8% TLR rate at 12 months (64). The median and mean durations of DAPT were 1 and 3.3 months in the ACS population. Of note, half of the patients had at least one risk factor for bleeding. Furthermore, about 4% of patients did not receive any ADP receptor blockers at all during or after PCI due to a contraindication for DAPT. Meanwhile, the European Society of Cardiology Guidelines also suggest that patients at high or moderate ischemic risk who have well-tolerated DAPT within the first year after myocardial infarction may benefit from more intense antithrombotic therapy beyond 12 months from the acute event (70). For this kind of patients (e.g., age ≥65 years and multivessel coronary disease), aspirin 75–100 mg with ticagrelor 60 mg twice daily or rivaroxaban 2.5 mg twice daily may be administered, which would reduce the ischemic risk with no major bleeding events and infrequent minor/minimal bleeding (71, 72). Whether prolonging or reducing the duration of DAPT, it is important to tailor the treatment to each patient to get the best benefits of DAPT.



Duration for New-Generation Sirolimus DCB

Thus far, paclitaxel, as a cytotoxic agent, is the preferred drug for balloon coating and has been widely cited in cardiovascular interventional therapies. With the growing clinical research evidence of sirolimus-coated balloon (SCB), their clinical feasibility and safety are being increasingly recognized. The SABRE trial showed excellent procedural success for the Virtue sirolimus-eluting angioplasty balloon in the treatment of ISR (73). In this trial, DAPT was continued for at least 3 months and the MACE rate was 14.3% at 12 months, with a 12.2% TLR rate. Soon after that, an RCT that compared a crystalline coating SCB with paclitaxel-coated balloon (PCB) demonstrated similar angiographic outcomes in the treatment of coronary DES-ISR (74). Interestingly, DAPT was recommended for 1 months in stable patients and 12 months in cases of ACS. The MACE and TLR rates were similar between the two groups, and only one stent thrombosis occurred in the PCB group. Two other large prospective trials that enrolled a real-world, all-comer patient population also showed the safety and efficacy of SCB, both in patients with ISR or de novo lesions (75, 76). The Nanolutè study evaluated the clinical performance of a novel SCB (Concept Medical Research Private Limited, India) for the treatment of ISR and de novo coronary lesions. Dual antiplatelet therapy was recommended for 3–12 months in this trial (75). The MACE rate was 4.2% with 3.2% TLR at 2 years. The EASTBOURNE registry also evaluated this kind of SCB and obtained similar results as the Nanolutè study (76). In this trial, DAPT duration was prescribed for a minimum of 1 and 6 months in the case of additional stent implantation. As for ACS patients, DAPT duration was prescribed according to the current guidelines.




CONCLUSIONS AND PERSPECTIVE

As DCB technology is playing an increasingly important role in PCI, standardizing postoperative drug treatment is essential. Defining the optimal duration of DAPT after DCB-only angioplasty remains an interesting question but the currently available evidence is limited. Here, we give a simple summary with suggestions for DAPT duration in the different clinical scenarios based on current evidence (Figure 2).
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FIGURE 2. Algorithm for dual antiplatelet therapy (DAPT) in patients treated with percutaneous coronary intervention and only using DCB. DCB, drug-coated balloon; ISR, in-stent restenosis; CTO, chronic total occlusions. High bleeding risk is considered an increased risk of spontaneous bleeding during DAPT (e.g., PRECISE-DTPA score ≥25).


For a decade, we have been passionate about defining the optimal duration of DAPT after stenting and have conducted many RCTs. Now, it is time to focus on the optimal duration of DAPT after DCB-only angioplasty. Meanwhile, with the advancement of DCB technology and the discovery of potent antiplatelet drugs, the DAPT approach may shift to a new paradigm of single antiplatelet therapy. It is necessary to explore the feasibility of single antiplatelet therapy after DCB-only angioplasty.
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Aims: In-stent restenosis (ISR) remains an Achilles heel of drug-eluting stents despite technical advances in devices and procedural techniques. Neointimal hyperplasia (NIH) is the most important pathophysiological process of ISR. The present study mapped normal arteries and stenotic arteries to uncover potential cellular targets of neointimal hyperplasia.

Methods and Results: By comparing the left (control) and right (balloon injury) carotid arteries of rats, we mapped 11 clusters in normal arteries and 11 mutual clusters in both the control and experimental groups. Different clusters were categorized into 6 cell types, including vascular smooth muscle cells (VSMCs), fibroblasts, endothelial cells (ECs), macrophages, unknown cells and others. An abnormal cell type expressing both VSMC and fibroblast markers at the same time was termed a transitional cell via pseudotime analysis. Due to the high proportion of VSMCs, we divided them into 6 clusters and analyzed their relationship with VSMC phenotype switching. Moreover, N-myristoyltransferase 1 (NMT1) was verified as a credible VSMC synthetic phenotype marker. Finally, we proposed several novel target genes by disease susceptibility gene analysis, such as Cyp7a1 and Cdk4, which should be validated in future studies.

Conclusion: Maps of the heterogeneous cellular landscape in the carotid artery were defined by single-cell RNA sequencing and revealed several cell types with their internal relations in the ISR model. This study highlights the crucial role of VSMC phenotype switching in the progression of neointimal hyperplasia and provides clues regarding the underlying mechanism of NIH.

Keywords: in-stent restenosis, single-cell sequencing, vascular smooth muscle cell, transitional-cell, neointimal hyperplasia


INTRODUCTION

It has been more than 30 years since the first stent implantation, and currently, percutaneous coronary intervention (PCI) has been widely adopted for most ischemic heart diseases. Despite technical advances in devices and procedural techniques, along with more intensive drug treatment, in-stent restenosis (ISR) following repeat coronary revascularization remains an Achilles heel of drug-eluting stents (DESs) (1–3). ISR is classically defined as luminal stenosis with more than 50% diameter narrowing of a stented coronary segment or within 5 mm of a stent edge. Traditionally, several biological factors, such as local inflammation, vascular smooth muscle cell (VSMC) phenotype switching, and delayed healing, are considered the main causes of ISR (4). The general view is that a normal artery consists of endothelial cells (ECs), VSMCs, fibroblasts, immune cells, and neurocytes (5, 6). The proportion of cell types inside the coronary artery changes after the development of atherosclerotic plaque and stent implantation due to the adaptive defense of blood vessels in response to internal and external stimuli. It is important to determine the changes in the proportion and status of these cells in the coronary artery after ISR, which could help us understand the underlying mechanisms of ISR. According to previous studies, neointimal hyperplasia (NIH) with VSMC migration and proliferation remains the most essential pathophysiological mechanism of ISR (7–9). However, there is no optimal method for in-depth analysis of cell types, composition, and properties in restenotic tissues. Thus, use of a novel methodology to investigate the mechanism of NIH is warranted. Therefore, the present study was designed to map the full view of normal arteries and stenotic arteries with an established rat carotid artery balloon injury model to further explore the underlying mechanism of NIH by using advanced single-cell technologies.



METHODS

Expanded methods are provided in the Supplementary Materials online.


Animal

Eight-week-old mature male Sprague-Dawley (SD, Hsd, Harlan) rats from the Animal Core Facility of Nanjing Medical University (Nanjing, China) were used in our experiment. Rats were housed in a temperature-controlled room with a 12 h light/dark cycle and free access to fresh water and food. All animal procedures were approved by the Experimental Animal Care and Use Committee of Nanjing Medical University.



Rat Carotid Artery Balloon Injury Model

The rat carotid artery balloon injury model is the most common in vivo model widely used to study ISR. This approach consists of isolating a segment from the right common carotid artery in SD rats under general anesthesia (pentobarbital sodium, 60 mg/kg, i.p.), creating an arteriotomy incision in the external carotid branch followed by inserting a balloon catheter (Fogarty, 12A0602F, 0.67 mm, Edwards Lifesciences) into the common carotid artery, repeated balloon inflation and pulling back five times to imitate percutaneous transluminal coronary angioplasty (PTCA), and finally removal of the catheter with external carotid ligation (10). The rats were sacrificed with an overdose of pentobarbital sodium (200 mg/kg, iv) at 28 days after the procedure, and their left (control group) and right (case group) carotid arteries (Supplementary Figure 1A) were subsequently collected for further study. We used HE staining to identify the success of the model (Supplementary Figure 1B).



Collecting Cells and Single-Cell RNA Sequencing

To avoid data variation incurred by sex differences, only two male SD rats were selected for the study. To capture single cells, the common carotid arteries were washed with PBS twice and stored in MACS tissue storage solution (Cat#: 130-100-008). Tissues were digested by 0.25% Trypsin-EDTA (1*, Gibco) and 0.1% collagenase (1*, Gibco). Single-cell RNA sequencing with the 10x Genomics platform was performed by a commercial service (Shanghai OE Biotech Co., Ltd., China; Figure 1A). Briefly, it uses microfluidic technology to wrap the beads and single cells with Cell Barcodes in droplets, lyses the cells in the droplets to connect the mRNA in the cells to the Cell Barcodes on beads, and finally forms single-cell GEMs. Reverse transcription was performed with the droplets to construct a cDNA library. The sample source of the target sequence is distinguished by the sample index on the library sequence.


[image: Figure 1]
FIGURE 1. Maps of single-cells in normal cartoid arteries. (A) (i). A surgery performed on rats and separated cartoid arteries. (ii). Prepared 10x barcoded gel beads. (iii). Wrapped the beads and cells with cell barcode in droplets, collected the droplets with cells, and then lysed the cells in the droplets. (iv). Collected single cell GEMs. (v). RT-PCR. (vi). Pool removed oil. (B) TSNE of single cells in normal cartoid arteries. (C) Differentially expressed genes (Top 10) of 11 clusters. (D) Expression of classical markers (VSMC, fibroblast, EC and macrophage) in 11 clusters. (E) Classification of 11 clusters into 5 cell types (VSMC, fibroblast, EC, transitional-cell, macrophage). (F) Proportion of each cell type in tSNE.





RESULTS


Single-Cell RNA-Seq of Normal Rat Carotid Artery Cells

We first concentrated the normal carotid artery (control group), which has never been mapped previously. The two whole left carotid arteries were enzymatically digested, and then scRNA-seq libraries were built with the 10x Genomics platform.

A total of 2,445 cells were captured by quality control and visualized in t-SNE dimensionality reduction plots within 11 clusters (Supplementary Table 1, Supplementary Figure 2, Figure 1B). To classify these 11 clusters into known cell types, we filtered out their highly expressed genes and labeled them based on known marker genes (Figure 1C). We also examined recognized cell-type markers, such as VSMCs (Acta2, Tagln, Cald1, Myl9), fibroblasts (Col1a1, Col3a1, Dcn, Pdfra), ECs (Cdh5, Cldn5, Sox17), and macrophages (Cd68, Ncf4) (Figure 1D). The differentially expressed genes of cluster 11 (only 19 cells) were not specific and could not match the existing recognized cell types; thus, we performed our analysis after excluding cluster 11. A new t-SNE dimension reduction plot of 5 cell types showed the different proportions of cell types, including ECs, VSMCs, fibroblasts, macrophages and unknown cells (Figure 1E). Notably, VSMCs and fibroblasts were the major cell types in the normal carotid artery (Figure 1F).



Transitional Cells Between VSMCs and Fibroblasts

We found that cells in cluster 7 highly expressed marker genes from both VSMCs and fibroblasts at the same time (Figure 1D), but these cells in cluster 7 also had their own specific markers (Adm, Olr1, Thbd, Gfp2, Figures 2A,B). Previous studies have reported that the VSMC phenotype might switch to a fibroblast phenotype in some situations (11, 12). Therefore, we tried to investigate the roles of cluster 7 during the process of VSMC phenotype switching via the current model.


[image: Figure 2]
FIGURE 2. The finding of transitional-cells. (A) Violin illustrations showed differentially expressed genes (Top 4) in transitional-cells. (B) Scatter plot showed enrichment of differentially expressed genes in transitional-cells. (C) Pseudotime analysis of VSMCs, fibroblasts and transitional-cells. (D) Coloring for differentiation time. (E) Coloring for the state of differentiation. (F) Split the branches. (G) Heat map of gene expression in cells of different differentiation states.


We performed pseudotime analysis on VSMCs, fibroblasts, and unknown cells consisting of clusters 1-7 and 10. According to the degree of differentiation, cells were classified into three trajectories (states 1, 2, and 3) in pseudotime analysis (Figures 2C–F). Obviously, VSMCs were mainly distributed in state 1 and state 2, while fibroblasts were distributed in state 2. Previous evidence demonstrated that VSMCs had two important phenotypes in the vessel wall, including a contractile phenotype and a synthetic phenotype (13, 14). Fully differentiated/contractile VSMCs, responsible for vascular tone regulation, could be transformed into dedifferentiated/synthetic VSMCs to acquire proliferation, migration and synthesis abilities after vascular injury (13). According to the marker gene analysis, VSMCs in state 2 were considered contractile VSMCs, and VSMCs in state 1 could be regarded as synthetic VSMCs. The unknown cells in cluster 7 were scattered in states 2 and 3 by pseudotime analysis, indicating that these cells could play crucial roles in phenotype switching between contractile VSMCs and fibroblasts. Finally, cells in cluster 7 were termed transitional cells due to the co-expression of cell-type markers of VSMCs and fibroblasts. Moreover, we selected and analyzed the top 10 genes of VSMCs, fibroblasts, and transitional cells through pseudotime analysis, as summarized in Figure 2G.



Maps of Cells in Stenotic Arteries

A total of 4,674 cells in the stenotic carotid artery (case group) were acquired after removing unqualified cells from 5,656 cells by quality control. Specific genes from a total of 11 clusters were identified and used to construct a heatmap (Supplementary Figure 2, Figures 3A,B). We classified all of these cells into five cell types according to recognized markers of VSMCs, fibroblasts, ECs and macrophages (Figure 3C). We used the abovementioned strategy to verify the transitional cells and found a similar result. Obviously, the proportion of different cell types changed considerably between the normal artery and stenotic artery. The proportion of fibroblasts, ECs, and macrophages increased in the stenotic artery compared to the normal artery, while the proportion of VSMCs and transitional cells decreased in the stenotic artery (Figures 3D,E).


[image: Figure 3]
FIGURE 3. Maps of single-cells in both normal and experimental carotid arteries. (A) TSNE of single cells in normal and experimental cartoid arteries. (B) Differentially expressed genes (Top 10) of 11 clusters. (C) Classification of 11 clusters into 5 cell types (VSMC, fibroblast, EC, transitional-cell, macrophage). (D) Comparison of proportion in different cell types. (E) Comparison of proportion in case and control groups.


Pseudotime analysis of VSMCs, fibroblasts and transitional cells (Supplementary Figures 3A,B) showed that these cells could be classified into 5 states: state 1, 2, and 3 fibroblasts; state 4 synthetic VSMCs; and state 5 contractile VSMCs (Supplementary Figures 3C,D, 4). Interestingly, transitional cells in the stenotic artery were distributed in state 4 (synthetic VSMCs), which was different from their co-expression with markers of VSMCs and fibroblasts in the normal artery. This novel finding indicated that contractile VSMCs could switch to both a fibroblast-like phenotype and a synthetic VSMC phenotype in the stenotic artery after balloon injury. Pseudotime analysis and heatmaps of differentially expressed genes in VSMCs, fibroblasts and transitional cells are shown in Supplementary Figures 5–11.



Differences in VSMCs Between Normal and Stenotic Arteries

Contractile VSMCs, the major cell type in the artery (Figure 3E), are important for vessel contraction/dilation and regulating hemodynamics (14, 15). Thus, the differences in VSMCs between normal and stenotic arteries were analyzed in depth to explore the mechanism of ISR. VSMCs were isolated and then divided into 6 distinct clusters (Figures 4A,B) based on gene enrichment analysis. From Figures 4C,D, we found that the proportion of VSMCs in these 6 clusters varied greatly, and then several differentially expressed genes were selected to identify these 6 different clusters. Markers of cluster 1 (Hes1, Ccn1), cluster 2 (Notch1, Tmem140), cluster 3 (Rpa3, Ap3s2), cluster 4 (Pycard, Ep400), cluster 5 (Igfbp4, Gpx3), and cluster 6 (Tnfaip6, Mt-cyb) are summarized as dot plots (Figures 4E,F). GO and KEGG analyses were also performed to dig deeper into the functions and interactions of VSMCs (Supplementary Figures 12–19).


[image: Figure 4]
FIGURE 4. Maps of VSMCs in both normal and experimental carotid arteries. (A) TSNE of sing cells of VSMCs. (B) Distribution of case and control groups in tSNE. (C) Comparison of proportion in case and control groups. (D) Comparison of sing cells of case and control groups in tSNE. (E) Differentially expressed genes (Top 10) of 6 clusters. (F) Expression of classical markers (VSMC, fibroblast, EC and macrophage) in 11 clusters.




Phenotype Switching Among 6 Clusters of VSMCs

Contractile VSMCs could switch into a synthetic phenotype through dedifferentiation in response to vascular injury, and they could also regain the contractile property via differentiation under certain conditions (13, 14). We assigned each cluster to two phenotypes based on recognized contractile (Acta2, Tagln, Figure 5A) or synthetic VSMC markers (S100A4, Figure 5B). We also discovered an extra novel gene, N-myristoyltransferase 1 (Nmt1), after comparing our data with classical markers, which was previously reported to participate in the development of cancers (16). Higher expression of Nmt1 was found in the stenotic artery, indicating that it might be a new marker in our ISR model (Figure 5C) but also in general synthetic VSMCs. To verify the findings above, we used platelet-derived growth factor BB [PDGF-BB, a classical cytokine promoting VSMCs dedifferentiated into the synthetic phenotype (17)] to treat mouse aortic vascular smooth muscle cells (MOVAS) at 20 ng/ml and found that MOVAS expressed a higher level of NMT1 after PDGF-BB treatment (Figure 5D).


[image: Figure 5]
FIGURE 5. Phenotype switching in VSMCs. (A) Dot plots and violin illustrations of contractile makers of VSMC. (B) Dot plots and violin illustrations of synthetic makers of VSMC. (C) Immunofluorescence images of slices of rats' cartoid arteries in case and control groups. (D) Immunofluorescence images of moves under pretreatment (PDGF-BB) and control groups. (E) Pseudotime analysis of VSMCs. (F) Coloring for differentiation time. (G) Split the branches. (H) Coloring for case and control groups. I. Coloring for differentiation time in tSNE. (J) Classified 6 clusters into contractile VSMCs and synthetic VSMCs.


Pseudotime analysis found that VSMCs in different clusters were separated and distributed in various routes, which were linked via three nodes (Figures 5E,F). Six clusters of VSMCs (Figure 5G) indicated that they were distributed at different stages: clusters 4, 5, and 6 might pause at advanced differentiation stages; clusters 1, 2, and 3 might pause at early stages. Meanwhile, we found that VSMCs in the case group showed a more extreme distribution in pseudotime routes but a disseminated distribution in the control group (Figure 5H). Finally, we identified cluster 4, 5, and 6 cells as contractile VSMCs and cluster 1, 2, and 3 cells as synthetic VSMCs (Figure 5J).

It has been reported that the Notch-Hes1 pathway, a pro-differentiation pathway, plays an essential role in the differentiation of many cell types (18). Notch1 increases after vascular injury, and inactivation of Notch1 might reduce neointimal hyperplasia (19). In our study, Notch1 and Hes1 were highly expressed in synthetic clusters 1 and 2 (Figure 4E), indicating that these two genes might be synthetic VSMC-related genes.



Differences in Fibroblasts and ECs Between Normal and Stenotic Arteries

Our data demonstrated that fibroblasts, mainly distributed in the adventitia of blood vessels, could proliferate greatly during the progression of neointimal hyperplasia (Supplementary Figure 20). A heatmap could help us identify specific markers of these proliferous fibroblasts and provide a new strategy to distinguish fibroblasts in the normal position or the neointima (Supplementary Figure 21). Pseudotime analysis demonstrated that cells in cluster 3 might be proliferous fibroblasts in the case group (Supplementary Figures 22–25). In addition, GO terms and KEGG terms reminded us of the relationship between differentially expressed and specific functions (Supplementary Figures 26–33).

Originally, our model indicated damaged endothelial cells and VSMCs cause intimal hyperplasia. The increase in ECs might be caused by the appearance of EC-like VSMCs or re-endothelialization (20). Total ECs were clustered, indicating that cells in cluster 2 acted as EC-like VSMCs and that cells in cluster 1 could be related to re-endothelialization (Supplementary Figures 34–37). GO terms and KEGG terms also reminded us of the functional changes between the case and control groups (Supplementary Figures 38–45).



Disease Susceptibility Gene

To verify the similarity between our model and real-world disease, we compared four sets of independent human disease susceptibility genes from GeneCards (https://www.genecards.org/) (ISR-related genes, VSMC phenotype switching-related genes, atherosclerosis-related genes, neointima proliferation-related genes) with our data to determine the expression abundance of previously recognized disease susceptibility genes (Figures 6A–D).
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FIGURE 6. Comparison between single-cell database and disease susceptibility gene databases. (A) Our single-cell sequencing compared with database of in-stent restenosis related genes. (B) Our single-cell sequencing compared with database of atherosclerosis related genes. (C) Our single-cell sequencing compared with database of VSMC phenotype switching related genes. (D) Our single-cell sequencing compared with database of neointima proliferation related genes.


When analyzing ISR-related genes, the Ace, Selp, Nos3, Serpine1, and Sele genes were highly expressed in ECs; the Plat, Il6, Vegfa, F3, and Cdkn2a genes were highly expressed in fibroblasts; the P2ry12, Ccl2, Cdkn1a, and Hmox1 genes were highly expressed in macrophages; the Spp1 gene was highly expressed in transitional cells; and the Crp and Spp1 genes were highly expressed in VSMCs (Figure 6A). When analyzing atherosclerosis-related genes, we screened out high expression of the Olr1 and Sele genes in ECs; the Lpl, Ccl2, and Vegfa genes in fibroblasts; the Apoe, Abca1, Pparg, and Ccl2 genes in macrophages; the Ldlr and Eln genes in transitional cells; and the Ldlr, Lmna, Apoa2 and Crp genes in VSMCs (Figure 6B). Afterwards, we focused on VSMCs and found that the Lmna, Myh11, Mylk, Cacna1c, and Ptpn11 genes were intensely related to VSMC phenotype switching; the Pdgfb and Mtor genes were closely related to neointimal proliferation.

The matrix metallopeptidase (Mmp) gene family related to ISR was highly expressed in the stenotic artery but expressed at low levels in the control group (Mmp3 in fibroblasts; Mmp9 in macrophages; Mmp3 in transitional cells; Figure 6A). Meanwhile, several genes related to ISR exhibited high expression in the case group and low expression in the control group, such as Serpinc1 in ECs, Crp in fibroblasts, and Serpinc1 and Serpind1 in transitional cells (Figure 6A). When compared with the control group, several genes related to atherosclerosis were differentially expressed in the case group (Up: Apob in fibroblasts; Cyp7a1 in VSMCs; Down: Pcsk9, Apoa2, Crp, Cyp7a1 in fibroblasts; Apoa1 in macrophages; Alb in transitional cells, Figure 6C). We also found that the expression of several VSMC genes related to neointimal proliferation changed considerably with the progression of disease (Up: Pcna; Down: Akt1, Cdk4, and Rb1).

By comparing the susceptibility gene databases with our sequencing data, we obtained some results similar to previous studies and verified them in an in vivo study. Moreover, we discovered several novel genes based on the current model, such as Cyp7a1 and Cdk4, which should be further validated.



Cell-to-Cell Communication: Receptor Ligand Analysis

We performed receptor ligand analysis in the normal artery and stenotic artery (Figure 7A, Supplementary Figure 46). In the normal artery, Fn1, especially Fn1/α8β1 integrin, was enriched in ECs. Col1a1 and Col3a1, whose ligands are α1β1 integrin and α11β1 integrin, were enriched in fibroblasts. Moreover, macrophages were associated with the high expression of Cd74, Cd44/Copa, App, and Hbegf. Col1a1/α1β1 integrin and Col1a1/α11β1 integrin were also enriched in transitional cells. However, the gene expression of ligands in VSMCs was low.


[image: Figure 7]
FIGURE 7. Networks of ligands and receptors in single-cells of case group. (A) Dot plot of receptors and ligands analysis. (B) Intercellular communication of different cell types. (C) Quantitative figure of intercellular communication.


Of note, the expression levels of receptors and ligands in the stenotic artery changed considerably compared with those in the normal artery (Supplementary Figure 15). Fn1/α8β1 integrin, Fn1/α5β1 integrin, Fn1/αVβ1 integrin, and Fn1/αVβ5 integrin were all enriched in ECs. Fn1, Col3a1, and Cd44 (ligands) and αVβ1, αVβ5, α8β1, α5β1, α1β1 integrin, SPP1, and Hbegf (receptors) were enriched in fibroblasts. Nrp2/Vegfa, Cd74/Copa, Cd74/App, and Cd74/Hbegf were enriched in macrophages. Moreover, transitional cells seemed to have high enrichment levels of Col18a1/α1β1 integrin and Cd44/Hbegf. The ligand and receptor circuit diagram suggested decreased communication between VSMCs and ECs (Figures 7B,C). In addition, ligands from fibroblasts decreased relative to the control group.




DISCUSSION

To the best of our knowledge, this is the first study to investigate the mechanisms of ISR by single-cell RNA sequencing. There are several main findings in our study. First, we found traditional cells between VSMCs and fibroblasts in both normal and stenotic arteries. The specific key genes of these novel cells were also selected by heat map analysis and in a dynamic change trend graph of pseudotime analysis. Second, the phenotype of VSMCs, the major component of blood vessels, switched greatly in the stenotic artery, and we further classified the VSMCs into 6 clusters based on gene enrichment analysis. Finally, disease susceptibility gene analysis confirmed the association of those classical genes and ISR by comparing our data with four previous databases, and we also proposed several novel related target genes, such as Cyp7a1 and Cdk4, which should be validated in future studies.

DES has completely replaced bare-metal stents to be used in ischemic heart disease in daily clinical practice due to the proliferation inhibition effects of coating agents (21), but the relatively high occurrence of restenosis (5–10%) after implantation of DES still cannot be prevented, with a direct financial burden on patients and medical insurance (1). It is warranted to use a novel methodology to investigate the underlying mechanisms of ISR. Single-cell RNA sequencing is a novel bioanalysis technology in recent years that has been extensively used in the field of cancer but less in the cardiovascular field (22). Thus, we conducted the present study and hope to find new clues to explore the mechanisms of ISR in depth.

VSMCs have more plasticity than any other cell type in blood vessels. In atherosclerosis models, VSMC-derived foam cells and macrophage-like VSMCs play major roles within the arterial wall (15). However, our data indicated that specific markers of macrophages showed low expression in VSMCs and ensured the purity of VSMCs. In addition, a previous study revealed that VSMCs could switch into osteoblast-like cells, fibroblast-like cells and senescent VSMCs (23). Wirka et al. reported fibroblast-like cells in atherosclerotic lesions that broke inherent cognition (12). Our data also proved that phenotype switching exists between VSMCs and fibroblasts and found a new cell type: transitional cells. During the transition from VSMCs to fibroblasts, inflammatory factors dropped sharply, and cyclins indicated cell cycle arrest, suggesting that this transition has a protective effect on VSMCs. From another perspective, the transition from fibroblasts to VSMCs means that the elasticity and compliance of hyperplastic tissues are reduced, which may have a certain impact on the long-term prognosis of diseased blood vessels. Therefore, the in-depth investigation of transitional cells is particularly important. By regulating the number and homeostasis of transitional cells, we might seek benefits and avoid disadvantages at the same time.

VSMCs, a major component of blood vessels, were clustered into 6 groups. Obviously, we observed changes in proportions between 6 clusters. We tried to uncover the mechanism of ISR by explaining these changes between 6 clusters during neointima proliferation. In recent years, phenotype switching/modulation of VSMCs has always been a research hotspot and is used to analyze a variety of VSMC-related disease models. Pseudotime analysis helped us distinguish contractile and synthetic VSMCs by the degree of differentiation. Unlike pseudotime analysis of single-cell sequencing, we usually used specific markers to identify different cell types of VSMCs in vitro. Nonetheless, classical markers of contractile or synthetic VSMCs are not applicable to all models. For example, secreted phosphoprotein 1 (SPP1)-encoded protein osteopontin (OPN) (24) of synthetic VSMCs, an extracellular matrix-related component that has been frequently reported in VSMC phenotype switching, showed hardly any differences between the case and control groups. Therefore, it is necessary to select several genes suitable for ISR models. Nmt1 might be a new marker in both ISR models in vivo and VSMCs in vitro. To some extent, Nmt1 is specific not only to the ISR model but also to models related to VSMC phenotype switching, which need more verification.

Moreover, by comparing the database of disease-related susceptibility genes, we revealed target cells of these disease-related susceptibility genes in vivo. The expression of disease-related susceptibility genes changed obviously between the case and control groups, which indicated that VSMCs played major roles in neointimal proliferation. Jason LJ et al. reported that Mmp3 mediated the activation of Mmp9, which was required for neointimal proliferation and VSMC migration (25). The serpin gene family, with antithrombin and antiproliferation functions, has been reported to play a protective role in blood vessels (26). As mentioned above, fibronectin1 (Fn1) was found to be a representative ligand and regulate integrins, as suggested by previous studies (27, 28). However, the communication between Fn1 and integrins was enhanced with the progression of ISR and was mainly located in ECs and fibroblasts. In addition, we benefited from the analysis of receptors and ligands. Signals of receptors and ligands aggregated in ECs and macrophages, which was opposite to the results obtained for disease-related susceptibility genes. The results highlighted Fn1/integrins in ECs and fibroblasts and Cd44 in macrophages and showed obvious changes in Fn1/integrins and Cd44 between the case and control groups. However, the number of receptors and ligands of fibroblasts rather than ECs or macrophages was obviously reduced in total.

There are several limitations in our study. First, the rat carotid artery balloon injury model is the most common in vivo model widely used to study ISR, but a gap still exists. Second, to obtain live cells for single-cell sequencing, we chose balloon-injured rat carotid arteries instead of frozen human restenotic coronary artery specimens in cold storage. Third, two cases and two controls were selected due to the limited research funding and time, and a relatively small sample size might produce bias. However, the first applied single-cell sequencing in the ISR model could provide novel clues for further study.

In conclusion, maps of heterogeneous cellular landscapes, especially transitional cells, in the carotid artery were defined by single-cell RNA sequencing and revealed several cell types with their internal relations in the ISR model. This study highlights the crucial role of VSMC phenotype switching in the progression of ISR, and we also proposed several novel related target genes, such as Cyp7a1 and Cdk4, providing clues regarding the underlying mechanism of ISR.
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Objective: Major bleeding is a common complication following treatment for an acute coronary syndrome (ACS) and is associated with increased mortality. We aimed to explore the temporal trend of bleeding events in relation to changes of therapeutic strategies among patients hospitalized for ACS in China.

Methods: The CCC-ACS project (Improving Care for Cardiovascular Disease in China–Acute Coronary Syndrome) is a collaborative initiative of the American Heart Association and the Chinese Society of Cardiology. We analyzed 113,567 ACS patients from 241 hospitals in China from 2015 to 2019. Major bleeding was defined as intracranial bleeding, retroperitoneal bleeding, a decline in hemoglobin levels ≥3 g/dL, transfusion with overt bleeding, bleeding requiring surgical intervention, and fatal bleeding. Kruskal–Wallis test was used to examine the trend of major bleeding over time.

Results: The rate of in-hospital major bleeding decreased from 6.3% in 2015 to 4.7% in 2019 (unadjusted OR = 0.74, 95% CI: 0.68–0.80, and P < 0.001). The relative changes were consistent across almost all subgroups including patients with NSTE-ACS and STEMI, although the trend was more pronounced in NSTE-ACS patients. The decrease in bleeding was accompanied by a decrease in use of GP IIb/IIIa inhibitors and parenteral anticoagulation therapy during hospitalization. The annual reduced risk of bleeding (OR = 0.91, 95% CI: 0.89–0.93) was attenuated after stepwise adjusting for baseline characteristics and antithrombotic treatments (OR = 0.95, 95% CI: 0.93–0.97), but did not change after adjusting for invasive treatment (OR = 0.95, 95% CI: 0.93–0.97).

Conclusions: There was a temporal reduction in in-hospital bleeding among Chinese ACS patients during the last 5 years, which was associated with more evidence-based use of antithrombotic therapies.

Clinical Trial Registration: https://www.clinicaltrials.gov, identifier: NCT02306616.

Keywords: acute coronary syndrome, bleeding, temporal trend, antithrombotic therapy, outcome


INTRODUCTION

The use of intensive antithrombotic therapies coupled with revascularization has been shown to reduce ischemic risk after an acute coronary syndrome (ACS) (1), but such strategies are performed at the expense of an increased risk of bleeding (2). Recent analyses showed that major bleeding events were equivalent or even more prognostic for death than spontaneous myocardial infarction (3, 4).

In particular, East Asian people have different risk profiles for both thrombophilia and bleeding and might be more susceptible to bleeding (5). For potent antithrombotic therapy, various reports have failed to show a net clinical benefit in East Asian patients in contrast to similar studies in Caucasian patients (6). There are several studies describing temporal changes in bleeding rates among Western populations during the past decades (7–9), but no such data are available in East Asian countries. Therefore, we used data from the CCC-ACS project (Improving Care for Cardiovascular Disease in China–Acute Coronary Syndrome) (10) to delineate the temporal trend of in-hospital major bleeding in relation to development of therapeutic strategies and outcomes from 2015 to 2019 among Chinese patients hospitalized for ACS.



METHODS


Study Design and Population

The CCC-ACS project (NCT02306616) is an ongoing nationwide registry and quality improvement project focusing on the quality of care for patients with ACS. The project was launched in November 2014 as a collaborative initiative of the American Heart Association and the Chinese Society of Cardiology. Details of the study design and methodology have been described elsewhere (10). In brief, the study included 159 tertiary hospitals and 82 secondary hospitals in China. In each hospital, the first 20 to 30 ACS patients of each month are consecutively recruited and identified based on principal discharge diagnosis. ACS was defined according to the guidelines published by the Chinese Society of Cardiology for the diagnosis and management of patients with ST-segment-elevation myocardial infarction (STEMI) and non-ST-segment elevation (NSTE)-ACS (11, 12). The Ethics Committee of Beijing Anzhen Hospital, Capital Medical University approved the study with a waiver for informed consent. The research was performed without patient or public involvement.

Overall, 113,650 inpatients with ACS from 241 hospitals were registered between November 2014 and December 2019. Of these, 113,567 patients were included in this study after excluding 83 (0.07%) patients with missing in-hospital outcomes.



Data Collection

A standard web-based data collection platform (Oracle Clinical Remote Data Capture, Oracle) was used. Data elements included patients' characteristics, medical history, clinical presentation, diagnosis and risk evaluation, in-hospital management, discharge medications and in-hospital outcomes. Third-part clinical research associates performed regular quality audits to ensure that cases were reported consecutively rather than selectively.



In-hospital Outcomes

Major bleeding was defined as a composite of intracranial bleeding, retroperitoneal bleeding, a decline in hemoglobin levels ≥3 g/dL during hospitalization, transfusion with overt bleeding, or bleeding requiring surgical intervention, and fatal bleeding. Major adverse cardiovascular events (MACE) included cardiac death, reinfarction, stent thrombosis, and ischemic stroke. Cardiac death was defined as death related to proximate cardiac causes, procedure-related complications, or any death unless an unequivocal non-cardiovascular cause could be established. All these outcomes were diagnosed by doctors during patients' hospitalization and recorded in medical records.



Statistical Analysis

Changes in patients' characteristics, in-hospital management and outcomes were evaluated annually (from 2015 to 2019). The number of patients in 2014 was small and thus added to the number of patients in 2015. For in-hospital major bleeding, patients were also stratified by sex, age, type of ACS [STEMI, non ST segment elevation myocardial infarction (NSTEMI), unstable angina pectoris (UAP)], diabetes mellitus, hypertension, eGFR at admission, Killip class, percutaneous coronary intervention (PCI), type of P2Y12 inhibitor, parenteral anticoagulation therapy, and GPIIb/IIIa inhibitor use during hospitalization. Continuous variables were shown as mean [standard deviation (SD)] unless otherwise indicated. Categorical variables were presented as the number (percentage). Kruskal–Wallis test was used to examine the trend of major bleeding and ischemic outcomes over time.

To assess the effect of time on major bleeding, assuming a linear association for each 1-year time-block and outcome, a logistic regression model was fitted. These models explored the association for moving forward 1 year, with stepwise adjustments as follows: (1) crude; (2) age and gender; (3) baseline characteristics (diabetes mellitus, hypertension, eGFR <60 min per 1.73 m2, STEMI, and Killip class); (4) in-hospital antithrombotic treatments (GPIIb/IIIa inhibitor use, anticoagulant treatment, and ticagrelor use); and (5) invasive treatments [PCI (for STEMI, primary PCI), transradial access]. Standardization of rate of bleeding was performed using logistic regression models to account for the effect of differences in previously described patient characteristics and treatments throughout the observation period.

For variables with a missing rate of <15%, we imputed missing values using the sequential regression multiple imputation method implemented by IVEware software version 0.2 (Survey Research Center, University of Michigan, Ann Arbor, MI, USA). Missing rates of variables and strategies for the management of missing data are presented in Supplementary Table 1. Statistical analyses were performed using SAS 9.4 (SAS Institute, Cary, NC, USA), SPSS 26.0 (IBM SPSS Inc., Armonk, NY) and Stata 14.0 (Stata, College Station, TX, USA). Two-tailed p-values of < 0.05 were considered statistically significant.




RESULTS

Mean patient age of the whole cohort was 63.4 ± 12.4 years, and 27.1% were female. Most of the patients' characteristics showed only minor changes during the study period. There was a slight increase in the proportion of female patients and the prevalence of hypertension and previous PCI, and a decrease in the prevalence of previous stroke. The proportion of STEMI patients decreased steadily, associated with a temporal decline in patients with cardiac arrest (Table 1).


Table 1. Baseline characteristics.

[image: Table 1]

The use of antithrombotic therapies changed over time, with a fall in the use of anticoagulation therapy (77.5–60.6%) during hospitalization among all ACS patients. There was a marked decrease in the use of GP IIb/IIIa inhibitors over time (34.1–19.6%). Use of PCI was high in all ACS patients with extremely high proportion of radial access throughout the whole study period. The proportion of primary PCI in STEMI patients also increased over time (Table 2).


Table 2. In-hospital management*.
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In-hospital Bleeding

Overall, the rate of in-hospital major bleeding decreased from 6.3% in 2015 to 4.7% in 2019 (absolute change 1.6%, relative change 25.4%, unadjusted OR = 0.74, 95% CI: 0.68–0.80, and P < 0.001; Tables 3, 4; Figure 1A). A similar trend was found in patients with overt bleeding and those without overt bleeding but with decline in hemoglobin levels ≥3 g/dL (Table 4). The decrease of in-hospital bleeding occurred in parallel to the decreased use of GP IIb/IIIa inhibitors and anticoagulation therapy during hospitalization (Table 2; Figure 1B). Patients with NSTE-ACS (including NSTEMI and UAP) had a lower rate of bleeding than patients with STEMI, and similar trends were found in patients with NSTEMI and UAP (Table 4; Figure 1A). The trend of bleeding was consistent across almost all subgroups including age, sex, eGFR, P2Y12 receptor inhibitor, and anticoagulation therapy (Table 4).


Table 3. In-hospital outcomes in all ACS patients.
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Table 4. Trends in rate of bleeding by patients' characteristics and in-hospital management.
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FIGURE 1. Temporal trend of in-hospital outcomes and treatment, 2015–2019. (A) Trends in rate of bleeding for all patients and per subgroup of STEMI, NSTEMI, and UAP. (B) Trends in invasive and antithrombotic therapy in all ACS patients. (C) Bleeding vs. MACE in all ACS patients. (D) Combined bleeding and ischemic outcomes in all ACS patients. ACS, acute coronary syndrome; DAPT, dual antiplatelet therapy; MACE, major adverse cardiovascular events; NSTE-ACS, non-ST-segment elevation acute coronary syndrome; NSTEMI, non-ST-segment elevation myocardial infarction; PCI, percutaneous coronary intervention; STEMI, ST-segment elevation myocardial infarction; UAP, unstable angina pectoris.


After adjustment for patient characteristics, medications, and interventions, the downward changes in bleeding were attenuated but remained for all ACS (Table 5). To evaluate the impact of changes in baseline characteristics and in-hospital management on outcomes, we did stepwise adjustments and analyzed the association between change in time-period and the risk of major bleeding. Each 1-year advancement was associated with reduced risk of bleeding in the crude analysis (OR = 0.91, 95% CI: 0.89–0.93) and after adjustment for changes in demographics (OR = 0.91, 95% CI: 0.89–0.92). The OR increased to 0.93 (95% CI: 0.91–0.94) after adjusting for baseline characteristics and further increased to 0.95 (95% CI: 0.93–0.97) after adjusting for antithrombotic treatments but did not change after adjusting for invasive treatment (OR = 0.95, 95% CI: 0.93–0.97; Figure 2). For patients with NSTE-ACS, only changes in antithrombotic therapy explained the time related reduction in bleeding. However, for patients with STEMI, the association was attenuated after adjusting for changes in antithrombotic therapy and was no longer significant after further adjusting for invasive treatments (mainly primary PCI; Figure 2).


Table 5. Standardized rate of bleeding in all ACS patients.
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FIGURE 2. Association between 1 year change in time-period and major bleeding in all ACS patients and per subgroup of NSTE-ACS and STEMI. Stepwise adjustments as follows: (1) crude; (2) age and gender; (3) baseline characteristics (diabetes mellitus, hypertension, eGFR <60 min per 1.73 m2, STEMI, and Killip class); (4) in-hospital antithrombotic treatments (GPIIb/IIIa inhibitor use, anticoagulant treatment, and ticagrelor use); and (5) invasive treatments [PCI (for STEMI, primary PCI), transradial access]. ACS, acute coronary syndrome; NSTE-ACS, non-ST-segment elevation acute coronary syndrome; PCI, percutaneous coronary intervention; STEMI, ST-segment elevation myocardial infarction.




Ischemic Outcomes

The annual rate of reinfarction, stent thrombosis, and ischemic stroke remains relatively low and constant. The incidence of MACE decreased steadily with an absolute decrease of 1.5% (from 2.9 to 1.4%), mainly driven by a decrease of cardiac death (from 2.2 to 0.8%; Table 3; Figure 1C). The rate of all-cause death also decreased over time (from 2.3 to 1.4%; Table 3). When combining ischemic and bleeding events together, a significant decrease in total events was also observed (Figure 1D).




DISCUSSION

The present analysis from the large CCC-ACS registry showed an absolute 1.6% decrease in major bleeding in relation to more evidence-based use of antithrombotic therapies in patients hospitalized for ACS in China. Simultaneously, the incidence of ischemic events including cardiac death decreased steadily during the study period. To the best of our knowledge, this is the first report to delineate the temporal changes of bleeding events in East Asian countries with a higher risk profile for bleeding.

The study shows a continuous reduction in bleeding from 2015 to 2019, which is accompanied by a decrease in use of GP IIb/IIIa inhibitors and parenteral anticoagulation therapy during hospitalization. These findings are in line with recent studies from the SWEDEHEART registry (7) and UK database (8) showing a decline in in-hospital bleeding associated with less use of GP IIb/IIIa inhibitors. Specifically, the use of GP IIb/IIIa inhibitors was still as high as 20% in 2019 compared with 4.7% in 2017/2018 in the SWEDEHEART registry (7). Currently, GP IIb/IIIa inhibitors are recommended on a “provisional” basis with decreased TIMI flow or new thrombus. Nevertheless, in many secondary hospitals in China, GP IIb/IIIa inhibitors were almost routinely used during and/or after PCI in STEMI or NSTEMI patients, which actually have no robust evidence but may increase bleeding. Furthermore, anticoagulation therapy (especially the use of LMWH) was regarded as a default therapy following ACS or PCI among many centers in China. However, this strategy was not associated with a lower risk of all-cause death or myocardial infarction but significantly increased risk of major bleeding in the era of PCI and DAPT (13). The decrease from 77.5 to 60.6% in anticoagulation therapy might also have driven the decline in bleeding events. These findings were supported by stepwise adjustments for antithrombotic therapies, which showed attenuated association of time-period and bleeding trend.

In contrast to prior reports (7, 8, 14), our study was performed on the background of high rates of radial access (95.1% from 2015 to 2019) with no significant change over the past 5 years. This strategy is intuitively a bleeding reduction strategy as recommended by guidelines (15, 16). Recent study of Japanese population also showed low risk of bleeding complications by use of transradial approach or vascular closure device (17). However, data on vascular closure device was not collected in the CCC-ACS registry. Due to high rate of radial access in our study, vascular access strategies were minimally associated with these observed reductions in bleeding rates over time. The use of new-generation DES featuring much lower strut thickness and biodegradable polymers or polymer- free designs allows the shortening of DAPT (18–20). Also, use of intravascular imaging to optimize the PCI procedure and achieve more complete endothelialization is important in patients at high risk of bleeding who might need a short duration of DAPT (21). Additional strategies include the use of proton pump inhibitors to reduce risk of gastrointestinal bleeding who need antithrombotic medications (22, 23). Although not collected in this project, these factors should be further addressed. Finally, there was a steep rise in the rate of bleeding in STEMI patients from 2018 to 2019. We noted that the proportion of cardiogenic shock in STEMI patients showed a decrease from 2015 to 2018 but a sharp rise from 2018 to 2019, which might at least partially explain this peculiar change. Other potential confounding factors may also take effects and should be further investigated.

In October 2016, the Chinese College of Cardiovascular Physicians Working Group on Thrombosis proposed a multidisciplinary expert consensus on the prevention and management of bleeding in patients with ACS receiving antithrombotic agents (24). The consensus proposed a multidisciplinary bleeding prevention and treatment framework with the cardiologist as the leader and several bleeding avoidance therapies including bleeding risk evaluation, tailored antithrombotic regimen, avoiding unnecessary in-hospital anticoagulation, crossover of anticoagulants, and use of GP IIb/IIIa inhibitors, and early use of PPI, which may partly explain the decline in bleeding rate after 2016.

The higher bleeding rate in our study compared with other reports maybe be partly attributed to higher proportion of STEMI patients and more use of GP IIb/IIIa inhibitors (≈20 vs. <5% in other registries) (7, 8) and anticoagulants. Actually, various studies have reported that East Asian people might be less prone to thrombosis and more prone to bleeding, especially in the context of potent antithrombotic therapy (25). In spite of this, our registry showed a faster and more substantial decrease in bleeding (2015–2019, from 6.3 to 4.7%, absolute change 1.6%) compared with the SWEDEHEART registry (2006/2007 to 2015/2016, from 2.0 to 1.3%, absolute change 0.7%).

On the other hand, the absolute reduction of MACE including cardiac death is also intriguing. In detail, the ischemic events including reinfarction, stent thrombosis, and ischemic stroke did not change a lot across the study. Although precisely causal link should be clearly established, we speculate the reduced rate of cardiac death might be in part owing to the decline of bleeding, as the latter may cause premature discontinuation of antithrombotic medications, reduced myocardial oxygen delivery due to hypotension and anemia, and blood transfusion (26). In the present study, we did not observe plateauing in bleeding rates, indicating that there is room for further lowering of event rates by further expansion of recommended therapies, which have not been fully exploited [e.g., high rate of GP IIb/IIIa inhibitors and anticoagulants use in 2019 compared to other registries (7, 8)].


Limitations

First, bleeding events were self-reported and not adjudicated, possibly leading to underreporting. Second, the standardized bleeding definitions which were usually used in clinical trials were not available in our registry, although the definitions remained unchanged during the study period. However, our bleeding definition is similar to BARC 3 or 5 bleeding. Third, given the observational design of this study, the cause-effect relationship should not be established between change in antithrombotic therapy and temporal reduction in bleeding. Fourth, the information of IABP, which might be associated with bleeding, was only available from 2017 to 2019 and was not presented. Fifth, whether bleeding was access site related or not was not collected in this registry. Sixth, out of hospital events were also not reported. Seventh, data regarding the use of bivalirudin and new oral anticoagulants, which have been related to lower risk of bleeding, were not collected due to their infrequent use. Finally, the effects of timing, dosing, and crossover of anticoagulants and antiplatelets could not be assessed based on this registry.




CONCLUSIONS

The present study shows a temporal reduction in in-hospital bleeding among Chinese ACS patients during the last 5 years. The changes in bleeding are largely associated with the decreased use of GP IIb/IIIa inhibitors and anticoagulation therapy. Given a higher risk profile for bleeding in the Chinese population, a more consistent and systematic application of evidence-based therapies and promotion of new treatment concepts are needed to further reduce bleeding risk and improve overall outcomes.
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Background: Malnutrition has been shown to be associated with adverse cardiovascular outcomes in many patient populations.

Aims: To investigate the prognostic significance of malnutrition as defined by nutritional risk index (NRI) in patients with acute coronary syndrome (ACS) undergoing percutaneous coronary intervention (PCI) and whether NRI could improve the GRACE score based prognostic models.

Methods: This study applied NRI among 1,718 patients with ACS undergoing PCI. Patients were divided into three nutritional risk groups according to their baseline NRI: no nutritional risk (NRI ≥ 100), mild nutritional risk (97.5 ≤ NRI <100), and moderate-to-severe nutritional risk (NRI <97.5). The primary endpoint was the composite of major adverse cardiovascular events (MACE), including all-cause death, non-fatal stroke, non-fatal myocardial infarction, or unplanned repeat revascularization.

Results: During a median follow-up of 927 days, 354 patients developed MACE. In the overall population, compared with normal nutritional status, malnutrition was associated with increased risk for MACE [adjusted HR for mild and moderate-to-severe nutritional risk, respectively: 1.368 (95%CI 1.004–1.871) and 1.473 (95%CI 1.064–2.041)], and NRI significantly improved the predictive ability of the GRACE score for MACE (cNRI: 0.070, P = 0.010; IDI: 0.005, P < 0.001). In the diabetes subgroup, malnutrition was associated with nearly 2-fold high adjusted risk of MACE, and the GRACE score combined with NRI appeared to have better predictive ability than that in the overall population.

Conclusion: Malnutrition as defined by NRI was independently associated with MACE in ACS patients who underwent PCI, especially in individuals with diabetes, and improved the predictive ability of the GRACE score based prognostic models.

Keywords: nutritional risk index (NRI), GRACE score, acute coronary syndrome (ACS), percutaneous coronary intervention, diabetes


INTRODUCTION

Patients with acute coronary syndrome (ACS) are still at an unacceptably high risk of cardiovascular (CV) death and thrombotic events, even after they have undergone percutaneous coronary intervention (PCI). Comprehensive and accurate risk assessment plays an important role in making appropriate treatment decisions for these patients. The GRACE (Global Registry of Acute Coronary Events) score was a strong predictor of 6-month mortality and reinfarction after ACS (1, 2). However, some important predictors associated with poor prognosis are not included in the scoring system. Malnutrition has been proved to be associated with the development of atherosclerosis and a higher rate of CV mortality in elderly patients (3). Alternative nutritional indicators such as body mass index (BMI), serum albumin (ALB), and serum total cholesterol (TC) are predictors of survival in patients with ACS (4–6). Recently, nutritional status has been demonstrated to be a promising prognostic factor (7), and it is considered a modifiable clinical characteristic which physicians may perform interventions on to reduce the risk of adverse CV events.

The nutritional risk index (NRI) was developed as a simplified screening tool to assess nutritional status and predict clinical outcomes based on weight, height, and ALB (8). It has been reported that the malnutrition as defined by NRI was associated with the poor prognosis among patients with advanced age (9, 10), myocardial infarction (MI) (11), heart failure (HF) (12), valvular heart disease (13), atrial fibrillation (14), or chronic kidney disease (CKD) (15). So far, few studies have added nutritional status to the GRACE score for risk stratification assessment, and little is known about whether the predictive value of NRI differs among different subgroups of ACS patients. The present study aimed to evaluate the prognostic significance of nutritional status measured by NRI and the incremental predictive value of adding NRI to the GRACE score in patients with ACS undergoing PCI.



MATERIALS AND METHODS


Study Population and Follow-Up Details

The present study is derived from a single-center prospective observational cohort study (ChiCTR1800017417) which was described in detail elsewhere (16). A total of 1770 patients who underwent coronary angiography for ACS and were treated with primary or elective PCI in our CV center were consecutively and prospectively enrolled in the database from June 2016 to November 2017. The exclusion criteria of this study included patients with prior coronary artery bypass graft surgery, cardiogenic shock, left ventricular ejection fraction (LVEF) <30%, renal failure with creatinine clearance <15 ml/min, and known cancer history. Four patients were also excluded because of missing follow-up data despite at least four separate attempts to contact them. Ultimately, 1,718 patients were included in the final analysis (Figure 1). The study complied with the Declaration of the Helsinki with respect to investigation in humans, was approved by the institutional review committee of Beijing Anzhen Hospital, Capital Medical University, and conducted in accordance with the guidelines of the ethics committee at participating institutions. Written informed consent was obtained from all patients.


[image: Figure 1]
FIGURE 1. Flow chart. ACS, acute coronary syndrome; PCI, percutaneous coronary intervention; CABG, coronary artery bypass graft surgery; LVEF, left ventricular ejection fraction < 30%, CrCL, creatinine clearance < 15 ml/min; NRI, nutritional risk index; MACE, major adverse cardiovascular events; NRI, nutritional risk index.


All patients were followed up at 1, 6, 12, 18, 24, 30, 36 months after hospital discharge. The information regarding adverse events was collected from the medical records and telephone interviews by three trained personnel blinded to the baseline characteristics. The first participant was recruited in June 2016 and the follow-up ended in December 2019.



Clinical Outcomes

The primary endpoint was the composite of major adverse cardiovascular events (MACE), which included all-cause death, non-fatal stroke, non-fatal MI, or unplanned repeat revascularization. The stroke was defined as ischemic cerebral infarction with evidence of neurological dysfunction requiring hospitalization with clinically documented lesions on brain computed tomography or magnetic resonance imaging. MI was defined as an elevated level of cardiac troponin or creatine kinase greater than the upper limit of the normal range with either ischemic symptoms or electrocardiograph changes implicating ischemia. The presence of new pathological Q waves in ≥ 2 contiguous electrocardiogram leads was also diagnosed as MI. Within 1 week after PCI, only Q-wave MI was defined as MI. Unplanned repeat revascularization referred to any non-staged revascularization after the index PCI. Staged revascularization was defined as scheduled revascularization within 90 days after the index PCI, without a revascularization status of emergency or salvage or without treatment of a coronary artery territory which had been treated. The most severe endpoint event was selected for the primary endpoint analysis if > 1 event occurred during follow-up (death > stroke > MI > revascularization). If more than one stroke or MI or revascularization occurred, the first stroke or MI or revascularization was selected. Meanwhile, the first event was also selected for the primary endpoint analysis.



Data Collection

Data on demographics, medical history, and medication history were collected using a standard questionnaire. The blood pressure on admission was recorded. The ALB, lipid profiles, fasting plasma glucose (FPG), glycosylated hemoglobin, high-sensitivity C-reactive protein (hs-CRP), and creatinine levels in the first fasting blood samples during the stay in the hospital, which were obtained after 12 h of fasting, were determined at the central laboratory of Beijing Anzhen Hospital. The GRACE score was calculated on admission for predicting 6-month death or MI. The symptoms of diabetes and casual plasma glucose ≥ 11.1 mmol/L, FPG ≥ 7.0 mmol/L, or 2-h plasma glucose of 75 g oral glucose tolerance test ≥ 11.1 mmol/L, and/or antidiabetic drug use were the diagnostic criteria for diabetes. Hypertension was defined as at least two blood pressure recordings greater than 140/90 mmHg, and/or use of antihypertensive drugs. Fasting TC > 5.17 mmol/L, low-density lipoprotein-cholesterol (LDL-C) > 3.36 mmol/L, triglycerides (TG) > 1.69 mmol/L, high-density lipoprotein-cholesterol (HDL-C) <1.03 mmol/L, and/or chronic use of lipid-lowering drugs were considered criteria for dyslipidemia.



Calculation of NRI

Baseline NRI was calculated from ALB and BMI obtained on admission as previously described: NRI = 14.89 × ALB (g/dl) + 41.7 × [measured body weight (kg)/ideal body weight (kg)] [8]. The ideal body weight was calculated as follows: body height (cm)−100–{[body height (cm)−150]/4} for males, body height (cm)−100–{[body height (cm)−150]/2.5} for females (17). In accordance with prior studies, we set current body weight/ideal body weight = 1 when current body weight exceeded ideal body weight [7]. In our study, all patients were classified into three nutritional risk groups according to their baseline NRI, as defined in previous studies: normal nutrition (NRI ≥ 100), mild nutritional risk (97.5 ≤ NRI <100), and moderate-to-severe nutritional risk (NRI <97.5) (7). Due to the limitation of the sample size in this study, we did not separate a severe group since there was no patient with severe nutritional risk (NRI <83.5). GRACE score was assessed on admission for predicting 6 months death or MI.



Statistical Analyses

Continuous variables were presented as the mean ± standard deviation or the median and interquartile range (IQR) in the case of normal or non-normal distribution and differences between two groups were examined by independent-sample t-test or Manne-Whitney U test correspondingly. Categorical variables were expressed as counts (percentages). The Chi-squared test or Fisher's exact test was used to analyze differences in categorical variables between groups. ANOVA or the Kruskal–Wallis H test was applied to analyze differences in continuous variables between groups. Spearman analysis was used to analyze the correlation between two continuous variables. Kaplan–Meier methods were used to derive the event rates at follow-up and to plot time-to-event curves. The NRI was analyzed in two ways: (1) as a categorical variable; and (2) as a continuous variable. Multivariate Cox proportional hazards analysis was used to estimate the hazard ratio (HR) and 95% confidence interval (CI) of NRI for MACE after adjustment for multiple confounders including other nutrition-related laboratory parameters, clinically relevant risk factors, and variables with statistical significance in the univariate analysis: lymphocyte count, neutrophil count, monocyte count, TC, hs-CRP, GRACE score, sex, BMI, current smoking, family history of CAD, hypertension, dyslipidemia, diabetes, past MI, past PCI, SYNTAX (SYNergy between percutaneous coronary intervention with TAXus and cardiac surgery) score, complete revascularization, discharged with aspirin, angiotensin converting enzyme inhibitor/angiotensin II receptor blockers (ACEI/ARBs), β-blockers, insulins, and oral antidiabetic agents. The interaction effect was tested with a likelihood ratio test, and the proportional hazard assumption was tested by demonstrating no importance of variables multiplied by time as time-dependent variables. The C-statistic, continuous net reclassification improvement (cNRI), and integrated discrimination improvement (IDI) were calculated to assess the discrimination capacity of NRI to predict CV events. All P-values were two-sided, and values < 0.05 were considered significant. All statistical analyses were performed using IBM SPSS Statistics version 26.0 (IBM Corporation, Chicago, IL) and R version 4.0.2 software (Vienna, Austria).




RESULTS

The median follow-up duration was 927 days (IQR, 927 to 1,109 days), and during the follow-up period, a total of 354 patients had at least one primary endpoint event, including 239 patients from the normal nutrition group (n = 1301), 53 rom the mild nutritional risk group (n = 208), and 62 from the moderate-to-severe nutritional risk group (n = 209). There were 44 cases of death (37 CV deaths and seven non-CV deaths), 24 cases of non-fatal stroke, 49 cases of non-fatal MI, and 289 cases of unplanned repeat revascularization. Fifty-two patients suffered more than one primary endpoint event. The clinical outcomes according to NRI degree are shown in Table 1. The distribution of NRI and incidence rate curve of MACE across continuous NRI are shown in Figure 2. The lower the NRI, the significantly higher the incidence of MACE.


Table 1. Clinical outcomes according to NRI degree during follow-up.
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FIGURE 2. Distribution of NRI and Incidence Rate of MACE. The incidence rate curve of MACE is shown in the red line. Histograms show the population distribution of NRI. The left y-axis shows the frequency of subjects in each NRI intervals and the right y-axis shows the incidence rate (events per 100 person-years) of MACE. The x-axis shows the score of NRI by 1.5 intervals. MACE include all-cause death, non-fatal stroke, non-fatal myocardial infarction, or unplanned repeat revascularization. NRI, nutritional risk index; MACE, major adverse cardiovascular events.


At baseline, the majority of patients were male (76.7%), and the mean age was 60 years. The NRI-defined malnutrition rate was 24.3% in the total population, whereas 32.5% in the primary endpoint group, which was significantly higher than that in the event-free population. Patients with a primary endpoint event had higher heart rate, systolic blood pressure, and higher rates of family history of CAD, diabetes, previous MI and prior PCI. In terms of laboratory measurements, patients with a primary endpoint event had higher levels of creatinine, hs-CRP, neutrophil, monocyte, TC, TG, LDL-C, FPG, and glycosylated hemoglobin, but lower levels of ALB and HDL-C. As for the angiographic findings and procedural results, patients with an endpoint event had a higher SYNTAX score, a higher rate of left main or multi-vessel disease, and a lower rate of complete revascularization. Compared with those with normal nutritional status, patients with malnutrition had a higher GRACE score and higher rates of female, non-ST segment elevation MI (NSTEMI), ST segment elevation MI (STEMI), and proximal left anterior descending artery stenosis. Patients with malnutrition had higher levels of hs-CRP, neutrophil, and monocyte, but had a lower rate of complete revascularization. The baseline characteristics of the study population are shown in Table 2 and Supplementary Table 1. One-point decrease of NRI was positively correlated with hs-CRP (r = 0.231, P < 0.001), neutrophil count (r = 0.064, P = 0.008), monocyte count (r = 0.204, P < 0.001), but not significantly correlated with lymphocyte count (r = −0.024, P = 0.325).


Table 2. Baseline characteristics of study subjects by MACE.
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NRI was introduced into multivariate COX regression analysis as a category variable, and after adjustment for multiple confounding factors, compared with those with normal nutritional status, patients with malnutrition had significantly higher adjusted risk of MACE in both mild and moderate-to-severe group [HR for mild and moderate-to-severe nutritional risk respectively: 1.368 (95%CI 1.004–1.871) and 1.473 (95%CI 1.064–2.041)] (Table 3). When NRI was used as a continuous variable in the multivariate Cox regression model, decreased NRI was associated with a higher risk of MACE [HR 1.026, (95%CI 1.004–1.049), P = 0.022] (Supplementary Table 2). Kaplan–Meier analysis revealed that patients with malnutrition showed higher incidence of the MACE (log-rank P < 0.001). This difference was mainly driven by the increase in death (log-rank P < 0.001) and stroke (log-rank P = 0.006), while the incidence of MI (log-rank P = 0.870) and repeat revascularization (log-rank P = 0.094) was similar between non-malnourished and malnourished patients during the follow-up. Kaplan–Meier curves of the incidence of the primary endpoint and each component of the primary endpoint for NRI are presented in Figures 3, 4.


Table 3. Relationship between MACE and NRI as a categorical variable in the overall population.
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FIGURE 3. NRI Degree and Risk of MACE. Kaplan-Meier curves for MACE by the NRI degree. NRI, nutritional risk index; MACE, major adverse cardiovascular events.



[image: Figure 4]
FIGURE 4. NRI Degree and Risk of Death, Stroke, MI, and Revascularization. Kaplan-Meier curves for all-cause death, non-fatal stroke, non-fatal myocardial infarction, and unplanned repeat revascularization by the NRI degree. NRI, nutritional risk index; MI, myocardial infarction.


Subgroup analyses were also conducted to investigate whether the predictive value of NRI was similar among patients with different demographic characteristics or comorbidities. We found a significant interaction effect between continuous NRI and diabetes subgroup (the predictive value of NRI seemed to be more prominent in patients with diabetes). However, NRI was a significant predictor of MACE regardless of age ≥ or <60 years, male or female, BMI ≥ or <25 kg/m2, current smoking or not, hypertension or not, STEMI or NSTE-ACS (unstable angina + NSTEMI) (all P for interaction > 0.05) (Figure 5).


[image: Figure 5]
FIGURE 5. Subgroup analyses of continuous NRI for MACE. HR was evaluated by 1-point decrease of NRI. HR, hazard ratio; CI, confidence interval; BMI, body mass index; STEMI, ST-segment elevation myocardial infarction; NSTE-ACS, non-ST-segment elevation acute coronary syndrome.


Compared with the baseline GRACE score, the addition of NRI had a significant increase in C-statistic from 0.524 (95%CI 0.493–0.556) to 0.565 (95%CI 0.534–0.596) (P = 0.006), and significant improvement in reclassification as assessed by the cNRI (0.070, 95%CI 0.010–0.135, P = 0.010) and IDI (0.005, 95% CI 0.001–0.014, P < 0.001) (Table 4). Supplementary Table 3 shows the model performance after the addition of NRI to the baseline model in overall population.


Table 4. Model performance after the addition of NRI to the GRACE score in the overall population.
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We then conducted further analyses to investigate the predictive value of NRI among diabetes subjects. Compared with non-malnourished patients with diabetes, malnourished patients with diabetes had nearly 2-fold high adjusted risk of MACE [HR for mild and moderate-to-severe nutritional risk respectively: 1.601 (95%CI 1.030–2.489) and 1.977 (95%CI 1.283–3.046)] (Table 5). Compared with the baseline GRACE score, the addition of NRI had a more significant increase in C-statistic from 0.504 (95%CI 0.461–0.548) to 0.595 (95%CI 0.555–0.636) (P < 0.001), and more significant improvement in reclassification as assessed by the cNRI (0.176, 95%CI 0.062-0.278, P < 0.001) and IDI (0.022, 95% CI 0.003–0.052, P < 0.001) in the diabetes subgroup (Table 6). The model performance after the addition of NRI to the baseline model in diabetic population is shown in Supplementary Table 4. In addition, Supplementary Tables 5, 6 show the relationships between MACE and NRI in the overall population and diabetic population when the first event was selected for the primary endpoint analysis. NRI was an independent predictor of MACE whether the most severe event or the first event was used as the endpoint event.


Table 5. Relationship between MACE and NRI as a categorical variable in the diabetes subgroup.
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Table 6. Model performance after the addition of NRI to the GRACE score in the diabetes subgroup.
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DISCUSSION

In the present study, we noticed a significant association of NRI with CV outcomes. Compared with those with normal nutritional status, patients with malnutrition as defined by NRI had a higher risk of MACE. Even after adjustment for as many potential confounders as possible, NRI remained an independent predictor of MACE. The addition of NRI significantly improved the ability of the GRACE score to predict MACE. Intriguingly, in the diabetes subgroup, malnutrition was associated with relatively higher adjusted risk of MACE, and the GRACE score combined with NRI seemed to have better predictive ability than that in the overall population. Therefore, the present study supported the utility of NRI in predicting CV outcomes and improving the predictive ability of the model containing the GRACE score among patients with ACS.

Several reliable risk scoring models have been developed to assist clinicians in risk stratification, such as the GRACE (18), TIMI (Thrombolysis in Myocardial Infarction) (19), and CADILLAC (Controlled Abciximab and Device Investigation to Lower Late Angioplasty Complications) scores (20). Of them, the GRACE score is relatively easy to assess, and has been widely accepted as a powerful predictor of adverse CV outcomes after ACS at different time points up to 4 years (2, 18, 21). Malnutrition is common in patients with ACS and is associated with a poor prognosis regardless of GRACE score, BMI, LVEF, coronary revascularization, optimal medical treatment, and other risk factors (7). It is worth noting that variables required for nutritional status calculation are widely available, and malnutrition appears to be a potentially modifiable risk and therapeutic target.

NRI is a nutritional assessment score that includes ALB as a visceral protein element and actual weight relative to ideal weight as an anthropometric element, both of which are predictors of clinical outcomes in patients with CAD, HF, or diabetes (22, 23). However, albuminemia alone does not appear to be a reliable indicator of nutritional status, as it may be related to inflammation or hydration status rather than malnutrition (24). Hydration status is negatively correlated with ALB concentration, while positively correlated with body weight (8). The combination of both components (i.e., ALB and body weight) in the NRI counteracts the effect of hydration status on nutritional assessment. As to the NRI formula, if the current weight was higher than the ideal weight, we set weight ratio as one, which leads to a higher weighting for albumin than for weight. Otherwise, malnourished patients with overweight would not have been sensitively diagnosed. BMI is often used to define obesity, but it cannot fully reflect the nutritional status. In our study, we found that many obese patients had malnutrition and hypoalbuminemia. The study of Roubín et al. (7) showed that malnutrition was prevalent even in patients with overweight and obesity: a substantial proportion of patients with a BMI of ≥ 25 kg/m2 were malnourished (58% with the NRI). In the study of Sze et al. (25), one-half of heart failure patients with a BMI of ≥ 30 kg/m2 were malnourished as defined by Controlling Nutritional Status (CONUT) scores (another good indicator for nutritional status). These two studies suggest that malnutrition in obese people mainly manifested in low serum albumin levels, which has been shown to reflect active systematic inflammation (26–28). As we known, obesity is associated with active systemic inflammation (29). Of note, inflammation has been shown to reduce serum albumin through several possible mechanisms, including downregulation of synthesis, increased catabolism, and increased vascular permeability (30, 31). These may explain why many obese patients in our study have malnutrition and hypoalbuminemia.

Nutritional status is affected by many factors, and malnourished patients often have complex clinical conditions. In this study, NRI remained strongly associated with MACE after adjustment for multiple potential confounders, such as clinical variables, coronary revascularization, and optimal medical treatment. The two components of NRI are widely used and easily collected in the clinical practice. Therefore, NRI could be considered as a feasible and convenient tool to help predict CV outcomes. In fact, NRI was originally used to assess the nutritional status of elderly patients, who are more likely to experience unconscious weight loss (8). Although our study included patients of all ages, we also conducted an age subgroup analysis. We found no difference in the predictive value of NRI for MACE between the younger and older groups, which was consistent with the results of previous studies (15, 32).

Previous studies supported NRI-defined malnutrition as a reliable predictor of adverse CV events in many patient groups, such as patients with acute or chronic HF (12, 33, 34), patients undergoing aortic valve replacement (13, 35), and patients with other systemic diseases (14, 15, 36). Furthermore, several other studies showed that in patients with stable CAD or ACS, lower NRI levels (the lower the NRI levels, the greater the nutritional risk) were associated with in-hospital and long-term adverse CV events after PCI (11, 32, 37–39); however, these studies did not specifically investigate the prognostic value of malnutrition in ACS patients with diabetes. Since a high prevalence of diabetes-related complications and comorbidities may further impair nutritional status (40). Compared with those without diabetes, people with diabetes are more likely to suffer from malnutrition due to the diabetes itself, injuries, medications, and other factors affecting metabolism (41), which suggests that malnutrition may contribute to a higher risk of adverse CV events in ACS patients with diabetes vs. without diabetes.

Malnutrition is a complex pathological condition, and it is difficult to explain how malnutrition affects CV outcomes in patients with ACS from the results of this observational study. We believe that one of the potential mechanisms is malnutrition-inflammation-atherosclerosis (MIA) syndrome (42). ACS is the result of atherosclerotic plaque rupture causing by the chronic inflammatory response. Meanwhile, patients with diabetes are more likely to have higher levels of inflammatory markers such as C-reactive protein (43, 44), which may increase the burden of atherosclerosis (45). Thus, when malnutrition is present in patients with ACS and diabetes, hypoalbuminemia may be the result of the combination of malnutrition and inflammation. Malnutrition may be driven by inflammatory cytokines and is characterized by chronic inflammation with an increase in insulin resistance, reduction of appetite, production of catabolic cytokines, and muscle catabolism (46). While increased insulin resistance may in turn inhibit the entry of nutrients into cells and accelerate atherosclerosis (46). Another underlying mechanism of poor prognosis due to malnutrition is protein-energy malnutrition (PEM). PEM refers to a persistent state of inadequate food and nutrient intake, leading to changes in body weight, composition, and functioning (47). The association of PEM with poor prognosis in patients with acute MI, acute ischemic stroke, and HF has been demonstrated (48–50). One study showed that pre-existing PEM impaired the body's healing capability after injury, resulting in devastating clinical outcomes among patients with acute MI (51). We consider that for patients with ACS and diabetes, those who are undernourished may typically have lower cardiac and systemic muscle and nutrient reserves and may suffer more severe myocardial damage due to weaker baseline cardiac function and limited capacity to repair.

Previous studies have identified several potential risk factors beyond the GRACE score predicting model which enhance the predictive power for CV events after ACS, such as B-type natriuretic peptide (52), neutrophil count (53), and 2-h post-load glucose (54). The combination of NRI and the GRACE score produced a stronger predictive value, which improved the ability of model discrimination and risk reclassification. Our findings suggest that clinicians can apply nutritional status in combination with the GRACE score to identify higher-risk patients with ACS and diabetes and take effective measures to improve their clinical outcomes. In addition, our findings support the necessity and benefits for physicians to integrate the recognition of malnutrition in the clinical practice. Malnutrition screening in patients with ACS and diabetes can identify patients at high residual risk of CV events, who may benefit from optimized secondary prevention therapy and appropriate nutritional supplements. A recent randomized controlled trial which recruited 2,088 medical inpatients at nutritional risk found that the use of individualized nutritional support during the hospital stay improved clinical outcomes, compared with the use of standard hospital food (55). The strong evidence that individualized nutritional support can improve the prognosis of patients with HF is worth learning (56). The benefits of eating plans adjusted by the patient's preference, food fortifications, and oral nutritional supplements have been proved (57, 58). Dietary counseling and educational interventions after discharge should also be provided in the outpatient clinic. Hence, a rehabilitation unit needs physicians to cooperate with dietitians, nurses, care workers, and other professionals involved in the caring process.

This is a single-center observational study with the subsequent limitation to its nature. First, we only assessed the relationship between NRI at admission and CV outcomes and did not focus on changes in nutritional status during the follow-up. Second, the threshold of malnutrition defined by NRI is vague, and different studies set different grading criteria. Hence, there is no authoritative grading reference at present. Third, due to a limited sample size, the range of NRI was relatively small, which may affect the estimation of the relationship between NRI and CV outcomes. Fourth, all patients in this study were Chinese, so these results should be interpreted with caution and generalized to other ethnic groups since dissimilar metabolic levels exist among different races. Fifth, CKD and albuminuria might affect albumin in the blood, and glomerular hyperfiltration is one of important features in diabetic patients. In terms of kidney function, we could only obtain serum creatinine levels from the original cohort. In addition, markers of kidney injury such as albuminuria, abnormal urinary sediment, histological abnormalities, and imaging abnormalities were not routinely detected at our CV center. Therefore, we could not make an accurate diagnosis of CKD and further analyze the effect of CKD on NRI. Albuminuria was only detected qualitatively rather than quantitatively in most patients, so we could not accurately analyze the effect of albuminuria on NRI. Sixth, liver diseases might affect the clinical outcomes, or be associated with hypoalbuminemia; however, it was not taken into account in our study since indicators of liver function and information about liver diseases were not collected in the original cohort. To be clear, deferred PCI for patients with significant liver dysfunction is usually considered at our CV center unless the life-threatening conditions, so few patients with significant liver dysfunction were included in our study. Seventh, malnutrition may influence CV outcomes by promoting inflammation. Therefore, we include hs-CRP, lymphocytes, neutrophils, and monocytes into the analysis. Unfortunately, proinflammatory cytokines were not routinely measured at our CV center, so we could not analyze the correlation between proinflammatory cytokines and malnutrition or prognosis.



CONCLUSION

Malnutrition as defined by NRI was independently and strongly associated with a higher risk of MACE in ACS patients who underwent PCI, especially in individuals with diabetes. NRI also improved the predictive ability of the GRACE score based prognostic models. Clinical trials are needed to determine whether improving nutritional status can improve CV outcomes in these patients.
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Genetic Variants Associated With Sudden Cardiac Death in Victims With Single Vessel Coronary Artery Disease and Left Ventricular Hypertrophy With or Without Fibrosis
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Objective: Cardiac hypertrophy with varying degrees of myocardial fibrosis is commonly associated with coronary artery disease (CAD) related sudden cardiac death (SCD), especially in young victims among whom patterns of coronary artery lesions do not entirely appear to explain the cause of SCD. Our aim was to study the genetic background of hypertrophy, with or without fibrosis, among ischemic SCD victims with single vessel CAD.

Methods: The study population was derived from the Fingesture study, consisting of all autopsy-verified SCDs in Northern Finland between the years 1998 and 2017 (n = 5,869). We carried out targeted next-generation sequencing using a panel of 174 genes associated with myocardial structure and ion channel function in 95 ischemic-SCD victims (mean age 63.6 ± 10.3 years; 88.4% males) with single-vessel CAD in the absence of previously diagnosed CAD and cardiac hypertrophy with or without myocardial fibrosis at autopsy.

Results: A total of 42 rare variants were detected in 43 subjects (45.3% of the study subjects). Five variants in eight subjects (8.4%) were classified as pathogenic or likely pathogenic. We observed 37 variants of uncertain significance in 39 subjects (40.6%). Variants were detected in myocardial structure protein coding genes, associated with arrhythmogenic right ventricular, dilated, hypertrophic and left ventricular non-compaction cardiomyopathies. Also, variants were detected in ryanodine receptor 2 (RYR2), a gene associated with both cardiomyopathies and catecholaminergic polymorphic ventricular tachycardias.

Conclusions: Rare variants associated with cardiomyopathies, in the absence of anatomic evidence of the specific inherited cardiomyopathies, were common findings among CAD-related SCD victims with single vessel disease and myocardial hypertrophy found at autopsies, suggesting that these variants may modulate the risk for fatal arrhythmias and SCD in ischemic disease.

Keywords: sudden cardiac death, left ventricular hypertrophy, coronary artery disease, genetics, medicolegal autopsy


INTRODUCTION

Approximately 80% of sudden cardiac deaths (SCDs) are due to coronary artery disease (CAD) and up to one-half occur in the absence of previously diagnosed cardiac disease (1). Regardless of the cause, cardiac hypertrophy, associated with varying degrees of myocardial fibrosis, is a risk factor for SCD and is associated with increased risk for SCD in patients with or without CAD (2). Left ventricular hypertrophy (LVH) is a common finding in both ischemic and non-ischemic SCD victims at autopsy (3, 4).

Hypertension is the most common cause of LVH in patients with CAD, but LVH is also a common finding in normotensive CAD patients (5). Myocardial weight often increases along with the severity of CAD (4). Three-vessel CAD and cardiac hypertrophy increase the vulnerability to fatal arrhythmias and SCD (4). Nevertheless, some SCDs occur in victims with only single-vessel CAD and cardiac hypertrophy found at autopsy (6).

We hypothesized that a subgroup of SCD victims with less severe CAD and cardiac hypertrophy, with varying degrees of myocardial fibrosis, are associated with rare genetic variants, which could contribute to the development of ischemic heart disease, risk of fatal arrhythmias and SCD. Our aim was to study the association of rare variants in cardiac structure and function encoding genes in SCD victims with single-vessel CAD and myocardial hypertrophy detected at autopsy, in the absence of previously diagnosed CAD.



METHODS


Study Population

The study population was derived from the Fingesture study (The Finnish Genetic Study of Arrhythmic Events; www.clinicaltrials.gov NCT02075866), consisting of 5,869 victims of autopsy-verified SCDs in Northern Finland. Medico-legal autopsies were performed between the years 1998 and 2017 in the Forensic Medicine Unit of the Finnish Institute for Health and Welfare, Oulu, Finland, and at the Department of Forensic Medicine of the University of Oulu, Oulu, Finland by experienced forensic pathologists, using contemporary guidelines for the diagnosis of cause of death. Finnish law requires medico-legal autopsies whenever the death is not caused by a known disease, when the victim was not treated by a physician during his/her last illness, or when the death has been otherwise unexpected (Act on the Inquest into the Cause of Death, 459/1973, 7th paragraph: Finnish Law). As a result of the Finnish legislation, autopsy rates are one of the highest in the Western countries (7). Deaths were defined as sudden if the event was either witnessed within 6 h of the onset of symptoms or an unwitnessed within 24 h when the victim was last seen in a stable state of health. Only sudden deaths considered to be caused by a cardiac disease were included in the Fingesture study. Non-cardiac causes of death such as pulmonary embolism, cerebral hemorrhage as well as intoxications and other non-natural causes were excluded from the SCD cohort.



Autopsy Data

Determination of the cause of death was based on autopsy findings and complementary analyses, available medical records, police reports and specific questionnaires for the relatives of the victim. All postmortem examinations included histological examination from samples taken at autopsy. If autopsy findings were insufficient to define a cause of death, or if a toxic exposure was suspected, toxicologic investigation was conducted. In Finland, meticulous cardiac examinations are performed in all victims during medico-legal autopsies, including macroscopic investigation of myocardium and coronary arteries, heart weight and several histological samples from myocardium. Evidence of an acute coronary event, defined by the presence of an acute intracoronary thrombus, plaque rupture or erosion, intraplaque hemorrhage, critical stenosis (>75%) or complete occlusion of a main coronary artery, was used to classify SCD as ischemic. Possible myocardial scarring was detected macroscopically from cross-sectional samples of the ventricles and microscopically from the myocardial samples. A heart weight > the predicted value based on body surface area (at least 420 g) with hypertrophic myocytes observed at autopsy was identified as cardiac hypertrophy. Methods for the classification of cause of death have been described in our previous studies (3, 8).



Tissue Samples and Gene Sequencing

DNA samples for genetic studies were isolated from formalin-fixed paraffin-embedded myocardial tissue samples taken at autopsy. For library preparation we used The TruSight Cardio gene panel kit, which contains 174 genes associated with hereditary cardiac diseases that are most affected by a genetic predisposition (http://support.illumina.com/downloads/trusight-cardio-product-files.html) (Illumina, San Diego, CA). Genes included in the panel are shown in Table 1. Purification of the samples was performed with Agencourt AMPure XP beads (Beckman Coulter Life Sciences, Indianapolis, IN). With quantitative polymerase chain reaction–based formalin-fixed paraffin-embedded quality control kit (Illumina), the quality of the samples chosen for NGS was verified. The samples that passed quality control (i.e., with a quantitative polymerase chain reaction ΔCq value ≤ 2.3) were selected for gene panel sequencing with NextSeq550 platform (Illumina). BWA Enrichment (BWA Genome Aligner Software and the GATK Variant Caller) was used to align sequences and call variants within the BaseSpace Genomics computing environment (Illumina); VariantStudio to annotate, filter, and classify the variants; and Integrative Genomics Viewer visualize the data to exclude falsely annotated variants and sequencing artifacts. Within BaseSpace, the in silico prediction tools PolyPhen and SIFT were used to predict the effect of amino acid changes on protein function.


Table 1. Cardiac structure- and function-related genes sequenced in the panel, classified by related diseases.
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Variant Analysis

We selected all variants with a possible effect on protein for analysis (missense, frameshift, stop gained/lost, initiator codon, in-frame insertion, in-frame deletion, and splice-site alterations). Selected variants were further filtered by excluding variants with minor allele frequency > 0.01 among Finnish subjects from general population in dbSNP or The Genome Aggregation Database (gnomAD) database. Pathogenicity of variants were assessed according to American College of Medical Genetics (ACMG) consensus guidelines (9). Benign variants were excluded from the results. Variants that were not classified as benign were further classified as pathogenic/likely pathogenic or as variants of uncertain significance (VUS), based upon the ACMG guidelines by combining data from previous literature, Human Gene Mutation Database (HGMD), ClinVar database, in silico prediction tools (SIFT, PolyPhen) and population frequency databases (gnomAD with > 3,000 Finnish controls), The Sequencing Initiative Suomi (SISu) with >10,000 Finnish controls).



Statistical Analysis

Statistical significance, odds ratios (OR) and 95% confidence intervals (CI) were estimated using χ2 test with two-sided p-value (Fisher's Exact Test if a specific variant was detected in multiple study subjects. The Sequencing Initiative Suomi (SISu) database (10), including data on genetic variants from 10,490 exome sequenced Finnish citizens, was used as a control group. Analyses were performed with the Statistical Package for Social Studies version 24.0 (IBM). P-values <0.05 were considered statistically significant and all p-values were two-sided.




RESULTS


Characteristics of the Study Subjects

In the Fingesture study, CAD was determined to be the underlying cause of SCD in 4,392 victims (74.8%), and 3,122 victims (71.1%) had no history of CAD prior to death. Among these victims, single-vessel CAD, determined by evidence of either acute or prior myocardial infarction due to critical stenosis or occlusion of a single epicardial coronary artery, and cardiac hypertrophy were present in 244 individuals. We carried out genetic studies in 95 SCD victims with single-vessel CAD and cardiac hypertrophy in the absence of previously diagnosed CAD, whose DNA passed the quality control for further analysis. No macroscopic or microscopic evidence of cardiomyopathies were observed among these victims. The mean age of the study subjects was 63.6 ± 10.3 years and the majority were men (88.4%, 84 subjects). The mean heart weight was 514.5 ± 87.3 g (range 421-820 g) and the mean BMI 29.0 ± 5.3 kg/m2. A healed myocardial infarction scar was detected in 23.2% (22 subjects). 26.3% (25 subjects) had known hypertension, 12.6% (12 subjects) diabetes, 8.4% (8 subjects) dyslipidemia. The most common occluded coronary artery was left anterior descending (84.2% of the subjects; 80 subjects). The characteristics of the study subjects are described in Table 2.


Table 2. Clinical characteristics and autopsy findings of the ischemic-SCD victims with single-vessel CAD and cardiac hypertrophy in the absence of previously diagnosed CAD (n = 95).
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Detected Variants

Potentially disease-related variants (pathogenic, likely pathogenic or VUS) were observed in 22 genes among 43 of the study subjects (45.3%), among which pathogenic or likely-pathogenic variants were detected in eight subjects (8.4%). Two or more potentially relevant variants were detected in eight subjects (8.4%).

A summary of the detected pathogenic/likely pathogenic variants is presented in Table 3, the VUS's are presented in the Supplementary Table. Five variants were classified as pathogenic or likely pathogenic and 37 variants were classified as VUS. All of the potentially disease-related variants were detected in myocardial structure protein coding genes, including those associated with arrhythmogenic cardiomyopathy (AC), hypertrophic cardiomyopathy (HCM), dilated cardiomyopathy (DCM) and left ventricular non-compaction cardiomyopathy (LVNC). RYR2 has also been associated with catecholaminergic polymorphic ventricular tachycardias (CPVTs). None of SCD subjects with rare variants presented autopsy findings specific for classic expression of HCM, DCM, AC or non-compaction cardiomyopathy. No significant variants in ion channel coding genes were observed in the present study. A healed myocardial scar was detected in 10 subjects (23.4%) with potentially disease relevant variant(s). The DNA sequencing data has been deposited to European Variation Archive.


Table 3. Summary of pathogenic and likely pathogenic variants in sudden cardiac death victims with single-vessel coronary artery disease and hypertrophied heart found at medico-legal autopsy.
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Pathogenic and Likely-Pathogenic Variants

A novel pathogenic variant was found in the desmosomal gene DSG2, of which mutations have been described in patients with AC. This variant (c.523 + 1G > A) was considered as pathogenic because of its effect on splicing site, low population frequency in Finland (<1/10,000) and classification as likely pathogenic by ClinVar database. Additionally, in a previous study (11), similar variant (c.523 + 2T > C) was found in three unrelated patients with AC.

Four likely pathogenic missense variants were identified among the study subjects in MYBPC3 (two subjects), MYH7 (three subjects), DTNA and DSG2. These variants did not quite fulfill the criteria to be considered as pathogenic. However, these variants had low minor population frequency in Finland, are considered as disease causing by ClinVar, and/or are predicted to be damaging by in silico tools. The Ala833Thr variant in MYBPC3 associated with HCM was detected in two unrelated subjects. It was also classified as likely-pathogenic in a previous study (12), and found in familial HCM in a Swedish study (13). Compared to Finnish control population, the difference in the prevalence of affected carriers was statistically significant (2/95 vs. 46/10,480; p = 0.016, OR = 4.9, 95% CI 1.2-20.4). The p.Val56Met variant in a conserved region of DSG2 was previously observed in an AC patient (14), and p.Pro121Leu in DTNA has been previously described in family with left ventricular non-compaction (15). We also observed a p.Glu1039Gly variant in a conserved region of MYH7 in three victims. This variant was previously detected in SCD victims with primary myocardial fibrosis (PMF) (12), and a mutation next to this codon in highly conserved region (p.Leu1038Pro) was previously associated with DCM (16). The difference in the prevalence of affected carriers compared to control population was statistically significant (3/95 vs. 18/10,489; p = 0.0008, OR = 19.0, 95% CI 5.5-65.5).



Variants of Uncertain Significance

Variants classified as VUS were observed in 39 study subjects (41.1%). Five of the VUSs were detected in multiple unrelated affected subjects, suggesting possible pathogenicity. These included p.Thr358Ile in DSC2 (n = 3), p.Lys259Glu in TPM1 (n = 3), p.Arg100His in CSRP3 (n = 2), p.Ala936Val in MYH6 (n = 2) and p.Arg634His in DSC2 (n = 4). Previously, p.Arg100His in CSRP3 has been found in Danish HCM patient (17). p.Ala292Ser in CASQ2 and p.Arg31Gln in DTNA have both been detected in PMF victims (12). p.Ser140Phe in PKP2 has been described in patients with AC (18, 19), as well as in a previous DCM study (20), which considered this variant as at least disease modifying if not pathogenic. p.Thr1373Ala in conserved region of DSP was classified earlier as potentially disease causing in a Finnish AC study (21). This study also showed some evidence for a role of the variant in risk of tachycardias and association of both PR-interval prolongation and abnormality in the atrioventricular conduction. p.Thr358Ile in DSC2 was found in three study subjects and earlier in a patient with AC (22). p.Ala2499Thr, p.Arg3597Gly and p.Asp1862Ala in RYR2 has not been described in previous literature, but p.Arg2518Trp was observed in PMF victim (12). p.Gly154Ser in CRYAB was previously classified as likely pathogenic (12), and observed in DCM patients (23). However, the evidence of pathogenicity remains unclear. p.Ala2294Gly in DSP has previously been classified as pathogenic (24). The mutation was found in two patients with advanced DCM undergoing cardiac transplantation and the mutation also co-segregated with DCM in the other family. p.Arg1037Gln in LAMA4 have previously been described in the PMF study (12).




DISCUSSION

In the present study, derived from our large autopsy-based SCD population, we investigated the genetic background for LV hypertrophy, with or without fibrosis, among ischemic SCD victims with single vessel CAD found at autopsy. Our genetic studies demonstrated that many CAD-associated SCD victims with single vessel disease and myocardial hypertrophy carry rare variants in cardiomyopathy-associated genes without anatomical or histopathological findings of the inherited cardiomyopathies. Likely disease-causing gene variants were detected in 8.4% of the subjects and 41.1% carried a variant of uncertain significance. All rare variants were detected predominantly in myocardial structure coding genes associated with DCM, AC, HCM, and LVNC. However, mutations in the RYR2 gene have been associated with both catecholaminergic polymorphic ventricular tachycardias, in addition to AC (25). No significant variants in ion channel coding genes were detected among our study subjects.

These results raise a question whether, at least in some ischemic SCD victims, variants in myocardial structural genes may possibly contribute to the development of myocardial hypertrophy and/or fibrosis and correlate with the risk for fatal arrhythmias, especially when the severity of CAD does not appear to entirely explain the cause of SCD. However, we cannot exclude the possibility of myocardial hypertrophy with/without fibrosis being only a bystander in specific cases in which an acute coronary event leading to SCD. In addition, about 23% of the study subjects had a myocardial scar detected at autopsy. Healed scar can induce myocardial hypertrophy adjacent to the scar (26), that may associate with risk of arrhythmias, while a genetic predisposition to hypertrophy and fibrosis may associate with these findings in remote, non-infarcted areas, further affecting the vulnerability to arrhythmias. The causes of hypertrophy and fibrosis in the study subjects are likely to be multifactorial, including not only ischemic modulation, but also different levels of treated or untreated hypertension. Nevertheless, it remains interesting that many subjects also have the possibly myocardial disease-causing genetic variants. Perhaps the current approach of labeling each cardiac disease as its own entity is too narrow a view of the actual pathophysiology underlying the risk for sudden death.

Likely disease-causing variants in the present study were detected in genes associated with AC, HCM, DCM, and LVNC. However, none of the subjects in our study presented characteristic autopsy findings related to these specific cardiomyopathies. Rather, all deaths were determined to be caused by CAD in medicolegal investigations, in the presence of LV hypertrophy with varying degrees of fibrosis. As previously observed (12, 27, 28) the phenotypic expression of specific inherited cardiomyopathies may vary significantly. Fibrosis may be the only, or perhaps the earliest, expression of the underlying structural disorder. Inherited structural disorders may have overlapping features (12), which were seen in our results as well. In general, several variants were found in some of the same genes as in PMF victims (12).

Phenotypic expressions and the age at onset of the myocardial disease between gene variants are very heterogenous. For example, variants in MYBPC3 have been associated with late onset disease and a high rate of incomplete penetrance (29, 30). Even within the same gene, the disease severity and penetrance rate of different gene defects and variants can vary significantly (31). Variable phenotypes can occur also in individuals with the same disease-causing mutation. Although no autopsy findings relating to particular cardiomyopathies were found in any of the study victims, it is reasonable to suggest that the gene defect(s) might have a role in the development of cardiac hypertrophy.

Cardiac hypertrophy is generally known to be associated with increased risk for fatal arrhythmias and SCD (4, 32), and as observed in subjects with CAD (33), it may have an independent mechanistic pathway for ventricular arrhythmias (32). For example, increased left ventricular mass impairs the coronary flow and increases oxygen demand, which can lead to ischemia and arrhythmias, even in the presence of less severe CAD (34). Thus, the risk for SCD was likely higher than with single-vessel disease in the absence of hypertrophy/fibrosis in our study. Almost one-half of the study subjects carried a variant in myocardial structural coding genes, which might have, at least in some cases, explained the cardiac hypertrophy. Even though the panel we used included 174 myocardial genes, we cannot exclude the possibility that some of the study subjects might have had unidentified in other genes.

The number of variants classified as VUS were rather high in the present study. The development of NGS techniques has provided a relatively fast and affordable way for sequencing of large gene panels, which has led to increasing amount of genetic testing and studies. Thus, the number of variants classified as VUS has increased, which is a common challenge in clinical genomics (35). ACMG guidelines are widely used for interpretation and reporting of gene variants. However, since guidelines have not been validated for specific disorders, they may be suboptimal for some genetic diseases like CPVT (36). Even if a genetic variant is not considered pathogenic, it may still be reasonable to consider the possibility of disease-modifying role and contributing effect on the risk of SCD, especially in the presence of CAD.

In cardiomyopathies, the abnormal myocardial structure is considered to act as the substrate for arrhythmias. It has been observed that arrhythmias may occur in the early phase of the disease process or even in the absence of phenotypic features associated with cardiomyopathies, suggesting that underlying gene defects may have also other arrhythmogenic mechanisms (37). In our CAD-SCD victims, the risk profile for SCD might be a combination of components from both CAD and structural gene defects.

The severity of inherited cardiac diseases has been shown to increase with double or compound mutations (31, 38). Among our study population, 8.4% of the study subjects had at least two potentially relevant variants in structural genes. It is reasonable to consider that individuals with multiple variants might have higher risk for the fatal arrhythmias. Also, it might be possible that even if subject does not have likely disease-causing variant, but multiple VUS variants, the risk for arrhythmias may be higher.

While traditional risk factors for SCD and CAD have been widely studied, the importance and limitations of personalized risk prediction and the role of genetics in the identification of individuals at high risk for SCD has been recognized (39). Evidence for the role of heredity in the risk of SCD have been demonstrated (4), and it is anticipated that genetic profiling will have an increasingly important role in the assessment of the arrhythmogenic risk in the future (37, 39). Based upon the results of this study, we suggest that gene variants in myocardial structure coding genes may associate with the risk of SCD in the presence of single vessel CAD, which would support more intensive CAD treatment strategies for such patients. Additionally, the findings enhance the necessity of primary prevention of CAD (e.g., a healthy lifestyle, cholesterol and blood pressure control), particularly among individuals with variants in myocardial structure coding genes. Therefore, it could be relevant to screen the families of victims with the profiles observed in this report in order to identify those at risk for SCD and to minimize their cardiovascular disease risk burden.

Postmortem genetic analysis improves the accuracy of determining the cause of death, especially when a structurally normal heart is detected at autopsy or when the severity of heart disease does not entirely explain the cause of sudden death (40). Generally, when CAD is detected at autopsy, especially in middle-aged and older populations, postmortem genetic analysis is not considered as necessary to identify the cause of death. These results suggest that rare variants in myocardial structure coding genes might have a contributing role in the development of myocardial disease among patients with less severe coronary artery disease, however, the usefulness in diagnostics, for example, is yet to be solved.



LIMITATIONS

Since our NGS method used is unable of identifying, for example, mutations in intron regions, large deletions or copy number variations, potential variants may go undiscovered. As in most NGS studies, the causal association between detected rare variants and cardiac structural disease remains to be established. Multiple variants with uncertain pathogenicity were observed in the present study, and thus more studies are needed to clarify the specific role of these mutations in the pathophysiology of SCDs. Since none of the subjects in our study had prior knowledge of cardiac disease, it is possible that they had underlying hypertension that could explain the occurrence of LVH. However, this only increases the possibility that, in subjects without prior hypertension, the occurrence and relevance of underlying genetic variants could be even greater. Also, well-recognized limitations are present when extracting DNA from formalin fixed paraffin embedded tissues. However, NGS coverage in all cases were sufficient and Sanger confirmation was not considered necessary.



CONCLUSIONS

Many SCD victims with single vessel CAD and LV hypertrophy observed at autopsy, in the absence of previously diagnosed CAD, had rare variants in myocardial structural coding genes. Variants were detected in disease-associated genes including HCM, DCM, AC, LVNC and CPVT. We identified no variants in genes that are exclusively associated with inherited ion channel defects among the study subjects. The variants identified might contribute to the risk for fatal arrhythmias and sudden death in ischemic heart disease, in SCD victims with less advanced CAD.
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Backgrounds: A plug-and-play standardized algorithm to identify the ischemic risk in patients with coronary artery disease (CAD) undergoing percutaneous coronary intervention (PCI) could play a valuable step to help a wide spectrum of clinic workers. This study intended to investigate the ability to use the accumulation of multiple clinical routine risk scores to predict long-term ischemic events in patients with CAD undergoing PCI.

Methods: This was a secondary analysis of the I-LOVE-IT 2 (Evaluate Safety and Effectiveness of the Tivoli drug-eluting stent (DES) and the Firebird DES for Treatment of Coronary Revascularization) trial, which was a prospective, multicenter, and randomized study. The Global Registry for Acute Coronary Events (GRACE), baseline Synergy Between Percutaneous Coronary Intervention with Taxus and Cardiac Surgery (SYNTAX), residual SYNTAX, and age, creatinine, and ejection fraction (ACEF) score were calculated in all patients. Risk stratification was based on the number of these four scores that met the established thresholds for the ischemic risk. The primary end point was ischemic events at 48 months, defined as the composite of cardiac death, nonfatal myocardial infarction, stroke, or definite/probable stent thrombosis (ST).

Results: The 48-month ischemic events had a significant trend for higher event rates (from 6.61 to 16.93%) with an incremental number of risk scores presenting the higher ischemic risk from 0 to ≥3 (p trend < 0.001). In addition, the categories were associated with increased risk for all components of ischemic events, including cardiac death (from 1.36 to 3.15%), myocardial infarction (MI) (from 3.31 to 9.84%), stroke (3.31 to 6.10%), definite/probable ST (from 0.58 to 1.97%), and all-cause mortality (from 2.14 to 6.30%) (all p trend < 0.05). The net reclassification index after combined with four risk scores was 12.5% (5.3–20.0%), 9.4% (2.0–16.8%), 12.1% (4.5–19.7%), and 10.7% (3.3–18.1%), which offered statistically significant improvement in the performance, compared with SYNTAX, residual SYNTAX, ACEF, and GRACE score, respectively.

Conclusion: The novel multiple risk score model was significantly associated with the risk of long-term ischemic events in these patients with an increment of scores. A meaningful improvement to predict adverse outcomes when multiple risk scores were applied to risk stratification.

Keywords: coronary artery disease, percutaneous coronary intervention, risk score, ischemic events, drug-eluting stent


INTRODUCTION

Personalized medicine is a medical model that separates patients into different groups with tailored medical decisions, practices, and interventions based on their predicted risk of disease. Theoretically, taking a series of risk factors into account to evaluate the individual risk of patients with coronary artery disease (CAD) undergoing percutaneous coronary intervention (PCI) before the decision-making process was superior to “one-size-fits-all” approaches (1–3).

Recently a variety of risk scoring systems, as comprehensive predicted tools for risk assessment, have been developed to support physicians in clinical practice for these patients (4–7). However, to our knowledge, there was not a robust, interoperable, and universal risk score that could be extended to different populations, which is mainly caused by prediction algorithms derived from different cohorts and a complex and time-varying clinical process (8–11). Meanwhile, previous studies demonstrate that an additive value of one risk score combined with a biomarker, angiographic characteristic, and with another risk score to risk predicting (12–14).

Thus, we sought to investigate whether using a strategy assisted by the accumulation of multiple clinical routine risk algorithms could improve the ability of discrimination to predict long-term ischemic events in patients with CAD undergoing PCI.



MATERIALS AND METHODS


Study Design and Patients

This was a secondary analysis of the I-LOVE-IT 2 (Evaluate Safety and Effectiveness of the Tivoli drug-eluting stent (DES) and the Firebird DES for Treatment of Coronary Revascularization; NCT01681381) trial, which was a prospective, multicenter, randomized, assessor-blinded, and non-inferiority study that compared a biodegradable polymer sirolimus-eluting stent (BP-SES, Tivoli, Essen Tech, Beijing, China) with a durable polymer sirolimus-eluting stent (DP-SES, Firebird 2, MicroPort, Shanghai, China). Study details have been previously described (15, 16). In brief, between October 2012 and June 2013, a total of 2,737 patients presenting with stable CAD or acute coronary syndromes (ACS) were randomly assigned to undergo PCI with either BP-SES or DP-SES at a 2:1 ratio at 32 centers in China. Patients who were randomized to the BP-SES group were additionally re-randomized to a 6- or 12-month DAPT group at a 1:1 ratio. All patients were discharged with a prescription for at least 100 mg aspirin indefinitely and 75 mg clopidogrel for 6 or 12 months after stent implantation. Qualitative and quantitative coronary angiography (including Synergy between Percutaneous Coronary Intervention with Taxus and Cardiac Surgery (SYNTAX) score and residual SYNTAX score) were centrally evaluated by a blinded independent core laboratory (CCRF, Beijing, China) using QAngio XA Version 7.3 Analysis Software (Medis Medical Imaging System, Leiden, The Netherlands). The study complies with the provisions of the Declaration of Helsinki, and the study protocol was approved by the institutional review board at each participating site. All patients provided written informed consent.



Risk Assessment

For these analyses, four risk scores, which were supported by an extensive, rigorous external validation process, and/or endorsed by current guidelines, were used to predict the ischemic risk after PCI, as follows. (1) Discharge Global Registry for Acute Coronary Events (GRACE) score (17) was calculated and described based on age, history of congestive heart failure, history of myocardial infarction (MI), resting heart rate, systolic blood pressure, ST-segment depression, initial serum creatinine, elevated cardiac enzymes, and PCI in-hospital. Patients were considered intermediate to high ischemic risk for scores ≥88 (18). (2) Baseline SYNTAX score is a comprehensive angiographic scoring system that is derived entirely from the coronary anatomy and lesion characteristics, which was designed to quantify lesion complexity before the procedure (19). The baseline SYNTAX Score may aid in assessing the ischemic events, including cardiac death, MI, and target vessel revascularization (20). The baseline SYNTAX score value of 13 is considered an optimal cutoff point depending on the prognosis of patients (20). (3) Age, creatinine, and ejection fraction (ACEF) score developed by Ranucci et al. (21) was a simple tool for predicting in-hospital mortality in patients undergoing elective cardiac surgery. Meanwhile, a previous study showed that the ACEF score had a good discriminative in patients undergoing PCI (22). The ACEF score ≥1.0225 might be useful and applicable for risk stratification in these populations with respect to the long-term clinical prognosis (22). (4) Residual SYNTAX score (rSS) was first proposed by Généreux et al. (23), which was calculated based on the remaining obstructive coronary disease after treatment with PCI. The rSS could be used to quantify the burden and complexity of residual CAD after the procedure. The rSS of >0 was associated with long-term ischemic outcomes, including all-cause mortality and MI (24, 25). Risk score calculations are shown in Supplementary Appendix S1.

The method of risk stratification in the current study was calculated using the number of these four scores (called ACE-SYNTAX score) that met the thresholds for the intermediate- or high-risk, ranging from 0 to ≥3, logically a total of four categories, in all patients.



Outcomes

All clinical and laboratory variables included in the present analysis were prospectively collected. The multiple risk score model was developed to predict ischemic events at 48 months, defined as the composite of cardiac death, nonfatal MI, stroke, or definite/probable stent thrombosis (ST). The definitions of those endpoints were described in the previous report (15, 16). All patients were followed-up with by telephone or hospital visits at 1, 6, 9, 12, and 18 months, and annually for up to 5 years. All clinical events were adjudicated by a blinded independent clinical events committee.



Statistical Analysis

Patient characteristics were stratified according to the risk stratification of risk scores. Continuous variables are presented as mean ± SD; categorical variables are displayed as counts and percentages. Comparisons were performed with a chi-square test for categorical variables and one-way ANOVA for continuous variables. Testing for trends in event rates across risk scores was done with the Cochran–Armitage test. Time-to-event data with estimated event rates measured with the Kaplan–Meier method were compared using the log-rank test. An individual risk score was evaluated for the discrimination for 4-year ischemic events. The discrimination of individual risk score was measured by the receiver operator characteristic curve (ROC) with the area under the curve (AUC), which ranges from 0.50 (no discrimination) to 1.0 (perfect discrimination). The net reclassification improvement (NRI) analysis was performed to assess the improved ability of combined risk scores for risk stratification over the single score (26). To deal with the missing components of the risk scores that occurred at random, multiple imputations were performed using chained equations. Missing values were predicted on the basis of all other clinical variables. The Cox regression estimates from each imputed dataset were averaged together to produce an overall hazard ratio (HR) computed using the Rubin rule. Unless otherwise specified, a 2-sided p-value of < 0.05 was considered to indicate statistical significance. Statistical analysis was performed using SAS software version 9.3 (SAS Institute, Cary, NC, USA).




RESULTS

A total of 2,207 patients with 3,027 lesions were selected and calculated ACE-SYNTAX score and were analyzed in the study. ACEF score was not fully evaluable in 342 patients due to the missing data of ejection fraction (240 cases) or creatinine clearance (102 cases). Meanwhile, the GRACE score could not be calculated in 188 cases with a lack of cardiac enzymes. The outcomes of these 530 patients excluded from the analysis are shown in Supplementary Table S1.

The baseline SYNTAX score ranged from 0 to 55, with a mean ± SD of 11.9 ± 8.3, and a median of 10.0 (6.0–16.0). The residual SYNTAX score ranged from 0 to 53, with a mean ± SD of 3.4 ± 5.2, and a median of 0.0 (0.0–5.0). The ACEF score ranged from 0.4 to 7.6, with a mean ± SD of 1.3 ± 0.8, and a median of 1.0 (0.9–1.2). The GRACE score ranged from 16 to 153, with a mean ± SD of 76.0 ± 21.5, and a median of 77.0 (60.0–91.0). By using the previously validated cutoffs described in the methods, 831 patients (37.65%) based on baseline SYNTAX score, 1,053 patients (47.71%) based on residual SYNTAX score, 995 patients (45.08%) based on ACEF score, and 650 patients (29.45%) based on GRACE score met the thresholds for the intermediate or high-risk category. A Venn diagram was shown to demonstrate the coexistence of conditions of these risk scores (Supplementary Figure S1).

Among 2,207 patients, the risk score of 514 (23.3%) patients who failed to reach any of the four scores cutoff value was defined as zero. The number of other groups, 1 to ≥3 risk-score, were 553 (25.1%), 632 (28.6%), and 508(23.0%), respectively. The overall distribution of incremental risk-score categories was displayed in Supplementary Figure S2. The baseline demographics and calculation of risk scores are reported in Table 1. The antiplatelet therapy during the follow-up period is shown in Supplementary Table S2. The lesion characteristics and procedural results are shown in Table 2 stratified across cumulative risk-score categories.


Table 1. Baseline demographics and score calculation stratified across cumulative risk-score categories.
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Table 2. Lesion characteristics and procedural results stratified across cumulative risk-score categories.
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Stratified Clinical Outcomes

The 48-month ischemic events had a significant trend for higher event rates (from 6.61 to 16.93%) with incremental risk-score categories from 0 to ≥3 (ptrend < 0.001). The categories were also associated with increased risk for all components of ischemic events, including cardiac death (from 1.36 to 3.15%, ptrend = 0.025), all MI (from 3.31 to 9.84%, ptrend < 0.001), stroke (3.31 to 6.10%, ptrend = 0.013), definite/probable ST (from 0.58 to 1.97%, ptrend = 0.035), TVMI (from 2.92 to 8.66%, ptrend < 0.001), and all-cause mortality (from 2.14 to 6.30%, ptrend < 0.001) at 48 months with a significant trend according to risk-score categories (Table 3).


Table 3. Clinical outcomes at 4-year follow-up stratified across cumulative risk-score categories.
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Using the multiple imputations for the missing values (ejection fraction, creatinine clearance, and cardiac enzymes), a total of 20 imputed datasets were generated. The trend of 48-month ischemic events was robust in each imputed dataset (all ptrend < 0.001, Supplementary Table S3).

There were consistent findings measured with the Kaplan–Meier method. The incidence of ischemic events, all-cause mortality at 4 years experienced a significant increase with the cumulative number of risk scores (both p < 0.001 by log-rank test). The landmark analysis showed that the patients with the higher cumulative risk-score were associated with a higher risk of ischemic events in the intervals of 0–30 days as well as 30 days to 4 years (from 2.1 to 7.68%, log-rank p < 0.001, and from 4.5 to 9.3%, log-rank p = 0.003, respectively) (Figure 1 and Supplementary Table S4). A sensitive analysis was performed and showed that the incidence of 48-month ischemic events had a consistent tendency with incremental risk-score categories with incremental risk-score categories (Supplementary Table S5).


[image: Figure 1]
FIGURE 1. Kaplan–Meier curves during follow-up for 48-month Outcomes among the Cumulative Risk-score Categories. (A) Ischemic events (with 30-day landmark analysis). (B) All-cause Mortality.


It was shown that the 4-year rate of ischemic events was significantly higher in the patients with cumulative risk-score 2 to ≥3, leaving cumulative risk-score 0 as the reference [(HR: 2.05, 95% CI, 1.38–3.06), and (HR: 2.72, 95% CI, 1.83–4.05), respectively], whereas, this did not differ in patients with cumulative risk-scores 0 and 1 (HR: 1.41, 95% CI, 0.92–2.18) (Figure 2).
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FIGURE 2. Incidence of ischemic events among cumulative risk-score categories.


The ischemic events at 48 months stratified by one and different combinations of risk score (s) are illustrated in Figure 3 and Supplementary Figure S3. Using cumulative risk-score categories could discriminate the risk of ischemia better than any single risk score, especially in patients with lower and higher ischemic risk. The combination with two risk scores of baseline SYNTAX and GRACE score has good discrimination to predict the 48-month ischemic events in all kinds of two risk scores. The combination with three risk scores of baseline SYNTAX, residual SYNTAX, and GRACE score and baseline SYNTAX, ACEF, and GRACE score has a better ability to assess the ischemic risk.
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FIGURE 3. Four-year ischemic events stratified by individual and different combination of risk score (s).


The ROC curves for 48-month ischemic events of the individual and an incremental number of risk scores, as continuous variables, are shown in Supplementary Figure S4. The discrimination of individual risk score was moderate, with AUC from 0.55 to 0.58. The AUC of an incremental number of risk scores was 0.61 (0.57–0.64). The best cutoffs of GRACE, baseline SYNTAX, ACEF, and residual SYNTAX score to predict 48-month ischemic events risk were 87, 12.5, 1.11, and 1 point(s), respectively. The optimal threshold of the ACE-SYNTAX model was two points for ischemic events at 48 months. Comparing with the baseline and residual SYNTAX score, the AUC of incremental number of risk scores at 48-month ischemic events had a significant improvement [0.57 (0.53–0.61), p = 0.038 and 0.55 (0.51–0.59), p = 0.001, respectively]. There was no significant improvement in AUC of ROC when compared ACEF and GRACE score with cumulative risk score [0.58 (0.54–0.62), p = 0.16 and 0.57 (0.54–0.61), p = 0.08, respectively]. Reclassification of patients into risk categories according to the occurrence of 48-month ischemic events is summarized in Supplementary Table S6. The NRI after combined with four risk scores was 12.5% (5.3–20.0%), 9.4% (2.0–16.8%), 12.1% (4.5–19.7%), and 10.7% (3.3–18.1%), which offers statistically significant improvement in the performance, compared with SYNTAX, residual SYNTAX, ACEF, and GRACE score, respectively.




DISCUSSION

The current study, which included data from a prospective, multicenter, and randomized trial, is the first study to investigate the feasibility and effectiveness of the management strategy (ACE-SYNTAX score) that combined with multiple risk scores could modify the discrimination to predict the long-term prognosis of patients with CAD undergoing PCI. The main findings of this analysis were as follows: (1) as the clinical routine risk scores, the baseline SYNTAX, residual SYNTAX, ACEF, and GRACE score demonstrated a certain value with respect to predicted long-term ischemic risk in CAD patients with stents implantation, with moderate discrimination; (2) the risk of ischemic events, including cardiac death, MI, stroke, definite/probable ST, and all-cause mortality have a significant increasing trend with incremental risk-score categories in these patients; and (3) using combinatory of predicting algorithms properly could play a valuable step to help clinicians identify the risk of these patients with implementation of sufficient treatments both in the post-procedure and long-term period, especially in these with lower or higher risk.

As we all know, the prognosis of patients with CAD is determined by baseline risk factors and the use of guideline-indicated therapies. The appropriately-stratified for these patients after stents implantation, which is a significant management challenge, has the potential to achieve the optimal individualized treatment and improve long-term outcomes (27–29). Thus, it is no doubt that using risk prediction algorithms to stratify the patients according to their estimated risk of future ischemic events could assist clinicians in selecting the optimal intensity and/or duration of secondary prevention therapy in decision-making. However, the gaps between guidelines and clinical practices were that the evidence-recommended tools to predict risk might be not universally applicable and robust. The main reason might be the timeliness of the risk scores, though it might be difficult to solve. The most frequently-used risk scores in our routine clinical practice, such as GRACE and SYNTAX scores, are developed from several years back in time. As the newest risk assessment tools, such as dual antiplatelet therapy (DAPT) and Predicting complications in patients undergoing stent implantation and subsequent Dual antiplatelet therapy (PRECISE-DAPT) scores, the data used to build them from randomized controlled trials or observational studies are still more than 5 years (4, 5). However, clinical practice and technology have advanced at a breathless pace. Over recent decades, medicine has drastically evolved with wider clinical use of more advanced diagnostic and therapeutic techniques, they might misestimate the risk of the disease (30). Meanwhile, the complex interaction between residual risk after PCI and the therapeutic benefit of secondary prevention management increases the complexity of risk stratification in these patients. Although no clinical risk tool is perfect, making use of the scores appropriately could provide convincing evidence in helping clinicians make individualized decisions for their patients. Utility of the accumulation of multiple risk scores could overcome the situation, having a significant improvement to discriminate risk of patients with a better classification.

Of note, evidence from a prior study suggests that medical management based on risk stratification was significantly associated with improved long-term prognosis, nevertheless, the benefits decreased with increasing estimated risk (31). The utilization of risk scores tends to be more successful in improving the reclassification of risk, which may enable monitoring and mobilizing clinical practice managers. Admittedly, there was no significant improvement in AUC of ROC at 48-month ischemic events when compared ACEF and GRACE scores with cumulative risk scores. However, it is intelligible that there is just integrating several validated risk scores without any other factors implantation. Still, the accumulative scores were proved a better net reclassification of risk compared with each single score. As we all know, adjustment of the weight of variables and bringing new factors into the risk score could increase the performance when the algorithm is insufficiently accurate in different races/ethnicity. Both above mentioned methods needed a series of cohorts to re-develop and re-validate the score. Our study demonstrates a plug-and-play strategy to risk assessment, which is especially suitable for these without established tools to carry out.

There is no escaping the fact that physicians routinely overestimated the risk of cardiac events and overvalued the benefits of invasive and secondary prevention management with a strong reliance on their intuition (32–34). Undoubtedly, predicting the adverse risk based on objectively quantified clinical algorithms could provide superior risk discrimination (32, 34). The number of prediction tools, as well as the presence of overlapping risk scores in the same clinical scenarios, is the blowout of a sharp increase, which makes it difficult to select using a universal and interoperable scoring system for the cardiologists. Indeed, in the clinical routine practice, using multiple complex algorithms could be challenging and cumbersome to compute.

However, with the improvement of the digital hospital and laboratory information system and the advent of machine learning based on deep neural networks, an approach may be a viable solution to generate detailed data in high-volume capacity (35, 36). It is convenient to capture all factors relating to the scores in the electronic medical records (EMR), calculate them automatically, and then quickly preset the predicting risk of patients in the system in auto (37, 38). It should be noted that dichotomizing continuous risk scores into a regression model might not be the optimal choice, which could induce a potential risk of inaccuracy. However, predictive accuracy for ischemic events was similar to continuation and dichotomization measurements in our research. Considering the clinical applicability without excessive consumption of accuracy, it might be acceptable to transfer continuous variables into binary variables.

The current study is limited by its post-hoc nature. As a retrospective analysis, the results of our study are hypothesis-generating. Thus, it is essential to confirm our findings in several specifically designed trials. Second, even with digital hospital and laboratory information systems, it is still complicated for clinicians to carry out too many risk-assessing tools. Therefore, in order to increase availability, what needs to be done further is investigating the proper combination of risk scores in different races/ethnicity. Third, the patients with missing data of risk scores were excluded in our study, which could have biased the estimates. Nevertheless, multiple imputations were performed to address it. The results were consistent between before and after imputation.



CONCLUSION

The guideline-indicated ischemic risk scores displayed reasonable predictive performance in CAD patients with DES implantation. The novel multiple risk score model was significantly associated with the risk of long-term ischemic events in these patients with an increment of scores. A meaningful improvement to predict adverse outcomes when multiple risk scores were applied to risk stratification. Further studies are needed to confirm these findings.
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Background: After an acute myocardial infarction (MI), repeated measurement of cardiac biomarkers is commonly performed, although not recommended in current guidelines. There is only limited data on the kinetics of troponin in this phase. For high-sensitivity cardiac troponin T (hs-cTnT), but not high-sensitivity cardiac troponin I (hs-cTnI), late increases in terms of a second peak have been described. Their impact on the prognosis of patients with MI remains unclear.

Methods: We included 2,305 patients presenting to the emergency department with symptoms suggestive of MI. Five hundred and seven were diagnosed with MI. Hs-cTnT, creatine kinase (CK) and the MB fraction of CK (CK-MB) were measured at admission, after 1 and 3 h and thereafter as indicated by the treating physician. A mixed-model approach was applied for modeling the biomarker kinetics. All patients were followed up to assess a composite endpoint of mortality, recurrent MI, revascularization and rehospitalization and to investigate the effect of a second hs-cTnT peak on prognosis.

Results: Out of 507 patients with MI, 192 had a sufficient amount of hs-cTnT measurements after the index MI. In 111 (57.8%) patients a second hs-cTnT peak was found after 4.48 days. For CK and CK-MB a second peak could not be identified. Regarding the composite endpoint there was no significant difference between patients with and without a second hs-cTnT peak.

Conclusion: In our analyses, a second peak of hs-cTnT after an acute MI was common, but not associated with poorer outcome. Thus, the clinical value of hs-cTnT for monitoring myocardial ischemia might be limited in this phase and other biomarkers might be more suitable.

Trial Registration: www.ClinicalTrials.gov, identifier: NCT02355457, Date of registration: February 4, 2015.

Keywords: myocardial infarction, biomarker, acute coronary syndrome, troponin, kinetics, second peak


INTRODUCTION

High sensitivity cardiac troponin (hs-cTn) has evolved as being the gold-standard biomarker for diagnosing myocardial injury and infarction (MI) (1, 2). Even though not recommended in current guidelines, repeated measurement of hs-cTn is commonly performed in clinical practice in the first days after MI. However, there is only limited data on the kinetics of hs-cTn after an acute MI and their consecutive clinical and prognostic implications. For hs-cTnT, but hs-cTnI, late increases in terms of a second peak several days after the index event have been observed (3). We aimed to investigate the prognostic value of late hs-cTnT increases after an acute MI in a large, contemporary cohort study.



MATERIALS AND METHODS

For this analysis we used data from the Biomarkers in Acute Cardiac Care study population (4). Briefly, we prospectively recruited patients presenting to the emergency department with symptoms suggestive of MI. Hs-cTnT (Elecsys; Roche Diagnostics), creatine kinase (CK) and the MB fraction of CK (CK-MB) were measured at admission, after 1 and 3 h and thereafter as indicated by the treating physician. Measurements until the 10th day after admission were included. A second peak of hs-cTnT was defined as an increase of at least 15% after the concentrations had already decreased after the first maximum troponin value. Patients without a second peak and <3 measurements between day 1 and 5 were excluded due to possible missing of an existing second peak. The final diagnosis was adjudicated by two physicians separately in a blinded fashion based on all available clinical findings and according to the Third Universal Definition of MI (5). A follow-up was performed up to 4 years. Cox regression analyses were conducted for a composite endpoint of all-cause mortality, recurrent MI, revascularization and rehospitalization. Event rates were calculated using the Kaplan-Meier estimator. For modeling the hs-cTnT kinetics a mixed-model approach was used.



RESULTS

Among 2,305 patients presenting with suspected MI, 507 (22.0%) were diagnosed as having MI. Out of these, 365 (72%) were patients with type 1 MI, 140 (27.6%) patients with type 2 MI and 2 (0.4%) patients with type 4 MI. Three hundred and eleven of all patients with MI were excluded from the analyses due to an insufficient number of available biomarker results after MI. Out of 192 remaining patients, 111 (57.8%) patients presented a second hs-cTnT peak, mostly between day 2 and 5 after the index event (Figure 1). The median troponin concentration at the first peak was 1,213 ng/L (interquartile range (IQR) 1,107–1,319 ng/L) and at the second peak 866 ng/L (IQR 727–1,005 ng/L), thus the second peak was 28.6% (IQR 23.8-34.3%) lower as compared to the first peak. In 81 patients (42.2%) a second peak could not be identified. There were no significant differences in the baseline characteristics between patients with and without a second hs-cTnT peak (Table 1). Angiography for the index event was performed in 97.5% in patients without and 92.8% with a second hs-cTnT peak. Angiography was followed by a percutaneous coronary intervention significantly more often in patients without a second peak (85.2% of patients without and 72.1% patients with a second peak, p = 0.048).


[image: Figure 1]
FIGURE 1. (A) Kinetics of hs-cTnT during the first 10 days after myocardial infarction presented using mixed-model statistics. A second hs-cTnT peak can be detected after 4.48 days after the index event. (B) Kaplan-Meier curve for the combined endpoint of all-cause mortality, rehospitalization, MI or PCI for patients with and without a second hs-cTnT peak.



Table 1. Baseline characteristics of patients with and without a second hs-cTnT peak.
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Regarding the composite endpoint there was no significant difference between patients with and without a second hs-cTnT peak for both unadjusted analyses [hazard ratio (HR) 0.93, 95% confidence interval (CI) 0.58–1.48, p = 0.75] and after adjustment for sex, age and cardiovascular risk factors (HR 0.78, CI 0.48–1.28, p = 0.33) (Figure 1). In comparison to hs-cTnT, CK and CK-MB showed an almost linear decrease after the index-event.



DISCUSSION

Our findings indicate that a second peak of hs-cTnT after MI is very common but not associated with impaired outcome compared to patients without a second peak. Our results regarding the timepoint and the height of the second peak in relation to the first peak are in line with earlier findings (3). Most of the previously published studies investigating the second hs-cTnT peak included only patients with ST-segment elevation MI (STEMI). However, we were able to confirm that a second peak was also detectable in other MI patients. Since hs-cTnT is a widely used biomarker, these novel findings are highly relevant for clinical practice. A second increase of hs-cTnT after MI can be misinterpreted as ongoing or recurrent ischemia and might lead to unnecessary coronary re-catheterization. In previous studies, a second peak after MI has only been found for hs-cTnT but not for cTnI, hs-cTnI, CK or CK-MB—irrespective of the manufacturer, the sensitivity of the assay or renal function of the patient (3). Therefore the latter might be more suitable for post-MI monitoring since a second peak of these biomarkers might indicate ischemia more accurately. Importantly, Schaaf et al. were able to find a high correlation between the second hs-cTnT peak and infarct size measured in cardiac magnetic resonance, which would somewhat disagree with our findings, since the prognosis after MI is related to the extent of the infarction (6). These investigations emphasize the need for further studies regarding the cause and impact of the second hs-cTnT peak. Several different mechanisms for the genesis of the second peak of hs-cTnT have been suggested, however, the etiology still remains unclear (3, 7). Since a second peak has only been detected for hs-cTnT but not hs-cTnI, the cause might be associated with different clearance pathways, the different molecular weight or variable fragments of the two troponins.

Our analyses and the consecutive conclusions are limited by the relatively small number of patients. Larger studies are necessary to validate the findings of this study. Also, there might be a selection bias since troponin was not measured systematically in all included patients but as indicated by the treating physician. Therefore, a second hs-cTnT peak might have been missed in some patients. The cut-off of 15%, which was required for an increase of troponin to be defined as a second peak in this study, was chosen to exclude a random variability of two consecutive hs-cTnT measurements. However, this cut-off value should be validated in a larger study. Lastly, due to the limited number of patients in this study, we cannot make conclusions on whether the second peak has other characteristics or a different clinical value in certain types of MI.

In summary, the clinical value of hs-cTnT measurements after MI might be limited due a frequently occurring second peak, which was not associated with impaired outcome in our analyses. Prospective studies are needed to further evaluate the role of hs-cTnT after MI.
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Background: Coronary artery disease (CAD) is one of the crucial reasons for cardiovascular mortality in middle-aged people worldwide. The most typical tool is angiography for diagnosing CAD. The challenges of CAD diagnosis using angiography are costly and have side effects. One of the alternative solutions is the use of machine learning-based patterns for CAD diagnosis.

Methods: Hence, this paper provides a new hybrid machine learning model called genetic support vector machine and analysis of variance (GSVMA). The analysis of variance (ANOVA) is known as the kernel function for the SVM algorithm. The proposed model is performed based on the Z-Alizadeh Sani dataset so that a genetic optimization algorithm is used to select crucial features. In addition, SVM with ANOVA, linear SVM (LSVM), and library for support vector machine (LIBSVM) with radial basis function (RBF) methods were applied to classify the dataset.

Results: As a result, the GSVMA hybrid method performs better than other methods. This proposed method has the highest accuracy of 89.45% through a 10-fold crossvalidation technique with 31 selected features on the Z-Alizadeh Sani dataset.

Conclusion: We demonstrated that SVM combined with genetic optimization algorithm could be lead to more accuracy. Therefore, our study confirms that the GSVMA method outperforms other methods so that it can facilitate CAD diagnosis.

Keywords: coronary artery disease, genetic algorithm, support vector machine, machine learning, diagnosis


INTRODUCTION

Cardiovascular disease (CVD) is one of the most prevalent diseases which cause a lot of deaths worldwide (1). As crucial evidence for this fact, one can refer to the CVD fact sheet published by the World Health Organization (WHO), which estimated 17.9 million deaths from CVDs in 2019, representing 32% of all global deaths. Of these deaths, 85% were due to heart attack and stroke (2). An essential type of CVDs is coronary artery disease (CAD) (3). One of the reasons that made CAD such a necessary and stressful disease is the fact that nearly 25% of people who have been diagnosed with CAD died unexpectedly without any prior symptoms (4). Nowadays, electrocardiogram, cardiac stress test, coronary computed tomographic angiography, and coronary angiogram are some of the prevalent techniques used as diagnostic methods for CAD. The downside facts about all these methods are having side effects and imposing high costs on patients and health systems. Hence, today, applying machine learning methods for diagnosing CAD has become a general tendency. These techniques are important for modeling and knowledge extraction from row dataset (5).

To evaluate the performance of these new techniques, various CAD datasets have been prepared. Among these datasets, the Z-Alizadeh Sani dataset, Cleveland, and Hungarian are public.

In recent years, studies have been presented using machine learning methods for CAD diagnosis on different datasets. The well-known dataset, namely the Z-Alizadeh Sani dataset in the field of heart disease, is utilized. It is worth noting that until now, dozens of studies on the Z-Alizadeh Sani dataset have been published (5–25). The main goal of recent studies is to utilize feature selection methods to improve the accuracy of CAD diagnosis. In (10), a classification accuracy of 87.85 was obtained for CAD diagnosis by ANN classifier, so that 25 features were identified. In (14), a hybrid model titled nested ensemble nu-support vector classification method was presented to predict CAD. An accuracy of 94.66% was obtained using the hybrid method on the Z-Alizadeh Sani dataset so that 16 features were selected.

In a recent study (25), the CAD diagnosis was conducted using the weighted-average voting ensemble method. An accuracy of 98.97% was achieved using the ensemble method on five features.

We obtained the highest area under the curve (AUC) and accuracy with more valuable and important features.

The previous studies demonstrate that Support Vector Machine (SVM) performs better for binary classification and dimension reduction on a small dataset (16, 26).

Hence, we utilized the SVM method with kernel types such as analysis of variance (ANOVA), linear SVM (LSVM), and library for support vector machine (LIBSVM) with radial basis function (RBF) on the Z-Alizadeh Sani dataset. Also, a genetic algorithm as an optimizer is used to select important features in the SVM modeling process. Ultimately, among the proposed methods used in this paper, the genetic optimizer method combined with SVM and ANOVA kernel has the most accuracy of 89.45% on 31 features.

In summary, the main contributions of our paper are as follows:

1) Performing data preprocessing (transforming nominal data to numerical data and normalization)

2) Using genetic algorithm as a feature selection method for selecting important features

3) Specifying ANOVA kernel as the best kernel compared to the other kernels

4) Generating the hybrid model consist of genetic training for feature selection, SVM for classification, and a 10-fold crossvalidation technique

5) Obtaining a maximum AUC of 100% on the Z-Alizadeh Sani dataset



MATERIALS AND METHODS

The proposed methodology has been performed in three subsections. Section Z-Alizadeh Sani Dataset describes the Z-Alizadeh Sani dataset. Also, in section Data Preprocessing, data preprocessing will be done. In addition, data classification using SVM with ANOVA, LSVM, and LIBSVM with RBF and GSVMA methods is described in section Used Classification Methods. The proposed methodology framework is shown in Figure 1.


[image: Figure 1]
FIGURE 1. The proposed methodology framework.



Z-Alizadeh Sani Dataset

The Z-Alizadeh Sani dataset is one of the most common datasets used in machine learning for automatic CAD detection. This dataset is constructed from 303 patients referred to Shaheed Rajaie Cardiovascular, Medical, and Research Center1 A patient is categorized as a patient with CAD if one or more of his/her coronary arteries are stenosis. A coronary artery is categorized as stenosis if its diameter narrowing is ≥50% (27). Accordingly, 216 patients had CAD, and the dataset contains 88 patients with the normal situation on the Z-Alizadeh Sani. Each record in this dataset has 55 features that can be used as indicators of CAD for a patient. These features are grouped into four categories include demographic, symptom and examination, laboratory and echo, and ECG features as explained in Table 1.


Table 1. Description of the Z-Alizadeh-Sani dataset (5).

[image: Table 1]



Data Preprocessing

In the data analysis process, preprocessing is required after data gathering. The Z-Alizade Sani dataset was numerical and string. First, the values of features are transformed from nominal data to numerical data. The features such as sex, chronic renal failure, cerebrovascular accident, airway disease, thyroid disease, congestive heart failure, dyslipidemia, etc., are transformed. Then, the data normalization is performed. The range transformation technique is a common technique for normalizing data related to features between 0 and 1 (5). In other words, changing the range of data to zero and one means changing the mean and variance to mean zero and variance 1. Normalizing the data helps all features have an equal effect and role in diagnosing the input class so that normalizing efforts to allow all features an equal weight.

The values of features such as diabetes mellitus (DM), hypertension (HTN), current smoker, ex-smoker, etc., are transformed between zero and one. In general, normalization leads to an increase in the accuracy of the classification methods. Furthermore, a 10-fold crossvalidation (10-FCV) technique (28, 29) for partitioning the dataset was utilized so that the dataset was divided into training (90%) and test (10%) subsets. The 10-FCV process was run 10 times in which the results of the methods were obtained by averaging every 10 times.



Used Classification Methods


SVM

For the first time, the SVM algorithm has been developed for data classification in (30–32), which is an optimal selection when robust predictive power is required. The SVM is a supervised machine learning algorithm that transforms data to a high dimensional space, that is, Hilbert space. Then kernel-based methods due to the visions presented by the generalization theory are exploited, and the optimization theory is performed (33). Indeed, SVM is an area parting model in which the data allocated into the support vectors are based on machine learning and model construction (34, 35).

In general, the SVM aims to find the best separator line (optimal hyperplane) between the data of the two classes so that it has the most significant possible distance from all the support vectors of the two classes. These classes are partitioned as linear and nonlinear statuses (34, 36). In these statuses, the SVM is considered that there is a set of training data x1,x2,...,x3 €Rn with class y1 €{1,−1} that are binary (xi, yi), (i=1, 2,...n), and n represents the number of training data points.

In this paper, we used methods such as LSVM, library SVM with RBF, SVM with ANOVA, and genetic support vector machine with ANOVA (GSVMA). RapidMiner software version 9.9 has been used to implement the methods. We described these methods in the following.


Linear SVM

The linear kernel is the most common kernel function for LSVM (37). The LSVM model generates an optimized hyperplane that discrete the data points of the two classes.

For an LSVM, a decision function or separator function is defined as follows:

[image: image]

= [image: image]

In equation (1), the w parameter represents the weight of inertia, b is the width of the origin point, in which w €Z and b €R. Based on the LSVM model, an optimized hyperplane is shown in Figure 2 (34).


[image: Figure 2]
FIGURE 2. Optimized hyperplane for two-dimensional space.


In Figure 2, xi is the data points of the two classes labeled yi ={1,−1} such that <w,x> +b=0 represents the optimal hyperplane assigned in the average of the other two lines, that is, {x|<w,x > + b = +1} and {x|<w,x > + b = −1}. Also, w denotes a normal vector for the optimal hyperplane, and b is the offset between the hyperplane and the origin plane. Moreover, the margin M=w/2 of the separator is the distance among support vectors. Therefore, the maximum margin can be obtained in the form of the following constraint optimization equation (2):

[image: image]

Based on the objective function (2), the most common approach for solving an optimization problem is to transform it into a dual problem. First, to get the dual form of the problem, the positive Lagrangian coefficients are multiplied by αi ≥ 0 and deducted from the objective function, causing in the following equation named a primal problem (Lagrange's initial equation, Lp):

[image: image]

To solve equation (3), we are employed the Karush–Kuhn–Tucker (KKT) conditions, which perform an essential role in constraint optimization problems. These conditions state the necessary and adequate needs for the optimal solution to constraint formulas and must be a derivative of the function regarding the variables equal to zero. Exploiting KKT conditions into Lp has been derived from the Lp relation to w and b, and it sets to zero. So, the equations (4–7) are obtained as follows:
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Consequently, with the assignment of the above formulas into equation (3), equation (8) is gained.

[image: image]

Equation (8) is named the dual problem. Hence, Lp and LD are both obtained from the same condition. So, the optimal problem can be solved by achieving the minimum Lp or the maximum Lp, the Lp double with the condition αi ≥ 0.

The parameters setting of the used LSVM method is given in Table 2.


Table 2. The parameters setting of the LSVM method.

[image: Table 2]

The pseudocode of the LSVM is presented below.


Algorithm 1: The used LSVM method for CAD diagnosis.

[image: Algorithm 1]



Library SVM With RBF

The SVM is a binary classifier that it can only classify two classes. LIBSVM (38, 39) also supports the multiclass state. The difference between the two-class and multiclass problems regarding training and testing the data is that larger sets or multiclass conditions may be time-consuming. Indeed, the LIBSVM supports four different kernels by default: linear, polynomial, RBF, and sigmoid kernels, so that the RBF is the essential tool for SVM and regression classifications developed by Chavhan et al. (36). The RBF kernel is applied in the training phase (37). The advantage of using the RBF kernel is that it handles the training data to assign specified boundaries. Moreover, the RBF kernel nonlinearly maps samples into a higher-dimensional space. It can handle the training data when the relation between class labels and features is nonlinear. The RBF kernel has fewer numerical difficulties than the polynomial kernel, linear, and sigmoid.

The SVM types are selected through LIBSVM, such as the C-SVC and nu-SVC for classification tasks. Also, the epsilon-SVR and nu-SVR are used for regression tasks, and the one-class SVM is performed for distribution estimation. In this paper, the RBF kernel is selected for SVM as formulated in (9).

The most common kernel type is the RBF for SVM.

[image: image]

According to (9), σ is the radial of the kernel function. Also, γ = represents the kernel parameter. The value of the kernel parameter affects the training rate and the test rate. It should be noted that the efficiency of SVM regarding the accuracy of diagnosis and generalization power is related to the situation of the penalty factor “c” and the kernel parameter “γ” (34).

Moreover, the C-SVC is used to classify data.

The parameters setting of the used LIBSVM with RBF method is described in Table 3.


Table 3. The parameters setting of the LIBSVM method.

[image: Table 3]

The pseudocode of the LIBSVM is given below.


Algorithm 2: The used LIBSVM method for CAD diagnosis.

[image: Algorithm 2]



SVM With Analysis of Variance

In general, kernel types are supported by the SVM such as dot, radial, polynomial, neural, ANOVA, Epachnenikov, Gaussian combination, and multiquadric. The ANOVA kernel is defined by raised to the power “d” of summation of exp(-γ (x-y)) where “γ” is gamma, and “d” is degree. The “γ” and “d” are regulated by the kernel gamma and kernel degree parameters, respectively. Indeed, the ANOVA kernel is also a RBF kernel. It is said to perform well in multidimensional regression and classification problems (40). The ANOVA kernel is formulated as follows:

[image: image]

The parameters setting of the used SVM with the ANOVA method is given in Table 4.


Table 4. The parameters setting of the SVM with the ANOVA method.

[image: Table 4]

The pseudocode of the SVM with the ANOVA method is presented below.


Algorithm 3: The used SVM with ANOVA method for CAD diagnosis.

[image: Algorithm 3]



Genetic Support Vector Machine Along With ANOVA

A genetic algorithm is a search heuristic method for solving optimization problems. This optimization algorithm uses heuristic biology techniques such as inheritance and mutation. In a genetic algorithm, to obtain the optimal response, the appropriate generation solutions are combined based on the principle of survival of the most desirable living organisms. In fact, in this algorithm, the solutions to a problem are defined in a chromosome form, consisting of a set of parameters called a gene. So, chromosomes are the proposed solutions to the problem of the genetic algorithm.

The most important application of the genetic algorithm is feature selection. Feature selection can be defined as the process of identifying related features and removing unrelated and duplicate features. The feature selection by the genetic algorithm is caused to the better efficiency of the classification methods. Hence, in this paper, we used a genetic algorithm for subset feature selection.

The stages of the genetic algorithm are as follows:

1) Initial population

The parameter of the initial population specifies the population size, that is, the number of members per generation. The genetic algorithm starts with a set of chromosomes so that several solutions with different combinations of features are randomly generated. Indeed, the chromosomes of the initial population, which are the initial solutions, comprise different combinations of the features. These combinations were randomly incorporated for each chromosome and formed the initial solutions to the problem. Hence, in this paper, using this algorithm, the best subset of the features is selected from the Z-Alizadeh Sani dataset (5). These essential features are fed to the SVM classification algorithm to classify the input dataset. In the genetic algorithm process, we set the population size to 50 and set the maximum number of generations to ten. Therefore, the size of each chromosome is related to the number of features, including 55 genes for all features.

2) Determining the fitness function

The value of each chromosome is determined by the fitness function. This function is used to examine the solutions generated in the initial population. In this paper, the fitness function is equal to accuracy, F-measure, sensitivity, specificity, PPV, and negative predictive value (NPV) (28) as determined in equations (11-16):
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Based on the equations (11-16), the elements of the false positive (FP), false negative (FN), true positive (TP), and true negative (TN) are described as follows:

• FP: The number of samples predicted to be positive is negative.

• FN: The number of samples predicted to be negative is positive.

• TP: The number of samples predicted to be positive is positive.

• TN: The number of samples predicted to be negative is negative.

The performance of the GSVMA method is evaluated using the mentioned fitness functions. Therefore, we tested the generated GSVMA model based on the fitness functions.

3) Selection scheme

In this stage, based on the fitness criterion, a member of a generation is selected so that members with more compatibility have more probability of making the next generation. The selection schemes such as uniform, roulette wheel (RW), stochastic universal sampling, Boltzmann, rank, tournament, and nondominated sorting exist in the genetic algorithm (6). In this paper, the RW is applied as a select scheme. Based on the scheme, the member with a higher fitness value has more probability of being selected. This scheme is one of the weighted random selection schemes. The probability of choosing each member is obtained according to the equation (17).

[image: image]

In (17), Pi indicates the probability of choosing the member, “i” fi indicates member fitness, “i” and N, the number of members in the initial population. In this paper, the initial P = 0.5. The higher value of Pi represents that the probability of choosing the chromosome is high. In other words, this chromosome has a better chance to produce the next generation.

4) The operation of crossover

After the parent chromosomes are selected by the RW, they must be merged to generate two new children for both parents by the crossover operator. In general, there are three crossover types such as one-point, uniform, and shuffle (6, 41). Using the one-point crossover, a point on two-parent chromosomes is selected and divided into two parts so that one part of the first parent is replaced by one part of the second parent. The other type of crossover is a shuffle that two points on two-parent chromosomes are randomly selected and divided into three parts. Then, one part of the first parent is replaced by one part of the second parent, and the children in three parts are a combination of two parents. The third type of crossover is uniform. Using the uniform crossover, all the chromosome points are selected as the merge points. First, a random number between zero and one for each part of the chromosome is generated. If the generated value is less than a constant value, the genes are moved. In this paper, the shuffle has been selected as the crossover type. Also, crossover “p” is given 0.75.

5) Mutation action

After crossover, the mutation action is one of the essential actions to create a new generation. The mutation action is used to modify a member of the current generation to produce a new member. Due to the mutation action by random, the possibility of reaching a better member and escaping the local optimization can be efficient. In this paper, the probability value of 1.0 has been considered. This value demonstrates that mutation action is performed to create a new generation.

When the mutation action is performed, the cycle of the genetic algorithm is terminated due to convergence conditions. The convergence condition is determined based on the number of generations (number of generations = 10). Again, construction action of the new generation should be repeated (6, 41).

The parameters setting of the used genetic optimization method is given in Table 5.


Table 5. The parameters setting of the genetic optimization algorithm.
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The pseudocode of the GSVMA method is presented below.


Algorithm 4: The used GSVMA method for CAD diagnosis.

[image: Algorithm 4]

Based on algorithm 4, the genetic optimization method has been applied for feature selection, and the SVM with the ANOVA model has been used for classifying the dataset.






RESULTS

In this section, the evaluation results for the classification methods are obtained. These methods are the SVM with ANOVA, LSVM, LIBSVM with RBF, and GSVMA. Based on Table 6, accuracy (ACC), PPV, F-measure, sensitivity, specificity, NPV, and AUC had been achieved by the confusion matrix. In this paper, we have used RapidMiner Studio version 9.9 to implement the methods in the CAD diagnosis and classification process.


Table 6. Confusion matrix for diagnosis of CAD.

[image: Table 6]

The evaluation criteria of the methods were obtained based on equations (11-16) (28).

By comparing the performance of the methods, the ACC rates of the SVM with ANOVA, LSVM, and LIBSVM with RBF were achieved 85.13, 86.11, and 84.78%, respectively, whereas the ACC rate of the GSVMA method is 89.45% based on the 10-FCV technique. According to the other criteria, the GSVMA method had the highest PPV, F-measure, sensitivity, and specificity. Moreover, another crucial criterion used to determine the classification methods is the AUC criterion. The AUC indicates the measure of the area under the Receiver Operating Characteristic (ROC). In other words, the AUC transforms the ROC curve into a numeric demonstration of performance for classification models. The AUC of the GSVMA method is obtained 100%. The results of the evaluation criteria for methods through the 10-FCV are indicated in Table 7. Also, the ROC curve was illustrated for the GSVMA method in Figure 3.


Table 7. The comparison of the methods based on the Z-Alizadeh Sani dataset in this study.

[image: Table 7]


[image: Figure 3]
FIGURE 3. ROC curve for GSVMA method.


Based on Figure 3, the ROC diagram for the GSVMA method demonstrates that the AUC value = 100%.

Also, the criteria of the ACC, F-measure, PPV, sensitivity, specificity, and NPV are illustrated in Figures 4–9, respectively. Moreover, in the 10-FCV technique, the GSVMA method was trained for 10 generations on the Z-Alizadeh Sani dataset. To find the optimal response of the evaluation criteria (fitness function = criteria), a set of initial responses are generated in each generation so that the set of responses converges toward the optimal response. In this study, convergence is related to the tenth generation. Therefore, the mentioned criteria were obtained based on the best generation (generation 10).


[image: Figure 4]
FIGURE 4. ACC diagram for GSVMA method for generation 10.


According to Figure 4, the ACC rate has obtained more than 88% (89.45%) through the GSVMA method for generation 10.

Based on Figure 5, the performance of the GSVMA method achieved F-measure of 80.49% for generation 10.


[image: Figure 5]
FIGURE 5. F-measure diagram for GSVMA method for generation 10.


Figure 6 shows that the PPV has reached a maximum of 100% for the tenth generation.


[image: Figure 6]
FIGURE 6. PPV diagram for GSVNA method for generation 10.


By observing Figure 7, it can be inferred that the sensitivity has been more than 80% (81.22) using the GSVMA method for the tenth generation.


[image: Figure 7]
FIGURE 7. Sensitivity diagram for GSVMA method for generation 10.


Regarding the specificity criterion, Figure 8 shows the maximum value of 100% using the GSVMA method for the tenth generation.


[image: Figure 8]
FIGURE 8. Specificity diagram for GSVNA method for generation 10.


Another crucial evaluation criterion is the NPV in clinical practice. The NPV is the probability that subjects with a negative test rightly have healthy. The NPV was obtained on average 92.9% as shown in Figure 9. Similarly, three methods such as LIBSVM with RBF, LSVM, and SVM with ANOVA have been applied to the Z-Alizadeh Sani dataset. We presented the results of these methods in Table 7. Based on Table 7, the accuracy of the LSVM, SVM with ANOVA, and LIBSVM with RBF is 86.11, 85.13, and 84.78%, respectively. The PPV for the SVM with ANOVA, LSVM, and LIBSVM with RBF models is obtained as 80.24, 77.21, and 76.24, respectively. In terms of the F-measure, sensitivity, specificity, and NPV criteria, the LSVM method has a better performance compared to the other two methods.


[image: Figure 9]
FIGURE 9. NPV diagram for GSVNA method for generation 10.


In addition, one of the important criteria of the evaluation of methods is the AUC criterion. The AUC of methods was achieved as 92.4, 89, and 82.1% for LSVM, SVM with ANOVA, and LIBSVM with RBF methods, respectively. The ROC curve for the LSVM, SVM with ANOVA, and LIBSVM with RBF methods is shown in Figures 10–12, respectively.


[image: Figure 10]
FIGURE 10. ROC curve for LSVM method.



[image: Figure 11]
FIGURE 11. ROC curve for SVM with ANOVA method.



[image: Figure 12]
FIGURE 12. ROC curve for LIBSVM with RBF method.


By observing the Figures 10–12, it can be concluded that the LSVM method has better performance with an AUC of 92.4% than SVM with ANOVA and LIBSVM with RBF methods.

Overall, the proposed GSVMA method has the best performance compared to the other methods in terms of accuracy, F-measure, PPV, NPV, sensitivity, specificity, and AUC. Figure 13 shows the comparison between the methods based on the seven criteria.


[image: Figure 13]
FIGURE 13. A comparison between the performance of methods based on the seven criteria.


Moreover, according to the proposed method, out of 35 features, 31 features were selected using the genetic optimization algorithm. The crucial features include sex, CRF, CVA, airway disease, thyroid disease, CHF, systolic murmur, diastolic murmur, low TH ang, LVH, poor R progression, VHD, age, HTN, ex-smoker, FH, PR, typical chest pain, function class, Q wave, St elevation, T inversion, FBS, TG, LDL, ESR, lymph, Neut, PLT, EF-TTE, and region RWMA.



DISCUSSION

In this paper, we demonstrate the accuracy of 89.45% using the proposed GSVMA method for CAD diagnosis on the Z-Alizadeh Sani dataset by identifying 31 features. Finally, we compared our proposed method with the work of other researchers based on the Z-Alizadeh Sani dataset, as demonstrated in Table 8.


Table 8. Comparison between the proposed GSVMA method and the work of other researchers based on the original Z-Alizadeh Sani dataset.

[image: Table 8]

Based on Table 8, in the Qin et al. study (8), several feature selection methods had been implemented on the Z-Alizadeh Sani CHD dataset. The various assessment criteria to evaluate features coupled with a heuristic search strategy and seven classification methods are utilized. They further proposed an ensemble algorithm based on multiple feature selection (EA-MFS). The proposed EA-MFS method had better results with a reported accuracy of 93.70 and 95.53% F1-measure. In Cüvitoglu and Işik's study (10), an ensemble learner based on the combination of naïve Bayes, random forest, SVM, artificial neural networks (ANNs), and k-nearest neighbor algorithm is developed to diagnose CAD. Also, each of these methods is applied to the dataset separately. The authors performed a t-test for feature selection and reduced the feature space from 54 to 25. Moreover, they implemented PCA to reduce dimensionality further. Between the six methods, the best performance of the ANN achieved an AUC of 93%. Kiliç and Keleş (12) attempted to select the most convenient features to achieve better performance. They have used the artificial bee colony method on the Z-Alizadeh Sani dataset. The results showed that 16 of 56 features are more meaningful to predict CAD. They reported that a higher accuracy was achieved employing the selected features. Abdar et al. (14) proposed a model combining several traditional ML methods using ensemble learning techniques titled nested ensemble nu-support vector classification (NE-nu-SVC) to predict CAD. Also, they employed a feature selection routine based on a genetic algorithm and a filtering method to adjust data. The reported that accuracy of the NE-nu-SVC method is 94.66% for Z-Alizadeh Sani and 98.60% for Cleveland CAD datasets. In (16), Abdar et al. introduced the N2Genetic optimizer, which is a genetic-based algorithm and particle swarm optimization. Using the N2Genetic-nuSVM proposed, they achieved an accuracy of 93.08% and F1-score of 91.51% in the Z-Alizadeh Sani dataset for predicting CAD. In another study, Kolukisa et al. (17) examined two feature selection approaches to extract the most convenient set of features for the Z-Alizadeh Sani dataset. First, the features were selected based on medical doctor recommendations. According to clinically significant findings and Framingham heart study risk factors labeled features. The second method of feature selection was reported to improve the performance of ML algorithms. A combination of three ensemble learners, random forest, gradient boosting machine, and extreme gradient boosting, form a classifier to predict coronary heart disease in the work of Tama et al. (19). Moreover, a particle swarm optimization-based feature selection model takes the most valuable data features to feed the classifier efficiently. The functionality of the proposed system is verified by having Z-Alizadeh Sani, Statlog, Cleveland, and Hungarian datasets as the input data. The authors claim that the performance of their proposed model outperforms the present methods established on traditional classifier ensembles. They report a 98.13% accuracy, 96.60% F1-score, and 0.98 AUC to classify the Z-Alizadeh Sani dataset. The effectiveness of ANN and adaptive boosting algorithms to predict CAD was tested in the work of Terrada et al. (20). Data for this study were collected from Z-Alizadeh Sani, Hungarian, UCI repository, and Cleveland datasets, and 17 features were manually selected based on the atherosclerosis risk factors. The results indicated that ANNs show more promising performance over the adaptive boosting method. In (22), a hybrid algorithm based on emotional neural networks (EmNNs) and particle swarm optimization (PSO) is proposed by Shahid and Singh for CAD diagnosis. In addition, they implemented four unique feature selection techniques on the Z-Alizadeh Sani dataset to boost the functionality of the proposed model. Generally, their method has a better performance than the PSO-ANFIS model. The F1-score, accuracy, sensitivity, specificity, and PPV of the model are 92.12, 88.34, 91.85, 78.98, and 92.37%, respectively. According to Ghiasi et al. (23), only 40 independent parameters of the Z-Alizadeh Sani dataset affect the diagnosis of CAD. The authors apply the classification and regression tree (CART) method for this purpose. They further developed three additional CARD models utilizing 5, 10, and 18 selected features. For the developed model with five features, the reported accuracy is 92.41%. Also, a 77.01% true negative rate and 98.61% true positive value are reported for the model.

Dahal et al. (24) performed logistic regression, random forest, SVM, and K-nearest neighbors algorithms for CAD detection on the Z-Alizadeh Sani dataset to determine the most efficient technique. The results indicate that SVM has a better performance over other tested methods with 89.47% of accuracy. In (25), a study of CAD diagnosis was conducted using the weighted-average voting ensemble (WAVEn) method. Using this method, an accuracy of 98.97% was obtained on five features. Hassannataj et al. (5) used the random trees (RTs) on the 303 samples with 55 features. They have compared the RTs model with SVM, the C5.0 decision tree, and the CHAID decision tree. As a result, using the RTs model, 40 features were ranked with an accuracy of 91.47%, which RTs model has the best performance compared to the other models.

The results demonstrate the robustness of our proposed method in the diagnosis and prediction of CAD. Applying the GSVMA method, an accuracy of 89.45% was obtained by identifying 31 features. To the best of our knowledge, using this method, the AUC was achieved 100% on the original Z-Alizadeh Sani for the first time. Also, no previous works in the literature have investigated the NPV in CAD diagnosis, so that this criterion is essential in clinical practice. Despite these advances in the diagnosis of heart disease, there are limitations to the diagnosis process that we list below.

• Need a larger dataset to apply to the proposed GSVMA method.

• Lack of access to the real laboratory environment to record people's data in electronic profiles.

• Requiring the interaction of physicians and researchers to evaluate the results obtained properly.



CONCLUSIONS

In this study, a hybrid method, namely GSVMA, is proposed to help the effective diagnosis and prediction of CAD by selecting essential features. This method was evaluated on the Z-Alizadeh Sani dataset. The GSVMA method consists of two main blocks. The first is the genetic optimization algorithm, in which essential features are selected by this algorithm. The second is the SVM algorithm with ANOVA kernel, which is used for classifying the input dataset. We carried out data preprocessing by converting nominal data to numerical data and performing a range transformation technique. Also, the 10-fold crossvalidation technique is used to split the dataset into two groups: 90% for training and 10% for testing. Moreover, other methods such as SVM with ANOVA, LSVM, and LIBSVM with RBF have been utilized to diagnose CAD. The proposed GSVMA method had the best performance compared to the mentioned methods regarding the accuracy of 89.45%, a PPV of 100%, a F-measure of 80.49%, a specificity of 100%, a sensitivity of 81.22%, a NPV of 92.9%, and an AUC of 100%, on 31 features among 55 features. By comparing the proposed method with related works, we found that the GSVMA method has good accuracy and AUC rates with the essential features. Besides, no previous works have studied the NPV in CAD diagnosis. In future work, if a larger dataset is available, the GSVMA method could be utilized. In addition, metaheuristic methods that include tabu search, iterated local search, simulated annealing, and variable neighborhood search can be used for feature selection. Then, each of these methods can be combined with machine learning methods.
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Background: Little is known about how the residential distance to the coast is associated with incident myocardial infarction (MI) and which mechanisms may explain the association. We aim to explore this association using data from a prospective, population-based cohort with unprecedented sample size, and broad geographical coverage.

Methods: In this study, 377,340 participants from the UK Biobank were included.

Results: It was shown that 4,059 MI occurred during a median 8.0 years follow-up. Using group (<1 km) as reference, group (20–50 km) was associated with a lower risk of MI (hazard ratio, HR 0.79, 95% CI 0.64–0.98) and a U-shaped relation between distance to the coast and MI was shown with the low-risk interval between 32 and 64 km (pnon−linear = 0.0012). Using participants of the intermediate region (32–64 km) as a reference, participants of the offshore region (<32 km) and inland region (>64 km) were both associated with a higher risk of incident MI (HR 1.12, 95% CI 1.04–1.21 and HR 1.09, 95% CI 1.01–1.18, respectively). HR for offshore region (<32 km) was larger in subgroup with low total physical activity (<24 h/week) (HR 1.24, 95% CI 1.09–1.42, pinteraction = 0.043). HR for inland region (>64 km) was larger in subgroup in urban area (HR 1.12, 95% CI 1.03–1.22, pinteraction = 0.065) and in subgroup of high nitrogen dioxide (NO2) air pollution (HR 1.29, 95% CI 1.11–1.50, pinteraction = 0.021).

Conclusion: We found a U-shaped association between residential distance to the coast and incident MI, and the association was modified by physical activity, population density, and air pollution.

Keywords: myocardial infarction, distance to coast, cohort, UK Biobank, association


KEYPOINTS

Question

- Proximity to the coast, an essential natural outdoor environment attribute, is positively related to self-reported general and mental health.

Findings

- We found a U-shaped association between residential distance to the coast and incident myocardial infarction (MI). The association of offshore region with incident MI was modified by total physical activity. The association of inland region with incident MI was modified by urban/rural area or nitrogen dioxide (NO2) air pollution.

Meaning

- The harmful effect of residential distance to coast on incident MI may vary with the distance of coastline and is regulated by various factors. Therefore, when possible, advice on the living environment and health should be personalized.



BACKGROUND

Natural outdoor environment attributes, such as green spaces (i.e., forests or parks), blue spaces (i.e., visible bodies of water), and coastal proximity, have long-term effects on behavior and health (1–3). Researchers have provided preliminary evidence that proximity to the coast, an essential natural outdoor environment attribute, is positively related to both self-reported general and mental health, and the beneficial effect of coastal proximity was mainly mediated by improving behavioral pathways (such as physical activity, sleep, and diet), alleviating stress, and avoiding environmental pollution (4–6). However, most of these studies are limited by a small sample size, weak geographical representation, insufficient adjustment for confounders, and unclear definition of exposure. Besides, most of the outcomes of previous reports were self-reported and not relating to specific diseases. Hence, little is known about how the residential distance to the coast is associated with the incidence of myocardial infarction (MI) and which mechanisms may explain the association.

To deal with these limitations, we explored the association between distance to the coast and incident MI using data from UK Biobank, a prospective, population-based cohort study with unprecedented sample size and broad geographical coverage.



METHODS


Study Population

UK Biobank is a large prospective cohort of middle-aged adults designed to support biomedical analysis focused on improving the prevention, diagnosis, and treatment of chronic disease, the methods and aim of which have been reported elsewhere (7). In brief, between April 2007 and December 2010, UK Biobank recruited 502,628 participants (5.5% response rate, most of whom were age 40–70 years) from the general population (8). Participants attended 1 of 22 assessment centers across England, Wales, and Scotland and completed a touch screen questionnaire, had physical measurements taken, and provided biological samples. All participants provided written informed consent, and the study was approved by the NHS National Research Ethics Service. This research has been conducted using the UK Biobank Resource under Application Number 56,925.

In the present study, we included participants with data of distance from participant's residence location to the coast (n = 440,874), excluded participants with previous cardiovascular diseases (CVDs) (coronary heart disease and stroke, n = 28,980) or cancer (n = 34,544) at baseline, leaving 377,340 participants remained for analysis (Supplementary Figure S1).



Ascertainment of Outcome

In UK Biobank, hospital admissions were identified via record linkage to Health Episode Statistics records for England and Wales and the Scottish Mortality Records for Scotland (8). Detailed information about recorded linkage procedures is available online. Incident MI, comprising fatal and non-fatal ST-segment elevation and non-ST-segment elevation MI, was defined as ICD 10 (international classification of diseases, 10th revision) code of I21, I21.4, and I21.9 recorded on hospital admission. At the time of analysis, the last recorded MI was on March 31, 2017, which was used as the censoring date for other participants if no outcome had been recorded, whichever occurred first.



Ascertainment of Exposures

Environmental indicators attributed to participants were based on home location grid references. Data on the natural environment were linked using CEH 2007 Land Cover Map data. Measures of residential greenspace were estimated for England residents using the 2005 Generalized Land Use Database for England. It provides data on land use distribution for 2001 Census Output Areas in England and is consistent with the previous related research (9, 10). Residential distance to the coast was defined as the participant's residence location to the coast according to the participant's address, measured in Kilometers (km). The Euclidean distance raster from the coastline was calculated for a small grid cell size, then values from the grid allocated to UKB point locations. Based on existing literature, distances to the coast were collapsed into five categories: 0–1 km, 1–5 km, 5–20 km, 20–50 km, and over 50 km (11). To obtain approximately equal sample sizes per category, we divided the data into five quintiles for the current analyzes.



Data on Potential Confounders and Effect Modifiers

Sociodemographic factors (age, gender, ethnicity, Townsend deprivation index, professional qualifications, income, employment, and month of recruitment), health-related variables (overall health rating, mental health, handgrip strength, family history of heart diseases, medication for aspirin, cholesterol, and blood pressure, prevalent diabetes, and hypertension at baseline), lifestyle factors (smoking status, drinking status, body mass index, total physical activity, sedentary lifestyle, sleep duration, and dietary intake), residential air and noise pollution (nitrogen oxides, nitrogen dioxide [NO2], particulate matter [PM], traffic intensity, average daytime/night sound level of noise pollution), home area population density classified as urban or rural, and greenspace (domestic garden percentage, greenspace percentage, natural environment percentage, and water percentage) were treated as potential confounders.

Age was calculated from dates of birth and baseline assessment. Qualification, average total household income, current employment status, overall health rating, mental health status, family history of heart diseases, the medication used, and sleep pattern were recorded using an electronic questionnaire completed by participants. Smoking status and drinking status were categorized into never, former and current smoker or drinker. Area-based socioeconomic status was derived from the postal code of residence by using the Townsend deprivation score (12). Dietary information was collected via the Oxford WebQ; a web-based 24 recall questionnaire developed specifically for large population studies (13). Physical activity was based on self-report by using the International Physical Activity Questionnaire short form, and total physical activity was calculated as the sum of walking, moderate, and vigorous exercise measured as metabolic equivalents (MET-h/week) (14). Grip strength was accessed through the use of a hydraulic hand dynamometer while sitting (14, 15). Total time spent in sedentary behaviors was derived from the sum of self-reported time spent driving, using a computer, and watching television. Land use regression (LUR)-based estimates of NO2, PM10, and PM2.5 for 2010 were generated as part of the European Study of Cohorts for Air Pollution Effects (ESCAPE) and link to geocoded residential addresses of UK Biobank participants (16). Noise estimates were derived from a simplified version of the Common Noise Assessment Methods in the European Union (CNOSSOS-EU) framework (17). Home area population density classified as urban or rural was derived by combining each participant's home postcode with data generated from the 2001 census from the Office of National Statistics, using the Geoconvert tool from Census Dissemination Unit. More details for each variable are available on the UK Biobank website http://www.ukbiobank.ac.uk/.



Statistical Analysis

Baseline characteristics of 377,340 participants were described as means or percentages and were compared between groups using the one-way ANOVA test, the χ2 test, and the Kruskal–Wallis test, as appropriate. We coded missing data as a missing indicator category for categorical variables, such as smoking status, and mean values for continuous variables.

The association between residential distance to coast and MI was explored using Cox proportional hazard models. The proportional hazard assumption was checked by tests based on Schoenfeld residuals. The results were reported as hazard ratios (HRs) together with 95% CIs. First, distance to the coast was treated as continuous variables, and HRs were calculated per 1 SD (26.7 km) difference in distance to the coast. Then we categorized the distance to coast into <1 km, 1–5 km, 5–20 km, 20–50 km, and ≥50 km groups and calculated the HRs for the other four groups taking the first group (<1 km) as reference. We also categorized distance to coast into quintiles (Q1–Q5) base on the sample distribution and calculated the HRs for the last four groups taking the first quintile (Q1) as reference. Models were arranged a priori to investigate the impact of incremental adjustment. Model 1 adjusted for age, gender, ethnicity, social deprivation, income, employment status, total physical activity, overall health rating, smoking, drinking status, BMI, and handgrip strength. Model 2 additionally adjusted for family history of heart diseases, medication for aspirin, cholesterol, and blood pressure, prevalent diabetes, and hypertension. Model 3 further adjusted for air pollution, noise pollution, sleep duration, dietary intake, and home area population density.

To examine the overall statistical significance and the non-linearity of the exposure, we used likelihood ratio tests. A multivariable restricted cubic spline with 3 knots was used to express the dose-response relationship. We calculated HRs for living in the offshore region (<32 km) and inland region (>64 km) using Cox-proportional hazard models with incremental adjustment separately, taking participants in the intermediate area (32–64 km) within the lowest risk interval as a reference, according to the result of the restricted cubic spline. We conducted subgroup analyses to assess potential modification effects by the following factors: sex, age, BMI, sedentary behavior, sleep duration, total physical activity, smoking status, drinking status, income, area-based socioeconomic status, mental health status, urban area, air pollution, noise pollution, and hypertension. A sensitivity analysis was also conducted to investigate the effect of removing MI occurring within the first 24 months of follow-up to reduce the possible impact of reverse causation. Effect modifiers were investigated by adding to the fully adjusted model an interaction term between exposure and each of these variables.

All analyses were performed with SPSS V26 (IBM) and Stata V15 (Stata Corporation, College Station, TX, USA). A two-sided value of p < 0.05 was considered statistically significant.




RESULTS

The baseline characteristics of the participants are summarized in Table 1. The mean value of residential distance to the coast for 377,340 participants was 45.7 ± 26.7 km. Briefly, participants who lived proximal to the coast (<1 km) were more likely to be white, retired, less social deprivation, less diabetes, more physically active, and exposed to less NO2 air pollution and traffic intensity. Supplementary Table S1 shows the characteristics of participants by quintiles (Q1–Q5) of residential distance to the coast.


Table 1. The baseline characteristics of the participants by residential distance to the coast.
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During a median of 8.0 years (3.0 million person-years) of follow-up, 4,059 cases of MI occurred. Table 2 shows the association between residential distance to the coast and incident MI. After adjusting potential confounders, no significant association with MI was observed for distance to coast as continuing variable (HR 0.98 per SD increase, 95% CI 0.95–1.02, p = 0.321). Using group (<1 km) as reference, group (20–50 km) was associated with a statistically significant lower risk of MI (HR 0.79, 95% CI 0.64–0.98, p = 0.033). When using the lowest quintile Q1 (<14.1 km) as reference, Q2 (14.1–40.2 km), and Q3 (40.2–56.4 km) were both associated with a statistically significant lower risk of MI (HR 0.86, 95% CI 0.78–0.95, p = 0.003; and HR 0.85, 95% CI 0.77–0.94, p = 0.001, respectively; p for trend = 0.586, Table 2).


Table 2. Association between distance to the coast and incident myocardial infarction (MI).
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We then applied the restricted cubic spline curve to explore potential non-linear patterns. Figure 1 shows a U-shaped relation between distance to coast and MI with a relatively lower risk interval between 32 and 64 km (p for non-linear = 0.0012). According to the curve, we divided the population into three categories: offshore region (<32 km), inland region (>64 km), and intermediate area (32–64 km). Using participants of the intermediate region (32–64 km) as a reference, participants of the offshore region (<32 km), and inland region (>64 km) were both associated with a higher risk of incident MI and HRs were 1.12 (95% CI 1.04–1.21, p = 0.004) and 1.09 (95% CI 1.01–1.18, p = 0.027) after adjusting for all confounders, respectively (Table 3).


[image: Figure 1]
FIGURE 1. The restricted cubic spline curve to explore potential non-linear patterns between distance to the coast and myocardial infarction. Km, kilometers.



Table 3. Hazard ratio for participants of offshore region and inland region with MI.
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Figure 2 shows the associations between participants living in the offshore region (<32 km) and incident MI in subgroups analyses. HR for the offshore area (<32 km) was higher in the subgroup with low total physical activity (<24 h/week) (HR 1.24, 95% CI 1.09–1.42, p = 0.001), compared with subgroups with moderate and high total physical activity (p for interaction = 0.043). Figure 3 shows the associations between participants living in the inland region (>64 km) and incident MI in subgroups stratified by potential effect modifiers. HR for the inland region (>64 km) was significantly larger in the subgroup of the urban area (HR 1.12, 95% CI 1.03–1.22, p = 0.007), compared with the subgroup of the rural area (p for interaction 0.065). Also, HR for the inland region (>64 km) was significantly larger in the subgroup of high NO2 air pollution exposure (HR 1.29, 95% CI 1.11–1.50, p = 0.001), compared with middle and low NO2 air pollution (p for interaction = 0.021).


[image: Figure 2]
FIGURE 2. The associations between participants living in the offshore region (<32 km) and incident myocardial infarction (MI) in subgroups analyses. BMI, body mass index; PM, particulate matter.



[image: Figure 3]
FIGURE 3. The associations between participants living in the inland region (>64 km) and incident MI in subgroups analyses. BMI, body mass index; PM, particulate matter.




DISCUSSION

The main finding of the current study was that residential distance to coast had a U-shaped relation with incident MI in over 370,000 individuals followed for over 3.0 million person-years and that both residents of the offshore region (<32 km) and that of the inland region (>64 km) had around 10% increase risk of MI compared with residents of the intermediate region (32–64 km) (Figure 4). Moreover, the associations of offshore region and inland region with incident MI were modified by various factors. Participants of offshore regions with low total physical activity had a higher risk of MI (increased by 24%), suggesting that this subgroup may benefit from increased physical activity. Meanwhile, participants of inland regions living in the urban area or exposed to high NO2 air pollution had a higher risk of MI (increased by 12 and 29%, respectively), suggesting that urban environment improvement and air pollution control played a crucial role in these population. The results were mostly consistent in a series of sensitivity and subgroup analyses.


[image: Figure 4]
FIGURE 4. The non-linear pattern between distance to the coast and MI. HR, hazard ratio.


Unlike previous research that commonly reported linear associations, we investigated the non-linear association of coastal proximity with disease outcome. Our findings highlight the complex and diverse associations between residential distance to the coast and incident MI. Although modifying the residential environment tends to be problematic in the short term, our findings suggest that targeting based on coastal proximity and various effect modifiers (physical activity, population density, and air pollution) could help identify high-risk individuals and provide personalized interventions for diverse populations. However, the classification of the offshore, inland, and intermediate regions was constructed for illustrative purposes; hence the cut-off values of distance to coast identified in this study cannot be simply generalized. This classification is more about raising public awareness of the residential location than about being implemented as a real-world tool. The harmful effect of residential distance to coast on incident MI may vary with the coastline's distance and is regulated by various factors. Therefore, when possible, advice on the living environment and health should be personalized.

Scientific and public interest in the role of the natural outdoor environment in preventing CVDs is growing. A tremendous body of studies has provided evidence on the associations between various outdoor environment attributes, behavioral pathways, CV risk factors, and mortality (18–21). A meta-analysis of longitudinal studies found inverse relationships between neighborhood walkability and risk factors, such as obesity, hypertension, and type 2 diabetes mellitus (20). Similarly, another meta-analysis found that more residential greenspace was associated with reduced CVD mortality (22). The links between air and noise pollution, stress, and CVDs have also been recognized (23). The previous research suggested that living near and regularly visiting the coast or other large waterbodies was associated with better general and mental health. However, most of the outcomes used were self-reported and not disease-specific (24–26). However, the association of residential distance to the coast with CVD incidence is relatively less well studied, and high-quality epidemiological evidence was too scant to draw a conclusion. To investigate this issue at a broad level of disease specificity, we set out to address the question: does the incidence of MI increase or decrease with proximity to the coast?

The results of the study were somewhat unexpected, particularly the finding that MI risk increased in coastal areas, which contradicts most of the previous studies that have shown the benefits of living near the sea. However, our study was based on sufficient confounding adjustment and subgroup analyses, and the results were reliable and consistent. One possible explanation is that the same environment attribute might have diverse effects on cardiometabolic risk factors and different population subgroups. For example, whereas high population density might help improve the weight status through better availability of physical activity destinations and healthy food options, high population density might also have adverse effects on airway and CVD through more exposure to air pollution. Similarly, a previous study showed that individuals living in the <1 km coastal category had an average a 4 nmol/l higher vitamin D status compared to those living inland through increased solar irradiance, which can provide benefits in terms of vitamin D status but may also pose a risk due to higher skin cancer rates (27). Examining single environmental attributes with multiple behaviors and risk factors in single studies can provide insights into the differential effects of the natural environment on CVD. Further interdisciplinary research initiatives involving cardiology and urban design researchers must disentangle the complex relationships between the residential coastal distance and CVD.

Strengths of this study include its prospective design, a large sample size with harmonized exposure, health, and covariate data. We could adjust for a wide range of health, demographic, behavioral, and environmental confounders. The possibility of confounding was dealt with through statistical adjustment for a wide range of covariates, such as health, demographic, behavioral, and ecological confounders, and a series of sensitivity analyses. This study has several limitations. First, we were not able to consider the impact on the exposure of residential changes during follow-up, which will contribute to misclassification of long-term exposure relevant to the development of MI. These misclassifications are believed to be non-differential for cases, and non-cases likely bias the risk estimates toward the null. Second, as is the case for any observational study, residual confounding is always possible, and associations may not imply causation. We cannot rule out the possibility of residual confounding by other unaccounted factors, such as coastal climate, humidity, and sun exposure. Third, the UK Biobank represents the general population for age, sex, ethnicity, and deprivation within the age range recruited but is not representative in other regards, which may indicate a healthy volunteer selection bias. While this limits the ability to generalize prevalence rates, it should be possible to generalize the estimates of the associations' magnitude. Forth, the offshore, inland, and intermediate regions were constructed for illustrative purposes rather than as a tool ready for implementation. The cut-off values of distance to coast (32 km, 64 km) have not been validated.



CONCLUSIONS

The study found a U-shaped association between residential distance to the coast and incident MI. Moreover, the association of offshore region with incident MI was modified by total physical activity. The association of inland region with incident MI was limited by urban/rural area or NO2 air pollution. Our findings highlight the complex and diverse associations between residential distance to the coast and incident MI, and residential advice should be personalized.
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Background: Monocytes and eosinophils are involved in intracoronary inflammatory responses, aggravating coronary artery plaque instability and in-stent restenosis (ISR).

Aims: To investigate an early prediction of ISR in patients undergoing stenting by circulating monocytes and eosinophils.

Methods: The single-center data of patients undergoing successful drug-eluting stents (DES) implantation from January 1, 2017 to April 30, 2020 were retrospectively analyzed. Of the 4,392 patients assessed, 140 patients with restenosis and 141 patients without restenosis were enrolled. A scheduled postoperative follow-up was proceeded in four sessions: 0–3 months, 3–6 months, 6–12 months, and >12 months. The hematological and biochemical measurement was collected. The angiographic review was completed within two postoperative years.

Results: Significant associations of monocyte count and percentage with ISR were evident [odds ratio (OR): 1.44, 95% CI: 1.23–1.68, P < 0.001; OR: 1.47, 95%CI: 1.24–1.74, P < 0.001, respectively], which began at 3 months postoperatively and persisted throughout the follow-up period. Eosinophil count and percentage were associated with ISR (OR: 1.22, 95%CI: 1.09–1.36, P = 0.001; OR: 1.23, 95%CI: 1.07–1.40, P = 0.003, respectively), with ISR most significantly associated with the baseline eosinophils. The receiver operating characteristic (ROC) curve analysis showed that the cutoff points of monocyte count and percentage in the ISR prediction were 0.46× 109/L and 7.4%, respectively, and those of eosinophil count and percentage were 0.20 × 109/L and 2.5%, respectively.

Conclusion: This study, with a long-term follow-up, first provides evidence that the elevated monocytes at three postoperative months and baseline eosinophils may be strong early predictors of ISR after drug-eluting stent implantation. Persistent elevation of monocytes may also be a signal of ISR after percutaneous coronary intervention (PCI).

Keywords: monocyte, eosinophil, in-stent restenosis, drug-eluting stent, coronary heart disease


INTRODUCTION

Although percutaneous coronary intervention (PCI), a widely-prescribed treatment for symptomatic coronary disease, has proven effective, in-stent restenosis (ISR) remains a clinical challenge. It may result in repeated revascularization and poor long-term prognosis for afflicted patients, despite the reduced neointimal hyperplasia and incidence rate of <10% due to the emergence of drug-eluting stents (DES) (1, 2).

As a key feature of atherosclerosis, inflammation represents a well-known pathogenic mechanism underlying both coronary plaque progression and instability and adverse events following stent implantation. Available evidence suggests that effector cells of allergic inflammation such as eosinophils, as well as classic inflammatory cells, including monocytes, macrophages, lymphocytes, and neutrophils, play an important role in ISR (3–5).

Several studies have investigated whether laboratory parameters of complete blood count or biochemical analysis could predict ISR, but yielded inconsistent results (6–12). Moreover, previous studies only employed bare-metal stent (BMS) and blood samples from the peri-interventional period and did not supplement with a dynamic follow-up. In the current study, we monitored the serial changes of monocytes and eosinophils by a simple blood draw after stent implantation, attempting to investigate whether circulating monocytes and eosinophils can identify the ISR in those patients undergoing stenting at an early phase.



METHODS


Study Population

Patients, who had been diagnosed with stable angina pectoris or acute coronary syndrome and underwent successful DES implantation during January 1, 2017 and April 30, 2020, were enrolled at the Affiliated Union Hospital of Fujian Medical University. The excluding criteria were as follows: no follow-up coronary angiography (CAG) within 2 years after PCI, requiring PCI for other vessels at the follow-up visit, severe hepatic and renal diseases, thyroid disease, malignancy, allergic diseases, hematological disorders, immunological disorder, and active infection. ISR referred to the plaque within 5 mm of the edge of the stent after PCI and had stenosis >50% (13). Of the 4,392 patients who underwent PCI during this study period, 140 patients with restenosis met the inclusion criteria, and 141 patients without restenosis in the same period were selected randomly as controls. Patients were advised to return for scheduled postoperative follow-up analysis during 4 periods: 0–3 months, 3–6 months, 6–12 months, and >12 months.

The study protocol observed the recommendations of the Declaration of Helsinki on Biomedical Research involving human subjects and was approved by the institutional ethics committee of Fujian medical university Union Hospital (Ethics approval number: 2021KY080). The written informed consent was obtained from all study participants.



Measurements of Blood Parameters

Blood samples were collected during the clinical visit. Specimens were used for hematological and biochemical measurement. Total white blood cells and each fraction were measured with an automated hematology analyzer (Sysmex XN2000, Japan). Plasma total cholesterol, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, triglyceride, apolipoprotein A, apolipoprotein B, creatinine, and uric acid were analyzed in fasting blood samples with an automatic biochemical detector (Cobas 8000, Roche, Germany). High-sensitivity C-reactive protein was determined by immune turbidimetry with an analyzer (Beckman immage800, USA). HbA1c, as a marker of glycemic control level, was detected on a glycosylated hemoglobin analyzer (Sysmex G7, Japan). Serum homocysteine (HCY) was quantified by the chemiluminescent method with Architect i2000sr (Abbott, USA).



In-stent Restenosis Assessment

For all patients, the PCI procedure and the implantation of DES were performed according to the PCI guideline. For patients without clinical contraindications, coronary angiography was routinely performed within the 2-year follow-up. Angiograms were analyzed with a validated quantitative coronary angiography system (Philips UNIQ FD20, Holland). Angiographic restenosis was defined as percent diameter stenosis >50% during the follow-up and the patients were accordingly divided into the ISR and non-ISR groups.



Statistical Analyses

The essential characteristics and the hematological and biochemical indices were compared between postoperative in-stent restenosis (ISR) and non-ISR group. The continuous variables with approximately normal distribution were presented as mean and SD, and compared by independent samples t-test; continuous variables with skewed distribution were described as median (25th, 75th percentiles) and compared by Mann-Whitney U-Test; categorical variables were described as the frequency with percentage and compared by the Chi-square test.

As it is a case-control study design with longitudinal repeated measurements of hematological and biochemical indices, we applied mixed-effect logistic regression in the generalized linear mixed model family to examine the associations of each hematological and biochemical parameter with the risk of ISR. The follow-up month (times of repeated measurements) was included as a random intercept in the model to account for the within-subject correlation, and individual essential characteristics at baseline (age, sex, BMI, smoking status, chronic diseases of hypertension, or diabetes mellitus) as fixed effects to adjust the between-subject confounders (14, 15).

In order to evaluate whether the main hematological indices (monocyte and eosinophil count/percentage) have an early prediction of ISR or not, we conducted a follow-up period-specific analysis. The logistic regression in the generalized linear model family was applied to examine the risk of ISR associated with each of the main hematological indices during each follow-up period, with the individual essential characteristics adjusted.

The optimal cutoff points for monocyte and eosinophil count/percentage in the prediction of ISR were identified according to the receiver operating characteristic (ROC) curve analysis (16). The optimal cutoff points were then used to categorize monocyte and eosinophil count/percentage into low and high levels, respectively, and examine their joint effect and potential biological interaction (17). The predictive values of monocyte and eosinophil count/percentage were also evaluated by the area under the ROC curve (AUC) (18).

All analyses were conducted within the R statistical environment version 3.5.3 using the “lme4” package for generalized mixed effect model, and “cutpointr” and “ModelGood” packages to identify the optimal cutoff point and to obtain ROC curves based on the logistic regression (19).




RESULTS

The comparison of clinical characteristics between the ISR and non-ISR groups was summarized in Table 1.


Table 1. Data description of basic characteristics and main hematological and biochemical indices between postoperative in-stent restenosis (ISR) and non-ISR group*.
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The effect estimates were presented as the odds ratio (OR) of ISR with the 95% CI associated with an interquartile range (IQR) increment of each hematological and biochemical index. We observed the statistically significant associations of ISR with monocyte and eosinophil count and percentage, respectively (Table 2). The OR of ISR was 1.44 (95%CI: 1.23–1.68, P < 0.001) per IQR increase of monocyte count (0.21 × 109/L) and 1.47 (95%CI: 1.24–1.74, P < 0.001) per IQR increase of monocyte percentage (2.42%). The follow-up period-specific analysis (Table 3) showed that significant associations began at 3 months after the operative intervention and persisted throughout the following observation period, which suggests an early prediction of ISR by monocytes. Meanwhile, the OR of ISR was 1.22 (95%CI: 1.09–1.36, P = 0.001) per IQR increase of eosinophil count (0.13 × 109/L) and 1.23 (95%CI: 1.07–1.40, P = 0.003) per IQR increase of eosinophil percentage (2.00%). The most significant association between ISR and eosinophils occurred at baseline and lasted for about 1 year, supporting the early prediction of ISR by eosinophils. The mean levels of monocytes and eosinophil percentage and count at each follow-up period between ISR and non-ISR groups supported the above-mentioned observations (Figure 1). Besides, lower high-density lipoprotein cholesterol (OR = 0.8, 95%CI.67–0.95, P = 0.012) and higher HbA1c (OR = 1.28, 95%CI 1.03–1.60, P= 0.025) raised the ISR risk. Other parameters did not show a significant correlation with ISR (Table 2).


Table 2. OR (95%CI) of ISR associated with per interquartile range (IQR) increment of each hematological and biochemical index*.
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Table 3. OR (95%CI) of ISR associated with per interquartile range (IQR) increment of each hematological index during the follow-up period*.
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FIGURE 1. The changes of monocyte and eosinophil count (109/L) (A,C) and percentage (%) (B,D) during the follow-up months between ISR and non-ISR groups.


The ROC and AUC were employed to explore the diagnostic value of monocyte and eosinophil count and percentage in ISR prediction. On ROC analysis, the optimal cutoff points were identified as 0.46 × 109/L and 7.4% for monocyte count and percentage, respectively (AUC: 74%, 95% CI: 71.1–77%, P < 0.001; AUC: 73.7%, 95% CI: 70.7–76.6%, P < 0.001). The optimal cutoff points were identified as 0.20 × 109/L and 2.5% for eosinophil count and percentage, respectively (AUC: 73.5%, 95% CI: 70.5–76.5%, P < 0.001; AUC: 73.4%, 95% CI: 70.4–76.3%, P < 0.001) (Figure 2).
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FIGURE 2. Predictive values of monocyte and eosinophil count (109/L) and percentage (%) for the risk of ISR, respectively, by ROC curve analysis (Models are adjusted for individual basic characteristics, including age, sex, BMI, smoking status, chronic diseases of hypertension and diabetes mellitus, and follow-up time. AUC: area under the curve with 95% confidence interval).


Furthermore, we observed the joint effect of monocyte and eosinophil count and percentage on the risk of postoperative ISR. The value beyond the cutoff points was defined as high levels. When both monocyte and eosinophil count and percentage were high (OR of ISR: 3.04, 95%CI: 2.06–4.49, P < 0.001 for the joint count; OR of ISR: 3.06, 95%CI: 2.08–4.51, P < 0.001 for joint percentage), the risk of ISR was higher than that of a single index (Table 4).


Table 4. The joint effect of monocyte and eosinophil Count or percentage on the risk of postoperative in-stent restenosis (ISR).
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DISCUSSION

Inflammation is an important player both for the initiation and progression of coronary artery disease and for coronary plaque instability. Moreover, experimental studies have demonstrated that local and systemic inflammation may promote neointimal proliferation, which serves as the leading mechanism involved in the pathogenesis of ISR.

Classic inflammatory cells such as monocytes have been demonstrated to infiltrate into and accumulate to the stenting site, secreting numerous growth factors, cytokines and promoting the migration and proliferation of vascular smooth muscle cells (SMCs) to the subendothelial space. Some studies believe that the activated monocytes may differentiate into the neointimal SMCs, becoming a component of the neointima (6, 20). Hong YJ and Fukuda D et al. reported that circulating pre-interventional monocyte count may be related to in-stent neointimal volume (6, 7). But no serial blood parameters have been monitored in these studies. Intimal hyperplasia after BMS usually peaks between 6 months−1 year, after which a quiescent period resumes (21, 22); however, this typically occurs earlier within 6 months of stenting in DES (23, 24). Different from previous studies, our results indicate that monocyte count and percentage within 3 months after stent implantation had no predictive value for restenosis. The increase of monocytes in both groups may be related to plaque rupture, inflammation activation, and endothelial repair after stenting. Significant associations of ISR with monocyte percentage and count began at 3 months and lasted for more than 1 year, which suggests the strong early prediction of ISR by monocytes. The optimal cutoff points of monocyte count and percentage were 0.46 (109/L) and 7.4%, respectively.

Besides classic inflammation, mounting evidence derived from both experimental and clinical studies suggests an important, yet under-recognized, role for effector cells of allergic inflammation in both the pathogenesis of coronary artery disease and adverse events following stent implantation. Eosinophils may promote thrombus formation, endothelial damaging and coronary plaque instability (5). The metal stent struts and the polymer may trigger local recruitment and activation of allergic inflammation. Histopathologic studies showed that eosinophils were observed to infiltrate into DES at a higher concentration when compared with BMS (25, 26). These findings suggest that allergy-mediated inflammation plays a greater role in DES-related ISR.

Eosinophil count, in epidemiological studies, has been associated with future ischemic heart disease (IHD) (27). Eotaxin, a potent eosinophil chemokine, has been involved in an increased coronary atherosclerotic burden (28) and the baseline serum levels of ECP, a sensitive marker of eosinophil activation can predict the clinical outcome after the implantation of first-generation DES (29). Inconsistencies still arise with regards to the association between eosinophil count and ISR. Hajizadeh R et al. reported that blood eosinophil count measured 6 weeks after PCI has a significant association with the development of ISR within 6-month after DES implantation (30). However, Verdoia M et al. argued that eosinophils levels are not independently associated with the prevalence and extent of coronary artery disease (31).

Different from the above findings, we demonstrated a higher prevalence of ISR in patients with a blood eosinophil count >0.20 (109/L) and a percentage >2.5% (P = 0.001, P = 0.003 respectively) at baseline. In the supplementary materials, we furthermore analyzed the changes of eosinophils in two groups before and after operation separately. The levels of postinterventional eosinophils in ISR and non-ISR groups were both higher than those at baseline, with the increase in the ISR group significantly greater than that in the non-ISR group (Supplementary Figure 1). This result supports the induction of allergic inflammation after stenting. For the insignificant association between ISR and postinterventional eosinophil count and percentage, a possible explanation may lie in the relatively small sample size. Accordingly, our results show that enhanced eosinophilic activation at baseline or post-intervention may possess an early predictive value for ISR.

We also confirmed that low HDL cholesterol increased ISR rates, which is consistent with the finding that HDL cholesterol enhances stent biocompatibility (32). Similar results have also been reported in patients with diabetes with coronary heart disease and carotid artery stents implantation (33, 34).

Diabetes mellitus (DM) has been consistently found to be an independent risk factor for poor outcomes following PCI in several previous studies (35). Although the introduction of DES reduces the restenosis rates, diabetic patients as a group continue to experience poor outcomes (36). Although with currently available therapies, some believe that DM is not a risk factor for poor outcomes following DES (37, 38), in our study, HbA1c is still an independent risk factor for ISR, which is in agreement with most previous studies.

In conclusion, our study demonstrates that circulating monocytes at 3 months after DES implantation and baseline eosinophils can strongly predict the risk of ISR. Persistent elevation of monocytes also may be a signal of ISR after PCI. Lower high-density lipoprotein cholesterol and increased HbA1c are significantly associated with ISR. Persistent elevation of monocytes also may be a signal of ISR after PCI.
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Aims: Chronic total occlusion (CTO) percutaneous coronary intervention (PCI) is characterized by a low success rate and an increase in complications. This study aimed to explore a new and simple classification method based on plaque composition to predict guidewire (GW) crossing within 30 min of CTO lesions.

Methods: This study consecutively enrolled individuals undergoing attempted PCI of CTO who underwent coronary computed tomographic angiography (CCTA) within 2 months. Lesions were divided into soft and hard CTO groups according to the necrotic core proportion.

Results: In this study, 207 lesions were divided into soft (20.3%) and hard CTO (79.7%) groups according to a necrotic core percentage cutoff value of 72.7%. The rate of successful GW crossing within 30 min (57.6 vs. 85.7%, p = 0.004) and final success (73.3 vs. 95.2%, p = 0.001) were much lower in the hard CTO group. For patients with hard CTO, previous failed attempt, proximal side branch, bending > 45 degrees calcium ≥ 50% cross-sectional area (CSA), and distal reference diameter ≤ 2.5 mm were demonstrated to be associated with GW failure within 30 min. For patients with soft CTO, only blunt entry was proved to be an independent predictive factor of GW failure within 30 min.

Conclusions: Grouping CTO lesions according to the proportion of necrotic core is reasonable and necessary in predicting GW crossing within 30 min. A soft CTO with a necrotic core is more likely to be recanalized compared with a hard CTO with fibrous and/or dense calcium. Different plaque types have variable predictive factors.

Keywords: chronic total occlusion, percutaneous coronary intervention, computed tomographic angiography, plaque composition, coronary artery disease


INTRODUCTION

A coronary chronic total occlusion (CTO) is generally accepted as 100% occlusion of a coronary artery for a duration ≥ 3 months. Approximately, one-third of coronary artery disease (CAD) is partly due to CTO lesions that are identified by coronary angiography (1). CTO was once treated as the last frontier of interventional cardiology because of its lower success rate and higher risk of complications. Nevertheless, continuous efforts have been made to increase the success rate of CTO percutaneous coronary intervention (PCI) in view of numerous clinical benefits, including reduced angina pectoris, increased ventricular function, and improved quality of life (2, 3).

In the past few decades, the rate of successful CTO PCI has steadily increased due to the development of equipment, progression of technology, and accumulation of operation experience. Meanwhile, several systems were developed to determine the grade of difficulty likely to be encountered in CTO PCI (4–9), using scoring systems helped in selecting the appropriate candidates and optimizing treatment strategies. However, subsequent validation trials have revealed that the predictive values of existing models are unsatisfactory (10). Patients with low scores indicating low difficulty always experience failed procedures and vice versa. We thus assume that some potential factors significantly influence CTO PCI outcomes.

Plaque compositions vary with CAD type and are significantly associated with prognosis (11). CTO pathophysiology revealed that plaque composition with the gradual replacement of cholesterol and foam cells with fibrous and calcification may be an important factor associated with the feasibility of passaging the occlusion with a wire (12). However, previous scoring systems only considered the impact of calcification and disregarded other components. Coronary computed tomographic angiography (CCTA) is a useful diagnostic tool for the analysis of coronary plaques (13). Therefore, this study aimed to explore a new classification method based on CCTA derived plaque composition to predict the guidewire (GW) crossing within 30 min of CTO lesions.



MATERIALS AND METHODS


Study Design and Population

We retrospectively enrolled consecutive patients undergoing attempted PCI of invasive coronary angiography (ICA) confirmed CTO with a CCTA performed within 2 months before ICA in the time period between September 2015 and September 2019 from two high volume centers (Beijing Anzhen Hospital and Beijing Friendship Hospital, Beijing, China). CTO was defined as Thrombolysis in Myocardial Infarction (TIMI) flow grade 0 in a native vessel and estimated to have lasted for at least 3 months according to the first onset of angina pectoris, previous history of myocardial infarction, or comparison with a prior angiogram. All enrolled candidates had either typical angina symptoms or functional tests that demonstrated myocardial ischemia.

The percutaneous coronary intervention was performed by experienced interventional cardiologists with a minimum of 50 CTO cases per year. The interventional strategies, including GW selection and crossing approach, were left to the discretion of the operator. Except for CTO vessels that were supplied only by ipsilateral collaterals, the use of bilateral injection was essential. Crossing wires were selected in a step-up approach beginning with soft polymeric wires and then stiff flat or tapered wires. Antegrade approaches including the manipulation of stiff wires and parallel wire technique as well as retrograde approach were used.

The primary endpoint was a successful GW crossing through the CTO lesion within 30 min as described in the J-CTO trial (4). Furthermore, GW crossing at any time was set as a secondary outcome. The study protocol was approved by the Institutional Review Boards of Beijing Anzhen Hospital (2020070X) and Beijing Friendship Hospital (2020-P2-228-01) and was conducted according to the principles of the Declaration of Helsinki.



CCTA Protocol

Coronary computed tomographic angiography was performed within 2 months (median interval of 6 days) before ICA using a dual-source CT scanner (Somatom Definition FLASH, Siemens Healthcare, Germany) or a 256-slice CT scanner (Revolution CT, General Electric, MA, USA). For the prospectively ECG-triggered CCTA, the patients with body mass index (BMI) < 24 kg/m2 were scanned at 100 kV, and those with BMIs of ≥ 24 kg/m2 were scanned at 120 kV. The tube current was regulated by automatic exposure control. The acquisition window was performed within the 70% R-R interval for heart rates (HR) of < 60 bpm, 40–70% R-R interval for HRs of 60–80 bpm, and 30–40% R-R interval for HRs of > 80 bpm. Bolus-tracking was conducted by placing the region of interest in the root of the aorta, and images were automatically acquired 6 s after a predefined threshold of 100 Hounsfield units (HU) was reached. The scanning range was set from the tracheal bifurcation to 1 cm below the diaphragm. The contrast agent was injected with a dual-head power injector (Stellant D, Medrad, PA, USA) through an 18–20-gauge intravenous needle placed in the right antecubital vein. Then, 50–70 ml of contrast agent (Ultravist, 370 mg iodine/ml, Bayer, Germany) were injected, followed by 30 ml of saline as a bolus chaser with an injection rate of 4.5–5 ml/s for all phases.



CCTA Analysis

Image quality was assessed by the two experienced radiologists based on trans-axial images following the Society of CCT guidelines.

A separate commercial software with a semi-automated 3-dimensional contour detection algorithm (QAngio CT Research Edition version 3.1.4, MEDIS Medical Imaging Systems, Leiden, the Netherlands) was used to quantify CTO lesion metrics. Predefined fixed intensity cutoff values on the HU were selected to assess the plaque constitution. Currently, different cut-off values are available in the literature, which is obtained by comparing CTA with intravascular ultrasound virtual histology (IVUS VH) or histological examination. For the current analysis, the fixed HU cut-off values used for classifying were: dense calcium (>350 HU), fibrous (131–350 HU), fibro-fatty (76–130 HU), and necrotic core (−30 to 75 HU). These values were initially based on the paper by Brodoefel et al. (14) and empirically optimized using three representative training sets. The volume and proportion of each component were calculated.

Coronary tree lumen and wall were automatically extracted and manually corrected when necessary. All CTO characteristics were retrieved. Multiple occlusion was defined as at least two completely interrupted contrast media opacities with an interval of at least 5 mm. Stump morphology was categorized as tapered or blunt. Proximal side branch was defined as any side branch within 3 mm near the entrance. Bending was recognized as the presence of at least one bend of >45 degrees throughout the occlusion route. Severe calcium was defined as the presence of high-density plaque involving ≥50% of the vessel cross-sectional area (CSA). Additionally, occlusion length and proximal and distal vessel diameters were analyzed quantitatively. Occlusion length was then categorized as either <20 or ≥20 mm. CT-RECTOR, KCCT, and CTA J-CTO scores for each individual CTO were then calculated.



Coronary Angiography and PCI Procedure Analysis

Coronary angiographic analyses were conducted by the two experienced cardiologists blinded to the results from clinical characteristics and CCTA. Angiographic variables, including target vessel, multiple occlusions, ostial CTO, blunt entry site, side branch, bending, calcification, occlusion length, bridging collaterals, the degree of retrograde collaterals according to the Rentrop classification, and severe proximal and distal vessel diseases, were determined as previously described. Procedural indexes were retrieved, including access site, guiding catheter size, retrograde approach, over-the-wire balloon support, GW numbers, and procedure outcomes. J-CTO and PROGRESS-CTO scores were then calculated according to previous studies.



Statistical Analysis

Continuous variables were described as the mean and SD or median with interquartile range (IQR). The Student's t-test or the Mann–Whitney U-test was used to assess differences in continuous variables among groups. Categorical variables were expressed as absolute numbers and frequencies (%) and were compared with Pearson's chi-squared test or Fisher's exact test. As calcium and fibrous were both considered to be hard compositions, the receiver operating characteristic (ROC) curve of necrotic core percentage was generated, and the cutoff value was used to divide the patients into soft or hard CTO groups. Kaplan–Meier analysis was performed to compare outcomes between groups. A Log-rank test was adopted to compare rates of endpoints. To explore the risk factors associated with successful GW crossing of the CTO within 30 min, we performed multivariate regression using the overall, soft, and hard cohorts. Independent variables were selected to develop a prediction model for hard CTOs. The difficulty score for each hard CTO lesion was calculated by assigning points for each factor and then summing all points. The performance of the prediction model was assessed by the ROC curve. All analyses were performed using SPSS 21.0 (IBM Corp., Armonk, NY, USA). Differences obtained using a two-tailed test and p < 0.05 were deemed statistically significant.




RESULTS


Clinical Characteristics

A total of 201 patients (207 lesions) were enrolled. A ROC curve of necrotic core percentage was generated, and the cutoff value of 72.7% was used to divide the patients into soft or hard CTO groups. Lesions with the necrotic core proportion of ≥72.7% of the entire CTO plaque were defined as soft CTO (n = 42), whereas those with < 72.7% were defined as hard CTO (n = 165). Figure 1 shows how the CTO classification system works. No differences in baseline clinical characteristics, including age, sex, smoking history, and medical histories, were observed (Table 1). Most of the patients were attempted for the first time PCI (86.5%).


[image: Figure 1]
FIGURE 1. Chronic total occlusion (CTO) classification system.



Table 1. Baseline clinical characteristics.
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Coronary Angiographic Characteristics

The most common target vessel for both groups was the right coronary artery (RCA) (Table 2). No obvious difference in plaque characteristics was detected except for calcium (4.8 vs. 26.1%, p = 0.003). Only two (4.8%) soft CTOs had calcium. Patients with hard CTO underwent the retrograde wiring approach more frequently (11.5 vs. 0%, p = 0.045) and consumed more guiding wires (3.8 ± 2.0 vs. 3.0 ± 1.2, p = 0.016). However, the rate of successful GW crossing within 30 min (57.6 vs. 85.7%, p = 0.004) and final success (73.3 vs. 95.2%, p = 0.001) was much lower in the hard CTO group. The difference was observed beginning at about 13 min (Figure 2). Eventually, stents were implanted in 36 (85.7%) lesions of the soft CTO group and 116 (70.3%) of the hard CTO group. Figure 3 shows representative cases of plaque compositions and GW crossing outcomes.


Table 2. Angiographic and procedural characteristics.
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[image: Figure 2]
FIGURE 2. Kaplan–Meier curves of successful 30 min (left) and final (right) guidewire (GW) crossing in patients with soft and hard CTO.



[image: Figure 3]
FIGURE 3. Two representative cases showing plaque compositions and guidewire (GW) crossing outcomes. Lesion (A) was a right coronary artery (RCA) lesion with soft CTO (80.7% necrotic core, 17.4% fibrous fatty, 1.6% fibrous, and 0% dense calcium) and the GW was successfully passed at 20 min. Lesion (B) was a left anterior descending artery (LAD) lesion with hard CTO (46.4% fibrous, 21.9% dense calcium, 17.8% fibrous fatty, and 13.5% necrotic core) and the GW was failed to be advanced cross the CTO.




CCTA Characteristics

In terms of characteristics detected by CCTA, the proximal reference vessel diameter in lesions with hard CTO was much larger (3.0 ± 0.7 vs. 2.8 ± 0.7, p = 0.013) (Table 3). Hard CTO was more likely to characterized by blunt stump at the entry (39.4 vs. 21.4%, p = 0.030), proximal side branch (35.8 vs. 14.3%, p = 0.007), and calcification (p < 0.001).


Table 3. Computed tomographic characteristics.
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Risk Scoring Systems

We compared the current predictive scores between the soft CTO and hard CTO groups (Table 4). The J-CTO, KCCT, and PROGRESS-CTO scores were similar between the two groups. CT-RECTOR (1.8 ± 1.2 vs. 1.2 ± 0.9, p = 0.002) and CTA-J CTO (1.6 ± 1.3 vs. 0.8 ± 0.9, p < 0.001) were much higher in the hard CTO group. The predictive values of each scoring system, as evaluated by ROC curves, are shown in Figure 4.


Table 4. Predictive assessment of different scoring systems.
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FIGURE 4. Receiver operating characteristics (ROC) curves of previous scoring systems in patients with soft CTO (left) and hard CTO (right).




Independent Predictive Factors

To investigate the independent predictors of successful 30 min GW crossing, we performed the multivariate analysis that included clinical and CCTA variables, such as age, sex, BMI, previous failed attempt, blunt stump, side branch, bending, and calcification.

For patients with hard CTO, conventional predictive factors established in the J-CTO, PROGRESS-CTO, CT-RECTOR, KCCT, and CTA-J CTO scoring systems, including previous failed attempt [hazard ratio (HR) 0.215, 95% CI 0.070–0.664, p = 0.008], proximal side branch (HR 0.250, 95% CI 0.110–0.571, p = 0.001), bending > 45 degrees (HR 0.066, 95% CI 0.020–0.218, p < 0.011), and calcium ≥ 50% cross-sectional area (HR 0.325, 95% CI 0.147–0.717, p = 0.005) were validated. Additionally, distal reference diameter ≤ 2.5 mm was proved to be associated with GW failure (HR 4.748, 95% CI 1.698–13.275, p = 0.003). For patients with soft CTO, only blunt entry was proved to be an independent predictive factor of GW failure within 30 min (HR 0.081, 95% CI 0.012–0.563, p = 0.011) (Table 5).


Table 5. Independent predictors of 30 min GW crossing CTO.
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Development of the HCTO Score

Each independent variable developed in the regression analysis was assigned an integer score. According to the beta coefficients, previous failed attempts (1.536), distal reference diameter ≤2.5 mm (1.558), proximal side branch (1.386), and calcium ≥ 50% cross-sectional area (1.124) were assigned an integer score of 1. Bending > 45 degrees (2.720) was assigned 2. For each hard CTO lesion, a total difficulty score for PCI, which is the HCTO score, was determined by summing all points. The area under the ROC curve for the HCTO score was 0.802. Figure 5 shows the relationship between the HCTO scores and successful GW crossing within 30 min. Then, the patients were categorized into 3 groups with dramatically increase in difficulty: easy (HCTO score of 0–1), intermediate (HCTO score of 2–3), and hard (HCTO score of 4–6). The success rate of CTO recanalization within 30 min for each group was 89.2, 53.5, and 5.6%, respectively.


[image: Figure 5]
FIGURE 5. Relationship between HCTO score and GW crossing within 30 min.





DISCUSSION

In this study, we innovatively divided CTO lesions into soft and hard ones based on pathological considerations, rather than calcification and non-calcification and further evaluated the impact of plaque composition on the successful GW crossing within 30 min of CTO lesions. Our study revealed that the outcomes and predictive factors in soft CTO that mainly comprised a necrotic core and hard CTO that mainly consisted of fibrous and/or dense calcium are significantly different. The majority lesions with soft CTO could be successfully recanalized, and only proximal entry morphology had an effect on the outcome. The success rate of hard CTO PCI was much lower, which was influenced by several conventional clinical and plaque characteristics. Previous studies usually classify plaques according to the degree of calcification, ignoring the other unfavorable factor for the success, fibrous. In this study, we comprehensively evaluated the compositions of CTO lesions and further established a simpler and more satisfactory classification tool. This is the main innovation of our research.

During the development of CTO therapy and experience accumulation process, numerous scoring systems have been established to predict the successful recanalization of CTO lesions, including J-CTO, CT-RECTOR, CL, PROGRESS-CTO, ORA, KCCT, and CTA-J CTO. Establishing scoring systems could effectively predict the success of CTO recanalization, accurately select appropriate patients for attempting PCI, and ultimately achieve a satisfactory immediate and long-term prognosis. However, these scoring systems exhibited moderate-level performance in predicting the technical outcome of CTO PCI (15) and experienced in our center.

A thorough understanding of CTO pathophysiology is critical to explain the phenomenon, optimize predictive models, and further develop newer techniques and technologies. In essence, most CTOs are caused by soft plaque rupture followed by thrombotic coronary occlusion and organization of thrombotic substances, while a minority of CTOs are caused by the progression of atheroma (16). Except for proximal and distal fibrous caps, the occluded segment materials were biologically active with inflammation, neovascularization, and recanalization, giving rise to different CTO compositions. Similar to non-CTO lesions in patients with stable angina, the composition of CTO lesions mainly consists of three types, namely, necrotic core, fibrous, and dense calcium (17). Previous studies exploring GW crossing predictors always focus on the severity of calcification in terms of plaque characteristics, which revealed that calcification is likely to be a predictive factor of failed GW crossing within 30 min. However, these investigations have underestimated the effect of low-density components on the success of CTO PCI, including the other unfavorable factor for the success, fibrous. This may be attributable to the limited ability of CCTA to evaluate.

Intravascular ultrasound (IVUS) is the gold standard for the diagnosis of plaque characteristics, but it is limited due to its high cost and invasive nature (18). Most importantly, IVUS could not be applied in CTO lesions with failed GW crossing. CCTA is a robust non-invasive method to analyze the presence, extent, and severity of coronary atherosclerosis with high accuracy (19, 20). Previous scoring systems, including CT-RECTOR, KCCT, and CTA-J CTO, established grading rules of CTO difficulty using CCTA indexes and provided a more accurate non-invasive tool for predicting the time-efficient GW passaging and final procedure success (21, 22). In our study, J-CTO and PROGRESS-CTO scores were similar between soft CTO and hard CTO groups, whereas CT-RECTOR and CTA-J CTO scores were much higher in the hard CTOs, indicating that CCTA derived scoring systems are more likely to distinguish lesion characteristics, including plaque compositions, compared with ICA derived parameters.

Recent advances in CCTA technology have enabled us to better understand the pathophysiology of coronary atherosclerosis and its association with future CVD risk by providing additional coronary atherosclerosis information, such as plaque characteristics and volumes (23, 24). In our study, non-invasive plaque compositions were analyzed based on the CCTA data using the semi-automated plaque analysis software, which has been used in previous studies (25, 26). We divided the patients into soft and hard CTO groups according to the percentage of the necrotic core. Thus, patients with hard CTO were mainly composed of fibrous and/or calcified plaques. This grouping method fully considered the impact of low-density non-calcified plaques.

According to our analysis, conventional predictive factors, including previous failed attempts, proximal side branch, bending, calcification, and distal reference diameter were confirmed in patients with hard CTO. It is worth mentioning that our study complemented previous observations by introducing a novel predictor distal reference diameter. Yamamoto et al. (27) showed that CTO lesions with positive remodeling apparently have unstable plaques, such as lipid-rich plaque, macrophages, and underlying plaque morphology of plaque rupture or attenuated plaque. This explained why greater distal vessel diameter is associated with an increased GW passage. Even though a blunt stump has been frequently reported as a significant prognostic factor for PCI failure in previous angiographic research, it was not an independent predictor of GW outcome in the hard CTO group. Interestingly, for patients with soft CTO, only entry morphology was proved to be a predictive factor of GW failure within 30 min. The blunt entry was proved to be the single risk factor of failed GW 30 min success. Other characteristics of the CTO segment are irrelevant.

Our study provided a novel approach for the preoperative evaluation of CTO PCI. Based on the above results, further evaluation of CTO lesions should be altered by first analyzing plaque compositions using non-invasive CCTA. Complete assessment of CTO lesion by adding plaque composition analysis to the conventional predictive factors would optimize the treatment strategies of CTO lesions.

Grouping CTO lesions according to the proportion of necrotic core is reasonable and necessary in predicting the GW crossing within 30 min. A soft CTO with a necrotic core is more likely to be recanalized compared with a hard CTO with fibrous and/or dense calcium. Different plaque types have varying predictive factors.

Several limitations of this study need to be addressed. First, the retrospective nature of our study may potentially result in biases. Second, the sample size is small because CCTA was not routinely performed in patients with CTO. Third, we should keep in mind that most of the lesions used an antegrade crossing approach, so the results are more suitable for a certain patient population. Therefore, the findings of our study should be considered as hypothesis-generating, with further large-scale studies warranted to confirm our findings. In addition, this classification method is mainly based on lesion composition recognition, which cannot be realized by the naked eye. This disadvantage might limit its clinical application.
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Background: First medical contact (FMC)-to-balloon time is associated with outcome of ST-elevation myocardial infarction (STEMI). We assessed the impact on mortality and the determinants of indirect vs. direct transfer to the cardiac catheterization laboratory (CCL).

Methods: We analyzed data from 2,206 STEMI patients consecutively included in a prospective multiregional percutaneous coronary intervention (PCI) registry. The primary endpoint was 1-year mortality. The impact of indirect admission to CCL on mortality was assessed using Cox models adjusted on FMC-to-balloon time and covariables unequally distributed between groups. A multivariable logistic regression model assessed determinants of indirect transfer.

Results: A total of 359 (16.3%) and 1847 (83.7%) were indirectly and directly admitted for PCI. Indirect admission was associated with higher risk features, different FMCs and suboptimal pre-PCI antithrombotic therapy.

At 1-year follow-up, 51 (14.6%) and 137 (7.7%) were dead in the indirect and direct admission groups, respectively (adjusted-HR 1.73; 95% CI 1.22–2.45). The association of indirect admission with mortality was independent of pre-FMC and FMC characteristics. Older age, paramedics- and private physician-FMCs were independent determinants of indirect admission (adjusted-HRs 1.02 per year, 95% CI 1.003–1.03; 5.94, 95% CI 5.94 3.89–9.01; 3.41; 95% CI 1.86–6.2, respectively).

Conclusions: Our study showed that, indirect admission to PCI for STEMI is associated with 1-year mortality independent of FMC to balloon time and should be considered as an indicator of quality of care. Indirect admission is associated with higher-risk features and suboptimal antithrombotic therapy. Older age, paramedics-FMC and self-presentation to a private physician were independently associated with indirect admission. Our study, supports population education especially targeting elderly, more adequately dispatched FMC and improved pre-CCL management.

Keywords: ST-elevation myocardial infarction, Pre-hospital, percutaneous coronary intervention, mortality, system delays


INTRODUCTION

Primary percutaneous coronary intervention (PCI) is the first-line treatment for ST-elevation myocardial infarction (STEMI) (1). System delays from the first medical contact (FMC) to cardiac catheterization laboratory (CCL) are associated with poor outcome (2–4) and should be reduced to the minimum (1). However, despite improved door to balloon times, within the past decades, rates of mortality seem to be unchanged in the setting of STEMI (5) and further investigations are needed to identify other pre-CCL correlates of outcome and to develop new strategies to improve outcome.

A direct admission to CCL by Pre-hospital emergency medical services (EMS) is recommended in order to reduce system delays (1, 6). Indirect admission to the CCL and the number of contacts, after the FMC, are associated with longer system delays and total ischemic time but their impact on mortality, independent of system delays remains controversial (7, 8).

The objective of our study was to investigate whether indirect admission to CCL impacted mortality independent of FMC to balloon time and other identified co-variables in patients enrolled in a STEMI networks within 24 h following symptom onset and admitted to CCL for primary PCI. We also aimed to assess the determinants of indirect admission.



MATERIALS AND METHODS


Study Design and Population

The France PCI registry is an open, ongoing prospective multicenter registry (clinicaltrials.gov#NCT02778724) including consecutive patients admitted to CCLs for coronary interventions in different French regions as described previously (9, 10). In the setting of STEMI, pre-CCL management, timelines, reperfusion strategies, antithrombotic therapy and intervention characteristics are recorded in patients' medical files and electronically transferred to the registry. In-hospital and 1-year outcomes, derived from source files and/or physical or phone contacts are recorded. The quality of the registry is guaranteed by systematic audits by study coordinators independent of each center.

The current retrospective analysis focused on STEMI patients included within 24 h after symptom onset, undergoing primary PCI between January 1st 2014 and December 31st 2016, excluding patients with out-of-hospital cardiac arrest prior to STEMI, lytic therapy, and no attempt to PCI.

FMC was defined by the first person competent to obtain and interpret the ECG and, to provide initial intervention (1). The standard of care for the management of suspected STEMI in France is the physician-on board ambulance sent to the scene. However, paramedics-on board ambulances and self-presentation to an emergency department (ED) or to a private medical doctor (MD) are other potential pathways. “Door” was defined by the time of admission in the PCI-capable hospital and “balloon” was the time of coronary lesion crossing by the first PCI guidewire or balloon. Successful PCI was defined by a visually assessed coronary diameter stenosis <30% and a thrombolysis in myocardial infarction coronary flow 3. For the purpose of the current study we defined two groups based on the pathway from FMC to CCL: direct admission (guideline-recommended pathway without admission in any other medical facility prior to CCL; e.g., transfer from scene or an ED or ward to CCL) and indirect admission (admission to another medical facility prior to CCL; e.g., private MD or EMS to non-PCI facility then to CCL).



Outcomes

The primary outcome was mortality of any cause at 1-year follow-up. Secondary outcomes included hospital discharge and 1-year mortality, cardiovascular mortality (death related to cardiovascular causes or sudden death), major bleeding defined by the bleeding academic research consortium (BARC) classification ≥ 3, Non-fatal myocardial infarction, defined by types 1, 4 and 5 based on the universal definition (11), stroke, definite/probable stent thrombosis based on the academic research consortium criteria (12) and unplanned coronary revascularization.



Statistical Analysis

Baseline data are shown as n (%) and mean ± standard deviation and compared between groups using the χ2 test and the Student's t test for categorical and continuous variables, respectively. The primary outcome and 1-year cardiovascular mortality were compared between the two groups using Kaplan-Meier curves and the log-rank test. The association between the group and the latter outcomes was assessed using un-adjusted and adjusted on FMC to balloon time (primary analysis) cox regression models with calculation of Hazard ratios (HR) and 95% Confidence intervals (CI). Other 1-year outcomes were assessed by the unadjusted Cox analyses.

Supplementary analyses were performed by adjusting the Cox models on covariables unequally distributed between the two groups with a p value < 0.1 in order to assess: 1. the impact of patient characteristics at the time of FMC; 2. The impact of pre-CCL management; 3. The concomitant impact of all latter variables 4. The impact of all latter variables and in-hospital variables.

Sensitivity analyses were conducted using the number of pre-CCL contacts as a continuous variable (1, 2, ≥3) instead of direct vs. indirect admission and total ischemic (symptom-to-balloon) time in replacement of FMC to balloon time in the latter models.

The associations between the groups and in-hospital outcomes were assessed by unadjusted and, in case of significant associations, by adjusted on FMC-to-balloon time logistic regression models with calculation of odds ratios (OR) and 95% CI.

The determinants of indirect admission to CCL were explored using a multivariable logistic regression model including all patient characteristics at the time of FMC unequally distributed between groups (p < 0.1) as well as EMS number call, type of FMC and FMC-to-balloon time. Finally, in a final exploratory analysis, we compared data between FMC groups with the MD-EMS group considered as the reference group.

All tests were two sided and a p value < 0.05 was considered as statistically significant.




RESULTS


Population Characteristics

A total of 2,760 consecutive patients were admitted during the analysis period among whom 2,206 fulfilled the inclusion criteria.

Figure 1 depicts the flow chart and pathways from the FMC to CCL. The FMC was an EMS team in 1,310 (59.4%), an ED in 601 (27.2%), a private MD in 200 (9.1%) and a physician in a hospital where patients were already admitted at the time of STEMI in 95 (4.3%) cases. A total of 359 (16.3%) and 1,847 (83.7%) were indirectly and directly admitted to CCL, respectively. The national EMS number was called directly by 1,245 (56%) patients for whom MD- or paramedics-EMS team were sent on scene in 1,090 (88%) and 110 (9%), respectively while others were directed to their MD (0.5%) or an ED (2.5%). Among the 961 (44%) patients who did not call directly the national EMS number, 95 (10%) were already hospitalized for another condition, 601 (62.5%) self-presented to an ED, 200 (20.8%) self-presented to their MD and 65 (6.7%) were referred to the EMS by their MD after a phone call.


[image: Figure 1]
FIGURE 1. Flow chart and details of first medical contact to cardiac catheterization laboratory pathways. Direct admission to catheterization laboratory appears in bold text. STEMI, ST elevation myocardial infarction; PCI, percutaneous coronary intervention; EMS, emergency medical services; ED, emergency department; MD, medical doctor; ICU, intensive care unit; Cath lab, catheterization laboratory.


Table 1 depicts patient characteristics based on direct vs. indirect admission to CCL. Compared to directly admitted patients, those indirectly transferred were significantly older (p = 0.0006) with higher rates of female gender (p = 0.01), Killip class ≥1 (p = 0.008), diabetes (p = 0.01), hypertension (p = 0.02) and, lower rates of past history of MI (p = 0.002) and PCI (p = 0.0009). FMC was less often an MD-EMS (p < 0.0001), an ED (p = 0.003) or a ward MD (p = 0.007) and more often a paramedics-EMS (p < 0.0001) or a private MD (p < 0.0001) in those indirectly transferred.


Table 1. Patient and procedure characteristics.

[image: Table 1]

The rate of patients with a FMC to balloon time < 120 min was >3 times lower (p < 0.0001) and all delays were longer (p < 0.0001) in patients indirectly transferred.

Between FMC and CCL, patients indirectly transferred to the hospital were less likely to receive intravenous anticoagulation (p = 0.01) and received more frequently clopidogrel (p = 0.002) as compared to newer P2Y12 inhibitors.

During the procedure, 2B3A inhibitors and supplementary doses of intravenous anticoagulation were more frequently used in those indirectly transferred (p < 0.0001 and p = 0.01, respectively). Angiographic findings and PCI characteristics were similar between the groups but the rates of transradial approach and successful PCI were lower in those indirectly transferred (p = 0.02 and p = 0.003).

At hospital discharge, patients indirectly transferred were more frequently on clopidogrel (p = 0.003) and less frequently on ticagrelor (p < 0.05).



Follow-Up and Outcomes

Outcome data (Table 2) were complete for all patients at hospital discharge and 2,124 (96.3%) patients at 1-year follow-up.


Table 2. Outcomes and their association with indirect vs. direct transfer.
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At hospital discharge 114 (5.2%) patients were reported dead, 32 (8.9%) in the indirect admission and 82 (4.4%) in the direct admission groups, respectively (adjusted-OR 1.84, 95% CI 1.16–2.85, p = 0.008). In-hospital cardiovascular death occurred in 26 (7.2%) and 60 (3.2%) patients in the indirect and direct admission groups, respectively (adjusted OR 2.08, 95% CI 1.25–3.36, p = 0.004). Other end points were similarly distributed between the two groups.

At 1-year follow-up 188 (9%) were reported dead, 51 (14.6%) in the indirect and 137 (7.7%) in the direct admission groups, respectively (adjusted-HR 1.73, 95% CI 1.22–2.45, p = 0.002). Cardiovascular death was reported in 35 (10%) and 83 (4.7%) patients in the indirect and direct admission groups, respectively (adjusted-HR 2.01, 95% CI 1.31–3.07, p = 0.0003). Figure 2 depicts survival and cardiovascular survival Kaplan-Meier curves. Other 1-year end points were similarly distributed between the groups. At 1-year follow-up 96 and 53% of patients remained on aspirin and a P2Y12 inhibitor, respectively. Such rates as well as the distribution of different P2Y12 inhibitors were similar between the 2 groups suggesting comparable adherence to treatment.


[image: Figure 2]
FIGURE 2. Kaplan-Meier curves for survival (A) and cardiovascular survival (B) based on direct or indirect admission to catheterization laboratory.


As shown in Table 3, the relationship between the group and, both 1-year mortality and cardiovascular mortality remained significant in models including separately pre-CCL patient (model 1) or intervention characteristics (model 2) both including FMC to balloon time. In model 3 gathering models 1 and 2, and model 4 including in-hospital variables on top of model 3, indirect admission was no more significantly associated with mortality. In the model 4, age, diabetes, Killip class ≥2, FMC to balloon time, pre-CCL P2Y12 inhibitor and anticoagulation, transradial access and successful PCI were independently associated with mortality. All such variables except diabetes, were also independently associated with cardiovascular mortality.


Table 3. Variables significantly associated with 1-year mortality and cardiovascular mortality.
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Sensitivity analyses (Supplementary Table 1) showed consistent results.



Determinants of Indirect Admission

As summerized in Table 4, age (OR 1.02 per year, 95% CI 1.003–1.03, p = 0.01), paramedics-EMS (OR 5.94 vs. MD-EMS, 95% CI 3.89–9.01, p < 0.0001) and private MD (OR 3.41 vs. MD-EMS, 95% CI 1.86–6.21, p < 0.0001) were determinants of indirect admission independent of FMC-to-balloon time and other co-variables.


Table 4. Independent correlates of indirect admission to catheterization laboratory.
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Pre-CCL Pathways

The Supplementary Table 2 and Figure 3 depict the analysis based on different pre-CCL pathways and their comparison to the MD-EMS group considered as the reference. The analysis adjusted on FMC to balloon time showed that compared to the MD-EMS group, there was an increased risk of in-hospital (adjusted-OR 1.94, 95% CI 1.10–3.31, p = 0.02) and 1 year mortality (adjusted-HR 1.62, 95% CI 1.05–2.48, p = 0.02) and cardiovascular mortality (adjusted OR 2.12, 95% CI 1.11–3.85, p = 0.02 and adjusted HR 1.85, 95% CI 1.08–3.15, p = 0.02) associated with the paramedic-EMS group.


[image: Figure 3]
FIGURE 3. In-hospital and 1-year mortality rates based on different pathways to catheterization laboratory. PCI, percutaneous coronary intervention; EMS, emergency medical services; ED, emergency department; MD, medical doctor; H, hospital.





DISCUSSION

Our study shows that indirect admission of patients to CCL, as defined by guidelines, is associated with more than twice higher risks of both in-hospital and 1-year mortality and cardiovascular mortality. Although indirect admission was associated with increased system delays, its relationship with mortality remained independent of FMC to balloon and total ischemic times. Indirect admission is associated with higher risk features at the time of FMC (older age, female gender, Killip class ≥2, diabetes, hypertension, later presentation), different FMC characteristics (lower rates of national EMS number call, higher rates of paramedics-EMS and self-presentation to ED or to a private MD), pre-CCL medication (lower rates of newer P2Y12 inhibitors and anticoagulation) and in-hospital and procedure characteristics (higher rates of GP2B3A inhibitors and anticoagulation and, lower rates of transradial approach and successful PCI). We identified older age, paramedics-EMS and private MD-FMCs as independent determinants of indirect admission. Finally, paramedics-EMS pathway was associated with higher risks of in-hospital and 1 year mortality as compared to MD-EMS.

System delays are associated with increased mortality and heart failure in the setting of primary PCI for STEMI (2, 13, 14). Based on guidelines, STEMI patients should be transferred directly to the CCL bypassing ED and intensive care units in order to shorten the FMC to balloon times (1, 6). Our study shows that although indirect admission is associated with longer FMC to balloon times, the relationship between indirect admission and mortality remains independent of FMC to balloon time. Such impact of indirect admission on mortality may be explained by several findings in our study. Pre-FMC variables such as older age, female gender, diabetes, hypertension and clinical signs of heart failure (killip class ≥2 and cardiogenic shock), known correlates of mortality were more frequently encountered in the indirect admission group (15–17). Elderly, female and diabetic patients are also more often late presenters, have delayed management and longer total ischemic time and are more likely to have STEMI complicated by heart failure and subsequent mortality (16–18). Concordantly our study shows longer symptom to FMC and total ischemic times in the indirect admission group. However as shown on our multivariable analyses, patient characteristics and longer total ischemic times are not the single explanation to the impact of indirect admission on mortality.

Among FMC-related variables, the pre-CCL medication was different between the groups with higher rates of pretreatment with clopidogrel as compared to newer P2Y12 inhibitors and lower rates of intravenous anticoagulation in those indirectly admitted. Treatment by intravenous anticoagulants and more potent P2Y12 inhibitors rather than clopidogrel is recommended, in the setting of primary PCI based on strong evidence (1). Although the benefit of a pre-CCL administration of ticagrelor as compared to its administration in the CCL on clinical outcome-except in terms of stent thrombosis- or coronary artery flow was not demonstrated in a randomized controlled trial (19), several metanalyses show a benefit of more potent P2Y12 inhibitors over clopidogrel and the benefit of Pre-procedure over per-procedure P2Y12 inhibitors in the setting of STEMI both on clinical endpoints and the quality of coronary flow restoration (20–22). Such discrepancy may be related to the very short time separating the two groups in the latter randomized trial −30′-while in real life, system delays are much longer and allow the P2Y12 inhibitors to be effective at the time of PCI. As a matter of fact a sub-analysis of the above-mentioned trial showed that ticagrelor Pre-treatment was associated with improved reperfusion in those with long transfer delays (23). Pre-CCL anticoagulation has also been reported to be associated with improved coronary flow at the time of PCI (24) especially in those with long transfer delays (23) although an effect on clinical endpoints has not been demonstrated to date. In our study both pre-CCL P2Y12 inhibitor use and anticoagulation were associated with lower rates of mortality at 1 year independent of other covariables. The suboptimal pre-CCL antithrombotic management may expose to the risk of higher thrombus burden at the time of PCI, over-exposure to GP2B3A inhibitors in routine or bail-out situations and suboptimal myocardial reperfusion. The impact of pre-CCL administration of such drugs on coronary flow, a correlate of mortality (25), is supported by our findings of lower rates of GP2B3A inhibition and supplementary anticoagulation as well as the higher rates of successful PCI in those directly admitted to the CCL and may be another explanation of the relationship between the groups and mortality.

Another explanation to the differences in pre-CCL management is the diversity of FMCs and pathways. Unlike other FMCs, private MDs and paramedics-EMS, although capable of activating the CCL, did not administer such medication and systematically required another contact. The latter types of FMC, independently associated with indirect admission in our study, are also associated with longer FMC to balloon times and, no or delayed administration of P2Y12 inhibitors and/or intravenous anticoagulation. A poor impact of presentation to a private-MD vs. EMS on system delays and outcome has been previously reported (26).

Our analysis showed that age, paramedics-EMS and private-MD FMCs were associated with indirect admission independent of FMC to balloon time and other pre-FMC variables. The French EMS targeting STEMI patients are based on a dedicated national number and an MD on board organization. However, MD-EMS were the FMC in only half of patients. In almost 10% of patients the FMC was a paramedics-EMS, and mortality rates were almost twice higher in such patients compared to those managed by MD-EMS. Higher patient risk profile (female gender and Killip class >1) and the lack of medical expertise in the paramedics-EMS potentially leading to delayed diagnosis, patient misorientation and suboptimal management may explain such finding. It is likely that in an emergency care organization based on MD-EMS, paramedic-EMS, associated with indirect admission and increased risk of mortality should be avoided. Another 10% of patients self-presented to their private MD or a non-PCI facility ED. Interestingly, compared to MD-EMS, system delays were significantly higher in all such patients but mortality rates were not higher. Such finding may be due, to a selection bias, less severe status being more likely to lead to self-presentation than EMS call.

Direct admission to CCL was also associated with higher rates of transradial approach and successful PCI both known correlates of decreased mortality in the setting of STEMI (15, 27). Although a relationship between indirect admission and lower rates of transradial approach has previously been reported (8), in absence of a plausible mechanistic explanation such finding may be considered as random. Finally, as mentioned above, the relationship between indirect admission and PCI success may be related to more optimal upfront antithrombotic therapy.


Limitations

Our study is a retrospective analysis of a prospective registry and may have several limitations inherent to such design. The impact of several known or unknown variables may have been underestimated or unassessed. The registry focuses on the peri-CCL management and antithrombotic therapy; hence the impact of other evidence-based treatments could not be assessed. Furthermore, compliance to evidence-based medication impacting outcomes was not assessed in our study. However similar 1-year rates of antiplatelet therapy suggest comparable adherence to treatment between groups. The findings are specific to the STEMI networks based on MD-EMS as a reference in mixt rural/urban regions and may not apply to other types of organizations. However, none of the latter limitations is likely to impact the main finding of the study. Finally, the multiple analyses based on different FMCs and pathways, should be considered as only exploratory.




CONCLUSIONS

Our study shows that indirect admission to the CCL for primary PCI in the setting of STEMI is associated with in-hospital and 1-year mortality and cardiovascular mortality independent of system delays. Indirect admission to CCL is not only associated with longer FMC to balloon times but also, with higher rates of high-risk patients, suboptimal pre-CCL antithrombotic therapy and lower rates of successful PCI. Among all assessed variables, older age, Paramedics-EMS and self-presentation to a private MD as FMCs were independently associated with indirect admission to CCL. Such findings in a system based on MD-EMS for the management of STEMI, underscores the potential pitfalls of such organization. Our study, highlights the need for population education especially targeting elderly patients and EMS dispatching and staff training in order to improve pre-CCL management and promote direct admission to CCL. Direct admission and optimal pre-CCL management and not only reduced system delays should be considered as STEMI network quality of care measures.
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Background: Chronic kidney disease (CKD) patients have a high prevalence of coronary artery disease and a high risk of cardiovascular events. The present study assessed the value of the CHA2DS2-VASc score for predicting mortality among hospitalized acute coronary syndrome (ACS) patients with CKD.

Methods: This was a retrospective cohort study that included CKD patients who were hospitalized for ACS from January 2015 to May 2020. The CHA2DS2-VASc score for each eligible patient was determined. Patients were stratified into two groups according to CHA2DS2-VASc score: <6 (low) and ≥6 (high). The primary endpoint was all-cause mortality.

Results: A total of 313 eligible patients were included in the study, with a mean CHA2DS2-VASC score of 4.55 ± 1.68. A total of 220 and 93 patients were assigned to the low and high CHA2DS2-VASc score groups, respectively. The most common reason for hospitalization was unstable angina (39.3%), followed by non-ST-elevation myocardial infarction (35.8%) and ST-elevation myocardial infarction (24.9%). A total of 67.7% of the patients (212/313) received coronary reperfusion therapy during hospitalization. The median follow-up time was 23.0 months (interquartile range: 12–38 months). A total of 94 patients (30.0%) died during follow-up. The high score group had a higher mortality rate than the low score group (46.2 vs. 23.2%, respectively; p < 0.001). The cumulative incidence of all-cause death was higher in the high score group than in the low score group (Log-rank test, p < 0.001). Multivariate Cox regression analysis indicated that CHA2DS2-VASc scores were positively associated with all-cause mortality (hazard ratio: 2.02, 95% confidence interval: 1.26–3.27, p < 0.001).

Conclusion: The CHA2DS2-VASc score is an independent predictive factor for all-cause mortality in CKD patients who are hospitalized with ACS. This simple and practical scoring system may be useful for the early identification of patients with a high risk of death.

Keywords: chronic kidney disease, acute coronary syndrome (ACS), CHA2DS2-VASc score, prognosis, mortality


INTRODUCTION

Chronic kidney disease (CKD) is an important contributor to morbidity and mortality from non-communicable diseases and has become a considerable public health issue (1–3). Patients with CKD have a high prevalence of coronary artery disease, and many of these patients die from cardiovascular disease, especially those with acute coronary syndrome (ACS) (4, 5). The early identification of high-risk ACS patients is important for assessing prognosis and guiding treatment. Current international guidelines recommend Global Registry of Acute Coronary Events (GRACE) scores to predict the cumulative risk of death and myocardial infarction (6, 7). However, derivations of GRACE scores are based on unselected and generalizable patients, and the calculation of GRACE scores is relatively complicated (8), which may limit its application in CKD patients, especially those with end-stage renal disease. The CHA2DS2-VASc score is used to assess the combination of congestive heart failure, hypertension, diabetes, prior stroke, vascular disease, and age. It is an easily calculated scoring system that can assess the risk of stroke in patients with atrial fibrillation (9, 10). All of these risk factors have been proven to be associated with cardiovascular prognosis. Recent studies also used CHA2DS2-VASc scores to predict poor prognosis in patients with cardiovascular disease, regardless of atrial fibrillation (11–13). The risk factors that are included in this scoring system are also common in CKD patients with coronary artery disease (5, 14). The objective of the present study was to evaluate the predictive value of CHA2DS2-VASc scores in hospitalized ACS patients with CKD.



METHODS


Study Design and Population

This was a retrospective cohort study that included CKD patients who were hospitalized for ACS from January 2015 to May 2020. We consecutively enrolled patients in the Cardiology Department, China-Japan Friendship Hospital. Cases were identified using International Classification of Diseases-Clinical Modification code 9. All enrolled patients were confirmed to have at least one major coronary artery with more than 50% stenosis, determined by coronary angiography. Data on demographics, medical history, and laboratory tests were abstracted from electronic medical records. The glomerular filtration rate was estimated according to serum creatinine and the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI). Chronic kidney disease was defined by an estimated glomerular filtration rate <60 ml/min/1.73 m2, including dialysis. Coronary reperfusion therapy included percutaneous transluminal coronary angioplasty (PTCA) ± stenting, PTCA alone, or coronary artery bypass grafting. The study conformed to the Declaration of Helsinki and was approved by the Research Ethical Review Committee of China-Japan Friendship Hospital (2020-112-K71).



CHA2DS2-VASc Score

For each patient, the CHA2DS2-VASc score was calculated at admission based on the following scoring system: (1) point for congestive heart failure, hypertension, 65–74 years of age, diabetes mellitus, vascular disease, and female sex and (2) points for ≥75 years of age and prior stroke or transient ischemia attack. We performed a receiver operating characteristic analysis that showed that the best cut-off value of the CHA2DS2-VASc score to predict mortality was ≥6 with 45.7% sensitivity and 77.2% specificity [area under curve: 0.64; 95% confidence interval (CI): 0.58–0.71, p < 0.001; Supplementary Material]. Therefore, the CHA2DS2-VASc score was classified as <6 and ≥6. The patients were not further divided into more than these two groups because of the relatively small sample size.



Follow-Up and Outcome

The primary outcome of the study was all-cause mortality, which was the rate of death from any cause from the date of admission until the occurrence of endpoint events or until the latest follow-up date (June 1–July 1, 2021). Clinical events were ascertained by longitudinally tracking patients' medical records or through telephone interviews.



Statistical Analysis

Continuous variables are expressed as the mean ± standard deviation or median and interquartile range and compared using t-tests or the Mann-Whitney U-test when appropriate. Categorical variables are expressed as frequencies and percentages and were compared using the χ2-test or Fisher's exact test. Univariate and multivariate Cox regression analyses were performed to determine risk factors for all-cause death, and the hazard ratio (HR) and 95% CI were calculated. Variables with values of p < 0.10 in the univariate analysis were included in the multivariate analysis. Time-dependent survival between groups was evaluated using Kaplan-Meier curves and the Log-rank test. Stratified analyses were performed using the following variables: age (≥65 vs. <65 years), sex, hyperlipidemia, diabetes, prior myocardial infarction, hemodialysis, main diagnosis, left ventricular ejection fraction (≥50 vs. <50%), and reperfusion therapy. Multiplicative interactions were calculated in each subgroup. All statistical analyses were performed using SPSS 27.0 software (IBM Corp., Armonk, NY, USA). Two-tailed values of p < 0.05 were considered statistically significant.




RESULTS

A total of 313 eligible patients were recruited in the study. Baseline characteristics are presented in Table 1. Among these patients, the mean CHA2DS2-VASC score was 4.55 ± 1.68. A total of 220 patients (70.3%) had a low CHA2DS2-VASc score (<6 points), and 93 (29.7%) had a high CHA2DS2-VASc score (≥6 points). The high CHA2DS2-VASC score group included patients who were older and had a higher prevalence of comorbidities, including diabetes mellitus, heart failure, and cerebrovascular disease. Patients who were diagnosed with non-ST-elevation myocardial infarction (35.8%) and unstable angina pectoris (39.3%) were more common than patients who were diagnosed with ST-elevation myocardial infarction (24.9%). Among the 313 patients, 67.7% (212) received coronary reperfusion therapy, including PTCA ± stenting (n = 187), PTCA (n = 15), and coronary artery bypass grafting (n = 10). Accordingly, in-hospital treatment was comparable between the two groups.


Table 1. Baseline characteristics in CKD patients hospitalized with ACS by CHA2DS2-VASc score.

[image: Table 1]

The median follow-up time was 23.0 months (interquartile range: 12–38 months). During the follow-up period, a total of 94 patients (30.0%) died. High CHA2DS2-VASC scores were associated with a higher risk of mortality (46.2 vs. 23.2%, p < 0.001). Kaplan-Meier curves for patients who were stratified by CHA2DS2-VASC scores are presented in Figure 1. The cumulative incidence of all-cause mortality (Log-rank test, p < 0.001) was higher in the high CHA2DS2-VASC score group than in the low CHA2DS2-VASC score group. We performed Cox univariate and multivariate analyses using the low CHA2DS2-VASc score group as the reference group. The HR for all-cause mortality was 2.49 (95% CI: 1.66–3.74, p < 0.001). After adjusting for hypertension, diabetes, prior myocardial infarction, and CKD stage, the HR of all-cause mortality was 2.029 (95% CI: 1.33–3.10, p = 0.001). The HR of all-cause mortality was largely unchanged after adding all other variables with p < 0.10 in the univariate analysis (HR: 2.027, 95% CI: 1.26–3.27, p < 0.001). The univariate analysis of factors that were related to all-cause mortality is presented in Table 2. The multivariate analyses between the CHA2DS2-VASc score group and outcomes are shown in Table 3. A significant between-group difference in outcome was found in the subgroup analyses of sex [HR: 2.94 (95% CI: 1.66–5.21) for men; HR: 1.91 (95% CI: 1.00–3.61) for women; p = 0.045]. A similar result was found for death in the subgroup analyses of hemodialysis. No significant interactions were found between the other subgroups and CHA2DS2-VASC scores for the prediction of all-cause mortality. The results of the subgroup analyses are shown in Figure 2.


[image: Figure 1]
FIGURE 1. Kaplan-Meier survival curves for all-cause mortality by CHA2DS2-VASc score.



Table 2. Cox regression analysis of factors related to all-cause mortality.
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Table 3. Adjusted hazard ratios of all-cause mortality by high CHA2DS2-VASc score (≥6 points) relative to low CHA2DS2-VASc score (<6 points).
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FIGURE 2. Predictive value of CHA2DS2-VASC score for all-cause mortality in different subgroups.




DISCUSSION

The present study found that CHA2DS2-VASC scores were associated with worse clinical outcome in CKD patients with ACS. High scores (≥6) were an independent predictor of all-cause mortality and may be useful for risk stratification. The subgroup analyses indicated that high scores were a slightly better predictor of all-cause mortality in men than in women and in patients who did not undergo hemodialysis. Compared with patients with low scores, patients with high scores were more often older and women and had a higher prevalence of comorbidities. Additionally, patients with high scores were less likely to receive reperfusion therapy in clinical practice.

Acute coronary syndrome is a common critical cardiovascular disease and primary focus of cardiologists. Benefiting from the application of stents, the mortality rate of ACS has gradually decreased over the past decade (15). Patients with coronary disease and CKD, especially end-stage kidney disease, have a very high risk of cardiovascular events (16, 17). The high rate of all-cause mortality in the present study aligns with the high-risk feature of these patients in previous studies. Despite having worse outcomes after a cardiovascular event, patients with CKD are often excluded from the majority of ACS or heart failure cardiovascular outcome trials (18). The reasons for this are likely multifactorial, such as the potential for diminished effects of medical treatment and coronary intervention in trials, complex pathophysiological mechanisms that contribute to cardiovascular disease, safety concerns, and trial recruitment difficulties (19). Therefore, clinical evidence from the general population may not be suitable for this specific patient population. The Framingham risk score is the most well-validated coronary artery disease risk prediction tool, but it has been shown to have poor overall accuracy in predicting cardiac events in individuals with CKD (20). Data from GRACE indicated that the GRACE risk score underestimates the risk of major events in end-stage kidney disease patients who undergo dialysis (21). Moreover, the inclusion of multiple types of variables and relatively complex calculation significantly limit clinical utility of the GRACE risk score (8).

The CHA2DS2-VASC score is a validated and extensively used score to estimate thromboembolic risk in patients with atrial fibrillation, consisting of several cardiovascular risk factors (9). Among these factors, old age, hypertension, diabetes, and heart failure have been proven to influence the prognosis of cardiovascular disease (4, 5, 22–24). Prior stroke is also associated with a high risk of major adverse cardiovascular and cerebrovascular events (25). Sex differences in the epidemiology, manifestation, pathophysiology, and outcome of cardiovascular disease have been observed in previous studies (26). Therefore, all components of the CHA2DS2-VASc score have a close association with the prognosis of cardiovascular disease. Tufan Cinar et al. evaluated 267 patients with mechanical mitral valve thrombosis and found that a CHA2DS2-VASc score ≥ 2.5 was associated with a higher risk of prosthetic valve thrombosis (27). Several recent studies evaluated the predictive value of the CHA2DS2-VASc score for clinical outcome. A large real-world cohort study reported that CHA2DS2-VASc scores were significantly associated with mortality in heart failure patients (11). Hsu et al. reported the predictive value of CHA2DS2-VASc scores for all-cause mortality and cardiovascular mortality in CKD patients without ACS (28). A similar study found that CHA2DS2-VASc scores were strongly associated with 1-year mortality and cardiovascular risk in hemodialysis patients (29). Studies that investigated patients with ST-elevation myocardial infarction showed that CHA2DS2-VASc scores were an independent predictor of no-reflow and an independent predictor of in-hospital and long-term mortality in patients who underwent primary percutaneous coronary intervention (30–32). Although the association between CHA2DS2-VASc score and clinical outcome in ACS patients without CKD or CKD patients without ACS have been estimated, the value of these scores in ACS patients with CKD is unclear. In the present study, we found a significant association between CHA2DS2-VASc scores and all-cause mortality in ACS patients with CKD, which may be useful for the risk stratification of these patients. The mean CHA2DS2-VASc score in the present study was significantly higher than in patients without CKD in a previous study, which may help explain the high mortality in ACS patients with CKD. Variables that are included in the CHA2DS2-VASC score can be readily found in patients' medical histories. Furthermore, CHA2DS2-VASC scores may be useful for quickly identifying very high-risk ACS patients with CKD.

The present study has limitations. This was a single-center, retrospective study. We were unable to control the variables that were included in the analyses given the study's observational design. In addition to traditional cardiovascular risk factors (e.g., diabetes and hypertension), non-traditional CKD-related CVD risk factors (e.g., mineral and bone disease abnormalities, vascular calcification, inflammation, and oxidative stress) may also play an important role in the prognosis of cardiovascular disease (4). However, we focused on the prognostic value of the CHA2DS2-VASc scoring system in ACS patients with CKD, based on variables that were readily obtained from the patients' medical records. Another limitation was that the sample size was not sufficiently large to evaluate prognostic value in dialysis and non-dialysis populations separately. Future studies should integrate CHA2DS2-VASc scores with non-traditional CKD-related CVD risk factors and develop and validate novel CVD risk prediction scores for the CKD population and dialysis population.

In conclusion, CHA2DS2-VASc scores were an independent predictive factor for mortality in ACS patients with CKD. The CHA2DS2-VASc scoring system is a simple and practical method for identifying very high-risk ACS patients among the CKD population. Further studies are needed to evaluate whether CHA2DS2-VASc scoring can improve the management and outcome of this high-risk population.
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CTO composition assessed by QAngio CT
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Joint effect

Monocyte and eosinophil Count®
Both monocyte and eosinophil count are low
Only monocyte count is high

Only eosinophil cunt is high

Both monocyte and eosinophil count are high
Monacyte and eosinophi Percentage®

Both monocyte% and eosinophil% are low
Only monocyte% is high

Only eosinophil% is high

Both monocyte% and eosinophi% are high

ISR (n = 507)

153 (30.2)
180 (35.5)
490.7)
125 (24.7)

149 (29.4)
135 (26.6)
96 (18.7)
128 (25.2)

Non-ISR (n = 504)

292 (49.3)
167 (28.2)
57(9.6)
76 (12.8)

273 (46.1)
125 (21.1)
125 (21.1)
69 (11.7)

“Generalized linear mixed models (mixed-effects logistic regression) were used to examine the odds ratio (ORs) of ISR.

aThe optimal cutoff points were identified as 0.46x 10%/L and 0.20 x 10%/L for monocyte and eosinophil count, respectively, to categorize them into low and high levels.
bThe optimal cutoff points were identified as 7.4% and 2.5% for monocyte and eosinophil percentage, respectively, to categorize them into low and high levels.

OR (95% CI)*

1.00
221 (1.61,3.04)
1.82 (1.14,2.91)
3.04 (2,06, 4.49)

1.00
1.85 (1.30, 2.62)
132 (092, 1.91)
3.06 (2,08, 4.51)

P-value

< 0.001
0.012
< 0.001

<0.001
0.135
<0.001
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Monocyte count (10%/L)*
Baseline

>0& <3M

=38 <6M

26& <12M

>12M

Monocyte percentage (%)"
Bassline

>0&<3M

238 <6M

=68 <12M

>12M

Eosinophil count (10%/L)*
Baseline

>08& <3M

>3& <6M

=68 <12M

>12M

Eosinophil percentage (%)*
Baseline

>08& <3M

238 <6M

26&<12M

>12M

ISR

507
140
87
69
99
112
507
140
87
69
99
112
507
140
87
69
99
112
507
140
87
69
99
112

Non-ISR

594
141
107
72
141
133
594
141
107
72
141
133
594
141
107
e
141
133
594
141
107
72
141
133

OR (95% Cl)

1.44(1.23,1.68)
1.18(0.89, 1.42)
1.22(0.87,1.70)
2.35(1.25, 4.42)
225 (1.38, 3.68)
2.26 (1.4, 3.56)
1.47(1.24,1.74)
1.16 (0.87, 1.55)
1.25(0.86, 1.81)
1.82(1.04,3.17)
2.08(1.23,3.33)
2.02(1.33,3.08)
1.22(1.09, 1.36)
1.30(1.00, 1.70)
1.31(099,1.73)
1.30 (0.94, 1.81)
1.18(0.92, 1.51)
1.14 (088, 1.47)
1.23(1.07, 1.40)
1.49 (1.06, 2.10)
1.25(0.92, 1.70)
1.24(0.86, 1.78)
1.25 (092, 1.70)
1.11(0.83, 1.49)

P-value

<0.001
0.313
0.244
0.008
0.001
<0.001
<0.001
0.317
0.242
0.034
0.005
0.001
0.001
0.050
0.057
0.109
0.185
0.334
0.003
0.021
0.185
0.251
0.159
0.465

“Generalized linear models (logistic regression) were used to examine the odds ratio
(ORs) of ISR with an IQR increment of the hematological indices during each follow-up
period, adjusting for individual basic characteristics including age, sex, BMI, smoking
status, chronic diseases of hypertension and diabetes melitus. The IQR for monocyte
and eosinophil count was 0.21x10%L and 0.13x 10%/L, respectively; and the IQR for
monocyte and eosinophil percentage was 2.42% and 2.00%, respectively.
#ORs were estimated from the generalized linear mixed models, as those in Table 2. Each
of the blood biochemical indices was included into the model one at a time. Statistically
significant effect estimates are in bold.
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Hematological and
biochemical indices

White blood cell count (x10°/L)
Neutrophil count (x 10°/L)
Lymphocyte count (x 10%/L)
Monocyte count (x 10%/L)
Eosinophil count (x 10%L)
Neutrophil percentage (%)
Lymphocyte percentage (%)
Monocyte percentage (%)
Eosinophil percentage (%)

Total cholesterol (mmol/L)

Low-density lipoprotein
cholesterol (mmol/L)

High-density lipoprotein
cholesterol (mmol/L)

Triglyceride (mmol/L)
Apolipoprotein A (g/L)
Apolipoprotein B (g/L)
Serum creatinine (umol/L)

Estimated glomerular fitration
rate (mU/min/1.73 m?)
Serum uric acid (wmol/L)
High-sensitivity C-reactive
protein (mg/L)

HBA1C (%)

Homocysteine (umol/L)

1R

252
1.91
0.77
021
0.13
11.49
10.96
242
2.00
134
119

0.34

0.92

031

0.32
23.00
31.42

126.00
5.12

1.60
3.50

OR (95% CI)

1.18(1.00, 1.40)
1.01(091, 1.11)
1.15 (099, 1.35)
1.4 (1.23,1.68)
1.22 (1.09, 1.36)
1.04(0.98, 1.12)
0.94(0.79, 1.19)
1.47 (1.24,1.74)
1.23 (1.07, 1.40)
0.89(0.75, 1.05)
0.90(0.76, 1.06)

0.80 (0.67, 0.95)

1.04 (094, 1.16)
0.88(0.75, 1.04)
1.02 (087, 1.19)
0.94 (0.80, 1.09)
089 (0.71, 1.11)

1.12(0.96, 1.32)
097 (091, 1.03)

1.28 (1.03, 1.60)
1.07 (093, 1.28)

P-value

0.062
0916
0.074
<0.001
0.001
0.209
0.525
<0.001
0.003
0.169
0211

0.012

0.417
0.137
0.832
0.408
0.309

0.142
0.260

0.025
0.344

*Generalized linear mixed models (mixed-effects logistic regression) were used to examine
the odds ratio (ORs) of ISR with the hematological and biochemical indices, adjusting for
follow-up time as a random efiect and individual basic cheracteristics (ege, sex, B,
smoking status, chronic diseases of hypertension or diabetes melitus) as fixed effects.
Each of the blood biochemical indices was included into the model one at  time.

fcant effect estimates are in bold.
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Input: Extract the Z-Alizadeh Sani dataset include 303 records

and 55 features.

Output: The diagnosed (CAD/normal) class of each test

record by the generated LSVM model and determined the
evaluation criteria such as accuracy, positive predictive value
(PPV), F-measure, sensitivity, specificity, negative predictive
value, and AUC

: Begin

Data preprocessing: Transforming nominal records to
numerical records and normalizing between zero and one
Divide the data using a 10-fold crossvalidation
technique
Choose the value of the parameters setting based on
Table 2
‘While (terminating condition is not happened by 10-
fold crossvalidation) do
Employ LSVM train for each record
Generate LSVM model
Employ LSVM classify for testing records
End while
Return obtaining the evaluation criteria

: End
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Input: Extract the Z-Alizadeh Sani dataset include 303 records

and 55 features.

Output: The diagnosed (CAD/normal) class of each test record

1t
2

and determined the evaluation criteria
Begin

Data preprocessing: Transforming nominal records to
numerical records and normalizing between zero and one

Divide the data using a 10-fold crossvalidation
technique

Choose the value of the parameters setting based on
Table 3

‘While (terminating condition is not happened by 10-
fold crossvalidation) do

Employ LIBSVM train for each record

Generate LIBSVM model

Employ LIBSVM dlassify for testing records

End while

Return obtaining the evaluation criteria

: End
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Input: Extract the Z-Alizadeh Sani dataset include 303 records

and 55 features.

Output: The diagnosed (CAD/normal) class of each test record

1t
2

and determined the evaluation criteria
Begin

Data preprocessing: Transforming nominal records to
numerical records and normalizing between zero and one

Divide the data using a 10-fold cross-validation
technique

Choose the value of the parameters setting based on
Table 4

‘While (terminating condition is not happened by 10-
fold crossvalidation) do

Employ SVM with ANOVA train for each record

Generate SVM with ANOVA model

Employ SVM with ANOVA classify for testing records

End while

Return obtaining the evaluation criteria

: End
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Input: Extract the Z-Alizadeh Sani dataset include 303 records

and 55 features.

Output: The diagnosed (CAD/normal) class of each test record

and determined the 31 features as the most important
features

: Begin

Data preprocessing: Transforming nominal records to
numerical records and normalizing between zero and one

Divide the data using a 10-fold crossvalidation
technique

Generating a new population of members randomly
(the population size= 50 and the maximum number of
generations=10) based on Table 5

For i=1 to 55(chromosome size)

set a random of (0,1) value to gene(i) of the
chromosome

End For

Determining the fitness function based on evaluation
criteria

select a member of a generation (the selection scheme:
uniform, roulette wheel) based on formula (16)

Performing crossover (crossover type: shuffle)

Performing  mutation action  (Probability — of
mutation=1.0)

While (terminating condition is not happened by 10-
fold crossvalidation or number of generations) do

Execute the most important features using Genetic
optimization algorithm

Feeding feathers SVM with ANOVA model based on
algorithm 3

Employ SVMA classify for testing records

End while

Return obtaining the evaluation criteria and selecting
the best model with 31 features

: End
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Parameters Setting

Population size 50
Maximum number of generations 10

Normalize weights v

Plot generations 10

Draw dominated points v

Initial probabilty 05

Size of each chromosome = total of features. 55

Probabiity of mutation 10

Crossover probabilty 075
Crossover type Shuffle
Maximum fitness Infinity

Fitness function Accuracy, PPV,

F-measure, sensitivity,
specificty, and NPV
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The predicted class The actual class

CAD Normal

Positive True positive False positive
Negative False negative True negative
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Methods

SVM with ANOVA
Linear SVM
LIBSVM with RBF
GSVMA

Bold the best values of the proposed method (GSVIMA) to show our method is the best.

ACC(%)

856.13
86.11
84.78
89.45

PPV(%)

80.24
77.21
76.24
100

F-measure (%)

72.01
75.55
72.38
80.49

Sensitivity (%)

69.19
74.75
70.08
81.22

Specificity(%)

91.62
90.71
90.74
100

NPV(%)

68.97
74.71
70.11
92,9

AUC(%)

89

92.4
82.1
100
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References Techniques No. of No. of features ACC (%) AUC (%)
crossvalidation

Qin et al. (8) Ensemble algorithm-multiple 10-FCV 34 93.70 4+ —0.48% NC
feature selection, (EA-MFS)
Civitoglu et al. (10) Artificial neural network 10-FCV 25 87.85 93
Kilig et al. (12) Artificial Bee colony - 16 89.4 NC
Abdar et al. (14) NE-nu-SVC 10-FCV 16 94.66 NC
Abdar et al. (16) N2Genetic-nuSVM 10-FCV 29 93.08 NC
Kolukisa et al. (17) Ensemble classifier with 5,10, 20-FOV 55 92.07 9.3
Fisher linear discriminant
analysis
Tama et al. (19) Two-tier ensemble particie 10-FOV 27 98.13 987
swarm optimization(PSO)-
based feature
selection
Terrada et al. (20) (ANN) - 17 % %
Shahid et al. (22) Hybrid PSO-EmNN 10-FCV 22 88.34 NC
Ghiasi et al. (28) CART 10-FOV 5 92.41 NC
Dahal et al. (24) SvM 10-FOV 15 89.47 88.68
Velusamy et al. (25) Weighted-average Voting 10-FOV 5 98.97 NC
ensemble (WAVER)
Hassannataj et al. 5) Random trees 10-FOV 40 9147 %.7
The Proposed Method GSVMA 10-FOV 31 89.45 100

NC, Not considered.
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Parameters

SWM type
Kerel type
Gamma

c

Cache size
Epsion
Shrinking

Setting

C-svC
RBF
10
0.1

80
0.001
v
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Parameters

Kernel type.

Kernel gamma
Kernel degree

Kernel cache

c

Convergence epsilon
Max iterations

Lpos

Lneg

Balance cost

Setting

ANOVA
1.0

20

200

0.1
0.001
100,000
1.0

1.0

v
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ISRgroup  Non-ISR group P-value

Basic characteristics N=140 N=141
Age 65,1+ 10.1 618+£99  <0.001
Sex, men 115 (82.1%) 106 (75.2) 0201
BMI 2394300 244£29 <0001
Smoking 0.857
Never-smoker 73 (52.1%) 71(50.4%)
Ever-smoker 67 (47.9%) 70 (49.6%)
Hypertension 97 (69.3%) 86(61.0%  0.182
Diabetes Melitus 70 (50.0%) 41(20.1%)  <0.001
Hematological and n=507 n =594
biochemical
indices with repeated
measurements
White blood cell count (x10%L) ~ 7.054 £2.066 69421903 0348
Neutrophil count (x 10°/L) 4452£1713 44862932 0818
Lymphocyte count (x 10%/L) 185940654 189340661 0386
Monocyte count (x 109/L) 052540202 04690181 <0001
Eosinophil count (x 10°/L) 01890182  0.151£0.140 <0001
Neutrophil percentage (%) 6341+£3088 61954869 0303
Lymphocyte percentage (%) 2699780  2831£846 0007
Monooyte percentage (%) 758+ 2.07 683+1.87  <0.001
Eosinophil percentage (%) 2704225 224£174 <0001
Total cholesterol (mmol/L) 373241022 3913£1.097  0.005
Low-density lipoprotein 2216+£0882 2.374£0970  0.005
cholesterol (mmol/L)
High-density lipoprotein 10240264  1.082+£0297 <0.001
cholesterol (mmol/L)
Triglyceride (mmol/L) 179141380 173441030 0450
Apolipoprotein A (g/L) 120240268 1.235+0241 0030
Apolipoprotein B (g/L) 0816£0258 08410268 0.122
Serum creatinine (umol/L) 83382100 81942121 0268
Estimated glomerular 71.46£26.16 79542160 <0.001
filtration rate (mL/min/1.73m?)
Serum uric acid (umol/L) 38475+ 101.18 375.97 £ 11127 0477
High-sensitivity C-reactive 1.71(0.51,590) 155(0.45,5.35) 0.441
protein (mg/L)"
HBATC (%) 7224175 663£133  <0.001
Homocysteine (umol/L) 1051£461  1005+550 0320

*Continuous variables with approximately normel distribution are described as Mean=:SD,
and compared with independent samples t-test; Categorical variables were described as
N (%) and compared with Chi-square test.

#Continuous variables with skewed distribution were described as median (25th, 75th
percentiles), and compared with Mann-Whitney U-Test.
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Space Events rate Model 1 Model 2 Model 3

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value
Offshore (<82km) 2,866/268,449 1.16(1.08, 1.25) <0001 1.16(1.08, 1.26) <0.001 1.12(1.04, 1.21) 0.004
Infand (> 64 km) 2,685/257,210 1.10(1.02, 1.19) 0014 1.10(1.02, 1.19) 0013 1.09(1.01, 1.18) 0.027

Model 1: adjusted for age, gender, race, qualiication, income, employ status, physical activiy, sedentary behavior, mental health status, overall health rating, smoking status, drinking
status, BMI, waist to hip ratio, grip strength, and area-based socioeconomic status; Model 2: further adjusted for family history of heart diseases, the medication used of aspirin,
antihypertension medicine and lip-lowing medicine, previous of hypertension and diabetes; Model 3: further adjusted for air pollution, noise pollution, dietary, sleep pattern, and home
area population density.

HR, hazard ratio; Cl, confident interval; Km, kilometer.
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Subgroup

Per SD (26.7 km)
<1km

1-5km

5-20km
20-50km

>50km

Qi (<14.1km)

Q2 (14.1-40.2km)
Q8 (40.2-56.4 k)
Q4 (56.4-70.2km)
Q5 (270.2km)

Events rate

4,059/377,340
94/6,893

245/19,402
766/68,104
906/96,586

2,049/186,355
901/75,663
717/75,249
768/75,723
841/75,426
832/75,279

Model 1

HR (95% CI)

0.97 (0,94, 1.00)
Reference
090 (0.71, 1.14)
0.82(0.66, 1.01)
0.72 (0.58, 0.89)
0.77 (0,63, 0.95)
Reference
084(0.76,0.99)
0.82(0.75,0.91)
0.90 0,82, 0.99)
092 0:84, 1.01)

P-value

0.085
0372
0.067
0.002
0.015
0.001

<0.001
0.033
0.079

Model 2

HR (95% CI)

0.97 (0.94, 1.00)
Reference
089(0.71,1.19)
082 (0.66, 1.01)
072 (0,58, 0.89)
0.77 (063, 0.95)
Reference
084(0.76,0.99)
082 (0.75,0.91)
0.90 (0,82, 0.99)
092 (0.84,1.01)

P-value

0.092
0.355
0.066
0.002
0.015
0.001

<0.001
0.035
0.086

HR (95% Cl)

098 (0.95, 1.02)
Reference
093(0.73, 1.18)
089(0.71, 1.10)
0.79(0.64, 0.98)
084 (0.68, 1.04)
Reference
086 (0.78, 0.95)
085 (0.77,0.94)
091(083, 1.00)
095 (0.86, 1.04)

Model 3

P-value

0.321
0.564
0.280
0.083
0.109
0.003
0.001
0.058
0.265

P for
trend

0.586

Mode! 1: adjusted for age, gender, race, quelification, income, employ status, physical activity, sedentary behavior, mental health status, overall health rating, smoking stetus, drinking
status, body mass index, waist to hip ratio, grip strength, and area-based socioeconomic status; Model 2: further adjusted for family history of heart diseases, the medication used of

aspirin, antihypertension medicine and lip-lowing medicine, previous of hypertension and diabet

home area population density.
HR, hazard ratio; Cl, confident interval; SD, standard difference; Km, kilometer.

fodel 3: further adjusted for air pollution, noise pollution, dietary, sleep pattern, and
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Characteristic

Distance to coast, km

Male

Age, years

White

Education
College or University degree
Alevels/AS levels
O levels/GCSEs
GSEs or other
None

Income, £
< 18,000
18,000-30,999
31,000-51,999
52,000-100,000
>100,000

Current employment status
In paid employment
Retired
Looking after home
Others

Drinking status
Never
Previous
Current

Smoking status
Never
Previous
Current

BMI, kg/m?

Waist-hip ratio

Total physical activity,
hours/week

Sedentary behavior, hours/day
Home area

Urban

Rural
Handgrip strength, Kg
Townsend deprivation index
Mental health
Overall health rating

Excellent

Good

Fair

Poor
Family history of heart diseases
Hypertension
Diabetes
Aspirin
Anti-hypertension medicine
Lipid-lowering medicine

Nitrogen dioxide air pollution,
microg/m®

Nitrogen oxides, air pollution,
micro/m?®

PM10, microg/m®
PM2.5, microg/m®

Traffic intensity on the nearest
road, vehicles/day

Inverse distance to the nearest
road, 1/meters

Average daytime sound level of
noise pollution, dB

Average evening sound level of
noise pollution, dB

Average night-time sound level
of noise pollution, dB

Food weight, g

Energy, KJ

Protein, g

Fat,g

Carbohydrate, g

Englyst dietary fiber, g
Sleep duration, hours/day

Total
(n = 377,340)

45.7 +26.7
169,741 (45.0%)
559+ 8.1
352,453 (93.4%)

122,650 (32.5%)
42,306 (11.2%)
80,726 (21.4%)
65,306 (17.3%)
66,352 (17.6%)

125,367 (33.2%)
80,207 (21.3%)
85,267 (22.6%)
68,140 (18.1%)
18,359 (4.9%)

227,225 (60.2%)
115,064 (30.5%)
11,055 (2.9%)
23,996 (6.4%)

17,831 (4.7%)
12506 (3.3%)
347,003 (92.0%)

212,622 (56.3%)

125,960 (33.4%)

38,758 (10.3%)
273+ 47
087 0,09
44.6+40.7

45+26

323,552 (85.7%)
53,788 (14.3%)
2064113
-13%£30
124,765 (33.1%)

67,413 (17.9%)
224,017 (59.4%)
73,088 (19.4%)
12,822 (3.4%)
144,592 (38.3%)
89,704 (23.8%)
13.626 (3.6%)
36,598 (9.7%)
20,667 (5.5%)
21,138 (5.6%)
267476

440£155

162+1.9
100+ 1.0

1513.1 + 4933.5

0.05 £ 0.07

554 £4.3

51.7+43

46.6 +£4.3

3263.1 £374.0

818+ 124
768+ 145
2581 +43.1
166 £3.1
714£1.1

<1km
(n=6,893)

06+03

3,072 (44.6%)
56779

6,793 (98.5%)

2,110 (30.6%)
799 (11.6%)
1,608 (23.3%)
1,323 (19.29%)
1,063 (15.3%)

2,152 (31.2%)
1,673 (22.8%)
1,620 (23.5%)
1,305 (18.9%)
243 (3.5%)

3830 (56.3%)
2,457 (35.6%)
195 (2.8%)
361 (6.2%)

228(3.3%)
220 (3.2%)
6,445 (93.5%)

3,910 (56.7%)
2,367 (34.3%)
616 (8.9%)
27.4+47
0.87 £0.09
456+ 409

46+25

6,122 (88.8%)
771 (11.2%)
204 & 11.4
-1.7£26

2,372 (34.4%)

1,210 (17.6%)
4,210 (61.1%)
1,273 (18.5%)
200 (2.9%)
2,775 (40.3%)
1,614 (23.4%)
217 (3.4%)
692 (10.0%)
385 (5.6%)
386 (5.6%)
24460

436+ 138

159+£19
102+ 1.1

934.8 £ 2339.8

0.06 £ 0.07

553 £37

516+£37

465+£37

3268.4 + 388.7
8826.7 + 12840 88369+ 1277.4

819+ 127
770+£162

2581+ 420
16.7£3.4

719+1.1

1-5km
(n=19,402)

26+1.1

8,558 (44.1%)
56.4+8.1

19,083 (98.4%)

4,628 (23.9%)
2,236 (11.5%)
4,834 (24.9%)
4,041 (20.8%)
3,663 (18.9%)

7,013 (36.1%)
4553 (23.5%)
4,549 (23.4%)
2,857 (14.7%)
430 (2.2%)

11,012 (56.8%)
6,504 (34.0%)
549 (2.8%)
1,247 (6.4%)

694 (3.6%)
646 (3.3%)
18,062 (93.1%)

10,999 (56.7%)

6,456 (33.3%)

1,947 (10.0%)
27647
0.87 +0.09
471 £ 431

48+25

17,039 (87.8%)
2,363 (12.2%)
201 =113
—15£29
6,526 (33.6%)

3,251 (16.8%)
11,448 (59.0%)
3,967 (20.4%)
736 (3.8%)
7,698 (39.7%)
4,861 (25.1%)
632 (3.3%)
1,908 (9.8%)
1,236 (6,4%)
1,224 (6.3%)
260£7.0

44.7 £155

161£17
103+1.2

1228.2 + 3815.1

Distance to coast, km

5-20 km
(n =68,104)

116+£38

30,205 (44.4%)
55682

66,106 (97.1%)

19,548 (28.7%)
7,382 (10.8%)
15,765 (28.1%)
13,158 (19.3%)
12,251 (18.0%)

22,610 (33.2%)
15,351 (22.5%)
15,929 (23.4%)
11,880 (17.4%)
2,334 (3.4%)

411.83 (60.5%)
20,703 (30.4%)
1,995 (2.9%)
4,223 (6.2%)

2,587 (3.8%)
2,069 (3.3%)
63,248 (92.9%)

38,124 (56.0%)

22,072 (33.7%)

7,008 (10.3%)
274+48
0.87 0,09
454418

46+26

58,997 (86.6%)
9,107 (13.4%)
293+ 11.3
-15+30
23,130 (34.0%)

12,011 (17.6%)
40,310 (69.0%)
13,485 (19.8%)
2,208 (3.4%)
26,665 (39.2%)
16,121 (28.7%)
2,079 (3.1%)
6,431 (4%)
3,743 (5.5%)
3662 (6.4%)
27.4%73

455£14.8

163+ 1.8
102+ 1.1
12719 £ 4277.8

20-50 km
(n = 96,586)

375+80

43,112 (44.6%)
56.0 4 8.1

87,157 (90.2%)

37,293 (38.6%)
11,204 (11.7%)
18,775 (19.4%)
14,943 (15.5%)
14,281 (14.8%)

29,810 (30.9%)
19,149 (19.8%)
21,515 (22.3%)
18,996 (19.7%)
7,116 (7.4%)

58,411 (60.5%)
28,380 (29.4%)
3,053 (3.2%)
6,742 (7.0%)

4,814 (5.0%)
3,311 (3.4%)
83,461 (91.6%)

53,350 (55.2%)

32.860 (34.0%)

10,376 (10.7%)
27147
0.87 0,09
435+ 40.7

45+26

84,105 (87.1%)
12,481 (12.9%)
207 £ 11.4
-06+34
31,085 (32.2%)

17,716 (18.3%)
57,145 (59.2%)
18,462 (19.1%)
3,263 (3.4%)
36,132 (87.4%)
22,747 (23.6%)
3,674 (3.8%)
9,426 (98%)
5,225 (5.4%)
5,850 (6.1%)
28789

473 +182

165+ 2.0
102+ 1.1
1764.7 + 5606.4

0.05 £ 0.07
569+ 4.6
521+ 4.6
471+ 4.6

3262.8 + 444.9

81.8+14.9
768174

2576+ 51.4
16.6+£3.7

0.06 £0.07 0.05 £0.07
863+4.0 552 £ 4.0
51.6+ 4.0 516+ 4.0
46.6 + 4.0 46.4 £ 4.0
32589 +419.2  3264.1 £3116
8834.5 + 14980 8835.6 + 1066.4 8823.8 + 1631.1
818+ 139 81.9+10.2
769+ 16.5 76.8 +12.1
258.8 £ 50.0 2584 359
16.7£35 167 +£26
716+1.1 71511

743+ 1.1

>50 km
(n = 186,355)

686+ 12.2
84,794 (45.5%)
5594 8.1
173,314 (93.0%)

50,071 (31.7%)
20,595 (11.1%)
39,744 (21.3%)
31,841 (17.1%)
35,104 (18.8%)

63,782 (34.2%)
39,681 (21.2%)
41,654 (22.4%)
33,102 (17.8%)
8,236 (4.4%)

112,739 (60.5%)
56,930 (30.5%)
5263 (2.8%)
11,423 (6.1%)

9,508 (5.1%)
6,060 (3.3%)
170,787 (91.6%)

106,239 (57.0%)

61,305 (32.9%)

18,811 (10.1%)
273+ 47
087 +0.09
445+ 40.7

456+25

157,289 (84.4%)
29,086 (15.6%)
208+ 11.3
~16£28
61,652 (33.1%)

33,225 (17.8%)
110,904 (59.5%)
35,901 (19.3%)
6,325 (3.4%)
71,322 (38.3%)
44,361 (23.8%)
7,024 (3.8%)
18,141 (9.7%)
10,078 (5.4%)
10,016 (5.4%)
256468

41.7£138

16.1+18
9.8+09
1621.8 £ 4950.9

0.06 £ 0.08
562442
5156+42
464£42

3263.1+£ 3483

8823.8 + 1189.4

818+ 11.6
76.7 + 13.4
268.3£399
166+£29
745+ 1.1

P-value

<0.001
<0.001
<0.001
<0.001
<0.001

<0.001

<0.001

<0.001

<0.001

<0.001
<0.001
<0.001

<0.001
<0.001

<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001

0.132
<0.001
<0.001
<0.001

<0.001

<0.001
<0.001
<0.001

<0.001

<0.001

<0.001

<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
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Name

SeQuent please

DIOR-Il

Elutax

RESTORE DCB

Pantera Lux

Danubio

Protégé and Protégé NG

MagicTouch

IN.PACT Falcon

Agent

AngiosculptX

Chocolate touch

Essential

Manufacturer

8. Braun Melsungen AG,
Berlin, Germany

Eurocor GmbH, Bonn,
Germany

Aachen Resonance GmbH,

Aachen, Germany

Cardionovum, Bonn,
Germany

Biotronik, Bulach,
Switzertand

Minvasys, Genneviliers,
France

Blue Medical, Helmond,
Netherlands

Concept Medical, Surat,
India

Meditronic, Inc., Santa
Rosa, California, USA

Boston Scientific, Natick,
MA, USA

Spectranetics, Colorado
Springs, Colorado, USA

QT Vascular

Ivascular

Type

Paclitaxel

Pacitaxel

Paclitaxel

Paclitaxel

Paclitaxel

Paclitaxel

Paclitaxel

Sirolimus

Paclitaxel

Paclitaxel

Pacitaxel

Pacitaxel

Pacitaxel

Dosage

3 pg/mm?

3 pg/mm?

2 pg/mm?

3 pg/mm?

3 pg/mm?

25 pg/mm?

3 pg/mm?

1.27 pg/mm?

3 pg/mm?

2 pg/mm?

3 pg/mm?

3 pg/mm?

3 pg/mm?

Coating method

Matrix coating: pacitaxel +
hydrophilic spacer (iopromide)

1:1 mixture of aleuritic and
shellolic acid with paclitaxel
(shellac® coating)

Two layers of paciitaxel (the first
on the inflated balloon and the:
second as a crystal power),
without any excipient

Shellac

Paciitaxel + butyryl-trihexyl
citrate

Paciitaxel + butyryl-trihexyl
citrate

Drug component encapsulated
in wings using Wing Seal
Technology

Sirolimus is encapsulated in a
phospholipid bi-layer as drug
carrier and in Nanocarriers
configuration

Crystaline coating: pacitaxel +
urea (FreePac®)

Balanced hydrophobic and
hydrophilic properties of
TransPax, Fewer particulates are
lost distally during the procedure
Nordihydroguaiaretic acid
excipient to faciltate drug
transfer to tissue

Crystalline pacitaxel coating with
hydrophilic excipient

Microcrystaline coating

Release characteristics

Inflate for at least 405 to allow enough
drug to be released into the vessel wall
(4.5% of the drug remains on the balloon)
Drug delivery by simple diffusion, inflate
20-30s at normal pressure

10% of the drug remains on the balloon
after an inflation of 30-60 s

A short-term balloon-to-vessel wall
contact time of 45s is enough

Minimum inflation time s 305 to allow
enough drug to be released into the vessel
wall

Minimum inflation time is 305 to allow
enough drug to be released into the vessel
wall

Load secured to achieve the therapeutic
‘window within 305 inflation time, also
available with non-compliant balloon
Inflate for at least 455 if clinically tolerated

Inflate 30-60's at normal pressure to allow
enough drug release into the vessel wall
(4.7% of the drug remains on the balloon)
Inflate for at least 30's to allow enough
drug to be released into the vessel wall

Inflate for at least 30, Improved dilatation
in calcified or resistant lesion using a
scoring balloon

The pillows and grooves of the inflated
Chocolate Touch balloon result in 20%
more drug-coated surface compared to
conventional balloons of the same size
Inflation process must last from 30s to 1
min
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Trial (year) Patients,
N

BMS-ISR

PACCOCATH ISR 52

(2008) (2)

PEPCAD Il isr 131

(2009) (28)

ribs V (2014) (24) 189

PATENE-C (2016) 61

@9)

Pleva et al. (2016) 136

(26)

DES-ISR

PEPCAD-DES 110

(2012) (27)

ISAR-DESIRE 402

3(2013) (28)

Pepcad China ISR 220

(2014) (29)

Ribs IV (2015) (30) 309

ISAR-DESIRE 4 252

(2017) (31)

Restore (2018) (32) 172

Both BMS-ISR and DES-ISR
DARE (2018) (33) 278

Blolux (2018) (34) 229

Design

DCBvs.
POBA

DCBvs. PES
DCBvs. EES
PCSB vs.

usB
DCByvs. EES

DCByvs.
POBA

DCB vs. PES
vs. POBA

DCBvs. PES
DCByvs. EES
DCByvs.

$B-DCB
DCByvs. EES

DCB vs. EES

DCBvs. SES

DAPT
duration
(months)

1in both
groups

3in DCB vs.
6in PES
3in DCB vs.
12in EES
3in both

3inDCBvs.
6-12in EES

6in both
groups
6in all groups

12in both
groups
3inDCBvs.
12in EES

6 in both
groups

6in both
groups

12 in both
groups

Given as per
local standard

Primary endpoint
(follow-up, months)

LLL: 0.03 £ 0.48mm vs.
0.74 £ 0.86 mm" (6)
LLL: 047 £ 0.42mm vs.
038 % 0.61 mm (6)
MLD: 2.01 & 0.6mm vs.
236+ 0.6 mm" (9)

LLL: 047 £ 0.40mm vs.
0.48 £ 051 mm* (6)
LLL: 0.09 £ 0.78mm vs.
0.44 % 0.73 mm" (12)

LLL: 0.43 £ 0.61 mm vs.
1.08£0.77 mm* (6)

DS: 38.0% in DCB vs.
37.4% in PES vs. 54.1% in
POBA (6-8)

LLL:0.46 + 0.51 mm vs.
056 = 0.61 mm (9)
MLD: 1.80 + 0.6mm vs.
20307 mm" (6-9)
DS: 40.4 +21.4v5.35 &
16.8%" (6-8)

LLL: 0,15 £ 0.49mm vs.
0.19 £ 0.41mm (9)

MLD: 1.71 £0.51 vs. 1.74
+0.61(6)

LLL: 0.08 £ 0.40mm vs.
0204070 (6)

Binary
restenosis
rate, %

5vs. 43%"

7 vs. 20%

95vs. 4.7%

7vs. 41%*

8.7 vs.
19.12%

17.2vs.
58.1%"

NA

18.6vs.
23.8%

19vs. 11%

32.0vs.
18.5%*

19.5vs. 5.6%

181 vs.
20.9%

NA

TLR, % (follow-up,
months)

Ovs. 28%" (12)

6.3 vs. 15.4% (36)

6vs. 1% (12)
8vs. 2% (36)
3vs.32%" (12)

7.35 vs. 16.18% (12)

15.3vs. 36.6%" (6)
19.4vs. 36.8%" (36)
22.1% in DCB vs.
13.6% in PES vs.
43.5% in POBA (12)
33.3% in DCB vs.
24.2%in PES vs,
50.8% in POBA (36)
15.6vs. 12.3% (12)
15.9vs. 13.7% (24)
13.0vs. 4.5%" (12)
15.6vs. 7.1%"* (36)

21.8vs. 16.2% (12)

5.8vs.1.2% (12)

8.8vs.7.1% (12)

13.5vs. 11.6% (18)

STN
(follow-up,
months)

0vs.0(12)

0vs. 0(36)

1vs.0(36)

0vs.0(12)

1V8.0(12)

1vs. 4" (36)

1vs.1vs. 0
(12
vs.2vs.
0(36)

1vs.2(12)
1vs.3(24)

3vs.2(12)
4vs.2(36)
0vs.0(12)

0vs.0(12)

0vs.0(12)

1vs.2(18)

DAPT, dual anti-platelet therapy; TLR, target lesion revascularization; ST, stent thrombosis including definite and possible; DCB, drug-coated balloon; POBA, plain old balloon angioplasty;
LLL, fate lumen loss; PES, paciitaxel-eluting stent; EES, everolimus-eluting stent; MLD, minimal lumen diameter; PCSB, paclitaxel-coated scoring balloon; USB, uncoated scoring balloon;
DS, diameter restenosis; SB-DCB, scoring balloon before drug-coated balloon; SES, sirolimus-eluting stent.

*P < 0.01 vs. non-DCB group.
‘P < 0.05 vs. non-DCB group.
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Al patients (n = 194) No scar in CTO territory
on CMR (n = 66)

Age 57410 56410
Male 160 (82%) 46 (70%)
Smoking 102 (53%) 25 (38%)
Hypertension 115 (59%) 29 (44%)
Diabetes 60 (31%) 21 (32%)
Hyperlipemia 80 (41%) 28 (42%)
Prior PCI 52 (27%) 11(17%)
Previous MI 45 (23%) 9(14%)
Qwave 22 (11%) 1(2%)
Angiographic presentation
CTO location
LAD 71(87%) 31 (46%)
Lex 21(11%) 6(12%)
RCA 102 (53%) 29 (42%)
Successful CTO revascularization 126 (65%) 49 (71%)
Concomitant non-CTO lesion 79(41%) 28 (38%)
CMR characteristics
Scar on CMR in CTO tertitory 128 (66%) -
Wall motion abnormality in CTO teritory 101 (62%) 13 (20%)
LVEF (%) 533:+14.9 583:+12.7
LVEDV (mL) 107.1 + 44.8 90.0+82.4
LVESV () 535+87.8 387 £201

Scar detected in CTO
territory by CMR (n = 128)

58410
114 (89%)
77 (60%)
86(67%)
39 (30%)
52 (41%)
37 (29%)
36 (28%)
21 (16%)

40(31%)
15 (12%)
73 (57%)
77 (60%)
51(40%)

83 (75%)
507 +15.2
1159+ 47.8
611424

0.067
<0.0001
0.004
0.002
0.871
0.878
0.079
0.031
0.001

0.058
0.759

<0.0001
0.001

<0.0001

<0.0001

CTO, chronic total occlusion; CMR, cardiovasculer magnetic resonance imaging; LAD, left anterior descending coronary artery; LCX, left circumflex coronary artery; LVEF, left ventricular

ejection fracti

VESV, left ventricular end-systolic volume; LVEDV, left ventricular end-diastolic volume; PCI, percutaneous coronary intervention; RCA, right coronary artery.
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0% 1-25% 26-50%

Distribution of the myocardial segments with different extent of myocardial scar

LAD (0 =T71) 336 (68%) 34 (7%) 32 (6%)
LOX (n=21) 63 (60%) 9(9%) 16 (14%)
RCA (1 = 102) 296 (58%) 51(10%) 78 (15%)
Total 695 (63%) 94 (8%) 125 (11%)

CTO, chronic total occlusion; LAD, left anterior descending; LCX, left circumflex; RCA, right coronary artery.

51-75%

49 (10%)
8(8%)
44.(9%)
101 (9%)

>75%

46 (9%)
10 (10%)
41(8%)
97 9%)

Total

497

105

510
1,112
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Model adjustment

Unadjusted
Model 1
Model 2
Model 3

All-cause mortality

HR (95% CI)

2.49 (1.66-3.74)
2.49 (1.66-3.74)
2029 (1.33-3.10)
2027 (1.26-3.27)

P-value

<0.001

<0.001
0.001
0.004

Model 1, adjusted for age, sex; Model 2, adjusted for age, sex, hypertension, diabetes,
prior Mi, stage of CKD; Model 3, adjusted for age, sex, hypertension, diabetes,
Hyperlpidemia, prior M, stage of CKD, dlagnosis, Cr, LVEF; reperfusion therapy and

medication therapy at admission.

HR, hazard ratios; Cl, confidence interval.
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Parameter Univariate (all-cause mortality)

HR (95% CI) P-value
Age® 1.02 (1.00-1.04) 0.024
Male sex (vs. Female) 0.98 (0.65-1.47) 0.920
BMP 0.79(0.53-1.19) 0.260
Prior PCI 1.18 (0.72-1.78) 0590
Prior CABG 1.38 (0.60-3.16) 0.470
Stage of CKD

Stage 3 1 (ref) .
Stage 4 1.72 (1.11-2.67) 0015
Stage 5 2,12 (1.14-4.31) 0019
Diagnosis

UA 1 (ref) e
NSTEMI 1.80 (0.76-2.25) 0.340
STEMI 1.80 (1.12-2.89) 0015
Hemoglobin, g/dl 0.990 (0.981-0.999) 0027
Platelet count, x 101 0.998 (0.994-1.000) 0.180
LDL, mmol1 0.87 (0.69-1.10) 0.250
Uric acid, pmol 0.999 (0.998-1.001) 0.360
Serum creatinine, mg/dl 1.04 (0.98-1.09) 0.180
Homocysteine, wmoll 1.004 (0.999-1.010) 0.100
D-dimer, mg/l 1.08 (1.00-1.164) 0.041
LVEF (250 vs. <50) 074 (0.48-1.13) 0.160
Reperfusion therapy 068 (0.45-1.04) 0,070
Aspifin 1.24 (0.39-3.93) 0710
P2Y12 receptor antagonist 1.55 (0.49-4.88) 0.460
Stain 1.68 (0.38-6.43) 0520
p-blockers 1.87 (0.60-3.15) 0.450
ACEVARB 1.68 (0.39-6.43) 0520
CHA2DS2-VASG score® = 6 2.48 (1.65-3.739) <0001

aPer 1 unit increase.

bBMI = 24 kg/m? vs. BMi< 24 kg/m?.

CCHA2DS2-VASG score > 6 score vs. CHAZDS2-VASG score < 6 score.

ACEl, angiotensin-converting enzyme inhibitors; ARB, angiotensin receptor blockers; B,
body mass index; CKD, chronic kidney disease; CABG, coronary artery bypass grafting;
LDL, Low-density lpoprotein; LVEF, left ventricular ejection fraction; MI, myocardial
infarction; NSTEMI, non-ST-segment elevation myocardial infarction; STEMI, ST-segment
elevation myocardial infarction; TIA, transient ischemic attacks; UA, unstable angina.
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Characteristic Total  CHA2DS2-VAScscore  P-value
(N=313) (N =313)

<6(N=220) 26 (N=93)

Age, yrs 698+ 112 67.7+£11.3 746£92 <0.001
Male sex 128(409) 90(345)  88(559  <0.001
BMI (kg/m?) 249+48 247+399 25263 0410
Medical history
Hypertension 274(875) 185(84.1)  89(957) 0004
Diabstes melitus 179(67.2) 105(47.7)  74(79.6)  <0.001
Hyperipidemia 173(653) 111(50.5)  62(667)  0.008
Congestive heart falure 164 (52.4)  96(436)  68(73.1)  <0.001
Prior stroke or TIA 102(326) 35(159)  67(720) <0001
Prior MI 85(72) 56(265)  29(312) 0300
Prior PCI 80(25.6)  48(21.8) 32 (34.4) 0.020
Prior CABG 1764) 1045 7075 0290
Peripheral artery disease 57 (182)  20(182)  28(30.1)  <0.001
Stage of CKD 0.690

Stage 3 136(435) 93(426)  43(462)

Stage 4 47(150)  32(148)  15(16.1)

Stage 5 120(@412)  94(429)  43(46.2)
Clinical presentation 0820

STEMI 78(249)  57(259)  21(226)

NSTEMI 112(858) 78(355)  34(36.6)

UA 123(39.3)  85(386) 38 (40.9)
Laboratory measures
Hemoglobin, g/dl 1126+ 1148+218 107.2+205 0.004

121.6

Platelet count, x 101 19461 1943597 1898631 0520
LOL, mmol 25+£09 2504088 233+£099 0005
Serum creatinine, mg/dl 433373 461+394 366+3.11 0.110
Uric acid 408+ 134 404 + 133 419 + 136 0.380
Homocysteine, wmoll 236263 240214 2274355  0.007
D-dimer, mg/l 180+ 178 128+193 1334138 0060
LVEF 55412 55+11 55413 0450
Reperfusion therapy 212(67.7) 156(70.9)  56(602)  0.080
Medical therapy at admission
Aspirin 301(062) 211969 90968 0720
P2Y12 receptor antagonist 207 (94.9)  208(94.5)  89(957)  0.670
Stain 303(06.8) 213(96.8  90(968 0980
p-blockers 286(01.4) 201(91.4)  85(91.4) 0990

ACEI, angiotensin-converting enzyme inhibitors; ARB, angiotensin receptor blockers; B,
body mass index; CKD, chronic kidney disease; CABG, coronery artery bypass grafting;
LDL, Low-density lipoprotein; LVEF, left ventricular ejection fraction; MI, myocardial
infarction; NSTEM, non-ST-segment elevation myocardial infarction; STEM, ST-segment
elevation myocardial infarction; TIA, transient ischemic attacks; UA, unstable angina.
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OR (95% CI) Wald p value

FMC to balloon per 10" 1.08 (1.06-1.09) <0.0001
Age per year 1.02 (1.003-1.03) 001

Paramedics-EMS vs. MD-EMS 5.94 (3.89-9.01) <0.0001
Private MD vs. MD-EMS 3.41(1.86-6.21) <0.0001

FMC, first medical contact; MD, medical doctor; EMS, emergency medical services.

The model included FMC to balloon time, type of FMC (MD EMS, Paramedics
EMS, Private MD, PCl-capable hospital, non-PCl-capable hospita)) and all pre-FMC
characteristics unequally distributed between groups with a p < 0.1 as reported
in Table 1.
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Model 1 Model 2 Model 3 Model 4

HR (95% CI) Pvalue HR (95% CI) Pvalue HR (95% CI) Pvalue HR (95% CI) Pvalue
Mortality

Indirect transfer 1.60 (1.08-2.08) 002 1.74 (1.20-2.51) 0.003 1.26 (0.86-1.84) 02 1.23 (083-1.81) 03
Age per year 1.06 (1.05-1.08) <0.0001 - 0.002 1.07 (1.05-1.08) <0.0001 1.06 (1.05-1.08) <0.0001
Diabetes 1.88 (1.34-2.64) 0.0003 - <0.0001 1.88 (1.34-2.65) 0.0003 1.99 (1.41-2.81) 0.0001
Killp class =2 7.54 (5.62-10.10) <0.0001 - 0.001 6.41(4.73-8.69) <0.0001 5.81(4.23-7.98) <0.0001
FMC to balloon per 10’ - 1.008 (1.003-1.013) 1.007 (1.001-1.01) 002 1.007 (1.001-1.01) 003
Pre-CCL P2Y12 inhibitor - 0.28(0.18-0.42) 0.4 (0.20-0.67) 00002 0.55 (0.35-0.86) 0009
Pre-CCL anticoagulation - 053 (0.87-0.77) 060 (0.41-0.88) 001 0.66 (0.44-1.01) 005
Transradial access - - - 0.66 (0.46-0.94) 002
Successful PCI ~ ~ = 0.25 (0.16-0.40) <0.0001
Cardiovascular mortality

Indirect transfer 1.72(1.15-2.57) 0.009 1.98(1.26-3.12) 0.003 1.42 (0.90-2.27) 0.1 1.39 (0.86-2.23) 0.2
Age per year 1.06 (1.04-1.08) <0.0001 - 007 1.07 (1.05-1.08) <0.0001 1.06 (1.04-1.08) <0.0001
Killp class >2 951 (6.49-13.99) <0.0001 = <0.0001 809 (5.44-11.99) <0.0001 7.07 (4.68-10.68) <0.0001
FMC to balloon per 10° - 1.006 (1-1.01) 0.0009 1.005 (0.997-1.01) 02 1.004 (0.996-1.01) 03
Pre-CCL P2Y12 inhibitor - 0.25 (0.15-0.40) 0.39 (0.24-0.65) 0.0003 0.49 (0.20-0.84) 001
Pre-CCL anticoagulation - 046 (0.29-0.73) 050 (0.31-00.79) 0,003 0.56 (0.33-0.99) 003
Successful PCI - - - 021 (0.12-035) <0.0001

FMG, first mediical contact; CCL, cardiac catheterization laboratory; PCI, percutaneous coronary intervention.

Models were adjusted on FIMC to balloon time and covariables unequally distributed between groups (b < 0.1) at different timepoints: Model 1 included pre-FMC variables: age, gender, diabetes, hypertension, current smoking, Killp
classz 2, past histories of myocardial infarction and PCI; Model 2 incluced FMC vraiables: national EMS number cal, characteristics of the FNC and, pre-CCL aspirin, P2Y12 inhibitor and intravenous anticoagulation administration;
Model 3 included all variables in models 1 and 2; Model 4 included all variables in model 3 and in-hospital variables: transradial access, successful PGl and, per procedure P2Y12 inhibitor; 2B3A inhibitor and intravenous anticoagulation.
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Acute coronary syndrome
(ACS) cohort

Age
Male sox

Final diagnosis

Acute myocardial infarction
Cardiovascular risk factors
Avterial hypertension
Dyslipidemia

Diabetes melitus

Smoking

Family history

History

Known coronary artery disease
Laboratory analyses

oGRF

Creatinine

hs-cTnl

Cholesterol

C-reactive protein

Type and unit

Median (IQR), [years]
n(%)

n(%)

n (%)
n (%)
n (%)
(%)
n (%)

n (%)

median (IQR), [m/min/1.73 m?)
median (IQR), [mg/d]
median (QR), [pg/mL]

mean  SD, [mg/d]
median (IQR), [mg/d]

Overall ACS cohort
n=82

69.52 (58.89-78.47)
51(62.2)

48 (68.54)

58(79.45)
39(65.71)
21(28.77)
29 (50.88)

15(28.3)

30 (650.85)

86.17 (68.28-104.84)
087 (0.75-1.11)
28.2(4-531.35)
201.91 £ 4652

03(02-1.4)

Substantial myocardial injury
n=42

71.26 (67.56-80.47)
26(61.9)

38(0.48)

26 (76.47)
19(65.89)
9(26.47)
14(53.85)
7(26.92)

11 (44)

87.13 (65.62-104.45)
086(0.73-1.12)
5256 (214.03-2,986.82)
211+ 4593
0.4/(0.18-1.52)

Minor myocardial Injury
n=40

68.61 (63.5-75.43)
25 (62.5)

10 (25)

32 (82.05)
20 (55.56)
12/(30.77)
15 (48.39)
8(29.63)

19 (55.88)

83.12 (66.54-103.66)
0.87 (0.78-1.07)
4(2.55-7.25)
184,88 + 42.25
03(0.2-1)

Data are shown stratified according to the extent of myocardlal injury defined by high sensitivity cardic troponin | values (99th percentile cut-off.
Data are presented as percentage, mean, or median as appropriate. éGFR denotes estimated glomerular filtration rate, hs-cTnl denotes high sensitivity cardiac troponin |.

p-value

0.702

<0.001

0.091
0.825
0.452
0.818
0.779

0.066

0.612
0.545

<0.001
0.19
0.82
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Chronic coronary syndrome
(cCS) cohort

Age
Male sex

Cardiovascular risk factors
Arterial hypertension
Hypercholesterolernia
Diabetes melltus

Smoking

History

Known coronary artery discase
Laboratory analyses

eGRF

Creatinine

ss-cTnl

Cholesterol

C-reactive protein

Type and unit

Median (IQR), [years]
n (%)

n (%)
n (%)
n(%)
n (%)

(%)

Median (IQR), [mimin/1.78 m?)
Median (IQR), [mg/di]
Median ((QR), [pg/mL]
Median (IQR), [mg/ci]
Median (IQR), [mg/di]

Overall CCS cohort

144

66.84 (50.79-75.31)
96 (66.67)

121 (87.05)
100 (72.46)
25 (17.79)
30 (27.27)

64(44.76)

87.33 + 26.62
0.85 (0.73-1.02)
3.06 (1.28-5.34)

196 (164-229)

02(0.1-0.4)

Substantial myocardial injury

74

727 63.61-77.6)
58(78.38)

66 (92.96)
54 (76.06)
19 (25.68)
13 (21.31)

40 (54.06)

82.12 4 28.51
094 (0.74-1.23)
5.28 (3.77-12.36)

195 (167-222)

02(0.1-0.4)

Data are shown stratified according to the extent of myocardial injury defined by super sensitivity cardiac troponin I values.

Data are presented as percentage, mean, or median as appropriate. éGFR denotes estimated glomerular filration rate, ss-cTnl denotes super sensitivity cardiac troponin .

Minor myocardial injury
n=70

63.44 (54.22-70.9)
38 (54.29)

55 (80.88)
46 (68.66)
6(8.96)
17 (34.69)

24(34.78)

92.62 + 23.59
079 (0.69-0.92)
1.24 (0.92-1.83)
197 (168.5-237)

02(0.1-0.32)

p-value

<0.001
0.003

0.111
0.37
0.008
0.412

0.02

0.02
0.001
<0.001
0.595
0.91
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Ischemic events
Al-cause mortality
Cardiac death
AIMI

Target vessel M|
Stroke
Definite/probable ST

0(N=514)

34 (6.61%)
11 (2.14%)
7 (1.36%)
17 (3.31%)
15 (2.92%)
17 (8.31%)
3(0.58%)

No. of risk scores met the in

1(NV =559)

51(9.22%)
13 (2.35%)
5(0.90%)
26 (4.70%)
20 (3.62%)
23(4.16%)
4(0.72%)

2(V =632

83 (13.13%)
21(3.32%)
8(1.27%)
41 (6.49%)
34/(5.38%)
39(6.17%)
5(0.79%)

idual thresholds

=3 (N = 508)

86 (16.93%)
32(6.30%)
16 (3.15%)
50(0.84%)
44 (8.66%)
31(6.10%)
10 (1.97%)

P for trend

<0.001
<0.001
0.025
<0.001
<0.001
0.013
0.035

Values are No. (%). Mi, myocardial infarction; ST, stent thrombosis. Ischemic events were defined as a composite of cardiac death, all Mi, stroke, and /or definite/probable ST.

*Cochran-Armitage trend test.
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All(N=192) No2ndpeak 2ndpeak  p-value
N=81)  (N=111)

Age (years) 68.0 67.0 69.0 o.11
(66.0,76.0)  (60.0,75.0)  (60.0,77.8)

Male No. (%) 147(766)  64(790)  83(748 061

BMI (kg/m?) 27.0 27.0 272 077
(24.4,802) (24.3,309)  (239,20.7)

HypertensionNo. (%)~ 151(786) ~ 62(765)  89(802) 067

Hyperipoproteinemia 85 (44.8)  31(383)  54(486) 020
No. (%)

Diabetes No. (%) 3(188)  11(186)  25(227) 016

Curentsmoker No. (%) 57 (290.8) ~ 18(225)  89(35.1)  0.085
Hitoryof CADNo. (%)~ 80(41.7) ~ 20(358)  51(459) 021

Angiography No. (%) 182(@48) ~ 79(975)  103(92.8) 026
PCINo. (%) 149(776)  69(852)  80(721) 0048

For continuous variables median and interquartie ranges are given. For binary variables
absolute and relative frequencies are shown.

No., Number; B, body mass index; CAD, coronary artery disease; PCI, percutaneous
coronary intervention.
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All Indirect transfer Direct transfer Un-adjusted Adjusted on FMC-to-balloon time

In-hospital outcomes N=2,206 N =359 N=1847 OR (95% Cl) Wald p OR (95% Cl) Wald p
Death 114(52) 3289 82(4.4) 211(136-8.19) 00008  1.84(1.16-2.85) 0.008
Cardiovascular death 86(3.9) 26(7.2) 60(32) 233(143-870) 00005  2.08(1.25-3.36) 0.004
Myocardial infarction 25(1) 7019 18(1) 2.02(0.78-4.68) 01

Stroke 10(0) 108 9(05) 057 (0.03-3.06) 06

Unplanned revascularization 342) 822 26(1.4) 1.60(0.67-3.40) 03

Stent thrombosis 26(1.1) 4(1.9) 22(12) 0.94 (0.27-2.60) 09

Major bleeding 48(22) 10 28) 38(2.1) 1.36 (0.64-2.66) 0.4

1-year outcomes N=2124 N =347 N=1,777 HR (95% CI) Score p HR (95% Cl) Score p
Death 188 (9) 51 (14.6) 137 (7.7) 2.02(146-278)  <0.0001  1.73(1.22-2.45) 0.002
Cardiovascular death 118 (5.6) 35 (10) 83(4.7) 2.28(1.58-338)  <0.0001 201 (1.31-3.07) 0.001
Myocardial infarction 52(2.4) 132 @3 1.44(0.74-2.80) 03

Stroke 20(0.9) 2(06) 18 (1) 059 (0.14-2.56) 05

Unplanned revascularization 128(6) 19 (5.4) 109 (6.1) 0.95 (0.58-1.54) 08

Stent thrombosis 39(1.8) 6(1.7) 33(1.9 0.99 (0.41-2.35) 1

Major bleeding 79@.7) 13@.7) 66 (3.7) 1.06 (0.94-1.93) 08

FMC, first medical contact.
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Age, years
Gender, female
BMI, Kg.m™2

Killp class > 1
Cradiogenic shock
Past history
Diabetes
Hyperlipemia
Current smoking
Hypertension

PCl

Myocardial infarction
Stroke

PAD

Prehospital data
EMS number call by patient
FMC

EMS

MD-EMS
Paramedics-EMS
ED

PClHfacility
Non-PCl-facility
Private MD
Hospitalized patients
PClHfacility
Non-PCl-facility
imes, min
Symptom to FMC
FMC to door

Door to balloon
FMC to balloon

FMC to balloon <120’
FMC to balloon <90"
Total ischernic time
Pre-catheterization medication
Aspirin

P2Y12 inhibitors
Clopidogrel

Prasugrel

Ticagrelor

IV anticoagulation
Enoxaparin

UFH

Bivalirudin
In-hospital data
Per-procedure medication
Aspirin

P2Y12 inhibitor
Clopidogrel

Prasugrel

Ticagrelor

2B3A inhibitor

IV anticogulation
Enoxaparine

UFH

Bivalirudin

Transradial

Left main disease
Single vessel disease
Single vessel PCI
Stents per patient
Successful PCI
Medication at discharge
Aspirin®

P2Y12 inhibitor
Clopidogrel

Prasugrel

Ticagrelor

Medication at 1 year®
Aspirin

P2Y12 inhibitor
Clopidogrel

Prasugrel

Ticagrelor

210 patients with missing data.

Global population
N=2,206

62.66 + 13.91
547 (25)
26.63 + 4.37
335 (15)
82(37)

205 (13)
814 (37)
838 (38)
882 (40)
277 (13)
1779
53(2)
728

1245 (56)

1310 (59)
1107 (50)
203(9)
601 (27)
135 (6)
466 (21)
200 (9)
95 (4)
60(3)
35(1.6)

175+ 217
9396
56+ 131
149 + 166
1222 (55)
745 (34)
324+ 284

2008 (95)
2030 (92)
251 (1)
135 (6)
1644 (75)
1968 (89)
845 (38)
1098 (50)
22(1)

382(17)
174(8)
24(1)
11(0)
139(6)

830 (38)
1141 (52)
19.(1)
1118 (51)
100
1847 (83)
400
1012 (46)
2105 (95)
11908
2151 (98)
N=2092
2066 (99)
2062 (98.6)
282 (13)
181(9)
1599 (76)
N=1922
1841 (96)
1006 (53)
255 (13)
73(4)
678 (35)

Indirect admission
N =359

65.07 +14.68
108 (30.1)
26.87 % 481
71(19.8)
19(5.3)

63(17.5)
140 (89)
122 (34)
163 (45.4)
26(7.2)
1439
12(33)
131

166 (46.2)

201 (56)
118 (32.9)
83(23.1)
75 (20.9)
00
75 (20.9)
77 (21.4)
6(1.7)
0(0)
6(1.7)

2084238
176 + 158
107 262
283315
55(15.3)
20(5.6)
5114397

344 (95.8)
332(92.5)
60 (16.5)
17 (4.5)
255 (71)
306 (85.2)
146 (40.7)
150 (41.8)
5(1.4)

70(19.5)
25(7)
411
3(08)
18(5)

108 (28.7)

208 (57.9)
3(08)

203 (56.5)
3(0.8)

315 (88)
1(0.3)

150 (41.8)

340 (96)

124085

342(95.3)

N=327

324 (99)

320(97.9)

61(18.7)
23

236 (72.2)

N=277

277 (96)
156 (54)
44(15)
10(35)
102 (35)

5281 and 200 patients with missing data at 1 year with respect to aspirin and P2Y12 inhibitor treatment.
FMC, fist modical contact; BMI, body mass index; ED, emergency department; PCI, percutaneous coronary intervention, PAD, peripheral arterial discase; EMS, emergency medical
services; MD, medical doctor; IV, intravenous, UFH, unfractionated heparin.

Direct admission
N=13847

62.19 + 13.71
430 (23.8)
26,59 +4.27
264 (14.3)
64 (3.4)

232 (12.6)
674 (36.5)
716(38.8)
719(38.9)
251(13.6)
163 (8.8)
41@22)
61(3.9)

1079 (58.4)

1109 (60)
989 (53.5)
120 (65)
526 (28.5)
135 (7.3)
391(21.2)
123 (6.7)
89(4.8)
60(3.2)
29(1.6)

165 + 212
76467
46482
123+ 98

1167 (63.2)
725 (39.3)
287 £240

1754 (95)
1698 (91.9)
191 (10.3)
118 (6.4)
1389 (75.2)
1662 (90)
699 (37.8)
948 (51.9)
17(09)

312(169)
149 (8.1)
20(1.1)

8(0.4)
121 (6.6)
727 (39.4)

933 (60.5)

16(09)
915 (49.5)
7(0.4)
1690 (92)
3002
862 (46.7)
1765 (96)
1.19+0.79

1809 (97.9)

N=1765
1742 (99)
1742 (98.7)
221 (12.5)
158 (9)

1363 (77.2)
N = 1564
1564 (96)
850 (52)
211 (18)

63(4)
576 (35)

P value

0.0006
0.01
03

0.008
0.09

0.01
04
0.09
0.02
0.0009
0.002
0.2
08

<0.0001

02
<0.0001
<0.0001

0.003
<0.0001

09
<0.0001

0.007
<0.0001

09

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

05
07
0.0005
0.2
0.1
0.008
03
0.0009
04

0.2
05
0.96
03
03
0.0001
0.01
0.95
0.02
02
0.02
06
0.09
05
03
0.003

07
0.2
0.003
03
0048

06
03
07
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Variables

HR
Blunt entry 0.444
Falled attempt 0208
Distal reference diameter”

Proximal side branch 0352
Bending > 45° 0.232
Calcium > 50% CSA 0303

Overall

95%Cl

0.216-0.913
0.077-0.536

0.166-0.748
0.100-0.536
0.149-0.616

P-Value

0.027
0.001
0.007
0.001
0.001

HR

0.081

Soft CTO

95%Cl

0.012-0.563

P-Value

0.011

HR

0215
4.748
0.250
0.066
0.326

Hard CTO

95%Cl

0.070-0.664
1.698-13.275
0.110-0.571
0.020-0218
0.147-0.717

P-Value

0.008
0.003
0.001
<0.001
0.005

Data were analyzed using a Cox regression model. *Distal reference diameter was divided into <2.5 and >2.5mm. CTO, chronic total occlusion; HR, hazard ratio; Cl, confidence interval;

CSA, cross-sectional area.
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J-CTO
PROGRESS-CTO
CT-RECTOR
KCeT

CTA-J CTO

Overall
(n=207)

14+ 14
12+08
17412
24+18
15+£13

Soft CTO
(=42

1110
1.1£08
1.2+09
19+ 1.1
08+09

Hard CTO
(n=165)

1411
12408
18+1.2
25+19
1613

p-Value

0.057
0.671
0.002
0.162
<0.001
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Occlusion length, mm

Occlusion length = 15 mm, n (%)
Occlusion length = 20mm, n (%)
Multiple occlusion, n (%)

Proximal reference vessel diameter, mm
Distal reference vessel diameter, mm
Blunt stump, n (%)

Side branch, n (%)

Bending > 457, (%)

Calcium, any, n (%)

Calcium = 50% CSA, n (%)

CTO, chronic total occlusion; CSA, cross-sectional area.

Overall
(n=207)

203+ 158
107 (51.7)
80(38.6)

10(4.8)
3.0£07
22£05
74(35.7)
65 (31.4)
42(203)
80(38.6)
63(30.4)

Soft CTO
(h=42)

163+ 104
21(500)
12 (28.6)

1(2.4)
28+07
22+05

9@21.4)

6(14.3)

9(@1.4)
00
0(0)

Hard CTO
(n = 165)

213+ 168
86 (52.1)
68 (41.2)

9(55)
30£07
22405
65(39.4)
50(35.8)
33(200)
80 (485)
63(38.2)

p-Value

0.066
0.806
0.133
0.670
0.013
0.755
0.030
0.007
0.837
<0.001
<0.001
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Angiographic characteristics
Target vessel

LM, n (%)

LAD, n (%)

LCX, 1 (%)

RCA, 1 (%)
Multiple occlusion, 1 (%)
Ostial location, 1 (%)
Blunt stump at entry, n (%)
Side branch at entry, n (%)
Bending > 457, n (%)
Calcium, any, n (%)
Heavy calcium, n (%)
Occlusion length = 20 mm, n (%)
Bridging collaterals, 1 (%)
Retrograde collaterals grade = 2, n (%)
Severe proximal vessel disease, n (%)
Severe distal vessel disease, 1 (%)
Procedural characteristics
Radial access, n (%)
Guiding catheter
6-F,n (%)
7-F,n (%)
Retrograde injection, n (%)
Retrograde wiring approach, n (%)
Over-the-wire balloon support, n (%)
Simultaneous PC for non-CTO lesion, n (%)
Mean number of wires, n (%)
Successful GW crossing within 30, n (%)
Final successful GW crossing, n (%)
Successful implantation of stent, 1 (%)

Dissection or perforation, 1 (%)

CTO, chronic total occlusion; LM, left main; LAD, left anterior descending; LCX, left circumflex; RCA, right coronary artery; PCI, percutaneous coronary intervention;

overall
(n=207)

2010
85(41.1)
22(106)
98(47.3)
9(43)
10 (4.8)
76(36.7)
90 (43.5)
48(28.2)
45(21.7)
20(9.7)
85 (41.1)
21(10.4)
195 (94.2)
68(32.9)
86(415)

85(41.3)

136 (65.7)
71(34.3)
97 (46.9)
19(0.2)
10(4.8)
73(35.9)
36+18
131/(63.3)
161 (77.8)
152 (73.4)
9(4.2)

Soft CTO
(n=42)

0
12 (28.6)
7(16.7)
23(54.8)
2048
1.4
12/(28.6)
14(33.3)
11(26.2)
2(4.8)
00
16(38.1)
5(11.9)
37(88.1)
16(38.1)
16(38.1)

17 40.5)

29(69.0)
13(31.0)
18 (42.9)
00
00
17 40.5)
30x12
36(85.7)
40(95.2)
36(85.7)
2(4.8)

Hard CTO
(n =165)

2(12)
73(44.2)
15(9.1)
75 (45.5)
7(42)
9(55)
64(38.8)
76 (46.1)
37 (22.4)
43 (26.1)
20 (12.1)
69(41.8)
16(9.7)
158 (95.8)
52(31.5)
70 (42.4)

68 (41.5)

107 (64.8)
58(35.2)
79(47.9)
19(11.5)
10(6.1)
56(33.9)
38+20
95(57.6)
121 (73.9)
116 (70.3)
7(4.2)

p-Value

0177

1.000
0.670
0.220
0.137
0.606
0.003
0.037
0.661
0.891
0.127
0.418
0611

0.908
0.609
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Parameters

Kernel cache
c

Convergence epsilon
Max iterations

Lpos

Lneg

Balance cost

Setting

200

0.1
0.001
100,000
1.0

1.0
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Feature type

Demographic
Demographic
Demographic
Demographic
Demographic
Demographic
Demographic
Demographic
Demographic
Demographic
Demographic
Demographic
Demographic
Demographic
Demographic
Demographic
Demographic
Symptom and examination
Symptom and examination
Symptom and examination
Symptom and examination
Symptom and examination
Symptom and examination
Symptom and examination
Symptom and examination
Symptom and examination
Symptom and examination
Symptom and examination
Symptom and examination
Symptom and examination
Symptom and examination

Laboratory and echo
Laboratory and echo
Laboratory and echo
Laboratory and echo
Laboratory and echo
Laboratory and echo
Laboratory and echo
Laboratory and echo
Laboratory and echo
Laboratory and echo
Laboratory and echo
Laboratory and echo
Laboratory and echo
Laboratory and echo
Laboratory and echo
Laboratory and echo
Laboratory and echo
Categorical

Std: Standard.

Feature name

Age
Weight

Length

Sex

Body mass index (BMI) (Kb/m?)
Diabetes melitus (DM)
Hypertension (HTN)

Current smoker

Ex-smoker

Family history (FH)

Obesity

Chronic renal failure (CRF)
Cerebrovascular accident (CVA)
Airway disease

Thyroid disease

Congestive heart failure (CHF)
Dysiipidernia (DLP)

Blood pressure (8P) (mmHg)
Pulse rate (PR) (ppm)

Edema

Weak peripheral puise

Lung rales

Systolic murmur

Diastolic murmur

Typical chest pain

Dyspnea

Function class

Atypical

Nonanginal chest pain
Exertional chest pain

Low TH Ang (low-threshold angina)
Rhythm

Qwave

ST elevation

ST depression

Tinversion

LVH (ieft ventricular hypertrophy)
Poor R-wave progression

FBS (fasting blood sugar mg/d)
Cr (creatine mg/di)

TG (tiglyceride mg/di)

LDL (low-density lipoprotein mg/d)
HDL (high-density lipoprotein mg/d)
BUN (blood urea nitrogen mg/di)
ESR (erythrocyte sedimentation rate mvh)
HB (hemoglobin g/cl)

K (potassium mEcyi)

Na (sodium mEc/lit

'WBC (white blood cell cells/ml)
Lymph (lymphocyte %)

Neut (neutrophil %)

PLT (platelet 1,000/m)

EF (ejection fraction %)

Region with RWMA

'VHD (valvular heart disease)
Target classes

Range

(30-80)
(48-120)
(140-188)
Male, Female
(18-41)
©.1)
©.1)
©,1)
o1
o1

Yes if MBI > 25, No otherwise
Yes, No
Yes, No
Yes, No
Yes, No
Yes, No
Yes, No
(90-190)
(60-110)
©.1)

Yes, No
Yes, No
Yes, No
Yes, No
©,1)
Yes, No
1,2,3,4
Yes, No
Yes, No
Yes, No
Yes, No
Sin, AF
o1
©.1)
©.1)
0.1

Yes, No
Yes, No
(62-400)
05-2.2)
(87-1050)
(18-232)
(15-111)
(6-52)
(1-90)
(89-17.6)
8.0-6.6)
(128-156)
(8,700-18.000)
(7-60)
(32-89)
(25-742)
(15-60)
(©-4)
Normal, Mild, Moderate, Severe
‘CAD, Normal

Std. error of mean

0.6

0.69
0.54
0.24
0.03
0.03
0.02
0.01
0.02

0.51
0.01

0.02
5.63
2.03
0.61
0.4
0.92
0.09
0.03
0.22
138.67
0.57
0.59
3.49
0.51
0.07
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Variables

NRI

NRI > 100

97.5 < NRI < 100

NRI <975
Lymphocyte count
Neutrophil count
Monocyte count
TC
hs-CRP
GRACE score
Sex
BMI
Current smoking
Family history of CAD
Hypertension
Dyslipidemia
Diabetes
Past MI
Past PCI
SYNTAX score
Complete revascularization
Discharged with Aspirin
Discharged with ACEVARBS
Discharged with B-blockers.
Discharged with insulin
Discharged with oral antidiabetic agents

Univariate analysis

HR (95% CI)

ref
1.426 (1.059-1.920)
1.744 (1.819-2.306)
0879 (0.730-1.059)
1.189 (1.124-1.258)
3318 (1.952-5.642)
1.151 (1.042-1.272)
1.082 (1.018-1.046)
1.003 (1.000-1.005)
1.050 (0.818-1.349)
0974 (0.940-1.008)
1.168 (0.948-1.438)
1.275 (1.028-1.582)
1.037 (0.834~1.289)
1.346 (1.014-1.787)
1.521 (1.234-1.876)
1.530 (1.207-1.941)
1.582 (1.252-1.998)
1.036 (1.027-1.045)
0.423 (0.342-0.622)
0.244 (0.130-0.457)
1.147 (0.931-1.412)
0.780 (0.627-0.971)
1.712 (1.335-2.197)
1.203 (1.028-1.626)

HR indicates hazard ratio; 95% Cl, 95% confidence interval. Other abbreviations as in Table 2.

P-value

ref
0.020
<0.001
0.175
<0.001
<0.001
0.006
<0.001
0.036
0.701
0.132
0.145
0.027
0.746
0.040
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.198
0.026
<0.001
0.028

Multivariate analysis

HR (95% CI)

ref
1.368 (1.004-1.871)
1.473 (1.064-2.041)
0834 (0.682-1.020)
1117 (1.042-1.198)
1.446 (0.672-3.113)
1.191 (1.070-1.326)
1.008 (0.988-1.027)
0.999 (0.996-1.002)
0948 (0.695-1.294)
0974 (0.939-1.011)
1.354 (1.056-1.736)
1.237 (0.992-1.543)
1.127 (0.881-1.442)
1.036 (0.767-1.399)
1,323 (0.980-1.785)
1.101 (0.833-1.457)
1,637 (1.239-2.164)
1.019 (1.009-1.030)
0563 (0.445-0.712)
0.428 (0.222-0.823)
0.990 (0.782-1.255)
0.716 (0.571-0.899)
1.359 (1.008-1.831)
0927 (0.600-1.245)

P-value

ref
0.049
0.020
0.077
0.002
0.346
0.001
0.442
0.355
0.738
0.165
0.017
0.059
0.340
0.819
0.068
0.498
0.001
<0.001
<0.001
0011
0.936
0.004
0.044
0615
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MACE
GRACE
GRACE+NRI
Death
GRACE
GRACE+NRI
Death or MI
GRACE
GRACE+NRI
Death, stroke, or MI
GRACE
GRACE+NRI

¢NRI, continuous net-reclassification index; IDI, integrated discrimination improvement. Other abbreviations as in Table 2.

C-Statistic (95%C1)

0.524 (0.493-0.556)
0.565 (0.534-0.596)

0.671 (0.677-0.764)
0.743 (0.661-0.826)

0.607 (0.540-0.673)
0,625 (0.568-0.693)

0.633 (0.578-0.689)
0.650 (0.5692-0.709)

P-value

ref
0.006

ref
0.026

ref
0.217

ref
0.165

CoNRI (95%Cl)

ref
0070 (0.010-0.135)

ref
0.217 (0.037-0.400)

ref
0,063 (~0.057-0.190)

ref
0083 (~0.012-0.207)

P-value

ref
0.010

<0.001

0.179

ref
0.090

IDI (95%Cl)

ref
0.005 (0.001-0.014)

ref
0.018 (0.004-0.051)

ref
0.007 (0.001-0.021)

ref
0.009 (0.002-0.026)

P-value

ref
<0.001

ref
<0.001

ref
<0.001

ref
<0.001
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Variables

NRI
NRI > 100
97.5 < NRI < 100
NRI < 97.5
Lymphocyte count
Neutrophil count
Monocyte count
TC
hs-CRP
GRAGE score
Sex
BMI
Current smoking
Family history of CAD
Hypertension
Dyslipidemia
Past MI
Past PCI
SYNTAX score
Complete revascularization
Discharged with aspirin
Discharged with ACEVARBSs
Discharged with -blockers
Discharged with insuiin
Discharged with oral antidiabetic agents

Abbreviations as in Table 2.

Univariate analysis

HR (95% CI)

ref
1.395 (0.925-2.104)
2202 (1.564-3.100)
0.761 (0.590-0.980)
1.184 (1.090-1.287)
2578 (1.311-5.070)
1.115 (0.980-1.268)
1.035 (1.014-1.055)
1.002 (0.999-1.005)
0.946 (0.691-1.294)
0.963 (0.919-1.008)
1.005 (0.755-1.338)
1.225 (0.911-1.649)
1,053 (0.777-1.428)
1.313 (0.860-1.984)
1,516 (1.112-2.068)
1.751 (1.304-2.351)
1,029 (1.016-1.042)
0.451 (0.339-0.600)
0.109 (0.054-0.222)
1.208 (0.912-1.602)
0.776 (0.574-1.049)
1.411 (1.080-1.878)
0952 (0.719-1.261)

P-value

ref
0.112
0.000
0.035
<0.001
0.006
0.099
0.001
0.262
0727
0.109
0.971
0179
0.737
0.197
0.009
<0.001
<0.001
<0.001
<0.001
0.188
0.099
0.018
0.732

Multivariate analysis

HR (95% CI)

ref
1.601 (1.030-2.489)
1.977 (1.283-3.046)
0.761(0.571-1.013)
1.184 (1.050-1.325)
1.014 (0.852-2.921)
1.213 (1.052-1.397)
1.001 (0.972-1.031)
0.997 (0.993-0.001)
1.008 (0.732-1.647)
0974 (0.928-0.028)
1.249 (0.887-1.758)
1.263 (0.916-1.713)
1.340 (0.949-1.893)
0.936 (0.604-1.450)
1.090 (0.753-1.579)
1.927 (1.839-2.773)
1.016 (1.001-1.082)
0.602 (0.440-0.824)
0.202 (0.128-0.663)
1.072 (0.778-1.476)
0,690 (0.499-0.953)
1.429 (1.046-1.951)
0.963 (0.710-1.306)

P-value

ref
0.037
0.002
0.061
0.003
0.979
0.008
0.949
0.169
0.850
0.209
0.202
0.158
0.006
0.766
0.648
<0.001
0.082
0.002
0.003
0.673
0.024
0.025
0.808
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MACE
GRACE
GRACE+NRI
Death
GRACE
GRACE+NRI
Death or MI
GRACE
GRAGE+NRI
Death, stroke, or MI
GRACE
GRACE+NRI

Abbreviations as in Table 2.

C-Statistic (95%Cl)

0504 (0.461-0.548)
0.695 (0.555-0.636)

0.735 (0.586-0.884)
0806 (0.671-0.941)

0,656 (0.565-0.757)
0.698 (0.600-0.795)

0.709 (0.637-0.782)
0.738 (0.664-0.812)

P-value

ref
<0.001

ref
0.132

ref
0.156

ref
0.030

eNRI (95%Cl)

ref
0.176 (0.062-0.278)

ref
0.328 (0.004-0.566)

ref
0.205 (0.000-0.398)

ref
0.191 (0.057-0.331)

P-value

ref
<0.001

ref
0.020

ref
0.050

ref
0.010

1DI (95%Cl)

ref
0.022 (0.003-0.052)

ref
0037 (0.007-0.168)

ref
0,018 (0.002-0.063)

ref
0.023 (0.004-0.062)

P-value

ref
<0.001

ref
<0.001

ref
0.010

ref
<0.001
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MAGE-n (%)
Death-n (%)
Cardiovascular cause-n (%)
Non-cardiovascular cause-n (%)
Non-fatal stroke-n (%)
Non-fatal Mi-n (%)
Unplanned repeat revascularization -n (%)

Abbreviations as in Table 2.

Al subjects
(n=1,718)

354 (20.6)
44(2.6)
37(2.2)
7(04)
24(1.4)
49(2.9)

289 (16.8)

NRI > 100
(n=1,301)

239 (18.4)
19(1.5)
16(1.2)
3(02)
12(0.9)
36(2.8)

206 (15.8)

97.5 < NRI < 100
(n =208)

53(25.5)
8(38)
629
2(1.0)
5(24)
629

40(19.2)

NRI <975
(n=209)

62(29.7)
17 8.1)
15(7.2)
2(1.0)
7(39)
733

43(206)

P-value

<0.001
<0.001
<0.001
0.127
0.009
0.895
0.144
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Variable Al subjects MACE No such event P-value
(n=1718) (n=354) (n=1,364)
NRI 1040£56 1080£58 1043£55 <0.001
NRI Degree <0.001
NRI >100-n (%) 1,801 (75.7) 239 (67.5) 1,062 (77.9)
975 < NRI < 100-n (%) 208 (12.1) 53(15.0) 165 (11.4)
NRI < 97.5-n (%) 209 (12.2) 62 (17.5) 147 (10.8)
GRACE variables
Age-years 60+ 10 6011 60+ 10 0246
HR-bpm 6949 71+ 10 689 <0001
SBP-mmHg 130+ 16 132417 130+ 16 0017
Creatinine-pmol/L 703 (62.1-79.7) 72.0(63.5-83.0) 69.6(61.6-789) 0.003
Heart failure-n (%) 501 (29.2) 118(33.9) 383 (28.1) 0061
ST-segment deviation-n (%) 306 (17.8) 7420.9) 282 (17.0) 0.108
Elevated cardiac enzymes/markers-n (%) 443 (25.8) o7 (27.4) 346 (25.4) 0477
Cardiac arrest-n (%) 2(0.1) 2(06) 0(0.0) 0057
GRACE score 104 £ 39 107 & 41 103438 0041
GRACE risk 0.004
Low 1,108 (64.5) 214 (60.5) 894 (65.5)
Intermediate 287 (16.7) 52 (14.7) 285 (17.2)
High 323(18.8) 88(24.9) 235 (17.2)
Demographics
Male-n (%) 1,817 (76.7) 275(77.7) 1,042 (76.4) 0659
Height-m 1,68+ 0,07 1.67 £007 1.68 £ 0.07 0322
Weight-kg 73412 72411 73412 0075
BMi-kg/m? 257 +3.1 25582 258+3.1 0.116
Risk Factors
Current smokers-n (%) 750 (44.2) 168 (47.5) 591 (43.9) 0.182
Family history of CAD-n (%) 550 (32.0) 131(37.0) 419.(30.7) 0028
Hypertension-n (%) 1,094 (63.7) 208 (64.4) 866 (63.5) 0797
Dyslipidemia-n (%) 1,376 (80.1) 297 (83.9) 1,079 (79.1) 0053
Diabetes-n (%) 793 (46.2) 195 (85.1) 598(43.8) <0001
Past Min (%) 328 (19.1) 92 (26.0) 236(17.9) <0.001
Past PCI-n (%) 340 (19.8) 97 (27.4) 243 (17.8) <0.001
Type of ACS
UAN (%) 1,275 (74.2) 257 (72.6) 1,018 (74.6) 0477
NSTEMI-n (%) 221 (12.9) 51(14.4) 170 (12.5) 0377
STEMI-n (%) 222 (12.9) 46 (13.0) 176 (12.9) 1.000
Laboratory Measurements
ALB (/L) 42,087 41.4+38 42236 <0.001
Lymphocyte count (x10°/L) 1.83+058 1.79£ 060 1.84£058 0.130
Neutrophil count (x10%/L) 4.00 (3.20-4.95) 4.45 (3.56-5.41) 3.90 (3.15-4.76) <0.001
Monocyte count (x10%/L) 0.36 (0.29-0.45) 0.40 (0.31-0.49) 0.35 (0.28-0.45) <0.001
hs-CRP 1.36 (0.65-3.47) 2.22(0.94-5.32) 1.23 (0.58-3.14) <0.001
TC (mmol/L) 415099 4284099 411099 0.005
LOL-C (mmol/L) 244 £ 081 2554078 241081 0.006
HDL-C (mmol/L) 1.03+028 099 0.21 1.05£0.24 <0.001
TG (mmol/L) 1.45 (1.01-2.06) 1.62 (1.11-2.28) 1.41 (0.98-2.01) <0.001
FPG (mmolrL) 579 (5.23-6.94) 6.24 (5.45-8.02) 5.72(5.21-6.76) <0.001
Glycosylated hemoglobin (%) 6.1(66-7.1) 6.4(5.7-7.5) 6.0(65-7.0) <0.001
LVEF-% 65 (60-68) 62 (58-67) 65 (60-68) <0.001
Angiographic Findings
LM/multi-vessel disease-n (%) 1,458 (84.9) 323 (912) 1,135 (83.2) <0001
Proximal LAD stenosis-n (%) 862 (50.2) 198 (54.5) 669 (49.0) 0076
SYNTAX score 213£109 253+ 110 202106 <0.001
Procedural Results
DES-n (%) 1,411 (82.1) 278 (78.5) 1,133 (83.1) 0.057
BRS-n (%) 97 (6.6) 23 (6.5) 74 (5.4) 0516
DCB-n (%) 1172) 33(33.7) 78(25.2) 0.128
Complete revascularization-n (%) 1,052 (61.2) 151 (42.7) 901 (66.1) <0.001
Medications
Aspirin-n (%) 1,702 (99.1) 344 (97.2) 1,358 (99.6) <0.001
Cilostazoln (%) 19(1.1) 10 28) 9(0.7) 0.001
Clopidogrel-n (%) 1,676 (91.7) 320 (90.4) 1,256 (92.1) 0358
Ticagrelor-n (%) 142 (83) 34(9.6) 108(7.9) 0358
Statins-n (%) 1,718 (100.0) 354 (100.0) 1,364 (100.0) NA
ACEVARBs-n (%) 830 (48.3) 182 (51.4) 648 (47.5) 0211
p-blockers-n (%) 1,204 (70.1) 231 (65.3) 973(71.3) 0.031
Any antidiabetic treatment-n (%) 572(33.9) 158 (44.6) 414(30.4) <0001
Insulin-n (%) 268 (15.6) 80 (22.6) 188 (13.8) <0.001
Oral antidiabetic agents-n (%) 426 (24.8) 103 (29.1) 323(23.7) 0042
Metformin-n (%) 121(7.0) 32(9.0) 89(6.5) 0.126
Appha-glucosidase inhibitors-n (%) 281(16.4) 65 (18.4) 281 (16.4) 0287
Sulfonylurea-n (%) 194 (11.3) 44 (12.4) 150 (11.0) 0506
DDP-4 inhibitors-n (%) 13(08) 4(1.1) 9(0.7) 0572

MACE indicates major adverse cardiovasculer events; NRI, nutritional risk index; GRACE, Global Registry of Acute Coronary Events; HR, heart rate; SBR, systolic blood pressure; BMI,
body mass index; CAD, coronary artery disease; MI, myocardial infarction; PCI, percutaneous coronary; ACS, acute coronary syndrome; UA, unstable angina; NSTEM, non-ST segment
elevation myocardl inferction; STEM, ST segment elevation myocardiel infarction; ALB, albunin; hs-CRR, high-sensitiity C-reactive protein; TC, serum total cholesterol; LDL-C, low-
density lipoprotein-cholesterol; HDL-C, high-density lipoprotein-cholesterol; TG, triglycerides; FPG, fasting plasma glucose; LVEF, left ventricular sjection fraction; LM, left-main artery;
LAD, left anterior descending artery; SYNTAX, S¥Nergy between percutaneous coronary intervention with TAXus and cardiac surgery; DES, drug eluting stent; BRS, bioresorbable
scaffold: DCB, drug coated balloon; ACEI, angiotensin converting enzyme inhibitor; ARB-angiotensin Il receptor blocker: DDP-4, dipeptidyl peptidase 4.
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No. of risk scores met the individual thresholds P-value

0(V=514) 1(N =553 2(N =632 23 (N = 508)
Age, yrs 53.20 % 7.89 5732807 61.80 +9.80 68.24+7.34 <0001
Men, No. (%) 382 (74.32%) 398 (71.07%) 426 (67.41%) 320 (62.99%) <0001
Body mass index, mean  SD 25.67+3.15 2531+ 2.87 2524345 2477 £3.05 <0001
Diabetes mellitus 108 (21.01%) 115 (20.80%) 145 (22.94%) 136 (26.77%) 0.08
Hypertension 305 (59.34%) 338 (61.12%) 402 (63.61%) 355 (69.88%) 0,003
Hyperipidemia 140 (27.24%) 151 (27.31%) 143 (22.63%) 117 (28.03%) 0.12
Peripheral arterial disease 3(0.58%) 6(1.08%) 6(0.95%) 9(1.77%) 032
Previous myocardial infarction 55 (10.70%) 82(14.83%) 118 (18.67%) 112 (22.05%) <0001
Previous stroke 30 (5.84%) 62(1121%) 75(11.87%) 57 (11.22%) 0008
Previous PCI 24 (4.67%) 49 (8.86%) 64(10.13%) 32(6.30%) 0.002
Provious CABG 1(0.19%) 2(0.36%) 3(0.47%) 6(1.18%) 0.15
Smoking history 0.006
Current smoker 223 (43.39%) 222 (40.14%) 228 (36.08%) 283 (55.71%)
Ex-smoker 55 (10.70%) 64 (11.57%) 73 (11.55%) 159 (31.30%)
None 236 (45.91%) 267 (48.28%) 331 (52.37%) 66 (12.99%)
Family history of CAD 41(7.98%) 44.(7.96%) 35 (5.54%) 23 (4.53%)
Type of CAD, No. (%) <0001
STEMI 47 ©.14%) 62 (11.21%) 89 (14.08%) 78 (15.35%)
NSTEMI 42 8.17%) 47 (8.50%) 64 (10.13%) 78 (15.35%)
Unstable angina 341 (66.34%) 341 (61.66%) 371(68.70%) 281 (65.31%)
Others 84 (16.34%) 103 (18.63%) 108 (17.09%) 71 (13.98%)
Cor, mean  SD 110.67  30.00 9969 + 3230 9136+ 3082 72,66 + 23.67 <0.001
LVEF, % 64.01 % 5.87 61.54+7.85 60.37 +8.38 5672+ 8.72 <0001
Anemia 9(1.77%) 20 (3.67%) 28 (4.47%) 47 (9.36%) <0.001
Risk scores
Baseline SYNTAX score 571815 950 6,62 13.70 £ 825 18.38 + 8.00 <0001
Residual SYNTAX score 000 0.00 1,65 +2.39 4.61£565 7.02% 656 <0001
ACEF score 083 0.12 1,06+ 052 1.31£082 1.80 £ 1.09 <0001
GRAGE score 6031  14.80 68,54 + 1633 7957 +2064 95.41+16.25 <0001

Velues are mean  SD or No. (%). RS, risk score; BM), body mess index; PC, percutaneous coronary intervention; CABG, coronary artery bypass graft; CAD, coronary artery diseese;
STEM, ST-segment-elevation myocardial infarction; NSTEMI, non-ST-segment-elevation myocardial infarction; Cer, creatinine clearance; LVEF, left ventriculer ejection fraction; SYNTAX,
synergy between PCI with TAXUS and cardiac surgery; ACEF, age, creatinine and ejection fraction; GRACE, global registry for acute coronary events.
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No. of risk scores met the individual thresholds P-value

0 (514 Patients, 625 1 (853 Patients, 757 2 (632 Patients, 891 >3 (508 Patients, 774

Lesions) Lesions) Lesions) Lesions)
Transradial approach 486 (04.56%) 521 (04.21%) 577 (91.30%) 468 (92.13%) 0.09
Target vessel disease extent <0.001
1-vessel 430 (83.66%) 406 (73.42%) 439 (69.46%) 311 (61.22%)
2-vessel 63 (12.26%) 128 (22.24%) 162 (25.63%) 149 (29.33%)
3-vessel 2(0.39%) 12 2.17%) 14 (2.22%) 23 (4.53%)
Left main artery 19 (3.70%) 12 (2.17%) 17 (2.69%) 25 (4.92%)
Baseline SYNTAX score 571815 950 % 6.62 13.70 £ 825 18.38 = 8.00 <0001
No. of target lesions per patient 1.224+0.43 1.37 £ 0.60 1.41 +£0.60 1.62 +0.68 <0.001
Target vessel location 0.16
Left main artery 19 (3.04%) 12 (1.59%) 17 (1.91%) 26 (3.36%)
Left anterior descending artery 284 (45.44%) 324 (42.86%) 417 (46.80%) 335 (43.28%)
Left circumflex artery 142 (22.72%) 183 (24.21%) 183 (20.54%) 173 (22.35%)
Right coronary artery 180 (28.80%) 237 (31.35%) 274 (30.75%) 240 (31.01%)
ACC/AHA lesion classification B2-+C 501 (80.16%) 635 (83.99%) 757 (84.96%) 685 (88.50%) <0001
Bifurcation lesion 181 (28.96%) 235 (31.08%) 280 (31.43%) 317 (40.96%) <0001
Total ocolusion 42(6.72%) 759.929%) 127 (14.25%) 116 (14.99%) <0001
Severely tortuous or angulated lesion 11(1.76%) 18 (1.72%) 24 (2.69%) 28 (3.62%) 0.06
Moderate to heavy calcification 13 (2.08%) 15 (1.98%) 27 (3.03%) 41 (5.30%) <0.001
Pre-procedural QCA
Reference vessel diameter, mm 2844049 2824048 276 +£0.46 2.74:£043 <0001
Lesion length, mm 18.62 £ 11.55 19.86 + 11.16 21.78 + 12.98 23.66 + 14.12 <0001
Procedural results
Stent per patient 1.61£0.70 1.67 +0.83 1.81:£087 2.02+0.96 <0001
Total stent length per patient, mm 35.70 20,16 40.42  22.90 44.64 25,20 51.17 £27.03 <0001
Residual SYNTAX score 0.00 % 0.00 1.65+2.39 461565 7.02+ 656 <0001

Values are mean + SD or No. (%). ACC/AHA, American College of Cardiology/American Heart Association; QCA, quantitative coronary angiography; Other abbreviations are the same
as for Table 1.
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Mutated  Nucleotide Effect of Predicted N NGS gnomAD > SISu > 10,000 ACMG score Clinical features and autopsy
gene change protein effect coverage 3,000 Finnish Finnish controls findings of the victims
controls MAF MAF

Pathogenic variants

DSG2 523 +1G Affects canonical 1 75 Not detected <0.0001 PVS1 4+ PM2 + Male, in his 70's, BMI 25, heart
>A splicing PP2+PP5  weight 446g, no fiorosis, LAD
occluded

Likely pathogenic variants
MYBPC3  c.2497G > A p.Ala833Thr Missense 2 302/363 0.0023 00022 PS1+PP1+ 1:Male,in his 505, BMI 22,
PP2+PP3  heart weight 450g, mild fibrosis,
LAD occluded 2: Female, in her
70s, BMI 27, heart weight 5989,
moderate fibrosis, LAD
occluded, myocardial scar
MYH7  c3116A>G p.Glu1039Gly Missense 3 146/111/101 0.0011 00009 PS4+PMi+ 1:Male, in his 60s, BMI 31,
PP2 4+ PP3 heart weight 540 g, moderate
fibrosis, LAD occluded
2: Male, in his 705, BMI 28,
heart weight 535, substantial
fibrosis, LAD occluded
3: Male, in his 60's, BMI 29,
heart weight 575 g, mild fibrosis,
CX occluded, myocardial scar

DTNA ©.362C>T pPro12ileu Missense 196 Not detected <00001  PS3+PM2+ Female, in her 40s, BMI 28,
PP1+PP4+  heart weight 430g, no fibrosis,
PP5 LAD occluded

DsG2 c.166G > A pVals6Met  Missense 1129 0.0006 0.0004 PM1 +PP2+  Male, in his 50s, BMI 31, heart
PP3+PP4+  weight 580g, moderate fibrosis,
PP5 LAD occluded, myocardial scar

ACMG critori:

Very strong evidence of pathogenicity: PVS1, Nullvariant (nonsense, frameshift, canonical 1 or 2 splce sites, initation codon, single or mult-exon deletion) in a gene where loss of
function is & known mechanism of disease.
Strong evidence of pathogenicity: PS1, Same amino acid change as a previously established pathogenic variant regardiess of nucleotide change; PS2, De novo mutetion in a patient
with the disease and no family history; PS3, Wel-established in viro or in vivo functional studies supportive of a damaging effect on the gene or gene product; PS4, The prevalence of
the variant in affected individuals is significantly increased compared to the prevalence in controls.
Moderate evidence of pathogenicity: PM1, Located in a mutational hot spot and/or criticel and well-esteblished.
Functional domain (e.g., active site of an enzyme) without benign variation; PM2, Absent from controls (or at extremely low frequency if recessive).
In exome sequencing project, 1,000 Genomes or gnomAD; PMS3, For recessive disorders, detected in trans with a pathogenic variant; PM4, Protein length changes due to in-frame
deletions/insertions in a non-repeat region or stop-loss variants; PMS5, Novel missense change at an amino acid resiclue where a diferent missense change determined to be pathogenic
has been seen before; PM6, Assumed de novo, but without confirmation of patenity and materity.
Supporting evidence of pathogenicity: PP1, Co-segregation with disease in multiple affected family members in a gene definitively known to cause the disease; PP, Missense variant
in agene that has a low rate of benign missense variation and where missense variants are a common mechanism of disease; PP3, Multiple lines of computational evidence support a
deleterious effect on the gene or gene product (conservation, evolutionary, splcing impact, etc.); PP4, Patient’'s phenotype or family history s highly specific for a disease with a single
genetic etiology; PP5, Reputable source recently reports variant as pathogenic but the evidence is not available to the laboratory to perform an independent evaluation.
Rules for combining criteria to classily sequence variants.
Pathogenic:
1.1 Very Strong (PVST) AND.

a. 21 Strong (PS1-PS4) OR.

b. 22 Moderate (PM1-PM6) OR.

c. 1 Moderate (PM1-PM6) and 1 Supporting (PP1-PPS) OR.

d. >2 Supporting (PP1-PPS).
2.2 Strong (PS1-PS4) OR.
3.1 Strong (PS1-PS4) AND.

a. 23 Moderate (PM1-PM6) OR.

b. 2 Moderate (PM1-PME) AND =2 Supporting (PP1-PP5) OR.

c. 1 Moderate (PM1-PM8) AND =4 Supporting (PP1-PP5).
Likely pathogenic:
1.1 Very Strong (PVS1) AND 1 Moderate (PM1-PME) OR.
2.1 Strong (PS1-PS4) AND 1-2 Moderate (PM1-PM6) OR.
3.1 Strong (PS1-PS4) AND > 2 Supporting (PP1-PP5) OR.
4. >3 Moderate (PM1-PM6) OR.
5.2 Moderate (PM1-PM8) AND = 2 Supporting (PP1-PP5) OR.
6. 1 Moderate (PI1-PM8) AND > 4 Supporting (PP1-PPS).
ACMG, Americen college of moleculer genetics; BM, Body mess index; CX, Left circumfiex coronary artery; gnomAD, The Genome Aggregation Datebase; LAD, Left anterior descending
coronary artery; MAF, Minor allele frequency; NGS, Next generation sequencing; SISu, The Sequencing Initiative Suomi.
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HCM related ACTC1, ACTN2, ANKRD1, CALRS, CAV3, CSRP3, JPH2, MYBPC3, MYH6, MYH?7,
MYL2, MYL3, MYLK2, MYOB, MYOZ2, MYPN, NEXN, PDLIM3, PLN, PRKAG2, TCAR
TNNC1, TNNIS, TNNT2, TPM1, TRIMES, VCL

AC related DES, DSC2, DSG2, DSP, JUP, LMNA, PKP2, PLN, RYR2, SCN5A, TGFB3, TMEM43

DCM related ABCCY, ACTNZ, ACTC1, ANKRD1, BAGS, CRYAB, CSRP3, DES, DMD, DSG2, EYA4,
GATAD1, LAMAA, LDBS, LMNA, MYBPC3, MYHG, MYH7, MYPN, NEXN, PLN, RBMZ20,
SCNSA, SGCD, TAZ, TCAR, TMPO, TNNC1, TNNI3, TNNT2, TPM1, TTN, VCL, ZBTB17

LVNC related DTNA, LDBS, LMNA, MIB1, MYBPC3, MYH7, PRDM16, TAZ, TNNT2, TPM1

Metabolic disorders and syndromes with cardiac diseases ALMS1, BRAF, CBL, COX15, CRELD1, DNAJC19, DOLK, FXN, GAA, GLA, HFE, HRAS,

and congenital heart defects JAGT, KRAS, LAMP2, MAP2K1, MAP2K2, NKX2-5, NODAL, NOTCH1, NRAS, PTPN11,
RAF1, SCO2, SDHA, SHOC2, SMAD4, SOS1, TBX3, TBX20, TBX5, TTR, ZIC3

Arrhythmic disorders (LQTS, Brugada, familial FA, CPVT etc.) AKAPY, ANK2, CACNATC, CACNA2D1, CACNB2, CALM1, CASQ2, CAVS, DPP6, GJAS5,

GPD1L, HCN4, KCNAS, KCND3, KCNE1, KCNE2, KCNE3, KCNH2, KCNJ2, KCNJ5,
KCNJ8, KCNQ1, NPPA, RANGRF, RYR2, SCN1B, SCN2B, SCN3B, SCN4B, SCN5A,
SNTA1, TRDN, TRPM4

Dyslipidemia ABCGS, ABCG8, APOAS, APOB, APOC2, APOE, CETR, GPIHBP1, LDLR, LDLRAP1,
LMF1, LPL, PCSK9, SREBF2

Aortopathies/EDS ACTA2, COL3A1, COL5A1, COL5A2, EFEMP2, ELN, FBN1, FBN2, MYH11, MYLK,
SLC2A10, SMADS, TGFB2, TGFB3, TGFBR1, TGFBR2

Muscular dystrophies/myopathies. ACTA1, BAG3, EMD, FHL1, FKRR, FKTN, LAMA2, RYR1, SEPN1, SGCB, SGCD, SGCG,
SLC25A4, TMEM43

Other APOAd4, CBS, CREBSL3, CTF1, FHL2, GCKR, HADHA, HSPBS, ILK, KLF10, LTBP2,

MURC, PRKAR1A, SALL4, TXNRD2, ZHX3

Variants detected in the present study are highlighted (red). AC, Arrhythmogenic right ventricular cardiomyopathy; DCM, Dilated cardiomyopathy; CPVT, Catecholaminergic
polymorphic ventricular tachycardia; EDS, Ehlers-Danlos syndrome; FA, Familial arrhythmia; HCM, Hypertrophic cardiomyopathy; LQTS, Long QT syndrome; LYNC, Left ventricular
non-compaction cardiomyopathy.
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Characteristic Value

Age, mean (SD), y 63.6(10.3)
Male gender, n (%) 84(88.4%)
Hypertension, n (%) 25 (26.3%)
Diabetes melltus, n (%) 12 (12.6%)
Dyslipidemia, n (%) 8(8.4%)
Angina, n (%) 4(4.2%)
Dyspnea, n (%) 5(5.3%)
Abundant use of alcohol, n (%) 32/(33.7%)
Gircumstances at death

Unwitnessed; dead on initial contact, n (%) 89 (93.7%)

During physical activity, 1 (%) 5(5:3%)

In hospital, health center, or ambulance, n (%) 3(3.2%)
Body mass index, mean (SD), kg/m? 29.0 (5.3)
Total heart weight, mean (SD), g 514.5g (87.3), 421-820g range
Occluded coronary artery

LAD, n (%) 80 (84.2%)

OX, n (%) 4(4.2%)

RCA, n (%) 11(11.6%)
Myocardial scar, n (%) 22 (23.2%)

CX, Left circumflex coronary artery; LAD, Left anterior descending coronary artery; RCA,
Right coronary artery; SD, Standard deviation.
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Trial (year)

PICCOLETO
(2010 (42)

Bello (2012) (43)

Funatsu et al.
(2017) (44)
BASKET-SMALL 2
(2018) (45)

Angiographic
analysis from the
BASKETSMALL 2
(2020) (46)
Restore SVD
China (2018) (47)
PICCOLETO Il
(2020) (48)

Patients,
N

57

182

135

758

i

230

232

Design

DCB vs. DES

DCB vs. PES

DCB vs.
POBA

DCB vs.
nDES

ditto

DCB vs.
nDES

DCB vs. EES

DAPT duration
(months)

1in SAP and
alone DCB use vs.
3in DCB + stent
implantation vs. 12
in UAP or DES
1in DCB only vs.
3in DCB + BMS
vs. 12in PES

in both groups

1in SAP and DCB
only vs. 6 n SAP
and DES vs. 121in
ACS vs. 3in DCB
+BMSvs. 6in
DCB + DES

ditto

Atleast 6 in both
groups

1in SAP and DCB
vs. 6in EESvs. 12
in ACS

Primary endpoint
(follow-up, months)

DS: 43.6 vs. 24.3%"** (6)

LLL: 0,08 £ 0.38mm vs.
0.29  0.44 mmv* (6)

TVF: 3.4 vs. 10.3% (6)

MACE: 7.3 vs. 7.6% (12)
MAGCE: 15 vs. 15% (36)

DS: 35.8 vs. 20.0%"
(median 5.7)

DS: 296 £2.0vs. 24.1 &
2.0% ()

LLL: 0,04 £ 0.28mm vs.
0.17 + 0.39 mm* (6)

Binary
restenosis
rate, %

32.1vs.
10.3%"*

89vs. 14.1%

133 vs.
42.5%"

NA

204 vs.
21.5%

11.0vs. 8.6%

6.3 vs. 6.5%

TLR, % (follow-up,
months)

32.1vs. 10.3% (9)

4.4v5.7.6% (6)
6.7 vs. 13% (36)

2.3vs. 10.3% (6)

3.4vs.45% (12)
9vs. 9% (36)

NA

4.4vs.2.6% (12)
5.2vs.2.8% (24)

5.6.5.6% (12)

ST,N
(follow-up,
months)

0vs.0(9)

0vs. 0(36)

0vs.0(6)

2vs.4(13)
2vs.6(36)

NA

0vs.0(24)

0vs.2(12)

DAPT, dual anti-platelet therapy; TLR, target lesion revascularizetion; ST, stent thrombosis including definite and possible; DCB, drug-coated balloon; DES, drug-eluting stent; SAR.
stable angina pectoris; UAR, unstable angina pectoris; DS, diameter restenosis; PES, pacitaxel-eluting stent; BMS, bare-metal stent; POBA, plain old balloon angioplasty; TVF, target
vessel faiure; nDES, new-generation drug-eluting stent; ACS, acute coronary syndrome; MACE, mejor adverse cardiac events; EES, everolimus-eluting stent.
*P < 0,01 vs. non-DCB group.

‘P < 0.05 vs. non-DCB group.
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Trial (year)

Randomized
control trial
Nishiyama et al.
(2016) (53)

Gobié et al. (2017)
64

REVELATION
(2019) (55)

DEBUT (2019) (9)

Prospective
study

Cortese et al.
(2015) (56)

Shin et al. (2016)
&7

Amn et al. (2016)
68)

Luetal. (2019)
59

Rosenberg et al.
(2019) (60)

Patients,

75

120

220

156

27

686

Design

DCB vs. EES

DCB vs. SES

DCB vs. DES

DCB vs. BMS

DCB

DCB vs.
nDES

DCB

DCB

DCB

DAPT duration
(months)

8in both groups

12 in both groups

9in both groups

1in both groups

1in DCB only vs.
6in DCB and
stent implantation

1.5inDCBvs. 12
in DES vs. 6in
BMS

15

1in DCBvs. 6in
DCB + stent
implantation

RVD, mm

2.88 £ 0.57mm
vs.2.72 %
0.64mm

2.61 £ 0.49mm
vs.3.04 £
0.46mm

3.28 £ 0.52mm
vs.3.20+
0.48mm

NA

2.83(2.12-3.01)
mm

2.69 + 0.45mm
vs. 292+
031mm

258 + 0.45mm

3.32 £0.46

231+ 026mmin
small vessels vs
3.16.+0.26mmin
large vessels

Primary endpoint
(follow-up, months)

LLL: 0.25 +0.25mm
V5. 0.37 £ 0.40mm (8)

LLL: ~0.09 & 0.08mm
v5.0.10 £ 0.19 mm™*
€]

FFR: 0.92 & 0.05 vs.
091 £0.06 (9)

MACE: 1 vs. 14%" (9)
MAGE: 4 vs. 14%"* (12)
Complete vessel
healing rate: 93.8% (6)

LLL: 0.05 + 0.27 mm
vs. 0.40 + 0.54 mm**
©

LLL: 0.02 &+ 0.27 mm
©

LLL: —0.02 + 0.49mm
©

TLR: 2.4% in small
vessels vs. 1.8% in
large vessels (9)

TLR, % (follow-up,
months)

00vs. 6.1% (8)

0.0vs. 5.4% (6)

3vs.2% (9)

Ovs. 6%" (9)
2s.6%(12)

6.2% in dissection
cohort vs. 5.3% in ALL
2le=)

00vs. 4.5% (12)

0.0% (9)
43% (12)
TLR: 2.4% in small

vessels vs. 1.8% in
large vessels (9)

ST,N
(follow-up,
months)

NA

0vs.2(6)

1vs.0(9)

0vs.2(12)

NA

0vs.0(12)

NA

NA

1in small
vessels vs. 1
inlarge
vessels (9)

DAPT, dual anti-platelet therapy; RVD, reference vessel diameter; TLR, target lesion revascularization; ST, stent thrombosis including definite and possible; DCB, drug-coated balloon;
EES, everolimus-eluting stent; LLL, late lumen loss; DES, drug-eluting stent; FFR, fractional flow reserve; SES, sirolimus-eluting stent; BMS, bare-metal stent; MACE, major adverse

cardiac events.

*P < 0.01 vs. non-DCB group.

‘P < 0.05 vs. non-DCB group.
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Atotal of 1770 patients with ACS undergoing PCI admitted
in Beijing AnZhen hospital from Jun 2016 to Nov 2017

exclusions

Prior CABG, n=27
LVEF <30%,n=
Cardiogenic shock,
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Known cancer history, n = 13

2
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n=4
Final analysis sample
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2015 2016 2017

2018
(n =29,957) (n =25,027) (n=18,979) (n = 19,595)
Major bleeding 1,89 (6.3) 1,521 (6.1) 994 (5.2) 865 (4.4)
MACE 859 (2.9) 528 (2.1) 318(1.7) 326(1.7)
Cardiac death 650 (2.2) 383(1.5) 212(1.1) 217 (1.1)
Reinfarction 124(0.4) 75(0.9) 72(0.4) 86(0.4)
Stent thrombosis 65(0.2) 43(0.2) 15.0.1) 18(0.1)
Ischemic stroke 87(0.3) 60(0.2) 390.2) 32(02)
All-cause death 689 (2.3) 412(1.7) 249 (1.3) 272 (1.4)

ACS, acute coronary syndrome; MACE, major adverse cardiovascular events.

2019
(n =20,008)

948 (4.7)
283(1.4)
167 (0.8)
79(0.4)
15(0.1)
49(0.2)

278(1.4)

P for trend

<0.001
<0.001
<0.001
0.14
<0.0001
0.06
<0.001
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Characteristics Event rates %Change from 2015 to 2019

2015 2016 2017 2018 2019 Absolute Relative Pfor trend
(1=29,957) (n=25027) (n=18979) (n=19,595) (n=20,008) Change Change

Overall major bleeding 1,896(63)  1521(6.1)  994(52)  865(4.) 948 (4.7) 16 254 <0001
Overt bleeding 718 (2.4) 560 (2.2) 310(16)  287(1.5) 335(1.7) 07 292 <0001
Non-overt bleeding with decinein ~ 1,178(3.9) 961 (3.8) 684(36)  684(30) 613(3.1) 08 205 <0001
hemoglobin levels >3 g/dL.
Sex

Male 1,301(62) 1,141 (6.1) 743(64)  642(4.6) 677 (4.8) 1.4 226 <0.001

Female 505 (6.7) 380 6.1) 251(49)  223(4.0) 271 (4.5) 22 3238 <0.001
Age

275 458(7.8) 380 (7.7) 263(7.0)  222(5.6) 250 (6.0) 18 234 <0001

<75 1,438(6.0)  1,141(5.7) 731(4.8) 643 (4.1) 698 (4.4) 16 26.7 <0.001
Type of ACS

STEMI 1,430(7.4)  1089(7.1)  669(6.1)  568(5.4) 634 (6.8) 06 8.1 <0001

NSTE-ACS 457 (4.3) 432 (4.5) 305(40)  207(39) 314(3.0) 13 302 <0001

NSTEMI 388 (5.6) 368 (5.8) 279 (5.6) 237 (4.5) 240 (4.4) 1.1 20.5 <0.001
UAP 69(1.9) 64(2.0) 46 (1.5) 60 (1.5) 74(1.4) 05 255 0.03

Diabetes melltus

Yes 1,001 (7.7) 773(7.0) 532 (60)  443(4.8) 468 (5.1) 26 338 <0.001

No 895 (5.3) 748 (5.4) 462(4.6)  422(4.0) 480 (4.4) 09 1.3 <0.001
Hypertension

Yes 1,804(67)  1061(65)  693(65)  619(4.6) 647 (4.7) 20 299 <0.001

No 592 (5.6) 460 (5.3) 301(48)  246(4.0) 301 (4.8) 08 143 <0001
€GFR

<60 mU/min per 1.73 m? 573(105)  412(05) 279(83)  233(6.6) 252(7.0) 35 333 <0.001

>60 mU/min per 1.73 m? 1,323(5.4) 1,109 (5.4) 715(4.6)  632(3.9) 696 (4.2) 12 222 <0.001
Killip class

1 1,071 (6.3) 890(5.2) 574 (4.6) 491 (4.0) 515 (4.1) 12 226 <0.001

(31 584(7.2) 449 6.8) 306(56)  284(4.6) 299 (4.8) 24 333 <0001

v 241 (14.4) 182 (13.8) 114(11.3) 90 (8.4) 134 (11.5) 29 201 <0.001
PCI

Yes 1.244(6.4)  1096(60)  716(63)  639(4.7) 709 (5.5) 09 14.4 <0001

No 652 (6.2) 425(6.2) 278(52)  226(3.7) 239 (3.9) 238 452 <0001
P2Y12 inhibitor

Ticagrelor 321 (83) 345(7.2) 258(57)  273(4.9) 392 (5.0) 33 398 <0001

Clopidogrel 1441(68)  1061(56) 65560 516(45) 473 (4.7) 1.1 19.0 <0001
Anticoagulation therapy

Yes 1,611(6.5) 1,167 (6.4) 737(6.6) 593 (4.8) 613(5.1) 1.4 215 <0.001

No 385 (5.7) 354 (5.2) 257 (4.4)  272(38) 385 (4.3) 1.4 246 <0.001
UFH or LMWH

Yes 1,464 (65)  1,121(65) 709(65.7)  570(4.8) 602 (5.1) 1.4 215 <0001

No 432(5.8) 400 (5.2) 285(4.4)  295(3.9) 346 (4.2) 16 276 <0.001
GP lib/llla inhibitor

Yes 782 (7.7) 574(8.0) 300(66)  288(6.6) 302(7.7) 00 00 0,096

No 1,114(56) 947 (53) 694(48)  577(38) 646 (4.0) 16 286 <0001

ACS, acute coronary syndrome; eGFR, estimated glomerular fittration rate; LMWH, low molecular weight heparin; NSTE-ACS, non-ST-segment elevation acute coronary syndrome;
NSTEMI, non-ST-segment elevation myocardial infarction; PCI, percutaneous coronary intervention; STEMI, ST-segment elevation myocardial infarction; UAR, unstable angina pectoris;
UFH, unfractionated heparin.
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2015

(n =29,957)
Model 1* 6.4(6.1-6.7)
Model 2t 6.1(5.9-6.4)
Model 3* 5.8(5.6-6.1)

“Adjusted for age and gender.

2016
(n = 25,027)

6.1(5.8-6.4)
6.0(5.7-6.9)
6.0(5.7-6.2)

2017
(n=18,979)

52(4.9-5.6)
52(4.9-5.6)
5.4 (5.0-6.7)

2018
(n =19,595)

4.4(4.1-4.7)
45(4.2-4.8)
4.6 (4.3-4.9)

*Adjusted for age, gender, and baseline characteristics (diabetes melltus, hypertension €GFR<60min per 1.73m, STEMI, and Killp class).
*Adjusted for age, gender, baseline characteristics, and in-hospitel treatments (GPII/lla inhibitor use, anticoagulant treatment, ticagrelor use, PCI [for STEMI, primary PCI}, and

transradiial access).

2019
(n =20,008)

47 (4.4-5.0)
5.0(4.7-53)
5.2(4.9-5.5)

ACS, acute coronary syndrome; eGFR, estimated glomerular filtration rate; PCI, percutaneous coronary intervention; STEMI, ST-segment elevation myocardial infarction.
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Age,y

Female
Hypertension
Diabetes
Hyperlipidemia
Previous MI
Previous PCI
Previous CABG
Previous atrial fibrilation
Previous heart failure
Previous stroke

Previous peripheral
vascular disease

Systolic blood
pressure, mmHg

Diastolic pressure,
mmHg

Heart rate, beats per
min

STEMI

Cardiogenic shock
Cardiac arrest
Killip class

Class |

Class Il

Class IV

Renal insufficiency
(eGFR < 60min per
1.73 m?)

Hemoglobin, g/dL.

2015
(n =29,957)

628+ 125
7,516 (25.1)
19,446 (64.9)
13,090 (43.7)
25,325 (84.5)
2,415 8.1)
2,267 (7.6)
154 0.5)
798(2.7)
730 (2.4)
3,017 (10.1)
347(12)

1206 £235

777+ 144

7724162

19,365 (64.6)
1,257 6.5)
687 (2.9)
20,213 (67.5)

8,066 (26.9)

1,678(5.6)
5,467 (183)

13.6+2.1

2016
(n =25,028)

629+ 12.4
6,265 (25.0)
16,372 (65.4)
11,101 (44.4)
21,015 (84.0)
1,826 (7.9)
1,922 (7.7)
126 (0.5)
538(2.2)
426 (1.7)
2314(0.3)
21709

1305 £235
782+14.4
776£163

15,429 (61.7)
974(6.3)
439 (1.8)

17,096 (68.9)

6,614 (26.4)

1,318 65.9)
4,362 (17.4)

136420

2017
(n=18,979)

635+ 12.4
5,117 (27.0)
12,637 (66.6)
8,829 (46.5)
15,829 (83.4)
1,572 8.9)
1,591 8.4)
104 (0.6)
424 2.2)
375 2.0)
1,666 (8.8)
173 (09)

131.1+£235

785+ 142

776+ 16.1

10,910 (57.5)
675(6.2)
195 (1.0)

12,489 (65.8)

5,484 (28.9)

1,006 (5.3)
3,375 (17.8)

136420

2018
(n =19,595)

64.0% 12.4
5,554 (28.3)
13,378 (68.3)
9,156 (46.7)
16,386 (83.6)
1,826 0.9)
1,762 (9.0)
118(0.6)
486 (2.5)
570 2.9)
1,446 (7.4)
184 (09)

1823 +235
793+ 146
7794163

10,476 (53.5)
599(5.7)
125 (0.6)

12,298 (62.8)

6,230 (31.8)

1,067 (5.5)
3,554 (18.1)

187421

2019
(n =20,008)

64.4 %123
6,010 (30.0)
13,779 (68.9)
9,158 (45.8)
16,396 (82.0)
1,885 (8.4)
2,112 (106)
91(0.5)
460 (2.3)
595 (3.0)
1,670 (7.9)
229 (1.1)

1832+ 24.1

79.9+14.7

783+ 16.7

9,390 (46.9)
601 (6.4)
111(0.6)

12,637 (63.2)

6,208 (31.0)

1,163 (5.9)
3,580 (17.9)

136421

CABG, coronary artery bypass grafting; eGFR, estimated glomerular filtration rate; MI, myocardial infarction; PCI, percutaneous coronary intervention.

2015-2019
(n = 113,567)

634124
30,462 (27.1)
75,612 (67.2)
51,334 (45.2)
94,951 (84.4)
9,524 (8.4)
9,654 (8.5)
593 (0.5)
2,706 (2.4)
2,696 (2.4)
10,013 8.9)
1,150 (1.0)

1332 +24.1

799 % 147

783+ 16.7

65,570 (58.3)
4,106 (63)
1,557 (1.4)

74,733 (65.8)

32,602 (28.7)

6232 (5.5)
20,338 (18.1)

136+2.1
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Antiplatelet therapy
None
Aspirin only

P2Yy receptor
inhibitor only

DAPT

Ticagrelor
Glycoprotein lib/llia
inhibitors"
Anticoagulation
therapy*

UFHE

LMWH?

UFH or LMWH?

Fondaparinux*

Others®
Warfarin
p-blockers
ACEI or ARB
Statins
Coronary angiography
o]

DES$

BMS®

PTCAS

Others®

Primary PGl in STEMI
patients

Thrombolysis
Transradial access

2015
(n =29,957)

828(2.8)
499 (1.7)
799 2.7)

27,831 (92.9)
3,863 (13.5)
10,217 (34.1)

23,207 (77.5)

1,159 (3.9)
21,651 (72.3)
22,449 (74.9)
405 (1.4)
438(1.5)
186 (0.6)
16,625 (55.5)
14,439 (48.2)
28,094 (93.8)
21,378 (71.4)
19,372 (64.7)
16,556 (85.5)
126(0.7)
2,594 (13.4)
96(0.5)
10,165 (52.5)

769 (2.6)
19,792 (92.6)

2016
(n=25,027)

743(3.0)
572 (2.3)
592 (2.4)

23,121 (92.4)
4,788 (202)
7471 (28.7)

18,205 (72.7)

837 (3.3)
16,831 (67.9)
17,385 (69.5)
346 (1.4)
512 (2.1)
168 (0.7)
13,691 (64.9)
11,755 (47.0)
23,349 (93.3)
18,981 (75.8)
18,142 (72.5)
16,197 (83.8)
180 (1.0)
2,575(14.2)
190 (1.1)
8,537 (55.3)

447 (1.8)
18,002 (94.8)

2017
(n=18,979)

636 (3.4)
606 (3.2)
524 (2.8)

17,213 (90.7)
4549 (25.7)
4520 (23.8)

13,149 (69.3)

657 (3.5)
12,100 (63.8)
12,511 (65.9)
270 (1.4)
407 (2.1)
142 (0.8)
10,822 (57.0)
9,178 (48.4)
17,658 (93.0)
14,893 (78.5)
13,641 (71.9)
11,687 (85.7)
90(0.7)
1,768 (13.0)
96(0.7)
6,150 (56.4)

607(3.2)
14,383 (96.6)

2018
(n = 19,595)

813(4.2)
984 (5.0)
511 (2.6)

17,287 (88.2)
6,408 (36.0)
4,375 (22.3)

12,477 (63.7)

483 (2.5)
11,647 (59.4)
11,935 (60.9)

321(1.6)

253(1.3)

170(0.9)
11,455 (58.5)
9,502 (48.5)
18,322 (93.5)
15,262 (77.9)
13,473 (68.8)
11,934 (88.6)

39(0.3)

1,476 (11.0)

24(0.2)

6,337 (60.5)

837 (4.3)
14,668 (96.1)

2019
(n =20,008)

929 (4.6)
1,184 (5.9)
546 (2.7)

17,349 (86.7)
7,857 (43.9)
3,905 (19.6)

12,130 (60.6)

932 (4.7)
11,164 (55.8)
11,804 (59.0)

143(0.7)

208 (1.0)

126(0.6)
10,978 (54.9)
8,737 (43.7)
18,665 (93.3)
14,761 (73.8)
12,917 (64.6)
11,192 86.7)

91(0.7)

1570 (12.2)
64(0.5)
6,048 (64.4)

738(3.7)
14,222 (96.3)

2015-2019
(n=113,567)

3,949 3.5)
3,845 (3.4)
2972 (2.6)

102,801 (91.4)
27,465 (24.4)
30,208 (26.9)

79,168 (70.4)

4,068 (3.6)
73,402 (65.3)
76,084 (67.0)
1,485 (1.9)
1,818(1.6)
792(0.7)
63,471 (65.9)
53,611 (47.2)
106,088 (93.4)
85,275 (75.1)
77,545 (69.0)
66,566 (85.8)
526(0.7)
9,983 (12.9)
470 06)
37,237 (66.8)

3,398 (3.0)
81,067 (95.1)

*The medication use is defined as each medication used within 24 after first medical contact unless otherwise indicated. tDefined as use of glycoprotein lib/lla inhibitors at any time
dluring hospitalzation. *Defined as use of anticoagulant during hospitelization but not during index procedure. $Denominator is the total number of PCI patients enrolled in each year

ACEI, angiotensin converting enzyme inhibitors; ARB, angiotensin receptor blockers; BMS, bare metal stent; DAPT, dual antiplatelet therapy; DES, drug eluting stent; LMWWH, low
molecular weight heparin; PC), percutaneous coronary intervention; PTCA, percutaneous transluminal coronary angioplasty; STEMI, ST-segment elevation myocerdiel inferction; UFH,

unfractionated heparin.
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