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ABSTRACT

Background: The hemodynamics of most prosthetic valves are often inferior to that of the normal native valve, and a significant proportion of patients undergoing surgical (SAVR) or transcatheter aortic valve replacement (TAVR) have high residual transaortic pressure gradients due to prosthesis–patient mismatch (PPM). Since the experience with TAVR has increased and long-term outcomes are reported, a close look at the PPM literature is required in light of new evidence.
Methods: For this review, we searched the Embase, Medline, and Cochrane databases from 2000 to 2022. Articles reporting PPM as an outcome following aortic valve replacements were identified and reviewed.
Results: The impact of PPM on clinical outcomes aortic valve replacement has not been clear since multiple studies failed to report PPM incidence. However, the PPM after SAVR vary greater than after TAVR, ranging from 8% to almost 80% in SAVR and from 24%-35% in TAVR. Incidence of severe PPM following redo SAVR is ranging from 2 to 9% and following valve-in-valve TAVR is from 14 to 33%, however, while PPM is higher in valve-in-valve TAVR, patients had better survival rates.
Conclusions: The gap between valve performance and clinical outcomes in TAVR and SAVR could be reduced by carefully selecting patients for either treatment option. Understanding predictors of PPM can add to the safety, effectiveness, and increased survival benefit of both TAVR and SAVR.




Introduction 

Advancement in the diagnosis and treatment of valvular heart disease is one of the greatest medical achievements of the 20th century, one that continues to advance today. Aortic Valve Replacement (AVR), in particular,  significantly improves patient quality of life (QOL) and is associated with increased survival in patients with severe aortic stenosis (AS).42-44 Surgical AVR (SAVR), first performed in 1967, has been used to treat millions of patients worldwide. In 2002, transcatheter valve replacements (TAVR/TAVI) were introduced to provide a non-invasive alternative to surgery.45 In the past two decades, these percutaneous interventions have exploded in popularity. Initially reserved for only high-risk surgical candidates 46,47, transcatheter modalities have now expanded their indications to include intermediate-48,49, and more recently, low-risk surgical candidates.50,51

Despite the significant QOL and survival benefits, AVR is not without complications. Patient-prosthesis mismatch (PPM), first described by Rahimtoola in 1978,52 has been the subject of significant debate. PPM occurs when the effective orifice area (EOA) of an implanted valve is too small for the body surface area (BSA) of an individual, resulting in higher-than-expected gradients through an otherwise normally functioning prosthetic. Normal EOA is >0.85 cm2/m2, “moderate” PPM occurs when the EOA is between 0.65 to 0.85 cm2/m2, and “severe” PPM occurs when the EOA is <0.65 cm2/m2. PPM has been associated with accelerated valvular deterioration, slowed improvement of left ventricular hypertrophy (LVH), and increased rate of cardiac events.53 Furthermore, recent reports of TAVR in failed biological SAVR (valve-in-valve procedure [Viv-TAVR]) suggest that underlying PPM of the failed surgical valve is associated with poor recovery of functional capacity and increased mortality. This review will discuss PPM as an outcome of SAVR and TAVR, following the first or second implantation of the prosthesis, and how PPM correlates with survival and QOL. To do so, the hemodynamics of both SAVR and TAVR from anatomical and clinical standpoints should be clarified.

Calculation and Measurement of PPM

There are two main methodologies utilized to calculate PPM. Measured PPM (PPMM) is used to index EOA, obtained by transesophageal echocardiography (TEE) at 30 days, to BSA.1 Most TAVR series utilize PPMM to classify the degree of mismatch. Predicted PPM (PPMP) is calculated using the normal reference values of EOA for each size and model of implanted valve obtained from published data (Fig.1). The majority of SAVR series utilize PPMP to classify the degree of mismatch2. The difference between methods used to determine EOA is likely a significant source of discrepancy in reports of rates and clinical impact of PPM. 


Expanding Guidelines and PPM

Historically, guidelines for determining a surgical vs transcatheter approach for AVR were clear: asymptomatic, low-risk patients received SAVR, while TAVR was reserved for mild to moderately symptomatic, high-risk patients. Three, closely related factors have made PPM data difficult to assess for TAVR: 
1) Competing Risk: Long-term outcomes data determining which patients are at higher risk of PPM could be biased as high-risk patients are, by definition, more likely to die and thus not be included within the long-term PPM data. Early and midterm data suggest that TAVR may offer an advantage. Zorn et al.’s multicenter randomized clinical trial (RCT) of 742 high risk patients found that severe PPM in the SAVR group at 1 year was 25.7% versus 6.2% in the TAVR group (P < .0001).3
2) Time-Varying Risk: PPM’s association with short-term mortality5 could mask whether PPM severity is a time-varying phenomenon, especially following TAVR. The diagnosis of intrinsic dysfunction of the bioprostheses is usually detected if the measured EOA is lower than the normal reference value and has decreased over time during follow up, which could coexist with PPM, relying its time-varying effect on PPM significance and symptomatology.54 Overtime, endothelialization, tissue growth, and pannus and thrombus formation can decrease EOA when combined with other patient-specific factors that influence the development and impact of PPM, as in young and active patients.55,56 Left ventricular (LV) function following in combination with PPM can especially affect early outcomes during the perioperative period.57,58 When LV contractile reserve effect on mortality was assessed in low-gradient AS and moderate PPM, the high impact was shown during the early postoperative period which decreased progressively until 10 months after SAVR, 59 which may also indicate a mediation relationship.
3) Mediation: As many  preoperative risk factors are considered when determining STS scores for risk categories4, some factors could be mediators for PPM as an outcome. As indications for TAVR have expanded to include lower risk profiles, an opportunity to study the STS construct has emerged, especially in terms of its predictive accuracy and clinical impact.  

Following the FDA ‘s expansion of TAVR in 2019,60 some low-risk patients are now candidates for both TAVR and SAVR. Several factors, including etiology of aortic stenosis, patient age and frailty, previous open-heart surgery, and risk of procedural complications need to be considered in conjunction with patient preference as a part of a multidisciplinary decision-making approach. 

PPM in SAVR or TAVR

When deciding between SAVR and TAVR, it is important to understand the underlying etiology of AS. Several factors, including native vs prosthetic valve stenosis, influence the choice of prosthesis and the preferred intervention, which consequently affect the risk of PPM.  which consequently affect PPM because of both prior stenosis, the choice of prosthesis, and the reintervention. While the choice of SAVR vs TAVR may be influenced by center expertise or patient's preference, there are situations where certain interventions are preferred. For example, SAVR is the preferred treatment for AVR patients with multiple cardiac anomalies that require a concomitant surgical procedure. Bicuspid aortic valve patients may have extensive leaflet calcifications that render TAVR less technically feasible6. On the other hand, TAVR is the treatment of choice for high-risk, surgically inoperable patients. For example, patients with porcelain aortas should be managed with TAVR.7 Similarly, patients with significant adhesions from prior cardiac surgery or from chest radiation benefit from percutaneous replacement. As there are nuances in the determination of use of each treatment modality, the predictors of PPM in SAVR and TAVR should be understood separately.

PPM in SAVR 

The incidence of PPM after SAVR is unclear, and estimates vary greatly—ranging from 8% to almost 80% in individual observational studies. The estimated overall prevalence is approximately 44%, based on a meta-analysis of 34 observational studies representing 27,000 intermediate- and high-risk patients.8 Similarly, there is a large variability in the reported severity of PPM. The prevalence of severe PPM has been reported to be as low as 0.5% or as high as 62%. Ascertaining the reason for this disparity is difficult, however, certain baseline clinical characteristics and patient selection bias may contribute. Several large surgical registries have demonstrated an association between PPM and decreased long term survival. A meta-analysis of 9888 patients demonstrated a 27% increase in mortality in SAVR patients with [severe?] PPM. Moderate PPM, on the other hand, was not associated with an increase in mortality.9

A study of 172 patients who developed moderate or severe PPM after SAVR suggested that the use of bioprosthetic valves and smaller aortic root diameter are both independent predictors of PPM.10 Additional risk factors include female sex, younger age, dyslipidemia, hypertension, previous myocardial intervention, diabetes mellitus, and higher body mass index (BMI).10,11

Surgical aortic valves can either be mechanical or bioprosthetic. To avoid PPM, it is crucial to appropriately identify the minimal EOA that an implanted prosthesis must have and to choose the prosthesis with the best hemodynamic profiles for the patient. The use of bioprosthetic valves has increased significantly over the past few decades. While these valves offer several benefits over mechanical counterparts, they are subject to structural valve degeneration (SVD), which has been closely associated with the development of PPM and the need for reinterventions.12 

Patients with small aortic roots are a high-risk group that have been studied extensively. There are two surgical techniques which can be utilized to address these patients: Intraoperative aortic root enlargement (ARE)13 and the use of sutureless valves. ARE utilizes a single-patch technique to augment the hypoplastic aortic root, allowing for the implant of a larger valve.13 Sutureless valves are rapidly self-expanding, with no sewing ring—allowing for a higher indexed EOA than sutured valves.14 While both techniques are effective in preventing PPM, reports have suggested that sutureless valves may offer some benefits over ARE, especially in frail patients. A retrospective review of 128 patients with a small aortic annulus (projected EOA ≤0.89 cm2/m2) suggested that despite older age and more concomitant procedures, patients receiving sutureless valves had shorter aortic-cross clamp times and similar 30-day mortality and survival rates to patients undergoing ARE.15 However, in high-risk surgical patients with small aortic root diameters, TAVR may be a viable alternative to SAVR with ARE.

Temporal trends suggest that the overall incidence of PPM in SAVR decreased in the decade from 2004 to 2014. In a study of approximately 60,000 patients from the STS database, the risk-adjusted incidence of severe PPM decreased by 55%, from 13.8% in 2004 to 6.2% in 2014, during the observation period.17

PPM in TAVR 

There is no consensus on the overall incidence of PPM in TAVR. Observational studies have reported that some degree of PPM occurs in 24%-35% of patients18. The incidence of severe PPM has been reported to vary between 4.8%-6%.18,19 Reports of PPM and its negative impact of survival in TAVR also vary. In contrast to SAVR literature, a meta-analysis examining the effect of PPM on survival in TAVR showed no effect.20 However, these findings must be interpreted cautiously. Patient selection bias and risk profiles could influence reported incidence. Similarly, as TAVR is a relatively new technology, there is currently no data examining the long-term effects of PPM in either high or low surgical risk patients.

There are several baseline clinical characteristics, previously discussed for SAVR, which are also predictive of PPM in TAVR. As seen in SAVR, female sex, younger age, higher BMI, and smaller aortic annulus diameter have all been reported as independent risk factors for the development of PPM in TAVR18,19,21,22 EOA indexed to body surface area, however, may lead to an overestimation of PPM in patients with obesity. Thus, recent recommendations suggest applying lower cutoff values of EOA in the patient with BMI≥30: 0.70 to 0.56 cm2/m2 for moderate PPM, and ≤0.55 cm2/m2 for severe PPM.61. Regardless, the effect of BMI on PPM is particularly interesting and has been studied extensively. Patients with obesity have lower levels of small extracellular vesicles after SAVR compared to preoperative values.62 These nano-sized particles secreted by different adipose tissue and different cell types participate in intercellular communication, however, their predictive role indicates negative ramifications after SAVR, include association with PPM and less LV mass regression. Due to the hyperdynamic cardiac output state seen in patients with obesity, several studies have suggested that lower EOA criteria for severe PPM may be warranted in this population.18,21 There is no consensus on the choice of treatment for patients with obesity with outcomes varying based on the approach and patients' comorbidities.63 An analysis of 250 obese intermediate-risk patients from the PARTNER 2A trial suggests that there was no significant different in the rates of moderate or severe PPM between TAVR and SAVR patients.23 In this analysis, obese patients undergoing TAVR experienced a lower 2-year risk of cardiovascular death than those undergoing SAVR. However, in a propensity score matched comparison of TAVR vs SAVR in 142 pairs of obese patients, five year survival was lower patients for TAVR patients.24 Taken together, these studies demonstrate the difficulties of comparing the data for two procedures. 
 
There are some unique valve-specific considerations which may influence the development of PPM. The use of smaller TAVR prosthetic valves has been reported as an independent predictor for the development of PPM. The higher incidence of PPM in smaller valves is due to a narrowing of the EOA which subsequently impedes systolic blood flow. In Pino et al.’s cohort of 45 patients who developed PPM post TAVR, 100% of the patients implanted with a 23mm valve developed moderate or severe PPM21. In addition to size, structural components of the valves were associated with risk of PPM.  Stamou et al. found that the SAPIEN 3 valve was associated with a two-fold higher risk of PPM than the SAPIEN 2 valve, and a three-hold higher risk of PPM than the EVOLUT PRO/R valves.22

Results of the PARTNER-2A trial suggest that TAVR bioprosthetics are not as durable as SAVR bioprosthetic valves.25 Accelerated structural valve deterioration (SVD) is an important consideration closely linked to the development of PPM and the subsequent need for re-interventions. Compared with SAVR, intermediate risk TAVR patients with SAPIEN 2 valves had a significantly higher 5-year exposure adjusted incidence rate of SVD and all-cause valve failure. SVD-related valve-failure rates over 5 years were comparable in SAVR and TAVR patients implanted with SAPIEN 3 valves.

The Risk of PPM in SAVR vs TAVR

Several landmark studies have compared the short-term risk of PPM in SAVR vs TAVR treatment modalities. In low risk patients, the NORDIC trial suggested that there was no statistically significant difference in the incidence of moderate/severe PPM at 3 months in patients treated with TAVR vs SAVR.26 TAVR noninferiority trials in low risk patients also suggested that while the absolute number of patients with severe PPM was lower in TAVR than SAVR, the difference did not reach statistical significance at 30 days, 1 year, or 2 year followup27. 

In high-risk patients, the CoreValve US Pivotal trials suggested that the 30-day incidence of severe PPM was higher in SAVR than in TAVR28. This was also found at one year followup.3 Of note, certain confounders, including differences in baseline clinical parameters (higher incidence of obesity in the SAVR group) and differences in baseline echocardiographic parameters, were not controlled for in this trial. Another study comparing the use of supra-annular SAVR vs TAVR bioprostheses in high-risk patients suggested that no difference exists in the prevalence of PPM or short-term mortality between the two groups.29

While short term outcomes in low-, intermediate-, and high-risk candidates suggest that the risk of PPM may be lower in TAVR, there is a currently a lack of data on intermediate- and long-term outcomes. In the absence of RCTs directly comparing PPM, these results must be interpreted with caution.

PPM in redo SAVR and valve-in-valve TAVR

An understanding of valve durability and the need for future interventions is an important consideration, especially for younger patients. Since the first AVR over 50 years ago, significant progress has been made in the design and function of artificial heart valves. While bioprosthetic valves address many of the shortcomings of mechanical valves, there are irreversible degenerative changes that limit their durability to 10-15 years.30 Therefore, the potential need for re-intervention must be considered at the time of valve implantation. Since TAVR is a newer approach, data on the durability of transcatheter valves is only now emerging, with early failure of TAVR prostheses and the use of TAVR within the failed SAVR (valve-in-valve procedure [Viv-TAVR]) providing an interesting opportunity to study PPM. 

Redo SAVR is the standard of care when prosthetic valves deteriorate. Re-operative valve surgery is generally associated with low in-hospital mortality and excellent long-term survival, especially in young patients.31 However, in a subset of patients, re-operative aortic valve replacement (re-AVR) may be associated with heightened operative and in-hospital mortality, post-operative stroke, and vascular complications.32 Minimally invasive techniques (re-AVR through upper hemisternotomy) have been suggested as viable alternatives to full sternotomy in these high-risk populations,33 which allow the use of rapid deployment sutureless valves. Redo SAVR with sutureless valves reported to have less to no significant PPM compared to Viv-TAVR.64

Viv-TAVR has recently emerged as an alternative to re-AVR34. Data suggests that short-term Viv-TAVR outcomes are non-inferior to re-AVR. A propensity scored matched analysis of 4000 patients in France found that patients treated for aortic bioprosthesis failure with Viv-TAVR had better short term outcomes than those undergoing redo surgery34. However, the rates of rehospitalization for heart failure and pacemaker implantation were significantly higher in the Viv-TAVR group. Furthermore, data on long-term outcomes and procedural complications is still lacking. While PPM has been studied extensively in redo SAVR, data on outcomes in Viv-TAVR remain sparse. Studies attempting to compare PPM as an outcomes exist in first time AVR; however, to our knowledge, no RCTs exist for redo procedures. 

Elevated gradients caused by PPM remain a major concern after Viv-TAVR.65 Patients undergoing Viv-TAVR are at high risk of PPM, with a range of severe PPM 14-33%,38-39 as the valve is implanted within the frame of the existing bioprosthetic valve, limiting expansion and reducing the EOA35. Severe PPM has been reported to occur in 10%-31.8% of patients receiving Viv-TAVR and is associated with diminished improvements in quality of life.36,37 Sedeek et al,  reported that after receiving Viv-TAVR, patients had more severe PPM than redo SAVR (44% vs 12%, respectively).66 Similar results reported by Woitek et al. that reported Viv-TAVR had worse hemodynamic profiles, with higher transvalvular gradients (mean gradient of 17.4±8.5 vs 11.9±5.0 mmHg, respectively), worse postoperative aortic regurgitation, and more severe PPM than those undergoing redo SAVR (33% vs 9%, respectively). The authors found the rates of any PPM to be 75% more in Viv-TAVR (64%) vs redo SAVR (36%); however, no significant differences in New York Heart Association functional class at 1 year between the groups.38 Similarly, Silaschi et al. reported significantly higher post-procedural pressure gradients and a higher proportion of patients with severe post-procedural PPM in patients receiving Viv-TAVR than in those undergoing redo SAVR (14% vs 2%, respectively).39 In small study by Grubitzscha et al, the reported no significant difference in any PPM between Viv-TAVR and redo SAVR (7% vs 4%, respectively).67 The advantage of redo SAVR maybe related to ARE that allows for using mechanical valves without increasing cardiopulmonary bypass time, aortic cross-clamp time, or morbidity.66

Severe PPM within small bioprosthetic valve sizes (<21mm) has been associated with higher mortality in Viv-TAVR. In a series of 459 patients with degenerated valves undergoing Viv-TAVR, patients with small valves had significantly lower one year survival than those with intermediate and large valves37. Several novel techniques, such as bioprosthetic valve fracture (BVF) and supra-annular positioning, have been proposed to address PPM in this population. During BPV, a non-compliant valvuloplasty balloon is positioned within the failed valve. Then  high-pressure balloon inflation is performed to fracture the surgical ring of the valve. In theory, BVF increases the EOA that can be achieved after Viv-TAVR. While some single-center reports have had success with this technique, complications such as coronary artery obstruction may limit its utility35,40. While supra-annual TAVR has been associated with lower rates of severe PPM in de novo disease, when used in Viv-TAVR, it has been associated with higher rates of severe PPM41. Large scale studies are needed to further examine the effect these novel implantation techniques have on rates of PPM in Viv-TAVR.
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Figure legends
Figure 1: Illustration of left ventricular orifice area (LVOT) and blood flow through bioprosthetic valves.
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OA: geometric orifice area; LVOT: left ventricular outflow areas; EOA: effective orifice areas. Reproduced with permission by John Wiley and Sons from 	Faerber G, et al. Valve-in-valve transcatheter aortic valve implantation: the new playground for prosthesis-patient mismatch. J Interv Cardiol. 2014 Jun;27(3):287-92. doi: 10.1111/joic.12108.
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