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Objective: To assess the incidence of new adverse coronary events (NACE) following transcatheter aortic valve replacement (TAVR) and valve-in-valve TAVR (ViV-TAVR).

Background: ViV-TAVR is an accepted treatment for degenerative prostheses among patients with high surgical-risk. TAVR studies have suggested an increased risk of coronary artery obstruction and flow stasis causing thrombus formation. Whether contemporary ViV-TAVR is associated with higher rate of coronary events compared to TAVR is unknown.

Methods: We used data from 1,224 TAVR patients between 2016 and 2021. We propensity-matched patients following ViV-TAVR and TAVR by significant predictors to overcome confounders in patients' baseline characteristics and procedural factors.

Results: The matched population included 129 patients in each group. In line with prior reports, there was a higher in-hospital coronary artery obstruction rate with ViV-TAVR (3.1 vs. 1.6%; p = 0.23). Despite this, 2-year cumulative NACE rates were similar between groups (4.7 vs. 6.2%, respectively, p = 0.79), with no difference between its components: myocardial infarction (MI) (p = 0.210), unplanned coronary catheterization (p = 0.477), or coronary artery bypass grafting (CABG) (p = 0.998). Moreover, hypoattenuated leaflets thickening (HALT) at 30-day CT was observed in nearly a quarter of the patients with no difference between groups (23.9 vs. 23.1%, HR 1.02, 95% CI 0.50–1.28, p = 0.872). The progression rate of the coronary artery calcium score (CACS), assessed in a third of patients, was similar between groups (p log-rank = 0.468, 95% CI 0.12–1.24). Low coronary artery height was an unfavorable predictor for in-hospital coronary obstruction and 2-year NACE rate (HR 1.20 and HR 1.25, p = 0.001 and p < 0.0001, respectively).

Conclusion: At 2-year follow-up, ViV-TAVR was not associated with a higher rate of myocardial infarction, unplanned catheterization, coronary artery bypass grafting, or hypoattenuated leaflet thickening.
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Impact on daily practice

Increasing the awareness of the risk of coronary artery obstruction with ViV-TAVR promotes -appropriate pre-procedural risk assessment and operative success. In our contemporary series of patients, ViV-TAVR is as safe as TAVR in the immediate post-procedural period and over a course of 2 years.



Introduction

Transcatheter aortic valve replacement (TAVR) has become the most common therapeutic option for severe aortic stenosis regardless of surgical risk (1, 2). With time, bioprosthetic valves may degenerate, leading to stenosis, regurgitation, or both, and require a second intervention, either by a TAVR or redo open-heart surgery (3–6). Valve-in-Valve-TAVR (ViV-TAVR) is an established option in high surgical-risk patients with a degenerative transcatheter or surgical aortic prosthesis and is associated with a lower mortality rate, fewer complications, and shorter length of stay than redo surgical AVR (7–11).

Thrombosis of transcatheter heart valves (THV) has been reported as an incidental finding on 30-day multidetector computed tomography following TAVR with recent evidence indicating higher incidence of stroke or transient ischemic attack (12, 13). The phenomenon was believed to be the consequence of the hemodynamic changes inside the neo-sinus due to the new geometry created by the THV. In vitro studies simulating a TAVR environment supported the hypothesis by demonstrating flow stasis within the neo-sinus affecting the coronary flow (14–16). However, a recent multicenter registry showed no clinical correlation between hypoattenuated leaflets thickening (HALT) and combined endpoints of death, stroke, and re-admission due to heart failure after TAVR (17).

When considering the lifetime management of aortic stenosis (AS), several authors have raised concerns on the impact of the implantation of a second (and additional) transcatheter heart valve (18–23) on coronary flow and sinus thrombosis potentially impacting coronary flow.

Our null hypothesis assumed that stasis at the neo-sinuses level resulting from the deployment of a transcatheter valve poses a higher risk for new adverse coronary artery events after the TAVR procedure. Therefore, we aimed to assess the frequency of immediate and later coronary events such as myocardial infarction, unplanned coronary catheterization, coronary artery bypass graft surgery (CABG), and death following ViV-TAVR, in comparison to native TAVR. Moreover, we sought to compare differences in related imaging findings of coronary artery calcium score (CACS) progression and HALT.



Methods


Study cohort and patients' selection

We conducted a retrospective study of 1,224 consecutive TAVR patients performed at Cedars-Sinai Medical Center between January 2016 and December 2021 using the new generation intra-annular balloon-expandable Sapien-3 or Sapien-Ultra valve (Edwards Lifesciences, Irvine, California, USA), and the supra-annular self-expanding Evolut-R or Evolut-PRO (Medtronic, Minneapolis, MN, USA). Following CT-TAVR protocol, the consensus decision of the multidisciplinary cardiac team determined the indication for TAVR for all patients, including known anatomical predictors of coronary events (i.e., low coronary height and lengthy leaflets). A shared decision of the interventional team and the attending physicians determined the time of discharge. There were no absolute criteria by which TAVR was declined due to concern for coronary events. In a case of extensive coronary calcification or indetermined coronary calcification on CT-TAVR, diagnostic angiography was performed. In a matter of significant coronary disease seen on CT-TAVR or following diagnostic angiography, percutaneous coronary intervention was completed in a staged fashion. Nearly 20% of patients in each arm of our study underwent complete revascularization within 30 days of their index procedure. Exclusion criteria included the use of experimental THVs, non-transfemoral access sites, incomplete medical records, or if lost to follow-up.

The primary endpoint was a composite of myocardial infarction, unplanned coronary catheterization, percutaneous coronary intervention, and coronary artery bypass surgery up to 2 years following the procedure. Secondary outcomes were the incidence of HALT or the related findings of leaflet hypoattenuation affecting motion (HAM), and reduced leaflet motion (RELM) in a 30-day follow-up CT and the progression of coronary artery disease assessed by the rate of change in coronary artery calcium score.

We used the data of 1,126 eligible patients for propensity matching and compared the outcome between the two groups (Figure 1). The study was approved by the Cedars-Sinai medical center institutional review board (IRB), which also waived the requirement to obtain informed consent due to the study's retrospective nature.
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FIGURE 1
 Study design.




Definitions

In-hospital complications such as major bleeding, major vascular complications, and acute kidney failure were followed according to the valve academic research consortium-3 definition of appropriate clinical endpoints in trials involving surgical and transcatheter aortic valves (24).



Data collection

Demographic, procedural, and follow-up data were entered retrospectively by a dedicated team and extracted using the Cedars-Sinai electronic records systems (CS-link). HALT was assessed using the 2D MPR-diastolic phase (R-R, 80%) to ensure coaptation or presence of HALT and confirmed using the 4D VR-CT-systolic phase (R-R, 20%). The en-face view to assess the extent of RELM. HAM was defined as HALT with RELM of more than 50% as HAM (25). Follow-up CT to assess HALT was randomly assigned between ViV-TAVR and native valve patients.

Coronary artery calcium scores were calculated using the Agatston method using dedicated semi-automatic software (Vitrea Advanced, Vital Images, Minnetonka, MN, USA) (26). Coronary artery calcium scores were measured before and after the procedure during follow-up. The rate of CACS progression or regression was calculated using score difference and the median time elapsed between the tests.



Statistical analysis

Data are presented as number of patients and percentage (%) for categorical variables and a median (IQR, interquartile range) for continuous variables. Patient characteristics were compared among the study groups using a Kruskal-Wallis test, chi-square test, or Fisher's exact test as appropriate. We use a logistic regression model following a univariate analyses of the patient's baseline characteristics and the 2-year outcomes.

Propensity matching analysis score between ViV-TAVR and the TAVR patients was performed using the nearest neighbor matching technique with one-to-one ratio setting significant (p < 0.05) variables and non-significant variables that me be related to the outcome (following parsimonious model) as age, sex, procedure year, diagnosis of coronary artery disease (CAD) and stroke, prior coronary bypass surgery (CABG), Society of Thoracic Surgeons (STS) surgical risk score, LV ejection fraction (LVEF), THV type and size, valve overinflation, and a cerebral protection system (CPS). Patients with deviated threshold scores of >0.10 were considered unmatched (26, 27).

CACS progression rate was constructed using of Kaplan–Meier estimates based on the calcium score before and after the procedure and time elapsed between the tests, and were compared with the use of the log-rank test. Time to NACE was analyzed using the Cox proportional regression methods, where death was considered a relevant competing risk and illustrated by the Kaplan-Meyer survival curve.

All statistical analyses were performed using SAS 9.4 (SAS Institute, Inc., Cary, North Carolina) and R package version 4.0.5 with two-sided tests at a significance level of 0.05.




Results


Study population

A total of 1,224 patients underwent TAVR at Cedars-Sinai medical center from 2016 to December 2021. We excluded 34 patients due to incomplete records and 32 patients who were lost to follow-up. We also excluded 15 patients who underwent non-transfemoral TAVR and 17 patients who were involved in a clinical study using an experimental transcatheter valve.

Among the 1,126 eligible patients, 135 patients underwent ViV-TAVR (“ViV-TAVR” group) procedure and 991 TAVR (“TAVR” group) on the native valve. ViV-TAVR on a prior TAVR was performed in 8 (5.9%) patients, while ViV-TAVR on previous surgical AVR was done in 127 (94.1%) patients.



Baseline characteristics and outcomes among unmatched groups

In an unmatched comparison, the ViV-TAVR patients were significantly older with a median age difference of 2.6 years compared to TAVR patients while comprising similar proportions of females.

There was no difference in the prevalence of common cardiovascular risk factors such as hypertension, hyperlipidemia, diabetes, coronary artery disease, peripheral artery disease, prior myocardial infarction, prior acute coronary syndrome, the use of antiplatelet, or anticoagulation therapy following adjustment for age. The ViV-TAVR group less frequently had a previously placed porcelain aorta and more commonly received prior coronary artery bypass graft surgery (Table 1).


TABLE 1 Baseline clinical characteristics of matched population.
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The ViV-TAVR patients had an overall higher STS score (7.1 vs. 5.4), lower median LVEF, and were more likely to receive a CPS.

The use of an intra-annular balloon-expandable THV and a large-size THV with post-procedural overinflation was more commonly reported in the ViV-TAVR group (Table 1).

With regards to in-hospital adverse events, including major bleeding, vascular complications, renal failure, stroke, coronary obstruction, conversion to open surgery, and death, there was no difference between the two groups. When comparing the unmatched cohorts, the rate of coronary artery obstruction in ViV-TAVR was higher than reported in the TAVR group, but this difference was not statistically significant (Table 2).


TABLE 2 Clinical end points at 2 years.
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Post-procedure medical therapy

The use of dual antiplatelet therapy or, when indicated, an oral anticoagulant (OAC) and single antiplatelet (SAP) following the procedure was similar between the two groups. In the ViV-TAVR group, 86 (63.7%) patients used DAPT and 48 (35.6%) used OAC and SAP, compared to the TAVR group, where 562 (56.6%) patients used DAPT, and 426 (42.9%) used OAC and SAP.



Two-year outcomes in matched groups

Following the PSM model with a 1:1 ratio, we matched 129 patients in each group to address possible confounders derived from patients' baseline characteristics and procedural-related events by balancing the following covariates: age, sex, year of procedure, the existence of CAD, prior stroke or CABG, surgical score and LVEF, THV type and size, the use of valve overinflation and CPS use (Figure 2).
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FIGURE 2
 Standard deviation before (A) and after (B) propensity matching and covariate balance for selected variables (C).


In the matched population, ViV-TAVR patients had a lower rate of previously placed porcelain aorta (3.1 vs. 10.1%, p = 0.042) and greater fluoroscopy time (11.3 vs. 16.2 min, p < 0.0001). In both groups, diagnostics coronary angiography was performed in almost half the patients before the procedure, and the use of aspirin, P2Y12 inhibitors or anticoagulation was used at similar rates. Post-procedural guideline-directed pharmaceutical treatment was endorsed in over 95% of patients in both groups. There was no significant difference in overall in-hospital complications, even though the ViV-TAVR group had a higher rate of coronary obstruction (Table 2).

The rate of myocardial infarction, unplanned coronary catheterization, or coronary artery bypass graft composing the primary endpoints during 2-year follow-up was reported in 14 (5.4%) patients with no difference between the groups (Figure 3). Thromboembolic cause of MI was seen in only one patient of the native-TAVR group, while most MI cases presented predominantly as plaque rupture. A total of 25 (9.7%) patients died during follow-up, and the time to the first event composing the primary outcome and 2-year death did not differ between the two groups (Figure 4).
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FIGURE 3
 NACE, death, and stroke to 2 years.
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FIGURE 4
 Time-to-events curve of NACE and death to 2 years.




Hypoattenuated leaflet thickening and reduced leaflet motion

HALT was observed in 23.5% of the 98 patients who had a 30-day follow-up CT. Among the HALT patients, RELM of at least 50% was seen in 4 patients. There was no difference in the HALT and RELM rates between ViV-TAVR and TAVR groups (Table 3).


TABLE 3 CT-based valvular characteristics at 30-day follow-up.
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Progression of coronary calcification

Coronary artery calcium score (CACS) using reconstructed CT images before and after the procedure was performed in 82 (31.8%) of the matched population in a median of 605 days. CACS progressed in 22 (8.5%) patients, regressed in 28 (10.8%) patients and did not change in 32 (12.4%) patients. There was no statistical difference in the progression rate of the two groups (Figure 5).


[image: Figure 5]
FIGURE 5
 Coronary artery progression rate during 2-years follow-up for ViV-TAVR and TAVR.




Anatomical predictors of coronary obstruction and nace

Low coronary height, defined by the distance of either the right or left coronary artery from the coronary ostium to the aortic valve annulus of < 10 mm, was measured in 10 (71.4%) of the NACE patients with no significant difference between ViV-TAVR and TAVR (Table 4). Low coronary height was associated with both in-hospital coronary obstruction and 2-year NACE and did not differ between the groups (Figure 6).


TABLE 4 Anatomical and clinical features of coronary event cases.
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FIGURE 6
 Low coronary artery height and the risk for procedural and future coronary obstruction.





Discussion

The ViV-TAVR procedure has emerged as a safe and effective treatment for a degenerated bioprosthetic aortic valve and offers an additional therapeutic option for selected patients over redo surgery (29). Despite the overall high procedural success rate of ViV-TAVR, as well as vigilant CT-guided procedural planning, abrupt coronary obstruction remains a common and devastating complication, with the rate of incidence estimated at 2.5–3.5% (30, 31). Limited data exists on adverse coronary events after discharge.


Coronary events following TAVR and ViV-TAVR

The prevalence of CAD in TAVR patients is approximately 50%, with approximately half of them undergoing PCI before the procedure. In a cohort of ~800 TAVR patients, Vilalta et al. reported an incidence of ACS in 10% of TAVR patients in a median follow-up time of 2 years with unstable angina and non-ST elevation myocardial infarction constituting the majority of cases (31). Mentias et al. reported similar findings among 140,000 TAVR patients, where 5% were admitted for ACS within 1 year of the procedure and 30% required invasive management (32). The strongest predictors of ACS in the larger cohort included a history of CAD, recent revascularization, and ViV-TAVR (13, 14).

Non-immediate ACS following TAVR is believed to be the consequence of one of two distinct processes: the formation of de novo coronary artery plaque and prosthetic valve thrombosis migrating to the coronary vessels. While distinct, both processes are thought to be sequelae from impaired perfusion or flow to the coronary sinuses (17–21). The shorter or more compact sinus of valsalva, following valve deployment, promotes flow stagnation and subsequent platelet aggregation leading to atherothrombosis in the coronary vessel or bioprosthetic valve (22, 23, 33).

Our study assesses the incidence of coronary events such as acute myocardial infarction, unplanned coronary catheterization, and CABG following matched population of ViV-TAVR and TAVR patients. We further assessed the rates of HALT, HAM, RELM, and the progression of coronary calcification.

We report that the cumulative clinical incidence of new adverse coronary events following ViV-TAVR was not statistically different from TAVR patients. ViV-TAVR patients had similar rates of HALT, HAM and RELM as well as and the coronary artery calcium progression. Albeit not significant, complications occurred most commonly in the ViV-TAVR cohort in the setting of previously used externally mounted surgical valves. However, due to the limited number of event rates (i.e., < 5%), it would be difficult to a reliable conclusion. Furthermore, our results indicate that a low coronary height (< 10 mm from the annulus), believed to be an unfavorable predictor for abrupt coronary obstruction during the procedure and future NACE event (34).

A possible explanation for our results is the relatively short follow-up period compared to previous studies assessing TAVR-related outcomes. Makkar et al. reported no differences in death outcomes or disabling stroke in 5 years when comparing TAVR to SAVR among intermediate surgical-risk patients with severe, symptomatic aortic stenosis (35). A sensitivity analysis with various follow-up times may demonstrate appreciable differences in the two cohorts. In our cohort, most of the TAVR and ViV-TAVR patients underwent routine pre-procedural CT with coronary assessment. In half of the borderline cases, a left heart catheterization was performed prior to valve deployment, allowing for the intervention of vulnerable plaque, making subsequent coronary events less likely. Faroux et al. report that nearly 30% of ACS post-TAVR involved untreated lesions present before TAVR (36, 37). In valve technology, newer generation valves are engineered to minimize the risk of common complications albeit technologic needs remain unmet when minimizing risk for periprocedural coronary events. Additionally, more recent clinical data better direct clinicians on appropriate anti-platelet and anticoagulant regimens (38). Ultimately, the work-up, management, and protocol of TAVR have evolved, allowing for more favorable outcomes seen in the ViV cohort. We matched the population to the procedural year and excluded old generation sheaths and devices to address time-related potential confounders.

Another important determinant of coronary events following TAVR is the completeness of revascularization pre-operatively. To date, several earlier studies suggest no association between CAD severity and TAVR outcomes (39–42). These studies however were largely limited in their design in terms of sample size, use of standardized indices for CAD severity (i.e., syntax score), appropriate follow-up time, and use of strictly trans-apically placed valves. Witberg et al., however, reported a strong relationship between severe syntax scores and mortality post-TAVR. While shown previously in single-center observational studies, this was the first report via a multicenter analysis and sufficient sample size. Moreover, it reported a powerful relationship with incomplete levels of revascularization which they reported as a syntax score of >8 following the index revascularization (43–46). In our study, ~20% of each cohort underwent full revascularization within 30 days of their TAVR procedure. This may help explain the number of reported coronary complications in each of the studied groups. However, given there was no different in the rate of revascularization, we do not expect this to be a confounding variable in the overall study.

To the best of our knowledge, this is the first study to comprehensively assess clinical coronary adverse events, leaflets thrombosis, and coronary artery calcium score progression in a 2 year period following ViV-TAVR.



Study limitation

The current study represents the first reported analysis concerning the incidence and outcomes of coronary events following ViV-TAVR in a matched population of TAVR patients. Our investigation has several limitations. First, our cohort is based on single-center data and lacked comprehensive input from a multicenter experience. Second, we equated coronary events to myocardial infarction, unplanned coronary catheterization, and CABG. A more robust characterization would have included readmission due to unstable angina and whether the MI occurred in type 1 or type 2 injury patterns. Third, since our ViV-TAVR cohort enclosed only a small number of patients who had prior transcatheter valves, we could not make a strong assumption about the long-term outcome in those patients. Fourth, our study only followed patients for 2 years in terms of long-term outcomes, which raises questions about whether the differences in outcomes between TAVR and ViV would be more apparent over a more extended follow-up period. Fifth, residual confounding cannot be entirely excluded despite propensity score matching analysis to adjust for measured confounders. Sixth, it is important to note that among our cohort with known CAD, the majority of patient received CABG rather than PCI for revascularization. The concern is that patients undergoing a PCI-based approach for revascularization are at higher risk of adverse outcomes following TAVR. Specifically, post-PCI patients require DAPT therapy which may need to be continued following TAVR placing them at higher risk of bleeding. Additionally, PCI poses a theoretical risk of in-stent thrombosis, particularly with curtailed duration of DAPT. This question was recently addressed by the ACTIVATION trial which compared the relationship between PCI vs. medical therapy in pre-operative TAVR patient with at least one coronary lesion of a major epicardial vessel. Although no difference was found, the study was not carried out to completion due to low enrollment rates. Nevertheless, our findings may have differed if PCI-based revascularization was more prevalent in our studied cohort (47–49). Seventh, several recent studies have demonstrated the role which valve orientation plays in determining risk of acute coronary obstruction and sinus sequestration, particular with supra-annular valve implantation. This information was not evident in procedural summaries of our patients, a potential limiting factor in our study. We therefore could expect poorer outcomes and higher rates of NACE if an operator was not aware of this technically important step in TAVR implantation (34, 50–52).

Lastly, our medical records are exposed to patients hospitalized only at Cedars networks and therefore may underestimate the event rate. However, patients who were lost follow-up or had inadequate medical records were excluded from the study.




Conclusions

Our study shows that ViV-TAVR is not associated with a higher risk of coronary events up to 2 years following the procedure. Furthermore, proposed mechanism for increased risk of coronary events, including HALT and RELM, were similar between the groups. Lastly, the acceleration of atherosclerosis, assessed by the coronary artery calcium score was similar between the groups. Follow-up studies are required to determine more long-term outcomes, particularly coronary events, in ViV-TAVR vs. TAVR (Figure 7).
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FIGURE 7
 Central illustration.
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