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Background: Accumulated experience combined with technological advancements in percutaneous coronary interventions (PCI) over the past four decades, has led to a gradual increase in PCI utilization and complexity. We aimed to investigate the temporal trends in PCI complexity and the outcomes of complex PCI (C-PCI) in our institution.

Methods: We analyzed 20,301 consecutive PCI procedures performed over a 12-year period. C-PCI was defined as a procedure involving at least one of the following: Chronic total occlusion (CTO), left main (LM), bifurcation or saphenous vein graft (SVG) PCI. Four periods of 3-year time intervals were defined (2008–10, 2011–2013, 2014–2016, 2017–2019), and temporal trends in the rate and outcomes of C-PCI within these intervals were studied. Endpoints included mortality and major adverse cardiac events [MACE: death, acute myocardial infarction (MI), and target vessel revascularization (TVR)] at 1 year.

Results: A total of 5,647 (27.8%) C-PCI procedures were performed. The rate of C-PCI has risen significantly since 2,017 (31.2%, p < 0.01), driven mainly by bifurcation and LM interventions (p < 0.01). At 1-year, rates of death, acute MI, TVR and MACE, were all significantly higher in the C-PCI group (8.8 vs. 5.1%, 5.6 vs. 4.5%, 5.5 vs. 4.0%, 17.2 vs. 12.2%, p < 0.001 for all, respectively), as compared to the non-complex group. C-PCI preformed in the latter half of the study period (2014–2019) were associated with improved 1-year TVR (4.4% and 4.8% vs. 6.7% and 7.1%, p = 0.01, respectively) and MACE (13.8% and 13.5% vs. 17.3% and 18.2%, p = 0.001, respectively) rates compared to the earlier period (2007–2013). Death rate had not significantly declined with time.

Conclusion: In the current cohort, we have detected a temporal increase in PCI complexity coupled with improved 1-year clinical outcomes in C-PCI.
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INTRODUCTION

Complex percutaneous coronary intervention (C-PCI) is commonly defined as an elective or urgent PCI with any of the following characteristics: ≥ 3 drug eluting stents (DES) implanted, bifurcation PCI with 2 stents, left main (LM) coronary artery PCI, saphenous vein graft (SVG) PCI, total stent length > 60 mm, or chronic total occlusion (CTO) as target lesion (1). Patients who undergo C-PCI with DES in the setting of both stable coronary artery disease (CAD) and acute coronary syndrome (ACS), are at a substantially higher ischemic risk, in a graded fashion, with increased procedural complexity (1, 2). As clinical and angiographic characteristics of patients undergoing PCI with DES have evolved substantially over the last 20 years, current trends indicate that approximately 30% of all PCI procedures may be considered complex according to lesion or anatomic factors (3). Owing to technical and methodological advancements, patients who were previously treated medically or surgically, are now often offered PCI with an emphasis on unprotected left main disease (ULMD) (4–6) and CTO (7). In order to successfully predict and identify patients who are prone to increased residual ischemic risk, these intricate procedures require interventional cardiologists to use both clinical (8) and angiographic (9) risk scores, and implement treatment accordingly. The aim of the current study was to evaluate the trends of complex PCI procedures throughout the last decade, with their subsequent outcomes. Specifically, we sought to compare trends in a large prospective registry of patients treated at an academic medical center institution which encompasses 2 hospitals.



MATERIALS AND METHODS


Patients and Setting

All consecutive patients who underwent PCI at the Rabin Medical Center (RMC), Petach Tikva, Israel (“Hasharon” and “Beilinson” campuses) between January 2008 and December 2019 were included in the current analysis. Data regarding clinical diagnoses were collected from the institutional electronic medical record system, in keeping with the ICD-9 system. Laboratory data were retrieved from the RMC central laboratory database. Demographic data, including death dates, were obtained from the institutional demographic information system, which is linked to the state of Israel Ministry of Interior data, and was thereafter verified with the Israel Central Bureau of Statistics. Patients’ follow-up was performed using a detailed registry, collected from the institutional electronic medical records system.



Clinical and Procedural Data

All follow-up data were collected up to June 2021. Data collection was approved by the institutional ethics committee in compliance with the Declaration of Helsinki, with a waiver for the need of individual informed consent. We initially compared C-PCI and non-C-PCI patients. C-PCI was defined as a procedure involving at least one of the following: CTO, LM, bifurcation or SVG PCI. Four periods of 3-year time intervals were defined (2008–2010, 2011–2013, 2014–2016, 2017–2019), and temporal trends in the rate and outcomes of C-PCI within these intervals were studied.



Clinical Endpoints

Endpoints included mortality and major adverse cardiac events [MACE: death, acute myocardial infarction (MI), and target vessel revascularization (TVR)] at 1 year. In accordance with the “fourth universal definition of myocardial infarction” (10), MI was defined as acute myocardial injury with clinical evidence of acute myocardial ischemia and with detection of a rise and/or fall of cTn values with at least one value above the 99th percentile URL and at least one of the following:


•Symptoms of myocardial ischemia.

•New ischemic ECG changes.

•Development of pathological Q waves.

•Imaging evidence of new loss of viable myocardium or new regional wall motion. abnormality in a pattern consistent with an ischemic etiology.

•Identification of a coronary occlusion or significant stenosis by angiography.



To evaluate the interaction between complexity and temporal trends in outcomes (i.e., death and MACE) additional multivariate cox models were constructed with time period as a continuous variable and a complexity: time period interaction term.



Statistical Analysis

Categorical data are reported as frequency and percentages and compared using the χ2-test or the Fisher exact test, as appropriate. Continuous variables are presented as mean ± SD or median and interquartile range and compared using the 2-sample t-test or the 2-sample Wilcoxon rank-sum (Mann-Whitney) test. All tests were two-tailed, and p < 0.05 was considered significant. Analysis of between period trends were performed using the Cochran-Armitage trend test or linear regression as appropriate.

Time-to-event curves were constructed using the Kaplan–Meier method and compared using the log-rank test. Given competing risks, cumulative incidence functions were used to plot 1 year risk of TVR and acute MI. Univariate and multivariate Cox regression models were conducted to evaluate the association between complexity and outcomes, and the association between time period and outcomes within the complex PCI group. The following covariates were included in the multivariable model: age, hypertension, diabetes mellitus (DM) congestive heart failure (CHF), severe left ventricular (LV) systolic function, prior myocardial infarction (MI) or ACS, cardiogenic shock and renal failure. Covariate were selected owing to uneven distribution between study groups. All analyses were performed using R (R-studio, V.4.0.0, Vienna, Austria).




RESULTS


Patients and Procedural Characteristics

Of 20,301 procedures performed over a period of 12 years (2008–2020), 5,647 (27.8%) were identified as complex. Baseline characteristics of complex vs. non-complex PCIs are shown in Table 1. There was no difference in gender distribution or smoking between the groups (p = NS for both). Patients in the C-PCI group were older (66.3 ± 12.6 vs. 65.6 ± 11.9, p < 0.001), had lower estimated glomerular filtration rate (eGFR) (79.8 ± 29.0 vs. 82.1 ± 28.6, p < 0.001), were more likely to have CHF (12.4 vs. 10.6%, p < 0.001) and severe LV systolic function (21.4 vs. 15.9%, p < 0.001), were more likely to present as ST-elevation myocardial infarction (STEMI) (20.9 vs. 11.2%, p < 0.001) or cardiogenic shock (2.5 vs. 0.8%, p < 0.001), were more likely to be treated using anti-coagulation therapy (10.4 vs. 8.5%, p < 0.001), had a higher rate of significant proximal left anterior descending (LAD) disease (24.5 vs. 18.4%, p < 0.001), were less likely to be catheterized via transradial approach (45.0 vs. 50.6%, p < 0.001), and were treated with a IIbIIIa inhibitors more frequently (11.9 vs. 7.5%, p < 0.001), as compared to the non-complex PCI group. Baseline characteristics of patients who underwent C-PCI procedures, grouped to 4 periods (2008–2010, 2011–2013, 2014–2016, 2017–2019), are shown in Table 2. There was no difference between the groups in gender distribution, smoking rate, DM rate or eGFR (p = NS for all). A positive temporal trend was observed in patient age (65.1 ± 12.7 vs. 66.5 ± 12.9 vs. 67.3 ± 12.4 vs. 66.3 ± 12.5, respectively, p = 0.01), rate of hypertension (79.3% vs. 76.4% vs. 74.8% vs. 70.2%, respectively, p < 0.001), significant proximal LAD disease (20.2% vs. 20.8% vs. 24.4% vs. 30.3%, respectively, p < 0.001), and transradial approach rate (3.4% vs. 31.0% vs. 64.7% vs. 69.7%, respectively, p < 0.001), while a negative temporal trend was detected in the rate of CHF (18.3% vs. 16.1% vs. 10.7% vs. 6.9%, respectively, p < 0.001), previous CABG (25.8% vs. 22.3% vs. 18.7% vs. 14.8%, respectively, p < 0.001), cardiogenic shock on presentation (3.2% vs. 3.0% vs. 2.1% vs. 2%, respectively, p < 0.05) and IIbIIIa inhibitor administration (26.9% vs. 15.8% vs. 6.8% vs. 5.3%, respectively, p < 0.001).


TABLE 1. Baseline characteristics, complex vs. non-complex PCI.
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TABLE 2. Baseline characteristics of complex PCI per period.

[image: Table 2]


Temporal Trends of Clinical Outcomes

The rate of C-PCI procedures has risen significantly since 2017 (p < 0.01) (Figure 1), mainly driven by bifurcation and LM interventions (p < 0.01), whereas the amount of SVG and CTO procedures has steadily declined (p < 0.01) (Figure 2).


[image: image]

FIGURE 1. Rate of complex PCI (percent of total interventions) per time period.
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FIGURE 2. Interventions grouped by time period and complexity definition.


Outcomes of complex vs. non-complex PCIs are shown in Table 3. At 1-year, rates of death (8.4 vs. 5.1%, p < 0.001), acute MI (5.5 vs. 4.0%, p < 0.001), TVR (5.6 vs. 4.5%, p = 0.001) and MACE (15.4 vs. 10.3%, p < 0.001), were all significantly higher in the C-PCI group, as compared to the non-complex group (Figures 3, 4). Notably, even though MACE was significantly lower in the later periods in both complex and non-complex groups (Figure 5), overall all-cause mortality did not change during the study period, regardless of complexity (Figure 6). Interaction between C-PCI and MACE (HR: 0.88, 95% CI 0.84–0.92, p < 0.001) was found to be significant. In contrast, interaction between C-PCI and death (HR: 1.02, 95% CI 0.96–1.09, p = 0.444) was not significant.


TABLE 3. Complex vs. non-complex outcomes.
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FIGURE 3. Complex vs. non-complex (death).
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FIGURE 4. Complex vs. non-complex (MACE).
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FIGURE 5. Complex vs. non-complex (per time period MACE).
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FIGURE 6. Complex vs. non-complex (per time period death).


Temporal outcomes of patients who underwent C-PCIs are shown in Table 4. Rates of MACE at 1-year were significantly lower in both the 2014–2016 and 2017–2019 groups, as compared to the 2008–2010 and 2011–2013 groups (13.8% and 13.5% vs. 17.3% and 18.2%, p = 0.001, respectively). This was driven by lower rates of TVR at 1-year (4.4% and 4.8% vs. 6.7% and 7.1%, p = 0.01, respectively). There was no difference in rates of acute MI (4.6% vs. 5.9% vs. 5.2% vs. 6.2%, p = 0.76, respectively) or death (8.2% vs. 8.3% vs. 8.3% vs. 8.8%, p = 0.83, respectively) at 1-year between the groups. Cumulative incidence of TVR and acute-MI at 1 year, grouped by time periods, are shown in Figures 7, 8, respectively.


TABLE 4. Complex PCI—temporal outcomes.
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FIGURE 7. Cumulative incidence of TVR at 1 year, grouped by time period.



[image: image]

FIGURE 8. Cumulative incidence of acute-MI at 1 year, grouped by time period.


The results of the COX regression analyses are shown in Tables 5, 6. After adjustment for possible confounders, C-PCI was an independent risk factor for both death (HR: 1.34, 95%CI 1.19–1.51, P < 0.001) and MACE (HR- 1.30, 95%CI 1.19–1.42, P < 0.001). As to the effect of time periods on outcomes of C-PCI: only the most recent time period (2017–2019) emerged as an independent prognostic variable of lower MACE rate (compared to 2008–2011, HR: 0.79, 95% CI 0.66–0.96, p = 0.015). Notably, a trend toward lower 1-year MACE was observed throughout the study period (HR: 0.91, 95%CI 0.86–0.97, p for trend = 0.02).


TABLE 5. Cox regressions models—complex vs. non-complex PCI.
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TABLE 6. Cox regressions models—advanced time periods compared to the reference time period (2008–2010).
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DISCUSSION

In the current study, from a large cohort of 20,301 consecutive patients, we observed an increased incidence of C-PCI procedures, with a trend toward reduced 1-yaer MACE rate following complex PCI. One-year mortality rates remained unchanged. To our knowledge, the current research represents the largest single center C-PCI registry, comparing trends over a 12-year period.

Our study demonstrates a gradual rise in the rate of C-PCI procedures over the last decade. This observation could be explained by the evolution of PCI over that time period, coupled with the rising age and increasing comorbidity profile of our patient population (11). Indeed, more patients are offered PCI in lieu of CABG owing to the progressively narrowing gap in treatment effect between PCI and CABG (4). On the other end, more people who would have been treated conservatively previously are now offered revascularization with PCI. Analyzing the data, the following patterns emerged—a gradual increase in LM and bifurcation interventions, and significant decrease in SVG and CTO intervention procedures. Several explanations apply: First, PCI for left main disease of low or intermediate anatomic complexity has been studied extensively in the past decade and was shown to have comparable outcomes with CABG (12, 13). Second, both scientific data and clinical expertise, which accumulated during the past decade, has dramatically increased the number of bifurcation procedures. The recent NORDIC-BALTIC (14) trial reinforced the findings of earlier BBC (15) and CACTUS (16) trials, favoring provisional side branch stenting, without the routine stenting of both main and side branches in true bifurcations.

We hypothesize that the simplification of bifurcation stenting has led to a wider application of PCI in bifurcation lesions, previously treated conservatively. Additionally, contemporary bifurcation stenting technique emphasize side-branch wire protection and preservation which may lead to a more “inclusive” definition of bifurcation lesion. While provisional stenting is favored in non-LM disease, some evidence supports the upfront 2-stent DK-crush technique in LM disease. The evolution of bifurcation stenting: classic crush—classic crush with kissing balloon inflation (KBI)—mini crush—DK crush—nano crush (17), could by itself lead to increased rates of C-PCI procedures as it offers new solution for complex coronary anatomy. In keeping with the findings of these trials, our research shows a gradual increase in the amount of bifurcation procedures over the last decade.

In contrast, CTO and SVG interventions have been steadily declining over that period of time. Despite the FREEDOM (18) trial which demonstrated CABG superiority over PCI for patients with multivessel CAD and DM, the total amount of PCIs is on the rise with a parallel decline in CABG (19). As described earlier, this phenomenon might be explained by the combination of worsening risk profile in patient eligible for revascularization combined with practical advances in C-PCIs in the form of cumulative experience, new techniques and more efficient devices. Moreover, the revolution of transcatheter aortic valve replacement (TAVR) over the last decade has diminished the role of CABG even further. CAD and aortic stenosis frequently coexist; hence PCI is frequently pursued pre-TAVR after discussions between the patient and the Heart Team (20). As to SVGs in particular, their use has been declining steadily over the past decade due to their worse outcomes as compared to arterial grafts (21, 22). Moreover, when comparing PCI of a diseased native artery with PCI of an SVG in patients with previous CABG who require PCI, SVG PCI has worse outcomes as shown by Redfors et al. (23), patient who underwent SVG PCI had higher rates of cardiac death, stent thrombosis, ischemia-driven target-vessel revascularization, and overall MACE at 2 years than did those who underwent PCI of the native vessel, whenever it is feasible. Furthermore, as was shown by Brilakis et al. (24), SVG PCI had higher rates of in hospital death, no-reflow, periprocedural MI, and cardiogenic shock as compared with PCI of the native vessel in patient with prior CABG. Hence, decrease in the number of CABGs, combined with the decreased use of SVGs during these surgeries, and the worse outcomes as compared to native vessel intervention, may explain the gradual decline in SVG intervention during our follow up.

The principal rational of CTO-PCI is to improve symptoms (25). It is defined as a total occlusion in a coronary artery with non-collateral Thrombolysis in Myocardial Infarction (TIMI) flow grade 0 of at least 3-month duration. CTO-PCI has evolved dramatically in both effectiveness and safety over the last decade and is now a standard complex procedure with a success rate over 90%, in highly experienced centers (26). Contrary to recently published data, our study shows a gradual decrease in CTO procedures. This decline may represent a more selective utilization of CTO-PCI in our institution owing to the absence of evidence supporting survival benefit (27). Lastly, is should be mentioned that ad hoc PCI of CTOs is not uncommon practice in our institution. Some lesions which could have been considered CTOs requiring planned prolonged procedures in the early time periods, may have been easily crossable with the more contemporary equipment and hence not classified as CTO.



LIMITATIONS

This study has several limitations. First, although all data were collected prospectively, we used a single-center observational design which has the inherent limitations associated with a non-randomized comparison. Second, we decided to focus selectively on several important domains of C-PCI: LM, CTO, SVG or bifurcation intervention, and follow their temporal trends. Third, our data did not include either Medina classification for bifurcation lesions nor J-CTO scores for CTOs.



CONCLUSION

Rates of C-PCIs are on the rise, with worse overall outcomes, including higher mortality, as compared to non-complex procedures. Although MACE and TVR decreased significantly throughout the years, acute MI and death remained unchanged. As the complexity of procedures increases, so does the need for a deeper understanding of its pathophysiology, and the need to synergize between complex invasive intervention and secondary prevention during follow up.
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PCI, percutaneous coronary intervention,; TVR, Target vessel revascularization M, myocardial infarction; MACE, major adverse cardiovascular event.
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Variable Non-complex complex P-value
14,654 (72.2%) 5,647 (27.8%)
Age (years) 656 +£11.9 66.3+12.6 <0.001
Female gender 3,194 (21.89) 1,208 (21.4) 0.56
Hypertension 11,312 (77.2) 4,218 (74.7) <0.001
Smoking Hx 5,305 (36.2) 2,010 (35.6) 0.37
Diabetes mellitus 7,239 (49.4) 2,677 (47.4) 0.01
Dementia 278 (1.9) 136 (2.4) 0.02
CHF 1,553 (10.6) 700 (12.4) <0.001
Prior CABG 1,597 (10.9) 1,124 (19.9) <0.001
Anticoagulation 1,246 (8.5) 587 (10.4) <0.001
Hemoglobin 133+ 1.8 132+1.8 0.12
eGFR 82.1 +28.6 79.8 £29.0 <0.001
Prior Ml or ACS 8,133 (65.5) 3,569 (63.2) <0.001
Proximal LAD 2,696 (18.4) 1,383 (24.5) <0.001
Radial access 7,415 (50.6) 2,541 (45) <0.001
Severe LV function 2,330 (15.9) 1,207 (21.4) <0.001
lIbllla inhibitor administration 1,099 (7.5) 672 (11.9) <0.001
Cardiogenic shock 117 (0.8) 141 (2.5 <0.001

Values are expressed as n (%) or mean + SD.
PCI, percutaneous coronary intervention; CHF, congestive heart failure; CABG,
coronary artery bypass graft; eGFR, estimated glomerular filtration rate; MI,
myocardial infarction; ACS, acute coronary syndrome; LAD, left anterior descend-

ing; LV, left ventricle.
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Variable Non-complex Complex P-value
14,654 5,647 (27.8%)
(72.2%)
Death 746 (5.1) 474 (8.4) <0.001
TVR 654 (4.5) 317 (5.6) <0.001
Acute Ml 580 (4.0) 311 (5.5) <0.001
MACE 1,615 (10.3) 872 (15.4) <0.001

Values are expressed as n (%) or mean + SD.

PCI, percutaneous coronary intervention; TVR, Target vessel revascularization M,

myocardial infarction; MACE, major adverse cardiovascular event.
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Variable 2008-2010 2011-2013 2014-2016 2017-2019 P-value

1,263 (22.4%) 1,232 (21.8%) 1,387 (24.6%) 1,765 (31.2%)
Age (years) 65.1+12.7 66.5 +12.9 67.3+12.4 66.3 +12.5 0.01
Female gender 251 (19.9) 278 (22.6) 301 (21.7) 379 (21.5) 0.50
Hypertension 1,002 (79.3) 941 (76.4) 1,037 (74.8) 1,239 (70.2) <0.001
Smoking Hx 462 (36.6) 400 (32.5) 456 (32.9) 688 (39) 0.12
Diabetes mellitus 623 (49.3) 580 (47.1) 642 (46.3) 830 (47.0) 0.28
Dementia 33 (2.6) 25(2.0) 33 (2.4) 44 (2.5) 0.89
CHF 231(18.3) 198 (16.1) 148 (10.7) 122 (6.9) <0.001
Prior CABG 326 (25.8) 275 (22.3) 259 (18.7) 261 (14.8) <0.001
Anticoagulation 130 (10.3) 136 (11.0) 122 (8.8) 199 (11.3) 0.73
Hemoglobin 1832+1.8 132+1.9 13.3+1.8 133+ 1.8 0.92
eGFR 82.2 + 281 81.6 +30.5 77.6+£27.7 78.6 £29.3 0.59
Prior Ml or ACS 820 (64.9) 777 (64.9) 859 (61.9) 1,114 (63.1) 0.36
Proximal LAD 255(20.2) 256 (20.8) 338 (24.4) 535 (30.3) <0.001
Radial access 43 (3.4) 382 (31.0) 897 (64.7) 1,220 (69.1) <0.001
Severe LV function 259 (20.5) 269 (21.8) 275 (19.8) 408 (23.1) 0.23
lbllla inhibitor administration 340 (26.9) 195 (15.8) 94 (6.8 94 (5.3 <0.01
Cardiogenic shock 40(3.2) 37 (3.0 29 (2.1) 35 (2) 0.04

Values are expressed as n (%) or mean + SD.
PCI, percutaneous coronary intervention; CHF, congestive heart failure; CABG, coronary artery bypass graft, eGFR, estimated glomerular filtration rate; MI, myocardial
infarction; ACS, acute coronary syndrome; LAD, left anterior descending; LV, left ventricle.





