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Background: This study aimed to investigate the factors influencing the long-term prognosis of patients with ischemic heart failure (IHF) after percutaneous coronary intervention (PCI) and to develop and validate a nomogram prediction model based on these key factors.



Methods: In this single-center and retrospective study, consecutive patients diagnosed with IHF who underwent PCI at the main campus of the Second Hospital of Hebei Medical University between January 2019 and September 2023 were included. A nomogram prediction model was developed based on key factors identified by Cox regression and least absolute shrinkage and selection operator (LASSO) regression. In addition, the patients treated at the branch campus of the Second Hospital of Hebei Medical University during the same period were included for external validation.



Results: The factors significantly associated with major adverse cardiovascular event (MACE) included age, New York Heart Association (NYHA) classification III or IV, residual diseased coronary arteries ≥2, left ventricular ejection fraction (LVEF), left ventricular end-diastolic dimension (LVEDD), and the application of angiotensin receptor–neprilysin inhibitor (ARNI) during follow-up. The nomogram prediction model based on these six factors had an area under the curve (AUC) of 0.764 (95% CI: 0.680–0.847) for the 5-year receiver operating characteristic (ROC) analysis, and the model's concordance index (C-index) was 0.713, indicating good discriminative ability at the 5-year mark. Calibration curve and decision curve analysis demonstrated the model's consistency and clinical utility. The external validation of the model yielded an AUC of 0.707, and the C-index was 0.691. Multivariate Cox regression showed that NYHA classification III or IV, residual diseased coronary arteries ≥2, and LVEDD were independent risk factors for MACE, while the use of ARNI during follow-up was an independent protective factor.



Conclusions: The nomogram prediction model, incorporating age, NYHA classification III or IV, residual diseased coronary arteries ≥2, LVEF, LVEDD, and the use of ARNI during follow-up, demonstrated strong predictive value for long-term MACE in patients with IHF after PCI. NYHA classification III or IV, residual diseased coronary arteries ≥2, and LVEDD were identified as independent risk factors for MACE, while the use of ARNI during follow-up was found to be a protective factor.
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1 Introduction

Coronary artery disease (CAD) is the leading cause of heart failure (HF) (1, 2). Ischemic heart failure (IHF) is characterized by severe left ventricular systolic dysfunction resulting from extensive CAD. For patients with IHF, revascularization—primarily through percutaneous coronary intervention (PCI) or coronary artery bypass grafting (CABG)—is recommended in conjunction with optimal medical therapy (OMT). Most studies have demonstrated that revascularization can improve cardiac function and clinical outcomes in patients with IHF compared with OMT alone (3–5). For IHF patients, particularly those with multivessel CAD, current guidelines recommend CABG as the first-line treatment, provided they are suitable for surgery (6, 7). However, not all patients will benefit equally from CABG; considerations such as coronary artery anatomy, comorbidities, and surgical risk need to be taken into account (8, 9).

PCI remains an important revascularization strategy, although its benefits in patients with IHF are still debated. Some studies have suggested that PCI offers outcomes comparable to CABG in terms of long-term prognosis in patients with CAD and a left ventricular ejection fraction (LVEF) of ≤35% (10). However, the REVIVED study showed that PCI does not reduce the incidence of all-cause death or hospitalization for patients with ischemic ventricular dysfunction (11). At present, most studies focus on the different effects of PCI and CABG on the long-term prognosis of patients with IHF, and few studies focus on the risk factors affecting different outcomes, especially on the factors affecting the long-term prognosis of patients with IHF after PCI. Moreover, prediction models can combine multiple influencing factors to enhance the accuracy of prognosis prediction. To date, no simple and effective prediction model exists to assist clinicians in evaluating the long-term prognosis of IHF patients following PCI. Therefore, this study aimed to investigate the factors influencing the long-term prognosis of patients with IHF after PCI and to construct and evaluate a prediction model based on these factors, which will help clinicians more effectively identify high-risk patients and implement timely interventions.



2 Materials and methods


2.1 Study design and patient population

This single-center retrospective study included consecutive patients with CAD combined with HF who underwent PCI at the main campus of the Second Hospital of Hebei Medical University between January 2019 and September 2023. In addition, the patients treated at the branch campus of the Second Hospital of Hebei Medical University during the same period were included for external validation. All the patients must meet the same inclusion criteria.

This study was approved by the Research Ethics Committee of the Second Hospital of Hebei Medical University.

The inclusion criteria were as follows: (1) patients over 18 years old and (2) those with coronary angiography showing ≥70% stenosis in the main coronary artery and its major branches, with or without stenosis of the left main artery ≥50% who underwent PCI during hospitalization. The main coronary territories considered in this study were the left anterior descending artery (LAD), the left circumflex coronary artery (LCX), and the right coronary artery (RCA). (3) Patients whose echocardiography at admission indicated regional wall motion abnormalities with LVEF <50% were also included in the study.

The exclusion criteria were as follows: (1) patients with primary myocardiopathy, congenital heart disease, rheumatic heart disease, or other non-ischemic myocardial diseases; (2) patients who had experienced acute myocardial infarction within one month; (3) patients undergoing emergency surgery or hemodynamic instability (e.g., preoperative shock and cardiopulmonary resuscitation); (4) patients with a concomitant valve procedure or other cardiac surgeries; (5) patients with any form of tumor compromising long-term survival; and (6) patients with incomplete clinical data or lost to follow-up.

All patients were divided into the major adverse cardiovascular event (MACE) group and the non-MACE group based on the occurrence of MACE during the follow-up.



2.2 Data collection

Baseline clinical characteristics were collected for all patients, including demographic data, medical history, prescribed medications, laboratory results, echocardiographic parameters, and coronary interventional details. Follow-up data were obtained via outpatient visits or telephone contact.

All patients received standard antiplatelet therapy (aspirin and an oral P2Y12 inhibitor) for 1 year, followed by aspirin monotherapy.

Echocardiography was performed independently by two experienced technicians using standard techniques based on the American Society of Echocardiography and the European Association of Cardiovascular Imaging.

The coronary angiography results of all patients were comprehensively evaluated by two or more experienced interventional cardiovascular physicians. The appropriate intervention strategy was selected based on the angiography results and the patient's condition. Complete revascularization (CR) refers to anatomic CR, that is, lesions with a diameter of ≥2.0 mm and stenosis of ≥70% meet the criteria for successful interventional treatment (residual stenosis <30%). The patients who underwent revascularization during the first hospitalization and received additional planned revascularization within 1 month of the first revascularization were included in the analysis. This approach was defined as staged revascularization.



2.3 Endpoints and definitions

The endpoint of the study was MACE, which mainly included cardiovascular death, hospitalization for HF, and unplanned revascularization.

Hospitalization for heart failure was defined as hospitalization due to worsening heart failure requiring intravenous drug therapy. Unplanned revascularization was defined as either PCI or CABG for any reason.



2.4 Statistical analyses

Continuous data with normal distributions are expressed as means ± SD. Non-normally distributed variables are presented as medians with interquartile ranges (IQRs), which were analyzed using the Mann–Whitney U test. Categorical variables are presented as numbers and percentages, and comparisons were performed using the chi-square test.

Least absolute shrinkage and selection operator (LASSO–Cox regression and univariate Cox regression were used to identify the factors related to MACE. A nomogram prediction model for MACE in patients with IHF after PCI was developed based on Cox regression, including common influencing factors identified by univariate Cox regression and LASSO regression. The predictive performance of the model was evaluated using the concordance index (C-index) and the area under the curve (AUC) from receiver operating characteristic (ROC) analysis. Calibration curves were derived from Cox regression analysis using bootstrap methods to assess the consistency of the model. Decision curve analysis (DCA) was performed to evaluate the clinical utility of the nomogram. The Kaplan–Meier (K–M) method was used to compare the incidence of MACE between high-risk and low-risk patients as stratified by the model. Multivariate Cox regression was employed to identify independent factors associated with MACE. Statistical analyses were performed using SPSS version 29.0 and R software (version 4.4.1), with a P-value < 0.05 considered statistically significant.




3 Results

A total of 557 patients with IHF were treated at the main campus of the Second Hospital of Hebei Medical University between January 2019 and September 2023. Of these, 221 patients underwent PCI, 182 underwent coronary artery bypass grafting CABG, and 154 received OMT.

The median follow-up duration was 29.2 months, ranging from 0.70 to 66.6 months, with the last follow-up date on 25 July 2024. Among the 221 patients who underwent PCI, 9 were lost to follow-up, leaving 212 patients for analysis. Among them, 48 were in the MACE group, and 164 were in the non-MACE group. In the MACE group, there were 14 cardiovascular deaths, 16 hospitalizations for heart failure, 5 patients who underwent revascularization due to acute myocardial infarction, and 13 patients who underwent revascularization due to unstable angina.


3.1 Comparison of baseline data between the two groups

The baseline characteristics are shown in Table 1. Compared with the MACE group, the non-MACE group was younger (60.65 ± 10.94 vs. 65.60 ± 9.56 years, P = 0.005). In the non-MACE group, the use of angiotensin receptor–neprilysin inhibitors (ARNI) [124 (75.6%) vs. 21 (43.8%), P < 0.001] and sodium–glucose co-transporter-2 inhibitors (SGLT2i) [70 (42.7%) vs. 9 (18.8%), P = 0.030] was significantly higher, while the use of angiotensin-converting enzyme inhibitors (ACEI) or angiotensin receptor blockers (ARB) was lower [30 (18.3%) vs. 17 (35.4%), P = 0.012]. In addition, the number of residual diseased coronary arteries ≥2 was higher in the non-MACE group [35 (21.3%) vs. 19 (39.6%), P = 0.011].



TABLE 1 Comparison of baseline data between the two groups.



	Clinical features
	MACE (n = 48)
	Non-MACE (n = 164)
	P-value





	Male [n (%)]
	39 (81.3)
	131 (79.9)
	0.834



	Age (x̅ ± SD, years)
	65.60 ± 9.56
	60.65 ± 10.94
	0.005



	Body mass index (kg/m2)
	25.25 ± 3.58
	26.27 ± 3.69
	0.090



	Systolic pressure (mmHg)
	131.23 ± 23.77
	128.45 ± 20.43
	0.426



	Diastolic pressure (mmHg)
	81.38 ± 14.76
	80.07 ± 12.60
	0.273



	Heart rate (x̅ ± SD)
	73.02 ± 14.98
	75.74 ± 13.70
	0.237



	Smoking [n (%)]
	19 (39.6)
	64 (39.0)
	0.944



	Drinking [n (%)]
	14 (29.2)
	43 (26.2)
	0.685



	Hypertension [n (%)]
	30 (62.5)
	103 (62.8)
	0.969



	Diabetes mellitus [n (%)]
	18 (37.5)
	72 (43.9)
	0.430



	Prior myocardial infarction [n (%)]
	35 (72.9)
	110 (67.1)
	0.444



	Prior PCI [n (%)]
	22 (45.8)
	66 (40.2)
	0.489



	NYHA classification III or IV
	32 (66.7)
	90 (54.9)
	0.146



	Aspirin [n (%)]
	46 (95.8)
	161 (98.2)
	0.691



	P2Y12 inhibitor [n (%)]
	48 (100.0)
	164 (100.0)
	1.000



	Statin [n (%)]
	42 (97.7)
	53 (100.0)
	0.916



	Beta-blocker [n (%)]
	45 (93.8)
	150 (91.5)
	0.833



	ARNI [n (%)]
	21 (43.8)
	124 (75.6)
	<0.001



	ACEI/ARB [n (%)]
	17 (35.4)
	30 (18.3)
	0.012



	SGLT2i [n (%)]
	9 (18.8)
	70 (42.7)
	0.030



	MRA [n (%)]
	34 (70.8)
	120 (73.2)
	0.749



	Hb (x̅ ± SD, g/L)
	139.25 ± 17.47
	137.45 ± 16.89
	0.520



	ALB (x̅ ± SD, g/L)
	40.79 ± 4.41
	41.21 ± 4.00
	0.535



	Scr [M (P25, P75), µmol/L]
	85.00 (74.25, 109.75)
	82.00 (71.00, 98.00)
	0.156



	LDL-C [M(P25, P75), mmol/L]
	2.12 (1.73, 2.49)
	2.13 (1.65, 2.73)
	0.664



	Lp(a) [M(P25, P75), mg/dL]
	15.76 (6.37, 44.21)
	13.05 (6.24, 35.68)
	0.746



	HbA1c [M(P25, P75), %]
	6.20 (5.90, 7.00)
	6.45 (5.80, 7.58)
	0.445



	Diseased coronary vessels
	
	
	



	 LM [n (%)]
	7 (14.6)
	13 (7.9)
	0.268



	 LAD [n (%)]
	36 (75.0)
	126 (76.8)
	0.793



	 LCX [n (%)]
	29 (60.4)
	92 (56.1)
	0.595



	 RCA [n (%)]
	33 (68.8)
	101 (61.6)
	0.365



	Two or three vessels disease [n (%)]
	36 (75.0)
	112 (68.3)
	0.373



	Complete revascularization [n (%)]
	15 (31.3)
	60 (36.6)
	0.497



	Chronic total occlusion [n (%)]
	8 (16.7)
	42 (25.6)
	0.199



	Total number of stents [M (P25, P75), n]
	1 (1, 2)
	2 (1, 2)
	0.109



	Total stent length [M (P25, P75), mm]
	34.50 (24.00, 61.00)
	39.50 (26.00, 61.00)
	0.484



	number of residual diseased CA ≥ 2 [n (%)]
	19 (39.6)
	35 (21.3)
	0.011



	LVEF [M (P25, P75), %]
	39.05 (32.65, 44.58)
	42.85 (37.20, 46.43)
	0.013



	LAD [M (P25, P75), mm]
	39.00 (37.00, 43.00)
	39.00 (36.00, 43.00)
	0.489



	LVEDD [M (P25, P75), mm]
	61.00 (56.00, 68.00)
	58.00 (53.00, 61.00)
	0.002



	IVS [M (P25, P75), mm]
	10.00 (9.00, 11.00)
	10.00 (9.00, 11.00)
	0.506



	E/e′[M (P25, P75)]
	14.84 (10.62, 18.88)
	13.92 (11.00, 18.35)
	0.509



	Moderate or severe MR [n (%)]
	21 (43.8)
	46 (28.0)
	0.040



	Ventricular aneurysm [n (%)]
	8 (16.7)
	27 (16.5)
	0.973




	Data presented as mean ± SD, n (%), median (IQR). PCI, percutaneous coronary intervention; NYHA, New York Heart Association; ARNI, angiotensin receptor–neprilysin inhibitor; ACEI, angiotensin-coverting enzyme inhibitors; ARB, angiotensin receptor blocker; SGLT2i, sodium glucose co-transporter 2 inhibitors; MRA, mineralocorticoid receptor antagonist; Hb, hemoglobin; ALB, serum albumin; Scr, serum creatinine; LDL-C, low-density lipoprotein cholesterol; Lp(a), serum lipoprotein(a); HbAlc, Hemoglobin A1C; LM, left main artery; LAD, left anterior descending artery; LCX, left circumflex artery; RCA, right coronary artery; CA, coronary arteries; LVEF, left ventricular ejection fraction; LAD, left atrial dimension; LVEDD, left ventricular end-diastolic dimension; IVS, interventricular septal; E/e′, early diastolic transmitral velocity to early diastolic mitral annular velocity; MR, mitral regurgitation.







Regarding echocardiographic parameters, the non-MACE group had lower baseline LVEF at admission [39.05 (32.65, 44.58) vs. 42.85 (37.20, 46.43), P = 0.013], larger left ventricular end-diastolic dimension (LVEDD) [61.00 (56.00, 68.00) vs. 58.00 (53.00, 61.00), P = 0.002], and a higher proportion of moderate to severe mitral regurgitation (MR) [46 (28.0%) vs. 21 (43.8%), P = 0.040].



3.2 Screen the influencing factors

The results of univariate Cox regression and LASSO regression are shown in Table 2. All the factors from baseline data were included in univariate Cox regression analysis, which identified age (HR = 1.030, 95% CI: 1.001–1.061, P = 0.043), NYHA classification III or IV (HR = 1.998, 95% CI: 1.093–3.654, P = 0.025), number of residual diseased coronary arteries ≥2 (HR = 1.885, 95% CI: 1.055–3.370, P = 0.032), LVEF (HR = 0.944, 95% CI: 0.905–0.985, P = 0.008), LVEDD (HR = 1.051, 95% CI: 1.018–1.084, P = 0.002), and moderate and severe MR (HR = 1.793, 95% CI:1.012–3.177, P = 0.045) as risk factors for MACE. In addition, the use of ARNI during follow-up (HR = 0.466, 95% CI: 0.261–0.835, P = 0.010) was identified as a protective factor.



TABLE 2 Results of univariate Cox regression and LASSO regression.



	Clinical features
	Univariate Cox regression
	LASSO regression





	Independent variable
	OR
	95% CI
	P
	Independent variable
	Coeff min lambda



	Agea
	1.030
	1.001–1.061
	0.043
	Agea
	0.0039



	NYHA classification III or IVa
	1.998
	1.093–3.654
	0.025
	NYHA classification III or IVa
	0.2026



	Residual diseased CA ≥ 2a
	1.885
	1.055–3.370
	0.032
	Residual diseased CA ≥ 2a
	0.1805



	LVEFa
	0.944
	0.905–0.985
	0.008
	LVEFa
	−0.0016



	LVEDDa
	1.051
	1.018–1.084
	0.002
	LVEDDa
	0.0257



	Moderate or severe MR
	1.793
	1.012–3.177
	0.045
	
	



	ARNIa
	0.466
	0.261–0.835
	0.010
	ARNIa
	−0.2672



	ACEI/ARB
	1.277
	0.689–2.368
	0.438
	
	



	SGLT2i
	0.524
	0.250–1.099
	0.087
	
	



	
	
	
	
	E/e’
	−0.0020




	NYHA, New York Heart Association; CA, coronary artery; LVEF, left ventricular ejection fraction; LVEDD, left ventricular end-diastolic dimension; MR, mitral regurgitation; ARNI, angiotensin receptor–neprilysin inhibitor; ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; SGLT2i, sodium glucose co-transporter 2 inhibitors.


	aCommon influencing factors screened by univariate Cox regression and LASSO regression.







The results of the LASSO regression analysis showed that age, NYHA classification III or IV, number of residual diseased coronary arteries ≥2, LVEF, LVEDD, early diastolic transmitral velocity to early diastolic mitral annular velocity (E/e′), and the use of ARNI during follow-up were significantly associated with MACE based on the λ criterion at minimum values (Figures 1a,b).


[image: Diagram showcasing various data plots and a Cox regression nomogram. Panel a shows a line graph with coefficients over log lambda values. Panel b displays a CV error plot with log lambda on the x-axis. Panel c is a nomogram with points for age, NYHA classification, residual disease, LVEDD, ARNI, and LVEF predicting survival. Panel d is an ROC curve with area under the curve value. Panel e depicts a net benefit chart over threshold probability. Panel f shows a calibration curve with predicted versus observed probability. Panel g presents a Kaplan-Meier survival plot for high-risk and low-risk groups.]
FIGURE 1
The development and evaluation of a nomogram prediction model in patients with IHF after PCI, LASSO regression coefficient profiles (a) and 10-fold cross-validation (b) nomogram for long-term prognosis in patients with IHF after PCI (c). ROC curve of the nomogram model (d), decision curve analysis of the nomogram (e), calibration curve for the nomogram by bootstrap with 1,000 repetitions (f). Kaplan-Meier survival curves of No-MACE survival for patients with high and low risk stratified by the model (g). NYHA, New York Heart Association; CA, coronary artery; LVEF, left ventricular ejection fraction; LVEDD, left ventricular end-diastolic dimension; ARNI, angiotensin receptor–neprilysin inhibitor.




3.3 Development and evaluation of a nomogram prediction model

A nomogram prediction model was developed based on common influencing factors identified by Cox regression and LASSO regression, including age, NYHA classification III or IV, number of residual diseased coronary arteries ≥2, LVEF, LVEDD, and the application of ARNI during follow-up (Figure 1c). The AUC for the 5-year ROC analysis of the model was 0.764 (95% CI: 0.680–0.847), and the concordance index (C-index) was 0.713, indicating that the model has good discriminatory ability at the 5-year mark (Figure 1d). The calibration curve and DCA demonstrated that the model had good consistency and clinical utility. The DCA further indicated that when the threshold probability ranges from 10% to 65%, the application of the model yields greater benefits, especially in the range of 15% to 60%, suggesting that the model can effectively guide treatment decisions (Figure 1e). The calibration curve showed excellent concordance between the model's predictions and actual observations (Figure 1f). Using this model, we stratified patients into high-risk and low-risk groups. The K–M analysis revealed that the high-risk group had a significantly higher incidence of MACE compared with the low-risk group (Figure 1g).



3.4 Nomogram validation

A total of 91 patients with IHF treated at the branch campus of the Second Hospital of Hebei Medical University between January 2019 and September 2023 were included in the external validation dataset. The baseline characteristics between patients from the two campuses are shown in Supplementary Table S1.

The nomogram maintained a good predictive accuracy with an AUC of 0.707 (95% CI: 0.595–0.819) (Figure 2a), and the C-index was 0.691. The calibration curve also had a good performance (Figure 2b), and the DCA indicated that patients achieved a high net benefit for the predicted probability thresholds between 20% and 50% (Figure 2c). The K–M analysis revealed that the high-risk group had a significantly higher incidence of MACE compared with that of the low-risk group (Figure 2d).
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FIGURE 2
External validation for predictive accuracy of the nomogram. (a) ROC curves for the external validation dataset. (b) Calibration curves for the external validation dataset. (c) Decision curve analysis for the external validation dataset. (d) Kaplan–Meier survival curves of non-MACE survival for patients with high and low risk stratified by the model in the external validation dataset.


Moreover, to achieve broader model validation, we developed a web-based application and deployed it at https://hebmuguan01.shinyapps.io/APPSU/. Researchers from other institutions can use their own datasets as external validation sets by following the instructions on the webpage—uploading “.csv” files and clicking the corresponding buttons to complete external validation. The system automatically generates calibration curves and DCA curves (Figure 3).


[image: Interface for external validation app with instructions for uploading a CSV file containing data columns like time, status, and age. A sample file, \"testdata01.csv\", is uploaded, displaying a table with parameters such as status, time, age, and EF. Graphs below show a five-year calibration curve with a C-index of 0.713 and a net benefit plot analyzing threshold probability.]
FIGURE 3
An online app for external validation of the prediction model. To enable researchers from diverse institutions to perform external validation of our model using their own datasets, we have developed an application available at https://hebmuguan01.shinyapps.io/APPSU/. By following the provided guidelines, users can upload their data, generate calibration and DCA curves, and comprehensively assess the model's performance in external validation cohorts. The figure demonstrates the app's functionality using the hypothetical “testdata.csv” as an example. MACE, major adverse cardiovascular events; NYHA, New York Heart Association; LVEF, left ventricular ejection fraction; LVEDD, left ventricular end-diastolic dimension; ARNI, angiotensin receptor–neprilysin inhibitor.




3.5 Results of multivariate Cox regression

The common influencing factors identified by Cox regression and LASSO regression, including age, NYHA classification III or IV, number of residual diseased coronary arteries ≥2, LVEF, LVEDD, and the application of ARNI during follow-up, were included in multivariate Cox regression. The results showed that NYHA classification III or IV (HR = 2.115, 95% CI: 1.121–3.991, P = 0.021), number of residual diseased coronary arteries ≥2 (HR = 1.984, 95% CI: 1.051–3.611, P = 0.034), and LVEDD (HR = 1.053, 95% CI: 1.012–1.095, P = 0.01) were independent risk factors for MACE. In contrast, the use of ARNI during follow-up (HR = 0.533, 95% CI: 0.287–0.99, P = 0.046) was an independent protective factor for MACE (Figure 4).


[image: Cox Regression Hazard Ratio Forest Plot depicts various characteristics with their hazard ratios (HR), confidence intervals, and p-values. Characteristics include age, ARNI use, LVEDD, LVEF, NYHA classification, and residual diseased CA. Blue diamonds represent HRs on a line with a scale from zero to two, showing statistical significance with p-values below 0.05 for ARNI, LVEDD, NYHA classification, and residual diseased CA.]
FIGURE 4
Multivariate Cox regression HR forest plot, ARNI, angiotensin receptor–neprilysin inhibitor; LVEDD, left ventricular end-diastolic dimension; LVEF, left ventricular ejection fraction; NYHA, New York Heart Association; CA, coronary artery.





4 Discussion

In this retrospective analysis, univariate Cox regression and LASSO regression all showed that age, NYHA classification III or IV, residual diseased coronary arteries ≥2, LVEF, LVEDD, and the application of ARNI during follow-up were significantly correlated with the MACE. A nomogram prediction model based on the above six factors has a good differentiation ability. The calibration curve and the DCA indicated that the model has good consistency and clinical application value. Furthermore, the nomogram was validated externally using data from the branch campus of the hospital to confirm its reliability. Multivariate Cox regression showed that NYHA classification III or IV, residual diseased coronary arteries ≥2, and LVEDD were independent risk factors for MACE, and ARNI was used during follow-up as an independent protective factor for MACE. These findings can assist clinicians in identifying patients at high risk of poor prognosis, improving prognosis assessment, and providing a reference for developing clinical management strategies.

Current therapies can significantly improve the clinical symptoms and quality of life in patients with HF. However, compared with non-ischemic HF, patients with IHF have a higher incidence of adverse events and worse prognosis (12–14). Moreover, studies have shown that IHF is an independent predictor of long-term mortality and hospital readmission (13, 14). In this study, we conducted a long-term follow-up of patients with IHF after PCI, with an average follow-up of 29.2 months, and observed a 29% incidence of MACE, which was lower than reported in previous studies 11 (15). This may be due to the relatively short follow-up time in our study, the younger age of the included patients, and differences in the definition of MACE. In addition, advances in stent technology and pharmacotherapy for patients with IHF in recent years may also account for the lower event rate in this study.

The NYHA classification is a simple risk stratification tool that not only provides a rapid assessment of cardiac function in patients with HF but also has strong prognostic value (16). However, the NYHA classification is a subjective evaluation index, and when patients’ symptoms are not pronounced, the assessment results are more dependent on subjective perceptions, making it difficult to distinguish between grade I and grade II patients (17). As a result, it has better predictive value for patients with NYHA class III–IV. The findings of this study are consistent with previous research, where NYHA class III–IV was identified as an independent risk factor for poor prognosis in patients with HF (18, 19).

Myocardial infarction can lead to ventricular remodeling, which is characterized by structural and functional changes in the heart, such as increased chamber volume, thinning of the ventricular wall, and reduced LVEF. In patients with IHF, coronary artery lesions are often diffuse and complex, causing long-term myocardial ischemia, which results in the necrosis of cardiomyocytes and their gradual replacement by fibrous tissue. Eventually, the ventricular wall thins, and the ventricular cavity gradually expands. Therefore, LVEDD is an important diagnostic index of ventricular remodeling (20–22). The results of this study suggest that increased LVEDD is an independent risk factor for long-term poor prognosis in patients with IHF after PCI. The larger the baseline LVEDD, the more severe the left ventricular remodeling. Poor ventricular remodeling reduces myocardial contractility, increases the risk of HF, and lowers survival rates (23).

Activation of the renin–angiotensin–aldosterone system (RAAS) is one of the important mechanisms for ventricular remodeling (20), and the activation level is closely related to the severity and adverse outcomes of patients with HF (24). ARNI is the first angiotensin receptor–neprilysin inhibitor, which not only targets the natriuretic peptide system but also inhibits the RAAS, effectively improving ventricular remodeling, dilating blood vessels, and reducing sympathetic nervous system activity. Numerous studies have confirmed that the use of ARNI in HF patients not only lowers N-terminal pro-B-type natriuretic peptide levels and increases LVEF but also outperforms ACEI and ARB in improving cardiac function and reversing ventricular remodeling (25–27). In addition, ARNI reduces the risk of cardiovascular death, heart failure hospitalizations, and the progression of IHF in outpatient settings (28–31). The results of this study demonstrate that the use of ARNI is an independent protective factor in reducing the occurrence of long-term MACE in patients with IHF. This suggests that in the clinical management of patients with IHF, clinicians should prioritize not only revascularization but also optimal medical therapy, including ARNI.

CR has long been the goal of coronary artery revascularization. A large body of evidence has confirmed that incomplete revascularization (ICR) negatively affects long-term prognosis and increases the risk of adverse cardiovascular events (32–34). The residual Synergy between PCI with Taxus and Cardiac Surgery (SYNTAX) score, a quantitative tool for assessing the degree of ICR, has been shown to be a predictor of clinical outcomes in patients post-PCI (35–37). However, the residual SYNTAX score has several limitations, such as complexity in calculation, low repeatability, improper weight allocation of coronary lesions, and failure to consider clinical characteristics. In this study, a simpler method was used: residual diseased coronary arteries were defined as vessels that met the criteria for revascularization but did not receive interventional treatment. The results showed that having two or more residual diseased coronary arteries was an independent risk factor for long-term MACE in patients with IHF after PCI, highlighting the adverse impact of residual coronary artery disease on long-term prognosis.

It is important to note that coronary artery lesions in IHF patients are often complex, with a high prevalence of multivessel disease and chronic occlusive lesions, which can prolong PCI procedures, increase radiation exposure, and raise the dose of contrast agents used. In addition, IHF patients frequently have more comorbidities and poor heart function, which increases the risk of PCI complications. Therefore, a comprehensive evaluation of a patient's clinical condition is crucial, rather than blindly pursuing complete anatomical CR. Functional assessment should be used to accurately identify the coronary arteries that require complete revascularization, reducing the risk of unnecessary PCI. Thus, “rational” ICR may represent a better revascularization strategy (38).

This study had several limitations. First, it was a single-center, retrospective study with a small sample size, which inherently introduces selection bias and data absence. Second, due to the complexity and poor reproducibility of the SYNTAX score, baseline SYNTAX and residual SYNTAX scores were not used to evaluate coronary artery complexity and the completeness of revascularization, potentially affecting revascularization completeness assessment. Third, the lack of comparison of clinical outcomes with those of patients receiving medical therapy or CABG may restrict broader conclusions. In future work, we will seek to validate these findings in larger, multicenter cohorts to enhance their generalizability. Furthermore, we should conduct direct comparative analyses to evaluate the model's performance across different treatment strategies, which is essential to define its clinical utility.



5 Conclusions

In this study, the occurrence of MACE after PCI in patients with IHF was evaluated as the clinical outcome, and the factors influencing long-term MACE were analyzed. The nomogram prediction model, based on age, NYHA classification III or IV, residual diseased coronary arteries ≥2, LVEF, LVEDD, and the use of ARNI during follow-up, demonstrated high predictive value for long-term MACE in patients with IHF after PCI. NYHA classification III or IV, residual diseased coronary arteries ≥2, and LVEDD were identified as independent risk factors for MACE, while the use of ARNI during follow-up was found to be an independent protective factor.



Data availability statement

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



Ethics statement

The studies involving humans were approved by the Research Ethics Committee of the Second Hospital of Hebei Medical University. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants’ legal guardians/next of kin.



Author contributions

LS: Conceptualization, Data curation, Methodology, Formal analysis, Investigation, Software, Writing – original draft. XF: Conceptualization, Supervision, Writing – review & editing. YJ: Writing – review & editing, Methodology, Validation. YW: Writing – review & editing, Data curation. BT: Data curation, Writing – review & editing, Formal analysis, Software. YF: Writing – review & editing, Validation. QW: Writing – review & editing, Data curation, Investigation. WZ: Data curation, Writing – review & editing, Methodology. YL: Data curation, Methodology, Writing – review & editing. ZG: Data curation, Writing – review & editing, Formal analysis, Software. XG: Data curation, Writing – review & editing, Conceptualization, Methodology, Project administration, Supervision.



Funding

The author(s) declare that no financial support was received for the research and/or publication of this article.



Conflict of interest

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



Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence, and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issue, please contact us.



Publisher's note

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



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcvm.2025.1545079/full#supplementary-material



References


	1. Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JGF, Coats AJS, et al. 2016 ESC guidelines for the diagnosis and treatment of acute and chronic heart failure: the task force for the diagnosis and treatment of acute and chronic heart failure of the European Society of Cardiology (ESC). Developed with the special contribution of the Heart Failure Association (HFA) of the ESC. Eur Heart J. (2016) 37(27):2129–200. doi: 10.1093/eurheartj/ehw128


	2. Lloyd-Jones DM, Larson MG, Leip EP, Beiser A, D'Agostino RB, Kannel WB, et al. Lifetime risk for developing congestive heart failure: the Framingham Heart Study. Circulation. (2002) 106(24):3068–72. doi: 10.1161/01.cir.0000039105.49749.6f


	3. Velagaleti RS, Vetter J, Parker R, Kurgansky KE, Sun YV, Djousse L, et al. Change in left ventricular ejection fraction with coronary artery revascularization and subsequent risk for adverse cardiovascular outcomes. Circ-Cardiovasc Inte. (2022) 15(4):e011284. doi: 10.1161/CIRCINTERVENTIONS.121.011284


	4. Adachi Y, Sakakura K, Wada H, Funayama H, Umemoto T, Fujita H, et al. Determinants of left ventricular systolic function improvement following coronary artery revascularization in heart failure patients with reduced ejection fraction (HFrEF). Int Heart J. (2016) 57(5):565–72. doi: 10.1536/ihj.16-087


	5. Lopes RD, Alexander KP, Stevens SR, Reynolds HR, Stone GW, Piña IL, et al. Initial invasive versus conservative management of stable ischemic heart disease in patients with a history of heart failure or left ventricular dysfunction: insights from the ISCHEMIA trial. Circulation. (2020) 142(18):1725–35. doi: 10.1161/CIRCULATIONAHA.120.050304


	6. Neumann F-J, Sousa-Uva M, Ahlsson A, Alfonso F, Banning AP, Benedetto U, et al. 2018 ESC/EACTS guidelines on myocardial revascularization. Eur Heart J. (2019) 40(2):87–165. doi: 10.1093/eurheartj/ehy394


	7. Patel MR, Calhoon JH, Dehmer GJ, Grantham JA, Maddox TM, Maron DJ, et al. ACC/AATS/AHA/ASE/ASNC/SCAI/SCCT/STS 2017 appropriate use criteria for coronary revascularization in patients with stable ischemic heart disease: a report of the American College of Cardiology appropriate use criteria task force, American Association for Thoracic Surgery, American Heart Association, American Society of Echocardiography, American Society of Nuclear Cardiology, Society for Cardiovascular Angiography and Interventions, Society of Cardiovascular Computed Tomography, and Society of Thoracic Surgeons. J Am Coll Cardiol. (2017) 69(17):2212–41. doi: 10.1016/j.jacc.2017.02.001


	8. Petrie MC, Jhund PS, She L, Adlbrecht C, Doenst T, Panza JA, et al. Ten-year outcomes after coronary artery bypass grafting according to age in patients with heart failure and left ventricular systolic dysfunction: an analysis of the extended follow-up of the STICH trial (Surgical Treatment for Ischemic Heart Failure). Circulation. (2016) 134(18):1314–24. doi: 10.1161/CIRCULATIONAHA.116.024800


	9. Panza JA, Velazquez EJ, She L, Smith PK, Nicolau JC, Favaloro RR, et al. Extent of coronary and myocardial disease and benefit from surgical revascularization in ischemic LV dysfunction. J Am Coll Cardiol. (2014) 64(6):553–61. doi: 10.1016/j.jacc.2014.04.064


	10. Bangalore S, Guo Y, Samadashvili Z, Blecker S, Hannan EL. Revascularization in patients with multivessel coronary artery disease and severe left ventricular systolic dysfunction: everolimus-eluting stents versus coronary artery bypass graft surgery. Circulation. (2016) 133(22):2132–40. doi: 10.1161/circulationaha.115.021168


	11. Perera D, Clayton T, O'Kane PD, Greenwood JP, Weerackody R, Ryan M, et al. Percutaneous revascularization for ischemic left ventricular dysfunction. New Engl J Med. (2022) 87(15):1351–60. doi: 10.1056/NEJMoa2206606


	12. Bart BA, Shaw LK, McCants CB, Fortin DF, Lee KL, Califf RM, et al. Clinical determinants of mortality in patients with angiographically diagnosed ischemic or nonischemic cardiomyopathy. J Am Coll Cardiol. (1997) 30(4):1002–8. doi: 10.1016/s0735-1097(97)00235-0


	13. Tyminska A, Ozieranski K, Balsam P, Maciejewski C, Wancerz A, Brociek E, et al. Ischemic cardiomyopathy versus non-ischemic dilated cardiomyopathy in patients with reduced ejection fraction—clinical characteristics and prognosis depending on heart failure etiology (data from European Society of Cardiology Heart Failure registries). Biology (Basel). (2022) 11(2):341. doi: 10.3390/biology11020341


	14. Steg PG, Dabbous OH, Feldman LJ, Cohen-Solal A, Aumont M-C, López-Sendón J, et al. Determinants and prognostic impact of heart failure complicating acute coronary syndromes: observations from the global registry of acute coronary events (GRACE). Circulation. (2004) 109(4):494–9. doi: 10.1161/01.CIR.0000109691.16944.DA


	15. Sun LY, Gaudino M, Chen RJ, Bader EA, Marcet R. Long-term outcomes in patients with severely reduced left ventricular ejection fraction undergoing percutaneous coronary intervention vs coronary artery bypass grafting. JAMA Cardiol. (2020) 5(6):631–41. doi: 10.1001/jamacardio.2020.0239


	16. Pocock SJ, Wang D, Pfeffer MA, Yusuf S, McMurray JJV, Swedberg KB, et al. Predictors of mortality and morbidity in patients with chronic heart failure. Eur Heart J. (2006) 27(1):65–e75. doi: 10.1093/eurheartj/ehi555


	17. Raphael C, Briscoe C, Davies J, Ian WZ, Manisty C, Sutton R, et al. Limitations of the New York Heart Association functional classification system and self-reported walking distances in chronic heart failure. Heart. (2007) 93(4):476–82. doi: 10.1136/hrt.2006.089656


	18. Zhang ZH, Meng FQ, Hou XF, Qian ZY, Wang Y, Qiu YH, et al. Clinical characteristics and long-term prognosis of ischemic and non-ischemic cardiomyopathy. Indian Heart J. (2020) 72(2):93–100. doi: 10.1016/j.ihj.2020.04.004


	19. Joshi K, Alam I, Ruden E, Gradus-Pizlo I, Mahenthiran J, Kamalesh M, et al. Effect of IMPROVEMENT in left ventricular ejection fraction on long-term survival in revascularized patients with ischaemic left ventricular systolic dysfunction. Eur J Echocardiogr. (2011) 12(6):454–60. doi: 10.1093/ejechocard/jer045


	20. Frantz S, Hundertmark MJ, Schulz-Menger J, Bengel FM, Bauersachs J. Left ventricular remodelling post-myocardial infarction: pathophysiology, imaging, and novel therapies. Eur Heart J. (2022) 43(27):2549–61. doi: 10.1093/eurheartj/ehac223


	21. Ohtani T, Mohammed SF, Yamamoto K, Dunlay SM, Weston SA, Sakata Y, et al. Diastolic stiffness as assessed by diastolic wall strain is associated with adverse remodelling and poor outcomes in heart failure with preserved ejection fraction. Eur Heart J. (2012) 33(14):1742–9. doi: 10.1093/eurheartj/ehs135


	22. Cohn JN, Ferrari R, Sharpe N. Cardiac remodeling–concepts and clinical implications: a consensus paper from an international forum on cardiac remodeling. Behalf of an International Forum on Cardiac Remodeling. J Am Coll Cardiol. (2000) 35(3):569–82. doi: 10.1016/s0735-1097(99)00630-0


	23. Bolognese L, Neskovic AN, Parodi G, Cerisano G, Buonamici P, Santoro GM, et al. Left ventricular remodeling after primary coronary angioplasty: patterns of left ventricular dilation and long-term prognostic implications. Circulation. (2002) 106(18):2351–7. doi: 10.1161/01.cir.0000036014.90197.fa


	24. Cohn JN, Levine TB, Olivari MT, Garberg V, Lura D, Francis GS, et al. Plasma norepinephrine as a guide to prognosis in patients with chronic congestive heart failure. N Engl J Med. (1984) 311(13):819–23. doi: 10.1056/NEJM198409273111303


	25. Hajra A, Ujjawal A, Sud K, Chakraborty S, Bandyopadhyay D. Sacubitril/valsartan averts post-myocardial infarction ventricular remodeling and preserves heart function. Int J Cardiol Heart Vasc. (2019) 22:218–9. doi: 10.1016/j.ijcha.2019.02.005


	26. Desai AS, Solomon SD, Shah AM, Claggett BL, Fang JC, Izzo J, et al. Effect of sacubitril-valsartan vs enalapril on aortic stiffness in patients with heart failure and reduced ejection fraction: a randomized clinical trial. JAMA. (2019) 322(11):1077–84. doi: 10.1001/jama.2019.12843


	27. Januzzi JL, Butler J, Fombu E, Maisel A, McCague K, Piña IL, et al. Rationale and methods of the prospective study of biomarkers, symptom improvement, and ventricular remodeling during sacubitril/valsartan therapy for heart failure (PROVE-HF). Am Heart J. (2018) 199:130–6. doi: 10.1016/j.ahj.2017.12.021


	28. Pfau D, Thorm SL, Zhang J, Mikush N, Renaud JM, Klein R, et al. Angiotensin receptor neprilysin inhibitor attenuates myocardial remodeling and improves infarct perfusion in experimental heart failure. Sci Rep. (2019) 9(1):5791. doi: 10.1038/s41598-019-42113-0


	29. McMurray JJ, Packer M, Solomon SD. Neprilysin inhibition for heart failure. N Engl J Med. (2014) 371(24):2336–7. doi: 10.1056/NEJMc1412654


	30. Jering KS, Claggett B, Pfeffer MA, Granger C, Køber L, Lewis EF, et al. Prospective ARNI vs. ACE inhibitor trial to determine superiority in reducing heart failure events after myocardial infarction (PARADISE-MI): design and baseline characteristics. Eur J Heart Fail. (2021) 23(6):1040–8. doi: 10.1002/ejhf.2191


	31. Santangelo G, Bursi F, Toriello F, Valli F, Tombolini E, Torta D, et al. Sacubitril/valsartan improves medium-term reverse left ventricular remodeling: why wait? J Cardiovasc Med. (2019) 20(10):727–9. doi: 10.2459/JCM.0000000000000825


	32. Takahashi K, Serruys PW, Gao C, Ono M, Wang R, Thuijs DJFM, et al. Ten-year all-cause death according to completeness of revascularization in patients with three-vessel disease or left main coronary artery disease: insights from the SYNTAX extended survival study. Circulation. (2021) 144(2):96–109. doi: 10.1161/CIRCULATIONAHA.120.046289


	33. Alzahrani AH, Itagaki S, Egorova NN, Chikwe J. Choice of revascularization strategy for ischemic cardiomyopathy due to multivessel coronary disease. J Thorac Cardiov Sur. (2024) 169(2):639–47.e21. doi: 10.1016/j.jtcvs.2024.03.007


	34. Alzahrani AH, Alabbadi S, Itagaki S, Egorova N. Temporal trend in revascularization for patients with ischemic cardiomyopathy and multivessel coronary artery disease. J Am Heart Assoc. (2024) 13(3):e032212. doi: 10.1161/JAHA.123.032212


	35. Genereux P, Palmerini T, Caixeta A, Rosner G, Green P, Dressler O, et al. Quantification and impact of untreated coronary artery disease after percutaneous coronary intervention: the residual SYNTAX (synergy between PCI with taxus and cardiac surgery) score. J Am Coll Cardiol. (2012) 59(24):2165–74. doi: 10.1016/j.jacc.2012.03.010


	36. Farooq V, Serruys PW, Bourantas CV, Zhang Y, Muramatsu T, Feldman T, et al. Quantification of incomplete revascularization and its association with five-year mortality in the synergy between percutaneous coronary intervention with taxus and cardiac surgery (SYNTAX) trial validation of the residual SYNTAX score. Circulation. (2013) 128(2):141–51. doi: 10.1161/CIRCULATIONAHA.113.001803


	37. Xu B, Yang YJ, Han YL, Lu SZ, Li B, Liu Q, et al. Validation of residual SYNTAX score with second-generation drug-eluting stents: one-year results from the prospective multicentre SEEDS study. Euro Intervention. (2014) 10(1):65–73. doi: 10.4244/EIJV10I1A12


	38. Hosoyama K, Maeda K, Saiki Y. What does complete revascularization mean in 2021? - definitions, implications, and biases. Curr Opin Cardiol. (2021) 36(6):748–54. doi: 10.1097/HCO.0000000000000920






OPS/images/fcvm-12-1545079-g002.jpg





OPS/images/fcvm-12-1545079-g003.jpg
APP for external validation

Please upload your CSV file containir

time: Follow-up time in days

status: 0 for no-MACE, 1 for MACE

age: Age in years

NYHA: 1 for UV, O for Ul
residual_diseased_coronary_arterios: 1 for 22, 0 for <2
EF: Ejection fraction in %

LVEDD: Left ventricular end-diastolic diameter in mm
application_of_ARNI: 1 for yes, 0 for no

Aftr uploading, ick the ‘survival modef button o analyze.

Choose CsV File

the data table. The file should include the following columns:

status  time  age  NYHA residual_discased_coronary_arteries  EF ~ LVEDD = application,
Browte:s:| Heskiaia0t cev 1 1 st sa0 v 2 54 90 No A
Uplood complte

2 1 180 600 v 2 26 610 Yos
Sueest Wadel 3 1 au 0 wv < 396 500 No

4 1 % w0 m < us 730 Yes

€ 122

2 \

= s
3 ~ e






OPS/images/fcvm-12-1545079-g001.jpg
COX Regression Nomogram Plot

o 10w w0 s e Mm%
Points

30 35 40 45 50 85 60 65 70 75 80 85 9

NYHA cassificaton Il or IV Yes

Mo Yes
Residual diseased CA more than 2 ————————
o

N - > LVEDD
IR
—
b RN =
“ P wer
BN | —— 2w
Tota Paints
0w w e w w m e me me e
B : Uinear Predicor
I T s
I m Observed Time Survival
d s e o






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Analysis of risk factors and development of a prediction model for long-term prognosis in patients with ischemic heart failure after percutaneous coronary intervention

		1 Introduction



		2 Materials and methods



		2.1 Study design and patient population



		2.2 Data collection



		2.3 Endpoints and definitions



		2.4 Statistical analyses











		3 Results



		3.1 Comparison of baseline data between the two groups



		3.2 Screen the influencing factors



		3.3 Development and evaluation of a nomogram prediction model



		3.4 Nomogram validation



		3.5 Results of multivariate Cox regression











		4 Discussion



		5 Conclusions



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher's note



		Supplementary material



		References




















OPS/images/cover.jpg
, frontiers | Frontiers in Cardiovascular Medicine

Analysis of risk factors and development of a
prediction model for long-term prognosis in
patients with ischemic heart failure after
percutaneous coronary intervention








OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/logo.jpg
& frontiers | Frontiers in Cardiovascular Medicine





OPS/images/fcvm-12-1545079-g004.jpg
COX Regression HR Forest Plot

Characteristics Number(%) HazardRatioHR)  Pvalue

Age 61.77(10.82)  1.026(0.994,1.059)  0.117 ‘
ARNI

No 67(31.6)

Yes 145 (68.4) 0533(0.287,099) 0046 —O—
LVEDD 58.73 (7.41) 1.053(1.012,1.095) 0.01

LVEF 40.81(657)  0.988(0.938,1.041)  0.663

NYHA classification Il or IV

90 (42.5)
No
122(67.5)  2.115(1.121,3.991) 0.021 —
Yes
Residual diseased CA =>2
158 (74.5)
No
54(255)  1.948(10513611) 0034 —’
Yes

T T T T T 1
0 02 04 06 08 1 12 14 16 18 2

HR





