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Objective: We sought to evaluate the outcomes of integrated aortic-valve and ascending-aortic replacement (IR) vs. partial replacement (PR) in patients with bicuspid aortic valve (BAV)-related aortopathy.

Methods: We compared long-term mortality, reoperation incidence, and the cumulative incidence of stroke, bleeding, significant native valve or prosthetic valve dysfunction, and the New York Heart Association (NYHA) functional classes II-IV between inverse probability-weighted cohorts of patients who underwent IR or PR for BAV-related aortopathy in a single center from 2002 to 2019. Patients were stratified into different aortic diameter groups (“valve type” vs. “aorta type”).

Results: Among patients with “valve type,” aortic valve replacement in patients with an aortic diameter > 40 mm was associated with significantly higher 10-year mortality than IR compared with diameter 35–40 mm [17.49 vs. 5.28% at 10 years; hazard ratio (HR), 3.22; 95% CI, 1.52 to 6.85; p = 0.002]. Among patients with “aorta type,” ascending aortic replacement in patients with an aortic diameter 52–60 mm was associated with significantly higher 10-year mortality than IR compared with diameter 45–52 mm (14.49 vs. 1.85% at 10 years; HR, 0.04; 95% CI, 1.06 to 85.24; p = 0.03).

Conclusion: The long-term mortality and reoperation benefit that were associated with IR, as compared with PR, minimizing to 40 mm of the aortic diameter among patients with “valve type” and minimizing to 52 mm of the aortic diameter among patients with “aorta type.”

Trial Registration: Treatment to Bicuspid Aortic Valve Related Aortopathy (BAVAo Registry): ChiCTR.org.cn no: ChiCTR2000039867.
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INTRODUCTION

Bicuspid aortic valve (BAV) disease is the most common congenital cardiac disorder, being present in 1–2% of the general population (1). Associated aortopathy, the dilatation of the aortic sinuses, and ascending aorta are present in ~20–40% of patients with BAV (2). Evidence of phenotypic heterogeneity of BAV and BAV aortopathy has emerged in the last decades. The classification of Sievers is most widely adopted to describe the morphology of BAV, namely the valvular phenotype (3). For aortopathy, the ascending phenotype vs. root phenotype has been proposed to require individualized surgical approaches (4, 5). Although evidence supporting treatment of BAV and aortopathy as separate entity has increased, data on the combined (valve and aorta) pathological phenotypes remain scarce. A comprehensive understanding of the interaction between morphologic features and functional characteristics of the BAV and aortopathy along with transvalvular hemodynamics is required. In particular, the 2 long-debated hypotheses with respect to the pathogenesis of BAV-related aortopathy—namely, the genetic and the hemodynamic theories—may contribute to differing causative factors. Previous data from mixed BAV cohorts resulted in a broad spectrum of surgical treatment methods being suggested, ranging from very conservative approaches to very aggressive recommendations (6). Currently, among patients with BAV with significant valve dysfunction, the practice guideline recommended cutoff for concomitant ascending aortic replacement is 45 mm (7, 8). However, there is a lack of evidence to clarify the need for concomitant aortic valve replacement among patients with dilated aorta, but without significant BAV dysfunction. As etiologic hypotheses based on the phenotypic heterogeneity of BAV and aortopathy continue to be discussed, specific surgical approaches and timing may be required. The aim of this study was to compare the perioperative and follow-up benefits and risks of integrated aortic-valve-and-ascending-aortic replacement (IR) vs. partial replacement (PR) for BAV-related aortopathy.



METHODS


Study Design

In this single-center inverse probability-weighted cohort study, we examined data from patients with BAV-related aortopathy who underwent IR or PR from January 1, 2002 to December 31, 2019 to evaluate the effect of surgical treatment on all-cause mortality and reoperation and the incidence of stroke, bleeding, significant native valve or prosthetic valve dysfunction, and the New York Heart Association (NYHA) functional class II-IV. This study was approved by an Institutional Review Board and the Institutional Review Board waived the need for a written informed consent of the patient. This study was registered with chictr.org.cn (ChiCTR2000039867, Methods in Supplementary Material). The patients were followed at 3 months, 6 months, and 1-year interval. Study investigators verified and validated investigation outcomes from the institutional database and standardized telephonic interviews (Figure 1A and Methods in Supplementary Material).


[image: Figure 1]
FIGURE 1. Flow diagram of study design. (A) Follow-up; (B) Heart team approach; and (C) Patient selection. AFA, atrial fibrillation ablation; CABG, coronary artery bypass graft; ICU, intensive care unit; INR, international normalized ratio; IR, integrated aortic-valve-and-ascending-aortic replacement; PR, partial replacement; TTE, transthoracic echocardiography; TVP, tricuspid valve plasty.




Study Population and Pathophysiologic Classification

Patients were included in this study if they were diagnosed as BAV and underwent IR or PR. Decisions on IR or PR were based on the practical guidelines (6–10). Stepwise heart team approaches were taken by single unit (guidelines-based decision), multiunit approach, multidisciplinary approach, and heart center approach when symptoms and frailty, the burden of comorbidities, and technical aspects of patients necessitated further evaluation (Figure 1B). In particular, a risk factor of dissection (family history of aortic dissection, if the rate of increase in diameter is ≥ 0.3 cm per year or uncontrollable hypertension) and relatively low body surface area would be taken into consideration in the heart team to decide whether to perform a concomitant ascending aortic replacement; moderate aortic stenosis/aortic regurgitation (AS/AR), morphology of BAV, the diameter of the aorta, and the prognosis with untreated BAV would be taken into consideration in heart team to decide whether to perform a concomitant aortic valve replacement.

Based on emerging phenotypic heterogeneity of BAV-related aortopathy (3–5), we propose a simple nomenclature classification to include the valve and aorta together. We propose the terms “valve type” and “aorta type” to represent the most dysfunctional part among BAV-related aortopathy. Criteria for “valve type” included: (1) significant aortic valve dysfunction and (2) with or without aortic dilatation. Criteria for “aorta type” included: (1) without significant aortic valve dysfunction and (2) aortic diameter (aortic sinuses or ascending aorta) > 40 mm (Figure 1C).

Among patients with “valve type,” aortic valve replacement, as PR, was compared with IR. Among “aorta type,” ascending aortic replacement, as PR, was compared with IR. IR was defined as surgical treatment including aortic valve replacement and ascending aortic replacement.

Patients undergoing either the Bentall procedure (with coronary artery ostia reimplantation) or the Wheat procedure (11) (without coronary artery ostia reimplantation) were included as IR. Patients with concomitant coronary artery bypass graft (CABG), atrial fibrillation ablation (AFA), or tricuspid valve plasty (TVP) were included to improve statistical power. Exclusion criteria were concomitant mitral valve repair or replacement, aortic valve repair, ascending aortic repair, and descending aortic replacement, given that double valve replacement is associated with worse ventricular function and increased risk of bleeding.



Echocardiographic Evaluation

Transthoracic echocardiography and transesophageal echography play key roles to screen pathophysiologic types. Function and morphology of BAV were verified and re-evaluated by the echocardiographic core laboratory based on the 2020 American College of Cardiology/American Heart Association (ACC/AHA) guideline (12). The criteria to evaluate the severity of aortic valve dysfunction were as follows: (1) severe AS was defined as aortic Vmax ≥ 4 m/s or mean ΔP ≥ 40 mm Hg; (2) moderate AS was defined as 20 mm Hg < mean ΔP <40 mm Hg; (3) severe AR was defined as vena contracta > 0.6 cm or effective regurgitant orifice (ERO) ≥ 0.3 cm2; (4) moderate AR was defined as 0.3 cm < vena contracta <0.6 cm; and (5) mild stenosis and regurgitation were regarded as normal valve function. Accordingly, severe AS or severe AR was regarded as significant aortic valve dysfunction. The remaining valve function was regarded as BAV without significant dysfunction. Based on the classification described by Sievers et al. (3), BAV morphology was classified into type 0 without raphe, type 1 with 1 raphe, and type 2 with 2 raphes (also called unicuspid aortic valve) according to the presence and number of raphes.

The aortic evaluation included the diameter of aortic sinuses and the ascending aorta by echocardiography. The aortic diameter was defined as the largest of the 2 diameters measured at the aortic sinus and the ascending aorta.



Stratification Workflow

Stratification was based on the ascending aortic diameter. First, we stratified the study patients with 5-mm intervals roughly according to the current guidelines (9). For “valve type,” the stratification categories were: (1) 35–40 mm group and > 40 mm group and (2) 35–45 mm group and > 45 mm group. For “aorta type,” the stratification categories were: (1) 45–50 mm group and > 50 mm group and (2) 45–55 mm group and > 55 mm group.

Second, based on the results of the Cox proportional-hazards model, a 1-mm interval was taken to modify the trial categories. Equivalent dimension intervals were taken in two cohorts to achieve appropriate study power assessment if a 1-mm interval was needed.



Study Endpoints

The primary endpoints were mortality and reoperation. Secondary endpoints included the cumulative incidence of stroke, bleeding, significant native valve or prosthetic valve dysfunction, and the NYHA functional classes II-IV. Safety endpoints included the freedom of cumulative incidence of death, reoperation for complications, non-elective cardiovascular surgery for adverse events, and deep wound infection within 1 month.



Statistical Analysis

This study was designed to have a power of at least 90%, at an alpha level of 0.05, to detect a between-group hazard ratio of 3.5 for the analysis of mortality among patients with “valve type” with ascending aortic diameter of > 40 mm at 10 years and among patients with “aorta type” with ascending aortic diameter of > 55 mm at 10 years. Patients with smaller or larger diameters were included as contrast (13). We predicted IR that was associated with lower mortality in larger ascending aortic diameter and PR that was associated with lower mortality in smaller ascending aortic diameter.

We used inverse probability weighting to limit confounding by indication, particularly for the Sievers classification, valve function, and aortic phenotype (Methods section in the Supplementary Material). In each diameter group, non-parsimonious logistic regression was used to estimate probability of each patient to undergo IR or PR. Stabilized weights were calculated by dividing the marginal probability of the observed procedure by propensity score for the treatment received. The balance between the treatment groups was assessed with the use of standardized mean differences. A standardized mean difference of 10% or less was deemed to be the ideal balance and a standardized mean difference of 20% or less was deemed to be an acceptable balance.

The Cox proportional-hazards model with a robust variance estimator was used to compare long-term mortality between the groups. Separate analyses of the weighted population were adjusted for sinus diameter or included surgeon as a random effect. To address non-proportional hazards, the restricted mean survival time was estimated to describe the overall effect of treatment during the study period. Subdistribution hazards in the weighted populations were estimated with the method of Fine and Gray. SEs were estimated with the use of 500 bootstrap replicates.

To explore the diameter-dependent effect of different procedures on death and reoperation, the Cox proportional-hazards model was fit to the entire weighted study population with the use of an interaction term for aortic diameter and procedure. SEs were calculated from 1,000 bootstrap replicates. All the tests of treatment effect were two-tailed with an alpha threshold of 0.05. Statistical analyses were performed with the use of R software, version 4.0.3 (R Foundation) and data management was performed with the use of SPSS software, version 24 (SPSS Incorporation, Chicago, Illinois, USA). Additional details with respect to the statistical analysis are provided in the Methods section in the Supplementary Material.




RESULTS

Of 1,868 patients who were diagnosed as BAV for admission during the study period, 671 patients were eligible for inclusion in this study. A total of 502 patients and 169 patients were included in “valve type” and “aorta type,” respectively (Figure 1C). Among patients with “valve type,” the median follow-up was 4.92 years in the PR cohort and 4.75 years in the IR cohort. Among patients with “aorta type,” the median follow-up time was 3.33 years in the PR cohort and 4.58 years in the IR cohort.


Clinical Characteristics of “Valve Type” and “Aorta Type”

Different aortic diameter distribution and the aortic valve function and morphology emerged in “valve type” vs. “aorta type” (Supplementary Figures 5, 6, Supplementary Tables).

In terms of valve function, among “valve type,” a similar percentage of severe AS and AR was showed (47.4 vs. 47.8%), while among “aorta type,” moderate stenosis had a higher incidence than moderate regurgitation (18.3 vs. 11.8%). With respect to valve morphology, Sievers' type 1 was dominant in both the “valve type” and “aorta type” (51.2 vs. 60.4%), whereas type 0 had a higher percentage in “valve type” and the distribution of the Sievers classification was significantly different (p = 0.03).

Concerning the aortic dimensions, the “valve type” had an overall smaller dimension in aortic diameter (43.2 ± 8.2 vs. 53.6 ± 6.9 mm, p < 0.01), sinus diameter (35.6 ± 7.5 vs. 38.0 ± 7.7 mm, p < 0.01), and ascending aortic diameter (42.3 ± 8.4 vs. 52.9 ± 7.8 mm, p < 0.01). However, “aorta type” showed a higher ascending sinuses ratio than “valve type” (1.4 ± 0.3 vs. 1.2 ± 0.3 mm, p < 0.01), which was associated with supracoronary dilatation vs. tubular dilation (Figure 2).
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FIGURE 2. BAV-related Aortopathy.




Inverse Probability Weighting Cohorts

Baseline and operative characteristics before inverse probability weighting are shown in Table 1. After using inverse probability weighting, the study population consisted of 333.3 vs. 178.7 in “valve type” and 47.4 vs. 132.4 in “aorta type,” which were not necessarily integers owing to inverse probability weighting. The standardized mean differences indicated an adequate match between PR and IR in both the types. Baseline characteristics of the cohorts were more balanced (standardized mean differences <15%) with considerable objectives reserved to enhance power (Supplementary Tables 3, 4).


Table 1. Baseline and operative characteristics before inverse probability weighting.
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Primary Endpoints in “Valve Type”

Among diameter group of > 40 mm, IR was associated with a significantly lower cumulative incidence of all-cause mortality and reoperation than PR [11.98 vs. 4.65% at 5 years; 17.49 vs. 5.28% at 10 years; hazard ratio (HR), 3.22; 95% CI, 1.52 to 6.85; p = 0.002], but the difference was not significant among 35 to 40 mm diameter of the aorta (Table 2 and Figures 3A,B). These relationships were unaffected by multivariable adjustment or incorporation of the first operator as a random effect. Despite evidence of non-proportional hazards, the results of the comparisons of the restricted mean survival time (RMST) at 10 years were consistent with the marginal HRs but not at 5 years (Table 2). At 10-year RMST, PR gained−11.3 (95% CI,−19.6 to−3.0) additional months than IR (p = 0.007). Until 10 years, the ratio of life lost was 2.65 (1.3–5.6; p = 0.01) between PR and IR. When aortic diameter was examined as a continuous variable, the relative mortality benefits were associated with PR until ~40 mm of aortic diameter (Figure 4A). The individual endpoint of all-cause mortality was consistent with the co-endpoint, while reoperation showed no difference in IR vs. PR (Supplementary Material).


Table 2. Diameter-group differences in primary endpoints in “valve type*”.
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FIGURE 3. Primary endpoint survival curves for freedom from death and reoperation. 35–40 mm in valve type (A); >40 mm in valve type (B); 45–52 mm in aorta type (C); and 52–60 mm in aorta type (D).
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FIGURE 4. Diameter-dependent hazard of death and reoperation with IR, as compared with PR, in the “Valve Type” (A) or “Aorta Type” (B) groups. The hazard ratio (HR) for death and reoperation with IR, as compared with PR, was plotted against ascending aortic diameter as a continuous variable (solid lines). Dashed lines representing the 95% CI were obtained from bootstrap resampling. The horizontal line at 3.5 was consistent with reported HR.




Secondary Endpoints in “Valve Type”

Among 35–40 mm of aortic diameter, the co-secondary endpoints occurred less frequently among PR than IR (HR, 0.39; 95% CI, 0.15 to 1.0; p = 0.05), but the difference was not significant among diameter > 40 mm. Concerning the freedom from the NYHA function classes II-IV, the difference was not significant in both the 35–40 mm group and > 40 mm group. Safety endpoints were not significantly different in PR vs. IR (Supplementary Material).



Primary Endpoints in “Aorta Type”

Among diameter group of 52–60 mm, PR was associated with a significantly higher cumulative incidence of mortality and reoperation than IR (14.49 vs. 1.85% at 5 years; 14.49 vs. 1.85% at 10 years; HR, 9.52; 95% CI, 1.06 to 85.24; p = 0.04), but the difference was not significant among 45–52 mm diameter of the aorta (Table 3 and Figures 3C,D). These relationships were unaffected by multivariable adjustment or incorporation of the first operator as a random effect. The results of the comparisons of the restricted mean survival time were not significant at 5 and 10 years. When aortic diameter was examined as a continuous variable, the relative mortality benefits were associated with PR until ~52 mm of aortic diameter (Figure 4B). The individual endpoint of all-cause mortality was consistent with the co-endpoint, while reoperation showed no difference in IR vs. PR (Supplementary Material).


Table 3. Diameter-group differences in primary endpoints in “aorta type*.”
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Secondary Endpoints in “Aorta Type”

The occurrence of co-secondary endpoints was not significantly different in the 45–52 mm group (HR, 2; 95% CI, 0.69–5.76; p = 0.2) and the 52–60 mm group (HR, 2.04; 95% CI, 0.76–5.46; p = 0.16). The NYHA functional class II-IV was lower among PR than IR (HR, 3.55; 95% CI, 0.99–12.72; p = 0.05) among the 52–60 mm group, whereas the difference was not significant among the 45–52 mm group.

Safety endpoints were shown no difference in PR vs. IR (Supplementary Material).




DISCUSSION

The main findings of this study are as follows: (1) A simple nomenclature classification can be used to describe the valve-and-aorta phenotype in BAV-related aortopathy; (2) IR was associated with long-term mortality and reoperation benefits compared with PR; and (3) The cutoff for IR was 45 mm in the “valve type” and 52 mm in the “aorta type.”


Entity: Valve and Aorta

The prevalence of dilation of the ascending aorta among patients with BAV has been highly variable with reports ranging from 20 to 84% (14). Since the 1990s, these findings have generated two etiological hypotheses, “genetic” vs. “hemodynamic,” which remain debated. Supporters of the “genetic hypothesis” claim that a strong genetic role contributes to BAV-related aortopathy and more aggressive surgical intervention should be recommended, equivalent to Marfan syndrome (6, 15). Conversely, supporters of the “hemodynamic hypothesis” claim that abnormal flow patterns and asymmetrically increased wall stress resulting from BAV lead to proximal aortopathy and are less dangerous than described in the “genetic hypothesis” (16, 17). However, the marked heterogeneity of BAV-related aortopathy suggests more complex pathogenesis than simply “genetically determined” or “hemodynamically driven,” contributing to the increasing recognition of the entity of BAV and aortopathy complex.



“Valve Type” and “Aorta Type”

The currently proposed phenotypes only focus on the valvular part (the Sievers classification) or aortic part (ascending phenotype vs. root phenotype) separately (4, 5). Based on the confirmed phenotype heterogeneity, we proposed a simple nomenclature, “valve type” and “aorta type,” in order to include valve and aorta equivalently. The proposed classification is easily instituted by the cardiologist and cardiac surgeon with high precision and generalizability. This classification not only assists in diagnosing BAV-related aortopathy as an entity, but may also improve preprocedural planning and provide long-term benefit. Using this classification may allow cardiac surgeons to follow a phenotype-determined intervention timing.

Notably, the high incidence of Sievers' type 0 and AR in “valve Type” was associated with more instinct abnormality in the light of “genetic hypothesis.” In contrast, “aorta type” with a supraannular dilation was associated with the “hemodynamic hypothesis,” which was consistent with Barker et al. (16) who reported BAV causing regional aortic wall shear stress due to abnormal BAV-related ascending aortic flow jet patterns. Therefore, our simple nomenclature may connect the two main hypotheses to clinical manifestation.



Integrated Replacement vs. PR in the “Valve Type”

Several previous guidelines have addressed the management of BAV-related aortopathy from aggressive recommendations to a more conservative set of recommendations (6, 12). However, referred study concluded the cutoff based on isolated aortic valve replacement with different aortic dimensions, a lack of IR cohort in contrast (18). We compared our cohorts with IR vs. PR to evaluate both the long-term feasibility and perioperative safety. Optimally, surgery should be recommended as soon as the risk of watchful waiting exceeds the risk of surgical intervention. To conclude an effective cutoff of a mortality benefit, we chose a HR of 3.5 in our continuous variable line to predict the approximate aortic diameter, given that Michelena et al. (13) reported aorta diameter ≥ 40 mm was a predictor of aneurysm formation with a HR of 3.4. These study findings are also adopted generally in aortic aneurysm management.



What Should be the Determinant for Integrated Replacement in the “Aorta Type”?

For “aorta type” without significant dysfunction, no related studies showed the optimal timing and indication for IR. Factors that need to be considered include aortic diameter, valve function, and presence of surgical risk factors. Given that calcific AS usually presents between the 5th and 7th decades (19), optimal timing for IR may be recommended even without significant aortic valve dysfunction. In this study, a supracoronary dilatation was shown in the “aorta type,” which demonstrated the dysfunction order. Based on the “hemodynamic hypothesis,” we assumed that the restricted opening angle of the BAV leaflets would result in more severe aortic wall shear stress. However, the related BAV function could be normal or only mildly dysfunctional and the evaluation of the precise opening angle of leaflets could be challenging, which means the BAV itself cannot adequately predict the prognosis. The dilated aorta, however, could play a role as an indicator of the harm dealt by the BAV, given that the abnormal BAV leaflets may continue dilating the native or artificial aorta without valve replacement. Therefore, rather than valve function or sinus diameter, we stratified the study patients according to ascending aortic diameter. A 52-mm was showed as the cutoff for IR, which was more aggressive than the current guideline recommendations for PR (55 or 50 mm in patients with risk factors); evidence for IR is lacking (7). However, such guideline recommendations are based on the observation that 60 mm represents a definite inflection point in the risk of aortic complications in both the BAV and tricuspid aortic valve (TAV), but with a lack of BAV-specific evidence to support this conclusion (20). It is worthwhile noting that operative risk plays a lesser role for experienced aortic surgeons nowadays. The aggressive treatment using advanced cardiac surgical techniques may show prophylactic benefit.




LIMITATIONS

This study is limited by its retrospective and observational design. As numerous confounders exist in cardiac surgery studies, we used inverse probability weighting with well-balanced results to eliminate valve phenotype, aortic phenotype, and the other confirmed confounding factors between compared cohorts. Along with a limited study population, rather than propensity score pair matching, the use of inverse probability weighting reserved the maximal study population to enhance the generalizability and interpretability of study. Given a single-center study with a span of 20 years, we introduced the instrumental variables and selected “operator” as a strong variable to contrast the study outcomes. However, the utility of this classification and the timing of surgical intervention deserve future multicenter prospective trials.



CONCLUSION

A simple classification, “valve type” and “aorta type,” could be used in BAV-related aortopathy to identify the surgical timing. In “valve type,” the long-term mortality benefit was associated with IR (valve and aortic replacement) when aortic diameter is larger than 40 mm, as compared with PR (valve replacement). In “aorta type,” the long-term mortality benefit was associated with IR (valve and aortic replacement) when aortic diameter is larger than 52 mm, as compared with PR (aortic replacement). The utility of this classification and the timing of surgical intervention deserve future international prospective trials to ensure unbiased race inclusion.
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IR, integrated aortic-valve-and-ascending-aortic replacement; RMST, restricted mean survival time; RMTL, restricted mean time lost; PH, proportional hazards; PR, partial replacement.
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difference in the RVIST is the average number of additional months gained in the treatment group (ie., IR group minus PR group). The RMTL refers to the average number of days of
fife lost over a prespecified follow-up period; a ratio of more than 1.00 indicates that the treatment increased events incidence (or decreased the survival rate).
BAV, bicuspid aortic valve; IR, integrated aortic-valve-and-ascending-aortic replacement; RMST, restricted mean survival time; RMTL, restricted mean time lost; PH, proportional hazerds;

PR, partial replecement.
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