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Editorial on the Research Topic
Advances in the imaging and treatment of valvular heart disease: “rising to the challenge”




Introduction

Valvular heart disease (VHD) is an increasing cause of cardiovascular morbidity and mortality worldwide. This overall burden is set to increase further in future years as the world's population ages and access to diagnostic techniques increase (1). Fortunately, this challenge is being met by renewed interest by the scientific community across the globe into the pathophysiology of valve disease, new potential pharmacotherapeutic agents and novel surgical and minimally invasive techniques to treat this burdensome disease. In this edition of Frontiers, the Editors have collated a series of manuscripts that detail some of the current key advancements in the diagnosis, management, and treatment across the spectrum of aortic, mitral valve and tricuspid and pulmonary valve disease (Supplementary Table S1).



Aortic valve disease

With the rapid global expansion of transcatheter aortic valve replacement (TAVR), it was not surprising that many submissions were received detailing new deployment techniques and strategies to improve clinical outcomes. Lind et al. reported their experience with a new endovascular approach for transcatheter aortic valve replacement (TAVR) combining an axillary prosthetic conduit-based access technique with new-generation balloon-expandable TAVR prostheses. This novel approach offers hope to those patients who otherwise may have been ineligible for surgical aortic valve replacement (SAVR) or TAVR via conventional access routes. In another manuscript, Talmon-Barkar et al. investigated the interaction between transcatheter heart valve selection and valve implantation depth in 2,352 patients with a borderline basal annulus ring size. The authors showed that in these patients, the selection of larger valves resulted in reduced rates of paravalvular leak (PVL) and optimized valve hemodynamics with no increase in procedural complications. Furthermore, to refine the optimal TAVR implantation technique, Maier et al. demonstrated that a cusp-overlap deployment technique is associated with an optimized implantation depth, leading to fewer permanent conduction disturbances, but at a cost of an increase in radiation doses.

In patients with bicuspid aortic valve stenosis (AS), TAVR has been shown to be a viable treatment option. Although this is associated with increased complication rates, there is a dearth of data comparing how TAVR performs against SAVR in this patient population. To address this unknown, Gaseka et al. conducted a propensity matched cohort study evaluating patients who had undergone TAVR for bicuspid AS compared with TAVR for degenerative AS over a ten-year time frame. The authors showed that TAVR for bicuspid AS had comparable in-hospital mortality, device success, procedural complications, PVL and overall mortality compared to the degenerative AS matched cohort. There was however a higher rate of neurological complications in the TAVR bicuspid AS group. Overall, these results are encouraging but will need to be validated in one or more randomized controlled trials. For those younger patients with calcific severe AS, who are unwilling or unable to undergo SAVR, there are a lack of medical alternatives. In a thought-provoking study by Bernava et al. the potential use of shockwave ultrasound to de-calcify heart valve leaflets in a porcine model was explored. They showed that this treatment has the potential to achieve a partial debridement of calcified leaflets to improve leaflet and hydrodynamic performance. Although this preliminary work offers some hope that alternative treatments to delay the need for AVR may exist, there remains several unanswered questions relating to the use of this technology. Not least its clinical applicability and safety in humans.

There were also several papers addressing the use of imaging in the risk-stratification of patients with aortic valve disease. Kameshima et al. studied the impact of prosthesis-patient mismatch (PPM) on hemodynamics after TAVR using exercise stress-echocardiography. Perhaps unsurprisingly, the authors found that patients with PPM had a disproportionate increase in the transvalvular gradients upon stress echocardiography. This resulted in exercise-induced pulmonary hypertension and indicated a cohort with a higher NYHA functional class. This data stresses the importance of appropriate device selection and sizing in patients undergoing TAVR. Galian-Gay and associates investigated the risk of mortality and need for AVR in patients with paradoxical low-flow low-gradient (LFLG) AS. Of 1,391 patients, 147 (10.5%) had paradoxical LFLG. There was a lower need for AVR compared to a high-gradient group with a similar threshold to the normal-flow low-gradient group with no resultant differences in mortality. The authors concluded that this challenging group of patients with paradoxical LFLG AS have an intermediate clinical risk, which is in-between those patients with high-gradient AS and normal-flow LG AS.

There is increasing attention on the pathophysiology of calcified AS with recent reports suggesting that elevated serum Lipoprotein (a) is associated with the development and progression of aortic stenosis. On this theme, Liu et al. conducted a systematic review to explore this further. Eight studies with 52,931 participants were included of which four were cohort studies and four were case-control studies. The pooled results demonstrated that plasma lp(a) levels ≥50 mg/dl were associated with a 1.76-fold increased risk of calcific aortic valve disease (RR, 1.76; 95% CI, 1.47–2.11). In an experimental research Yang et al. identified ten genes and key signaling pathways through RNA-sequencing dataset and real-time PCR assay as underlying molecular targets for mechanism that may be important in AS. Both of studies indicate a hope for future targeted medical therapies for AS in the future.



Mitral valve disease

Transcatheter mitral valve (TMV) therapies have made tremendous progress in the last decade (2, 3). Yet, in the group of patients who are eligible for TMV therapies, referral pathways remain deficient and screening failure rates high. To address this, Gill et al. report their experience in setting up a dedicated TMV clinic. The authors show how the integration of relevant experts and the “branding” of a transcatheter mitral valve service within organizations may serve to improve awareness of newer treatments and increase access to care. While TMV replacement itself remains largely in its infancy, percutaneous mitral valve edge-to-edge repair (PMVR) for treating patients with high risk/inoperable severe primary and secondary mitral regurgitation is becoming embedded into many structural interventional services. Recognizing the invaluable role of the cardiac imaging specialist to this procedure Fan et al. detail the latest advancements in transesophageal echocardiography and three-dimensional imaging, together with guide on how to apply them during PMVR procedures. Adding to our knowledge base in this area Neuser et al. demonstrated the ability of right ventricular function to improve following PMVR independent to that being seen with the left ventricle. However, this observation was attenuated in patients being referred late for treatment and in those patients with multiple comorbidities and higher surgical risk scores. This finding suggests that earlier intervention may confer improved clinical outcomes, but this needs to be confirmed in further studies. Another area of emerging interest is the use of transcatheter heart valves to treat degenerative surgical bioprosthesis. In a reasonable sized series of 26 patients Lu et al. demonstrated safety and feasibility of this procedure using the J-Valve System. In this study there was no device-related mortality, device embolization, left ventricular outflow tract obstruction, or mitral valve reintervention. The postprocedural mitral regurgitation was none or trace in all the patients and all patients were in the New York Heart Association (NYHA) class ≤ II at the last follow-up. Although this data is compelling, whether these findings can be attributed to the specific device or careful patients and imaging selection is unknown since there was no comparator device.

Rheumatic heart disease is in decline in developed countries but still affects a significant number of younger and middle-aged patients in developing countries (1). Yu and Wang. retrospectively compared 10-year survival between bioprosthetic and mechanical prosthetic valves in 1,691 middle-aged patients treated at a single center with rheumatic mitral valve disease. The authors observed no difference in all-cause mortality, as well. Certainly, as bioprosthetic valve utilization rate is increasing in recent years (4) this study demonstrates that mechanical valves are not yet to be dismissed as an option. Even more so as improvements in access to home monitoring kits increase and dedicated anticoagulation clinics expand (5).



Tricuspid and pulmonary valve

The value of global longitudinal strain (GLS) and some of its surrogates in assessing LV function in patients with valvular diseases is well documented (6, 7). On the other hand, isolated surgical intervention to the tricuspid valve (TV) is relatively uncommon, and if performed, it should be ideally done before right ventricular (RV) dysfunction ensues. To address this issue, Kim et al. investigated the prognostic implications of biventricular global longitudinal strain in 111 patients receiving isolated tricuspid valve surgery and who underwent echocardiography before and after TV surgery. With a primary outcome being comprised of a composite of cardiovascular death, heart failure hospitalization, redo TV surgery, and heart transplantation, the authors showed an RV-GLS < 17.2% to be associated with a poor outcome during a mean follow-up of 3.8 years, and biventricular GLS < 34.0%, to be also associated with a poor prognosis. Transcatheter pulmonary valve replacement (TPVR) is a new and less invasive alternative to surgical valve replacement with acceptable long-term outcome (8). Yet, a large size transcatheter pulmonary valve could cause potential coronary artery compression and/or incomplete expansion of the stent which may increase the transvalvular gradient, and impact upon durability accelerated valve failure. To address this issue, Shang et al. explored the safety and efficacy of the Med-Zenith PT-Valve for the treatment of patients with severe pulmonary regurgitation (PR) and significantly enlarged RV outflow tract (RVOT). Successful valve implantations were achieved in all patients without noticeable device malposition, coronary artery compression, pulmonary branch obstruction or paravalvular leak. At 1-year follow-up, the RV end diastolic volume index reduced from the baseline 181.6 ± 29.0 to 123.4 ± 31.2 ml/m2, and the 6-min walk distance increased from 416.6 ± 97.9 to 467.8 ± 61.2 m (p < 0.05 for all), demonstrating both, feasibility, and efficacy for the Med-Zenith PT-Valve in the treatment of severe PR with significantly enlarged RVOT.



Approach to valvular heart disease

Undoubtedly, there have been notable improvements in cardiac imaging techniques, multidisciplinary team structures and new devices that are making a sizeable impact on how we identify, evaluate, and treat patients with VHD. A comprehensive review by Patel et al. showcases some of the current indications and potential future roles of cardiac CT in the assessment of aortic and mitral valves for transcatheter interventions, prosthetic valve complications such as thrombosis and endocarditis, and assessment of the myocardium. Equally important is the role of the patient in shared decision making on the management of patients with VHD which is explored by Saeed et al. Here the authors focus on the importance of patient reported outcome measures based on their own experience from specialist valve clinics and emphasize how this approach may improve post-intervention quality of life, as well as maintain the efficacy of the provided treatment.



Conclusions

The prevalence of heart valve disease across the globe is increasing and with-it cardiovascular morbidity and mortality. As our understanding of the pathophysiology of HVD increases, so does our access to advanced imaging, new surgical and transcatheter techniques and integrated patient pathways. Despite significant developments over the last twenty years, there remain several unmet needs. These relate to better methods of identifying asymptomatic patients, predicting symptom onset and the development and implementation of new pharmacotherapeutic agents and medical devices. As we approach an era where computer processing power and artificial intelligence is reaching the clinical domain, the next twenty years are likely to witness a quantum leap in how we approach and manage patients with heart valve disease. If 10 years ago we thought that the future came quickly (9), then it will seem mild compared to how quickly new advances are coming to us.
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Background: The left subclavian artery (LSA) is an infrequently used alternative access route for patients with severe peripheral artery disease (PAD) in patients who underwent transcatheter aortic valve replacement (TAVR). We report a new endovascular approach for TAVR combining an axillary prosthetic conduit-based access technique with new-generation balloon-expandable TAVR prostheses.

Methods and Results: Between January 2020 and December 2020, 251 patients underwent TAVR at the West German Heart and Vascular Center. Of these, 10 patients (3.9%) were deemed to be treated optimally by direct surgical exposure of the left or right axillary artery via a surgically adapted prosthetic conduit. All procedures were performed under general anesthesia. One procedural stroke occurred due to severe calcification of the aortic arch. No specific complications of the subclavian access site (vessel rupture, vertebral, or internal mammary ischemia) were reported. Two minor bleedings from the access site could be treated conservatively. No surgical revision was necessary.

Conclusion: The axillary prosthetic conduit-based access technique using new-generation balloon-expandable valves allows safe and successful TAVR in a subgroup of patients with a high risk of procedural complications due to severe peripheral vascular disease. Considering the increasing number of patients referred for TAVR, this approach could represent an alternative for patients with limited access sites.

Keywords: TAVR, axillary access, conduit, prosthetic, Dacron, balloon-expandable prosthesis, percutaneous-methods


INTRODUCTION

Transcatheter aortic valve replacement (TAVR) continues to expand rapidly as a less invasive option for the treatment of severe aortic stenosis (AS) in patients considered at intermediate or high risk during surgical aortic valve replacement (1, 2). Delivery systems have evolved, corresponding sheath sizes have also diminished to facilitate higher rates of transfemoral (TF-) TAVR. Therefore, TF access is the state-of-the-art access route for TAVR procedures with documented low periprocedural complications enabling early mobilization and discharge (3). However, a growing number of patients requiring TAVR may have femoral access issues, usually related to severe peripheral artery disease (PAD), small iliofemoral arteries, and comorbidities, such as hostile aortoiliac segment occlusive disease (3, 4). Initially, the transapical (TA) and transaortic (TAo) approaches were used whenever a TF approach was not anatomically feasible. However, the use of these non-arterial accesses was associated with worse outcomes, partially because of the need for thoracotomy (4–6). Due to the disappointing outcomes associated with these more traditional alternative access routes, alternative access sites, including transaxillary (TAx), trans-subclavian (TS), transcarotid, and transcaval access, have been developed (7–10). The TAx approach is considered the second option in many centers when TF-TAVR is not feasible. Within the more popular TAx and TS approaches, procedural techniques vary widely and most of the interventions using the TAx access have been performed with self-expanding valve platforms considering the necessity of assembling the balloon-expandable valve system in the ascending aorta (11–14).

Vessel access is gained either via open surgical access through an infraclavicular incision and direct insertion of a large-bore sheath directly into the axillary artery (15) or alternatively through direct percutaneous access of the vessel. However, the vascular complication rate is relatively high with up to 29.2% resulting in endovascular stent-graft implantation due to closure device failure (8).

A new option to facilitate surgical cut-down is a “chimney approach” using an end-to-side anastomosed prosthetic conduit for vessel access (16). This access facilitates the introduction of large self-expanding sheaths into the axillary artery and simplifies the valve mounting maneuver of the balloon-expandable system in the ascending aorta. The chimney approach overcomes access site complications and bleedings from overstretched self-expandable sheaths and is often used for central implanted mechanical circulatory support systems in the case of PAD (17, 18).

We here describe a series of patients treated with TAVR using a TAx approach with a Dacron graft (Terumo Vascular System Corp, Ann Arbor, MI, USA) in combination with a balloon-expandable aortic valve prosthesis.



METHODS


Patient Population

Between January 2020 and December 2020, 251 patients underwent TAVR at our center (19). In total, 210 patients underwent TF-TAVR (83.7%), 10 patients (3.9%) with severe AS and severe PAD underwent TAVR using the TAx approach, and 31 Patients (12.4%) underwent TA-TAVR due to small subclavian arteries or previous coronary artery bypass graft (CABG). Written informed consent was obtained from each patient following comprehensive assessment and discussion in the multidisciplinary Heart Valve Team meeting and was deemed best managed with TAVR. This retrospective single-center observational study was performed in accordance with the Declaration of Helsinki. The study protocol was approved by the ethics committee of the Faculty of Medicine of the University of Duisburg-Essen (no. 16-6894-BO). All parameters were analyzed anonymously.

Aortic stenosis severity was assessed using transthoracic echocardiography (TTE) according to the joint European Society of Echocardiography recommendations (20). Pre-operative imaging was performed in all patients using electrocardiogram-gated multidetector contrast CT angiography. Image analysis, including three-dimensional (3D) reconstructions extending from the aortic annulus to the superficial femoral artery, was performed using 3mensio Structural Heart software version 9.1 (Pie Medical Imaging, Maastricht, Netherlands).



Patient Selection

All patients admitted to the department of cardiology were primarily screened for femoral accessibility evaluating the planning CT angiogram using 3D reconstructions. Particular attention was paid to the caliber of the femoral arteries, the anatomical relationships of the side branches to the femoral head, the presence and extension of atherosclerotic plaques and calcifications, and the degree and extension of tortuosity. Severe bilateral occlusive PAD of the iliac and femoral arteries with a caliber <5.5 mm was considered as a contraindication for the TF approach. In this case, the TAx access was considered the second-best access route, and the right and left subclavian and axillary arteries were assessed on the planning CT angiograms using 3D reconstructions. Particular attention was paid to the aortic take-off of the subclavian artery, a typical site of atherosclerotic calcific plaque apposition (21). The presence of a patent right or left internal mammary artery to right coronary artery or left anterior descending artery was a contraindication for the use of this access due to the increased risk of vascular complication leading to the potentially lethal acute graft occlusion. Additionally, Doppler ultrasound (DUS) of the subclavian artery was performed visualizing and assessing the axillary portion of the vessel to control for pre- or post-interventional vessel stenosis, vessel occlusion, or local hematoma. Assessment of the proximal subclavicular portion of the vessel was only possible using 3D reconstructions of the vessel. Thereafter, all patients were discussed at a multidisciplinary Heart Valve Team meeting, and the TAx approach was deemed to be the most appropriate management strategy in each case.



TAVR Procedure and Operative Technique

In all cases, general anesthesia was obtained. Central venous access is obtained via the left or right internal jugular vein to place a pacemaker for right atrium pacing. A left-sided 6F femoral arterial sheath was placed for pigtail placement.

After detailed skin disinfection, identification of the infraclavicular site and skin incision, the pectoralis minor was divided as required, and the brachial plexus cords were preserved (Figure 1A). The second part of the left or right axillary artery was identified, and proximal and distal controls were obtained. Unfractionated heparin was administered during the procedure. The initial heparin dose was 70 U/kg, and the activated clotting time (ACT) was measured the latest before the insertion of the valve. If not being >250 s, an additional heparin bolus according to body weight was administered.
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FIGURE 1. Intraoperative pictures and fluoroscopic images explain the steps of the transaxillary (Tax) end-to-side prosthetic conduit for vessel access. (A) Preparation of the axillary artery with (B) end-to-side anastomosis of an 8-mm Dacron graft to the axillary artery. (C) Final position and length of the Dacron graft before the introduction of the eSheath. (D) eSheath is placed through the Dacron graft into the ascending aorta. (E) Fluoroscopic-guided advancement of the valve system through the subclavian artery with the Confida wire in the left ventricle. After valve implantation, the e-Sheath is retracted. (F) Postinterventional situs: Cut and clipped Dacron graft. (G) The wound is closed in a standard fashion with or without a drainage tube according to the preferences of the surgeon.


In nine patients, an 8-mm Dacron graft was anastomosed end-to-side to the axillary artery with a running 6-0 polypropylene suture, leaving the full length of the Dacron graft available to the introducer system (Figure 1B). In one patient, a 10-mm Dacron graft was used (22) (Figure 1C). The 14 French Edwards expandable introducer sheath (eSheath) (Edwards Lifescience Inc., Irvine, CA, USA) guided by a standard 180 cm 0.035 guidewire was inserted in the Dacron graft (Figure 1D). Advancement of the eSheath under fluoroscopic guidance facing the expandable part of the eSheath toward the superior wall of the vessel in line with the axillary artery and the subclavian artery was necessary to avoid increasing trauma to the vessel. The hydrophilic coating of the Edwards introducer system attached itself to the Dacron graft as soon as the complete insertion of the introducer system was finished. Under fluoroscopic guidance, an Amplatzer Left 1 catheter and a straight tipped wire was used to cross the aortic valve. A pigtail catheter was then used to exchange to a Confida Brecker guidewire (Medtronic, Minneapolis, MN, USA) into the left ventricle. Balloon aortic valvuloplasty was not required prior to implant in any patients (Figure 1E).

The technical challenge of deploying an Edwards TAVR via the axillary artery is that there is only limited space within the ascending aorta for the preparation of the valve. The critical step is to advance the sheath into the aortic arch just proximal to the entry into the left or right subclavian artery. In three cases with a short ascending aorta, the nose cone of the Commander Delivery System (Edwards Lifescience Inc., Irvine, CA, USA) was passed through the aortic valve into the left outflow tract. With the nose cone beyond the aortic annular plane, it is important to keep the delivery sheath in place to prevent the valve system from moving further into the left ventricle increasing the risk for ventricular rupture by a guidewire or nose cone displacement. Thereafter, the valve system is mounted as described in the instruction for use (IFU) of the Edwards Valve System. Mounting the valve system must be done quickly to prevent prolonged aortic regurgitation from worsening hemodynamics. Finally, the assembly is advanced together into the deployment position. The right sided axillary approach is technical even more challenging due to steeper angle between the subclavian artery and the ascending aorta compared to the left subclavian artery. Additionally, the distance from the ostium of the subclavian artery to the annular plane is shorter leading to increasing the risk of ventricular rupture and worsening hemodynamics due to prolonged mounting maneuvers.

When satisfactory positioning was achieved, rapid pacing was initiated, and the valve is deployed using the identical technique as that during routine implantation via the femoral artery. After valve implantation, the delivery system is withdrawn into the sheath and an angiogram is taken to confirm the correct positioning of the valve. A transthoracic echocardiogram was used to assess hemodynamic parameters (Table 2). The delivery system was then removed from the body under fluoroscopic guidance (Figure 1F). At the end of the procedure, the Dacron graft was clipped close to the subclavian artery, cut-off just distally of the clip, and the cut was sewn over (Figure 1G). Tight banding was not necessary.



Anticoagulation Regime Before and After TAVR

If percutaneous coronary intervention (PCI) was performed before TAVR dual antiplatelet therapy (DAPT) was continued for up to 6 months post-PCI and thereafter reduced to single antiplatelet therapy (SAPT) consisting of aspirin monotherapy lifelong. In patients without previous PCI, a loading dose of clopidogrel (600 mg per os) was administered after completion of the TAVR procedure and continued for 6 months according to 2017 guideline recommendations (20). In patients with the need for oral anticoagulation (OAK) being on vitamin K antagonist (VKA) before TAVR anticoagulation was paused until the International Normalized Ratio (INR) of 2.0 was reached. If necessary, bridging with intravenous (i.v.) full-dose unfractionated heparin (FDUH) was started before TAVR when INR was below 2.0. Heparin was paused 6 h before TAVR. Novel Oral Anticoagulants (NOACs) were stopped at least 48 h before the TAVR and resumed on the day after the procedure. Patients with the need for OAK and PCI before TAVR were continued on OAK and DAPT for 4 weeks. Bridging with FDUH was resumed on the first day after TAVR. VKA was simultaneously started. NOAC was re-initiated on the first post-operative day if the access site was uneventful. Thereafter, the anticoagulation regime was reduced to lifelong OAK and single platelet inhibition for 5 more months.



Endpoint Definition

Peri- and post-procedural complications were evaluated according to the Valve Academic Research Consortium 3 (VARC-3) (23) (Supplementary Table S1).



Statistics

All continuous data are reported as a mean, with or without SD. All categorical data are reported as percentages of the group. All statistical analyses were performed with SPSS 27.0.1.0 (IBM, Armonk, NY, USA).




RESULTS


Patient Population and Anatomic Data

The mean age was 79.8 ± 4.0 years. The mean aortic pressure gradient was 42.7 ± 20.1 mmHg, and the pre-procedural calculated aortic valve area was 0.75 ± 0.2 cm2. The mean left ventricular ejection fraction was 42.0 ± 10.8% (range: 28–60%), the logistic European System for Cardiac Operative Risk Evaluation (EuroSCORE) was 18.4 ± 9.7% (STS Score 4.3 ± 2.4%), and 90% of the patients were in New York Heart Association functional class III or IV. Patient characteristics are summarized in Table 1.


Table 1. Baseline characteristics of the study group.
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Procedural Success and 30-Day Major Adverse Cardiac and Cerebrovascular Events

Transcatheter aortic valve replacement was performed using the left axillary artery in nine patients. In one case, the right axillary artery was used. The mean diameter of the axillary arteries was 6.7 ± 0.8 mm. In nine patients, an 8-mm Dacron graft was used to match with the 14F and 16F Edwards eSheath, respectively. In one patient, a 10-mm Dacron graft was used. In this case, a thick silk suture was needed to prevent blood loss from the distal part of the graft. Calcification was absent in eight patients, one patient had mild calcification, severe calcification was present in one patient, respectively. DUS was performed before TAVI procedure and confirmed pre-interventional computed tomography (CT) findings. However, assessment of vessel calcification with DUS was not possible in the proximal subclavicular portion of the subclavian artery.

The incision-suture time was 91 ± 36 min (range 49–169 min). TAVR procedure time was 34 ± 16 min (range 15–34 min). Procedural device success according to the Valve Academic Research Consortium (VARC-3) criteria (23) was achieved in all patients (Table 2). Conversion to open-heart surgery was not necessary for any patient.


Table 2. Procedural details and adverse events.
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Obstruction of the coronary arteries by the valve prosthesis was not observed. The invasive mean postprocedural aortic transvalvular gradient was 11.5 ± 4.2 mmHg. Mild postprocedural aortic regurgitation was present in two patients (20%), trivial or no aortic regurgitation was seen in eight patients (80%). Periprocedural fatal stroke occurred in one patient (10%). The patient was presented with severe calcification of the left subclavian ostium, calcification of the aortic arch, and plaque of both carotid arteries. TAVR-access site was the LSA. Postinterventional CT showed ischemic infarction in the territory of the anterior cerebral artery and in the left posterior cerebellar artery with subsequent hemiplegia of the left hand. This patient had subsequently died 24 d later due to severe respiratory insufficiency based on severe pneumonia. Two bleeding complications (VARC-3 Type 2) were detected in patients on OAK. Bleedings were located at the cut-down site leading to minor vascular complications (VARC-3 minor) and could be handled in both patients conservatively (20%). No blood transfusions due to bleeding complications were necessary (Table 2). No ischemic complication due to distal thromboembolism was detected.

Doppler ultrasound before discharge showed no stenosis or occlusion of axillary arteries in any patient. Permanent pacemaker implantation due to new onset of complete or high-grade atrioventricular was necessary for one patient (10%).




DISCUSSION

This case series describes the first-time procedural steps and postprocedural results of TAVR with new-generation balloon-expandable valves using a surgical cut-down and a prosthetic conduit (“chimney approach”) for axillary artery access.

The use of TAx TAVR is well-known for years and was described in 2008 for the first time (15). Since then, several technical improvements and increased operator familiarity with the method contributed to making this approach the second choice in many TAVR centers (24). Most subclavian registries, describing the subclavian approach, were technically TAx given the infraclavicular approach. The largest study to report TAx access with balloon-expandable valves was a single-center experience, including 100 cases of various valve types (25). Only limited case reports have been published using the newest generation balloon-expandable platform, the SAPIEN 3 Ultra (Edwards Lifescience, Irvine, California, USA), from a TAx approach (9, 26).

The end-to-side anastomosis of a Dacron vascular graft was described previously only using self-expandable second-generation valves (16). Some studies are promoting the completely percutaneous use of the TAx-TAVR technique. However, implantation rates of covered stents due to vascular complications or insufficient closure with vascular closure devices are observed in up to 50% of the patients, promoting further stent-related complications and driving interventional costs (24, 26–28).

We started to combine TAx surgical cut-down and end-to-side anastomosis of a Dacron vascular graft to facilitate save vessel access and valve preparation of the Edwards balloon-expandable valves in the ascending aorta. This modified technique avoids extensive manipulation of the artery in case of borderline vascular diameter allowing safe implantation even in patients with patent left or right internal mammary artery to the left anterior descending or right coronary artery compared to the direct open axillary access.

Transaxillary access was applied in only 3.9% of our TAVI population. This is in contrast to previous studies using the TAx approach in 5–10% of the cases when TF TAVR is not feasible (29). Considering the high proportion of patients who underwent TA-TAVR (12.4%) in our center and considering the necessity of thoracotomy leading to delayed mobilization and prolonged hospitalization, increased use of the TAx access seems to be reasonable.

The end-to-side anastomosis of a vascular graft allows prolonged manipulation of large sheaths inside the axillary and subclavian artery and completely accommodates the expandable Edwards eSheath (Edwards Lifescience Inc., Irvine, CA, USA) in different sizes outside the body in the Dacron graft simplifying the valve mounting maneuver of the Edwards Sapien S3 valve in the ascending aorta. Additionally, it is possible to keep the introducer sheath of the TAVR system above the aortic valve due to the “concertina effect” of the Dacron graft while hosting the eSheath of the Edwards Valve System. Applying this combination of Dacron vascular end-to-side graft with surgical cut-down and new-generation balloon-expandable valves led to a 100% implantation success rate.

The TAx approach is routinely used for other vascular interventions, such as complex aortic pathology with fenestrated endografts and extra-anatomic bypasses, while other traditional upper extremity access routes, such as the brachial artery, have problems due to sheath size limitations or frequent complications, such as thrombosis and risk of peripheral neurologic deficits (30). In this series, we were able to show a low peri- and post-interventional access site complication rate. We performed DUS to assess pre- and post-interventional vessel states. Compared to CT, DUS is radiation free and does not expose the patient to contrast agents. Hereby, we could exclude any access site stenosis, vessel occlusion, or vessel thrombosis. Two minor cut-down site bleeding complications (VARC-3 Type 2 bleeding) were detected in our cohort in patients on OAK and could be treated conservatively by tight compression bandage. No blood transfusions due to bleeding complications were necessary. This contrasts with other studies promoting a complete percutaneous approach. These studies documented higher major access site complications ranging from 14 to 30% (25, 27). Postinterventional monitoring is particularly important. In studies describing direct percutaneous access, stent rate is high to resolve access site complications, such as bleeding with long-term stent complications, i.e., deformation and stent thrombosis in up to 18%.

Specific local access site complications described before, such as brachial plexus injury due to the axillary approach at the deltopectoral groove, could not be found in our series. This is in line with other studies suggesting low peripheral neurological complications (27, 31). The rate of periprocedural stroke is significantly higher in patients receiving TAVR through a TAx approach compared to the TF approach as described in a meta-analysis (OR 1.53 (95% CI, 1.05–2.22) (26, 32). However, these studies included only patients where the TAx approach was performed through a direct surgical cut-down without Dacron end-to-side graft. We observed one fatal stroke in a patient with severe calcification of the aortic arch and the ostium of the LSA. This is in line with previous studies emphasizing the need to identify the anatomic characteristics, such as severe calcifications of the axillary artery, the proximal part of the subclavian artery, and the aortic arch, which may lead to embolization of atheromatous plaque during the sheath transfer into the ascending aorta (32).

Bleeding control during the intervention and before TAVR positioning is of paramount importance for surgical access. Unfractionated heparin with an initial bolus of 5,000 IE units and an additional bolus according to weight were administered during the procedure to achieve an ACT target >250 s. Normalization of peri-interventional heparin anticoagulation with protamine was not necessary. Insertion of a drain because of peri-interventional bleeding was not necessary for any patient. Surgical site infection is an ever-present danger. To tackle this issue, all procedures must be performed under sterile conditions. In our study, no access site infection was observed. Therefore, mobilization of patients was possible on the next day after intervention with the goal to keep postinterventional hospitalization as short as possible. Postinterventional length of hospitalization was 9.2 ± 6.4 d, ranging from 4 to 24 days. This seems to be higher compared to other studies. However, our patient cohort includes urgent inpatients in whom complete pre-TAVR screening was performed and a postinterventional rehabilitation facility or a nursing home was to be organized during the hospitalization. However, our study group is rather small to draw definitive conclusions.


Study Limitations

The present case series has several limitations that should be acknowledged. Most of the patients qualify for TF-TAVR. Therefore, the sample size is relatively limited (3.9%) and a larger series may improve technique and results. Additionally, multiple patients did not present at the outpatient clinic at 3-month or 1-year follow-up, resulting in an inability to report on VARC-3 adverse events beyond 30 days.




CONCLUSION

In patients with high or prohibitive risk and no suitable femoral access site, TAx-TAVR using the end-to-side anastomosis of a prosthetic conduit offers a valuable alternative to TF-TAVR after a detailed evaluation of the axillary anatomy.
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Background: Transcatheter mitral valve-in-valve (TMVIV) procedure with aortic transcatheter heart valves has recently become a less invasive alternative for patients with mitral bioprosthetic dysfunction. This study reports the initial experience of TMVIV implantation using the J-Valve System (JieCheng Medical Technology Corporation Ltd., Suzhou, China).

Methods: A retrospective observational multicenter study was conducted to evaluate the short-term outcomes of TMVIV. In total, 26 consecutive patients with symptomatic bioprosthetic failure at eight hospitals underwent TMVIV using the J-Valve System between May 2019 and June 2021. Procedural results and clinical outcomes were analyzed using the Mitral Valve Academic Research Consortium criteria.

Results: The mean age was 75.3 ± 7.1 years and 69.2% of patients were female. The mean Society of Thoracic Surgeons Predicted Risk of Mortality score was 12.3 ± 8.3%. The technical success rate was 96.2%. Nine of the 26 patients (34.6%) were implanted with a J-Valve of a size equal to the internal diameters of the deteriorated prostheses. At the 30-day and 1-year follow-ups, all-cause mortality was 3.8 and 16.0% and the stroke rates were 0 and 12.0%, respectively. Device-related mortality was 0% and the mean mitral valve gradient was 6.4 ± 2.7 mm Hg. No patient experienced device embolization, left ventricular outflow tract obstruction, or mitral valve reintervention. Postprocedural mitral regurgitation was none or trace in all the patients. All the patients were in the New York Heart Association (NYHA) class ≤ II at the last follow-up.

Conclusion: Transcatheter implantation of the J-Valve System in high-risk patients with mitral bioprosthetic dysfunction was found to be a reasonable alternative and associated with good short-term outcomes.

Keywords: bioprosthetic degeneration, valve-in-valve, J-Valve, transapical, mitral valve


INTRODUCTION

Mitral valve disease is the most prevalent form of valvular disease, affecting 10% of patients over the age of 75 years (1). Bioprosthetic valves have become more common in the treatment of mitral valve disease. Consequently, structural valve deterioration is the most prevalent problem and reoperation is required in as many as 35% of patients within the first 10 years after mitral valve surgery (2). Redo mitral valve surgery is associated with high perioperative morbidity and mortality (3, 4) due to repeat sternotomy, cardiopulmonary bypass, the older age of patients, and severe comorbidities. Nevertheless, transcatheter mitral valve-in-valve (TMVIV) implantation has been developed as a feasible and safe treatment for high-risk and inoperable patients (5–7). In TMVIV, an oversizing strategy is preferred due to the risk of embolization resulting from high gradient pressure between the ventricle and atrium. However, excessive oversizing may be unfavorable, as it leads to under expansion of the transcatheter heart valve (THV) device, which increases the risk of leaflet pin-wheeling, device thrombosis, and decreased durability (8).

The J-Valve System (JieCheng Medical Technology Corporation Ltd., Suzhou, China) is a low-profile, self-expanding THV (Figures 1A,B). Excellent short-term outcomes, such as 4.7% all-cause mortality, 2% new permanent pacemaker implantation, 0% coronary artery obstruction, and 0% myocardial infarction at the 1-year follow-up, have demonstrated the efficacy and safety of the J-Valve in the treatment of patients with aortic stenosis and/or insufficiency (9–12). While the J-Valve was originally designed to treat aortic stenosis and/or insufficiency (12), its specific self-positioning design is also favorable in TMVIV implantation. Inspired by the Sapien prosthesis (Edwards Lifesciences Incorporation, Irvine, California, USA) to initially perform transapical mitral valve-in-valve by crimping the valve into the delivery catheter in the opposite direction, we attempted to treat high-risk or inoperable patients with degenerative mitral bioprostheses using the J-Valve System.


[image: Figure 1]
FIGURE 1. The J-Valve system (JieCheng Medical Technology Corporation Ltd., Suzhou, China). (A) The prosthesis was combined with locators after release. (B) Movable connection between prosthesis and locators. (C) Prosthesis orientation for the transapical aortic valve replacement using the J-Valve system. (D) Prosthesis orientation for the transapical mitral valve-in-valve implantation using the J-Valve system.




METHODS


Patient Population

We conducted a retrospective observational analysis for all the consecutive patients who underwent TMVIV with the J-Valve System for the treatment of a degenerated mitral bioprosthesis at eight medical centers between May 2019 and June 2021. Indications for redo mitral valve replacement were based on the 2014 American College of Cardiology/American Heart Association Guideline for the Management of Patients with Valvular Heart Disease (13). All the patients were evaluated by a multidisciplinary heart team and found to have high surgical risk scores and/or severe comorbidity precluding redo valve surgery with cardiopulmonary bypass. The only exception was a 50-year-old patient whose symptoms could not be controlled by drugs. We strongly advised him to choose conventional surgery, but he still declined it and opted for TMVIV surgery as the preferred choice. The exclusion criteria for the TMVIV procedure were active endocarditis, prosthetic valve endocarditis, left atrial and/or left ventricular thrombosis, moderate or severe mitral paravalvular leakage, a true internal diameter (ID) of mitral bioprostheses < 20 mm, a requirement for concomitant coronary artery bypass graft, and high risk for TMVIV-induced left ventricular outflow tract (LVOT) obstruction.



Ethics

All the patients or their legal representatives were fully informed about the procedure and signed written consent prior to surgery. The study protocol was approved by the Ethics Committee of Zhongshan Hospital, Fudan University.



Devices

The J-Valve System is composed of a bioprosthetic valve and a transapical delivery catheter (Figure 1C). The bioprosthetic valve is a porcine valve supported by a self-expanding nitinol structure of different sizes: external diameters of 21, 23, 25, 27, and 29 mm. The size of the J-Valve mentioned below refers to the external diameter. A set of 3 “U” -shaped nitinol hoops were designed to surround the aortic valve as locators to position the device to sit in three aortic sinuses to facilitate accurate positioning of the implanted valve and fix it to the native valve (10). Valve sizes of 21, 23, and 25 mm were crimped into the 27 F delivery catheter and 33 F catheter for valve sizes of 27 and 29 mm.



Procedures

Before the procedure, all the patients underwent transthoracic echocardiography and contrast-enhanced multislice CT to assess (1) the severity and types of bioprosthetic failure; (2) the bioprosthesis dimensions for the sizing of the J-Valve; (3) the mitral valve, left ventricle, and aortic root anatomy to evaluate the risk of LVOT obstruction; and (4) the coronary vessels or bypass grafts for significant coronary artery disease.

The neo-LVOT surface area was estimated on CT images in systole (Figure 2A) using Vitrea software (version 6.5.3, Vital Images Incorporation, Minnetonka, Minnesota, USA). We used a predicted surface area <200 mm2 as a cutoff value to identify patients at risk for TMVIV-induced LVOT obstruction.


[image: Figure 2]
FIGURE 2. Preoperative and postoperative multidetector CT in the assessment of neo-LVOT (Patient number 23). (A) The predicted area of neo-LVOT was 469 mm2 before the J-Valve implantation. (B) The postoperative area of neo-LVOT was 435 mm2. LVOT, left ventricular outflow tract.


The size of the J-Valve and the balloon used for valvuloplasty were selected based on the true ID of the surgical heart valves (SHVs) from CT measurements and/or the “valve-in-valve” app according to the manual of the manufacturer. In 15 patients, we oversized the implanted valves. A 23-mm J-Valve was implanted in only one patient with an SHV ID measuring 25 mm because of severe calcification of the leaflets. For the remaining patients, we implanted the J-Valve with the strategy of “true sizing” meaning that the size of the THV is equal to the ID of the SHV. The J-Valve prosthesis and three locators were preloaded into the delivery system direction opposite to that used for aortic valve replacement (Figures 1C,D).

With patients under general anesthesia, all the surgeries were performed in a hybrid operating room with cardiopulmonary bypass on standby. During the procedure, the C-arm was directed at a specific angle, so that any two of the three stent posts of the SHV totally overlapped under fluoroscopy. The transapical approach was used in all the cases. A limited left thoracotomy was made. Two 3–0 polypropylene (Ethicon, Somerville, New Jersey, USA) Teflon-reinforced mattress sutures were placed on the left ventricular apex and the patient was administered heparin to maintain an activated clotting time > 250 s. A guidewire was inserted from the middle of the suture to reach the left atrium through the SHV. Balloon valvuloplasty was performed only in cases of mitral bioprosthetic stenosis before J-Valve implantation during rapid ventricular pacing (160–180 beats/min). The J-Valve delivery system was then inserted into the left ventricle and atrium via a guidewire. The three locators were released first and the delivery catheter was gently advanced toward the atrium to help the three locators accurately sit in the SHV “sinuses” among the three struts. Then, the J-Valve was released and deployed with the aid of the locators, so that it was fixed in the middle of the SHV after self-expansion (Figure 3). Finally, postimplant balloon valvuloplasty was performed in all the cases to ensure that the THV fully fit within the SHV (Supplementary Video). A vitamin K antagonist was initiated on the day following the procedure with a target international normalized ratio of 2 to 3 for 6 months.


[image: Figure 3]
FIGURE 3. Process of transapical mitral valve-in-valve implantation with the J-Valve system in vitro. (A) The delivery system was inserted into the surgical mitral prosthesis. (B) The locators were released. (C) The locators were placed in “sinuses” of the surgical mitral prosthesis. (D) The transcatheter prosthesis was released and the surgical mitral prosthesis was fixed between the transcatheter prosthesis and locators.




Definitions and Study Endpoints

We used standardized endpoint criteria according to the Mitral Valve Academic Research Consortium (MVARC) for the data collection (14). The endpoints of this study included technical success at the exit from the procedure room as well as all-cause mortality. Other clinical endpoints, including device-related mortality, device embolization (the device moves during or after deployment such it loses contact with its initial position), LVOT obstruction, echocardiographic hemodynamic parameters, access site complications, myocardial infarction, stroke, permanent pacemaker implantation, bleeding, acute kidney injury, and rehospitalization at the 30-day follow-up and last clinical follow-up, were also evaluated. LVOT obstruction in this study was defined as a severe hemodynamic compromise. In addition, we collected data on procedure details, length of postprocedural hospital stay, and the New York Heart Association (NYHA) class at 30 days and last follow-up.

All the patients underwent transesophageal echocardiography examinations during the procedure and were followed-up using transthoracic echocardiography at discharge, 1 month, 3–6 months, 1 year, and once every year.



Statistical Methods

Categorical variables are expressed as numbers and percentages. Normal variables are expressed as the mean ±SD. Nonnormally distributed parameters are presented using medians (interquartile ranges). The Kaplan–Meier survival curves were used to analyze survival. Statistical analysis was conducted using the SPSS software (version 20.0; SPSS Incorporation, Chicago, Illinois, USA).




RESULTS


Baseline Clinical Characteristics

Between May 2019 and June 2021, 26 consecutive patients (18 female; mean age 75.3 ± 7.1 years) with symptomatic bioprosthetic mitral valve dysfunction (regurgitation and/or stenosis) at eight centers underwent TMVIV. The indications for the TMVIV procedure were severe prosthetic stenosis in four patients, severe regurgitation in 21 patients, or a combination of stenosis and regurgitation in one patient. The mean Society of Thoracic Surgeons Predicted Risk of Mortality score was 12.3 ± 8.3%. Furthermore, the mean pulmonary artery systolic pressure was 61.8 ± 17.3 mm Hg and the mean left ventricular ejection fraction was 63.4 ± 5.8%. All the patients had heart failure symptoms with the NYHA classification III or IV at admission. The baseline characteristics of 26 patients are shown in Table 1.


Table 1. Baseline clinical characteristics.
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Procedure Details

Detailed characteristics of the failed bioprostheses and valve-in-valve procedure are shown in Table 2. The average duration from surgical valve replacement to bioprosthetic failure was 11.0 ± 2.6 years. Transapical valve-in-valve implantation was performed for all the patients. Balloon dilatation was performed in five prosthetic stenosis cases before J-Valve implantation (patient numbers 3, 4, 10, 13, and 15), and balloon dilatation was performed in all the patients after J-Valve implantation.


Table 2. Detailed characteristics of the failed bioprostheses and valve-in-valve procedure.

[image: Table 2]

Other procedural results and 30-day outcomes are shown in Table 3. The technical success rate was 96.2%, as defined by the MVARC. One patient (patient number 14) needed second J-Valve implantation because one prolapsed leaflet of the SHV occluded the inflow tract after the first J-Valve implantation. Transcatheter aortic valve replacement (TAVR) with the J-Valve was simultaneously performed in one patient (patient number 14).


Table 3. Procedural details and 30-day outcomes.

[image: Table 3]



30-Day Outcomes

One patient (3.8%) died of pulmonary infection 8 days after the TMVIV procedure. No device embolization, LVOT obstruction, mitral valve reintervention, or neurological complications occurred. One patient (3.8%) developed acute kidney injury and renal function had recovered at discharge. One patient (3.8%) needed surgery via the left thoracic incision for life-threatening bleeding. One patient (3.8%) was rehospitalized because of pneumonia. The median length of the postprocedural hospital stay was 8 days (range, 4–30). Heart failure symptoms were significantly reduced and all the patients were at the NYHA II or less at the 30-day follow-up.

The peak mitral valve gradient (MVG) was 11.1 ± 5.1 mm Hg and the mean MVG was 5.8 ± 2.7 mm Hg. In total, 14 of 23 (60.9%) patients had a mean gradient of 5 mm Hg or less. The severity of paravalvular leakage or regurgitation was ≤ mild for all the patients. Notably, all the patients showed heart function improvement and were in the NYHA class ≤ II.



1-Year Follow-Up Outcomes

The median follow-up time was 370 days (range, 8–762 days). Only one patient had a postoperative follow-up time of less than 3 months. All-cause mortality was 16.0% and device-related mortality was 0%. The overall survival during follow-up is given in Figure 4. One patient (patient number 11) developed a hemorrhagic stroke from vitamin K antagonist overdose 251 days after TMVIV and she died of central nervous system infection 15 days after emergency lateral ventricular drainage. Another patient (patient number 13) with atrial fibrillation died of severe hemorrhagic stroke 375 days after TMVIV. One patient (patient number 3) died of pneumonia 520 days after implantation. One patient (patient number 5) with atrial fibrillation developed ischemic stroke from insufficient anticoagulation 228 days after TMVIV and had recovered without disability at the last visit. One patient (patient number 2) needed rehospitalization for tachycardia from atrial fibrillation. No patient experienced valve-related reintervention, device embolization, myocardial infarction, dialysis, or new pacemaker implantation.


[image: Figure 4]
FIGURE 4. Mortality after transapical mitral valve-in-valve implantation. The Kaplan–Meier analysis of overall survival in patients who underwent transapical mitral valve-in-valve (n = 26).


The peak MVG was 16.9 ± 5.2 mm Hg and the mean MVG was 6.4 ± 2.7 mm Hg. Postprocedural mitral regurgitation was none or trace in all the patients. The mean left ventricular ejection fraction was 63.2 ± 4.6% and all the patients were in the NYHA class ≤ II. The last follow-up clinical outcomes are shown in Table 4.


Table 4. One-year outcomes.
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DISCUSSION

This study demonstrates the feasibility of the J-Valve for use in TMVIV in patients with degenerated mitral bioprostheses to treat mitral regurgitation, mitral stenosis, or a combination of the two. The MVARC-defined technical success rate with the J-Valve was 96.2%, which is comparable to that reported in the TMVIV multicenter registry study of 94.6% (7). TMVIV using the J-Valve was also associated with good short-term outcomes. This study showed 3.8% all-cause mortality at the 30-day follow-up and 16.0% at 1-year follow-up, whereas the 30-day and 1-year all-cause mortality in the Transcatheter Valve Therapy Registry (5) were 5.4 and 16.7%, respectively. The stroke rates were 0 and 12.0% at the 30-day and 1-year follow-ups, respectively, and 1.1 and 3.3% in the previous report (5). No device-related death, device embolization, or LVOT obstruction occurred. All the patients experienced a clinically important improvement in heart failure symptoms during follow-up. The hemodynamic performance was acceptable after the TMVIV procedure with the J-Valve. The mean MVG was 5.8 mm Hg and 6.4 mm Hg at the 30-day and 1-year follow-ups, respectively, which is comparable to those in the TMVIV multicenter registry study of 7.3 mm Hg and 7.0 mm Hg, respectively (7). No patient had more than mild mitral regurgitation or required valve-related reintervention after TMVIV during follow-up.

In the TAVR procedure, the J-Valve System can fix the native aortic valves in the middle of its locators and frame, which can offer robust support to reduce the risk of left ventricular dislocation (10, 11). In addition, the J-Valve is the low-profile THV that is suitable for TMVIV implantation. In in vitro test, the locators could be deployed in the “sinuses” of the SHVs (Figure 3). The construction of the J-Valve with the locators could also reduce the risk of embolization, as it works in the aortic position. Inspired by these features, we initially applied the J-Valve in the TMVIV procedure as a second choice in the treatment of high-risk surgical patients with mitral bioprosthetic deterioration.

Currently, the Sapien 3 (Edwards Lifesciences Incorporation, Irvine, California, USA) is used as the standard THV for most TMVIV interventions with good short-term outcomes (7, 15). To avoid embolization, it is important to avoid parallel deployment and achieve conical deployment with an oversizing strategy (8). Unlike with the Sapien XT (Edwards Lifesciences Incorporation, Irvine, California, USA) (16), interventionists tend to select the proper Sapien 3 size selection following a slightly oversizing principle for its favorable extensibility. In the early exploration of the J-Valve system, interventionalists also performed the TMVIV procedure using an oversizing strategy that would lead to under expansion of the leaflets (Figure 5). Nevertheless, the J-Valve can be sized according to the ID of the SHV for the robust fixation of locators to reduce the risk of dislocation (Figures 6A–P). In this analysis cohort, 34.6% of patients underwent TMVIV according to the principle of “true sizing.” Notably, 13 of the deteriorated SHVs in these patients were the Hancock II (Medtronic, Minneapolis, Minnesota, USA) whose label sizes of 29, 27, and 25 mm were corresponded to IDs of 24, 22, and 20.5 mm, respectively. Therefore, “true sizing” was unlikely to occur in patients with a Hancock II (Table 2). When the SHVs of the Hancock II were excluded, nine of 13 patients (69.2%) underwent TMVIV with the principle of “true sizing” (Table 2). No patient had experienced valve dislocation by the last follow-up. Therefore, TMVIV with a J-Valve system of “true sizing” may be feasible and would theoretically result in fully unfolded leaflets (Figures 6A,I,M), a lower gradient, and longer durability.


[image: Figure 5]
FIGURE 5. The oversizing transcatheter heart valves implantation inside different surgical heart valves in vitro. Pinwheel-like leaflets of underexpanded transcatheter heart valves. A 23-mm J-Valve inside a 25-mm epic (internal diameter of 21 mm).



[image: Figure 6]
FIGURE 6. The transcatheter heart valves implantation inside the different surgical heart valves. Photos of surgical bioprosthetic mitral valves with J-Valve implantation in vitro (left 2 panels) and fluoroscopic images before (third panel) and after (fourth panel) implantation. (A,B) A 23-mm J-Valve inside a 25-mm Perimount (internal diameter of 23 mm). (C,D) A 25-mm J-Valve inside a 27-mm Perimount (internal diameter of 25 mm); (E,F) A 21-mm J-Valve inside a 25-mm Mosaic (internal diameter of 20.5 mm); (G,H) A 25-mm J-Valve inside a 29-mm Hancock II (internal diameter of 24 mm); (I,J) A 21-mm J-Valve inside a 25 mm Epic (internal diameter of 21 mm); (K,L) A 23-mm J-Valve inside a 27-mm Epic (internal diameter of 23 mm). (M,N) A 25-mm J-Valve inside a 29-mm Carpentier-Edwards porcine (internal diameter of 25 mm). (O,P) A 25-mm J-Valve inside a 29-mm Carpentier-Edwards supra-annular valve (internal diameter of 25 mm).


Left ventricular outflow tract obstruction is a potentially disastrous complication of TMVIV and predicting this condition still poses a challenge. The expected neo-LVOT area measured from cardiac CT is used to assess the risk of LVOT obstruction caused by transcatheter mitral valve replacement (17, 18). All the patients in this study underwent multislice CT to evaluate the risk of LVOT obstruction and no patient in this study had a predicted neo-LVOT area < 200 mm2 (Figures 2A,B).

At the time of surgical implantation, most surgeons prefer orienting SHVs such that two posts straddle the LVOT rather than the posterior annulus so that there is no strut occluding the LVOT. However, the SHV orientation does not influence the risk of LVOT obstruction during a TMVIV procedure with Sapien valves because the height of the skirt is lower than the leaflets of the SHV (19). In contrast, the frame and skirt of the J-Valve are wavelike (Figure 1A) and with the fixation of the locators, the struts of the J-Valve usually overlap the struts of the SHV (Figures 6B,F,J,N). This characteristic would not increase the risk of LVOT obstruction. However, the length of the bovine pericardial leaflets of the Perimount (SHV; Edwards Lifesciences Incorporation, Irvine, California, USA) is longer than J-Valve's frame (Figure 6B) or the other THVs, which might increase the risk of LVOT obstruction.

Previous studies have demonstrated transfemoral MVIV to be safer than transapical implantation with fewer complications and lower mortality (7, 15). The J-Valve system was primarily designed for transapical TAVR and the transfemoral J-Valve system is still under clinical trials. We had to perform the procedure via transapical access rather than transvenous access. Similar to transapical aortic valve replacement, transapical TMVIV offers short and straight access to the degenerated SHV with good coaxial alignment. However, the transapical approach in this study still promoted less safe 30-day outcomes than the transfemoral approach in a large TMVIV study (7).

A previous study by Sung-Han Yoon et al. showed a high incidence of valve thrombosis after TMVIV (15). Nevertheless, anticoagulation therapy after TMVIV surgery is still controversial. Given the high proportion of atrial fibrillation (65.4%) in this cohort and the complex configuration of valve-in-valve, anticoagulation with warfarin was recommended for these patients for at least 6 months. However, two patients had a hemorrhagic stroke and one patient had an ischemic stroke during a 1-year follow-up. A retrospective review of the visit data of the three patients revealed that the two patients with hemorrhagic stroke both failed to regularly monitor prothrombin time. This may be the main reason why the stroke rate is obviously higher than that reported in other studies (7, 15) and it also suggests that anticoagulation education for the elderly should be improved.

Although TMVIV is becoming a promising therapy in high-risk patients with mitral bioprosthetic dysfunction and should be considered a therapeutic option (7), patients with small SHVs or low-risk patients may likely undergo redo surgical mitral valve replacement. This is because elevated valve gradients, the durability of the THVs, the optimal management of concomitant TR, and optimal anticoagulation strategies are still unknown and require further study (20).



LIMITATION

In addition to the inherent bias of observational studies, the major limitation was that this study had a small sample size and short-term follow-up, as it included only 26 patients with a median follow-up time of 370 days (range, 8–762 days). Moreover, the leaflets of the surgical valves in Figure 4 did not deteriorate. Thus, these simulations could not authentically represent valve-in-valve implantation in vivo.



CONCLUSION

Transcatheter implantation of the J-Valve system within a degenerated mitral bioprosthesis via the transapical route is feasible and associated with good short-term outcomes in high-risk surgical patients. All the patients experienced improvements in heart failure after discharge. Owing to the locator units, the J-Valve system may be a good alternative to the TMVIV procedure and its use may shed light on new devices customized for valve-in-valve procedures.
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Supplementary Video. Transapical mitral valve-in-valve using the J-Valve system. The J-Valve delivery system was inserted into the left ventricle and atrium via a guidewire. The three locators were released first and the delivery catheter was gently advanced toward the atrium to help the three locators accurately sit in the “sinuses” of the surgical heart valve among the three structs. Then, the J-Valve was released and deployed with the aid of the locators, so that the J-Valve was fixed in the middle of the surgical prosthesis after self-expansion. Finally, postimplant balloon valvuloplasty was performed to ensure that the J-Valve fully fit within the failed prosthesis.
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Background: There is no evidence of hemodynamic performance during exercise in patients with aortic stenosis (AS) after transcatheter aortic valve implantation (TAVI). This study aimed to investigate the changes in kinematic hemodynamics during exercise and determine the impact of prosthesis-patient mismatch (PPM) on the hemodynamics of transcatheter heart valves using exercise stress echocardiography (ESE) in AS patients after TAVI.

Methods and Results: This study enrolled 77 consecutive patients (mean age 82 ± 5 years, 50.6% male) who underwent ESE 3–6 months after TAVI with a balloon-expandable valve. The effective orifice area index at rest was significantly correlated with the mean pressure gradient (PG) during exercise (p <0.001). The patients were divided into two groups according to the presence of PPM (PPM and non-PPM groups). During exercise, the patients with PPM had a higher left ventricular ejection fraction (74.6 ± 6.1% vs. 69.7 ± 9.6%, p = 0.048), a lower stroke volume index (47.2 ± 14.0 ml/m2 vs. 55.6 ± 14.5 ml/m2, p = 0.037), a significantly higher mean transvalvular PG (21.9 ± 9.1 mmHg vs. 12.2 ± 4.9 mmHg, p = 0.01) and an increased mean PG from rest to exercise (5.7 ± 3.5 mmHg vs. 2.3 ± 2.8 mmHg, p <0.001) compared with patients without PPM. Patients with PPM had a higher pulmonary artery systolic pressure (SPAP) during exercise (57.3 ± 13.8 mmHg vs. 49.7 ± 10.9 mmHg, p = 0.021) and a higher incidence of exercise-induced pulmonary hypertension (43.8 vs. 15.0%, p = 0.037) than patients without PPM. PPM was strongly associated with exercise-induced pulmonary hypertension (hazard ratio: 3.570, p = 0.013).

Conclusions: AS patients with PPM after TAVI showed a disproportionate increase in the transvalvular PG and SPAP during exercise, and PPM was associated with exercise-induced pulmonary hypertension.

Keywords: prosthesis-patient mismatch (PPM), aortic stenosis (AS), transcatheter aortic valve implantation (TAVI), exercise induced pulmonary hypertension, exercise stress echocardiography


INTRODUCTION

Aortic stenosis (AS) has become a common public health problem in the aging society. Transcatheter aortic valve implantation (TAVI) has changed the paradigm of care for AS patients and is currently being assessed for use in patients with a low surgical risk (1). As the indications for TAVI expand, the age of patients eligible for this type of treatment is decreasing and their level of activity in daily life is increasing accordingly. As a result, transcatheter heart valves (THVs) should have longer durability and better hemodynamic performance.

Prosthesis-patient mismatch (PPM) was first defined in 1978 to describe the mismatch between the hemodynamics of a valve prosthesis and the patient requirements for cardiac output (CO) (2). PPM occurs when the effective orifice area (EOA) of the prosthetic valve is very small in relation to the body surface area (BSA) of the patient, thus resulting in high residual postoperative pressure gradients (PGs) across the prosthesis. This problem is associated with postoperative prognosis (3–6) and prosthetic valve durability (7), and more recently, severe PPM has also been reported to be associated with prognosis after TAVI (6, 8, 9). However, to the best of our knowledge, there is no evidence of changes in hemodynamic performance during exercise in AS patients after TAVI. Therefore, the purpose of this study was to investigate the kinematic hemodynamics during exercise and determine the impact of PPM on the hemodynamics of THVs using exercise stress echocardiography (ESE) in AS patients after TAVI.



MATERIALS AND METHODS


Study Population and Study Design

This study retrospectively reviewed 256 consecutive patients who underwent TAVI with a balloon-expandable valve between January 2016 and December 2018 at the St. Marianna University School of Medicine Hospital. The Balloon-expandable valve devices were Sapien XT and Sapien 3 (Edwards Lifesciences, Irvine, CA, USA). Among these, 77 patients who underwent ESE 3–6 months after TAVI were enrolled in our study. Figure 1 is a flow diagram of this study. All TAVI procedures were performed under general anesthesia. The study was performed in accordance with the Declaration of Helsinki and was approved by the Institutional Review Board of the St. Marianna University School of Medicine, Japan (No. 1288). Written informed consent was obtained from all the patients.


[image: Figure 1]
FIGURE 1. Flow diagram of patient recruitment. TAVI, transcatheter aortic valve implantation; ESE, exercise stress echocardiography; PPM, prosthesis-patient mismatch.




Exercise Stress Protocol

Exercise was performed using the symptom-limited bicycle exercise test in the semi-supine position on a dedicated tilting exercise table at an initial workload of 10 Watt for 3 min, followed by a 10 Watt increase in workload every 3 min. Two-dimensional imaging and Doppler echocardiography data were obtained throughout the exercise test. The endpoints for terminating exercise were as follows: target heart rate reached, symptoms developed; blood pressure of <80 or >220 mmHg; ischemic electrocardiogram changes; ventricular arrhythmia; and rapid atrial tachycardia.



Transthoracic Echocardiography

Transthoracic echocardiography (Vivid E9; GE Vingmed Milwaukee, WI, USA) was performed at rest and during exercise. All images were digitally stored for offline analysis (EchoPAC, version 12; GE Vingmed Milwaukee, WI, USA), and they included standard two-dimensional, color, pulsed, and continuous-wave Doppler acquisitions according to the current American Society of Echocardiography guidelines (10). Left ventricular (LV) end-diastolic and end-systolic volumes and LV ejection fraction (LVEF) were measured from the standard apical views, according to Simpson's disk summation method. Stroke volume (SV) was measured in the left ventricular outflow tract (LVOT) using the Doppler method, and it was related to the BSA. The CO was obtained by multiplying the SV with heart rate. LV mass was calculated using two-dimensional images and the area-length method (10). To assess LV diastolic function, transmitral early (E-wave) and late (A-wave) velocities were measured using pulsed-wave Doppler imaging at the mitral leaflet tips. The peak early diastolic velocities of the septal mitral annulus (e') were measured using pulsed-wave tissue Doppler imaging from the apical 4-chamber view, and the E/e' ratio was calculated. Suspected pulmonary artery pressure (SPAP) was estimated based on the Doppler spectral signal of the tricuspid regurgitation jet. Pulmonary hypertension (PH) was defined as an SPAP of ≥40 mmHg at rest, and exercise-induced PH was defined as an SPAP of ≥60 mmHg during exercise. PPM was defined as an EOA index (EOAi) of ≤ 0.85 cm2/m2. The EOA of the THVs was calculated using the continuity equation, according to the current consensus document (11). From a zoomed parasternal long-axis view, the LVOT diameter was measured just below the apical border, i.e., from the outer border to the outer border of the stent or ring. To measure the LVOT flow velocity, the pulsed-wave Doppler was placed immediately below the apical border of the stent, with no valve opening or closing clicks visible. The transprosthetic flow velocity was determined by continuous-wave Doppler imaging with multiwindow interrogation, including the apical and right parasternal windows. The valvulo-arterial impedance (Zva) was calculated using the following formula (12): Zva (mmHg/ml/m2) = (mean transvalvular PG [mean PG] + systolic blood pressure)/(SV/BSA). Paravalvular leak was evaluated according to the Valve Academic Research Consortium 3 (13). The patients were divided into two groups according to the presence of PPM (PPM and non-PPM groups).



Computed Tomography

Preprocedural multidetector computed tomography was performed, and aortic annulus area was measured from 3-dimensional reconstruction recommended by the Society of Cardiovascular Computed Tomography guidelines (14).



Clinical Outcomes

The primary endpoint of this study was composite outcomes, including all-cause mortality, cardiovascular mortality, cardiovascular event, and heart failure-related hospitalization. The events were determined by reviewing the patients' medical reports or via direct telephonic contact with the patients' families.



Statistical Analysis

All analyses were performed using SPSS (version 26.0.0, IBM Corporation, Somers, New York). Continuous variables are presented as mean ± standard deviation and were tested for differences using the Student's t-test. Categorical variables are presented as frequencies and percentages. The chi-squared and Fisher's exact tests were used to compare the PPM and non-PPM groups. The relationship between the preoperative and postoperative mean PG and the EOAi was evaluated using a simple inverse regression analysis, with r-values (Pearson's correlation coefficient). Survival was estimated using Kaplan-Meier analysis and compared using the two-sided log-rank test. The effects of clinical and echocardiographic parameters were assessed using the Cox proportional hazard model. Statistical significance was set at p < 0.05.




RESULTS


Clinical and Pre-procedural Echocardiographic Characteristics

Patients with PPM accounted for 17 (22.1%) of the total 77 patients, which included 15 (19.5%) patients with moderate PPM (EOAi of 0.65 cm2/m2 < and ≤ 0.85 cm2/m2) and 2 (2.6%) patients with severe PPM (which was defined as an EOAi of ≤ 0.65 cm2/m2.) The baseline characteristics of the study patients and the procedural characteristics of TAVI are summarized in Table 1 and Supplementary Table 1. The mean age of the study patients was 82 ± 5 years, and 50.6% of the patients were men. The mean Society of Thoracic Surgeons score was 5%, which indicates an intermediate surgical risk. Balloon-expandable THVs of 23 or 26 mm size were used in most patients. Patients with PPM were younger than patients without PPM, and no significant differences were found in sex between the PPM and non-PPM groups. Although the preoperative functional status in terms of the New York Heart Association (NYHA) functional class was similar between the groups, the post-procedure NYHA functional class tended to be higher in patients with PPM than in those without PPM; however, the difference was not statistically significant. The device size used in the PPM group was smaller than that used in the non-PPM group.


Table 1. Procedural results and baseline characteristics.

[image: Table 1]

Table 2 presents the preoperative echocardiographic findings. The mean LVEF was not significantly different between patients with PPM and those without PPM. The LV end-diastolic volume and LV mass index were smaller in patients with PPM than in those without PPM. Although the peak velocity was higher in patients with PPM (4.8 ± 1.4 m/s vs. 4.1 ± 1.0 m/s, p = 0.030), mean PG and aortic valve area index were not significantly different between the two groups.


Table 2. Preoperative echocardiography characteristics.
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Impact of PPM on Hemodynamics at Rest and During Exercise

The hemodynamic characteristics at rest and during exercise are summarized in Tables 3, 4 and in Figures 2, 3. The relationship between the mean PG and EOAi was curvilinear, with a correlation coefficient (r) of 0.421 (p < 0.001) at rest and 0.440 (p < 0.001) during exercise (Figure 2). Exercise capacity was slightly higher in patients without PPM than in those with PPM, although the difference was not statistically significant. At rest, patients with PPM demonstrated a higher peak transvalvular velocity and mean PG than patients without PPM (both p ≤ 0.001). Zva and the changes in the mean PG from rest to exercise were significantly greater in patients with PPM than in patients without PPM (Zva: 4.9 ± 1.8 mmHg/ml/m2 vs. 3.6 ± 0.92 mmHg/ml/m2, Δ mean PG: 5.7 ± 3.5 mmHg vs. 2.3 ± 2.8 mmHg, both p ≤ 0.001, Figures 3A,B). Although there were no significant differences in the SPAP and the prevalence of PH at rest between patients with and without PPM, patients with PPM had a higher SPAP and a higher prevalence of exercise-induced PH than patients without PPM (Figure 3C; Table 4).


Table 3. Resting echocardiography data.

[image: Table 3]


Table 4. Exercise stress echocardiography data.

[image: Table 4]


[image: Figure 2]
FIGURE 2. The relationship between the mean PG and EOAi at rest and during exercise. Inverse simple regression analysis of the mean PG and EOAi at rest (r = 0.421; p < 0.001) and during exercise (r = 0.440; p < 0.001). Mean PG, mean transvalvular pressure gradient; EOAi, effective orifice area index.



[image: Figure 3]
FIGURE 3. The changes in the mean PG, Zva and SPAP from rest to exercise. (A) mean PG increase from rest to exercise; (B) Zva increase from rest to exercise; (C) SPAP increase from rest to exercise. The increase in the mean PG and Zva from rest to exercise was greater in patients with PPM than in those without PPM. Patients with PPM had a higher SPAP increase than patients without PPM (57.3 ± 13.8 mmHg vs. 49.7 ± 10.9 mmHg). PPM = prosthesis-patient mismatch; Mean PG, mean transvalvular pressure gradient; Zva, valvulo-arterial impedance; SPAP, systolic pulmonary artery pressure. P-value, PPM vs. non-PPM.


The results of univariate Cox proportional hazard analyses for the prediction of exercise-induced PH are presented in Table 5. Age and preoperative aortic valve area index (AVAi) were associated with exercise-induced PH. PPM was strongly associated with exercise-induced PH. Although there was no significant association between exercise-induced PH and mean PG, Zva, E/e' and blood pressure were associated with exercise-induced PH both at rest and during exercise. The echocardiographic parameters of right-side heart function, such as tricuspid annular plane systolic excursion or tricuspid annular plane systolic excursion/SPAP, were similar in the PPM and non-PPM groups.


Table 5. Univariate models of Cox regression analysis for exercise induced pulmonary hypertension.

[image: Table 5]

The CO at rest was lower in patients with PPM than in patients without PPM, although the difference was not statistically significant during exercise. Figure 4 depicts the relationship between the SPAP and CO at rest and during exercise. According to the diagram, the CO tended to be lower and the SPAP was higher in patients with PPM than in those without PPM both at rest and during exercise. The slopes showed that the ratio of the change in the SPAP and the change in the CO (ΔSPAP/ΔCO) was higher in patients with PPM than in those without PPM, but the difference was not statistically significant (23.9 ± 45.9 vs. 8.9 ± 14.4, p = 0.202).


[image: Figure 4]
FIGURE 4. The relationship between the SPAP and CO at rest and during exercise. The CO tended to be lower and the SPAP was higher in patients with PPM than in those without PPM both at rest and during exercise. The slopes showed that ΔSPAP/ΔCO was higher in patients with PPM than in those without PPM, but the difference was not statistically significant (23.9 ± 45.9 vs. 8.9 ± 14.4, p = 0.202).SPAP = systolic pulmonary artery pressure; CO, cardiac output; PPM, prosthesis-patient mismatch; ΔSPAP/ΔCO, the ratio of the change in SPAP and the change in CO.




Prognostic Impact of PPM

During the 28 ± 10 months follow-up period, 19 patients reported the primary composite endpoint and five patients had the secondary endpoint of heart failure-related hospitalization. Kaplan-Meier survival curves (Figure 5) did not show any significant differences in both primary and secondary endpoints between patients with and without PPM (primary endpoint: log-rank χ2 = 0.210, p = 0.647; secondary endpoints: log-rank χ2 = 0.181, p = 0.671).


[image: Figure 5]
FIGURE 5. The Kaplan-Meier survival curves for all-cause mortality and heart failure-related hospitalization. (A) Primary endpoint (composite outcomes including all-cause mortality, cardiovascular mortality, cardiovascular event, and heart failure-related hospitalization); (B) Secondary endpoint (heart failure-related hospitalization). There were no differences in the primary and secondary endpoints between the PPM and non-PPM groups. PPM, prosthesis-patient mismatch.





DISCUSSION

The major findings of this study are as follows: (1) The EOAi at rest correlated well with the mean PG at rest and during exercise; (2) patients with PPM showed a disproportionate increase in the transvalvular PG, LV afterload, and SPAP during exercise compared with patients without PPM; (3) the prevalence of exercise-induced PH after TAVI was higher in the PPM group than in the non-PPM group, and the improvement of symptoms tended to be poor in the PPM group; and (4) PPM was not associated with all-cause mortality or heart failure-related hospitalization during 2 years in this cohort.


Hemodynamic Changes During Exercise

Some previously published reports (15–17) have addressed the hemodynamic characteristics of various surgical aortic prosthetic valves during exercise. To the best of our knowledge, this is the first study to assess the hemodynamic characteristics of THVs during exercise using ESE. Pibarot (15, 16) reported that PPM is associated with a marked increase in the mean PG and the prevalence of PH, whereas a normal functional prosthetic valve shows a minimal increase in the mean PG. These findings regarding surgical prosthesis were consistent with the major findings of our study that included AS patients after TAVI. O'Sullivan et al. (18) demonstrated that postcapillary PH (left-sided PH) is the most common form of PH among patients with severe symptomatic AS undergoing TAVI. In postcapillary PH, the increased SPAP is mainly thought to be due to the passive backward transmission of an increased LV filling pressure (19, 20). Although the SPAP usually correlates with the CO, our study also found that patients with PPM had a higher SPAP during exercise despite a lower CO than patients without PPM. These findings suggest that the LV afterload during exercise was higher in the PPM group than in the non-PPM group and that the impaired LV diastolic function, increased LV filling and left atrial pressure are causes of disproportionate increase in pulmonary artery pressure. However, no statistically significant difference was noted in the diastolic function parameters, including the E/A ratio in our study. Despite of the fact that the mitral variables the mitral variables of the E/A ratio are the main parameters for evaluating diastolic function, many studies reported there is a weak correlation between the echocardiographic indices of the LV diastolic function and the LV filling pressure in patients with LV hypertrophy (21–23). In addition, the presence of mitral annular calcification reportedly underestimates the e' value (24, 25) in this study, mitral annular calcification was observed in ~30% of the patients, which is considered to be one of the reasons for the lack of difference in the E/e' ratio.



Clinical Impact of PPM

Many studies have documented the negative clinical impact of PPM after surgical aortic valve replacement (SAVR) and TAVI, focusing on clinical outcomes such as survival (3–6, 8, 9), heart failure worsening (8), LV mass regression (5, 6), and valve durability (7). Bleiziffer S (17) reported that the presence of PPM significantly influences the percentage of predicted exercise capacity and impairs the quality of life in patients. Although no statistically significant difference was found in our study in terms of adverse events, the post-procedure NYHA functional class was higher in patients with PPM than in patients without PPM. The transvalvular PG and SPAP were higher in patients with PPM than in patients without PPM, and the prevalence of exercise-induced PH was higher in patients with PPM (Figure 3), which resulted in a higher NYHA functional class. We speculated that an increased hemodynamic burden due to higher gradients in patients with PPM could explain this phenomenon. Another possible explanation is that PPM may limit the increase in the CO (Figure 4). This may, in turn, limit the capacity of cardiac function to match the increasing metabolic demand during exercise.

In our study, there were no differences in the hard endpoints between the PPM and non-PPM groups (Figure 5). The reasons for this possibly include the short follow-up period, elderly patients, and inclusion of exercisable patients only. It is important to estimate the postoperative EOA and predict PPM from preoperative cardiac imaging. In this study, prosthetic valve EOA tended to increase with preoperative annulus area, and each value was similar to the previously reported valve area in the CoreLab analysis (26) (Supplementary Table 1). It is desirable to predict prosthetic valve size and determine the predicted EOA and PPM from preoperative imaging data and select treatment strategy accordingly.

A previous study with a similar follow-up in AS patients after TAVI reported that only severe PPM was associated with prognosis (6, 8). Moreover, Schofer et al. (9) reported that in patients with low LVEF (<40%), severe PPM was associated with increased risk of mortality. In our study, severe PPM was noted in only two patients, and no patient had low LVEF or severe PPM.




LIMITATIONS

This study was performed with a relatively small number of patients. Nonetheless, our findings are new, and important implications were made regarding the behavior of the transcatheter aortic valve during exercise. In this study, only balloon-expandable THV was examined, and the study of hemodynamics during exercise in patients with Self-expandable THVs and comparison with prosthetic valve types is warranted. It is unknown whether ESE performed at 3–6 months after TAVI is valid in terms of the time period for evaluating the impact of PPM on hemodynamics. Most patients in our study were elderly; therefore, it was difficult to perform ESE in such patients after long periods. Some patients, including young and low-risk patients, in previous studies (17) underwent ESE from 5 to 12 months after SAVR. Further studies are necessary to investigate PPM in post-TAVI patients after longer periods.



CONCLUSION

AS patients with PPM after TAVI showed a disproportionate increase in the transvalvular gradient and SPAP during exercise. In addition, PPM was associated with exercise-induced PH.
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Usefulness of Intra-Aortic Balloon Pump Off Test With Echocardiography for Decision Making in Secondary Ischemic Mitral Regurgitation: A Case Report
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Our patient was a 60-year-old male with myocardial infarction. Urgent percutaneous coronary intervention was performed with intra-aortic balloon pump (IABP) support. Despite successful revascularization, the patient suffered from cardiogenic shock and heart failure. Secondary mitral regurgitation (MR) was mild and seemed unlikely to be the cause of heart failure. However, when IABP was temporarily stopped (IABP-OFF), secondary MR was aggravated; therefore, we decided to perform transcatheter mitral valve repair. Thereafter, only mild residual MR was observed after IABP removal, and hemodynamic stability was achieved. This case presents IABP-OFF test with echocardiography as a useful method to assess secondary MR.

Keywords: mitral regurgitation, heart failure, intra-aortic balloon pump, transcatheter mitral valve repair, echocardiogaphy


INTRODUCTION

A 60-year-old male with a history of hypertension and dyslipidemia was transported to another hospital due to chest pain and loss of consciousness. On admission, electrocardiogram showed ST elevation in leads V 1 ~ 5, II, III, and aVF. Emergency coronary angiography was performed under the diagnosis of ST elevation myocardial infarction. Coronary angiography showed complete occlusion of the left main trunk, it was diagnosed as a culprit lesion and primary PCI was performed under IABP support. Drug eluting stent was placed from the left main trunk to the left anterior descending artery. Upon urgent coronary angiography, acute myocardial infarction of the main trunk of the left coronary artery was diagnosed. Approximately 1 month after the primary PCI, heart failure and cardiogenic shock were observed at the previous hospital. Percutaneous intervention (PCI) was then urgently performed with intra-aortic balloon pumping (IABP) support. The patient was transferred to our hospital with IABP inserted to treat cardiogenic shock and heart failure. We performed IABP on/off test with echocardiography the day after he was transferred to our hospital. Transthoracic echocardiography (TTE) revealed the following: left ventricular ejection fraction (LVEF), 32%; left ventricular end-diastolic volume (LVEDV), 175 mL; left ventricular end-systolic volume (LVESV), 120 mL; and left atrial volume index (LAVi), 55 mL/m2. The severity of secondary mitral regurgitation (MR) was mild to moderate (Figures 1A,B, Supplementary Videos 1, 2) under IABP support, with an effective regurgitant orifice area (EROA) of 0.24 cm2, regurgitant volume (RV) of 16 mL, and vena contracta width (VCW) in two-chamber view of 4.6 mm. The coaptation length of the mitral valve was 2.9 mm, and the mitral annular diameter was 29.6 mm. IABP support was temporarily stopped (IABP-OFF) to assess possible changes in the patient's status. The coaptation length shortened to 1.7 mm, and the mitral annular diameter increased to 32.5 mm. MR significantly worsened with EROA of 0.37 cm2, RV of 29 ml, and VCW of 12.7 mm; this indicated MR aggravation compared to what was observed on IABP-ON (Figures 1C,D, Supplementary Videos 3, 4). The velocity time integral at the left ventricular outflow tract was 8 cm in IABP-ON and 7 cm in IABP-OFF; thus, a decrease in forward cardiac output was evident. Based on these findings, we concluded the need for intervention to secondary MR. We decided to perform mitral valve intervention by a transcatheter edge-to-edge repair with a MitraClip™ (Abbott Vascular,. Abbott Park, IL). The G4-XTW was placed in the A2P2 region, resulting in a reduction of MR to the degree of trivial MR. The hemodynamics, including the left atrial pressure, also improved to be within the tolerance of the mitral valve mean pressure gradient of 3 mm Hg. After transcatheter mitral valve repair with the MitraClip™, only mild residual MR (Figures 1E,F, Supplementary Videos 5, 6) was observed after removal of the IABP, and hemodynamic stability was achieved. Intraprocedural transesophageal echocardiography showed mild secondary MR even after discontinuation of IABP. We inserted a pigtail catheter into the left atrium during MitraClip, and performed the procedure while monitoring the LA pressure (1). The mean LA pressure decreased from 44 to 33 mmHg before and after MitraClip. IABP was removed during the operation. After the MitraClip, heart failure and cardiogenic shock improved, and the patient was discharged 8 days after the MitraClip.


[image: Figure 1]
FIGURE 1. Transthoracic echocardiography with intra-aortic balloon pump (IABP)-ON (A,B) and -OFF (C,D). The apical long-axis view (A,C) and two-chamber view (B,D) show that mitral regurgitation is significantly increased from IABP-ON to IABP-OFF. After intervention with the MitraClip™, secondary MR was significantly decreased (E,F). LV, left ventricle; LA, left atrium.




DISCUSSION

This is a case of acute myocardial infarction complicated by cardiogenic shock, wherein the IABP-OFF test revealed that secondary MR was one of the causes of cardiogenic shock and heart failure. The closure position of the mitral valve leaflet is normally determined by the balance between the closing force from the left ventricular pressure during systole and the tethering force from the chordae tendineae. However, in secondary MR, remodeling of the left ventricle occurs after myocardial infarction, and the valve leaflet shifts posteriorly and/or apically due to myocardial damage around the papillary muscle. This causes valvular apex malfunction, enhanced tethering, and exacerbated MR in patients with dilated left ventricle and decreased left ventricular function (2). Compared with chronic secondary MR, loss of mitral valve coaptation and hemodynamic loading in the acute phase may result in significant secondary MR despite relatively small mitral valve tethering (3). In IABP support, the balloon inflates during diastole to increase diastolic pressure and coronary flow. During systole, the balloon contracts, reducing ventricular afterload, and myocardial oxygen consumption. This effect results in temporary reverse remodeling of the left ventricle, improved mitral coaptation, and decreased MR. Eliaz et al. reported that reduced mitral annulus diameter and increased mitral valve leaflet coaptation were observed in patients with severe MR and with IABP support (4). In this case, IABP-OFF resulted in an expanded mitral annulus diameter, shortened coaptation length, and increased MR. As far as we know, this case is the first case of utility of IABP off-test for decision making of secondary MR. Further studies are needed to investigate the severity assessment of secondary MR using IABP off-test with echocardiography.



CONCLUSIONS

This case shows that the IABP ON-OFF test with transthoracic echocardiography is a non-invasive method that can evaluate the severity of MR and the morphology of the mitral valve in patients with difficulty in weaning from IABP support. It is considered to be a useful method for diagnosing the severity of secondary MR and deciding whether to perform mitral valve intervention.
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Supplementary Video 1. The apical long axis view with intra-aortic balloon pump (IABP)-ON.
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Supplementary Video 3. The apical long axis view with IABP-OFF.
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Supplementary Video 5. The apical long axis view after transcatheter mitral valve repair.

Supplementary Video 6. The two-chamber view after transcatheter mitral valve repair.
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Impact of Valve Size on Paravalvular Leak and Valve Hemodynamics in Patients With Borderline Size Aortic Valve Annulus

Yeela Talmor-Barkan1,2, Ran Kornowski1, Noam Bar2, Jeremy Ben-Shoshan3, Hanna Vaknin-Assa1, Ashraf Hamdan1, Boris Kruchin1, Israel M. Barbash4, Haim Danenberg5, Gidon Y. Perlman5, Maayan Konigstein3, Ariel Finkelstein3, Arie Steinvil3, Ilan Merdler3, Amit Segev4, Alon Barsheshet1 and Pablo Codner1*


1Rabin Medical Center, Sackler Faculty of Medicine, Tel-Aviv University, Tel-Aviv, Israel

2Department of Computer Science and Applied Mathematics, Weizmann Institute of Science, Rehovot, Israel

3Tel-Aviv Medical Center, Sackler Faculty of Medicine, Tel-Aviv University, Tel-Aviv, Israel

4Chaim Sheba Medical Center, Sackler Faculty of Medicine, Tel-Aviv University, Tel Aviv, Israel

5Hadassah Medical Center, Hebrew University, Jerusalem, Israel

Edited by:
Ronak Rajani, Guy's and St Thomas' NHS Foundation Trust, United Kingdom

Reviewed by:
Hiroyuki Kamiya, Asahikawa Medical University, Japan
 Antonio Popolo Rubbio, IRCCS San Donato Polyclinic, Italy

*Correspondence: Pablo Codner, drpablocodner@gmail.com

Specialty section: This article was submitted to Heart Valve Disease, a section of the journal Frontiers in Cardiovascular Medicine

Received: 01 January 2022
 Accepted: 01 February 2022
 Published: 09 March 2022

Citation: Talmor-Barkan Y, Kornowski R, Bar N, Ben-Shoshan J, Vaknin-Assa H, Hamdan A, Kruchin B, Barbash IM, Danenberg H, Perlman GY, Konigstein M, Finkelstein A, Steinvil A, Merdler I, Segev A, Barsheshet A and Codner P (2022) Impact of Valve Size on Paravalvular Leak and Valve Hemodynamics in Patients With Borderline Size Aortic Valve Annulus. Front. Cardiovasc. Med. 9:847259. doi: 10.3389/fcvm.2022.847259



Background: Transcatheter heart valve (THV) selection for transcatheter aortic valve implantation (TAVI) is crucial to achieve procedural success. Borderline aortic annulus size (BAAS), which allows a choice between two consecutive valve sizes, is a common challenge during device selection. In the present study, we evaluated TAVI outcomes in patients with BAAS according to THV size selection.

Methods: We performed a retrospective study including patients with severe aortic stenosis (AS) and BAAS, measured by multi-detector computed tomography (MDCT), undergoing TAVI with self-expandable (SE) or balloon-expandable (BE) THV from the Israeli multi-center TAVI registry. The aim was to evaluate outcomes of TAVI, mainly paravalvular leak (PVL) and valve hemodynamics, in patients with BAAS (based on MDCT) according to THV sizing selection in between 2 valve sizes. In addition, to investigate the benefit of shifting between different THV types (BE and SE) to avoid valve size selection in BAAS.

Results: Out of 2,352 patients with MDCT measurements, 598 patients with BAAS as defined for at least one THV type were included in the study. In BAAS patients treated with SE-THV, larger THV selection was associated with lower rate of PVL, compared to smaller THV (45.3 vs. 64.5%; pv = 0.0038). Regarding BE-THV, larger valve selection was associated with lower post-procedural transvalvular gradients compared to smaller THV (mean gradient: 9.9 ± 3.7 vs. 12.5 ± 7.2 mmHg; p = 0.019). Of note, rates of mortality, left bundle branch block, permanent pacemaker implantation, stroke, annular rupture, and/or coronary occlusion did not differ between groups.

Conclusion: BAAS is common among patients undergoing TAVI. Selection of a larger THV in these patients is associated with lower rates of PVL and optimized THV hemodynamics with no effect on procedural complications. Additionally, shift from borderline THV to non-borderline THV modified both THV hemodynamics and post-dilatation rates.

Keywords: borderline aortic annulus, transcatheter aortic valve implantation, paravalvular leak, valve hemodynamics, multi-detector computed tomography


INTRODUCTION

Aortic valve stenosis (AS) is the most common valvular heart disease among elderly (1). Transcatheter aortic valve implantation (TAVI) has become an established and effective therapeutic procedure for symptomatic patients with severe AS regardless of procedural risk (2, 3), and recently is offered to a younger and lower risk population. These changes in TAVI candidates emphasize the need for optimal transcatheter heart valve (THV) implantation to achieve procedural success and prolonged durability. The selection of an appropriately sized THV is a crucial component of the TAVI procedure. Valve undersizing may lead to paravalvular leak (PVL), valve embolization and poor hemodynamics. Oversizing may result in coronary occlusion, atrioventricular block, mitral valve injury, periaortic hematoma, septal or annular rupture (4).

Multi-detector computed tomography (MDCT) is the gold standard method for pre-procedural planning and annular sizing of both balloon-expandable (BE) and self-expanding (SE) THV (5). THVs are currently available in a limited number of sizes and the manufacturer's sizing guidelines allow for a gray area with considerable overlap, where patients with borderline aortic annulus size (BAAS) may be candidates for either of the two suitable THV sizes (smaller or larger). Recently, study from the PARTNER 3 (Placement of Aortic Transcatheter Valves 3) trial demonstrated that in selected patients with annular dimensions in between 2 valve sizes, the larger THV device oversized to both the annular area and perimeter reduced PVL and optimized THV hemodynamics (6). Meanwhile, BAAS remains a common challenge during device size selection and the most effective THV selection strategy for these patients remains unclear.

The aim of the present study was to evaluate outcomes of TAVI, mainly PVL and valve hemodynamics, in patients with BAAS (based on MDCT) according to THV sizing selection in between 2 valve sizes. In addition, to investigate the benefit of shifting between different THV types (BE and SE) to avoid valve size selection in BAAS.



METHODS


Study Design and Methodology

We performed a retrospective analysis from the Israeli multi-center TAVI registry, including patients with severe symptomatic AS and BAAS, measured by MDCT, undergoing TAVI with SE-THV (CoreValve, Evolut R and Evolut PRO) or BE-THV (Sapien XT, Sapien 3) during the years 2015–2019, at 1 of 4 tertiary centers in Israel: Rabin Medical Center, Sheba Medical Center, Tel-Aviv Sourasky Medical Center, and Hadassah Medical Center. The study was approved by the institutional review board of each of the participating centers.

Eligibility for TAVI was established after a multi-disciplinary approach as indicated by the current recommendations. The preoperative workout included MDCT scan to plan the most appropriate route of intervention and to establish the aortic size and dimensions. Aortic sizing and valve measurements were performed by the local team in each center. All centers adopted a transfemoral-first approach policy; other vascular accesses (trans-apical, trans-subclavian, etc.) were considered in cases in which the transfemoral access was not feasible. According to the local policy, TAVIs were performed under local or general anesthesia. The selection of prosthesis type and size was at the discretion of the treating physicians at each center. Pre-specified clinical and laboratory data were collected for all patients at baseline before the procedure, immediately after the procedure, during the index hospitalization, and during long-term follow-up. Collected data included medical history, electrocardiogram, echocardiography studies, MDCT measurements, laboratory tests, and clinical outcomes. Outcomes were collected according to the Valve Academic Research Consortium (VARC) 2 consensus document (7).

BAAS was defined based on THV manufacturer sizing instructions; size cut-off ±1 mm for SE-THV (62.8 ± 1 mm for valve size of 23 vs. 26; 72.3 ± 1 for 26 vs. 29; 81.7 ± 1 for 29 vs. 34 mm) and borderline range for BE-THV (330–350 mm2 for valve size of 20 vs. 23 mm; 420–440 mm2 for 23 vs. 26 mm; 530–560 mm2 for 26 vs. 29 mm) (Figure 1) (8). Patients who underwent valve in valve or valve in ring procedures were excluded from the study.


[image: Figure 1]
FIGURE 1. Valve selection in BAAS patients. BE, balloon-expandable; SE, self-expandable; THV, transcatheter heart valve; BAAS, borderline aortic annulus size; PVL, paravalvular leak.




Study Devices

The Evolut R SE valve is constituted by a nitinol frame mounting three porcine pericardial leaflets. The valve is repositionable, partially recapturable, and it is deliverable using a dedicated delivery system 14/16-Fr compatible depending on valve size. The Evolut PRO device represents an evolution of its predecessor and features a porcine pericardial outer wrap that contributes to reduce the risk of residual PVL. Evolut R covers a wide range of sizes and is available in 23, 26, 29, and 34 mm sizes (9); the PRO valve is available in 23, 26, and 29 mm sizes (10).

The Sapien XT/3 BE valve incorporates a cobalt chromium stent that mounts bovine pericardial leaflets. Sapien 3, has both an inner and an outer polyethylene terephthalate fabric seal to minimize the risk of paravalvular leaks. The delivery system has an active 3-dimensional coaxial positioning catheter and a 16-Fr expandable sheath (11).



Statistical Methods

Continuous variables were expressed as mean ± standard deviation and as median and interquartile range (IQR) and compared using Mann-Whitney test. Categorical variables were compared using Chi-square or Fisher's exact tests as needed. All analyses were conducted using Python version 3.5, p < 0.05 was considered statistically significant.




RESULTS

Out of 2,352 patients following implantation of SE-THV (CoreValve, Evolut R and Evolut PRO) or BE-THV (Sapien XT, Sapien 3) with pre-procedural MDCT measurements, 124 were excluded due to valve in valve, valve in ring, or mitral valve interventions. Additional 38 patients with BAAS and an annulus area of 330–350 mm2 who were implanted with BE-THV were excluded from the analysis since the smaller valve size of 20 mm was not implanted. Eventually, 598 patients with BAAS as defined for at least one THV type, 309 for SE-THV, 248 for BE-THV and 41 patients for both devices were included in the analysis. Of them, 367 (61.4%) patients were implanted with borderline valves, while all others were implanted with non-borderline valves due to shift from SE-THV to BE-THV, or vice versa. The SE-THV group included 93 patients implanted with smaller valves, and 150 patients implanted with larger valves. In the BE-THV group, 22 patients were implanted with smaller valves, and 102 patients with larger valves (Figure 2).


[image: Figure 2]
FIGURE 2. Flow chart for study cohort. BE, balloon-expandable; SE, self-expandable; THV, transcatheter heart valve, BAAS, borderline aortic annulus size.


In BAAS patients implanted with SE-THV, the baseline clinical characteristics of both groups (smaller and larger valves) did not differ, except for the New York Heart Association (NYHA) functional class (Table 1A). In addition, no significant differences were observed in imaging (echocardiography and MDCT) measurements (Table 2A). In BAAS patients implanted with BE-THV, differences were noted in left ventricular function (Table 2B). Other measured baseline clinical and imaging characteristics did not differ between smaller and larger valves implantation (Tables 1B, 2B).


Table 1A. Baseline clinical characteristics of patients with BAAS for SE-THV, implanted with SE or non-borderline BE-THV.
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Table 1B. Baseline clinical characteristics of patients with BAAS for BE-THV, implanted with BE or non-borderline SE-THV.
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Baseline clinical and imaging characteristics of patients with borderline annulus for SE devices implanted with borderline large SE-THV or non-borderline BE-THV did not differ, except for aortic valve mean pressure gradient (Table 2A). Comparison between non-borderline SE-THV implantation to large BE-borderline valves implantation in patients with borderline annulus for BE devices showed more females and higher Society of Thoracic Surgeons (STS) score in patients implanted with non-borderline SE-THV compared to large BE-borderline valves (Table 1B). In addition, in patients implanted with non-borderline SE-THV the left main (LM) and right coronary artery (RCA) heights were shorter compared with patients implanted with larger BE-borderline valves (Table 2B).


Table 2A. Baseline echocardiography and MDCT characteristics of patients with BAAS for SE-THV implanted with SE or non-borderline BE-THV.
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Table 2B. Baseline echocardiography and MDCT characteristics of patients with BAAS for BE-THV implanted with BE or non-borderline SE-THV.
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In the present cohort, favorable outcomes were observed while using larger valves in BAAS patients. For SE-THV, selection of larger valves compared to smaller valves was accompanied with significantly lower rates of PVL measured by both echocardiography (none: 54.6 vs. 35.5%, mild: 36 vs. 54.8%, mild to moderate: 7.3 vs. 6.4%, moderate: 2 vs. 2.1%, moderate to severe: 0 vs. 1%; pv = 0.0282; Figure 3; Table 3) and angiography (none: 85.3 vs. 68.8%, mild: 13.3 vs. 27.9%, moderate: 1.3 vs. 3.2%; pv = 0.0088; Table 3) and a trend toward lower gradients across the THV (7.9 ± 5.4 vs. 10.2 ± 10.8; pv = 0.083; Figure 4; Table 3); for BE-THV, selection of larger valves compared to smaller valves resulted in better hemodynamics with lower gradients across the THV (9.9 ± 3.7 vs. 12.5 ± 7.2; pv = 0.019; Figure 4; Table 3). In BE-THV no significant differences were demonstrated in PVL rates while comparing larger to smaller valves implantation in BAAS patients (Figure 2; Table 3). Selection of larger valves (either SE or BE) in BAAS patients did not change the rate of post-dilatation as well as adverse clinical outcomes such as new left bundle branch block (LBBB), rate of new pacemaker implantation, stroke or transient ischemic attack (TIA), annular rupture, coronary occlusion, or mortality (Table 3).


[image: Figure 3]
FIGURE 3. Incidence of paravalvular leak in patients with BAAS. BE, balloon-expandable; SE, self-expandable; THV, transcatheter heart valve; BAAS, borderline aortic annulus size; PVL, paravalvular leak.



Table 3. Comparison of procedural and post-procedural outcomes between BAAS patients implanted with smaller vs. larger valves (SE or BE).
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[image: Figure 4]
FIGURE 4. Transcatheter heart valve hemodynamics in patients with BAAS. AV, aortic valve; BE, balloon-expandable; SE, self-expandable; THV, transcatheter heart valve, BAAS, borderline aortic annulus size.


Shift from large borderline SE-THV to non-borderline BE-THV was associated with higher gradients across the THV (7.98.5 ± 5.46.3 vs. 12.11 ± 4.53; pv <0.0001; Figure 4; Table 4); However, lower rates of post-dilatation were observed (38 vs. 12.8%; pv = 0.0001; Table 4), but without significant differences in PVL rates (Table 4). In a subgroup of patients who didn't undergo post-dilatation the PVL rates also did not differ (Table 4). Shift from large borderline BE-THV to non-borderline SE-THV resulted in lower gradients (9.9 ± 3.7 vs. 7.8 ± 3.5, pv <0.001; Figure 4; Table 4), and increased rates of post-dilatation (7.8 vs. 35.4%, pv <0.001; Table 4) with a trend toward increased overall PVL rated per echocardiography (33 vs. 45.8%, pv = 0.08; Table 4). In a subgroup of patients who didn't undergo post-dilation the PVL rates were increased in non-borderline SE-THV compared to large borderline BE-THV (none: 35.8 vs. 72%, mild: 51.2 vs. 25.8%, mild to moderate: 10.2 vs. 3.37%, moderate: 3 vs. 0%, pv = 0.001; Table 4).


Table 4. Comparison of procedural and post-procedural outcomes between patients implanted with large borderline-SE vs. non-borderline-BE devices; or large borderline-BE vs. non-borderline-SE devices.
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DISCUSSION

Borderline annulus size (annular dimensions in between 2 valve sizes) is common among patients undergoing TAVI, however, the most effective THV selection strategy for these patients remains unclear. The present study of 598 patients with severe symptomatic AS undergoing TAVI based on the ISRAELI-TAVI registry is the largest observational study to date comparing clinical outcomes according to size selection of SE-THV and BE-THV in patients with BAAS. The main findings of our study (Figure 1) are as follows:

• In patients with BAAS, the larger THV device reduced PVL rates and optimized THV hemodynamics.

• Selection of a larger valve in BAAS patients did not increase adverse clinical outcomes such as new LBBB, rate of new pacemaker implantation, stroke or TIA, annular rupture, coronary occlusion or mortality.

• Shift from borderline THV to non-borderline THV modified THV hemodynamics and post dilatation rates. Shift from borderline SE-THV to non-borderline BE-THV was associated with lower post dilatation rates, but with higher gradients. Shift from borderline BE-THV to non-borderline SE-THV led to optimized THV hemodynamics, but with increased post-dilatation rates; In addition, in a subgroup of patients in whom post-dilatation was not performed, increased PVL rates were observed.

Large size THV implantation was previously shown to be associated with favorable hemodynamics and lower PVL rate, both are important determinants of clinical outcomes in AS patients following TAVI (4, 12). In fact, evidence shows deleterious prognostic effects even with mild residual PVL after TAVI, including increased mortality (13, 14). In addition, higher post-TAVI transaortic gradients are associated with decreased THV long-term durability (15). The advantages of implanting larger, over smaller, devices were indeed reflected in our cohort of BAAS patients by reduced PVL rates and optimized THV hemodynamics. These findings are particularly important in the current era, in which younger and relatively healthier patients are being treated with TAVI and in whom the durability of the device is extremely important to minimize the need for future reintervention. Importantly, the use of a larger THV in BAAS patients was not associated with increased adverse outcomes commonly encountered with large prostheses, such as conduction disturbances, annular rupture and coronary occlusion (16, 17). Given the above results, the present study strengthens recent results from the PARTNER 3 trial (6) and advocates the selection of a large THV for BAAS patients undergoing TAVI with either SE or BE prostheses.

In our cohort of BAAS patients, 93% of cases were defined as BAAS for one device only (i.e., either BE or SE). In these patients, it is thus conceivable to apply a strategy of selecting the non-borderline device whenever possible. In fact, non-borderline devices were selected over borderline devices in 38.6% of patients in our cohort. We found that selection of non-borderline SE-THV over borderline BE-THV led to lower gradients. On the other hand, selection of non-borderline BE-THV over borderline SE-THV was associated with lower rates of post-dilatation, but at the cost of increased gradients. This trade-off between PVL and higher gradients was repeatedly described in comparative studies between BE and SE devices both in tricuspid and bicuspid AS patients (18, 19). These changes were mainly attributed to THV mechanical characteristics, such as annular/supra-annular valve position, radial forces, and the presence of outer skirt (15). Therefore, our findings point out that similar considerations taken while selecting THV type for non-BAAS patients (including calcifications, coronary height, sinus of valsalva dimensions), should be applied also in BAAS patients.

We acknowledge several limitations of our study. The main limitation is the observational nature of the study. Therefore, undocumented factors, such as sinus of valsalva diameter or calcium score, may have affected device selection. In addition, potential impact of unknown or unmeasured confounding factors on study outcomes cannot be excluded. The low number of patients implanted with smaller BE-valve may affect the significance of the results and even necessitated the exclusion of patients with annulus measurements of 330–350 mm2 from the analysis. BE-TVH over or under-sizing by over or under-inflation of the valve balloon in order to fine tune the valve dimensions was not registered and might have affected in-situ valve size. Nevertheless, the practice of over/under-inflation in the four centers was according to a known algorithm proposed by the company.

The results of the present study support, for both devices (BE and SE), the selection of larger valves for TAVI candidates with BAAS. Shifting from borderline devices to non-borderline devices resulted in significant changes in post-dilatation, PVL, and gradients across the THV. Therefore, our findings point out that the same consideration taken while selecting THV type for non-BAAS patients, should be applied in BAAS patients, and whenever a borderline device is selected the larger valve device should be recommended.



CONCLUSIONS

The results of the present study support, for both devices (BE and SE), the selection of larger valves for TAVI candidates with BAAS. Shifting from borderline devices to non-borderline devices resulted in significant changes in PVL and THV hemodynamics. Therefore, our findings point out that the same consideration taken while selecting THV type for non-BAAS patients, should be applied in BAAS patients, and whenever a borderline device is selected the larger valve device is recommended.
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More than half of patients with severe aortic stenosis (AS) over 70 years old have coronary artery disease (CAD). Exertional angina is often present in AS-patients, even in the absence of significant CAD, as a result of oxygen supply/demand mismatch and exercise-induced myocardial ischemia. Moreover, persistent myocardial ischemia leads to extensive myocardial fibrosis and subsequent coronary microvascular dysfunction (CMD) which is defined as reduced coronary vasodilatory capacity below ischemic threshold. Therefore, angina, as well as noninvasive stress tests, have a low specificity and positive predictive value (PPV) for the assessment of epicardial coronary stenosis severity in AS-patients. Moreover, in symptomatic patients with severe AS exercise testing is even contraindicated. Given the limitations of noninvasive stress tests, coronary angiography remains the standard examination for determining the presence and severity of CAD in AS-patients, although angiography alone has poor accuracy in the evaluation of its functional severity. To overcome this limitation, the well-established invasive indices for the assessment of coronary stenosis severity, such as fractional flow reserve (FFR) and instantaneous wave-free ratio (iFR), are now in focus, especially in the contemporary era with the rapid increment of transcatheter aortic valve replacement (TAVR) for the treatment of AS-patients. TAVR induces an immediate decrease in hyperemic microcirculatory resistance and a concomitant increase in hyperemic flow velocity, whereas resting coronary hemodynamics remain unaltered. These findings suggest that FFR may underestimate coronary stenosis severity in AS-patients, whereas iFR as the non-hyperemic index is independent of the AS severity. However, because resting coronary hemodynamics do not improve immediately after TAVR, the coronary vasodilatory capacity in AS-patients treated by TAVR remain impaired, and thus the iFR may overestimate coronary stenosis severity in these patients. The optimal method for evaluating myocardial ischemia in patients with AS and co-existing CAD has not yet been fully established, and this important issue is under further investigation. This review is focused on challenges, limitations, and future perspectives in the functional assessment of coronary stenosis severity in these patients, bearing in mind the complexity of coronary physiology in the presence of this valvular heart disease.
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INTRODUCTION

Degenerative aortic stenosis (AS) is the most common valvular heart disease in both western and developed countries, affecting mainly individuals older than 60 years (1–4). Co-existing coronary artery disease (CAD) is present in more than 50% of patients with severe AS over 70 years of age and in more than 65% of patients with severe AS over 80 years of age (2, 3, 5). Both conditions are strongly associated with age and risk factors for degenerative AS are similar to those seen in atherosclerosis including male sex, smoking, hypertension, diabetes, low-density lipoprotein (LDL) cholesterol, and C-reactive protein (2, 4–6). According to current guidelines of the European Society of Cardiology (ESC) and of the American College of Cardiology/American Heart Association (ACC/AHA), coronary artery bypass grafting (CABG) is recommended (class I, level of evidence C) in addition to surgical aortic valve replacement (SAVR) during the same surgical procedure in patients with a severe symptomatic AS and concomitant coronary stenosis ≥70% diameter stenosis (DS) or ≥50% DS in case of left main (LM) stenosis, whereas CABG should be considered in AS-patients with concomitant stenosis ≥50–70% DS in non-LM coronary arteries (class IIa, level of evidence C) (7–9). Two large studies demonstrated that significant CAD which was not revascularized at the time of SAVR was associated with increased risk of adverse short- and long-term outcomes (10–12). In contrast, several surgical nonrandomized studies identified concomitant CABG as an independent predictor of short and long-term mortality among patients undergoing SAVR, especially in elderly patients above 80 years old (5, 10, 13–19). Accordingly, over the last decade, transcatheter aortic valve replacement (TAVR) has been established as the treatment of choice for patients with severe symptomatic AS who are deemed inoperable or at high-risk for SAVR. These high-risk AS-patients are frequently elderly with different comorbidities beyond CAD, such as chronic kidney disease, diabetes, hypertension, or impaired left ventricle (LV) systolic and/or diastolic function (5). Thus, the prevalence of CAD is extremely high in this patient population, ranging up to 75% (5). In recent years, published large randomized trials and meta-analyses demonstrated non-inferiority and even superiority concerning major adverse cardiac events (MACE) favoring TAVR over SAVR across the spectrum of AS-patients, irrespective of baseline surgical risk (20–24). In addition, recently presented the Aortic Valve ReplAcemenT vs. Conservative Treatment in Asymptomatic SeveRe Aortic Stenosis (AVATAR) randomized trial demonstrated benefit of early SAVR in asymptomatic patients with severe AS and normal LV ejection fraction (25). Expert consensus opinion (class IIa, level of evidence C) highlights that percutaneous coronary intervention (PCI) should be considered in AS-patients with a primary indication to undergo TAVR who have stenosis of at least 70% DS in the proximal segments of epicardial coronary arteries that subtend a large area of myocardium at risk (7, 10). This has been recently challenged with the results from the Assessing the Effects of Stenting in Significant Coronary Artery Disease Prior to Transcatheter Aortic Valve Implantation (ACTIVATION) trial (26). Obviously, the optimal management of AS-patients with concomitant CAD in patients undergoing TAVR remains controversial due to the heterogeneity of available data, and the clinical relevance of PCI performed before or immediately after TAVR remains to be determined (2, 5, 27–29). Yet, the purpose of this review is to focus on challenges, limitations, and future perspectives in the functional assessment of coronary artery stenosis in patients with AS, bearing in mind the complexity of coronary physiology in the presence of this valvular heart disease.



CORONARY ARTERY DISEASE ASSESSMENT IN PATIENTS WITH AORTIC STENOSIS

Exertional angina is the most common presenting symptom in patients with obstructive CAD (2, 4, 6). However, angina is also often present in patients with severe AS, even in the absence of obstructive CAD, as LV oxygen demand exceeds supply (2, 4, 6). The presence of AS increases LV afterload and wall stress resulting in concentric LV hypertrophy as a compensatory mechanism to normalize LV wall stress and maintain LV systolic function (30). Consequently, cardiac output in most of these patients is preserved for many years despite an elevated LV afterload. Hence, the LV oxygen demand is increased by LV afterload, LV hypertrophy, inotropic state and prolonged systolic ejection phase, particularly in the LV subendocardium (2, 4, 6, 30). In such condition, resting coronary blood flow is sustained due to vasodilation of intramyocardial arterioles induced by autoregulation phenomenon. However, coronary blood flow is a significantly diminished during exercise or tachycardia which is usually documented by reduced coronary flow reserve (CFR) during adenosine-induced maximal hyperemia (2, 4, 6, 30). There are 3 possible mechanisms for impaired CFR during exercise or tachycardia in AS-patients with LV hypertrophy: (1) reduced diastolic filling time with subsequent low coronary perfusion pressure; (2) elevated LV diastolic filling pressure with subsequent compression of the LV endocardium and subendocardial hypoperfusion; and (3) arteriolar remodeling, perivascular fibrosis and relative decline in myocardial capillary density as a consequence of prolonged LV hypertrophy (2, 4, 6, 30–33). These mechanisms are responsible for the diminished LV oxygen supply in these patients, especially during exercise or tachycardia (2, 4, 6, 30–33). As a result of concomitant increased LV oxygen demand and diminished LV oxygen supply, exercise-induced myocardial ischemia and exertional angina may occur. Moreover, persistent myocardial ischemia leads to extensive myocardial fibrosis and subsequent coronary microvascular dysfunction (CMD) which is defined as reduced coronary vasodilatory capacity below ischemic threshold (2, 4, 6). Therefore, angina, as well as non-invasive stress tests, have a low specificity and positive predictive value (PPV) for the assessment of epicardial coronary stenosis severity in AS-patients (2, 4, 6). A case in point, approximately 20% of patients with severe AS and non-ischemic exercise-testing have significant CAD at subsequent coronary angiography defined as the visually assessed coronary stenosis >70% DS or 50–70% DS with fractional flow reserve (FFR) ≤ 0.80 (34).

In patients with severe AS, the conventional exercise-stress test and thallium-201 exercise-scintigraphy are generally found to be inaccurate with low specificity for CAD assessment since clinical symptoms and baseline ECG abnormalities are neither specific nor sensitive (35–41). Exercise-induced myocardial ischemia may occur in these patients, even in the absence of CAD (35–41). While exercise-stress testing is contraindicated for symptomatic patients with severe AS, it has clinical relevance for identifying those asymptomatic AS-patients who are at high-risk of poor prognosis (8, 9, 35–41). Pharmacological stress tests such as single photon emission computed tomography (SPECT), positron emission tomography (PET) or cardiac magnetic resonance (CMR) with different vasodilators (adenosine, dipyridamole or regadenoson) have been shown to be a valuable alternative to exercise-stress testing for the CAD assessment in these patients (35–41). These pharmacological tests were found to be safer and more accurate for identifying functionally significant CAD compared to exercise-stress testing in AS-patients (35–41). However, due to its limited specificity and PPV, a more sophisticated diagnostic tools were developed for assessing the coronary stenosis severity in these patients. Given the limitations of noninvasive stress tests, invasive coronary angiography remains the standard examination for determining the presence and severity of CAD in AS-patients, although angiography alone has poor accuracy in the evaluation of its functional severity (5, 6, 28). Current ESC and ACC/AHA guidelines for the management of patients with valvular heart disease recommend coronary angiography before aortic valve replacement (AVR) in symptomatic men and premenopausal women with at least one CAD risk factor >35 years old, in all asymptomatic men >45 years old and in all women >55 years old (8, 9).

Several studies suggest that coronary computed tomography angiography (CCTA) is a reasonable alternative to invasive coronary angiography for assessing CAD before AVR in AS-patients who have a low probability of CAD or in whom invasive coronary angiography is technically not feasible or associated with a high-risk (8–12, 19, 42–57). Compared with invasive coronary angiography, it has been shown that electrocardiogram-gated CCTA has high sensitivity and negative predictive value (Sn: 89–100%; NPV: 91–100%), but low specificity and positive predictive value (Sp: 37–99%; PPV: 8–85%) in detecting angiographically significant coronary stenosis defined as >50% DS (8–12, 19, 42–57). Consequently, CTCA may be useful in excluding angiographically significant stenosis among patients at a low-risk of atherosclerosis (8–12, 19, 42–57). Chieffo et al. demonstrated that using CCTA for CAD screening prior to TAVR reduces the need for invasive coronary angiography by approximately 80%, potentially lowering both overall cost and length of hospitalization without increasing the risk of ischemic cardiovascular events (57). Invasive coronary angiography may therefore be performed when CCTA is contraindicated, fails to assess coronary anatomy, or reveals an angiographically significant proximal coronary artery lesion (8–12, 19, 42–58). However, CCTA alone cannot assess the functional significance of coronary stenosis because it provides only anatomical information about the presence and extent of CAD, and can overestimate stenosis severity, especially in the presence of high calcium scores (59–64). Recently, FFR derived from CCTA (FFRct) has developed as the novel noninvasive method that provides both anatomical and functional evaluation of CAD (59–64). It has been shown that FFRct has high sensitivity and negative predictive value (Sn: 74–88%; NPV: 90–92%), but low specificity and positive predictive value (Sp: 60–82%; PPV: 41–74%) to identify functionally significant coronary stenosis defined as FFR ≤ 0.80 (59–64). In the Computed Tomography-Derived Fractional Flow Reserve in Patients with Severe Aortic Stenosis (CAST-FFR) study similar diagnostic accuracy were observed among patients with severe AS and co-existing CAD in pre-TAVR settings (65). These findings suggest that noninvasively measured FFRct before TAVR may accurately and safely exclude ischemia-driven coronary lesion and reduce the need for invasive coronary angiography in AS-patients (57–65). Further studies are required to determine the clinical utility of FFRct regarding pre-TAVR diagnostic accuracy and outcomes at longer follow-up in these patients.



PATHOPHYSIOLOGICAL MECHANISMS OF EXERTIONAL ANGINA IN THE PRESENCE OF AORTIC STENOSIS

Developing exertional angina dramatically worsens the prognosis of patients with AS, which is why AVR is highly indicated in these patients (8, 9, 66–69). Several studies demonstrated that impaired myocardial and/or coronary flow reserve, defined as the maximal hyperemic to resting myocardial or coronary blood flow ratio, is a key mechanism for developing exertional angina in patients with severe AS without obstructive CAD (67–77). Importantly, coronary microvascular function is additionally impaired is patients who have AS and concomitant diabetes, which is a common finding (78, 79). Using adenosine-stress cardiac magnetic resonance (CMR) imaging, Ahn et al. showed that the semiquantitative myocardial perfusion reserve index (MPRI) was significantly lower in the group of symptomatic patients with severe AS and angiographically normal coronary arteries compared to the group of asymptomatic AS-patients, as well as compared to the normal control group (67). Similar findings were observed in other studies evaluating both noninvasive and invasive myocardial and/or coronary flow reserve during adenosine-induced maximal hyperemia (68–77). Likewise, microcirculatory resistance in these patients was significantly higher during maximal hyperemia but significantly lower under baseline conditions in comparison to the control group (68–77). Of note, several previously published studies also noted that myocardial and/or coronary blood flow during hyperemia was markedly reduced in AS-patients who also had LV hypertrophy in comparison to normal subjects, but not at rest (67–77, 80). These findings implicate that the vasodilatory capacity of intramyocardial arterioles in severe AS-patients with LV hypertrophy but without CAD is already exhausted by the autoregulation phenomenon to maintain resting coronary blood flow in response to increased LV mass and LV oxygen demand, and therefore, the vasodilatory effect of adenosine on microcirculatory resistance is limited during maximal hyperemia (67–77, 80). Hence, a significantly reduced coronary vasodilatory capacity during exercise or stress testing may occur in severe AS-patients even in the absence of CMD, as a result of the increased resting perfusion associated with LV hypertrophy and high-pressure LV overload rather than reduced perfusion during testing (81).

Furthermore, Steadman et al. using adenosine-stress CMR imaging with late-gadolinium enhancement (LGE) identified LV hypertrophy and myocardial fibrosis, rather than the AS severity, as the major determinants of impaired myocardial perfusion reserve (MPR) in symptomatic patients with severe AS (80). Similar findings were observed in the study by Zhou et al. (82). Additionally, MPR was the only independent predictor of reduced aerobic exercise capacity (peak VO2) during cardiopulmonary exercise testing in these patients, whereas echocardiographic and CMR measures of the AS severity were not (80). It is well known that the development of LV hypertrophy in AS-patients is an adaptive and compensatory physiological response to reduce LV wall stress and preserve cardiac output (76, 80). However, LV remodeling is associated with arteriolar remodeling, perivascular fibrosis, and capillary rarefaction, which result in the development of myocardial fibrosis and subsequent CMD at a later stage of the disease (67, 76, 80, 83). Contrary to the previous study, Rajappan et al. found that both hyperemic diastolic filling time and AS severity were more important determinants of MPR in severe AS-patients without CAD compared to LV hypertrophy (76). This study revealed that reduced hyperemic diastolic filling time during stress testing in these patients, which was directly associated with the AS severity quantified as the aortic valve area <1.0 cm2, leads to impaired myocardial blood flow in LV subendocardium and subsequent decrease in the subendocardial-to-subepicardial perfusion ratio (76). This inconsistency with previously mentioned studies might be due to a small number of AS-patients (only 20) included in the Rajappan study who were predominantly asymptomatic. Therefore, in patients with severe AS and normal coronary arteries, the impaired subendocardial-to-subepicardial perfusion ratio with an absolute reduction in subendocardial perfusion below the ischemic threshold may occur during exercise or stress testing which simultaneously reduces diastolic filling time and increases LV pressures due to tachycardia and increased LV oxygen demand (81, 82). Additionally, it has been noted that only 60% of symptomatic patients with isolated AS had CMR-quantified MPRI values below the ischemic threshold, and vice-versa, that 60% of those who were asymptomatic had MPRI values above the same threshold (67, 81). Based on these findings, the impaired myocardial and/or coronary flow reserve as the primary cause of myocardial ischemia and exertional angina in AS-patients without CAD may occur not only due to the presence of CMD but also due to different hemodynamic conditions that mainly affects diastolic filling time and diastolic perfusion at subendocardial level (81). Therefore, CMD is not equivalent to a reduced myocardial and/or coronary flow reserve in these patients and is characterized by reduced myocardial perfusion throughout the LV wall (transmural myocardial perfusion) without a subendocardial-to-subepicardial perfusion gradient (81). Invasive measurements of microcirculatory resistance index (IMR) by thermodilution technique (with dual-sensor [pressure and temperature] wire) or hyperemic microcirculatory resistance (HMR) with dual-sensor (Doppler and pressure) wire are the methods of choice for the assessment of CMD (81, 84–88). However, IMR and HMR cannot distinguish the presence of CMD from other hemodynamic disorders that result in subendocardial hypoperfusion and ischemia. For this reason, several authors suggest CMR or PET imaging in AS-patients as a noninvasive diagnostic tool for measuring separately absolute subepicardial and subendocardial perfusion and their ratio (81, 84, 89–94).

Moreover, MPR assessed by PET imaging has been found to further decrease with worsening degrees of LV remodeling and the occurrence of systolic LV dysfunction (82). The study also showed that the annual incidence of major adverse cardiac events (MACE) including death, nonfatal myocardial infarction, hospitalization for heart failure or AVR was significantly higher in the group of AS-patients with impaired MPR regardless of their systolic LV functional status, whereas among patients with normal systolic LV function, those with impaired MPR had a significantly higher rate of MACE (82). In the PRognostic Importance of MIcrovascular Dysfunction in Aortic Stenosis (PRIMID-AS) Study, reduced MPR was found to be an independent predictor of symptom onset in initially asymptomatic patients with moderate-to-severe AS (41). The echocardiographically derived impaired coronary flow reserve (CFR) was also shown to be an independent predictor of adverse outcomes in patients with severe AS and nonobstructive epicardial coronary stenosis (95). The above cited studies suggest that reduced coronary vasodilatory capacity should be used not only as a risk-marker, but also could be used as an early sign of pathologic LV remodeling in AS-patients which indicates subendocardial ischemia at an early stage of the disease (82). Previous findings indicate that subendocardial ischemia is a result of synergistic interaction between increased intracavitary LV pressure and systolic extravascular compression, reduced diastolic filling time, low coronary perfusion pressure, and impaired coronary vasodilatory capacity (82). Likewise, the presence of CMD as a consequence of extensive myocardial fibrosis at an advanced stage of AS is considered to be a key indicator for maladaptive LV remodeling (67, 76, 77, 80, 83). These potential mechanisms underlying myocardial ischemia at early and late stages of AS require clarification in further prospective randomized trials.



CORONARY HEMODYNAMICS AFTER TRANSCATHETER AORTIC VALVE REPLACEMENT (TAVR)

Wiegerinck et al. demonstrated that TAVR induces an immediate increase in hyperemic coronary flow velocity and a concomitant decrease in HMR, resulting in an immediate increase in CFR (77). However, CFR was significantly lower following TAVR compared to normal subjects despite high acute procedural success in this study, mainly due to unchanged resting hemodynamics before and after TAVR (77). Two studies regarding coronary wave intensity analysis also found that CFR did not improve immediately after TAVR due to unaltered resting coronary flow velocities (96, 97). Contrary, in the study by Stoller et al., a thermodilution-derived CFR and IMR were not improved immediately after TAVR regardless of the presence of angiographically significant fixed coronary stenosis (>50% DS) (98). These studies showed that changes of both CFR and microcirculatory resistance (HMR or IMR) are not associated with the acute reduction of LV afterload and outflow gradient in patients with severe AS following TAVR (77, 98, 99). It seems that autoregulatory microvascular tone in response to LV hypertrophy remains unaffected immediately after TAVR, despite an immediate decrease in both LV afterload and extravascular compression of the intramyocardial arterioles (77, 98). Hence, it is believed that complete restoration of coronary vasodilatory capacity could be improved only several months or even years after TAVR following the regression of LV hypertrophy (70, 77, 98). This was supported by several studies revealing that significant improvement in CFR was achieved only with longer-term follow-up after TAVR following LV hypertrophy regression (70, 99–103). In two of these studies, significant improvement in CFR at 6 and 30 months after AVR was mainly attributable to an increase in coronary blood flow during maximal hyperemia, whereas resting coronary flow remained similar before and after TAVR or SAVR, respectively (100, 102). The small prospective study by Vendrik et al. regarding the longer-term effects of TAVR on invasively measured coronary hemodynamics by dual-sensor (Doppler and pressure) wire revealed an ongoing increase in hyperemic coronary flow as well as in CFR immediately after TAVR and 6 months after the procedure compared with pre-TAVR values (103). Hyperemic microcirculatory resistance was simultaneously continued to decrease in a similar manner as the CFR increased during 6 months follow-up (103). On the other hand, resting coronary flow as well as resting microcirculatory resistance remain unchanged (103). Contrary, in the other two studies, significant improvement in CFR at 12 months after AVR was closely related to decreasing in resting coronary blood flow after SAVR, whereas hyperemic coronary flow remained equivalent (70, 99). Rajappan et al. also demonstrated that a decrease in resting coronary blood flow and subsequent improvement in CFR 12 months after SAVR was primarily associated with the reduction in extravascular compression and concomitant prolongation of hyperemic diastolic filling time with improvement in diastolic myocardial perfusion rather than the regression of LV hypertrophy (99). This hypothesis is supported by the findings that patients with AS experience relief of anginal symptoms immediately after AVR, even before LV hypertrophy regression has occurred (99). Accordingly, acute anginal symptoms relief immediately after AVR could not be explained by the CFR changes alone due to its limited improvement. Rajappan et al. also noted that CFR changes before and after TAVR significantly correlate with changes in hyperemic diastolic filling time, rather than with changes in LV mass (76, 99). They concluded that the diastolic filling time is an important determinant of CFR and its interaction with AS severity might contribute to the development of myocardial ischemia and/or angina in AS-patients (76, 99). This hypothesis is supported in previously published study by Ferro et al. who found that the diastolic filling time at ischemic threshold during exercise- or pacing-induced tachycardia may indirectly predict the functional significance of coronary stenosis in patients without AS (104). Authors noted that the occurrence of myocardial ischemia and/or angina in these patients is mostly determined by the interaction between reduced diastolic filling time and coronary stenosis severity (104). Considering all these findings, it appears that anginal symptoms relief immediately after AVR is a result of acute diminish in LV oxygen demand driven by decrease in LV afterload, shortened systolic ejection phase and extravascular decompression of microcirculation, and concomitant acute increase in LV oxygen supply driven by mechanical relief of aortic valve obstruction, prolonged diastolic filling time and limited improvement in coronary blood flow and myocardial perfusion, particularly during exercise or tachycardia (30, 76, 77, 96–98). Contrary, while the LV hypertrophy persists following AVR, its regression may continue for months or years thereafter leading to a progressive restoration of coronary vasodilation capacity and CFR (77, 81, 99–103). However, in those AS-patients with extensive myocardial fibrosis, coronary vasodilatory capacity may not be resolved despite LV hypertrophy regression. Having in mind that diastolic filling time is a major determinant of myocardial ischemia and/or angina in AS-patients, it would be of great importance to develop a test that could identify its critically short duration that causes ischemia (30). The predefined critically short diastolic perfusion time could be potentially used as a guide for timing AVR and further studies with AS-patients should be conducted to examine this hypothesis.

In coronary wave intensity analysis studies, the prompt symptoms relief after TAVR could be explained by two concomitant pathophysiological mechanisms. First, early- and mid-systolic forward compression wave (the dominant forward-traveling pushing wave) is depressed and delayed in the presence of AS and promptly regained after TAVR (97). Ahmad et al. found that systolic coronary blood flow is reduced at rest and during hyperemia due to concomitant obstruction of LV ventricular emptying by the stenotic aortic valve, decrease aortic flow and high extravascular compression of microcirculation caused by an increase in LV afterload (105–107). After TAVR, systolic coronary blood flow is improved at rest and during hyperemia as a result of better LV ventricular emptying through the repaired aortic valve, increase aortic flow and extravascular decompression of microcirculation due to lower LV afterload (105, 108). Second, the magnitude of early-diastolic suction wave (the dominant backward-traveling suction wave) at rest was found to be significantly higher in AS-patients with accompanied LV hypertrophy compared with normal subjects, and it increased further with increasing AS severity (96, 97). The higher magnitude of resting early-diastolic suction wave in AS-patients is mainly related to improved propagation of this wave caused by microcirculatory vasodilation in response to LV hypertrophy and high LV oxygen demand (96, 97). During tachycardia in the presence of severe AS, this wave paradoxically decreases due to the decoupling of regulatory mechanisms for maintenance of normal coronary blood flow and myocardial perfusion (96). Immediately after TAVR, the early-diastolic suction wave decreases at rest, and increases during tachycardia, as a result of an abrupt decrease in LV afterload, extravascular decompression of microcirculation and recoupling of regulatory mechanisms of normal myocardial perfusion (96). However, despite significant improvement of the early-diastolic suction wave at rest and during hyperemia, CFR immediately after TAVR remains unaltered or slightly increased primarily due to high LV end-diastolic pressure associated with LV hypertrophy affecting diastolic myocardial perfusion (77, 96). Accordingly, it seems that the improvement of systolic coronary blood flow has a dominant role in instant angina symptom relief after TAVR as a result of decreased systolic subendocardial compression due to lower LV afterload and perfusion redistribution from nonischemic to subendocardial ischemic areas, which consequently improved subendocardial ischemia (97, 105).



THE ASSESSMENT OF CORONARY STENOSIS SEVERITY IN AS PATIENTS

To overcome limitations of noninvasive tests and coronary angiography regarding the functional assessment of coronary stenosis severity in AS-patients, the well-established invasive physiological indices, such as FFR and instantaneous wave-free ratio (iFR), are now in focus, especially in the contemporary era with a rapid increment of TAVR. Based on large clinical trials, current guidelines recommend both hyperemic and nonhyperemic indices as a reference invasive physiologic measurement for the assessment of coronary stenosis severity (7, 109, 110). The use of these physiological indices to guide coronary revascularization in patients with CAD improves clinical outcomes compared with treatment based on angiography alone (111–115). However, the optimal method for evaluating myocardial ischemia in patients with AS and co-existing CAD has not yet been fully established, and this important issue is under further investigation. Studies evaluating the use of FFR and iFR in patients with severe AS and co-existing CAD before and after TAVR are summarized in Table 1.


Table 1. Studies evaluating the use of fractional flow reserve (FFR) and instantaneous wave-free ratio (iFR) in patients with severe aortic stenosis (AS) and co-existing coronary artery disease (CAD) before and after transcatheter aortic valve replacement (TAVR).
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Both FFR and iFR are pressure-derived indices which means that their measurements are based on a linear relationship between pressure and coronary flow under conditions of stable, constant and minimized intracoronary resistance (109, 110). Fractional flow reserve, estimated as the ratio of mean distal intracoronary to mean aortic pressure during hyperemia, is a hyperemic index measured over the whole cardiac cycle and includes systolic coronary flow (109). The use of adenosine as the most potent vasodilator of the intramyocardial arterioles, either as an intracoronary bolus at a dose of 150 to 250 μg or intravenous infusion at a dose of 140 μg/kg/min for at least 1 min, is safe and well-tolerated regarding adverse side effects in AS-patients with co-existing CAD (77, 103, 105, 116–124). Of note, a mild decrease in microcirculatory resistance and a moderate increase in coronary blood flow were documented during adenosine-induced maximal hyperemia in the coronary artery segment distal to the intermediate stenosis immediately after TAVR compared with pre-TAVR conditions (77, 105). Contrary, these coronary hemodynamics at rest remain unaltered following TAVR due to compensatory vasodilation of intramyocardial arterioles as a response to longstanding LV hypertrophy and subsequent capillary rarefaction (77, 105). Hence, the coronary vasodilatory capacity remains impaired after TAVR compared with normal subjects, but may be fully regained in the coming months or years with accompanying LV hypertrophy regression (77, 105). Moreover, the moderate improvement in hyperemic coronary blood flow after TAVR is mainly driven by an increase in hyperemic systolic coronary blood flow, which leads to a higher hyperemic whole-cycle flow and therefore lower FFR values compared with the pre-TAVR values (77, 105). As a result, any physiological index that includes the systolic phase of cardiac cycle will be affected by TAVR (105). These findings suggest the following mechanisms that may contribute to the higher FFR values in severe AS-patients before TAVR: (1) the presence of low resting microcirculatory resistance as a response to LV hypertrophy and increased LV oxygen demand to maintain resting coronary blood flow which means that vasodilatory capacity of microcirculation is already exhausted by the autoregulation phenomenon; (2) the presence of high hyperemic microcirculatory resistance due to structural and functional changes of the microcirculation (arteriolar remodeling, perivascular fibrosis, and capillary rarefaction); and (3) the high levels of circulating vasoconstrictors due to hyperactivation of sympathetic adrenergic and renin-angiotensin-aldosterone systems to increase vascular tone and maintain systemic arterial blood pressure, which may block or attenuate the vasodilatory effect of adenosine on microcirculation (67–69, 76, 77, 80, 105). Accordingly, the effect of adenosine is attenuated in the presence of AS, and therefore the blunted FFR before TAVR may underestimate coronary stenosis severity in patients with AS (67–69, 76, 77, 80, 105). Similarly, Pesarini et al. found that the mean FFR value was significantly lower after TAVR in patients with severe AS and co-existing intermediate-to-severe coronary stenosis defined as >50% DS assessed by quantitative coronary analysis (0.84 ± 0.12 vs. 0.82 ± 0.16; p = 0.02) (116). In contrast, mean FFR value remained unchanged after TAVR in AS-patients with angiographically non-significant coronary stenosis (<50% DS) (0.90 ± 0.07 vs. 0.91 ± 0.09; p = 0.69) (116). In the group of AS-patients and coronary stenosis with positive FFR values (below ischemic threshold ≤ 0.80) before TAVR, FFR was found to further deteriorate immediately after TAVR (0.71 ± 0.11 vs. 0.66 ± 0.14), whereas in those with negative FFR values (>0.80) before TAVR, it was slightly improved (0.92 ± 0.06 vs. 0.93 ± 0.07) (116). These variations in FFR values after TAVR crossed the threshold of 0.80 and changed the revascularization strategy in only 6% of patients with AS and coronary stenosis (116). Accordingly, the study suggests that FFR measured immediately after TAVR could be more suitable for the functional evaluation of coronary stenosis severity in these patients compared with FFR obtained in pre-TAVR clinical settings (116). However, it is questionable whether FFR may be reliably index for the functional assessment of coronary stenosis several days or months after TAVR because it has been shown that complete restoration of coronary vasodilatory capacity could be achieved only with longer-term post-TAVR following LV hypertrophy regression (70, 77, 98–102). Vendrik et al. also found an ongoing decrease in FFR immediately after TAVR and 6 months after the procedure compared with pre-TAVR values, whereas iFR and resting Pd/Pa remain unchanged (103). These findings suggest that FFR is a less reliable physiological index for the assessment of coronary lesion severity in patients with severe AS for at least 6 months after AVR (70, 77, 98–103). However, it remains unknown whether FFR could be suitable for the functional assessment of coronary lesions beyond 6 months after AVR.

Unlike FFR, resting coronary hemodynamics including resting coronary flow and resting microcirculatory resistance during the whole diastole as well as during the wave-free period of diastole are not significantly affected by the presence of severe AS and remain unaltered before TAVR, immediately after TAVR, and at 6 months follow-up (77, 96, 97, 103, 105). Accordingly, it has been shown that iFR as a non-hyperemic index is independent of both AS severity and TAVR in short- and long-term follow-up (103, 105). The iFR is defined as the ratio of mean distal intracoronary to mean aortic pressure measured under resting conditions during a specific wave-free period of diastole when microcirculatory resistance is stable and minimized (110). Coronary blood flow during this period occurs when the aortic valve is closed while the myocardium is completely relaxed and without contraction (103). Therefore, it is reasonable to believe that iFR is a more reliable physiological index for the assessment of coronary stenosis severity in the presence of AS (77, 96, 97, 103, 105). Scarsini et al. also found that mean iFR values did not change before and after TAVR, although individual iFR measurements showed high and inconsistent variations following TAVR in around 15% of coronary lesions, mainly in AS-patients with angiographically intermediate severity (37–70% DS) (118). Both negative (iFR >0.89) and positive iFR values (iFR ≤ 0.89) before TAVR crossed below or above the ischemic threshold 0.89 after TAVR in similar percent of coronary lesions (6.9% vs. 7.3%, respectively) and, thereby, changed the revascularization strategy (118). These high iFR variations occurred mostly in patients with more severe aortic valve gradients and higher post-TAVR transaortic gradient drops reminding that iFR measurements must be carefully taken in this subgroup of AS-patients (118). The same study also showed that iFR with a conventional cut-off of 0.89 had a high NPV in both pre-TAVR and post-TAVR settings (99% vs. 97%) for excluding without risk the presence of functionally significant coronary lesions defined as FFR ≤ 0.80 (118). However, the low PPV of iFR for the detection of significant coronary lesions in AS-patients in both settings (44% vs. 60%, respectively) indicates that predefined ischemic threshold of 0.89 for the assessment of FFR-defined lesion severity may not be appropriate (27, 118). The same authors also presented a high NPV and a low PPV of iFR with a conventional cut-off of 0.89 (91% and 47%) for identifying myocardial ischemia on SPECT in the presence of AS (120). Discordance between iFR and SPECT was found in 41% of patients and 95% of them had false-positive iFR values (negative SPECT and iFR ≤ 0.89) (120). The higher rate of false-positive iFR values in severe AS-patients could be explained by increased resting coronary blood flow in response to the increased LV oxygen demand due to higher LV afterload and LV hypertrophy (77, 99, 120). Consequently, a higher pressure gradient occurs across the coronary lesion leading to a lower CFR as well as iFR (120). Hence, the iFR may overestimate coronary stenosis severity in patients with severe AS. To overcome these limitations of iFR, several authors proposed a lower ischemic threshold to achieve a higher positive predictive value in the presence of AS (27, 118). The other study conducted by the same authors revealed that shifting the iFR cut-off from 0.89 to 0.83 in patients with severe AS and co-existing CAD significantly increase its categorial agreement with FFR using cut-off ≤ 0.80 measured in patients with CAD but without AS (control group), from 76% to 91%, while maintaining its NPV (95%) (117). Yamanaka et al. evaluated the diagnostic performance of iFR in 95 patients with severe AS and concomitant intermediate coronary lesions, as compared with myocardial perfusion scintigraphy and with FFR as reference (121). They demonstrated that the optimal cut-off value of iFR for detecting the presence of myocardial ischemia on myocardial perfusion scintigraphy was 0.82 (AUC: 0.84). Similarly, the same iFR cut-off was optimal for indicating an FFR ≤ 0.75 and ≤ 0.80 with an AUC of 0.92 and 0.82, respectively (121). The study concluded that iFR with a lower ischemic threshold of 0.82 has excellent reproducibility and could be used as a reliable physiological index for the assessment of coronary lesion severity in the presence of severe AS (121). Scarsini et al. also noted that using a lower iFR ischemic threshold of 0.82 in these patients significantly improved its categorial agreement with the presence of myocardial ischemia on SPECT (from 59% to 73%) with an insignificant loss of its NPV (from 91% to 86%) (120). However, they regained the use of FFR with a lower cut-off 0.78 as a more accurate physiological index for detecting myocardial ischemia in patients with severe AS and CAD compared with iFR using cut-off 0.82 (AUC: 88% vs. 73%; NPV: 92% vs. 86%; PPV: 81% vs. 73%) (120). This study is hampered by the fact that FFR has not been so far validated in the presence of AS and the conventional or lower FFR threshold (0.80 vs. 0.78) might not accurately reflect the coronary stenosis severity (120). The same authors proposed a new iFR-FFR “hybrid approach” with the iFR measurements before TAVR as the first choice for the functional assessment of coronary stenosis in the presence of severe AS (119). They found that the iFR threshold >0.93 had an NPV of 98% to exclude significant stenosis defined as post-TAVR FFR ≤ 0.80. Contrary, iFR threshold <0.83 had a PPV of 91% to identify FFR-defined significant stenosis after TAVR (119). Accordingly, FFR was used only when iFR values were between 0.83 and 0.93 (119). This “hybrid” approach enables the assessment of coronary stenosis severity without vasodilatory provocation in 63% of patients with severe AS while maintaining 97% overall agreement with FFR lesions classification (Figure 1) (119).
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FIGURE 1. The proposed flow chart illustrates the myocardial revascularization strategy in patients with severe aortic stenosis undergoing TAVR. Obstructive CAD is defined as coronary artery stenosis ≥50% DS. CAD, coronary artery disease; DS, diameter stenosis; FFR, fractional flow reserve; iFR, instantaneous wave-free ratio; PCI, percutaneous coronary intervention; TAVR, transcatheter aortic valve replacement.


In summary, to determine the optimal FFR and iFR ischemic thresholds in patients with severe AS and co-existing CAD, additional prospective randomized trials are needed with a larger number of patients. Both physiological indices must be validated with cardiovascular events during long-term follow-up by randomized trials comparing FFR-guided and/or iFR-guided myocardial revascularization with angiographically-guided therapy in patients with severe AS [FAITAVI (Functional Assessment in TAVI; NCT03360591) trial]. Furthermore, the prognostic relevance of PCI before or after TAVR remains controversial, and several clinical trials regarding optimal time for PCI in patients referred to TAVR are still ongoing [the NOTION-3 (Nordic Aortic Valve Intervention-3; NCT03058627) trial; the REVIVAL (Revascularization After Transcatheter Aortic Valve Implantation; NCT03283501) trial; the TCW (The TransCatheter Valve and Vessels Trial; NCT03424941) trial; the TAVI-PCI (Optimal Timing of Transcatheter Aortic Valve Implantation and Percutaneous Coronary Intervention; NCT04310046) trial].
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Background: Percutaneous mitral valve edge-to-edge procedure (PMVR) using the MitraClip® system (Abbot Vascular, CA) is an established therapy for severe mitral regurgitation (MR) in patients judged inoperable or at high surgical risk. Besides determining exercise capacity, right ventricular (RV) function has prognostic value in heart failure and after cardiac surgery. We therefore investigated the impact of PMVR on RV function in patients with severe MR.

Methods and Results: Sixty-three patients undergoing PMVR at our department were prospectively enrolled. Transthoracic echocardiography was performed before, early (2–12d) after PMVR and after 3 months, including advanced echocardiographic analyses such as 3D imaging and strain analyses. At baseline, all patients presented with advanced heart failure symptoms. Etiology of MR was more often secondary and, if present, left ventricular (LV) dysfunction was predominantly caused by ischemic cardiomyopathy. PMVR substantially reduced MR to a grade ≤ 2 in most patients. Echocardiographic assessment revealed a largely unchanged LV systolic function early after PMVR, while in contrast RV function substantially improved after PMVR [3D RV EF (%): pre 33.7% [27.4; 39.6], post 40.0% [34.5; 46.0] (p < 0.01 vs. pre), 3 months 42.8% [38.3; 48.1] (p < 0.01 vs. pre); 2D RV GLS (%): pre −12.9% [−14.5; −10.5], post −16.0% [−17.9; −12.6] (p < 0.01 vs. pre), 3 months −17.2% [−21.7; −14.9] (p < 0.01 vs. pre)]. Factors that attenuated RV improvement were larger ventricular volumes, lower LV function, secondary MR, and a higher STS score (all p < 0.05).

Conclusion: By using advanced echocardiographic parameters, we discovered an early improvement of RV function after PMVR that is preserved for months, independent from changes in LV function. Improvement of RV function was less pronounced in patients presenting with an advanced stage of heart failure and a higher burden of comorbidities reflected by the STS score.

Keywords: mitral regurgitation, percutaneous mitral valve repair, right ventricle, ventricular function, echocardiography, right ventricular strain


INTRODUCTION

Mitral regurgitation (MR) is the second most common valvular disease within the western world (1, 2). According to the Guidelines of the European Society of Cardiology, percutaneous mitral edge-to-edge procedure (PMVR) may be considered in patients suffering from severe MR, which are judged inoperable or at high surgical risk (2, 3). The EVEREST II trial proved that PMVR led to comparable results as conventional surgery concerning mortality or prevalence of moderate-severe or severe MR after 5 years (4). However, despite of improvement in NYHA functional class, more than 10% of patients die and almost 15% are re-hospitalized due to heart failure within the first year after PMVR using the MitraClip® system (Abbott Vascular, Santa Clara, CA) (5). Parameters such as left ventricular (LV) end-systolic volume and NYHA functional class were shown to predict outcome after PMVR, but there is still a need to identify patients who may or may not benefit from PMVR and which patient require a stringent follow up (5).

Right ventricular (RV) function was shown to determine exercise capacity and to possess prognostic value for heart failure and in cardiac surgery outcome (6–12). Due to chronic volume overload, MR causes structural and hemodynamic changes, such as LV remodeling and pulmonary hypertension. These alterations in turn can lead to an increase in RV afterload causing RV remodeling and dysfunction (13–15). It has been shown that surgical therapy for MR is associated with a higher risk of postoperative RV dysfunction (16–19). There is only limited data available on the impact of MR treatment by PMVR on RV function and results are conflicting (20–23). Recent 2D echocardiographic studies reported that in contrast to surgical mitral valve repair, RV function is preserved or even slightly improved after MitraClip® procedure (24–26). Beyond that, a tricuspid annular plane systolic excursion (TAPSE) <15 mm is associated with worse outcome after PMVR (27, 28). However, assessing the RV is challenging due to its complex geometric structure, retrosternal location, trabeculated endocardial surface and load dependency of function indices (25). Due to new 3D echocardiography-based methods, determination of RV volumes and function has recently become possible more easily (29).

We therefore sought to provide further insight on the influence of PMVR on ventricular function using more advanced echocardiographic methods such as 3D echocardiography and myocardial strain analysis in addition to standard 2D echocardiography in a real-world setting.



PATIENTS AND METHODS

The study protocol is in accordance with the ethical guidelines of the 1975 declaration of Helsinki and approved by the local ethic committee of Hannover Medical School (#3047-2016). All patients gave written informed consent to participate in this study. We prospectively studied consecutive patients suffering from severe MR undergoing elective PMVR using the MitraClip® system at our department. In advance patients were assessed clinical, by transthoracic as well as transoesophageal echocardiography to evaluate MR severity along with mitral valve (MV) morphology. Coronary angiography was performed in all patients to exclude relevant coronary artery disease requiring revascularization. Patients were referred for PMVR by an interdisciplinary team of interventional cardiologists, cardiac imagine experts, cardiac surgeons, and cardiac anesthesiologists based on current guidelines and MV anatomy.

Patients' characteristics concerning general traits, comorbidities and laboratory values were obtained from medical records. PMVR was performed under general anesthesia and fluoroscopic as well as transoesophageal echocardiographic guidance, as described earlier (30). Preexisting co-medication was continued; so far, no preexistent or new contraindication existed. Follow-up data were obtained from medical records as well as by telephone interview 1 year after PMVR.

Sixty-three patients were initially included in the study. One patient withdrew consent for the study and one for the PMVR procedure. Fourteen patients did not attend the follow-up visit in our outpatient clinic 3 months after PMVR. During the first year, five patients deceased, while one withdrew consent for the study. Five patients were lost to follow up after 1 year, but eight patients, who did not attend the outpatient clinic for their 3 months follow-up visit, could be interviewed by phone 1 year after PMVR.

Transthoracic echocardiography using a PHILIPS EPIQ7 ultrasound machine equipped with a X5-1 transducer (PHILIPS, Amsterdam, Netherlands) was performed before and early after PMVR (2–12d) as well as 3 months after PMVR during routine follow-up in the outpatient clinic. Severity of MR was graded following the technique defined by Foster et al. (31). Images presenting the RV were recorded in standard 4-chamber view (4 CV). Analysis of RV global longitudinal strain (GLS) and fractional area change (FAC) derived from 2D images, LV GLS and global circular strain (GCS) derived from 3D images as well as biventricular 3D ejection fraction (EF) were assessed offline using TomTec Imaging Systems (Unterschleissheim, Germany).

All results are presented as median with interquartile range (IQR) or mean with standard deviation. Qualitative variables were compared using the chi2 test. Comparison of quantitative variables between groups were performed using the Mann-Whitney-U-Test. Changes of dependent variables over time were analyzed using a variance analysis by the Friedman method followed by Wilcoxon test in the case of significant results. P values were corrected for multiple testing by the Bonferroni method. Cochran's Q test was used for comparison of dependent dichotomous variables. Univariable logistic regression analysis was performed to assess predictors for RV improvement after PMVR. Multivariate analysis was not performed due to the limited number of patients in the subgroups. P values <0.05 were considered statistically significant. Statistical analyses were done using IBM SPSS Statistics 26 (IBM, Armonk, NY, USA).



RESULTS

Most patients presented with secondary etiology of MR (Figure 1A). Median age was 80 (IQR 75-84) years and the majority of male gender (73%). Baseline characteristics of the cohort including comorbidities are depicted in Table 1. Most patients presented with a high burden of comorbidities and decompensated heart failure had occurred in almost 50%. About one third had suffered from myocardial infarction, more than half of all patients had undergone percutaneous coronary intervention, and in one third coronary bypass graft surgery had been performed. At baseline, all patients presented with symptoms of heart failure (New York Heart Association (NYHA) class ≥II). If present, LV dysfunction was predominantly caused by ischemic cardiomyopathy (Figure 1B). The majority of patients with reduced LV function received a sufficient pharmacological heart failure treatment consisting of ACE inhibitor or AT blocker (87.3%), beta-blocker (87.3%), mineralocorticoid receptor antagonists (45.5%) and diuretics (92.7%). Data on the medication during the 12 months of follow up is depicted in Supplementary Table 1. There was no significant change in the medication during the observational period. As a marker of heart failure NT-proBNP was elevated to a median of 5,356 (IQR 2028-6971) ng/l.


[image: Figure 1]
FIGURE 1. (A) Etiology of mitral regurgitation; (B) Etiology of left ventricular dysfunction; (C) Mitral regurgitation–Severity of mitral regurgitation at baseline (pre), post procedural, i.e., at dismission (post), and 3 months (3 mo) after percutaneous mitral valve repair (PMVR); (D) Functional capacity–Assessment by New York Heart Association (NYHA) class before (pre) as well as at 3 months (3 mo) and 1 year (12 mo) after PMVR. ICM, ischemic cardiomyopathy; DCM, dilative cardiomyopathy.



Table 1. Patient characteristics.
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Three months after PMVR MR was reduced and most patients (58.5%) presented with a MR grade ≤ 2 (Figure 1C). No significant difference in the reduction of the MR between patients with secondary or primary MR was detectable (p = 0.457). Heart failure burden, evaluated by NYHA functional class, improved at 3 months, with more than one third still being NYHA I or NYHA II after 12 months (Figure 1D). During the observational period a total of nineteen hospitalizations had occurred. However, only four of them were due to cardiac decompensation. More than 50% of the events were due to non-cardiovascular causes.

Echocardiographic assessment showed only a temporary trend for a decrease in LV function (3D LVEF) early after PMVR (Figure 2 and Table 2). There were no significant changes of LV volumes (Table 2). There was a short-term deterioration of the GLS after PMVR, which was not significant at 3 months follow-up. No changes were detectable in relation to the GCS.


[image: Figure 2]
FIGURE 2. Ventricular function (ejection fraction and global longitudinal strain) and volumes (enddiastolic and endsystolic)–echocardiographic analyses of LV (right column) and RV (left column) parameters at baseline (pre), dismission (post), and 3 months after percutaneous mitral valve repair (PMVR). EDV, end diastolic volume; ESV, end systolic volume; GLS, global longitudinal strain; LV, left ventricle; LVEF, left ventricular ejection fraction; RV, right ventricle; RVEF, right ventricular ejection fraction.



Table 2. Echocardiographic analyses of LV and RV parameters at baseline, dismission (Post PMVR), and 3 months after percutaneous mitral valve repair (Data presented as inter quartile range).
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In contrast, various RV function parameters revealed a significant improvement in RV function early after PMVR that was sustained at 3 months follow-up (Figure 2 and Table 2). 3D RVEF, 2D RV GLS, and FAC showed a significant improvement after PMVR (Table 2). However, TAPSE, as the probably most widely used RV parameter in clinical routine, did not show any significant changes. 3D calculated RV end systolic (ESV) and end diastolic volumes (ESV) did not change significantly, however, stroke volume significantly increased.

When considering different subpopulations effects on RV function seem to be more pronounced in patients suffering from primary MR. Comparing other subgroups (e.g., existence of ischemic cardiomyopathy), retrieved no significant differences in short term changes of RV function (Supplementary Tables 1A,B).

To further elucidate factors of changes in RV function and dimensions following PVMR, we further analyzed the study population by differentiating between relevant RV function improvement and lack of early improvement after PMVR. Patients with reduced RV function at baseline (n = 36) were divided into tertiles depending on improvement of 3D RVEF. Being in the lowest tertile (change of <5.2% RVEF) was defined as lack of RV improvement. Patients without relevant improvement of RV function had higher Society of Thoracic Surgeons (STS) scores, more frequently secondary MR, lower LV function (LVEF, GLS) and higher LV volumes, and higher RV diastolic volume with reduced longitudinal function (RV GLS). Neither pulmonary artery pressures and the pulmonary vascular resistance before PMVR nor the transmitral gradient after PMVR were shown to be different between the two groups. In summary, respective patients presented with a more advanced stage of disease (Table 3). The two groups did not differ significantly concerning factors such as age, NYHA functional class or level of NT-proBNP. Results are shown in Table 3. In univariable analysis higher LV- and RV volumes, a more restricted LV GLS, and the existence of functional MR were predictors of a lower probability of RV improvement (Table 4).


Table 3. Improvement vs. Non-improvement of RV function after percutaneous mitral valve repair (PMVR) in the subgroup of patients with reduced RV function (RVEF ≤ 45%) at baseline (n = 36).
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Table 4. Predictors of improvement of right ventricular function after percutaneous mitral valve repair (PMVR) in the subgroup of patients with reduced RV function (RVEF ≤ 45%) at baseline (n = 36) in univariable analysis.
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DISCUSSION

MR is the second most common valvular disease within the western world and PMVR is an increasingly used therapeutic option for patients ineligible or at high perioperative risk for conventional surgical mitral valve repair or replacement (1, 32). However, knowledge on the impact of PMVR on RV function is scarce and conflicting.

The main findings of our study are: (1) RV function improves early after PMVR using the MitraClip® system. (2) This improvement is independent from changes in LV function. (3) The improvement seems to be less pronounced in patients suffering from more advanced heart disease, i.e., higher RV and LV volumes and reduced LV function and secondary MR. (4) Advanced echocardiographic methods like 3D imaging and strain analyses are superior to the standard parameter TAPSE in detecting changes in RV function.

LV function showed a transient marginal significant (only 2D LVEF and 3D LV GLS, not 3D LVEF) decrease early after PMVR. This decline was more prominent in patients with preserved or mildly reduced LVEF (>40%) due to Frank-Starling-mechanism in a volume overload state before PMVR. By reducing MR pressure load is increased, followed by a decline in EF and stroke volume. However, due to reduced volume overload EF ameliorated within the first months after PMVR. Recently, another study found similar long-term results regarding the LV in a group of patients undergoing PMVR (33). Regarding reverse remodeling of the LV involvement of the RV before PMVR (higher RV volumes, higher sPAP) seem to be existent in patient without reverse remodeling. Despite the borderline decline and following amelioration of LV function, RV function improves early after PMVR, and this development continues at 3 months. The change in RV function can be explained by reduced RV afterload after PMVR. Earlier studies report similar observations after 6 months; however, our data indicate an early improvement of RV function within the first days after PMVR, which seems to be preserved at 3 months in our study, respectively 6 months as Vitarrelli et al. describe (34).

The occurrence or presence of reduced RV function has repeatedly been associated with a worsening of patients' prognosis (35–39). For this reason, we analyzed factors that might influence reverse RV remodeling or relevant improvement of RV function. In summary, patients with less improvement of RV function were found to be in an advanced stage of their heart disease including lower LV function and higher biventricular volumes. A less impaired RV GLS was related to a greater degree of improvement of RV function. Only mildly reduced RV GLS might reflect a state of RV function in which recovery is still possible. Recently, a study in patients undergoing surgical mitral valve repair in primary MR also showed the importance of RV GLS and the prognostic impact of its short term development on myocardial recovery and rehospitalization rates (40). In a former study only patients with secondary MR were more likely to undergo reverse remodeling (41). Nevertheless, our data indicate that patients without relevant improvement in RV function more often have secondary MR and patients with primary MR have a higher increase in RVEF and RV SV in short term follow-up. In general patients suffering from secondary MR present with more comorbidities and advanced progression of their heart disease. This is reflected by our analyses revealing patients with higher STS-risk score to be less likely to develop reverse RV remodeling and by our data showing less RV improvement in patients suffering from severe LV impairment. Our data thereby suggest a threshold of LV and RV dysfunction beyond that RV recovery is unachievable. Further studies are needed to identify this threshold and evaluate whether these patients below still profit clinically from PMVR.

In our study improved RV function could be detected using advanced echocardiographic methods, while TAPSE, in turn did not reveal any significant changes. This partly is in line with earlier reports indicating TAPSE to be a less reliable parameter of RV function compared with advanced echocardiographic methods like 3D EF, RV FAC, GLS and free wall strain. However, some reports state significant changes in RV function after PVMR even measured using TAPSE (21, 42, 43), while in contrast other studies did not show any changes. For instance, in patients undergoing cardiac surgery Rong et al. reported that TAPSE in contrast to FAC, GLS and free wall strain did not predict RV dysfunction at chest closure. Grønlykke et al. described a decline in TAPSE after cardiopulmonary bypass while RV output was sustained, which was reflected in unchanged RVEF, RV GLS and FAC. This indicates that TAPSE does not reliably reflect changes in RV function (44, 45). Van Riel et al. reported that most 2D derived indices of RV function did not show any improvement of RV function after PMVR (22). However, these latter data did not encompass strain analysis, and therefore the analyzed parameters might not be sensitive enough to reliably detect changes in RV function adequately. In your study we were able to detect changes in RV function in the setting of PMVR, but only by using more advanced echocardiographic methods. This is in line with reports showing improvement in 3D RVEF after PVMR (34, 46).

The main limitation of the study is the small sample size that limits the explanatory power of subgroup analyses. Therefore, analyses of subpopulations need to be considered with precaution and require verification in a larger patient cohort. Moreover, a relevant number of patients was lost to follow up and did not attend their appointments in our outpatient clinics for the scheduled echocardiographic examination reflecting a real-world scenario. Furthermore, the follow up period was relatively short regarding ventricular remodeling. However, changes in RV parameters could be seen very early after PMVR, which suggests that long-term follow-up in this regard is neglectable. Finally, the data only derive from one center.

However, we still believe that the presented data are of significant novelty especially concerning the very early change of RV parameters and the use of advanced echocardiographic methods in the evaluation of RV function.

In summary, we could identify an improvement of RV function early after PMVR which is preserved or even pronounced at 3 months and independent from changes in LV function. Factors that reduce the potential of RV recovery after PMVR included higher LV volumes and lower LV systolic function, higher RV diastolic volume and more severely reduced RV GLS, secondary MR and a higher STS score. Our data reveal that advanced echocardiographic methods should be implemented in daily routine for evaluation of RV function since the widely used TAPSE seems to be less sensitive in reflecting RV dysfunction and its improvement and should be interpreted with caution. Further studies are needed to elucidate a threshold of LV and RV impairment beyond patients do not profit from PMVR.
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The incidence and prevalence of valvular heart disease (VHD) is increasing and has been described as the next cardiac epidemic. Advances in imaging and therapeutics have revolutionized how we assess and treat patients with VHD. Although echocardiography continues to be the first-line imaging modality to assess the severity and the effects of VHD, advances in cardiac computed tomography (CT) now provide novel insights into VHD. Transcatheter valvular interventions rely heavily on CT guidance for procedural planning, predicting and detecting complications, and monitoring prosthesis. This review focuses on the current role and future prospects of CT in the assessment of aortic and mitral valves for transcatheter interventions, prosthetic valve complications such as thrombosis and endocarditis, and assessment of the myocardium.
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INTRODUCTION

Interest in valvular heart disease (VHD) has been invigorated with the advancement in new imaging modalities and pathological insights, and most importantly the advent of transcatheter valve interventions. Transcatheter aortic valve replacement (TAVR) has now overtaken surgical aortic valve replacement (SAVR) in volume in Germany (and the United States) (1) and is driving innovation in transcatheter interventions on other valves (2). Cardiac computed tomography (CT) has become an essential tool for the heart valve team to supplement the assessment by echocardiography, and decision making for suitability and mode of intervention. Technical developments in CT technology have made this possible by providing high temporal, spatial and contrast resolution for imaging one of the most challenging imaging targets of the body. The use of CT is now recommended in guidelines for the pre-procedural work-up for TAVR (3) and is an important tool for the diagnosis of valvular thrombosis (4) and infective endocarditis (5). This has led to its widespread use in the assessment and management of patients with VHD providing additional novel insights into remodeling, pathophysiology, and prognosis. This review article explores its current role, limitations and future prospects in the assessment and management of patients with VHD. It does not cover the technical aspects of CT data acquisition and reconstruction, which can be found elsewhere (3, 4, 6).



NATIVE AORTIC VALVE ASSESSMENT

Aortic stenosis (AS) is the commonest type of VHD in the developed world (7). Treatment using either SAVR or TAVR is considered for severe AS (8). Determining severity is largely done using echocardiography, with aortic valve area (AVA) being the most commonly used marker of severity. It is calculated using the continuity equation with the incorrect assumption of a circular left ventricular outflow tract (LVOT) (9). Although using a CT derived LVOT area for the continuity equation is more accurate than a 2D echo-based LVOT area, this has not translated into better diagnostic performance (correlation with transvalvular gradients) or mortality prediction (10). However, discordant echocardiographic parameters (discordant AVA and gradient) occur in up to a third of patients, making the quantification of AS severity difficult (11, 12). CT has an important role in determining severity among these patients, especially those with paradoxical low-flow, low-gradient AS (8, 13). Calcification is the cornerstone underlying the pathophysiology of AS in most patients. A sequence of pathological changes involving lipid infiltration of the valve, inflammation, fibrosis and mineralization, leads to AS (14). Using a non-contrast CT, calcification is identified as areas of increased radio-opacity. The commonly used Agatston score method defines calcification where the density is greater than 130 Hounsfield units (HU) (15). CT derived aortic valve calcium score (AVCS) demonstrates high inter- and intra-observer reproducibility (16), correlates well with the severity of AS determined by echocardiography (17, 18) and calcium weight on explanted valves (16), thus making it a very useful marker of AS severity. AVCS is also prognostically important (13, 19) and determines progression of AS, with higher AVCS at baseline correlating with faster progression of AS (20). Compared to men, women have less calcification, but more fibrosis for the same severity of stenosis (21), leading to different recommended thresholds for the definition of severe AS; 1,200 Agatston units (AU) in women and ∼2,000AU in men (22). However, these thresholds may not be applicable in patients with bicuspid AS or rheumatic valve disease due to differences in pathophysiological mechanisms (12).

An alternative method utilizes planimetry of the orifice during systole. This anatomical, rather than functional measurement, correlates poorly with other measurements of AVA and with transvalvular gradients (10). Consequently this is seldom used clinically.

Outcomes in patients with moderate AS are known to be poor, especially if systolic function is compromised (23, 24). An ongoing trial is evaluating whether TAVR has a role in such patients (25). CT may play a role in the future for identifying patients for intervention with less than severe valvular disease as calcification has been shown to correlate with the rate of progression and mortality in patients with less than severe AS (26).



TAVR PLANNING

The utility of TAVR has seen a dramatic increase over the last decade, with CT being routinely used to facilitate its use, improve efficacy and reduce complications.


Access Planning

Cardiac computed tomography angiography of the aorta and peripheral vasculature provides a quick and complete dataset for TAVR planning (Figure 1). In addition to illustrating the dimensions of the aortic annulus and root, and degree and distribution of aortic valve calcification, CT can demonstrate the degree of iliac vessel wall calcification, tortuosity, ilio-femoral stenosis, presence of aorto-iliac aneurysms, foci of dissection, large penetrating ulcers, and potentially thrombi, as well as previous vascular procedures with grafting/stent implantation—useful considerations for procedural planning (27–29). When a transfemoral access site is unfavorable, CT can provide valuable information regarding alternative sites, such as subclavian, carotid, apical, trans-aortic, and trans-caval (crossing from the inferior vena cava into the abdominal aorta and using a closure device to plug the aortic wall after implantation of the valve) (30). Trans-caval access is increasingly being used and greatly benefits from pre-procedural planning using CT. Using electrocautery, a puncture is made from the inferior vena cava (IVC) to the adjacent descending aorta between the aortic bifurcation and renal arteries. A calcium-free window on the aorta adjacent to the IVC needs to be located using CT and defined by the vertebral level. Additional measurements such as the distance between aorta and IVC, lumen diameters and identification of bail-out access (in case endograft therapy is required) are useful and can be performed using CT (31, 32).
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FIGURE 1. Peripheral access planning for TAVR, requires assessment of the size, tortuosity, calcification (both severity and distribution) and any prosthetic material such as stents or pathologies such as aneurysms. (A) Multiplanar reconstruction of the vascular tree, (B) Sagittal view, (C) Axial view.




Implantation Planning

First, using multiplanar reconstructions (MPR), CT can be used to determine the optimum fluoroscopic projection for valve implantation-orthogonal to the aortic valve (29). This has been shown to reduce additional aortograms, procedural time and contrast use (33). Second, CT provides an accurate guide for sizing an aortic bioprosthesis based on aortic valve (AV) annular dimensions, with a resulting reduction in post-TAVR aortic regurgitation (34, 35). Annulus diameters, area and perimeter are typically used to derive the most appropriate transcatheter valve diameter, applying recommendations provided in manufacturers’ charts. Third, additional measurements are typically taken at levels of the sinus of Valsalva, sino-tubular junction, ascending aorta and the heights of the coronary ostia from the AV annulus- guiding the procedure and enabling the prediction of complications (Figure 2). Low coronary ostial heights and narrow sinuses of Valsalva are associated with a higher risk of coronary obstruction and difficulty in coronary artery engagement for angiography or intervention (36, 37). Correct valve sizing to prevent oversizing is essential to prevent annular rupture, which often results in fatal outcomes (38).
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FIGURE 2. Measurements of the aortic root and ascending aorta. (A) aortic valve (AV) annulus, (B) sinus of Valsalva, (C) sino-tubular junction, (D) ascending aorta, (E) left coronary ostial height from AV annulus, (F) right coronary ostial height.




Predicting Complications

Aortic valve calcification is important to ensure the anchorage of the bioprosthesis and prevent valve migration (aortic root dilatation and the lack of calcification commonly preclude the use of TAVR for aortic regurgitation) (39). However, both an increased burden and bulky eccentric calcification can result in inadequate valve apposition, leading to paravalvular regurgitation, which is poorly tolerated post-TAVR and associated with poor outcomes (40–42).

Conduction abnormalities and permanent pacemaker implantation rates remain high (43). Pacing in TAVR patients is associated with less recovery of left ventricular ejection fraction and a higher rate of heart failure hospitalization (44). Therefore attempts to avoid conduction abnormalities and subsequently pacemaker implantation are important. Device landing zone calcification can predict post-TAVR pacemaker requirement, especially if calcification is located around the LVOT, the basal septum (45, 46) or the mitral annulus (47). Conduction abnormalities can also arise due to a short membranous septum. The bundle of His runs close to the membranous septum and is susceptible to compression by the implanted bioprosthesis. Membranous septal depth is measured from the AV annulus to the start of the muscular interventricular septum. Depths of <7.8 mm are predictive of high degree atrioventricular block (46).

Calcification in the LVOT, especially below the non-coronary cusp, is associated with annular rupture (area under the ROC curve 0.81), a complication that often leads to death (48). Other factors associated with annular rupture include device oversizing and post-dilatation (38).

The height of the coronary ostia from the aortic annulus is an important parameter to measure as short heights can result in coronary obstruction from the newly implanted prosthesis (29). Coronary ostial heights are considered low if <12 mm. The sinuses of Valsalva that house the coronary ostia are also important when considering coronary occlusion. A mean diameter <30 mm is associated with increased risk as the space between the bioprosthetic valve and coronary ostia is reduced (3, 37). However, these cut-offs have low specificity and are not prohibitive for a TAVR. Additionally, CT allows evaluation of the extent and severity of coronary artery disease, which dictates the need for further assessment and management (3, 49).




NATIVE MITRAL VALVE ASSESSMENT

The mitral valve, annulus and associated apparatus form a complex 3D structure. Although echocardiography remains the primary imaging modality for mitral assessment, CT can highlight valve pathology, provide clues to its etiology and importantly, assist in planning for valve repair/replacement.


Mitral Regurgitation

Mitral valve prolapse is a common cause of primary MR, and CT can reliably detect this (50). In these cases, two- and three-chamber views can be used to identify leaflet thickening (>5 mm) and a flail leaflet, both seen in the context of mitral prolapse. Using retrospective ECG gating, multiple phases of the cardiac cycle can be reconstructed, facilitating moving cine images, which is important in recognizing prolapse.

In patients with secondary MR, evaluation of the leaflets, ventricle and coronary arteries will enable both the diagnosis and etiology of the MR. In a study of 151 patients with heart failure and functional mitral regurgitation (FMR), CT was able to identify that those with moderate to severe FMR had significantly increased posterior leaflet angles and mitral valve tenting heights at central and postero-medial levels. These were described as the strongest determinants of FMR severity (51). CT can provide accurate left ventricular dimensions enabling an understanding of left ventricular dilatation (52). Other cardiomyopathies can also result in MR. Systolic anterior motion of the mitral valve can lead to MR and has been described with hypertrophic cardiomyopathy and cardiac amyloidosis.

Cardiac computed tomography may also play a role in quantifying MR. When measuring regurgitant volumes in 49 patients with isolated MR, the severity of regurgitation correlated well with echocardiography findings (53). This can be done by calculating total stroke volume of the left and right ventricles (end-diastolic volume minus end-systolic volume), with the regurgitant volume being the difference between the stroke volumes of the left and right ventricle. However, this is rarely used clinically, but could have a role in patients with poor echo windows and if cardiac magnetic resonance imaging is contraindicated.



Mitral Stenosis

Echocardiography remains the gold standard for the diagnosis and grading the severity of mitral stenosis (MS). However, CT can confirm the presence of related features such as left atrial enlargement, as well as certain appearances, which point to specific causes of mitral stenosis, such as thickening of the mitral valve leaflets with commissural fusion and calcification, commonly seen in rheumatic mitral stenosis (so-called fish mouth appearance) (54).




MITRAL INTERVENTION PLANNING

Transcatheter mitral valve interventions include technology for both repair and replacement, each requiring different approaches and techniques. An in-depth review of the various technologies available can be found here (55). Once a decision to intervene has been made, CT plays a vital role in procedural planning.


Annular Dimensions

Sizing the annulus is important for selecting a transcatheter mitral valve prosthesis. The mitral annulus is saddle-shaped. However, for the purposes of certain transcatheter prostheses, a D-shaped annulus can be assumed; the medial and lateral fibrous trigones are connected via a virtual straight line, and the diameter and area then calculated by “tracing” its perimeter border (56). 3D software packages are then able to recreate the annulus, allowing further measurements to be made. Specifically, the landing zone is an important consideration when choosing a transcatheter MV prosthesis; each prosthesis has a different anchoring mechanism and requires certain anatomical characteristics. For this reason, leaflet length, chordal anatomy, the presence of a myocardial shelf and left ventricular cavity dimensions need to be assessed on CT (57).



Leaflets

The mitral valve has an anterior and a posterior leaflet, both of which have three scallops. These are identifiable via CT, and seen in both reconstructed short-axis and long-axis views. Although echocardiography remains the primary imaging modality to evaluate the mitral leaflets, numerous geometric measurements can also be estimated from CT, including leaflet length, area, tenting height, and coaptation angle. These measurements are important for understanding the mechanism of MR and guiding intervention. Indeed, comparisons of three-dimensional (3D) transesophageal echocardiography and cardiac CT have shown that both imaging modalities provide good detailing of mitral leaflet morphology (58). In addition, calcification and clefts of the leaflets are important to note as these can preclude adequate transcatheter edge to edge repair (TEER) (59).



Left Ventricular Outflow Tract Assessment

Left ventricular outflow tract (LVOT) obstruction is a known complication of TMVR carrying a significant risk of mortality. A new LVOT (termed the “neo-LVOT”) is formed from the interventricular septum anteriorly and the native anterior mitral valve leaflet. Pre-procedural CT planning simulating a neo-LVOT can help predict the risk of LVOT obstruction (60). Extrapolation from hypertrophic cardiomyopathy studies initially identified a LVOT area of 2 cm2 as a safe cut-off for TMVR (61). Further studies specific to TMVR suggested a neo-LVOT < 1.7 cm2 at end-systole as high risk (60), but more recent evidence has suggested that even smaller areas are safe (62).

Several factors predict LVOT obstruction; device related, remodeling related and native anatomical factors. Of these, the aorto-mitral angulation is important and can be calculated using CT. Defined as the angle between the mitral annular trajectory and LVOT long axis; the smaller the angle, the lower the risk of LVOT obstruction. Coupled with this, the size of the mitral annulus, annulus-to-interventricular septal distance and LVOT and septal shape should also be taken into consideration (57, 60).



Mitral Annular Calcification

Mitral annular calcification (MAC) has a reported incidence of between 10 and 42% (63, 64) and in patients with co-existent aortic stenosis is found in 50% of patients (47). MAC can be easily identified and its distribution mapped out using CT. MAC increases the technical complexity of surgical intervention, specifically increasing the risk of AV groove disruption, paravalvular leak and increasing pump and clamp times (65, 66). It also increases the risk for percutaneous intervention; performing TMVR in patients with MAC carries substantially more risk of LVOT obstruction than performing it in valve-in-valve or valve-in-ring (60). MAC can make it challenging to recognize the boundary between annulus and blood pool and therefore accurately measure annular dimensions.

Mitral annular calcification itself can serve as a bed on which the new valve can anchor. In procedures involving the implantation of a TAVR prosthesis in the mitral valve position, non-circumferential or thin MAC can result in poor device sealing (67). MAC can also make it difficult to determine the correct position for valve deployment, with 17% of valve-in-MAC cases requiring a second valve deployed in an early study. The population in this study was at high surgical risk (STS score 14.4 ± 9.5%) and had a 30-day all-cause mortality of 30% (68). In order to plan a TMVR, 3D reconstructions can be created and valve implantation simulated using dedicated off-line software (Figure 3).
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FIGURE 3. Steps in planning for mitral intervention in a patient with a heavily calcified mitral annulus. (A) 2D ECG-gated CT scan. Pre-existing TAVR valve in aortic position, with dense calcification of the mitral annulus. (B) Coronal view. 3D volume-rendered image of pre-existing TAVR valve in situ in aortic position. Cylindrical valve simulated in mitral position, thereby allowing for anatomical and geometrical calculations to be made prior to implantation. (C) 2D CT- En-face view of calcification surrounding mitral annulus. Also visible is the TAVR valve in the aortic position. (D) 3D volume-rendered en-face image of mitral annulus down through the left atrium. MAC highlighted in yellow. Panels (B,D) created courtesy of post-acquisition processing with Mimics Enlight TMVR planner, Beta version, Materialise NV Inc.




Access Planning

The trans-septal approach is increasingly being used to access the mitral valve. With CT, operators are able to determine the precise anatomy of the left atrium and plan the site of trans-septal puncture in order to minimize the risk of complications, including aortic puncture or myocardial perforation (69). Anomalies within the left atrium that can be seen via CT include aneurysms of the inter-atrial septum, patent foramen ovale and atrial septal defects, all requiring a tailored approach for the trans-septal puncture (70).

With respect to trans-apical approach, access requires an intimate knowledge of the position of the apex and its relation to the chest wall. Valve deployment using this approach requires a perpendicular deployment at the level of the mitral annulus. Once the apex is located, CT can identify the position of the papillary muscles, coronary arteries and chords, so as to plan the approach and prevent complications (61, 71).

As with TAVR planning, CT for TMVR planning can guide vascular access by defining the anatomy of peripheral vessels, including vessel dimension, tortuosity, location and extent of calcification and any prosthetic material such as stents.



Pre-surgical Planning

Similar to percutaneous mitral valve interventions, minimal-invasive mitral valve surgery (MIMVS) is being performed with increasing frequency. MIMVS commonly refers to procedures involving mini-thoracotomy, port access and robotic-assisted techniques. Certain differences exist between MIMVS and standard open-heart surgery, including access (various locations and lengths of incisions), vision (direct, video-assisted or endoscopic), and cardio-pulmonary bypass strategies (antegrade vs retrograde), as well as between individual centers and operators.

Cardiac computed tomographic angiography and post-processing 3D reconstructions allow assessment for suitability [suitability for retrograde cannulation, presence of a heavily-calcified abdominal aorta, vessel tortuosity and pericardial calcification (72)] and access planning for MIMVS (location of mini-thoracotomy to access the left atrium). CT also allows for evaluation of the aortic dimensions. In MIMVS, one popular technique involves the use of an endo-aortic balloon; its safe use and efficacy dependent on aortic dimensions (73). The CT scan protocol can also include a CT coronary angiogram, which allows for accurate assessment of co-existent coronary disease. This is particularly sensitive in MIMVS patients, many of whom are young with few coronary risk factors and thus low risk profiles for coronary disease (74).




CT FOR GUIDING TRANSCATHETER TRICUSPID VALVE INTERVENTION

Cardiac computed tomography also plays a role in the evaluation of tricuspid valve pathology and the planning of related interventions. As with all right-sided lesions, comprehensive assessment via transthoracic echocardiography can be limited by suboptimal cardiac windows, especially when trying to accurately evaluate the three leaflets of the tricuspid valve (anterior, posterior, and septal) and associated structures. Like MR, tricuspid regurgitation (TR) can be primary, but is more often secondary, related to distortion of the right atrial or ventricular anatomy, and consequent annular dilatation.

Cardiac computed tomography facilitates accurate measurement of dimensions for the tricuspid annulus, right ventricular size and distance from the annulus to right ventricular apex, and thus allows deductions to be made as to the likely etiology of regurgitation.

As annular dilatation is often a key pathological process in TR, the majority of devices focus around annuloplasty (including Trialign, Tricinch, and Cardioband), edge-to-edge repair (Triclip and Forma) or the placement of valves in the vena cava to reduce the damage of the tricuspid regurgitant jet on hepatic and renal vasculature (TricValve).

For procedure planning, determining access to the right heart is key. Vascular access can be clearly defined by CT, including vessel dimensions and tortuosity. For the edge-to-edge repair systems, transfemoral venous access is routinely used, whilst for annuloplasty devices a trans-jugular approach is preferred. Accurate assessment of subclavian and axillary veins can also be done, aiding sheath and device delivery (75).

Annuloplasty-based treatments require delineation of landing zones, be that the tricuspid valve annulus, the inferior vena cava or the commissures. The relation of the landing zone with adjacent structures is also important. The right coronary artery runs along the posterior aspect of the tricuspid annulus along the heart’s epicardial surface. Its compression needs to be avoided when securing devices to the tricuspid annulus (76). Calcification along the annulus can also impair percutaneous valve deployment, which can be detected pre-procedurally via CT (77).



ASSESSMENT OF BIOPROSTHETIC VALVES


Structural Valve Degeneration

Structural valve degeneration (SVD) is defined as acquired abnormalities affecting the bioprosthetic valve leaflets and/or its supporting structures that eventually results in valve dysfunction (78). One study assessing patients with an assortment of surgical bioprostheses demonstrated at a median follow-up of 10 years, a rate of clinical SVD of 6.6% and subclinical SVD of 30.1% (79). Data on TAVR prostheses have demonstrated a rate of SVD at 1 year of 2.5% (80) and at a median of 5.8 years of 9% with severe SVD affecting <1% (81). CT provides a valuable tool for assessing the structure and mobility of prosthetic valves, but cannot determine transvalvular hemodynamics (78). Therefore the diagnosis and quantification of stenosis or regurgitation is best achieved using echocardiography with CT providing supplementary information.



Valve Thrombosis

Multi-slice CT angiography has provided important insights into the natural history of prosthetic valves with a particular focus on valve thrombosis. Hypo-attenuated leaflet thickening (HALT) can be found in 10–38% of prosthetic valves (82, 83), with the prevalence possibly higher in TAVR valves (84). Although lacking histological confirmation, this is highly suspected to be thrombus, based on its resolution with anticoagulation (85). HALT usually involves the periphery and bases of a leaflet and extends to a varying degree toward the center of the bioprosthesis (Figure 4) (4). HALT can develop as early as 5 days post-TAVR and has been shown to either progress, stabilize or regress over time (82, 83). Progression of HALT can lead to valve dysfunction described as restricted leaflet motion. This causes an increase in echocardiographically defined transvalvular gradients and eventually leads to symptoms of valve dysfunction (83). CT provides a reliable and potentially more sensitive methodology compared to transthoracic echocardiography for identifying and monitoring HALT (86, 84). It can also help determine management; the composition of acute thrombus has a low attenuation <90 HU, whereas chronic thrombus has values of 90–145 HU. Small acute thrombi are amenable to thrombolysis making this differentiation between types of thrombi important (87). 2D MPR provides an axial cross-sectional assessment to identify leaflet abnormalities. 3D volume rendered CT acquired through multiple phases provides confirmation of the leaflet abnormalities. When reconstructed into a movie (4D virtual reality CT), this can reliably illustrate restricted leaflet motion (4, 88, 89). Prophylaxis and treatment of thromboembolic disease associated with prosthetic valves have important implications for anti-thrombotic therapy, which is discussed elsewhere (90).
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FIGURE 4. Hypo-attenuated leaflet thickening seen in three views of the same patient (A) at the level of the sinus of Valsalva, (B) left ventricular outflow tract view, (C) three chamber view.


Additionally, a common and late complication of prosthetic valves is pannus formation, which commonly coexists with thrombus. Differentiation of the two pathologies is important for management. Pannus has a high attenuation >145 HU and the degree to which it is obstructing the valve orifice can be calculated, making CT a useful modality for its detection (87).




CT IN INFECTIVE ENDOCARDITIS

Although echocardiography is the main imaging modality used to diagnose and monitor infective endocarditis, CT can play a valuable role and its use is advocated by international guidelines (91). CT can provide confirmation of a diagnosis with high accuracy if echocardiography is equivocal. Additionally, CT provides supplementary information such as extra-cardiac foci of infection, abscesses and pseudoaneursyms (5, 92). When combined with positron emission tomography (PET), CT provides diagnostic and prognostic value in prosthetic valve endocarditis for future cardiovascular events (93, 94) (Figure 5).


[image: image]

FIGURE 5. Aortic root abscess seen in a patient with a previous metallic surgical aortic valve implanted in 2010. An axial slice from 2013 without an abscess (A), and a similar slice from 2017 showing a root abscess indicated by a white arrow (B). A coronal view (C) and 3D reconstructions (D,E) illustrate the abscess indicated by the white arrow.




EXTRACELLULAR VOLUME QUANTIFICATION (ECV) BY CT

VHD causes myocardial remodeling affecting ECV and its composition (95). ECV quantification using cardiac magnetic resonance imaging has been shown to track myocardial fibrosis and provide prognostic value in AS patients (96, 97). Based on similar concepts to cardiac magnetic resonance imaging, ECV can be calculated using CT (98). Certain pathologies such as cardiac amyloidosis result in very high ECV, enabling CT to act as a screening tool (Figure 6) (99).
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FIGURE 6. Extracellular volume quantification in two patients: (A) severe AS and (B) severe AS and cardiac transthyretin amyloidosis. Each panel illustrates a short-axis, 4 and 2 chamber views and a bull’s eye plot. High extracellular volume seen in panel (B) is identified by the yellow/orange coloration compared to lower extracellular volume in panel (A) identified by the green/blue areas.




FUTURE APPLICATIONS

Valvular heart disease directly affects the myocardial structure, function, and perfusion. Therefore, assessing these facets guides both, prognosis and management. CT myocardial perfusion imaging (CT MPI) provides prognostic information that can influence management strategies (100). Additionally the quantification of extracellular volume (ECV) has been shown to provide unique insights into diffuse myocardial fibrosis and cardiac amyloid (101). Fusion imaging using a CT overlay on live fluoroscopy imaging may provide a useful tool for transcatheter interventions enabling more complex and safer procedures (102). Photon counting CT potentially heralds a new era in cardiac CT, improving signal to noise ratio, reducing artifacts and radiation. Its integration into clinical use may improve the utility of CT for valvular heart disease (103).



CONCLUSION

Cardiac CT has become an irreplaceable adjunct to echocardiography in the clinical assessment of significant aortic stenosis and with the expansion of transcatheter valve intervention, the indications and utility of CT are continually growing. With high spatial resolution, CT allows evaluation of valve anatomy and coronary artery status, aortic pathology and vascular access planning, identification of the risk of likely complications and significant incidental extracardiac findings that influence treatment decisions, prognosis or trigger additional investigations.
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The increasing incidence of calcific aortic valve disease necessitates the elaboration of new strategies to retard the progression of the pathology with an innovative solution. While the increasing diffusion of the transcatheter aortic valve replacements (TAVRs) allows a mini-invasive approach to aortic valve substitution as an alternative to conventional surgical replacement (SAVR) in an always larger patient population, TAVR implantation still has contraindications for young patients. In addition, it is liable to undergo calcification with the consequent necessity of re-intervention with conventional valve surgery or repeated implantation in the so-called TAVR-in-TAVR procedure. Inspired by applications for non-cardiac pathologies or for vascular decalcification before stenting (i.e., coronary lithotripsy), in the present study, we show the feasibility of human valve treatment with a mini-invasive device tailored to deliver shockwaves to the calcific leaflets. We provide evidence of efficient calcium deposit ruptures in human calcified leaflets treated ex vivo and the safety of the treatment in pigs. The use of this device could be helpful to perform shockwaves valvuloplasty as an option to retard TAVR/SAVR, or as a pretreatment to facilitate prosthesis implantation and minimize the occurrence of paravalvular leak.

Keywords: calcific aortic valve disease (CAVD), ultrasound, lithotripsy—methods, valve leaflets, valvuloplasty, medical device


INTRODUCTION

Calcific aortic valve disease (CAVD) is one of the most prevalent pathologies in elderly people with a trend to increase worldwide (1–4), along with sex-specific differences (5). Epidemiological studies show that the prevalence of the pathology exponentially increases with age. In addition, the trend is favored by the generalized and continuously growing increase in life expectancy (6) and the constant rate increase in the world population of around 1.05% per year (Worldometer, 2020 global population data; https://www.worldometers.info/world-population/world-population-by-year/). CAVD and other aging-related disorders are therefore anticipated to have an epidemic diffusion in the next decades.

A main characteristic of CAVD is that it has a biphasic trend. During the first phase, named sclerosis, the valve leaflets undergo a slow progression of lipid accumulation and thickening due to the matrix remodeling activity of valve-resident and recruited inflammatory cells. During this phase, the change in valve hemodynamics is minimal. The sclerotic phase of CAVD is relatively slow and is followed by a more rapid stenotic phase, during which the resident cells start releasing small calcified microparticles that accumulate in the matrix (especially at the aortic side of the leaflets), giving rise to large calcific nodules. These nodules distort the leaflet geometry and make leaflets less pliable, preventing complete valve closure and giving rise to regurgitation and valve mechanical insufficiency. This progresses rapidly and can lead to death within 2–3 years after the beginning of the calcification process (7–10). For example, mild aortic valve stenosis (AVS) is defined by a peak velocity between 2.5 and 3 m/s, with a mean trans-valvular pressure gradient of less than 20 mmHg and a valve opening >1.5 cm2. By contrast, severe AVS is defined by a peak velocity greater than 4 m/s, a mean gradient of 40 mmHg or more and an aortic valve area less than 1 cm2. For several decades, the gold standard treatment of severe aortic stenosis has been surgical aortic valve replacement (SAVR) with mechanical or bio-prosthetic valves. Recently, a new trend has been established by the introduction of transcatheter aortic valve replacements (TAVRs) which has become an optimal solution for patients in the age range of 60–65 to ~80 years (11) or patients who cannot be operated for concomitant risk conditions (12). At the moment, there are no efficient pharmacological therapies that may retard the rapid calcific progression in the stenotic valve or inhibit the transition from the sclerotic to the stenotic phase–a shortcoming for the management of many young patients worldwide.

Inspired by the use of shockwaves to disintegrate kidney stones or gallstones (13, 14), which was introduced in the mid-'80s in medicine, new applications of high-intensity focused ultrasounds have proven to be effective for other treatments for calcific pathologies, such as tendonitis and other orthopedic applications (15). Lithotripsy has also been successfully used in the cardiovascular pathology area as an adjuvant treatment for better implantation of stents in coronary and peripheral calcified arteries (16–18). Similar to lithotripsy, ultrasounds that are properly modulated in intensity, frequency, and waveform can be used to produce fractures and structural changes in calcific aortic valve deposits. For this application, much less energy density is required to limit soft tissue injury. In this study, we describe the first validation of an innovative device that is tailored to disintegrate the calcific deposits in the human aortic valve leaflets. This device has been conceived to be part of a trans-catheter debridement device (TDD) that uses low-intensity ultrasound shockwaves for the calcium ablation in the native aortic or bioprosthetic valves with the aim of restoring the leaflet pliability to, therefore, regain an adequate trans-valvular flow and reduce pressure gradient. We show that treatment with TDD is able to reduce the calcium deposits in human calcified leaflets ex vivo without altering the vitality or affecting the structure and gross morphology of the leaflets, and of pericardium as the most represented material normally employed to manufacture bioprosthetic valves. We also show that the employment of the device is feasible in pigs. Based on our results, we propose TDD as an alternative treatment for young patients not eligible for TAVR. It may also be an alternative to the TAVR-in-TAVR procedure when restoring valve performance in patients with preexisting TAVRs affected by post-implant calcification.



MATERIALS AND METHODS


Biological Material and Ethics

Human stenotic aortic valves were obtained from a leftover of valve surgery replacement after approval from the Ethical Committee at Centro Cardiologico Monzino for the purpose of the present study. Porcine pericardia were collected from euthanized adult pigs in the experimental piggery facility and the slaughterhouse of the Department of Veterinary Medical Sciences of the University of Bologna. The pig in vivo trial was performed at an external facility authorized for the execution of cardiothoracic surgery trials. Animals were treated according to the ethical guidelines approved by the Italian Ministry of Health.



Description of the TDD Device and of the ex vivo/in vivo Treatment Protocol

The TDD used in the present study was an evolution of the device we preliminarily tested (19). The theoretical considerations underlying the use of shockwaves is provided for interested readers in the supplementary information. Briefly, the TDD comprised a pulse wave generator that was designed to provide two narrow impulsive electrical signals ranging from 50 to 75V. For the present study, one electrical signal was emitted pulses at 100 kHz and the other emitted at 3MHz to the ablation unit in an alternating pattern, with a time interval of 6 s. The combination of these different frequencies improved the disruptive effects of calcium deposits in the aortic valve cusps, avoiding thermal injury and the breaking of the transducers. The ablation unit was based on two mechanically bound piezoceramic transducers produced by PI Ceramics that had dimensions of 2.7 mm × 8 mm ×.7 mm. Each transducer was electrically connected to a Kapton flexible printed circuit and housed in metal support. The metal support was engineered to create a backing effect on the ultrasounds emitted by the transducer as the waves are conveyed in the direction of treatment. To obtain this effect, the thickness of the wall where the transducer was anchored is [image: image]. The transducer must be electrically isolated to work in a biological environment. The insulating material was a variant of parylene. It is deposited with a thickness of [image: image] that facilitates the passage of ultrasonic waves as the effects of refraction and reflection are limited. The debridement device used for the execution of the tests that is reported in this article consisted of a clamp whose faces are constituted by two piezoceramic transducers, but the final version of the device also included an artificial temporary valve with a Nitinol support structure intended to be positioned within the native valve to keep it open during the positioning of the transducers. Figure 1 illustrates the main constructive elements of the TDD and its experimental setup for the removal of calcium deposits in the soft valve tissue. The calcific leaflets were continuously treated for 30 min at alternating frequencies of 3 MHz and 100 KHz, with a switch between the two frequencies every 6 s. The combination of two-frequency ultrasound fields, as indicated in the literature (REF), increases the cavitation effects compared to the use of a single frequency. Hence, it is likely to preserve the integrity of the transducer and reduce the heat emitted.


[image: Figure 1]
FIGURE 1. Scheme illustrating the main components of the trans-catheter debridement device (TDD) in the configuration as it was employed for the in vivo trial. The device consists of two piezoelectric transducers that can be juxtaposed to deliver shockwaves on both sides of the region of treatment. The impulse-transducing cables are inserted into an intravascular catheter and operated by a handle at the other extremity to deploy and de-sheath the device.




TDD Treatment of Porcine Pericardium

Immediately after gentle isolation of the parietal pericardial membrane, the tissue was immersed in a solution of Phosphate-buffered saline (PBS)-containing antibiotics (penicillin/streptomycin) and stored or shipped at 4°C until the beginning of the experiments. Before the treatment with shockwaves, the remaining fat tissue was removed from the pericardial flap under sterile conditions. Subsequently, it was divided into stripes with a sterile knife and further cut into three samples/stripes. TDD treatment was localized at the center of the samples after marking with a surgical pen for discriminating the treated vs. the untreated portions in subsequent analyses.



Treatment of Human Valves With TDD

Candidate valves for TDD testing were selected on the basis of the degree of calcification as detected by echocardiographic characteristics before the valve substitution intervention. In general, valves with low or moderate stenosis levels were selected due to the inability of our experimental TDD to ablate nodules with a volume smaller than 100 mm3. The system was mounted with the two piezoelectric transducers clamping the portion of the tissue to be treated before connecting to the system amplifier (Figure 1).



In vivo Pig Model

The experimental treatment was carried out in two adult pigs in a fully equipped operating room with a portable angiographic C-arm. Under general anesthesia, the animals were fully heparinized, and the femoral artery was exposed to perform the treatment with TDD using a minimally invasive procedure. The animals were kept anesthetized for the whole duration of the treatments and were immediately euthanized after the procedure to recover the heart and dissect the treated valves. The mean arterial pressure was stable during the entire procedure (mean arterial pressure of 80 mmHg with heart rate of ~130 beats per min). No moderate to severe aortic regurgitation was ever detected by echocardiographic monitoring during and after TDD treatment. No pacing or rapid pacing was needed for the treatment.



Histological Characterization

Human and pig valve samples were fixed in 4% paraformaldehyde (4°C overnight), dehydrated in alcoholic scale, and embedded in paraffin. Histological sections (5 μm in thickness) were cut, dewaxed, and stained. Von Kossa staining was performed to evaluate calcium deposits in untreated vs. treated portions of the specimens. Conventional staining (hematoxylin/eosin, Masson's trichrome) was performed to observe in greater detail the structure of the tissue. Images of the tissue sections were acquired using an AxioPlane optical microscope (Carl Zeiss) and analyzed with ZenBlue software.




RESULTS AND DISCUSSION


Validation of TDD in vitro and ex vivo

To preliminarily test the efficiency of calcium deposits debridement in human aortic valves, experiments were performed on explanted and formaldehyde-fixed aortic valve leaflets. Under these conditions, we obtained an average volume reduction of 13.87% with a single piezo and a supply voltage of 55V, which allowed to obtain a peak of acoustic pressure of .2Mpa. The emitted energy is 150 mj/mm2 in the center of the transducer and 80 mj/mm2 at the edges (the shape of the emitted field is pyramidal). Volume reduction was calculated from the post-treatment vs. pre-treatment leaflet by CT scan (Supplementary Figure S1).

Since application of shockwaves to tissues can determine mechanical damages to cells, we were prompted to assess the effects on cellular survival and tissue ruptures using our experimental setup. This was done by measuring the vitality of living pericardial membranes from pigs, a tissue that we already employed for engineering valve tissues after recellularization (20) and is the golden standard material for manufacturing valve replacements. As shown in Figures 2A,B, the samples, stained with 3-(4.5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide (MTT) and treated with the device, exhibited no differences in the overall vitality of the treated vs. the non-treated areas on both sides of the tissue. The absence of large ruptures and the presence of cells with normal morphology in transversal sections of the treated and untreated areas showed that the type and intensity of the shockwaves delivered by the TDD did not affect, at least macroscopically, the integrity of the tissue (Figure 2C). Confirming the macroscopic observations by MTT staining, a normal amount of cells in the treated vs. the non-treated areas were counted in high magnifications of transversal tissue sections of the pericardial material (Figures 2C,D). This bona fide consolidates the lack of important structural deterioration of a valve-resembling living tissue treated with the device and warrants the safety of the procedure for employment in vivo.


[image: Figure 2]
FIGURE 2. Validation of the TDD on living porcine pericardium. (A,B) Show the two sides of a pericardial patch stained with 3-(4.5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide (MTT; purple color). The region encircled by the dotted rectangle indicates the part that was exposed to shockwaves and does not exhibit any staining reduction, suggesting maintenance of an excellent vitality of the tissue. (C) Shows the transversal section of another section of living pericardium treated with the TDD. It is evident from the high magnifications in the lower part of the panels that cells in the treated regions are in the same amount as in the untreated portions. Quantifications of nuclei are present in D, showing no difference in the nuclei counting in treated vs. untreated portions. Bar graph displays the mean and the SE of data (n = 3 independently treated pericardial samples; p > 0.05 by paired Student's t-test).


To validate the double-piezo device for fragmentation and/or disruption of the calcium deposits in living calcified valves, we employed the TDD to treat calcified areas of human stenotic valves leaflets that were freshly explanted from patients with CAVD who were undergoing surgical valve replacement (Figure 3A). Treatments were performed using a 3 MHz ultrasound field combined with a field at a low frequency of 100 kHz, which, according to preliminary tests, were found to ensure the most efficient removal of the nodules of intermediate or low size (up to 100 mm3). To this aim, we selected areas of the leaflets that were not characterized by the largest calcific deposits or affected by sclerosis, where, instead, calcium deposition is not involved (21). Leaflets were treated in areas juxtaposed to the visible calcifications with an orientation, as indicated in Figure 3B. From the morphological observation of the leaflets after treatment, the tissues, in no case, showed signs of burns or obvious damages. Histology staining was performed after transversally cutting the treated areas to analyze possible microscopic ruptures to the extracellular matrix components (e.g., collagen and elastic fibers) and variations in the dimensions of the calcium nodules. Figures 3C–F show representative low or high magnifications of calcifications in control (Figures 3C,E) and treated (Figures 3C,F, Supplementary Figure S2) leaflet sections stained with von Kossa. In treated leaflets, it was evident that a partial fragmentation or disruption of the calcium deposits appeared less compact than in untreated samples, as shown by the reduction of the area covered by the compact bone, and the presence of areas where the calcium appeared pulverized. The elimination of calcium deposits was also macroscopically observed by treating a calcified human valve in a cadaveric heart (Supplementary Figure S2). Together, these data macroscopically and microscopically demonstrate the removal of calcium nodules from the calcific leaflets by TDD.


[image: Figure 3]
FIGURE 3. Treatment of calcific aortic valve disease (CAVD) leaflets by TDD. (A,B) Show the sequence of the human CAVD leaflets mounting in the debridement device. After preparation, leaflets were individually placed among the two piezoelectric transducers and immersed into a phosphate-buffered saline (PBS) solution for the treatment. After treatment, the orientation of the treated zones (TR) was marked with a surgical pen to distinguish them from the untreated portions (UT). These marks were taken as a reference for histological sectioning that occurred in a transversal orientation as indicated in the lower right panel in (B). (C,D) And the high magnifications of the histological regions represented therein (E,F) show the difference in the aspect of the calcifications in control (C,E) vs. the treated calcific leaflets (D,F). It is remarkable that in control tissues there was a net boundary between the calcific lesions (removed by sectioning; CLB) and the surrounding sclerotic tissue (red arrows in E). By contrast in treated tissues, the boundaries were less sharp (yellow arrows) and granular-like deposits (yellow asterisks) appeared around the lesions, suggesting a partial debridement of the calcium. See also Supplementary Figure S1 for another clear example of calcium debridement in a calcific human valve leaflet treated with TDD. Sections in C–F stained with von Kossa staining solution.




Safety of TDD Employment in vivo

A pigtail catheter, under fluoroscopic guidance, was advanced through a 6 Fr arterial introducer and over a 0.035″ standard wire until the right aortic valve sinus of Valsalva to mark aortic valve plane and leaflet. The TDD, integrated in a transfemoral 21 Fr delivery system, was advanced over a 0.035″ stiff wire through the thoracic aorta and aortic arch to the aortic root (Figure 4A, left center, Supplementary Video 1). An angiography was performed to highlight the correspondence between the position of the device and the aortic valve plane (Figure 4A, right, Supplementary Video 1). After opening the device, under intravascular ultrasound control (Figure 4B), the active element was correctly positioned by laying on the aortic side of the leaflet. The device only kept in closed position at which the leaflet was lying on, allowing the two other leaflets to normally open and close for the whole duration of the treatment (Figure 4B, center and right) and after retraction of the TDD from the valve (Figure 4C and Supplementary Video 1). It was interesting to note that during the activation of the piezo, the TDD ablator interfered with the echo signal. While this suggests an efficient in vivo functioning of the device, it also shows that echocardiographic assessment of leaflet motion during ultrasound treatment is not possible, thus leaving to angiographic monitoring the elective way to control the positioning of the piezo during the procedure. Every 10 min, the treatment was interrupted to check the status of the electrical insulation of the device. The check was carried out by pinching the electrical cables connected to the generator, and the piezoelectric capacity was measured with a tester.


[image: Figure 4]
FIGURE 4. Angiographic and echocardiographic assessment of successful TDD deployment and leaflet treatment with a trans-femoral access in vivo. (A) Shows the deployment of the device through the femoral artery from an initial position at the level of the ascending aorta and down to the positioning of the piezo in the Valsalva sinus of the right aortic valve leaflet. (B) Shows three images of an echocardiographic sequence showing the motion of the valve leaflets in the presence of the piezo deployed at the level of the right leaflet. The pictures of the sequence show, respectively, the correct closure of the three leaflets before piezo deployment (left picture), the closure of the valve after piezo deployment (center picture), and the opening of the left (L) and the non-coronary (NC) leaflets or the blockade of the right (R) leaflet by the deployed piezo at systole (right picture). The complete sequence is provided as Supplementary Video 1. (C) Shows, finally, static images of the angiography and the echocardiographic sequences during activation of the piezo. It is evident on the right the interference of shockwaves with the ultrasounds, making it impossible to distinguish the structure of the valve.


After the end of the experiments, the valves were explanted and processed for histological sectioning. Given that the entire valves were available, the three leaflets were individually dissected from the Valsalva sinuses and transversally sectioned in a circumferential direction from commissure to commissure to screen for potential tissue damage. Figures 5a–c show the picture of the right, left, and non-coronary leaflets, respectively, of one of the valves treated by the TDD in vivo. To identify possible tissue damages, staining with Masson's and Hematoxylin/Eosin (H&E) solutions were performed. The magnifications in each of the panels indicate areas with possible tissue damage due to the treatment. As expected, evident signs of mild/moderate ruptures on the aortic side of the right leaflet (Figure 5a), the one that received the ultrasounds according to echocardiography data. These ruptures, however, were found only on the most external surface of the tissue and did not affect the collagenous structure of the fibrosa layer, suggesting that the shockwaves were very focused on the area of the tissue localized immediately below the contact point of the piezoelectric transducer to the aortic side of the leaflet. This finding, in keeping with the data obtained in animal pericardium and the human calcific leaflets, shows a localized effect of the TDD that is tailored to fracture the calcific lesions without involving major tissue ruptures.


[image: Figure 5]
FIGURE 5. Histological sectioning of the right (a), non-coronaric (b), and left (c) leaflets of the aortic valve treated with TDD in Figure 4 from commissure to commissure and along a radial direction stained with hematoxylin/eosin and Masson's staining solutions. The right leaflet, treated with the TDD (a), showed evident signs of superficial damage (arrows in magnification inset) that were contained within the superficial portion of the fibrosa (Fib) identifiable on the aortic (Ao) side of the valve due to its intense blue staining. In no case the ventricular portion (V) or the ventricularis (Ve) or the spongiosa (Sp) layers exhibited signs of tissue damage.





CONCLUSIONS AND LIMITATIONS

In the present study, we provide the first proof of concept demonstration of a new device specifically tailored to operate with a high level of safety and efficiency. It is a partial debridement of the calcific deposits affecting the aortic valve motion and hydrodynamic performance. Although innovative, this approach is not the first to be employed to this aim. In fact, in recent literature, there are emerging descriptions of lithotripsy application as a preventive strategy to improve the ellipticity index and limit the paravalvular leak of transcatheter aortic valve implantations (TAVIs) (22, 23), to reduce percutaneously the extent of cardiac valves calcifications (24), or as a pretreatment for valvuloplasty (25, 26). On the other hand, the devices employed so far to deliver shockwaves to the valves—expandable lithotripsy balloons tailored for intravascular calcific lesions debridement—are not specifically designed for the scope of shockwave-based valvuloplasty and, therefore, do not have the design specifications to perform debridement of the calcific lesions with the necessary precision and accuracy. The TDD presented in our investigation has been conceived from the beginning as a specific device for treatment of the valve leaflets with calcifications. Compared with the existing lithotripsy balloons, TDD has, for example, the possibility to be placed precisely on the portions of the leaflets to be treated under angiographic and echocardiographic guidance. In addition, although the system employed in our in vivo trial consisted of only one piezoelectric transducer, by virtue of the double piezo design that could be implemented in a clinical version, the TDD offers the advantage to treat both sides of the leaflets and operate with shockwaves with the desired power and frequency to optimize calcium debridement, thereby minimizing tissue damages. Although the system has been designed to reduce the size of the calcium deposits in valves with calcific disease and positively impact on the valve hemodynamics with the recovery of leaflet pliability, another appealing opportunity to employ our system is also to remove calcium deposits from calcified biological prostheses in preparation of TAVR-in-TAVR procedures, to restore leaflets pliability and valve performance in patients with calcified TAVRs, and to reduce the content of the calcium in the valve annulus to reduce paravalvular leak in conventional SAVR with mechanical or bioprosthetic implants. In this regard, the increase in energy delivery (up to 150 V and the presence of a double piezo on both sizes of the leaflets) planned in the next version of the in vivo device will help to improve the efficiency of calcium deposits debridement. Accordingly, suitable mechanical tests in a pulse duplicator system will be necessary on treated valves to confirm the variations in hemodynamics after treatment with TDD in its full power configuration.

A possible limitation in the transfer of TDD to the clinics may result from potential pathologic effects of the shockwaves resulting from induction of cellular apoptosis or local or systemic inflammation (27–30) that could lead to rapid tissue re-calcification. In the present study, our primary concern was to demonstrate that delivery of the shockwaves does not determine macroscopic ruptures in the leaflets and the pericardium. Hence, it does not affect the survival of cells inside the treated tissues and performs efficient calcium debridement. Future safety assessment of the TDD will have to be performed in vivo, ideally using animal models, i.e., sheep (31), where the possible pathologic evolution of the treated leaflets will be monitored with state-of-the-art systems.

Other important risks that should be considered for clinical implementation of the device are the potential embolization of calcific debris and the thrombogenic effects of possible valve leaflets denudation. Although in the version of the TDD employed in the present study, this component was not present. Our device has been designed to be used with deployment of a distal filter to avoid unwanted debris embolization. To limit the risk due to endothelial denudation and thrombogenicity, tests will finally be conducted with the administration of anticoagulation therapy in animals treated with TDD to monitor the dynamics of reendothelialization of the portions of treated leaflets. In summary, due to the possibility to modulate the frequency and the power of the shockwaves, our new device offers the possibility to promote, at least potentially, in vivo valve tissue repair as it has been demonstrated, for example, for the kidney (32).
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Transcatheter edge-to-edge repair (TEER) therapy is recommended by the American College of Cardiology/American Heart Association (ACC/AHA) guidelines for selected patients with symptomatic severe or moderate-severe mitral regurgitation (MR). Echocardiography, in particular transesophageal echocardiography (TEE), plays a critical role in procedural planning and guidance for TEER. Recent innovations and advances in TEE techniques including three-dimensional (3D) imaging, unlimited x-plane imaging, live 3D multiplanar reconstruction, as well as transillumination imaging with color Doppler and transparency rendering have further enhanced procedural imaging for TEER, especially for complex diseases including commissural defects, clefts, and multi-segment pathologies. This review discusses the technology of these advanced procedural imaging techniques and provides a “step-by-step” guide on how to apply them during the TEER procedure with a focus on their added values in treatment of complex valve lesions.
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BACKGROUND

Transcatheter mitral valve (MV) repair is a minimally invasive technique for treatment of selected patients with moderate-severe or severe (3+ or 4+) mitral regurgitation (MR). While several technologies are in clinical development, a transcatheter edge-to-edge repair (TEER) device, the MitraClip™ (Abbott Vascular, Santa Clara, CA, US), is currently the only US Food and Drug Administration approved device for transcatheter MV repair (1–3). Other investigational TEER devices include the PASCAL™ (4) (Edwards Lifesciences, Irvine, CA, US) and the DragonFly™ (5) (Valgen Medical, Hangzhou, China) transcatheter MV repair systems. TEER therapy is recommended by the 2020 ACC/AHA guidelines for selected patients with primary and secondary MR (6). Based on the surgical Alfieri edge-to-edge repair, the MitraClip™ system utilizes a cobalt chromium clip covered with a polypropylene fabric that grasps both the anterior and posterior MV leaflets, thereby reducing MR by increasing the coaptation between the regurgitant valve leaflets. According to the data from the manufacturer, over 100,000 patients have been treated with the MitraClip™ worldwide over the past 17 years. Early experience with the use of TEER therapy was confined to patients with favorable anatomy for the repair procedure, namely, A2-P2 defect, limited flail gap (<10 mm) and width (<15 mm), larger MV area (>4 cm2), long mobile leaflet (≥7 mm), without commissural lesions or clefts (2, 3). With growing implantation experience, technological improvement in device design, and cumulating outcome data demonstrating clinical benefits, TEER therapy is increasingly used in patients with more complex lesions and less favorable anatomy, including commissural prolapse, multiple lesions, and clefts. Procedural steps common to all TEER systems include analysis of MV anatomy and function, transseptal access to the left atrium (LA), steering of the clip toward MV, and grasping of MV leaflets; these steps are performed under careful procedural imaging guidance, with transesophageal echocardiography (TEE) as the primary imaging modality, and fluoroscopy as adjunct technique. Two-dimensional (2D) TEE has been the standard procedural imaging technique during early clinical experience of the MitraClip™ procedure; the advent of three-dimensional (3D) TEE technology has further enhanced procedural guidance. A combination of 2D and 3D TEE is increasingly used (7–9). The widened spectrum of MV lesions with increased complexity that can now be treated with TEER therapy has stimulated a rapid parallel advances of ultrasound hardware and software to match the increasingly sophisticated procedural imaging demand. In this review, we discuss the technological advances in procedural TEE imaging, and provide a step-by-step guide to applying these new techniques in the TEER procedure.



ADVANCED TECHNIQUES FOR TEER PROCEDURAL IMAGING—TECHNOLOGICAL CONSIDERATIONS

Introduction of the 3D fully sampled matrix array TEE transducer in the past decade has made possible simultaneous multiplane (or x-plane) and live 3D imaging; more recently, increase in the computing power of ultrasound system and innovations in 3D rendering techniques have led to advances in new imaging techniques. Three new techniques relevant to TEER procedural imaging will be discussed—namely, x-plane imaging with unlimited plane combination, live 3D multiplanar reconstruction (MPR), and transillumination imaging (TI).



X-PLANE IMAGING WITH UNLIMITED PLANE COMBINATION

X-plane imaging displays two views from the same heartbeat utilizing one acoustic window. The default images are orthogonal (90°) to each other. Typically, the left sector displays the reference imaging plane (A plane) and the right sector displays an adjustable plane (B plane) on which the elevation, lateral tilt, and rotation can be manipulated. X-plane imaging allows visualization of anatomic structures and devices from different imaging planes simultaneously, leading to improved accuracy of measurement and device positioning. In the earlier versions of x-plane imaging offered by most vendors, however, there was a limited combination of plane tilting and rotation—the scan planes are forced to align orthogonal when B plane is tilted and tilting always resets when B plane is rotated (10). This limitation becomes important when commissural MR is treated, as the proper clip arm orientation is rotated to maintain perpendicularity to the line of coaptation at the commissures, where the bicommissural view and the optimal leaflet grasping views are non-orthogonal. In the recently updated version of x-plane imaging, combination of plane tilting and rotation is unlimited, allowing flexible multiplane evaluation with scan planes aligned to cardiac structures with non-orthogonal views when required (11) (Supplementary Figure 1).



LIVE 3D MPR

The 3D data set can be sliced to generate multiple 2D views (as orthogonal planes, parallel slices, or rotated around a common rotation axis)—a process known as MPR (9). MPR allows 2D visualization of cardiac structures which are difficult (sometimes impossible) to obtain directly from traditional 2D imaging. Conventional MPR is performed offline after the 3D data sets are acquired and stored. Live 3D MPR is a new 3D visualization tool that allows free MPR manipulation during real-time imaging for structure/device alignment and measurements (11, 12). Use of live 3D MPR allows simultaneous display of multiple imaging planes (typically two long-axis views and one short-axis view), as well as a 3D en face view, without or with color Doppler. MPR orientation is typically displayed on the volume data as reference view lines. There are several advantages for using live 3D MPR in the guidance of the TEER procedure: (1) the errors of parallax (perceived shift in position of a structure when it is viewed from different angles on 3D echocardiography) can be minimized by simultaneously displaying the 2D views and 3D images; (2) 2D views that are physically impossible to obtain with conventional 2D imaging as a result of the limitation of physical angle of insonation can be reconstructed and displayed; and (3) the need to change views and probe positions for complete assessment can be avoided.



PHOTOREALISTIC TRANSILLUMINATION IMAGING AND TRANSPARENCY RENDERING

Optimal methods for displaying 3D images are critical for the perception of depth and to provide a clinically useful, high-fidelity images of cardiac structures and devices. Conventional 3D rendering uses shading techniques to encode voxels based on their distance, gray-level gradient, and texture to generate a 3D display of cardiac structures; these techniques do not consistently provide images with adequate detail definition and depth perception. A novel rendering technique known as transillumination imaging (TI) adds a virtual light source and simulates light-tissue interactions, including absorption, scattering and reflection, resulting in a photorealistic image with shadows that highlight structures and enhance depth perception (13, 14). The light source is freely movable within the volume to illuminate specific structures. It has been shown that TI enhances the sense of depth and space, producing images that appear more realistic to the human eye, which facilitates the detection of subtle structures and pathologies, such as ruptured chordae and clefts. TI with transparency rendering is a modification of the TI technique that highlights interface between tissue and blood within the 3D data set (15). TI with transparency displays tissue as transparent while showing the blood/tissue border as a colored contour, allowing the operator to adjust the degree of transparency in order to provide better delineation of cardiac anatomy and devices. Additionally, TI has the ability to superimpose 3D color Doppler onto 3D anatomic data with tissue transparency in order to refine the visualization of MR jet origin before and after the TEER procedure (16).



PROCEDURAL IMAGING IN TEER USING ADVANCED ECHOCARDIOGRAPHIC TECHNIQUES—STEP-BY-STEP

Procedural imaging in TEER should follow a standard protocol involving the following steps: preprocedural analysis of the MV anatomy and function, transseptal puncture, introduction of the steerable guide into the LA, steering and positioning of the clip, grasping, leaflet insertion assessment, and pre-deployment evaluation. An integrative imaging approach combining the proper use of 2D, Doppler, and advanced 3D techniques as indicated by the imaging goal of each procedural step should be adopted. This review highlights the steps in which the abovementioned advanced imaging techniques have added value, especially for complex lesions, and describes the practical steps to apply them during the procedure.



PRE-PROCEDURAL ANALYSIS OF VALVE ANATOMY AND FUNCTION

Procedural imaging for TEER starts with pre-procedural planning of clips strategy (location, size, and numbers of clip to be implanted) with detail analysis of the valve anatomy and function. The Carpentier nomenclature of the MV scallops divides the valve into 6 segments (A1, A2, A3, P1, P2, and P3). Live 3D MPR is particularly suited for segmental analysis of leaflet edge anatomy. Typically, the reconstructed bicommissural view, long-axis view, short-axis MV view, and a 3D en face image are displayed. By positioning the long-axis plane at each leaflet segment, the leaflet edge anatomy and function of each segment is systematically evaluated along the whole line of coaptation (Figure 1A); any prolapse, flail, billowing, tethering, clefts, and calcifications are documented. In fact, as the lesion location and the optimal clip implantation position can vary by only a few millimeters, a TEER-specific nomenclature dividing the leaflets into more, smaller segments may be required for more precise localization and communication (e.g., the lateral 1/3 of P2 can be called P2L). Segmental analysis with live 3D MPR is particularly important for treating complex lesions with multi-segment pathologies. In degenerative MR due to diffuse myxomatous disease, it is important to differentiate prolapsing from billowing segments, as the former has genuine loss of leaflet edge coaptation (hence becomes the MR origin) and could be the primary target site for clip implantation (1, 17, 18). Pure billowing, on the other hand, does not contribute to MR and may not require clipping. Calcifications of leaflet grasping zone may preclude clip implantation in the relevant segment, and clefts or deep indentations may need specialized clips strategy (19). The added advantage of live 3D MPR over plain 2D (including simultaneous biplane) imaging is the simultaneous display of 2D planes and 3D views, allowing guided alignment of the reconstructed long-axis 2D plane to be perpendicular to the line of coaptation; this technique allows the length of leaflet segment available for grasping to be measured with improved accuracy. Similarly, the flail width, flail gap, and MV area can be measured with higher accuracy by adjusting the 2D planes to the correct positions according to the anatomy (20, 21). Importantly, interrogation of a smaller 3D volume can be performed during 3D imaging to compensate for the relative reduction of spatial resolution and frame rates, reducing measurement error. The 3D image of the MV should be viewed from both the atrial (Figure 1B) and ventricular (Figure 1C) perspectives for visualization of leaflet clefts or indentations, which can be better appreciated with the use of TI (Figures 1B,C). TI with color Doppler and transparency rendering could enhance 3D visualization of the origin(s) of the MR jet(s) (16) (Figure 1D).


[image: Figure 1]
FIGURE 1. Pre-TEER analysis of MV anatomy and function using advanced TEE imaging techniques. (A) Segmental analysis of leaflet edge anatomy using live 3D MPR on 3D TEE data set of a patients with diffuse myxomatous MV disease. Prolapse is seen in the lateral part of the A2 segment (A2L); other segments show either leaflet billowing or normal leaflet motion. (B) TI in a patient with a flail P2 segment (*). (C) TI of the MV viewed from the LV perspective highlighting a leaflet cleft/deep indentation (arrow) between P2 and P3. (D) TI with transparency rendering in a patient with MR of mixed etiologies showing the origins of 2 separate MR jets (arrowheads), one at A2-P2 (secondary MR component) and another from a perforation of the anterior leaflet near the left trigone (primary MR component). A tricuspid regurgitation (TR) jet is also visualized. Ao, aorta; LA, left atrium; LV, left ventricle; A2L, lateral 1/3 of A2; A2M, medial 1/3 of A2; P2L, lateral 1/3 of P2; P2M, medial 1/3 of P2.




TRANSSEPTAL PUNCTURE

The goal of transseptal puncture is to ensure the clip delivery system crosses the atrial septum at an appropriate distance (the transseptal height) from mitral annular level according to leaflet anatomy and function. An optimal transseptal height allows appropriate alignment of the clip to adequate trajectory toward the mitral leaflets for proper grasping. Typically, transseptal puncture is performed at the superior and posterior-mid aspect of the fossa ovalis to achieve a transseptal height of 4–4.5 cm (Supplementary Figure 2). The bicaval (~90°) view and short-axis (~45°) view guide transseptal puncture in, respectively, superoinferior and anteroposterior direction by monitoring tenting of fossa ovalis by the Brockenbrough™ needle. It is important to have the aortic valve visualized in the 45° short-axis view to ensure puncture is performed away from the aorta. However, bi-caval and short-axis planes are in fact ~45° (non-orthogonal) to each other; in the previous version of x-plane imaging, when A plane is used to show the bi-caval view, tilting of B plane to “chase” the needle resets the short-axis B plane to 0°, and aorta becomes out of sight. The new x-plane imaging with unlimited plane combination has important added advantage by allowing tilting of B plane without resetting its rotation to allow visualization of aorta throughout the puncture process and minimizes the chance of aortic injury (Supplementary Figure 3). Fine adjustment of transseptal height (±5 mm) may be required according to leaflet anatomy and function: flail leaflets or prolapse requires a higher while functional MR with tethered leaflets requires a lower transseptal height, owing to the different level of leaflet coaptation relative to the annulus. On the other hand, transseptal height should be higher for medial and lower for lateral commissural MR, because the clip delivery system gains height as it travels laterally. Moreover, the medial commissure is more caudal and the lateral commissure more cephalic; therefore, supero-inferior position of transseptal puncture may need to be adjusted accordingly for treatment of commissural MR (19). Unfortunately, it is difficult to appreciate the relationship between transseptal puncture site and MV commissures on 2D imaging; 3D imaging has added value by demonstrating the distance and position of transseptal puncture relative to mitral commissures and leaflets in the 3D en face view (Figure 2A). Furthermore, TI with lighting source behind fossa ovalis is valuable for assessing soft tissue thickness and enhances 3D perception of anatomic relations with mitral leaflets, providing additional information for guiding transseptal puncture (Figure 2B).


[image: Figure 2]
FIGURE 2. Application of advanced TEE imaging in the guidance of mitral TEER procedure. (A) 3D en face view of the MV showing the position of tenting of the atrial septum by the transseptal puncture needle and its relationship with the medial commissure (mc) of the MV. (B) TI of the atrial septum showing the position of the fossa ovalis (FO) and its relationship with the MV. (C) TI with the virtual light source at different positions in the LA casting shadows (arrows) of the clip to enhance 3D perception of distance of the clip from adjacent structures during clip steering. (D,E) X-plane imaging (bicommissural and long-axis views) with simultaneous independent tilting and rotation facilitating leaflet grasping for medial (D) and lateral (E) commissural prolapse.




CLIP STEERING AND POSITIONING

Once the guide catheter is correctly positioned, the clip delivery system is inserted and advanced through the guide into the LA. As movement of the clip delivery system in LA is 3-dimensional (antero-posterior, septo-lateral, and deflection toward MV), 3D imaging is superior to 2D imaging in guiding the steering process without needing to change views (22). Additionally, TI with lighting source in LA enhances 3D perception by casting shadows of the clip on surrounding structures, and helps to confirm the clip is free from LA wall and valve tissue to avoid cardiac injury (Figure 2C). The goals of steering are to align the clip to a trajectory perpendicular to the plane of the MV and to position the clip to the target lesion/MR origin. X-plane imaging with simultaneous display of the bicommissural and long-axis views, combined with fluoroscopy, is often used to check clip trajectory. However, 2D imaging may occasionally be difficult to confirm axiality of clip trajectory as the clip path may be out of plane despite meticulous probe manipulation. This may be more likely in complex procedures, such as treatment of commissural MR or when the LA is severely dilated. Live 3D MPR has a unique advantage by displaying simultaneously the reconstructed 2D bicommissural plane (M/L alignment) and long-axis plane (A/P alignment), as well as the 3D en face view of the MV (clip arms perpendicularity to line of coaptation); orientations of MPR can be aligned co-axial to the delivery catheter shaft (Supplementary Video 1) and clip trajectory can be observed and adjusted in real-time (23). Failure to confirm that the clip arms are perpendicular to the line of coaptation may result in loss of leaflet capture and insertion. Clip arms perpendicularity is best confirmed on 3D imaging. In the en face “surgeon view”, the open clip arms are oriented 12-6 o'clock (with aortic valve at 12 o'clock) to be perpendicular to the coaptation line at A2/P2; but for peripheral or commissural defects, because the coaptation line is curved like “smiley face” the clip arms should be rotated clockwise or counterclockwise to achieve perpendicularity for, respectively, lateral (A1/P1/lateral commissural) or medial (A3/P3/medial commissural) defects.



LEAFLET GRASPING AND PRE-DEPLOYMENT EVALUATION

After verification of axial trajectory and clip arms perpendicularity, the clip is advanced into LV; after rechecking clip orientation below the MV, the clip is partially closed and brought up to grasp the leaflets. Leaflet grasping is best performed by using x-plane imaging (bicommissural and long-axis) (24, 25). Proper grasping requires both clip arms to be seen within the long-axis grasping plane. The intersection angles between the bicommissural and grasping planes at the peripheral segments are non-orthogonal (26). For lateral defects (A1/P1/lateral commissure), lateral tilt and clockwise rotation of B plane should get the proper grasping view; for medial defects (A3/P3/medial commissure) medial tilt and counterclockwise rotation will be needed. One easier way to remember which way to rotate is that the B plane rotation follows the same direction as clip rotation to achieve perpendicularity on the 3D en face image (Figures 2D,E). Similarly, live 3D MPR can be useful to display the proper bicommissural and grasping plane to monitor leaflet capture in patients whose 2D planes are not easy or possible to obtain with x-plane imaging (27). The orientations of the live-reconstructed 2D planes can be adjusted to follow the device direction and position during real-time grasping (23). Specific structures can be identified and located correctly on the 3D image, which is particularly helpful when multiple clips are implanted (Supplementary Video 2). Leaflet insertion and MR reduction should be confirmed before clip deployment. MPR is helpful in confirming leaflet insertion (23, 28) by calculating the difference of the leaflet length outside the clip measured in the long-axis plane on the clip and the entire leaflet length measured in the parallel planes just beside the clip (Supplementary Figure 4). In addition to the bicommissural/long-axis x-plane imaging, 3D color-Doppler imaging using TI with tissue transparency adds visual information of localization of any residual MR jet origin (16) (Supplementary Video 3).



CONCLUSION AND FUTURE PERSPECTIVES

Advanced procedural TEE 3D imaging and related techniques have incremental practical value in procedural guidance for TEER especially in complex procedures. New hybrid, or fusion, imaging technology allows for 3D TEE to be overlaid on fluoroscopy to provide the most pertinent information from both imaging modalities on a single screen, and may improve safety and efficacy of the TEER procedure (29). In future, technological improvement in 3D imaging especially on resolution and frame rates (30), as well as the advent of full-volume 3D intracardiac echocardiography technique (12), will likely further enhance the use of 3D echocardiography in procedural imaging to simplify and optimize procedural guidance for structural heart interventions.
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Objectives: To determine the risk of mortality and need for aortic valve replacement (AVR) in patients with low-flow low-gradient (LFLG) aortic stenosis (AS).

Methods: A longitudinal multicentre study including consecutive patients with severe AS (aortic valve area [AVA] < 1.0 cm2) and normal left ventricular ejection fraction (LVEF). Patients were classified as: high-gradient (HG, mean gradient ≥ 40 mmHg), normal-flow low-gradient (NFLG, mean gradient < 40 mmHg, indexed systolic volume (SVi) > 35 ml/m2) and LFLG (mean gradient < 40 mmHg, SVi ≤ 35 ml/m2).

Results: Of 1,391 patients, 147 (10.5%) had LFLG, 752 (54.1%) HG, and 492 (35.4%) NFLG. Echocardiographic parameters of the LFLG group showed similar AVA to the HG group but with less severity in the dimensionless index, calcification, and hypertrophy. The HG group required AVR earlier than NFLG (p < 0.001) and LFLG (p < 0.001), with no differences between LFLG and NFLG groups (p = 0.358). Overall mortality was 27.7% (CI 95% 25.3–30.1) with no differences among groups (p = 0.319). The impact of AVR in terms of overall mortality reduction was observed the most in patients with HG (hazard ratio [HR]: 0.17; 95% CI: 0.12–0.23; p < 0.001), followed by patients with LFLG (HR: 0.25; 95% CI: 0.13–0.49; p < 0.001), and finally patients with NFLG (HR: 0.29; 95% CI: 0.20–0.44; p < 0.001), with a risk reduction of 84, 75, and 71%, respectively.

Conclusions: Paradoxical LFLG AS affects 10.5% of severe AS, and has a lower need for AVR than the HG group and similar to the NFLG group, with no differences in mortality. AVR had a lower impact on LFLG AS compared with HG AS. Therefore, the findings of the present study showed LFLG AS to have an intermediate clinical risk profile between the HG and NFHG groups.

Keywords: aortic stenosis, paradoxical low-flow low-gradient, echocardiography, aortic valve surgery, heart valve disease


INTRODUCTION

Degenerative aortic stenosis (AS) is the most common valve disease in developed countries and, owing to aging of the population, threatens to become a true epidemic in coming decades (1). Paradoxical low-flow low-gradient (LFLG) AS poses diagnostic challenges and uncertainties regarding the true severity of the disease and appropriate therapeutic decision-making. Initial studies considered LFLG AS to be an entity with worse prognosis than high-gradient (HG) AS and could thus benefit from surgical or percutaneous treatment as or earlier than in HG AS (2–4). However, recent meta-analyses questioned these results, considering that LFLG AS probably behaves in an intermediate manner between moderate and severe AS (5–8). The present study aimed to assess, in a large and contemporary cohort of patients with AS, the natural history and prognosis of LFLG AS in comparison with HG and normal-flow low-gradient (NFLG) AS, as well as the impact of aortic valve replacement (AVR) in each subgroup.



MATERIALS AND METHODS

A retrospective longitudinal observational study was conducted of consecutive patients from 14 tertiary hospitals nationwide diagnosed between 2008 and 2016 with severe AS (aortic valve area (AVA) < 1.0 cm2) with left ventricular ejection fraction (LVEF) ≥ 50% on the transthoracic ECG (Figure 1). Exclusion criteria were: age < 18 years, atrial fibrillation or pacemaker rhythm, aortic regurgitation more than mild, other valvular heart disease more than mild, left ventricular outflow tract dynamic gradient exceeding a velocity >1 m/s, previous heart surgery, suboptimal echocardiographic window, poor blood pressure control, and comorbidities at baseline that could themselves cause an alteration in functional grade or prognosis (e.g., severe chronic obstructive pulmonary disease [COPD]).


[image: Figure 1]
FIGURE 1. A flowchart of patients participating in the study. AS, aortic stenosis; AVA, aortic valve area; LVEF, left ventricular ejection fraction.


The approval for the study was obtained from the Ethics Committee of the Vall d'Hebron Hospital (PR (AG) 60/2018). The study protocol conformed to the ethical guidelines of the Declaration of Helsinki 1975 as reflected in the Ethics Committee approval.

Baseline demographic and clinical data were collected. The presence of coronary artery disease was defined when a history of acute myocardial infarction, significant ischaemic or the presence of coronary artery disease were documented. The presence of baseline symptoms was considered when the functional status of the New York Heart Association was ≥ II, or syncope or angina was reported in clinical reports. Follow-up clinical data, such as the need for surgery or TAVI, status (alive/deceased), and cause of death (cardiovascular/non-cardiovascular) were also obtained. AVR was indicated at the participating centers according to current guideline indications (9).

Echocardiographic studies were performed in all patients by expert imaging cardiologists at the participating centers. Measurements were obtained following European Association of Cardiovascular Imaging (EACVI) standards and were validated by a senior expert from each center. AVA was calculated through continuity equation. The degree of aortic valve calcification and stenosis was established semi-quantitatively as recommended by current guidelines (10). Patients were classified into 3 groups according to baseline ECG data regarding the gradient and indexed systolic volume (SVi) as recommended by current guidelines (10): high-gradient (HG) if mean gradient ≥ 40 mmHg, normal-flow low-gradient (NFLG) if mean gradient < 40 mmHg and SVi > 35 ml/m2, and LFLG if mean gradient < 40 mmHg and SVi ≤ 35 ml/m2. Patients were not involved in the design, conducting, reporting, or dissemination plans of our research.

All analyses were made with Stata software version 13.1. Continuous variables were expressed as mean and SD when the normality assumptions were met and as median and interquartile range (IQR) otherwise. Categorical variables were expressed as absolute numbers and percentages. Demographic, echocardiographic, and AVR variables were evaluated among the different groups using ANOVA test, chi-square test, or Fisher's exact test, as appropriate. Kaplan–Meier analysis was used for time-to-event variables (time-mortality and time-AVR) and the log-rank test to compare survival and time-AVR curves among groups. A multivariate Cox regression analysis was used to identify independent variables associated with the response variable (predictors of mortality and AVR), such as variables with statistical significance (p < 0.20) in the univariate analysis or with significant clinical relevance.



RESULTS


Baseline Clinical and Demographic Characteristics

In this study, 1,391 patients with baseline ECG with AVA < 1 cm2 and normal LVEF from 14 tertiary hospitals (Figure 1), mean age 74.5 (10.9) years and 53.6% women were included. In the whole cohort, 752 (54.1%) were classified as HG, 492 (35.4%) as NFLG, and 147 (10.5%) as LFLG. No significant differences were observed among groups regarding age, sex, or cardiovascular risk factors, except for smoking and body weight (Table 1). The mean total follow-up time was 59.0 months (IQR 39.7–82.9 months), with no significant differences among groups.


Table 1. Clinical and demographic data according to aortic stenosis (AS) subgroups at baseline.
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Baseline Echocardiographic Characteristics

The echocardiographic data of each AS subtype are shown in Table 2. Remarkably, AVA of the LFLG group was similar to AVA of the HG group [0.74 (0.14) vs. 0.73 (0.16) cm2; p = NS] and significantly lower than that of the NFLG group [0.89 (0.09), p < 0.001]. However, the dimensionless index (ratio between LVOT VTI and aortic VTI) value in the LFLG group was intermediate between the HG group [0.25 (0.06) vs. 0.22 (0.05); p < 0.001] and the NFLG group [0.25 (0.06) vs. 0.27 (0.04); p < 0.001], with differences between the HG and NFLG groups also being significant [0.22 (0.05) vs. 0.27 (0.04); p < 0.001]. Left ventricular hypertrophy was significantly lower in patients of the LFLG group compared with the HG group and similar to the NFLG group (Table 2). Severe valve calcification in the LFLG group was lower than in the HG group and showed no significant differences with the NFLG group.


Table 2. Echocardiographic data according to the AS subgroup at baseline.
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AVR Indication According to AS Subgroups at Baseline

In total, 1,248 patients had complete data related to AVR (676 (54.2%) with HG, 450 (36.0%) with NFLG and 122 (9.8%) with LFLG). Throughout the follow-up, 857 patients (68.7%, CI 95% 66.0–71.2) underwent AVR [685 surgery and 172 Transcater Aortic Valve Implantation (TAVI)]: 529 with HG (78.2%, CI 95% 75.0–81.3; median time: 17.7 months, IQR 5.5–43.4 months), 74 with LFLG (60.6%, CI 95% 51.4–69.4; median time: 41.0 months, IQR 13.6–78.9 months) and 254 with NFLG (56.4%, CI 95% 51.7–61.1; median time: 46.9 months, IQR: 26.0–70.0 months) (Figure 2) with differences among groups in the estimated survival free from AVR that persisted after adjustment for age, smoking, diabetes mellitus, presence of symptoms, and LVEF (p < 0.001). In HG AS, AVR was indicated earlier compared with NFLG (log-rank p < 0.001) and LFLG AS (log-rank p < 0.001). No significant differences were observed between the LFLG and NFLG groups (log-rank p = 0.358).


[image: Figure 2]
FIGURE 2. Kaplan–Meier aortic valve replacement (AVR)-free survival curves according to AS subtype at baseline. HG, high-gradient; LFLG, low-flow low-gradient; NFLG, normal-flow low-gradient (log-rank p < 0.001).


On multivariate analysis, indication of AVR was inversely associated with age (hazard ratio [HR] 0.99, CI 95%: 0.98–0.99; p = 0.002); nevertheless, the presence of symptoms (HR 1.82, 95% CI: 1.57–2.01; p < 0.001) and coronary artery disease (HR 1.21, 95% CI: 1.03–1.43; p = 0.018) were independently related to AVR indication. Regarding echocardiographic parameters, AVA (AVA < 0.8 cm2: HR 1.25, 95% CI: 1.04–1.48; p = 0.014), mean gradient (mean gradient ≥ 40 mmHg: HR 1.95, 95% CI: 1.67–2.29, p < 0.001), dimensionless index (dimensionless index ≤ 0.25: HR 1, 39, 95% CI: 1.18–1.65, p < 0.001), and LVEF 50–55% (HR 1.52, 95% CI: 1.21–1.91, p < 0.001) were also independently associated to AVR indication (Supplementary Table 1).



Mortality According to AS Subgroup at Baseline

Overall mortality during follow-up was 27.7% (385 patients, CI 95% 25.3–30.1): 46 of the LFLG group (31.3%, CI 95% 23.9–39.5; median time: 50.8 months, IQR: 29.6–75.8), 205 of the HG group (27.3%, CI 95% 24.1–30.6; median time: 56.1 months, IQR: 33.8–83.7), and 134 of the NFLG group (27.2%, CI 95% 23.3–31.4; median time: 53.2 months, IQR: 31.0–76.9). Kaplan–Meier survival curves showed no significant differences among groups (Figure 3, log-rank p = 0.319). Early mortality after AVR (<30 days) was 6.5% (25 patients, CI 95% 1.2–2.6) with no differences among groups.


[image: Figure 3]
FIGURE 3. Kaplan–Meier survival curves for overall mortality according to AS subtype at baseline. HG, high-gradient; LFLG, low-flow low-gradient; NFLG, normal-flow low-gradient (log-rank p = 0.319).


Death from cardiovascular cause occurred in 195 cases (14%, CI 95% 12.2–16.0) representing a 50.6% of overall mortality: 28 patients with LFLG (19%, CI 95% 13.0–26.3; median time: 50.9 months, ICR: 32.0–75.9), 95 patients with HG (12.6%, CI 10.3–15.2; median time: 56.1 months, ICR: 33.8–83.7), and 72 patients with NFLG (14.6%, CI 95% 11.6–18.1; median time: 52.5 months, ICR: 29.0–76.9), with no significant differences among groups (Figure 4, log-rank p = 0.061).


[image: Figure 4]
FIGURE 4. Kaplan–Meier survival curves for cardiovascular mortality according to AS subtype at baseline. HG, high-gradient; LFLG, low-flow low-gradient; NFLG, normal-flow low-gradient (log-rank p = 0.061).


In patients undergoing AVR, no significant differences in mortality were observed among groups (log-rank p = 0.612) after adjustment for significant clinical variables and AVA. However, in non-operated patients, differences were observed among groups (log-rank p = 0.004), with low event-free survival in the HG group compared with the NFLG group (log-rank p = 0.001), with no significant differences between the LFLG and HG groups (log-rank p = 0.354) or between the LFLG and NFLG groups (log-rank p = 0.171).

In the multivariate analysis, age (HR 1.06, 95% CI: 1.04–1.08; p < 0.001), diabetes mellitus (HR 1.52; 95% CI: 1.23–1.89; p < 0.001), smoking (HR: 1.77, 95% CI: 1.32–2.37; p < 0.0001), COPD (HR 1.45, 95% CI: 1.09–1.92; p = 0.010), and the presence of symptoms (HR 1.48, 95% CI: 1.18–1.85; p = 0.001) were clinical variables associated to overall mortality (Supplementary Table 2). Echocardiographic variables independently associated with mortality were mean gradient > 50 mmHg (HR 1.56, 95% CI: 1.17–2.08; p = 0.002) and LVEF 50–55% (HR 1.68, 95% CI: 1.07–2.63; p = 0.023).



Impact of AVR on Mortality Reduction

Overall mortality was higher in those patients who did not undergo AVR. The impact of AVR on mortality reduction in the whole population with AS was significant (HR: 0.22; 95% CI: 0.18–0.28; p < 0.001) after adjustment for significant clinical variables and AVA. AVR reduced mortality risk by 83% in patients with HG AS (HR: 0.17; 95% CI: 0.12–0.23; p < 0.001), 75% in patients with LFLG (HR: 0.25; 95% CI: 0.13–0.49; p < 0.001), and 71% in patients with NFLG AS (HR: 0.29; 95% CI: 0.20–0.44; p < 0.001; Figure 5).
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FIGURE 5. Cox survival curves for overall mortality in the population with severe AS according to AVR and AS subtype [(A): HG; (B): LFLG; (C): NFLG)]. AVR, aortic valve replacement.





DISCUSSION

In this large multicentre retrospective cohort of consecutive patients with AS and normal ejection fraction and sinus rhythm, the prevalence of paradoxical LFLG AS was 10%. Echocardiographic parameters showed a similar AVA in comparison with HG and NFLG groups, but less severity in the dimensionless index, valve calcification, and LV hypertrophy than in HG AS. However, overall/cardiovascular mortality and the impact of AVR on mortality reduction were similar to patients with HG AS.


Echocardiographic Characterization of LFLG AS

In the present series, patients with LFLG AS had a similar AVA value to the HG group and lower than NFLG group. However, in the remaining echocardiographic parameters, such as left ventricular hypertrophy and degree of valve calcification, LFLG did not significantly differ from NFLG AS. Interestingly, the dimensionless index in LFLG AS laid between HG and NFLG AS. Thus, LFLG AS presented intermediate-severity echocardiographic parameters between HG and NFLG AS. Other series yielded similar results (4). Clavel et al. in a series of 561 patients with AS, found LFLG patients to have significantly lower velocity and transaortic gradients than HG AS while AVA was practically the same (11). Several studies reported that this entity was associated with small ventricles and a high degree of hypertrophy (2); however, the present LFLG group had a significantly lower degree of hypertrophy than patients with HG AS but similar to those with NFLG AS. Other studies using echocardiography or CMR stated that patients with LFLG AS do not have a greater degree of hypertrophy than HG AS, but lower or similar to NFLG AS or moderate AS (4, 5, 12). Few studies analyzed the degree of calcification in LFLG AS by echocardiography or multidetector CT (MDCT), although this is currently one of the more recommended approaches to diagnose severe AS (10, 13). Calcification by MDCT may be highly useful in patients with discordant severity data on echocardiography (13).



Outcome in LFLG Patients and Protective Effect of AVR

The risk throughout follow-up of undergoing AVR was higher for patients with HG, lower in patients with LFLG AS and comparable to patients with NFLG AS, as previously reported (14). Mortality was 27% and no significant differences were detected between patients with LFLG AS and the other groups. Patients of the three hemodynamic groups who underwent AVR had a similar prognosis, whereas patients who did not undergo surgery had higher mortality in the HG group compared with the NFLG group, with no differences between the LFLG and HG groups. Different series previously reported poorer survival and a higher rate of events in the LFLG population compared with HG AS (3, 11, 15); however, the trend in the more contemporary series has changed the paradigm, suggesting that higher mortality is associated with HG AS, with the behavior of LFLG AS being more similar to moderate AS or intermediate between HG and NFLG AS (8, 16). Recent evidence suggested that moderate forms of AS are not as benign as historically assumed, particularly if left ventricular dysfunction is present (17). A recent study analyzing data from the Australian national echocardiography database showed mortality in patients with moderate AS to be similar to severe AS (18). Another contemporary study reported that patients with NFLG who did not undergo surgery had 6.3 times more overall mortality compared with surgically-treated patients, with surgery being associated with a significant increase in survival (19). Taking the results of this study and previous reported findings into account, there may be sufficient reasons to consider AS severity as moderate-severe when the AVA is between 0.8–1.2 cm2 and severe when < 0.8 cm2. In moderate-severe patients with AS, other multimodality parameters, such as calcium score by CT, exercise test, or left ventricle overall strain could help to identify a subgroup of patients in whom AVR would be indicated.

Overall, patients with significant AS benefited from intervention on the AV, and despite the HG AS group benefited the most, both LFLG and NFLG AS also obtained significant benefit. Although few studies failed to show this benefit in patients with LFLG AS (5, 20), most series suggested a beneficial effect of valve replacement in the LFLG population (and even in NFLG and moderate AS) compared with conservative management (4, 18, 19). Thus, evidence of the effectiveness of aggressive treatment (surgical or percutaneous) of AS continues to grow and, though data remain discrepant, the trend is toward a more aggressive approach and in a wider range of the disease.



Mortality Risk Predictors in Patients With Severe AS

In this study, patients with AS who died were older, more symptomatic, had more cardiovascular risk factors and a smaller AVA. However, the multivariate analysis failed to show AVA to be independently associated with mortality which instead was related to age, risk factors (diabetes, smoking, and COPD), symptoms, mean gradient > 50 mmHg, and LVEF from 50–54%. Some studies showed mortality in AS to be associated with maximum velocity, aortic calcification, and LVEF. Valvular heart disease guidelines recommended as class I an AVR indication in systolic dysfunction (LVEF < 50%) regardless of the presence of symptoms (9, 21). However, recent studies reported that patients with LVEF < 55% had poor prognosis (22–24). All these results suggest that the cut-off point of <50% for LVEF could be too low, indicating that left ventricular dysfunction is already present when LVEF is between 50 and 60% and, in fact, recent guidelines recommend that patients with LVEF <60% on serial studies and severe AS should undergo surgery (21). Cardiac magnetic resonance demonstrated the presence of late gadolinium enhancement and increased extracellular volume in AS patients with normal ejection fraction, which have been related to prognosis (25). Other imaging techniques, such as strain by speckle tracking echocardiography can detect patients with subclinical ventricular dysfunction, (26) with overall longitudinal strain values < −15% being associated with worse prognosis (27, 28). Global LV strain values may become one of the markers that will provide additional data to decide whether or not the patient could have a higher risk and deserves surgery. Given that patients with LFLG AS benefit significantly from AVR, they should be followed with caution, with the accuracy in echocardiographic severity evaluation to be maximized to avoid possible errors in SVi quantification. Furthermore, additional information through other imaging techniques (myocardial strain, CMR of calcium score by CT) are likely to be useful to determine whether data support the AS severity and/or suggest incipient ventricular dysfunction, to sustain the choice to treat paradoxical LFLG as HG AS.




LIMITATIONS

The main limitation of this study was its retrospective nature. In the present series, confirmation of the low-flow state was not requested for inclusion. Exclusion of patients with atrial fibrillation was considered in the design of the study since the continuity equation may be less accurate in AVA calculation. Calcification of the aortic valve was analyzed following the semi-quantitative approach recommended by the current guidelines, although the optimal method is cardiac CT. Myocardial strain would have added complementary information; however, owing to the multicentre nature of the study and the years of inclusion established, variability of the values depending on the different vendors used would have resulted in difficult result analysis.



CONCLUSIONS

Low-flow low-gradient AS has intermediate echocardiographic severity parameters and clinical outcomes between NFLG and HG AS, with lower AVR requirements than HG AS, but with overall mortality and benefits of surgery similar to the other two haemodynamic groups. Given that patients classified within this group benefited significantly from AVR, they should be followed with caution as in HG AS. The most appropriate option to adequately manage this subgroup may be to maximize the accuracy of the echocardiographic evaluation, provide additional information through other imaging techniques and determine whether there are data supporting the severity of AS or suggestive of incipient ventricular dysfunction, for them to be treated as HG AS.
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Patient-centered health care emphasizes shared decision-making (SDM), incorporating both clinical evidence and patient preferences and values. SDM is important in heart valve disease, both because there might be more than one treatment option and due to the importance of adherence after intervention. We aimed to describe patient information and involvement in decision-making about care and recording of patient-reported outcome measures (PROMs) in valve interventions. The opinion piece and recommendations are based upon literature review and our own experience from specialist valve clinics. Before a valve intervention, adequate patient information, discussion of the various treatment options and exploring patient preferences, in line with the concept of SDM, may improve post-intervention quality of life. After intervention, patients with prosthetic heart valves require adequate counseling and close follow-up to make them more confident and competent to manage their own health, as well as to maintain the efficacy of treatment provided. PROMs inform SDM before and improve care after valve intervention, focusing on outcomes beyond mortality and morbidity. SDM may improve post-intervention quality of life. Formal PROMs questionnaires inform SDM, quantify patient centered changes and should be used more often in clinical practice and research. A thorough assessment of baseline frailty status in patients scheduled for valve intervention is essential and may affect postoperative outcome.

Keywords: aortic stenosis, aortic valve replacement, frailty, patient-reported outcome measures, quality of life, shared decision-making, transcatheter aortic valve implantation, valvular heart disease


INTRODUCTION

Health policy makers encourage patient-centered health care including shared decision-making (SDM) (https://www.bhvs.org.uk/bhvs-blueprint/). SDM is a collaborative process involving at least a healthcare professional and a patient, where both participate in decision-making (1). The goal is to reach a consensus of decision incorporating best available evidence and patient priorities (2). The purpose of SDM is also to keep a balance in power between patients and physicians or other caregivers (1), and to replace the more traditional authoritarian communication models, in order to reach decisions consistent with patients' goals of care. Evolving from the original focus, SDM also encompasses management, self-care and lifestyle changes (3). In valvular heart disease (VHD), for which surgery or transcatheter interventions are common, this approach can be divided into care before and after the intervention. Before the procedure, there must be adequate information of the patient, discussion of the various treatment options and actively seeking patients' preferences and involvement. After the valve intervention, sufficient information should be provided for the patient in order to support self-management and take care of their own health. This is particularly important in the period of time after receiving treatment at hospital in order to maintain the efficacy of treatment provided. Patients are also expected to take more responsibility for their own health and get actively involved in the disease management. After the procedure, the patient-centered approach goes beyond the traditional measures of mortality and morbidity to assess patient-reported outcome measures (PROMs).

The aims of this review are to describe: (1) SDM with focus on patient information and involvement in decisions about care and; (2) commonly used instruments for recording PROMs after interventions.



SHARED DECISION-MAKING BEFORE INTERVENTION

In clinical care, most patients appreciate SDM (4), which alongside careful baseline risk stratification is important for better outcomes after surgical aortic valve replacement (SAVR) (2, 5). Treating depression and modifying negative illness beliefs before surgical intervention may further improve outcomes in these patients (5). Patient preference is cited as the first indication in choosing a biological instead of a mechanical valve for the younger patient (5). However, this choice is made based upon the mutual relationship between patient preferences and medical practice, especially after providing adequate information by the physician or other healthcare professional regarding the two available options: (1) mechanical which are thrombogenic and require lifelong anticoagulation; and (2) biological which has shorter durability and carries risk of degeneration and reoperation in younger patients. Indeed, the 2020 American College of Cardiology (ACC)/American Heart Association (AHA) guidelines on VHD highlight including the patient's values and preferences and the indications for and risks of anticoagulant therapy when making a decision about surgery (6). Similarly, current European guidelines for the management of VHD (7), also reinforce the critical role of the patient's involvement in the mode of intervention, beyond the Heart Teams integration of the clinical, anatomical, and procedural characteristics and conventional scores. Most patients can expect a significant improvement in survival, symptoms, exercise tolerance and disease specific quality of life (QoL) after AVR, but their physical QoL may not return to normal. However, in patients <60 years, mental QoL after biological AVR was significantly better than age-matched control subjects (8), highlighting the importance of pre-intervention SDM in prosthetic valve selection, particularly in younger patients.

Evidence suggests that transcatheter aortic valve implantation (TAVI) compared with conservative treatment improves QoL, symptoms and physical function related to aortic stenosis (AS). However, the psychological or general health benefits appear to be modest (9), particularly if valve intervention is offered late. Frailty, a known predictor of adverse outcome, is defined as a state of reduced physiological reserve and diminished resistance to stressors. There is no consensus on the definition, and the two main models are the accumulation of deficits (adding together an individual's number of impairments and condition) creating a Frailty Index (10) and the specific physical phenotype consisting of 5 possible components (weight loss, exhaustion, weakness, slowness, and reduced physical activity (11).

Older adults, especially those with multiple chronic conditions and frailty, may have different goals of care than younger healthier adults. There may be less focus on survival and more on QoL, including physical function and independence (3). High-risk elderly patients with severe AS being evaluated for TAVI, can define their goals through a simple question “What do you hope to accomplish by having your valve replaced?” (12). Repairing the aortic valve if AS is one of several comorbid conditions may not restore a patient's functional status and QoL (9, 13). SDM does not justify patients demanding futile treatment. The decision to offer valve intervention should be made by the heart valve team, weighing benefit vs. risk, while taking into account comorbidities, life-expectancy, frailty, procedural risk and symptom burden.

Patient preference is the most common reason for selecting medical management in severe symptomatic AS (14). However, patients receiving medical management received less information and felt less engaged by their heart valve physicians than those receiving TAVI or SAVR (14).

A core aim of a valve clinic is to inform patients adequately before intervention is required (15). Exploring patient preferences and values during this process enables SDM over many visits and not during a single consultation immediately before the intervention. However, providing sufficient information is challenging, and there is only patchy availability of reliable literature (15, 16). Some patients may turn first to the internet, but sites may be biased commercially or toward the specialty of the hospital preparing the website (17). A patient's understanding of valve disease may therefore be limited (18–20). In surveys, <20% were aware of heart valve disease and only 7% knew what AS was (19, 20).

Decision aids may improve a patient's understanding of available treatment options (21). These may be written material, charts, graphs presented electronically or as brochures available at hospitals or general practitioner (GP) offices. An experienced patient voluntarily affiliated with a hospital may help new patients (22). Patient preferences can be formalized using questionnaires based on PROMs (18, 23–25). Overall, in health care delivery systems, PROMs-based information is underused, probably because of the perceived lack of time in the clinic (23), and lack of effective educational tools for risk communication. PROMs facilitate symptom monitoring, and improve patient-doctor communication and could be used in individuals or groups (23). Making the PROMs score available through the electronic patient record and dashboards before consultation and preferably to show any changes over several visits, is expected to increase awareness among doctors about the individual patient's needs. Patient-reported health status seems to be a useful supplement to the established physical examination during the clinical assessment (26), and may improve risk assessment of patients with AS. Aggregated PROMs scores could be used before intervention to guide patients on their likely outcomes beyond mortality and morbidity (23). In some countries it has become mandatory to collect and report PROMs for surgical interventions. However, decision aids, written material and brochures are not a substitute for direct communication between the physician and older patients with multiple conditions (for example reduced cognition or frailty).



PATIENT-REPORTED OUTCOME MEASURES (PROMS) AFTER INTERVENTION

The main objectives in treating VHD is to decrease the rate of premature death and improve clinical outcomes including QoL. Both SAVR and TAVI lead to recovery of LV function, LV mass regression and improved survival and symptoms. However, QoL is not routinely assessed and this is obviously of paramount importance to the patient. PROMs represents a strategy of evaluating health status by the patients themselves, for example assessing QoL after SAVR and TAVI (Table 1) (27–29), which require the use of optimal QoL instruments. There is, therefore, increasing work on PROMs.


Table 1. List of commonly used Questionnaires to assess patient-reported outcome measures (PROMs) as useful aids in shared-decision making in surgical practice and other areas of therapeutic medicine.

[image: Table 1]

The Minnesota Living with Heart Failure Questionnaire (MLHFQ) includes 21 formal questions and describes physical, emotional and socioeconomic aspects of QoL (30). It is a cardiac-specific health status questionnaire, in which 13 of 21 items are summated into two subscale scores: emotional and physical. Lower scores indicate better disease-specific health status. The SF-12 is a widely used instrument consisting of 12 items that capture eight domains of self-rated health generating a physical component summary and a mental component summary scores (31, 32). The SF-12 scores are converted into a norm-based score ranging from 0 to 100, in which 50 represents the mean score of the overall US normal population, and 10 points correspond to one standard deviation (SD). Higher scores indicate better health status in the preceding month. The minimum clinically important difference for the summary scores is 2.0–2.5 points. The EuroQol (EQ-5D) is a generic instrument, commonly used in Europe and provides a five dimension scale scoring usual activity, mobility, self-care, pain/discomfort and anxiety/depression. Each dimension is scored in five levels with a lower score indicating a better QoL (28). The World Health Organization Quality of Life Instrument Abbreviated (WHOQOL-BREF, an abbreviated version of the WHOQOL-100) is designed to measure overall perspective of QoL (Table 1) (33).

In a small prospective observational study of 84 patients with VHD who underwent surgery, both the EuroQol (EQ-5D) and MLHFQ were effective for assessing QoL over a limited 6–12 week follow-up (34). A non-randomized Norwegian study of 143 patients (mean age 83 ± 2.7 years, 57% women) with AS undergoing TAVI (45%) or SAVR assessed PROMs and frailty status before and 6 month after intervention (35). The PROMs used were: (1) Medical Outcomes Study Short Form-12 questionnaire (SF-12) to assess generic aspect of self-rated health; (2) The MLHFQ to assess cardiac-specific health status; and (3) Two questions from the WHOQOL-BREF assessing the global perspective of self-reported health and QoL: “How would you rate your quality of life?” and “How satisfied are you with your health?” Patients had improved self-rated health after AVR. After TAVI, patients who were frail at baseline reported lower overall QoL and self-rated health compared with patients in the SAVR arm. The same trend was also observed at 6-months follow-up.

Frailty may affect predictions of improvement after intervention depending on its causes. If frailty is caused mainly by the VHD, patients are expected to improve after TAVI with an increase in the physical component summary score from 30.0 to 36.2 points and the mental summary component score from 42.2 to 49.6 points. After SAVR, the increase in physical component summary score was more pronounced (increased from 33.6 to 41.4), but there was no significant improvement in the mental summary component score (increased from 47.1 to 47.5 points). However, if frailty is dominated by coexistent pathology, for example chronic obstructive pulmonary disease (COPD) (36), the benefits of interventions for VHD may then be blunted. Not only will the risk of intervention be higher but also the likelihood of improvement on QoL afterwards will be lower. In situations where there is doubt about benefit, SDM exploring patients' values and preferences are even more important than usual. Some definitions include impaired cognition as a part of frailty. For patients with cognitive impairment or dementia, the concept of SDM is even more challenging and goes beyond the scope of this paper.

Nearly 20% of patients are frail at discharge following heart valve surgery and this is associated with poor self-reported health (37). International guidelines on the management of VHD recommend formal assessment of frailty status before surgery for risk stratification (38). Irrespective of the choice of valve intervention (TAVI vs. SAVR), frail patients have worse self-reported health compared with non-frail patients (39, 40). However, it is also important to highlight that following valve intervention some patients may improve in frailty status and achieve better scores on questionnaires evaluating disease-specific health status (35).

After cardiac surgery, patients with prosthetic heart valves require adequate counseling and close follow-up to make them more confident and competent to manage their own health (41). Hence, patient participation is not only essential in preoperative SDM, but also in rehabilitation programs following cardiac surgery. Experience from nurse-led clinics shows that outcomes are improved when patients are offered help to ensure guideline adherence and to identify important clinical symptoms (42, 43).

Further research focusing on values and preferences of patients with VHD, particularly AS undergoing SAVR vs. TAVI, as well as overall valve intervention vs. conservative treatment, is warranted. PROMs instruments should be used more often in research studies exploring the efficacy of intervention for patients with VHD in order to refine treatment options. In future, larger, well-designed prospective studies are needed to explore the impact of pre-intervention SDM on post-intervention outcomes including QoL, and to explore the performance of the individual PROMS instruments.



CONCLUSIONS

Patient-centered health care places patient's autonomy, values and preferences at the core of shared decision making. Formal PROMs questionnaires encourage this process and should be used more often in daily clinical practice and in research.



REVIEW CRITERIA

• This review is based on literature and our own experience from specialist heart valve clinics.

• A comprehensive search strategy using keywords shared decision-making (SDM), patient-reported outcome measures (PROMs) and quality of life was designed.

• Bibliographic database PubMed and Embase were searched for articles published over the past 2 decades.



MESSAGE FOR THE CLINIC

• Pre-intervention SDM may improve post-intervention outcomes including quality of life.

• PROMS should be used to inform SDM for patients with heart valve disease.

• Formal PROMs questionnaires encourage communication between patient and physician and may lead to better outcomes after valve interventions.

• SDM is especially important in a clinical setting where benefit/risk is uncertain due to patients characteristics like frailty or comorbid conditions.

• In older adults, objective frailty testing is recommended to inform decision-making.

• It is important to inform patients with frailty and several comorbid conditions that repairing the valve may improve disease-specific symptoms, but may not restore the patient's functional status or quality of life.
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Transcatheter mitral therapies offer treatment options to selected patients who are unable to undergo open procedures due to prohibitive surgical risk. Data detailing the design and structure of transcatheter mitral services to ensure appropriate patient selection and tailored management strategies is lacking. We report our initial experience of developing and running a purpose-built transcatheter mitral service. The nature and number of referral sources, the multi-disciplinary make-up of the dedicated Mitral Heart Team and the use of integrative imaging assessment with incorporation of computational solutions are discussed. In addition, a summary of the clinical decision-making process is presented. This report sets out a framework from which future clinics can evolve to improve and streamline the delivery of transcatheter mitral therapies.

Keywords: transcatheter mitral valve replacement, mitral regurgitation, Heart Team, mitral edge-to-edge repair, indirect annuloplasty, mitral stenosis


INTRODUCTION

The application of the Heart Team to facilitate transcatheter aortic valve replacement (TAVR) in patients with aortic stenosis is now established in routine clinical practice with well-defined patient pathways (1). It is appealing to consider that the application of this model to patients' inoperable mitral valve (MV) disease would be equally efficacious. Although up to 10% of patients above the age of 75 years have significant MR, only 15% undergo surgical treatment (2). This suggests that a substantial group of patients may be eligible for transcatheter mitral valve therapies (TMVT). Despite this, the number of patients being referred for TMVT is small and screening failure rates remain high, suggesting that alternative strategies are needed to best identify and treat these patients. In the following report we detail our experience in delivering a dedicated Transcatheter Mitral Valve (TMV) Service consisting of a dedicated TMV clinic alongside a specialist multi-disciplinary Heart Team meeting.



STRUCTURE OF THE TMV CLINIC

A one-stop TMV clinic was run by five Cardiologists. The first two (RR and JH) were imaging cardiologists (echocardiography and cardiac CT) with experience in managing patients with complex valve disease and heart failure, and the third, fourth and fifth were structural interventional cardiologists (TP, BP, and SR) with experience in transcatheter aortic and mitral therapies. Discussion at a Mitral Heart Team meeting comprising of a heart failure/imaging specialist, cardiac surgeon and interventional cardiologist was undertaken for all patients entering the TMT pathway. If treatment was indicated, but surgical options were deemed high risk, then assessment in the TMV clinic was organized. For other patients a clinic review was arranged to ensure transcatheter options were explored prior to resorting to medical therapy alone or palliation. Following approval for review, patients were seen in a purpose-designed, specialist TMV clinic. Integral to the clinic was the availability of a spectrum of TMVT devices. These comprised (1) transcatheter mitral valve replacement (TMVR) with an Intrepid (Medtronic, MN, USA) or Sapien-3 (Edwards Lifesciences, CA, USA) for cases valve in mitral-annular-calcification (VIMAC), valve-in-valve (VIV) or valve-in-ring (VIR), (2) transcatheter edge-edge repair (TEER) with MitraClip (Abbott, IL, USA) or Pascal (Edwards Lifesciences, CA, USA) for primary or secondary MR, and (3) indirect annuloplasty (IA) with an ARTO (MVRx, CA, USA) device. The clinic was implemented as a one-stop service where patients underwent clinical assessment, a 12-lead electrocardiogram, blood tests and echocardiogram. At this stage, one of the following recommendations was made: (A) no treatment required, (B) optimisation of medical therapy and referral for assessment by the heart failure specialist team, (C) device therapy, (D) re-discussion at the mitral Heart team meeting, or (E) for transcatheter mitral treatment if the prior conditions had been met. If at this stage the preferred strategy was felt to be TEER (i.e., primary or secondary mitral regurgitation with favorable anatomy for TEER), a same day transoesophageal echocardiogram was performed (Figure 1). For all other patients (VIMAC, VIV or VIR TMVR and IA), a multiphase ECG-gated CT and transoesophageal echocardiogram were planned for a subsequent visit. Following completion of clinical and imaging assessment, patients were discussed at a dedicated structural Heart Team meeting where patients were either approved for treatment or referred for further advanced imaging. Advanced processing included (A) collaboration with academic partners (King's College London) for cardiac CT 4D flow simulation to predict left ventricular outflow tract gradients following TMVR, (B) finite element modeling (FEM; FEops, Ghent, Belgium) for VIMAC predictions, and (C) preparation of imaging for CT-fluroscopic or CT-echocardiographic fusion for the intended procedure (Figures 1D–G) (3, 4).


[image: Figure 1]
FIGURE 1. Transoesophageal echocardiogram for edge-edge mitral valve leaflet repair. (A) Shows 3D imaging, (B) Demonstrates Doppler and (C) Dual plane imaging. Advanced imaging processing techniques used within the TMVC. (D) Shows myocardial fiber strain from CT. (E) Demonstrates 4D CT flow to predict blood residence time within the left ventricle following TMVR device deployment. (F) Is an example of virtual reality. (G) Demonstrates virtual implantation and modeling. 3D, 3-dimensional; TMVC, transcatheter mitral valve clinic; CT, computed tomography; TMVR, transcatheter mitral valve replacement.


As awareness of the TMV clinic grew, there was a rapid increase in referrals which was only interrupted by the Coronavirus-19 pandemic (Figure 2A). The clinic reviewed 141 patients for TMVT from May 2017 to November 2021. Seventy-nine (56%) patients were referred internally by cardiologists or surgeons, whereas 42.5% were received from external clinicians (Figure 2B), including those from geographically distant locations (Figure 3A). There were two cases of direct referral by primary care physicians.


[image: Figure 2]
FIGURE 2. (A) Bar chart showing referrals to the TMVC by year. (B) Pie chart demonstrating referral sources to the transcatheter mitral clinic. (C) Pie chart demonstrating the mitral regurgitation as the dominant lesion assessed in the service, with equal numbers of primary and secondary mitral regurgitation referred. Prosthetic valve dysfunction, mitral stenosis or mixed mitral disease were less common. (D) Treatment type by year is shown. Here we can see a gradual increase in the transcatheter therapies offered. Surgery remains constant. 2020 saw a downturn in mitral procedures due to the COVID-19 pandemic. TMVC, transcatheter mitral valve clinic.
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FIGURE 3. (A) Geographical referral sources that developed upon establishment of the TMV service in London. (B) Overview of the pathway from referral to assessment and treatment. TMV, transcatheter mitral valve; MR, mitral regurgitation; MS, mitral stenosis; TAVR, transcatheter aortic valve replacement; OMT, optimum medical therapy; CRT, cardiac resynchronisation therapy; TEER, transcatheter edge-edge repair; TMVR, transcatheter mitral valve replacement; IA, indirect annuloplasty; BMV, balloon mitral valvuloplasty; TA TMVR, transapical transcatheter mitral valve.




OUR EXPERIENCE

Baseline characteristics are recorded in Table 1. The mean age was 77.5 years (range 46.9–95.3 years), of whom 74 (52.8%) were men. NYHA class III-IV symptoms were present in 125 (88.6%) of patients. Etiologies of mitral regurgitation are shown in Figure 2C. There was substantial mortality within the cohort and 8 (6%) patients died whilst awaiting assessment or treatment. Procedural management was delivered to a total of 66 (46.8%) patients. Surgical repair was the preferred strategy in 19 patients (13.4%), with repair in 11 patients, and replacement in 8. Transcatheter management was delivered in the remaining 47 patients: 27 patients underwent TEER (19.1%), 13 TMVR (9.2%), 3 IA (2.1%) and 1 Hybrid procedure (TEER + IA) (0.07%). Successful procedural outcomes were recorded in 44 patients (93.6%), with failure of 2 TEER and 1 IA procedures. Additionally, 3 patients suffering with MS were treated with balloon mitral valvuloplasty (BMV). In total, 18 (13%) patients were declined procedural treatment owing to minimal symptoms or scope for further medical optimisation. In 18 (12.7%) patients who met clinical criteria for treatment, there were no surgical or TMVT options available following appropriate imaging assessment (prohibitive surgical risk, small LV cavity, risk of LVOT obstruction, degree of MAC). A multitude of reasons prevented patients receiving definitive management and these are summarized in Table 2. An overview of the pathway is summarized in Figure 3B.


Table 1. Patient baseline characteristics.
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Table 2. Reasons for not receiving procedural management.
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DISCUSSION

There are several important observations from our experience in establishing a dedicated TMV service. The proportion of patients receiving comprehensive TMVT assessment increased from 9 in 2017 to 41 in 2021, despite a significant downturn in 2020 and early 2021 due to the COVID-19 pandemic, signaling a growing awareness and demand for the service. Moreover, participation in the clinic resulted in definitive procedural management for 46.8% of these patients. A modest increase in transcatheter therapy was noted, reflecting similar (but amplified) trends from US registry data (5). Our data demonstrate that the delivery of transcatheter therapies outstripped surgery (Figure 2D), which is unsurprising considering the cohort was already selected to favor TMVT by virtue of referral to the service.

The structure of our TMVs model was strategically designed to streamline the clinical decision-making process. Patients were often referred once symptomatic with substantial baseline comorbidity and frailty equating to poor physiological reserve. In such cases, rapid assessment and treatment is vital. To achieve this, we positioned a mix of specialists in the clinic as an entry point to the pathway with same day diagnostics for the majority of patients. We believe this bestowed greater referrer confidence in the clinic and increased referrals to the service. The incorporation of MV surgeons earlier in the pathway increased surgical confidence in the TMV clinic, enabling bilateral referral pathways with MV surgeons operating on patients initially deemed to be at high surgical risk, and patients who were not ideal for surgery being referred to the TMV clinic. The positioning of an imaging specialist at the fulcrum of the pathway enabled faster decision making and facilitated access to bioengineering solutions for pre-procedural planning and modeling.

Management of MR is complex, and a multitude of factors are considered when deciding the optimum management strategy (Figure 4). Clinical decision-making requires collaboration within the Heart Team to integrate patient-related factors such as symptomatic status, lesion severity and concurrent cardiac disease, in the context of procedure-related factors such as procedural risk, operator experience and anatomic suitability.


[image: Figure 4]
FIGURE 4. A simplified flowchart demonstrating the processes underpinning the patient journey to therapy for mitral regurgitation. The inset graphic illustrates surgical and transcatheter treatment lying on a continuum and how this decision is influenced by surgical risk, anatomic suitability, and operator experience with additional consideration given to concurrent cardiovascular conditions and patient preference. TMVT, transcatheter mitral valve therapy; PMR, primary mitral regurgitation; SMR, secondary mitral regurgitation; VHD, valvular heart disease; TAVR, transcatheter aortic valve replacement; GDMT, guideline-directed medical therapy; CRT, cardiac resynchronisation therapy; TEER, transcatheter edge-edge repair; TMVR, transcatheter mitral valve replacement; IA, indirect annuloplasty; CABG, coronary artery bypass grafting; PCI, percutaneous coronary intervention; AVR, aortic valve replacement.


The means to assessing patient symptomatic status and lesion severity are well-established, however interpreting these findings in the context of concurrent cardiac comorbidity is vital. MR (especially SMR) is frequently accompanied by concurrent significant tricuspid regurgitation (TR). In the COAPT cohort, greater than moderate TR conferred an additional mortality and morbidity risk (6). Therefore, management of concurrent TR is an important consideration for patients undergoing treatment for MR. Severe pulmonary hypertension, significant (>moderate) right ventricular (RV) dysfunction, or TR requiring operation were exclusion criteria for the COAPT trial and similarly patients within our pathway were not managed procedurally where severe pulmonary hypertension or significant RV dysfunction were present (6). Isolated treatment of MR results in reduction of TR, however whether this result is maintained long-term is unclear (7). Interestingly, Besler et al. reported improved haemodynamic (LV and RV stroke volume and cardiac index), biochemical (reduction in N-terminal pro-brain natriuretic peptide) and symptomatic (NYHA class, 6 min walk test) indices after combined mitral and tricuspid TEER compared to isolated mitral TEER, with no significant difference in mortality (8). Retrospective analysis of patients from the TriValve and TRAMI registries suggested a mortality benefit at 1-year of a combined procedure rather than isolated MR or TR treatment (9). Further work is required to clarify the importance of managing TR in the context of MR in larger scale, randomized trials.

Treatment of concurrent coronary artery disease (CAD) is another important factor in the management of MR, and particularly relevant in ischaemic MR, and warrants address prior to definitive valve treatment (10). Within our pathway, if revascularisation was indicated but surgical risk was prohibitive, percutaneous coronary intervention was undertaken, with subsequent reassessment of the patient clinical status, symptoms and severity of MR. Alternatively, individuals with acceptable surgical risk, would be offered combined CABG and surgical MV where appropriate.

Whilst primary mitral regurgitation (PMR) requires treatment of the valve by repair or replacement once thresholds are met, pharmacotherapy is a core component of secondary mitral regurgitation (SMR) management. Within our cohort, 30% patients received optimum medical therapy, with one patient additionally receiving cardiac resynchronisation therapy (CRT). Optimisation of medical therapy yields improvements in LV function, severity of mitral regurgitation and LV geometry (11). This has a notable benefit in mortality and remains a bastion of SMR management. However, the shortfall in achieving target doses of prognostic medications in the undifferentiated heart failure population has been well documented. For instance, in the CHAMP-HF registry, where the key inclusion criteria was an EF <40%, target doses were achieved in 18.7, 10.8, and 2% of the cohort for beta blockers, angiotensin converting enzyme inhibitors/angiotensin receptor blockers and anti-neprolysin inhibitors, respectively, despite there being no contraindication or hypotension to prevent administration (12). This shows that barriers remain in achieving optimum medical therapy despite clear target doses, and comorbidity and patient tolerance are important limiting factors. Similarly, the impact of CRT in SMR to restore both local and global coordinated contraction has been reported to increase coaptation forces, reduce tethering forces, improve annular geometry and reduce diastolic MR (13). Whilst resulting in a modest reduction in MR, an improvement confers a mortality benefit, whereas failure to respond is associated with poorer outcomes (11).

Treatment strategy is dependent upon the accurate delineation of anatomic suitability. Careful assessment using transthoracic and/or transoesophageal echocardiography is indicated. Aside from important but generic information on the LV/RV volumes and function, valuable information impacting feasibility for TMVT is obtained. This includes coaptation height, tenting area, leaflet tethering, calcification, posterior leaflet height, annulus geometry and valve area. Important anatomical criteria along with cautions for different TMVT are included in Table 3.


Table 3. Indication and cautions for transcatheter mitral therapies.

[image: Table 3]

Assessment of surgical risk presented an additional challenge when administering the TMV service. Within our institution, surgical risk was estimated by Heart Team consensus, as suggested in ESC guidance (10). In our team's experience, the STS and Euroscore overestimate risk and serve as deterrent to offering procedural management; contributing to the widely reported undertreatment of MR. There is sparse data to underpin the best approach to assessing overall operative risk specific to transcatheter procedures, with surgical scores tending to overlook frailty of patients, and missing important features that impact transcatheter procedures (e.g., access, etc.). For example, Compagnogne et al. showed that Log Euroscore, Euroscore II and STS overestimated risk and were unable to stratify 30-day mortality in patients undergoing TAVR (14). German registry data suggests that the performance of conventional surgical risk scores is mediocre for patients undergoing TAVR with a tendency to overestimate risk, but even specialized transcatheter risk scores demonstrated only moderate performance at predicting 30-day mortality (15). Although this offers some insight into the limitations of such scores, both the pathogenesis of aortic stenosis and the procedural techniques differ and therefore the findings cannot be extrapolated unreservedly. The Mitral Regurgitation International Database (MIDA) score developed for risk stratification in degenerative mitral regurgitation successfully predicted 2-year all-cause mortality and heart-failure hospitalization in patients undergoing TEER in a multicentre, observational study, irrespective of mitral regurgitation etiology, with hazard of all-cause mortality increasing by 13% (95% CI 3–25%) for each additional point on the 12 point scale (16). Further work is required in prospective studies to assess the utility of this score. Ultimately, this highlights the importance of individualized risk assessment, provided by careful evaluation by experienced members of the Heart Team. Evaluation of current and novel risk stratifying methods for TMVT remains an area to be explored.

There is mounting evidence that operator experience and institutional case load influences the technical success and clinical outcomes of TMVT (17). For instance, analysis of 24,709 patients undergoing TEER in the German TRAnscatheter MItral (TRAMI) registry, revealed that centers performing TEER in <25 patients/year had comparable in-hospital mortality to those performing >25 procedures/year and that this was the case with cut-offs at 10 and 50 procedures a year (18). However, analysis over the entire 7-year period showed that centers performing <300 TEER, had a range of in-hospital mortality of 0–20%, whereas in those undertaking >300 TEER, the in-hospital mortality ranged 0.9–5.5% (18). Evaluation of the US TVT registry demonstrated a higher likelihood of procedural success, reduced procedure times and fewer complications with increasing institutional case experience (19). This highlights the importance of achieving the requisite volume and suggests that TMVT is best administered in larger, centralized cardiac centers.

Novel approaches to Heart Team dynamics may enable greater access to treatment and improved outcomes for patients with MV disease being considered for TMVT. Further evaluation of TMVC models is needed to confirm this hypothesis.
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Background: Preliminary studies indicated that enhanced plasma levels of lipoprotein(a) [lp(a)] might link with the risk of calcific aortic valve disease (CAVD), but the clinical association between them remained inconclusive. This systematic review and meta-analysis were aimed to determine this association.

Methods: We comprehensively searched PubMed, Embase, Web of Science, and Scopus databases for studies reporting the incidence of CAVD and their plasma lp(a) concentrations. Pooled risk ratio (RR) and 95% confidence interval (95% CI) were calculated to evaluate the effect of lp(a) on CAVD using the random-effects model. Subgroup analyses by study types, countries, and the level of adjustment were also conducted. Funnel plots, Egger's test and Begg's test were conducted to evaluate the publication bias.

Results: Eight eligible studies with 52,931 participants were included in this systematic review and meta-analysis. Of these, four were cohort studies and four were case-control studies. Five studies were rated as high quality, three as moderate quality. The pooled results showed that plasma lp(a) levels ≥50 mg/dL were associated with a 1.76-fold increased risk of CAVD (RR, 1.76; 95% CI, 1.47–2.11), but lp(a) levels ≥30 mg/dL were not observed to be significantly related with CAVD (RR, 1.28; 95% CI, 0.98–1.68). We performed subgroup analyses by study type, the RRs of cohort studies revealed lp(a) levels ≥50 mg/dL and lp(a) levels ≥30 mg/dL have positive association with CAVD (RR, 1.70; 95% CI, 1.39–2.07; RR 1.38; 95% CI, 1.19–1.61).

Conclusion: High plasma lp(a) levels (≥50 mg/dL) are significantly associated with increased risk of CAVD.

Keywords: lipoprotein(a), calcific aortic valve disease, aortic valve stenosis, aortic valve calcification, systematic review and meta-analysis


INTRODUCTION

Calcific aortic valve disease (CAVD) is one of the most common valve disorders (1). CAVD is characterized by calcification and remodeling of the valve leaflets, which often progresses to aortic sclerosis and stenosis, eventually leading to heart failure, angina, death, and other serious adverse cardiovascular events (2, 3). 2020 VHD guideline recommended the intervention of symptomatic AVS mainly apply to SAVR and TAVI. Surgical treatment is not performed routinely in asymptomatic patients (4). With more and more in-depth studies of pathogenesis, researchers are exploring targeted drugs to delay disease progression (5). A meta-analysis included three RCT and five observational studies to analyze the efficacy of ACEI/ARB to CAVD (6), the results showed that there was no statistically significant difference in all-cause mortality between the two groups, but the AVR rate of the treatment group was lower than that of the control group, which needed large-scale RCT to prove. Multiple rigorous RCTs have shown negative efficacy of statins (7–9). Besides, researchers also explored the targets on phosphate/calcium-metabolism and nitric oxide and IGF-1 signaling pathway, which need to be further proved (5).

Globally, about 10–30% of the population has high lp(a) levels ≥50 mg/dl (10). Epidemiological and genetic evidence suggested that high lp(a) concentration had a direct relationship with cardiovascular disease (11). Previous cytological studies have shown that lipoprotein(a) [lp(a)] played an important role in the pathogenesis of CAVD through increasing inflammation and oxidative stress, promoting calcium deposition of valvular interstitial cells (VICs) (12, 13). Mendelian randomization studies suggested that LPA genotype, which could mediate the levels of lp(a), had a strong relationship with CAVD (14). Multiple genome-wide association studies had shown that the rs10455872 genetic variant in LPA, which was associated with higher lp(a) levels, was independently related to an augmented risk of CAVD (15, 16). However, evidence from clinical studies was inconsistent. Some studies indicated comparing to those without CAVD, patients with CAVD had significantly higher levels of lp(a) (17, 18), while some studies suggested there were no statistical differences in lp(a) levels between CAVD and controls (19). In response to the lack of systematic and comprehensive evidence on the clinical association between lp(a) and CAVD. We performed an extensive systematic review and meta-analysis to assess whether elevated lp(a) significantly affected the incidence of CAVD.



METHODS

The systematic review and meta-analysis were performed following the recommendations of the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) (20) and Meta-analyses of Observational Studies in Epidemiology (MOOSE) checklist (21). The protocol has been registered in PROSPERO database (registration number: CRD42021273149).


Search Strategy

Two authors (Liu QY and Yu YQ) systematically searched the electronic databases, including PubMed (MEDLINE), Embase, Web of Science, and Scopus, up to 31 August 2021. Searching terms included [“lipoprotein(a)” or “lp (a)” or “lipoprotein”] and (“calcific aortic valve disease” or “calcific aortic valve stenosis” or “aortic valve stenosis” or “aortic stenosis” or “aortic valve sclerosis” or “aortic sclerosis” or “aortic valve calcification”) without language or sample size restrictions. The reference lists of relevant reviews, original reports were also searched for potential eligible records. The initial screening of eligible studies was based on the titles and abstracts.



Study Selection

All cohort studies and case-control studies that had investigated the association between lp(a) and the risk of CAVD were eligible for inclusion. 2016 ESC/EAS Guidelines suggested that lp(a) ≥50 mg/dL had a significant risk of CVD (22). European Atherosclerosis Society Consensus Panel recommended that 50 mg/dL as the cut-off value of lp(a) elevation to screen the risk of CVD (23). In the U.S, the general cut-off value for lp(a) elevation is 30 mg/dL higher (24). Canadian Guidelines for the Management of Dyslipidemia pointed out that lp(a) ≥30 mg/dL continuously increased the risk of CVD (25). Analyzing Chinese studies on the risk of lp(a) cut-off value, the Expert Statement suggested 30 mg/dl might be the cut point for the increased risk of CVD (26). And lots of studies revealed both two cut-off values might be applicable to assess CAVD risk (27, 28). Therefore, we considered 30 and 50 mg/dL as the cut-off points for grouping and merging as most studies reported lp(a) as a categorical variable. The exclusion criteria were as follows: (1) patients with rheumatic diseases; (2) duplications or conference abstracts; (3) missing data and data that were impossible to extract or calculate from the published results. The eligibility of the included studies was assessed by two reviewers (Liu QY and Yu YQ) independently. Any disputes were resolved by consensus with all the authors.



Data Extraction

Data extraction was completed by two reviewers (Liu QY and Lai RM) independently. If there were disagreements, a third reviewer would be consulted (Ju JQ). Information extracted from each included study comprised first author's name, publication year, country or region where it was performed, study design, and follow-up duration. Demographic data included the number of participants and primary characteristics were obtained.



Qualitative Assessment

Both cohort studies and case-control studies were estimated the risk of bias according to the Newcastle–Ottawa quality assessment scale (NOS), with a maximum score of 9 (29). The summary scores in 0–3, 4–6, 7–9 scale were classified into high, medium, and low quality. Qualitative assessment was assessed independently by two reviewers (Wang TX and Fan YX). Any disputes were evaluated by the third author (Xi RX).



Statistical Analysis

The pooled CAVD prevalence was compared between individuals with lp(a) levels <50 vs. ≥50 mg/dL and with lp(a) levels <30 vs. ≥30 mg/dL, respectively. Adjusted risk estimates of CAVD reported directly in the included studies were extracted, including odds ratios (ORs), hazard ratio (HRs), and risk ratios (RRs). Adjusted factors were currently identified risk factors related to the occurrence and development of CAVD, including age, sex, hypertension, smoking, dyslipidemia, BNP, diabetes, and obesity, and at least one of them was required to be adjusted in advance (30). And plasma Lp(a) concentration is primarily genetically determined by variation in the LPA gene (17). Studies without adjusted values were replaced with unadjusted values. Given the incidence of CAVD is <20%, the OR was approximately equal to RR (31, 32). Therefore, RRs and 95% CIs were used to estimate the combined effects.

The overall effect was calculated by a Z-test, and a two-tailed P < 0.05 was deemed statistically significant. Chi-square Cochran's Q-test and I square statistics were used to assess potential heterogeneity among studies. In detail, I square >50% was defined as high statistical heterogeneity, I square of 0–50% indicates low heterogeneity, I square = 0% indicates no heterogeneity, respectively (33). Considering the potential heterogeneity of the included studies, we employed a random-effects model to calculate the pooled RR estimates, and heterogeneity assessment with P ≤ 0.10 was considered as a significance set (34).

Subgroup analysis was performed to investigate the source of heterogeneity, based on study types, countries, and the level of adjustment (the number of covariates). Potential publication and small sample bias were evaluated by Egger's and Begg's test (35). The funnel plot was provided for visual inspection of any bias. Statistical analyses were accomplished with Stata (Version 12.0, College Station, Texas).




RESULTS


Search Results and Study Characteristics

A total of 2,032 articles were identified in four databases. After the final full-text screening, eight eligible studies were included for systematic review and meta-analysis (27, 28, 36–41). There were seven studies assessing the association of lp(a) concentration >50 mg/dL with CAVD, five studies assessing the association of lp(a) concentration >30 mg/dL with CAVD. Figure 1 shows a detailed flow diagram.


[image: Figure 1]
FIGURE 1. Flow diagram of studies.


Of the eight included studies, four were cohort studies, and four were case-control studies. Three included studies originated from America, four from Europe, and the remaining one study was unknown. The age of participants ranged from 51 to 75 years. The proportion of females was 35–57%. Five studies evaluated the association between AVS and lp(a), three estimated associations between aortic valve calcification (AVC) and lp(a). In the four included cohort studies, outcome events occurred in 1,383 of 52,134 participants during follow-up. The case-control studies comprised 425 cases and 372 controls. Characteristics of the included studies are displayed in Table 1. As shown in Table 2, seven studies reported the association using the cut-off value of 50 mg/dL of plasma lp(a), and five studies reported the association using the cut-off value of 30 mg/dL. The adjusted covariates which affected the relationship between lp(a) and CAVD in analyses are provided in Supplementary Table 1. The cardiovascular biomarkers of included studies are shown in Supplementary Table 2.


Table 1. The characteristics of included studies.
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Table 2. The statistics of included studies.
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Quality Assessment

The NOS quality assessment scores ranged from 5 to 8 in cohort studies and 6 to 7 in case-control studies. Two out of four cohort studies were identified as high quality, two as moderate quality. Three out of four case-control studies were identified as high quality, one as moderate quality. Scoring details are provided in Supplementary Table 3.



Meta-Analysis

Lp(a) 50 mg/dL group analysis We extracted all the effect estimates of CAVD from seven studies grouped with 50 mg/dL of lp(a) level. One study used the Cox regression to calculate the HR. The rest of the studies used logistic regression and reported ORs and RRs.

Transforming the effect estimates into RRs as described previously, we performed two analyses by study types. The summarized result of the risk ratio was 1.76 (95% CI, 1.47–2.11), which suggested elevated lp(a) level might increase the risk of CAVD by 76% (P < 0.001). And lp(a) ≥50 mg/dL might be a risk indicator for CAVD. However, the included studies had substantial statistical heterogeneity (I square = 59.2%), which needed further analysis. The association between lp(a) ≥50 mg/dL and CAVD were significant in both cohort studies (RR, 1.70; 95% CI, 1.39–2.07) and case-control studies (RR, 2.73; 95% CI, 1.41–5.28) (Figure 2).


[image: Figure 2]
FIGURE 2. Forest plot for examining the association between lp(a) ≤ 50 mg/dL and CAVD.


Lp(a) 30 mg/dL group analysis Five studies, which consisted of two cohort studies and three case-control studies, examined the association between lp(a) ≥30 mg/dL and CAVD. The pooled RR was 1.28 (95% CI, 0.98–1.68), which indicated lp(a) concentration of 30 mg/dL or higher was not significantly associated with CAVD (P = 0.072; Figure 3). There was significant heterogeneity among studies (I square = 64.7%), which needed further analysis. The result of cohort studies showed that lp(a) ≥30 mg/dL might have an association with the increased risk of CAVD (RR, 1.38; 95% CI, 1.19–1.61). Whereas, the case-control studies showed the association between lp(a) and CAVD was not statistically significant (RR, 1.27; 95% CI 0.78–2.06). In summary, the lp(a) cut-off value of 50 mg/dL seemed more convincing than 30 mg/dL as a risk factor for CAVD.


[image: Figure 3]
FIGURE 3. Forest plot for examining the association between lp(a) ≤ 30 mg/dL and CAVD.


When we screened the relevant studies, many focused on the relationship between lp(a) and AVC or AVS. AVC and AVS are the preclinical and post-clinical phases of CAVD, regarded as the representative of CAVD. So we analyzed the associations of lp(a) with these two outcomes, respectively. In the lp(a) 50 mg/dL group, four studies reported the association with AVS, three reported the association with AVC. The separate meta-analysis indicated that lp(a) ≥50 mg/dL was significantly correlated with AVC (RR, 1.46; 95% CI, 1.23–1.73) and AVS (RR, 1.95; 95% CI, 1.93–1.96). In the lp(a) 30 mg/dL group, two studies reported the association with AVS, three reported the association with AVC. And the relationship of lp(a) ≥30 mg/dL with AVC (RR, 1.40; 95% CI, 1.20–1.63) is stronger than with AVS (RR, 1.11; 95% CI, 0.66–1.87). As shown in Table 3.


Table 3. The meta-analyses for the associations of lp(a) with AVC and AVS.
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Subgroup Analysis

Subgroup analyses stratified according to study types, countries, and level of adjustment, the statistically significant association between lp(a) ≥50 mg/dL and CAVD risk was observed in all subgroups. When the subgroup analysis was conducted considering the study types in lp(a) 30 mg/dL group, a significant positive effect of lp(a) ≥30 mg/dL on CAVD was noted in the cohort studies (RR, 1.38; 95% CI, 1.19–1.61), while the result of case-control studies had a positive trend without statistical significance (RR, 1.27; 95% CI, 0.78–2.06). A subgroup analysis stratified by different countries, lp(a) ≥30 mg/dL was associated with a higher risk of CAVD in Europe (RR, 1.75; 95% CI, 1.03–2.99), but not in America (RR, 1.19; 95% CI, 0.87–1.63). In a subgroup analysis by the level of adjustment (i.e., the median of the adjusted covariates), the pooled RR in studies adjusted for six or more covariates (RR, 1.39; 95% CI, 1.20–1.62) was more marked than in the less than six covariates group (RR, 1.18; 95% CI, 0.64–2.17). The details are shown in Table 4.


Table 4. Summary risk estimates of the subgroup analyses.
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Publication Bias

Publication bias assessment of the above two groups was performed using funnel plots at first. There might be asymmetry in the two diagrams figure (Supplementary Figure 1). Therefore, the Egger's test and the Begg's test were carried out for further verification, which suggested these findings might not have publication bias or small sample effect [lp(a)50 mg/dL group: Begg's test, P = 0.230; Egger's test, P = 0.499; lp(a) 30 mg/dL group: Begg's test, P > 0.99; Egger's test, P > 0.99].




DISCUSSION

We evaluated the relationship between elevated plasma lp(a) level and CAVD. The major findings were as follows: (1) The incidence of CAVD was higher in the high lp(a) level group than in the low-level group, as reported by most of the original studies. (2) The pooled results of lp(a) 50 mg/dL group supported that plasma lp(a) ≥50 mg/dL might be a risk factor for CAVD. Whereas, there was insufficient evidence for the association between plasma lp(a) ≥30 mg/dL and CAVD. Also, substantial heterogeneity between studies was not well-explained by subgroup analysis with a 30 mg/dL lp(a) cut-off value, which called for caution when interpreting the result. (3) Patients with plasma lp(a) ≥50 mg/dL might have a higher risk of CAVD than those with lp(a) ≥30 mg/dL. Therefore, we speculated that the magnitude of lp(a) concentration might have a dose-response relationship with CAVD. (4) The progression of CAVD has multiple stages, including calcification and stenosis, etc. AVC, an independent predictor of cardiovascular events (42), not only may progress to AVS (43), but increases the risk of CAD and all-cause mortality (44, 45). Severe AVS directly correlates with heart failure and death (2). Therefore, the lp(a) effect on AVC and AVS were analyzed separately. The results showed that high plasma lp(a) (≥30 mg/dL and ≥50 mg/dL) was associated with AVC, the relationship of AVS with lp(a) ≥50 mg/dL was significant but not with lp(a) ≥30 mg/dL. (5) The subgroup analysis by study types in lp(a) 30 mg/dL group concluded a positive finding in the cohort studies instead of case-control studies. Included case-control studies have the disadvantages of small sample size and the inherent nature of recall and select bias, which might cause inaccurate reporting of the results (46). And due to the larger sample size, the cohort studies had narrower confidence intervals and higher weight with more accurate estimates. Therefore, large sample cohort studies are needed to further explore the relationship between lp(a) ≥30 mg/dL and CAVD. The analysis result in Europe was more significant than in America, and no meaningful association of lp(a) ≥30 mg/dL was found in America. The participants of two American studies mainly involved Asians, Hispanics, Caucasians and Blacks, and the initial results were inconsistent among different races. However, the race of European studies was relatively homogeneous. Therefore, there are possible ethnic effect factors in the pathogenesis of lp(a)-mediated CAVD (27, 40). And a research article from the MESA study pointed out a possible race/ethnicity-related modification of lp(a) and coronary heart disease events (24). Their findings suggested that the 30 mg/dL cutoff for lp(a) is inappropriate in Caucasian and Hispanic individuals, and the higher 50 mg/dL cutoff should be considered. In contrast, the 30 mg/dL cutoff remains suitable in Black individuals. From the present evidence, the cut-off values of lp(a) differed according to different race/ethnicity groups. But most studies agreed on the cut-off values of 30 and 50 mg/dL. That's why we analyzed using both cut-off values in our meta-analysis. Our subgroup analysis results agree with the findings from Guan et al. (24). (6) The Egger's test and the Begg's test had certified that there was no publication bias in these studies. The number of included studies was <10 and the estimates we used were inherently related to their standard errors, leading to relatively imprecise test power of the funnel plot. Whereas, it was undeniable that selection bias and true heterogeneity might also be related to the asymmetry, such as unavailable unpublished studies, which inevitably lead to publication bias. And we conducted the subgroup analysis to investigate the source of heterogeneity, and this deficiency was made up to some extent.

Besides other conventional risk factors like age, sex, hypertension, and smoking, dyslipidemia played a vital role in calcific aortic valve disease (30). Lipids oxidation may promote chronic low-grade inflammation in the aortic valve, which frequently induces the osteogenic process of VICs (47–49). However, whether LDL-C or HDL-C has casual associations with CAVD remains controversial (50, 51). And two meta-analyses about the effect of statins on aortic valve stenosis demonstrated statins might not retard the progression of valve stenosis even though LDL-C concentration was reduced (52, 53). Instead, attention has turned to lp(a). A rapidly-growing body of evidence demonstrated that lp(a) has a bright prospect in predicting and treating CAVD. A previous systematic review speculated plasma lp(a) might be related to the occurrence and progression of AVS. However, this study did not perform a quantitative meta-analysis (54). Our work, which has been thoroughly searched, rigorously screened and quantitatively analyzed, found that lp(a) ≥50 mg/dL could potentially be a proper risk factor for CAVD. Therefore, lp(a) concentration could be more suitable for assessing the incidence of CAVD, compared with that of LDL-C and HDL-C.

Several plausible mechanisms may account for the underlying pathophysiology of lp(a)-mediated CAVD. Lp(a) is a low-density lipoprotein-like structure, which mainly contains apolipoprotein B (apo B) covalently bound to apolipoprotein(a) [apo(a)] (55, 56), transporting some pro-inflammatory and pro-osteogenic mediators. When aortic valve leaflets are damaged to mechanical or shear stress, excessive lp(a) could infiltrate and accumulate the valve to stimulate inflammation, calcification, and fibrosis (57–59). Oxidized phospholipids (OxPL), primarily carried by lp(a) complexes, has been demonstrated the association with CAVD (60, 61). Zheng et al. have revealed that the high content of lp(a) and OxPL-apoB was independently associated with increased active tissue calcification and clinical events such as AVR or all-cause mortality (12). OxPL might be hydrolyzed to lysophosphatidylcholine (LPC) in the presence of phospholipases, promoting valvular inflammation, thickening and mineralization (62). Lipoprotein-associated phospholipase A2 (Lp-PLA2) and autotaxin (ATX) might be the key phospholipases in the metabolism of lp(a)-OxPL. Lp-PLA2, with a high affinity to lp(a), could convert OxPL into LPC, increasing the expression of phosphate-related genes (63, 64). ATX, mainly combined with apo(a) of lp(a) particles, could transform LPC into LysoPA, which drives the inflammatory and osteogenic program through the NF-κB/IL-6/BMP pathway (41, 65). In addition, lp(a) could directly mediate remodeling and calcification of VICs through inducing MAPKs signaling pathway and the expression of pro-osteogenic factors like bone-specific transcription factor SP7 (osterix), BMP-2, and BMP-4 (66).

Welsh et al. revealed reducing the baseline lp(a) levels by 80%, patients with lp(a)≥175 nmol/l and baseline CVD could decrease the risk of CVD by 20% (67). And the conclusions of this study suggested that lowering lp(a) levels might be an important way to intervene CAVD. Pharmacotherapies of lp(a) include PCSK9 inhibitor and nucleic acid antisense, etc. In the FOURIER study, it was found that PCSK9 inhibitors could reduce the plasma Lp(a) level on average 26.9%, and patients with higher Lp(a) levels had a 23% lower risk of major cardiovascular events (68). In the ODYSSEY OUTCOMES trial, the reduction of Lp(a) levels by PCSK9 inhibitors was associated with a decrease in the risk of cardiovascular disease (69). Mipomersen is a 2′-O-methoxyethyl modified second-generation antisense oligonucleotide, which binds to homologous Apo B messenger RNA to inhibit the synthesis of ApoB-100. It can significantly reduce Apo B and Lp(a) levels (70). IONIS-APO(a)Rx, an oligonucleotide targeting lp(a), could reduce lp(a) levels by 66–92%, OxPL-ApoB and OxPL-apo(a) decreased moderately, which play a vital role in pathogenesis of CAVD (71).

There are several strengths of our meta-analysis. Firstly, this is the first meta-analysis assessing the association between lp(a) and CAVD. Secondly, our analysis included a comprehensive search strategy, a considerable number of participants, a subgroup analysis for heterogeneity. And we integrated all relevant cross-sectional and case-control studies, allowing us to determine whether there was a significant relationship between lp(a) and CAVD. Thirdly, most of the included studies have controlled the confounders, which ensured the reliability of the outcomes. Finally, we investigated the relationship between high lp(a) levels (≥50 and ≥30 mg/dL) and the incidence of CAVD, respectively, which provided some guidance for patients with elevated plasma lp(a) levels to assess their risk of CAVD. However, heterogeneity was observed in our meta-analysis, even though most of studies had adjusted multiple potential confounders. Therefore, the results of the present analyses should be interpreted with caution.



CONCLUSION

Based on the current cohort studies and case-control studies, we could conclude that patients with lp(a) ≥50 mg/dL were at a significantly high risk of CAVD. However, further large-scale prospective cohort studies with high quality and adequate control for confounders are necessary to draw a firm conclusion on the causality between plasma lp(a) and CAVD.
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Background: Rheumatic heart disease (RHD) is a critical problem in developing countries and is the cause of most of the cardiovascular adverse events in young people. In patients aged 50–70 years with RHD requiring mitral valve replacement (MVR), deciding between bioprosthetic and mechanical prosthetic valves remains controversial because few studies have defined the long-term outcomes.

Methods: 1,691 Patients aged 50–70 years with RHD who received mechanical mitral valve replacement (MVRm) or bioprosthetic mitral valve replacement (MVRb) were retrospectively reviewed in Fuwai hospital from 2010 to 2014. Follow-up ended 31/12/2021; median duration was 8.0 years [interquartile range (IQR), 7.7–8.3 years]. Propensity score matching at a 1:1 ratio for 24 baseline features between MVRm and MVRb yielded 300 patient pairs. The primary late outcome was postoperative mid- to long-term all-cause mortality.

Results: Ten-year survival after MVR was 63.4% in the MVRm group and 63.7% in the MVRb group (HR, 0.91; 95% CI, 0.69–1.21; P = 0.528). The cumulative incidence of mitral valve reoperation was 0.0% in the MVRm group and 1.2% in the MVRb group (HR, 0.92; 95% CI, 0.69–1.21; P = 0.530). The cumulative incidence of stroke was 5.5% in the MVRm group and 6.1% in the MVRb group (HR, 0.89; 95% CI, 0.67–1.18; P = 0.430). The cumulative incidence of major bleeding events was 3.3% in the MVRm group and 3.4% in the MVRb group (HR, 0.92; 95% CI, 0.70–1.22; P = 0.560).

Conclusions: In patients aged 50–70 years with RHD who underwent mitral valve replacement, there was no significant difference on survival, stroke, mitral valve reoperation and major bleeding events at 10 years. These findings suggest mechanical mitral valve replacement may be a more reasonable alternative in patients aged 50–70 years with rheumatic heart disease.

Keywords: bioprosthesis, rheumatic, mechanical valve, mitral valve replacement, heart valve diseases


INTRODUCTION

Rheumatic heart disease (RHD) remains a challenging health problem across the worldwide, especially in developing countries and is a major cause of cardiovascular mortality in young people (1).

Rheumatic heart disease is mainly caused by rheumatic fever. Rheumatic fever is a type of recurrent acute or chronic systemic connective tissue inflammation caused by group a beta-hemolytic streptococcus invasion of genetically susceptible people (2). After an acute attack, heart damage of varying severity is often left; especially valvular disease is the most dangerous, resulting in chronic rheumatic heart disease or rheumatic heart valve disease (3). The mitral valve is most commonly involved in clinical practice. For rheumatic mitral valve disease, the main treatment methods are surgical operations, including mitral valvuloplasty and mitral valve replacement. At present, the best surgical approach for rheumatic mitral valve disease is still controversial, but due to the higher risk of reoperation with mitral valvuloplasty, mitral valve replacement is more commonly used in clinical practice (4).

The artificial valve used in mitral valve replacement can be categorized as mechanical valve and biological valve. Both types of prosthetic valves have advantages and disadvantages. Patients using mechanical valves need to take anticoagulants for life, and are prone to complications such as premature ventricular contractions, thromboembolism, and bleeding (5, 6). However, mechanical valves have better durability and are less likely to undergo secondary surgery. Patients using biological valve do not need long-term anticoagulation, which reduces the risk of bleeding and embolism, but is more prone to structural valve deterioration (SVD) and has a higher risk of mitral valve reoperation. A mechanical valve may be an option when the patient is already on anticoagulation therapy or when the risk of reoperation is high. When patients have poor compliance with anticoagulation therapy, or lack corresponding medical conditions to monitor coagulation index, bioprosthetic valves can be considered. The trade-off between bleeding risk and reoperation is critical and involves many factors. However, age becomes one of the most objective factors in choosing the appropriate valve type (7). For patients requiring mitral valve replacement, the European Society of Cardiology (ESC) recommends a mechanical valve for those under 65 years of age and a biological valve for those over 70 years of age (5). The American Heart Association (AHA) recommends the use of mechanical valves for people under the age of 50, and the use of biological valves for people over 70 years old, and it indicates that uncertainty and debate continue about which type of prosthesis is appropriate for patients 50–70 years of age. There are conflicting data on survival benefit of mechanical vs. bioprosthetic valves in this age group (6). Few studies have explicitly compared mechanical valves and bioprosthetic valves in patients with RHD (8–10). Therefore, current guidelines do not provide a choice of the most appropriate valve type for patients aged 50–70 years with rheumatic heart disease.

Generally, younger patients may be more inclined to use a mechanical mitral valve, but with the development of transcatheter mitral valve replacement, the problem of reoperation after bioprosthetic valve deterioration may not be so difficult. The rise of this technology may also have important implications for the choice of valve type (7). Therefore, we conducted this study to compare long-term survival and incidence of related outcomes for patients aged 50–70 years with rheumatic mitral valve disease.



METHODS


Study Design

All patients aged 50–70 years with RHD who underwent primary mitral valve replacement in Fuwai hospital from 01/01/2010 to 31/12/2014 were identified for retrospective cohort study. The Medical Ethics Review Committee of Fuwai Hospital approved this study (No. 2,021–1,545). Informed consent was waived.

Mechanical prosthetic and bioprosthetic valve replacements were differentiated using International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) procedure codes 35.23 and 35.24, respectively. The following patients were excluded: (I) patients who had undergone prior replacement of any heart valve; (II) patients who had undergone concomitant replacement of the aortic, pulmonary, or tricuspid valves; repair of the aortic or pulmonary valves; (III) concomitant coronary artery bypass graft surgery; or concomitant thoracic aortic surgery.

To minimize potential selection bias, we calculated a propensity score from selected variables and matched each patient in the bioprosthetic group with each patient in the mechanical prosthetic group. Three hundred patient pairs of the mechanical prosthetic group and bioprosthetic group were identified and were eligible for analysis.



Outcomes

The primary outcomes of this study were all-cause mortality. In-hospital or 30-day outcomes included all-cause mortality, stroke, major bleeding events, acute kidney injury, respiratory failure, heart failure, readmission, reexploration for bleeding and deep wound infection. Late outcomes included stroke, mitral valve reoperation, thromboembolic events, major bleeding events, infective endocarditis, prosthetic valve endocarditis, readmission for heart failure, and all-cause readmission. Stroke was defined as any cerebrovascular accident documented during the index hospitalization as well as any subsequent hospital admission in which the principal diagnosis was hemorrhagic or ischemic stroke (not including transient ischemic attacks). Reoperation was defined as any subsequent MVR. Major bleeding event was defined as requiring hospitalization or blood transfusion. Patients were censored on 31/12/2021.



Statistical Analysis

Baseline patient characteristics are represented as means with standard deviations for normally distributed continuous variables, medians and interquartile ranges for non-normal distributed continuous variables, and proportions for categorical variables. Shapiro-Wilk test was used to test normal distribution. To compare baseline differences in comorbidity between patients receiving mechanical prosthetic and bioprosthetic valves, the Student t-test or Mann-Whitey U-test was performed for continuous variables, the Pearson χ2 test or Fisher's exact test was performed for categorical variables, and standardized differences were calculated for all variables.

Confounding due to differences in baseline characteristics was addressed using propensity score matching. To calculate the propensity score, a hierarchical logistic regression model was fitted with bioprosthetic implantation as the outcome. Covariates entered into the model include all measured baseline characteristics: age, sex, year of surgery, New York Heart Association (NYHA) class III to IV, admission urgency, hypertension, diabetes mellitus, hyperlipidaemia, choronic kidney disease, active endocarditis or sepsis, chronic obstructive pulmonary disease, cerebrovascular disease, peripheral vascular disease, coronary artery disease, congestive heart failure, atrial fibrillation, other arrhythmia, liver disease, history of cancer, history of mitral balloon dilatation, mean pulmonary artery systolic blood pressure (greater than or equal to 50 mmHg), concomitant tricuspid valve repair, concomitant radiofrequency ablation of atrial fibrillation, concomitant thrombectomy.

The area under the receiver operating characteristic curve for this model was 0.79. A 1:1 match was then performed using a caliper of 0.4 of the logit of the propensity score computed by this model. The baseline characteristics of the patient pairs matched by propensity score were compared using the paired t-test or the Wilcoxon Signed-Rank Test for continuous variables and the McNemar test for categorical variables. Standardized difference that was <0.1 was deemed indicative of acceptable balance. In-hospital or 30-day outcomes rates were compared using the McNemar test.

For the primary end point, survival curves and 10-year estimates were derived from Kaplan-Meier method. For the secondary end points of other time to event outcomes, a competing risk analysis was performed to construct cumulative incidence function curves and to calculate 10-year estimates. For all end points, marginal Cox proportional hazards regression models with robust sandwich variance estimators were fitted with only prosthesis type entered as a covariate. The difference in overall survival was compared using the Cox model, whereas the differences in secondary end points were evaluated using the Gray test. All tests were 2-tailed with an α level of 0.05. All statistical analyses were performed using R software version 4.1.0.




RESULTS


Patient Characteristics

Between January 2010 and December 2014, 2,027 patients who underwent MVR were included in this study, among whom 1,932 were diagnosed as having RHD and 1,691 were eligible for inclusion. Among the included patients, 1,384 (81.8%) selected a mechanical valve and 307 (18.2%) selected a bioprosthetic valve (Figure 1). The baseline characteristics of the overall cohort are presented in Table 1. Patients who received bioprosthetic valve replacement (n = 307) compared those who received mechanical valve replacement (n = 1,384) were older (61.9 ± 4.9 vs. 57.1 ± 4.8 years, P < 0.001), and more likely to have a history of hypertension (22.5 vs. 15.7%, P = 005), diabetes mellitus (11.1 vs. 7.1%, P = 0.025), NYHA class III-IV (35.2 vs. 29.0, P = 040). Patients who received mechanical prosthetic valves were more likely to have cardiovascular morbidity including severe pulmonary hypertension (16.1 vs. 10.1%, P = 010), atrial fibrillation (73.4 vs. 65.6%, P = 0.006). But patients in MVRb groups were more likely to receive concomitant atrial fibrillation radiofrequency ablation (26.4 vs. 18.0%, P = 001). A ratio of 1:1 propensity-score matching produced 300 patient pairs. Age and all baseline comorbidities were balanced with the two groups (Table 2).


[image: Figure 1]
FIGURE 1. The flowchart of patient inclusion and exclusion. RHD, Rheumatic heart disease. MVRm, mechanical mitral valve replacement; MVRb, bioprosthetic mitral valve replacement.



Table 1. Patient baseline characteristics in the overall cohort according to type of mitral valve replacement.
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Table 2. Baseline characteristics after propensity score matching.
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In-hospital or 30-Day Outcomes

Among patients matched by propensity score, there was no significant difference in 30-day mortality (0.3% in the bioprosthesis group vs. 0.3% in the mechanical prosthesis group, P = 1.000) after valve replacement. The incidence of 30-day complications and outcomes was comparable between the 2 groups after matching (Table 3).


Table 3. In-hospital or 30-day outcomes of mitral valve replacement in patients matched by propensity score.

[image: Table 3]



Late Outcomes
 
Survival

Among patients matched by propensity score, there was no significant difference in mid- to long-term survival between MVRm and MVRb [hazard ratio (HR), 0.91 (95% CI, 0.69–1.21), P = 0.528; Figure 2]. A total of 98 (32.7%) death occurred in the MVRm group and 92 (30.7%) deaths occurred in the MVRb group. The actuarial survival at 1, 3, 5, and 10 years were 97.7, 89.7, 76.3, and 63.4% in the MVRm group, and 98.7, 91.0, 80.0, and 63.7% in the MVRb group, respectively.


[image: Figure 2]
FIGURE 2. Overall survival in patients aged 50–70 years after mitral valve replacement according to prosthetic type. MVRm, mechanical mitral valve replacement; MVRb, bioprosthetic mitral valve replacement.





Mitral Valve Reoperation

There were only 3 patients received a mitral valve reoperation in the MVRb and none in the MVRm. But the difference of the cumulative incidence was not significant [hazard ratio (HR), 0.92 (95% CI, 0.69–1.21), P = 0.530; Figure 3] between the 2 groups. The cumulative incidence of mitral valve reoperations at 3, 5, 7, and 10 years were 0.0, 0.0, 0.0, and 0.0% in the MVRm, and 0.0, 0.0, 0.3, and 1.2% in the MVRb, respectively.


[image: Figure 3]
FIGURE 3. Cumulative incidence of reoperation. MVRm, mechanical mitral valve replacement; MVRb, bioprosthetic mitral valve replacement.




Infective Endocarditis

A total of 2 infective endocarditis occurred in the MVRm and 5 infective endocarditis occurred in the MVRb. There was no significant difference in cumulative incidence of infective endocarditis between the MVRm and the MVRb [hazard ratio (HR), 0.84 (95% CI, 0.63–1.13), P = 250; Figure 4]. The cumulative incidence of infective endocarditis at 3, 5, 7, and 10 years were 0.7, 0.7, 0.7, and 0.7% in the MVRm, and 1.0, 1.3, 1.7, and 1.7% in the MVRb, respectively.


[image: Figure 4]
FIGURE 4. Cumulative incidence of infective endocarditis. MVRm, mechanical mitral valve replacement; MVRb, bioprosthetic mitral valve replacement.




Stroke

A total of 28 strokes occurred during follow-up time, 13 in the MVRm group and 15 in the MVRb group. The cumulative incidence of stroke after MVR was no significant difference between the MVRm and the MVRb [hazard ratio (HR), 0.89 (95% CI, 0.67–1.18), P = 430; Figure 5]. Among the 28 patients of stroke, 9 were hemorrhagic and 19 were ischemic. Of the 19 ischemic strokes, 9 occurred in the MVRm group and 10 occurred in the MVRb group.


[image: Figure 5]
FIGURE 5. Cumulative incidence of stroke. MVRm, mechanical mitral valve replacement; MVRb, bioprosthetic mitral valve replacement.




Readmission for Heart Failure

A total of 31 and 38 patients occurred readmission for heart failure in the MVRm group and in the MVRb group, respectively. There was no significant difference of readmission for heart failure between the 2 groups [hazard ratio (HR), 0.84 (95% CI, 0.63–1.13), P = 250; Figure 6]. The cumulative incidence of readmission for heart failure at 3, 5, 7, and 10 years were 2.3, 4.0, 7.0, and 11.9% in the MVRm group, and 2.3, 4.3, 8.7, and 16.5% in the MVRb group, respectively.


[image: Figure 6]
FIGURE 6. Cumulative incidence of readmission for heart failure. MVRm, mechanical mitral valve replacement; MVRb, bioprosthetic mitral valve replacement.




Readmission for Any Cause

Forty-nine patients occurred readmission for any cause in the MVRm group while 52 patients occurred readmission for any cause in the MVRb group during follow-up period. The cumulative incidence of readmission for any cause after MVR was no significant difference between the MVRm and the MVRb [Hazard Ratio (HR), 0.90 (95% CI, 0.68–1.19), P = 460; Figure 7]. The cumulative incidence of readmission for any cause at 3, 5, 7, and 10 years were 4.3, 9.0, 14.0, and 18.3% in the MVRm, and 4.7, 8.0, 13.0, and 21.1% in the MVRb, respectively.


[image: Figure 7]
FIGURE 7. Cumulative incidence of readmission for any cause. MVRm, mechanical mitral valve replacement; MVRb, bioprosthetic mitral valve replacement.




Thromboembolic Events

A total of 14 thromboembolic events occurred during follow-up period, 8 in the MVRm group and 6 in the MVRb group. No significant difference was observed between the MVRm and the MVRb [hazard ratio (HR), 0.93 (95% CI, 0.70–1.23), P = 610; Figure 8]. The cumulative incidence of thromboembolic events at 3, 5, 7 and 10 years were 0.7, 0.7, 1.0, and 4.1% in the MVRm, and 0.7, 1.0, 1.0, and 2.9% in the MVRb, respectively. Among the 14 patients of thromboembolic events, 6 were acute myocardial infarction (5 in the MVRm vs. 1 in the MVRb), 2 were bowel ischemia (1 in the MVRm vs. 1 in the MVRb), 3 were pulmonary embolism (1 in the MVRm vs. 2 in the MVRb) and 3 were systemic thromboembolism (3 in the MVRm vs. 0 in the MVRb).


[image: Figure 8]
FIGURE 8. Cumulative incidence of thromboembolic events. MVRm, mechanical mitral valve replacement; MVRb, bioprosthetic mitral valve replacement.




Major Bleeding Events

There was no significant difference of major bleeding events in patients with a mechanical or a biological prosthesis [hazard ratio (HR), 0.92 (95% CI, 0.70–1.22), P = 560; Figure 9]. The cumulative incidence of major bleeding events at 3, 5, 7, and 10 years were 1.7, 1.7, 2.7, 3.3% in the MVRm, and 0.0, 0.3, 2.0, and 3.4% in the MVRb, respectively. Major bleeding events (10 in the MVRm vs. 8 in the MVRb) were most commonly intracerebral hemorrhage (8 in the MVRm vs. 7 in the MVRb). Of all major bleeding events, 2 were gastrointestinal bleedings (1 in the MVRm vs. 1 in the MVRb).


[image: Figure 9]
FIGURE 9. Cumulative incidence of major bleeding events. MVRm, mechanical mitral valve replacement; MVRb, bioprosthetic mitral valve replacement.




Moderate or Severe Perivalvular Leakage

A total of 8 moderate or severe perivalvular leakage occurred in the MVRm and 17 perivalvular leakage occurred in the MVRb during follow up. There was no significant difference between the 2 groups [hazard ratio (HR), 0.90 (95% CI, 0.68–1.19), P = 440; Figure 10]. The cumulative incidence of moderate or severe perivalvular leakage at 3, 5, 7, and 10 years were 1.3, 1.7, 2.0, and 3.1% in the MVRm, and 1.3, 2.3, 4.4, and 6.7% in the MVRb, respectively.


[image: Figure 10]
FIGURE 10. Cumulative incidence of perivalvular leakage. MVRm, mechanical mitral valve replacement; MVRb, bioprosthetic mitral valve replacement.





DISCUSSION

There is still much controversy about which type of valve to choose for patients aged 50–70 who need mitral valve replacement in current clinical practice (11). Current guidelines also fail to decide the best options for patients in this age group (6). When we provide advice to patients, we generally consider factors such as age, life expectancy, reoperation risk, anticoagulation related events, and patient preference. However, the specific etiology of valvular disease is rarely considered. Different etiologies of heart valve disease, such as rheumatic, degenerative, and infectious (12), may also affect the clinical prognosis. The study by Goldstone et al. (13) showed that the long-term mortality benefit that was associated with a mechanical prosthesis, as compared with a biologic prosthesis, persisted until 70 years of age among patients undergoing mitral valve replacement. However, Chikwe et al. (14) demonstrates that there was no significant difference in survival at 15-year follow-up between mechanical prosthetic and bioprosthetic mitral valve replacements. Both of the two large studies were conducted in the United States, and neither classified the specific etiology of valvular heart disease. The difference in the etiological composition of valvular heart disease may be one of the underlying reasons for the wide disparity in the results of the two studies. Kulik et al. (15) found that there was no significant difference in late mortality in MVR patients aged 50–65, but an increase in the requirement for reoperation for bioprosthetic valves and an increased risk of thromboembolism for mechanical valves. However, the study did not analyze the specific etiology of valvular heart disease. A study analyzed patients aged 50–70 with infective endocarditis for mitral valve replacement, and the results showed that the long-term mortality and reoperation rates of the biological valve group were significantly higher than those of the mechanical valve group. There were no significant differences in stroke and major bleeding events (16). A retrospective study of patients with RHD from Taiwan showed that the all-cause mortality and reoperation rates in the biological valve group were higher than those in the mechanical valve group, no group differences were observed in the risks of stroke, thromboembolic events, and major bleeding events (7). In our study, in patients with RHD aged 50–70 years, there was no significant difference in all-cause mortality and reoperation rates between the MVRb group and the MVRm group. Therefore, whether the specific etiology of valvular heart disease will affect the long-term clinical outcomes after mitral valve replacement requires further clinical trials and newer high-quality evidence.

Our study showed that the bioprosthetic valve utilization rate in our hospital increased from 23.2% in 2010 to 28.1% in 2014. This trend is similar to that of the United States (17). With the increasing use of bioprostheses, the clinical prognosis of patients using bioprostheses has become an issue that we need to pay more attention to. The results of this study showed that there was no significant difference between the bioprosthetic valve group and the mechanical valve group in both primary and secondary outcomes for patients aged 50–70 years with RHD, indicating the use of bioprosthetic valves seems to be a good choice, too. After all, long-term anticoagulation is not required, and the quality of life could be improved. But the follow-up is unfortunately too short to assess the durability of the bioprostheses, that won't be enough time to develop SVD. Mitral valve reoperation rate was higher in MVRb group although the difference was not significant. Our study showed that the mechanical valve group did not increase the incidence of stroke, major bleeding and thromboembolic events compared with the bioprosthetic valve group even if the MVRm group need anticoagulation, suggesting that the use of mechanical valve in patients aged 50–70 years with rheumatic mitral valve disease is a better choice, especially for patients with atrial fibrillation. In this study, 72.0% patients who underwent MVR had atrial fibrillation. And mechanical valve is generally considered more durable than biological valve, reducing the risk of reoperation. During the next years will be quite sure that the MVRb group starts to develop SVD, and the advantage of the MVRm group taking over. With the advent of transcatheter mitral valve technology, some studies have reported that valve-in-valve procedures are associated with better outcomes compared with valve-in-ring procedures (18–20). For high-risk patients who need secondary surgery after SVD, the technology of transcatheter mitral valve replacement can significantly reduce the risk compared with conventional open-heart surgery, providing these patients with a better opportunity to replace the valve, which is of great significance (18). However, we recommend mechanical prostheses in this patient group for the first operation because transcatheter mitral valve-in-valve replacement would not be better in terms of mortality, rehospitalization, and cost-effectiveness, particularly. Besides, with the advancement of science and technology, monitoring INR is more convenient (21, 22). Therefore, the trend of bioprostheses toward younger patients should be tempered according to our study.


Study Limitations

The main limitation was the nature of the single-center retrospective study. Although we used propensity score matching to minimize measured confounders, potential confounding variables not measured could not be adjusted in this study. There may not have been adequate control for selection bias. The 10-year follow-up was insufficient to fully assess lifetime risks, particularly of SVD and reoperation. However, there were no significant differences in 30-day mortality and morbidity in this cohort, suggesting that the treatment groups were well-matched. Finally, the relatively large sample size and complete follow-up in our study can be considered precise and trustworthy.




CONCLUSIONS

This propensity score-matched study compared clinical outcomes between mechanical and bioprosthetic MVR in patients aged 50–70 years with rheumatic heart disease. Despite the trend of bioprostheses toward younger patients, mechanical mitral valve replacement may be a more reasonable alternative in this patient group without an increased risk of stroke or major bleeding events.



PERSPECTIVE STATEMENT

Either a mechanical or bioprosthetic valve is used in patients undergoing mitral valve replacement (MVR). As the development of the transcatheter intervention technologies, the use of bioprosthesis increased during the past decades. But we found that mechanical prosthesis may be a more reasonable alternative in patients aged 50–70 years with rheumatic heart disease.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Medical Ethics Review Committee of Fuwai Hospital approved this study (No. 2021–1545). Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



AUTHOR CONTRIBUTIONS

JY and WW contributed to conception and design of the study. JY organized the database, performed the statistical analysis, and wrote the first draft of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.



FUNDING

This work was supported by the project of clinical trials in Fuwai Hospital (grant number: 2021-HG34, Beijing, China).



REFERENCES

 1. Marijon E, Mirabel M, Celermajer DS, Jouven X. Rheumatic heart disease. Lancet. (2012) 379:953–64. doi: 10.1016/S0140-6736(11)61171-9

 2. Leal M, Passos LSA, Guarçoni FV, Aguiar JMS, Silva R, Paula TMN, et al. Rheumatic heart disease in the modern era: recent developments and current challenges. Rev Soc Bras Med Trop. (2019) 52:e20180041. doi: 10.1590/0037-8682-0041-2019

 3. Liu M, Lu L, Sun R, Zheng Y, Zhang P. Rheumatic heart disease: causes, symptoms, and treatments. Cell Biochem Biophys. (2015) 72:861–3. doi: 10.1007/s12013-015-0552-5

 4. Chen S, Chen C, Chien-Chia Wu V, Chou A, Cheng Y, Chang S, et al. Mitral valve repair versus replacement in patients with rheumatic heart disease. J Thorac Cardiovasc Surg. (2020) S0022-5223:32459–4. doi: 10.1016/j.jtcvs.2020.07.117

 5. Vahanian A, Beyersdorf F, Praz F, Milojevic M, Baldus S, Bauersachs J, et al. 2021 ESC/EACTS Guidelines for the management of valvular heart disease. Eur Heart J. (2022) 43:561–632. doi: 10.1093/eurheartj/ehab395

 6. Nishimura RA, Otto CM, Bonow RO, Carabello BA, Erwin JP 3rd, Fleisher LA, et al. 2017 AHA/ACC Focused update of the 2014 AHA/ACC guideline for the management of patients with valvular heart disease: a report of the american college of cardiology/American heart association task force on clinical practice guidelines. Circulation. (2017) 135:e1159–95. doi: 10.1161/CIR.0000000000000503

 7. Chen CY, Chan YH, Wu VC, Liu KS, Cheng YT, Chu PH, et al. Bioprosthetic vs. mechanical mitral valve replacements in patients with rheumatic heart disease. J Thorac Cardiovasc Surg. (2021) S0022-5223:00512–2. doi: 10.1016/j.jtcvs.2021.03.033

 8. Travancas PR, Dorigo AH, Simões LC, Fonseca SC, Bloch KV, Herdy GV. Comparison of mechanical and biological prostheses when used to replace heart valves in children and adolescents with rheumatic fever. Cardiol Young. (2009) 19:192–7. doi: 10.1017/S1047951109003680

 9. Edwin F, Aniteye E, Tettey MM, Tamatey M, Frimpong-Boateng K. Outcome of left heart mechanical valve replacement in West African children—A 15-year retrospective study. J Cardiothorac Surg. (2011) 6:57. doi: 10.1186/1749-8090-6-57

 10. Tamirat S, Mazine A, Stevens LM, Agwar F, Dejene K, Bedru M, et al. Contemporary outcomes of aortic and mitral valve surgery for rheumatic heart disease in sub-Saharan Africa. J Thorac Cardiovasc Surg. (2021) 162:1714–25.e2. doi: 10.1016/j.jtcvs.2020.02.139

 11. Nishimura RA, Gentile F, Bonow RO. Guideline update on evaluation and selection of prosthetic valves. JAMA Cardiol. (2018) 3:260–1. doi: 10.1001/jamacardio.2017.5123

 12. Iung B, Vahanian A. Epidemiology of valvular heart disease in the adult. Nat Rev Cardiol. (2011) 8:162–72. doi: 10.1038/nrcardio.2010.202

 13. Goldstone AB, Chiu P, Baiocchi M, Lingala B, Patrick WL, Fischbein MP, et al. Mechanical or biologic prostheses for aortic-valve and mitral-valve replacement. N Engl J Med. (2017) 377:1847–57. doi: 10.1056/NEJMoa1613792

 14. Chikwe J, Chiang YP, Egorova NN, Itagaki S, Adams DH. Survival and outcomes following bioprosthetic vs. mechanical mitral valve replacement in patients aged 50 to 69 years. JAMA. (2015) 313:1435–42. doi: 10.1001/jama.2015.3164

 15. Kulik A, Bédard P, Lam BK, Rubens FD, Hendry PJ, Masters RG, et al. Mechanical vs. bioprosthetic valve replacement in middle-aged patients. Eur J Cardiothorac Surg. (2006) 30:485–91. doi: 10.1016/j.ejcts.2006.06.013

 16. Hu X, Jiang W, Xie M, Guo R, Yim WY, Dong N, et al. Bioprosthetic vs. mechanical mitral valve replacement for infective endocarditis in patients aged 50 to 69 years. Clin Cardiol. (2020) 43:1093–9. doi: 10.1002/clc.23407

 17. Gammie JS, Sheng S, Griffith BP, Peterson ED, Rankin JS, O'Brien SM, et al. Trends in mitral valve surgery in the united states: results from the society of thoracic surgeons adult cardiac database. Ann Thorac Surg. (2009) 87:1431–9. doi: 10.1016/j.athoracsur.2009.01.064

 18. Schaefer A, Conradi L. Transcatheter mitral valve replacement for degenerated bioprosthetic valves and failed annuloplasty rings. Surg Technol Int. (2020) 37:185–90.

 19. Paradis JM, Del Trigo M, Puri R, Rodés-Cabau J. Transcatheter valve-in-valve and valve-in-ring for treating aortic and mitral surgical prosthetic dysfunction. J Am Coll Cardiol. (2015) 66:2019–37. doi: 10.1016/j.jacc.2015.09.015

 20. Yoon SH, Whisenant BK, Bleiziffer S, Delgado V, Dhoble A, Schofer N, et al. Outcomes of transcatheter mitral valve replacement for degenerated bioprostheses, failed annuloplasty rings, and mitral annular calcification. Eur Heart J. (2019) 40:441–51. doi: 10.1093/eurheartj/ehy590

 21. Murray ET, Fitzmaurice DA, McCahon D. Point of care testing for INR monitoring: where are we now? Br J Haematol. (2004) 127:373–8. doi: 10.1111/j.1365-2141.2004.05154.x

 22. Levine MA, Shao W, Klein D. Monitoring of international normalized ratios: comparison of community nurses with family physicians. Can Fam Physician. (2012) 58:e465–71.

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

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

Copyright © 2022 Yu and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 16 June 2022
doi: 10.3389/fcvm.2022.887886






[image: image2]

The Clinical Trial Outcomes of Med-Zenith PT-Valve in the Treatment of Patients With Severe Pulmonary Regurgitation

Xiaoke Shang1†, Nianguo Dong2†, Changdong Zhang2 and Yanggan Wang1,3*


1Department of General Medicine and Geriatrics, Zhongnan Hospital of Wuhan University, Wuhan University, Wuhan, China

2Department of Cardiovascular Surgery, Union Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China

3Medical Research Institute of Wuhan University, Wuhan University, Wuhan, China

Edited by:
Marko Banovic, University of Belgrade, Serbia

Reviewed by:
Gianluca Lucchese, Guy's and St Thomas' NHS Foundation Trust, United Kingdom
 Gianfranco Butera, Bambino Gesù Children's Hospital (IRCCS), Italy

*Correspondence: Yanggan Wang, wb000813@whu.edu.cn

†These authors have contributed equally to this work

Specialty section: This article was submitted to Heart Valve Disease, a section of the journal Frontiers in Cardiovascular Medicine

Received: 02 March 2022
 Accepted: 12 May 2022
 Published: 16 June 2022

Citation: Shang X, Dong N, Zhang C and Wang Y (2022) The Clinical Trial Outcomes of Med-Zenith PT-Valve in the Treatment of Patients With Severe Pulmonary Regurgitation. Front. Cardiovasc. Med. 9:887886. doi: 10.3389/fcvm.2022.887886



Objective: Nearly 2/3 of patients with dilated right ventricular outflow tract (RVOT) were excluded from pulmonary valves transplantation due to the lack of size-matched valves. Here, we explored the safety and efficacy of the Med-Zenith PT-Valve for the treatment of patients with severe pulmonary regurgitation.

Methods: 22 Patients with severe PR (grade 3+,4+) were enrolled based on the anatomical features of native RVOT and the valve design. The immediate, 3-months and 1-year post-procedural follow-up data were analyzed.

Results: The baseline mean systolic diameters in the distal main pulmonary artery (MPA), MPA sinus junction, MPA sinus, pulmonary annulus, RVOT aneurysm and muscular outlet measured with computed tomography were 33.6 ± 6.1, 34.0 ± 5.8, 37.9 ± 6.0, 32.4 ± 7.3, 41.9 ± 9.3, and 34.4 ± 8.0 mm, respectively. The PT-Valve landing zone was set within these levels. Successful valve implantations were achieved in all patients without noticeable device malposition, coronary artery compression, pulmonary branch obstruction or paravalvular leak during follow-ups. Post-procedural pulmonary artery diastolic pressure increased from 5.8 ± 3.1 to 11.3 ± 2.5 mmHg. In the 3-month and 1-year follow-up, the right ventricular end diastolic volume index reduced from the baseline 181.6 ± 29.0 to 143.7 ± 29.7 ml/m2 and 123.4 ± 31.2 ml/m2, and the trans-pulmonary valve gradient decreased from 25.6 ± 22.2 to 10.64 ± 3.54 mmHg and 11.16 ± 3.0 mmHg, respectively. The 6-min walk distance increased from 416.6 ± 97.9 to 455.9 ± 64.6 m and 467.8 ± 61.2 m, respectively.

Conclusion: This clinical trial revealed favorable outcomes for the safety, efficacy and feasibility of the Med-Zenith PT-Valve in the treatment of severe PR with significantly enlarged RVOT.

Keywords: transcatheter pulmonary valve, native right ventricular outflow tract, pulmonary regurgitation, Tetralogy of Fallot, coronary artery compression


INTRODUCTION

Surgical management of residual pulmonary regurgitation (PR) after initial repair of some congenital heart disease, such as Tetralogy of Fallot (TOF), requires open-heart pulmonary valve replacement with cardiopulmonary bypass. Transcatheter pulmonary valve replacement (TPVR) is a new, less invasive alternative to surgical valve replacement with improved long-term outcome (1–5). However, the current commercially available transcatheter pulmonary valves (TPV) are designed to restore pulmonary valve function in the dysfunctional right ventricle and pulmonary artery (RV-to-PA) conduits (6, 7). To date, the clinical practice of TPV implantation is largely limited to the use of balloon expandable valves, which were only implanted in the native RVOT patients (8). There were reports of several successful implantations of TPV in the native or patched RVOT, with the requirement of landing site diameter less than 29 mm. Because of this limit, about 2/3 of patients with native or patch-expanded dilated RVOT were not suitable for this treatment due to their oversized pulmonary valve annulus. In China, most of the patients underwent surgical reconstruction of the RVOT using a transannular patch technique (9) resulted in a dilated RVOT because the size of annulus usually exceeds the diameter of available percutaneous valves. The need of a device dedicated to the dilated native RVOTs was therefore realized (10–12). However, a large size valve could cause potential coronary artery compression and incomplete expansion of the stent. To prevent the potential risk of coronary artery compression during percutaneous pulmonary valve replacement, 2018 AHA/ACC guideline for the management of adults with congenital heart disease suggested balloon inflation test before transcatheter pulmonary valve placement in the patients with repaired TOF (13). On the other hand, excessive compression or incomplete expansion of the stent could increase the trans-valve gradient, which may affect the durability of the valve and accelerate valve failure (14, 15). To overcome these disadvantages, we reported here the implantations of a novel designed TPV devices (Med-Zenith PT-Valve) and initial outcomes for the treatment of severe PR.



METHODS


Ethics Statement and Informed Consent

This study was carried out in accordance with relevant guidelines and regulations. Informed consent was obtained from each of the patients or the parents or legal guardians (for patients under 18 years old). Patient's personal information was kept confidentially. The study complied with the Declaration of Helsinki, and obtained the ethical approval from the Clinical Trial Ethics Committee of Huazhong University of Science and Technology at December 8th 2017 ([2017]ID:S310). This trial was registered in China Clinical Trial Registration Center at Oct 26th,2017.

Registration number: ChiCTR-OPC-17013126.

http://www.chictr.org.cn/showproj.aspx?proj=22502.



Patient Selection

The patient enrollment standard and valve selection refer to the Supplemental Materials.



Device

The Med-Zenith PT-Valve is a porcine pericardial tissue valve mounted on a self-expanding nitinol frame covered by porcine pericardium (Figure 1). The valve frame has five different sizes in order to fit the different morphologies of the RVOT after surgical repair of TOF. The valve frame is made of laser-cut nitinol with a unique symmetrical shape that provides stability and tight seal in the MPA and RVOT to prevent device migration and/or PVL. The outflow and inflow diameters are the same with sizes of 28, 32, 36, 40, and 44 mm, respectively. The length of the frame varies from 38 to 54 mm. The porcine valve diameters in the middle of the frame are 20, 23, and 26 mm, respectively. The diameter of the valve is smaller than the outflow and inflow diameter of the frame to avoid compression. The TPVs are pretreated with specific alcohol and surfactant to mitigate leaflet calcification.


[image: Figure 1]
FIGURE 1. Diagram of the dumbbell-shaped Med-Zenith PT-Valve. (A): Cross section view of PT-Valve. (B): Longitudinal view of PT-Valve; (C): Multi-level measurements based on 3D reconstruction of RVOT and MPA. (D): Valve was implanted into the desired position conformed by post-operational CTA, showing that the dumbbell-shape design of PT-Valve provides sufficient contact surface in the dilated pulmonary artery and RVOT without compression of the valve (waist of the frame remains uncompressed), while the tension force of the device lays on the double ends of the frame. (E,F): Left anterior descending artery is away from the out layer of the stent in the cross-sectional and longitudinal views, respectively. RVOT, right ventricular out flow tract; MPA, main pulmonary artery; CTA, computed tomography angiography.





RESULTS

The baseline characteristics were shown in Table 1. Twenty-two patients were enrolled in this study (17 patients were males). The mean age of the patients was 31.0 ± 9.2 y (weight of 57.9 ± 10.8 kg or 20.7 ± 2.7 kg/m2). Heart function was NYHA III-IV for nine patients and NYHA II for eleven patients. Two patients with baseline NYHA class I were enrolled due to their right ventricular end-diastolic volume index (RVEDVI) >160 ml/m2, which met the criteria recommended by the 2020 ESC guidelines for the management of adult congenital heart disease. The PR was grade 4+ (severe) for 19/22 patients of which 14 patients also had 3+/4+ tricuspid regurgitation. The mean trans-pulmonary valve gradient measured by echocardiography was 25.6 ± 22.2 mmHg. The mean RVEDVI was 181.6 ± 29.0 ml/m2 (measured by cardiac MRI) with RV ejection fraction of 20.3 ± 7.5% and PR fraction of 53.3 ± 13.0%. A large amount of futile circulating in the pulmonary artery aneurysm has been observed in most cases. CTA images showed a substantial variety of RVOT and MPA morphologies with the mean inner diameters (cross section perimeter) at the distal MPA, MPA sinus junction, MPA sinus, pulmonary annulus, RVOT aneurysm and muscular outlet of 33.6 ± 6.1, 34.0 ± 5.8, 37.9 ± 6.0, 32.4 ± 7.3, 41.9 ± 9.3, and 34.4 ± 8.0 mm, respectively (Figure 2, Table 2). The mean distance from the bifurcation to muscular outlet was 64.3 ± 12.4 mm.


Table 1. Baseline demographics.

[image: Table 1]
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FIGURE 2. Multi-level diameters and distances of right ventricular outflow tract/pulmonary artery measured by three-dimensional CTA reconstruction in the systole and diastole. CTA, computed tomography angiography.



Table 2. Multi-plane measurement based on 3D construction of CT.
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Successful valve implantation was achieved in all patients. Each patient was implanted only one device, of which 7/22 patients used the TPVs with size of 44–26 and 5/22 patients used the TPVs with size 40–26. The other TPVs with sizes of 36–26, 32–23 and 28–20 were implanted in 3/22, 4/22 and 3/22 patients, respectively. The mean procedure time was 66.5 ± 16.3 min. No device malposition, coronary compression, or reduced flow to the PA branches occurred during the procedures. After procedure, the pulmonary artery diastolic pressure increased from 5.8 ± 3.1 mmHg to 11.3 ± 2.5 mmHg (P < 0.05), while the invasive trans-valvular gradient decreased from 4.1 ± 7.5 mmHg to 2.3 ± 3.3 mmHg (Table 3). No ventricular arrhythmias, valve displacement, regurgitation or PVL above 2+ occurred by after valve deployment. Prophylactic antibiotics were routinely used for 3 days after procedure, and patients were given dual antiplatelet therapy (Aspirin 100 mg/d + Clopidogrel 75mg/d) for 3 months and aspirin (100 mg/d) alone thereafter for 1 year.


Table 3. Hemodynamics data in peri-operation.

[image: Table 3]

The patients have been followed up for 13–35 months without early valve decay or reintervention. All patients completed related examinations at the time of 3-month and 1-year follow-up. 2+ valvular or para-valvular regurgitation has not been noted. Five patients were diagnosed with grade 1 PVL or PR without requirement of intervention. Echocardiography and MRI revealed regression of right ventricular remodeling and function, manifested by remarkable reduction of RVEDVI (from 181.6 ± 29.0 to 143.7 ± 29.7 ml/m2 at 3 months and 123.4 ± 31.2ml/m2 at 1y follow-up, respectively (p < 0.05, Table 4). Accordingly, the RV ejection fraction and tricuspid annular plane systolic excursion (TAPSE) were improved (Table 4). Furthermore, valve regurgitation and NYHA class, peak O2, 6-min walk distance and NT-proBNP levels were improved continuously after TPVR procedure (Figure 3, Table 4).


Table 4. Data of pre-operation, 3-months and 1-year follow-up.
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FIGURE 3. Follow-up data after PT-Valve implantation. Upper panel: Tricuspid regurgitation, pulmonary regurgitation, and transcatheter pulmonary perivalvular leakage at baseline, 3-months and 1-year follow-up. Lower panel: The distributions of NYHA classification at baseline, 3-months and 1-year follow-up.


One patient had hemoptysis at conduction of Lunderquist guidewire and healed in one day. No other adverse events occurred in the perioperative period, such as tricuspid valve injury, pulmonary artery rupture, pericardial or thoracic hemorrhage, valve displacement and pulmonary branch obstruction. One patient developed infective endocarditis with miliary vegetations in the prosthetic leaflets. It was cured after two months of anti-infective treatment with vancomycin/cephalosporin. No stent rupture, valve thrombosis, embolism or pseudoaneurysm appeared in any cases.



DISCUSSION

Severe PR after TOF repair is associated with the progressive RV dilation/ dysfunction and subsequent right heart failure. Restoration of pulmonary valve function is therefore important (6). However, the clinical experience with TPVR is largely limited to the dysfunctional RV-PA conduits using the two-balloon expandable TPV devices, including the Melody TPV (Medtronic, Minneapolis, MN, USA) and the SAPIEN Pulmonic THV (Edwards Life Sciences, California, USA) (7, 16). Compared to the RV-PA conduit repair, it is a great challenge to implant a single self-expanding system to fit the wide variety of post-operative RVOT anatomies (13). Although several new TPV devices have been reported in this setting, the experience is very limited (17, 18). Most TOF patients in China were previously operated using transannular patch technique to reconstruct right ventricular outflow tract, which resulted in severe post-surgery PR, MPA/RVOT dilatation or aneurysm and progressive right heart failure. The size of RVOT could exceed the size of currently available TPV devices, which were therefore not suitable for Chinese TOF patients (15). Balloon expanding valves like Edwards Sapiens series have been used to treat pulmonary regurgitation of native RVOT types, but indications are still largely limited by the diameter of annulus (19).

In this study, we introduced a novel TPV device in the treatment of severe PR that occurred after TOF repair, as introduced in our early reports (20, 21). In this cohort with a variety of sizes and morphologies of native RVOT, the immediate, 3-months and one-y outcomes were very satisfactory in terms of efficacy and safety, without showing any serious complications such as death, device migration, PVL, valve malfunction or coronary compression. Excellent valve stability achieved due to the equally expended distal and proximal ends of the stent. In addition, the extended stent length with a well-matched frame provides support to the valve and prevents the potential risk of valve distortion, early progressive malfunction and PVL. More importantly, the unique feature of this device is the symmetric dumbbell-shape design with equal diameters in the inflow and outflow portions of the frame and a progressive incremental in the size of the centrally located inner valve. It is different from any other self-expandable TPV designs, such as the Harmony Valve, Venus-P Valve and Pulsta Valve. The symmetric design of the Med-Zenith PT-Valve provides a sufficient contact surface in the dilated pulmonary artery and RVOT without compression of the centrally located valve. This feature ensures the optional hemodynamics and long-term durability of the leaflet and minimizes the risk of coronary artery compression (Figure 1).

The dumbbell-shaped design of PT-Valve has many advantages. Different from other products, the size of this valve is no longer restrained by the size of annulus but depends on the diameters of the corolla at the two-ends of frame. The currently available Melody and SAPIEN XT/S3 valves have the maximum allowable annular diameter ≤29 mm. Due to this limitation, about 2/3 of patients with native or patch-expanded dilated RVOT have to be excluded from the percutaneous treatment options (10–12). In contrast, the PT-Valve is no longer limited by the diameter of annulus. In fact, most cases in the present study have annulus diameter of 30 mm and above. The PT-Valve significantly extended the valve implantation indication, especially in Chinese patients.

Patients with repaired TOF or abnormal coronary artery anatomy have substantial risk of coronary artery compression during percutaneous pulmonary valve replacement because the left coronary artery usually goes beneath the pulmonary annulus. Coronary artery compression is one of the most serious complications of PPVI (22), which can cause death during operation. To date, several cases of coronary artery occlusion due to compression have been reported in the literature (19). According to current guidelines, in patients with repaired TOF, the trajectories of coronary artery should be determined and the coronary compression test is recommended before percutaneous pulmonary valve replacement (grade Ib) (13). The narrow-waist design in the middle of the PT-Valve leaves no pressure to the annulus and peripheral tissue, thus minimizes the risk of coronary compression. In the present study, our experience demonstrated that with a careful evaluation for the risk of coronary artery compression from the pre-operational CTA while planning the procedure, coronary compression test during the procedure of PT-Valve implantation could often be omitted. Indeed, we only used balloon-inflation coronary artery compression test in 2 patients with RVOT stenosis. Taken together, our results suggest that the unique design of PT-Valve can simplify the procedure of valve implantation and reduce the risk of coronary compression.

Rodriguezgabella et al. (14) reported that excessive compression or incomplete expansion of the stent can increase the trans-valve gradient, resulting in an increased mechanical shear force and asymmetric interaction between the leaflet and the stent, which may affect the durability of the valve and accelerate valve failure. A lowered residual RVOT gradient was associated with the better outcome (15). For the PT-Valve, the valve is in the middle segment of the device, which remains uncompressed after implantation and therefore improves the durability of valves.

Considering the complexity of the native RVOT anatomies, multiple sizes of the frame and valve are required. In the currently available Med-Zenith PT-Valves, there are five different sizes of frames and three different sizes of valves in combination, which makes a flexible selectivity. For instance, with the 26 mm valve in three different frames (36/40/44 mm), we can treatment patients with severely enlarged RVOT.

Our study has confirmed the anatomic complexity of the native RVOT following congenital heart defect (TOF) repair. Rather than a single measurement, we measured diameters (based on 3D reconstruction) of the distal MPA, MPA sinus junction, MPA sinus, pulmonary annulus, RVOT aneurysm and muscular outlet to guide the device size selection (Figure 2, Table 2). 3D printing technique was also used for assisting accurate device size selection if necessary. According to the 2020 ESC guidelines for the management of congenital heart disease, transcatheter pulmonary valve implantation (TPVI) is preferred for patients after TOF repair when anatomically feasible (Ic recommendation). This PT-Valve was specially designed adaptive for the anatomic complexity of the native RVOT, and all patients enrolled for the study were anatomically feasible.

In summary, this clinical trial provided the initial, 3-months and 1-year follow-up outcomes for the safety, efficacy and feasibility of the Med-Zenith PT-Valve in the treatment of severe PR. Our results showed that excellent valve function was maintained without progressive PR or PVL, and regression of right ventricular remodeling has been achieved. Long-term following up in these patients is important to assess persist valve function and durability and stent stability/integrity for the safety and efficacy of this TPV. A following study setup for a CFDA approved trial in China with large-scale in multiple centers in 2020.


Limitations

The sample size in this study is small due to strict inclusion criteria. Although we have achieved 1-year follow-up outcomes, these patients are still in the follow-up process. In addition, the patients with end-stage heart failure were not included in the study. Thus, whether the conclusions from this study apply to those patients needs further study.
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Objectives: Patients with bicuspid aortic valve (BAV) stenosis were excluded from the pivotal trials of transcatheter aortic valve implantation (TAVI). We compared the in-hospital and long-term outcomes between patients undergoing TAVI for bicuspid and tricuspid aortic valve (TAV) stenosis.

Methods: We performed a retrospective registry-based analysis on patients who underwent TAVI for BAV and TAV at five different centers between January 2009 and August 2017. The primary outcome was long-term all-cause mortality. Secondary outcomes were in-hospital mortality, procedural complications, and valve performance.

Results: Of 1,451 consecutive patients who underwent TAVI, two propensity-matched cohorts consisting of 130 patients with BAV and 390 patients with TAV were analyzed. All-cause mortality was comparable in both groups up to 10 years following TAVI (HR 1.09, 95% CI: 0.77–1.51). Device success and in-hospital mortality were comparable between the groups (96 vs. 95%, p = 0.554 and 2.3 vs. 2.1%, p = 0.863, respectively). Incidence of procedural complications was similar in both groups, with a trend toward a higher rate of stroke in patients with BAV (5 vs. 2%, p = 0.078). Incidence of moderate or severe paravalvular leak (PVL) at discharge was comparable in both groups (2 vs. 2%, p = 0.846). Among patients with BAV, all-cause mortality was similar in self-expanding and balloon-expandable prostheses (HR 1.02, 95% CI: 0.52–1.99) and lower in new-generation devices compared to old-generation valves (HR 0.27, 95% CI 0.12–0.62).

Conclusion: Patients who had undergone TAVI for BAV had comparable mortality to patients with TAV up to 10 years after the procedure. The device success, in-hospital mortality, procedural complications, and PVL rate were comparable between the groups. The high rate of neurological complications (5%) in patients with BAV warrants further investigation.

Keywords: aortic stenosis (AS), bicuspid aortic valve (BAV), transcatheter aortic valve implantation (TAVI), mortality, outcomes


INTRODUCTION

Bicuspid aortic valve (BAV) is the most common congenital anomaly in adults, present in 1–2% of the population (1). BAV is associated with accelerated aortic valve degeneration, thoracic aorta dilation, aorta coarctation, and increased risk of infective endocarditis (2–5). Hence, patients with BAV may require aortic valve replacement at an earlier age than those with tricupid aortic valve (TAV). Transcatheter aortic valve implantation (TAVI) has become the established treatment for aortic stenosis (AS) in patients at increased risk of surgery, expanding to intermediate- and low-risk patients (6–8). As bicuspid anatomy has been considered a relative contraindication to TAVI, patients with BAV have been excluded from the hitherto randomized clinical trials (7, 8). The main concerns of TAVI in BAV patients comprised the higher risk of malposition and underexpansion of the device, resulting in significant paravalvular leak (PVL) due to heavy calcification, increased risk for aortic root rupture, coronary occlusion, and faster degeneration of bioprosthesis (9). Using current-generation devices, procedural and 1-year outcomes seem to be comparable following TAVI for bicuspid and tricuspid aortic valve disease, suggesting that TAVI is a viable treatment option for patients with BAV (10, 11). However, the long-term observations after TAVI in BAV patients are not yet available. Considering that TAVI is expanding to the younger and more healthy patients, the long-term observation of TAVI in BAV is of paramount importance (12). The goal of this study was to compare the in-hospital and long-term clinical outcomes between patients undergoing TAVI for bicuspid and tricuspid AS, and compare outcomes between self-expanding vs. balloon-expandable TAVI prostheses and between old- and new-generation devices in BAV patients.



METHODS

We conducted a multicentre registry-based analysis of patients undergoing TAVI at five experienced academic centers in Poland. The study was formally deemed exempt from Bioethical Medical Committee of Warsaw approval. The study population comprised patients with symptomatic severe AS of the bicuspid or tricuspid valve, who were qualified for TAVI by the local, interdisciplinary Heart Teams comprising a general cardiologist, an interventional cardiologist, and a cardiac surgeon (6). The primary imaging modality for the determination of aortic valve morphology was transoesophageal echocardiography until the year 2013, and multi-slice computed tomography (MSCT) from the year 2014. We excluded all patients with aborted procedures, previous AV replacement, and other valve morphologies (unicuspid, quadricuspid, or uncertain). Participating centers used standardized definitions to collect clinical information such as patient demographics, comorbidities, laboratory data, procedural details, and in-hospital outcomes. Data regarding long-term mortality were obtained from the Polish National Health Service database.


Outcomes

The primary outcome was long-term all-cause mortality after TAVI for BAV compared to TAV. Secondary outcomes included (i) in-hospital mortality, (ii) incidence of procedural complications (life-threatening or disabling bleeding, major vascular complications, stroke, and new pacemaker implantation), and (iii) valve performance evaluated by the in-hospital echocardiography (mean and peak prosthetic valve gradients, PVL type 3 or 4). The exploratory outcomes included a comparison between self-expanding vs. balloon-expandable TAVI prostheses, as well as between old- and new-generation devices in BAV patients. All adverse outcomes were defined using Valve Academic Research Consortium-2 (VARC-2) definitions.



Statistical Analysis

Statistical analysis was conducted using IBM SPSS Statistics, version 27.0 (IBM). Categorical variables were presented as numbers and percentages and compared using Chi-square or Fischer exact tests. A Shapiro–Wilk test was used to assess the normal distribution of continuous variables. Continuous variables were presented as mean and standard deviation (SD) or median with interquartile range (IQR) and compared using the two-sample t-tests or Mann–Whitney U tests. The long-term mortality rates were presented using Kaplan–Meier curves and compared using the log-rank test. It was anticipated that patients with bicuspid and tricuspid AS would have significantly different baselines and procedural characteristics. To avoid confounding due to these differences, propensity score-based matching was used. Propensity scores were calculated using a logistic regression model based on nine relevant baseline patient characteristics (covariates) with aortic valve type (bicuspid or tricuspid aortic stenosis) as the dependent variable. The covariates were age, sex (male), EuroSCORE II, peripheral artery disease, hemoglobin level, estimated glomerular filtration rate, left ventricular ejection fraction (LVEF), access site, and valve size. Missing baseline values were imputed using the Markov Chain Monte Carlo method prior to modeling. The missing procedural outcomes and follow-up data were not imputed. Patients with bicuspid AS were matched in a 1:3 ratio to those with tricuspid AS with a caliper of 0.1, producing two patient cohorts. The results are presented as hazard ratios (HR) and with a 95% confidence interval (CI). All p-values are two-sided, and p < 0.05 was considered significant for all tests.




RESULTS


Baseline Characteristics

Between January 2009 and August 2017, a total of 1,451 patients underwent TAVI at five participating centers. Aortic valve morphology was determined based on transoesophageal echocardiography in 183 patients, including 34 patients with BAV (35% of the study population), and based on MSCT in 337 patients, including 96 patients with BAV (65% of the study population). The follow-up ended on 30 August 2020. A total of 1,403 patients (139 patients with BAV and 1,264 patients with TAV) were included in the present analysis, producing propensity-matched groups of 130 patients with BAV and 390 patients with TAV (Figure 1).


[image: Figure 1]
FIGURE 1. Study flowchart. TAVR, transcatheter aortic valve replacement; AS, aortic stenosis.


In the unmatched cohort, patients with BAV were younger (median age 79 years, IQR 73–83 years vs. 81 years, IQR76–84 years; p = 0.002); they had a lower EuroSCORE II-predicted risk of mortality (3.5%, IQR 2.5–5.2 vs. 4.1%, IQR 2.7–6.8%; p = 0.04) and fewer comorbidities. After adjusting with propensity-score matching, baseline characteristics were not significantly different (Table 1). The median procedure dates in the matched cohort were 12 November 2014 for the bicuspid AS cohort and 1 September 2014 for the tricuspid AS cohort.


Table 1. Baseline characteristics before and after propensity score matching.

[image: Table 1]



Procedural Characteristics and In-hospital Outcomes

All patients in both cohorts completed follow-up at hospital discharge. Among the propensity-score matched patients, there were no procedural differences (Table 2). Patients with BAV received larger-size prostheses, with 31 mm prostheses more often used and 26 mm less often in the BAV group compared to the TAV group (p = 0.003, p < 0.001, respectively). Also, new-generation valves were used more often in patients with BAV (44 vs. 30%, p < 0.0001). There were no differences in the use of self-expanding and balloon-expandable valves.


Table 2. Procedural characteristics and in-hospital outcomes.

[image: Table 2]

The device success and the in-hospital mortality were comparable between the BAV and TAV groups (96 vs. 95% and 2.3 vs. 2.1%, respectively). The incidence of procedural complications, such as life-threatening or disabling bleeding, major vascular complication and new permanent pacemaker implantation were similar in both groups. There was a trend toward a higher rate of in-hospital stroke in BAV patients (5 vs. 2%, p = 0.078).



Valve Performance

At discharge, there were no differences between the peak and mean aortic valve gradients (p = 0.097; p = 0.165, respectively). The incidence of moderate or severe PVL (type 3 or 4) was comparable between the groups (2 vs. 2%, p = 0.846).



Long-Term Survival

The median follow-up time was 4.6 years (IQR 3.8–5.5) in the BAV group and 4.8 years (IQR 2.9–5.9) in the TAV group (p = 0.51). The longest follow-up time was 10.0 years and 10.2 years in BAV and TAV groups, respectively.

The median survival time was 8.3 years in the BAV group and 8.3 years in the TAV group. There were no significant differences in all-cause mortality between the propensity-matched bicuspid and tricuspid AS groups detected during an observation period of up to 10 years observation period (p logrank = 0.63;HR 1.09, 95% CI: 0.77–1.5; Figure 2).


[image: Figure 2]
FIGURE 2. Cumulative incidences of all-cause mortality among propensity-matched cohorts with bicuspid and tricuspid aortic valve up to 10 years of follow-up.




Comparison Between Self-Expanding vs. Balloon-Expandable Protheses in BAV Patients

In the BAV group, 96 patients (74%) received self-expanding valve and 34 patients (26%) received balloon-expandable valve. All-cause mortality up to 10 years observation period was comparable in both groups (p logrank = 0.956; HR 1.02, 95% CI: 0.52–1.99; Figure 3).


[image: Figure 3]
FIGURE 3. Cumulative incidences of all-cause mortality up to 10 years of follow-up among patients with bicuspid aortic valve who received balloon-expandable vs. self-expanding prostheses.




Comparison Between Old-Generation and New-Generation Prostheses in BAV Patients

In the BAV group, 73 patients (56%) received old-generation and 57 patients (44%) received new-generation devices. The median follow-up time in patients with new-generation devices was 4.25 years (IQR 3.79–4.99 years) due to the availability of the new-generation valves on the Polish market since the year 2014. All-cause mortality up to 5 years following TAVI was substantially lower in patients who received new-generation devices compared to old-generation valves (p logrank = 0.0016; HR 0.27, 95% CI 0.12–0.62; Figure 4).


[image: Figure 4]
FIGURE 4. Cumulative incidences of all-cause mortality up to 5 years of follow-up among patients with bicuspid aortic valve who received new-generation vs. old-generation prostheses.


To check whether better outcomes in the new-generation valves were due to between-group differences, we compared baseline and procedural characteristics between patients treated with the new generation and old devices in Supplementary Tables 1, 2. There were no major differences between the groups except for a higher rate of moderate/severe tricuspid insufficiency in patients treated with new-generation valves (p = 0.021) and a higher rate of prosthesis size 25 mm and 31 mm in patients who received old-generation devices (p = 0.005, p = 0.003, respectively).




DISCUSSION

This registry-based study presents the longest hitherto available follow-up in the propensity-matched patients with BAV undergoing TAVI. The main finding of our study is that patients who had undergone TAVI for bicuspid AS had comparable mortality to patients with tricuspid AS up to 10 years after the procedure, with the median follow-up time close to 5 years. The device success, rate of PVL, incidence of procedural complications and in-hospital mortality were comparable between the groups, with a trend toward the higher rate of in-hospital stroke in patients with BAV.

Patients with BAV were excluded from the pivotal trials comparing TAVI vs. surgical aortic valve replacement (SAVR) in AS. However, initial case series and registry data have shown that TAVI might be an efficient and safe alternative to SAVR in patients with BAV stenosis, with the possible caveats of increased PVL and need for permanent pacemaker implantation (13, 14). The higher risk of PVL is caused by the different anatomy of a BAV compared to a normal tricuspid structure, such as (i) asymmetry in the size of leaflets, (ii) higher point of coaptation compared to TAV, (iii) larger dimensions measured at standard anatomic points (aortic annulus, sinus of Valsalva, and ascending aorta), and (iv) higher degree and eccentricity of calcification (15). Since TAVI for bicuspid AS presents both anatomic and clinical challenges, the use of three-dimensional imaging modalities is mandatory to understand the complex and variable anatomy of BAV disease (16). Recently, it was demonstrated that the outcomes of TAVI in bicuspid AS depend on valve morphology, with the calcified raphe and excess leaflet calcification associated with increased risk of procedural complications and 1-year mortality (17). Hence, many studies focused on algorithms for valve sizing in BAV, such as attempts to compare supra-annular valve sizing with the conventional annular sizing (18) and to include the raphe length, calcium burden, and distribution in the pre-procedural evaluation of patients with BAV (19).

Although we did not evaluate the association between valve morphology and outcomes, in all patients since the year 2014 (65% of the total population and 74% of patients with BAV) the bicuspid anatomy was confirmed and valve sizing was facilitated by MSCT, which might at least partly underlie the favorable procedural outcomes. The valve performance at hospital discharge and the rate of procedural complications were similar in BAV and TAV groups. In accordance with the previous studies, there was a trend toward a higher rate of in-hospital stroke in BAV patients (11). Importantly, data presented in this analysis largely represent patients who underwent TAVI without the use of cerebral embolic protection. Routine use of embolic protection devices during TAVI has been shown to reduce the incidence of periprocedural strokes and might prove useful, especially in the BAV cohort (20).

The favorable results in our cohort were achieved despite implantation of both old- and new-generation devices. Initial studies suggested that the first-generation TAVI valves had suboptimal outcomes in patients with BAV, but later-generation valves might have outcomes similar to those seen in patients with TAV (21). In the hallmark trial with the third-generation balloon-expandable Edward Sapien 3 valve, the incidence of moderate-to-severe PVL was dramatically reduced compared to older generation valves, with the caveats of relatively high 30-day mortality rate (3.9%), new pacemaker requirement (23.5%), and asymmetrical valve deployment (38%) (22). However, recent large-scale registry-based analyses of patients treated with Edward Sapien 3 valve did not confirm the initial concerns, showing comparable rates of procedural complications in bicuspid and tricuspid AS patients, and similar 1-year rates of stroke and all-cause mortality (11, 23). Similarly, the procedural and 1-year outcomes of TAVI with new-generation self-expanding Evolut R or Evolut PRO valves were similar in patients with BAV and TAV (24). Hence, likely not only the valve generation but also other procedural advancements and improved imaging within the last years, along with the growing operator experience account for improved outcomes in patients with BAV undergoing TAVI.

In our population of intermediate-risk patients, the 2-year survival rates (80–85%) were comparable with those previously reported in the literature (82.0% for BAV vs. 83.4% for TAV) (25). The 10-year survival rate, in turn, was comparable between the bicuspid and tricuspid AS (22.5% in BAV vs. 23.7% in TAV) and higher than previously reported for tricuspid AS patients, treated with the early generation valves only (Cribier-Edwards, Edwards Sapien or CoreValve; 9.4%) (26). Likely, the improved long-term survival in our study is due to the fact that both old- and new-generation devices were used in our cohort, and in the majority of patients, MSCT was used to facilitate the procedural planning.

In our BAV cohort, all-cause mortality up to 5 years following TAVI was lower in patients who received new-generation devices, compared to those treated with old-generation valves (82.3 vs. 50.2%). A recent study that evaluated the outcomes of TAVI in 170,959 patients with bicuspid AV stenosis (3.2%) in comparison with tricuspid AV stenosis (96.7%) demonstrated comparable procedural, post-procedural, and 1-year outcomes following TAVI in both groups when current-generation devices were used (10). Better outcomes with the new-generation devices were also demonstrated in a recent meta-analyses (12, 27). Hence, TAVI seems to be a viable treatment option for patients with BAV, especially with the use of newer-generation devices and careful pre-procedural evaluation by MSCT.

Among BAV patients, there were no differences in the mortality rate up to 10 years in patients who received self-expandable vs. balloon-expanding valves (24.7, 23.9%). Recent registry-based trials and a meta-analysis of seven studies including 706 patients confirmed the feasibility of both balloon-expandable and self-expanding valve implantation in bicuspid AS, with similar rates of 30-day and 1-year mortality and stroke (12, 28). Balloon-expandable valves were associated with lower rates of new pacemaker implantation and PVL but carried a higher risk of annular rupture (12). Further randomized controlled trials are required to compare outcomes between self-expandable vs. balloon-expanding valves in BAV patients.

Our study cohort comprised intermediate-risk patients, as demonstrated by the EuroSCORE II-predicted risk of mortality (3.6 and 3.8% in the propensity-score matched patients with BAV and TAV, respectively). As such, our results suggest that TAVI may be safe and effective not only in high-risk but also intermediate-risk patients with BAV. On the other hand, the high rate of neurological complications (5%) and new pacemaker implantations (12–15%) in patients with BAV are significant drawbacks of TAVI in BAV and warrant further careful investigation. Moreover, our results are not applicable and therefore should not be extrapolated to the low-risk patients with BAV. The ongoing Low-Risk Bicuspid Study designed to evaluate the procedural safety and efficacy of TAVI in patients with BAV at low surgical risk might provide the first evidence-based data regarding the TAVI performance in low-risk BAV patients. The preliminary results of this study such as a total of 150 patients showed favorable 30-day results, with low rates of death and disabling stroke (1.3%), high device success rate (95.3%) and no moderate-to-severe PVL (29). Given that up to 50% of low-risk patients undergoing aortic valve replacement have BAV disease, the results of Low-Risk Bicuspid Study with the planned 10-year follow-up are crucial to determine the optimal interventional treatment method in these patients (29). The next step would be a randomized trial comparing TAVI to SAVR in intermediate- or low-risk BAV stenosis patients. Finally, there is a need for a prospective study with long-term follow-up such as BAV patients undergoing TAVI with new-generation devices to better understand TAVI valve durability in bicuspid anatomy (30).



LIMITATIONS

Our study has several limitations. First, the number of patients with BAV was low and does not allow gaining strong clinical and statistical conclusions regarding TAVI in this specific subgroup. The low number of procedures and institutional, learning curve may have influenced the results and therefore the comparisons between the group. However, the number of procedures in both groups gradually increased over the years, with similar slopes on both lines (Supplementary Figure 1), implying a comparable impact of the learning curve on TAVI performance in patients with BAV and TAV. Second, there was no independent imaging core laboratory to confirm bicuspid anatomy. Third, the selection of prosthesis was at the operator's discretion, which may have affected the observed outcomes. Fourth, we did not evaluate the incidence of long-term valve performance and major cardiovascular outcomes besides mortality in our cohort. Hence, we cannot draw any conclusions regarding valve durability in BAV patients. Fifth, although propensity-score matching adjusted for the differences in baseline characteristics, it was not possible to adjust for the different degrees of aortic valve calcification. Therefore, a selection bias toward the preference of BAV patients with less calcified valves cannot be excluded. Moreover, our cohort included intermediate-risk patients, and hence our findings are not directly applicable to younger bicuspid patients. Finally, our analysis did not include an additional control group of patients with BAV treated surgically.



CONCLUSION

In this preliminary, registry-based study of propensity-matched patients who had undergone TAVI for AS, patients with BAV had a similar rate of procedural complications and comparable mortality up to 10 years, compared to patients with TAV. Among BAV patients, the long-term mortality was similar in those who received balloon-expandable vs. self-expanding valves and lower in those who received new-generation valves compared to old-generation valves. However, the high rate of neurological complications and new pacemaker implantations in BAV patients warrant caution regarding TAVI in this subgroup. Further randomized trials are needed to draw firm conclusions regarding the best treatment option in patients with BAV stenosis.
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Case Report: Posterior Thoracic Window in the Presence of Pleural Effusion in Critical Care Medicine: One More Chance to Image the Aortic Valve
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Good quality echocardiographic images in the setting of critical care medicine may be difficult to obtain for many reasons. We present a case of an 85-year-old woman with acute pulmonary edema and pleural effusion, where transthoracic bedside echocardiographic examination raised a suspicion for significant aortic valve disease. However, given the orthopneic decubitus of the patients, the quality of images was poor. To increase the accuracy of diagnosis, a posterior thoracic view through the pleural effusion in the sitting position was used. This view allowed the diagnosis of mixed aortic valve disease (aortic stenosis and regurgitation) and the quantification of valve disease through multiparametric criteria as recommended by current guidelines. The posterior thoracic view, when feasible, may provide a useful option in the assessment of cardiac structures and further diagnostic information in technically difficult echocardiographic examinations.

Keywords: case report, posterior thoracic view, aortic stenosis, aortic regurgitation, echocardiography


INTRODUCTION


Case Presentation

An 85-year-old woman was admitted to our institution with acute respiratory distress. Clinical examination revealed a 5/6 systo-diastolic murmur radiating to both carotid arteries and bilateral lung crackles. Laboratory workup was notable for a N-terminal pro-brain natriuretic peptide (NT-proBNP) of 15,000 ng/L (normal range: < 300 ng/L) and a moderate high-sensitive troponin T elevation of 245 ng/L (normal range: < 14 ng/L) with no increase on serial testing. The hemoglobin and renal function were normal. Evaluation by chest X-ray showed bilateral diffuse pulmonary infiltrates consistent with pulmonary edema and bilateral pleural effusion (Figure 1). The patient was admitted to CCU. A transthoracic bedside echocardiogram (with EPIQ 7 C, X5-1, Philips Healthcare) was performed, but it was extremely difficult to obtain good quality images from standard views given the orthopneic decubitus of the patient. However, the aortic valve was heavily calcified, and severe aortic stenosis was documented with a mean gradient of 42 mmHg from the apical 5 chambers view and 35 mmHg from the right parasternal view, with a functional aortic valve area ≈0.6 cm2 (Figure 2). The left ventricle showed eccentric hypertrophy with a moderate diffuse reduction of ejection fraction (EF 35–40%). Then, the patient was positioned sitting upright, because the left pleural effusion offered an additional acoustic window—the posterior thoracic window (PTW)—that allowed better alignment of the ultrasound beam with the aortic jet. Mean gradient was recorded definitely higher than that from the standard view at 50 mm Hg (Figure 2). Moreover, aortic regurgitation that appeared mild from the standard view was documented as significant from PTW (Figure 3). In fact, a proper alignment of the aortic regurgitation jet was feasible from this view with a quantification of severity with multiparameter criteria as suggested by the guidelines (pressure half time 150 ms, vena contracta 8 mm, effective regurgitant orifice area 0.5cm2, regurgitant volume 50 ml; Figure 3).


[image: image]

FIGURE 1. Chest X-ray was acquired in the semi-sitting position and showed bilateral diffuse pulmonary infiltrates consistent with pulmonary edema and bilateral pleural effusion.
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FIGURE 2. Aortic stenosis severity evaluation by Vmax and mean gradient from apical five chambers, right parasternal, and posterior thoracic view where the latter allowed to record the highest Vmax and mean gradient.
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FIGURE 3. Multiparametric evaluation of aortic regurgitation severity: (A) Wide color flow regurgitant jet area, (B) PHT 150 ms, (C) PISA radius 8 mm, (D) vena contracta 8 mm, and (E) aortic regurgitation VTI 93 cm and Vmax 3.7 cm/s resulting in an EROA 0.52 cm2 and regurgitant volume 50 ml. PHT: pressure half time; PISA: proximal isovelocity surface area; VTI: velocity time integral; EROA: effective regurgitant orifice area.


Therefore, the final diagnosis was symptomatic severe mixed aortic valve disease with severe stenosis and severe regurgitation, associated with acute decompensated heart failure. The patient was stabilized by medical therapy and then addressed to transaortic valve replacement (TAVI). At the 6-month follow-up, the patient was asymptomatic with a functional capacity expected for her age.




DISCUSSION

Obtaining adequate echocardiographic images in critically ill patients is important for accurate diagnosis and treatment. For several reasons, this group of patients remains among the most challenging with regard to the quality of echocardiographic images.

In the presence of pleural effusion, many cardiac structures may be evaluated from PTW (1), also known as subscapular retro cardiac imaging (2). Normally, imaging through the posterior thoracic window is not possible as the lungs overlay the heart and the ultrasound beam is reflected at the tissue-air interface (3), while the presence of a large left pleural effusion minimizes the impedance to ultrasound transmission (4). This view is excellent to adequately assess the native and prosthetic aortic valve velocity/gradients due to the parallel alignment between the ultrasound beam, left ventricular outflow tract, and aortic root (3) (Figure 4). Indeed, it is now well established that the “Doppler intercept angle,” the angle between the ultrasound beam and aortic jet, may strongly influence the hemodynamic assessment of aortic valve stenosis (5). This explains the reason why guidelines not only recommend the use of apical views but also advocate for multiple transducer positions to obtain the most accurate peak velocities across a stenotic aortic valve (6).
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FIGURE 4. CT scan from the same patient showing the alignment of the Doppler beam in the posterior thoracic view toward the aortic valve (arrow). The transducer is positioned between posterior intercostal spaces, parallel to the ribs.


Recently, Benfari et al. demonstrated that the right parasternal view is highly feasible and can be crucial to properly assess aortic valve stenosis severity (avoiding misalignment), thereby resolving some inconsistencies between mean gradient and aortic valve area; however, this view is still not routinely used in clinical practice (7, 8).

To the best of our knowledge, only few cases (9) and two case series have been published using PTW in the assessment of native or prosthetic aortic valve (3, 10), but none of them reported a mixed (stenosis and regurgitation) aortic valve disease and the major impact of the PTW in the assessment of both stenosis and regurgitation. Indeed, the present case is unique because PTW allowed to correctly diagnose and quantify not only the highest velocity of aortic stenosis compared with other echocardiographic views but also aortic regurgitation with multiple parameters.

In conclusion, in the presence of pleural effusion and technically difficult echocardiographic examinations, the PTW should always be considered in the assessment of cardiac structures, including the aortic valve as a potentially useful option to provide accurate diagnostic information.
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Prognostic Implications of Biventricular Global Longitudinal Strain in Patients With Severe Isolated Tricuspid Regurgitation

Dae-Young Kim1, Jiwon Seo2, Iksung Cho2, Seung Hyun Lee3, Sak Lee3, Geu-Ru Hong2, Jong-Won Ha2 and Chi Young Shim2*

1Department of Cardiology, CHA Bundang Medical Center, CHA University School of Medicine, Seongnam-si, South Korea

2Division of Cardiology, Severance Cardiovascular Hospital, Yonsei University College of Medicine, Seoul, South Korea

3Division of Cardiovascular Surgery, Department of Thoracic and Cardiovascular Surgery, Severance Cardiovascular Hospital, Yonsei University College of Medicine, Seoul, South Korea

Edited by:
Ronak Rajani, Guy’s and St Thomas’ NHS Foundation Trust, United Kingdom

Reviewed by:
Yasufumi Nagata, Massachusetts General Hospital and Harvard Medical School, United States
Valeria Pergola, University Hospital of Padua, Italy
Osama Soliman, National University of Ireland Galway, Ireland

*Correspondence: Chi Young Shim, cysprs@yuhs.ac

Specialty section: This article was submitted to Heart Valve Disease, a section of the journal Frontiers in Cardiovascular Medicine

Received: 30 March 2022
Accepted: 14 June 2022
Published: 03 August 2022

Citation: Kim D-Y, Seo J, Cho I, Lee SH, Lee S, Hong G-R, Ha J-W and Shim CY (2022) Prognostic Implications of Biventricular Global Longitudinal Strain in Patients With Severe Isolated Tricuspid Regurgitation. Front. Cardiovasc. Med. 9:908062. doi: 10.3389/fcvm.2022.908062

Background: Isolated TV surgery can be performed in patients with symptoms caused by severe isolated tricuspid regurgitation (TR), preferably before the onset of significant right ventricular (RV) dysfunction. In patients with severe TR, intrinsic RV dysfunction tends to be masked and promotes left ventricular (LV) mechanical dysfunction. This study investigated the prognostic implications of biventricular global longitudinal strain (GLS) in patients receiving isolated tricuspid valve (TV) surgery.

Methods: Among 1,670 patients who underwent TV surgery between January 2000 and December 2020, 111 patients with severe isolated TR who underwent echocardiography before and after TV surgery were analyzed. We assessed LV, RV, and biventricular GLS using speckle tracking echocardiography. Biventricular GLS was defined as the sum of LV-GLS and RV free-wall strain. The primary outcomes were cardiovascular death, heart failure hospitalization, re-done TV surgery, and heart transplantation.

Results: During 3.9 ± 3.8 years of follow-up after the postoperative echocardiography, 24 (21.6%) patients experienced a primary outcome. Those patients had more comorbidities and more impaired preoperative RV-GLS and biventricular GLS than those who did not experience a primary outcome, although the two groups did not differ in preoperative LV-GLS. Patients with a primary outcome also showed significantly impaired postoperative RV-GLS, biventricular GLS, and LV-GLS compared those without a primary outcome. In multivariate analyses, both pre- and postoperatively assessed RV-GLS [preoperative; hazard ratio (HR) 0.86, confidence interval (CI) 0.79–0.93, p < 0.001, postoperative; HR 0.89, CI 0.82–0.96, p = 0.004] and biventricular GLS [preoperative; HR 0.96, CI 0.91–1.00, p = 0.048, postoperative; HR 0.94, CI 0.89–0.99, p = 0.023] were independently associated with the primary outcomes.

Conclusion: In patients with severe isolated TR undergoing TV surgery, the absolute value of RV-GLS under 17.2% is closely associated with a poor prognosis, and that of biventricular GLS under 34.0%, mainly depending on the RV-GLS, is related to the poor prognosis. Further prospective multicenter studies are warranted to establish the risk stratification of isolated TV surgery.

Keywords: isolated tricuspid regurgitation, global longitudinal strain, left ventricle, right ventricle, surgery, prognosis


INTRODUCTION

Isolated tricuspid regurgitation (TR), which is not associated with left-sided heart disease or pulmonary hypertension, has received increased attention because it correlates with early mortality even without any cardiovascular comorbidities (1, 2). It has been recognized that isolated tricuspid valve (TV) surgery could offer prognostic benefit before the development of significant right ventricular (RV) dysfunction or end-organ failure. However, current practice guidelines do not present clear surgical timing for isolated TV surgery due to limited and controversial study results (3, 4).

Most patients with severe isolated TR have chronic RV volume overload, which leads to deteriorating RV function unless intervention is timely (5). Moreover, severe isolated TR can mask intrinsic RV dysfunction. Ultimately, RV dilation and dysfunction promote left ventricular (LV) under-filling, which produces mechanical LV dysfunction (6). Therefore, a comprehensive assessment of both LV and RV function in patients with severe isolated TR is important in predicting prognostic outcomes after isolated TV surgery. However, using echocardiography to evaluate LV and RV function in patients with severe isolated TR is challenging due to the complex anatomic structure of the RV chamber and under-filling of the LV chamber (7). Two-dimensional speckle-tracking echocardiography is more sensitive and less volume-dependent in assessing LV and RV systolic function than conventional transthoracic echocardiography (8–11). However, few reports have used biventricular global longitudinal strain (GLS) to predict the clinical outcomes of patients with severe isolated TR. Therefore, we hypothesized that pre- and postoperative biventricular GLS would provide prognostic information for patients with severe isolated TR.



MATERIALS AND METHODS


Study Population

We retrospectively identified 1,670 patients who underwent TV surgery (TV repair or replacement) in a single tertiary center between January 2000 and December 2020. Among them, we excluded patients who had a history of prior TV, aortic valve, or mitral valve surgery, had a cardiovascular implantable electronic device, had concomitant significant (at least moderate) aortic or mitral valve dysfunction, had combined coronary artery bypass surgery, had congenital heart disease, had been diagnosed with pulmonary hypertension (pulmonary artery systolic pressure greater than 50 mmHg), had a primary RV cardiomyopathy such as arrhythmogenic cardiomyopathy, or had an LV ejection fraction (EF) of less than 35%. We also excluded patients who did not undergo preoperative transthoracic echocardiography within 6 months before isolated TV surgery and postoperative echocardiography between 1 and 12 months after isolated TV surgery and those whose echocardiographic images were too poor to analyze ventricular GLS. All patients who had clinical events between TV surgery and the day of postoperative echocardiography were also excluded. After those exclusions, we included 111 patients in this study population (Figure 1). Each patient’s clinical history, medications, laboratory results, echocardiographic parameters, and clinical outcomes were reviewed retrospectively. The etiology of isolated TR was classified as follows: the primary TR, which included the defect of TV leaflet itself, and the secondary TR, which was related to tricuspid annular dilation with normal leaflet morphology. This study was conducted in accordance with the Declaration of Helsinki, and the study protocol was approved by the Institutional Review Board of Yonsei University Health System (IRB number: 4-2021-0929).


[image: image]

FIGURE 1. A flowchart of this study. TV, tricuspid valve; CIED, cardiovascular implantable electronic devices; AV, aortic valve; MV, mitral valve; CABG, coronary artery bypass graft; HTN, hypertension; RV, right ventricle; LV, left ventricle.




Follow-Up and Outcomes

After isolated TV surgery, the patients visited the outpatient clinic regularly and were scheduled to undergo postoperative echocardiography between 1 and 12 months later. The index date was defined as the day of the post-op echocardiography. The primary outcomes were cardiovascular-related death, heart failure hospitalization, redone TV surgery, and heart transplantation. Cardiovascular-related death was defined as death from myocardial infarction, aggravation of heart failure, sudden cardiac death, or ischemic stroke. Heart failure hospitalization was defined as symptoms of dyspnea with a New York Heart Association (NYHA) grade of at least 3 requiring medications such as vasodilators or diuretics, elevated N-terminal pro-brain natriuretic peptide, and pulmonary congestion or pleural effusion on a chest X-ray. If a patient had two or more clinical events, only the first event was included as an outcome. The surgical mortality was defined as any cause of death within 30 days after surgery or before hospital discharge. We carefully reviewed medical records to find those outcomes, and follow-up was ended on the last day of April 2021 or whenever a primary outcome event occurred.



Echocardiography

Standard 2D and Doppler measurements were performed by using a standard commercially available ultrasound machine (Vivid E9 color Doppler ultrasound M5S probe; GE Medical Systems, Chicago, IL; Philips iE33 color Doppler ultrasound X5-1 and S8-3 probe; Philips Healthcare, Netherlands) with a 2.5–3.5 MHz, in accordance with the guidelines of the American Society of Echocardiography (12). To better categorize TR severity, we used a newly proposed grading method that divides severe TR into “severe,” “massive,” and “torrential” TR (13). Measurements of the RV end-diastolic area (EDA) and end-systolic area (ESA) were obtained from the apical 4-chamber focused RV view at the end-diastolic and end-systolic phases, respectively, and the RV fractional area change (FAC) was calculated as the ratio of the RV EDA and ESA. The vena contracta width was measured at the narrowest portion of the regurgitant jet from the apical 4-chamber focused RV view. The LVEF was calculated by the biplane Simpson’s method in the apical 4-chamber and 2-chamber views. The LV end-diastolic dimension (EDD) and end-systolic dimension (ESD) were measured as the distance between the LV interventricular septum and posterior wall from the M-mode at the end-diastolic and end-systolic phases, respectively. Residual TR after TV surgery was defined as at least moderate TR on the post-op echocardiogram.



Speckle-Tracking Echocardiography

We used the best images from three apical four-, three-, and two-chamber views and the RV-focused apical four-chamber view from both pre- and post-op echocardiographic data for our LV, RV, biventricular, and left atrial (LA) mechanical functional analyses. Those images were stored and exported to an offline storage device, and speckle-tracking echocardiography was performed using a vendor-independent software package (TomTec 2D cardiac performance analysis; Image Arena version 4.6, Munich, Germany). LV- and RV-GLS was measured according to the strain assessment guidelines by expert cardiologists who were blinded to clinical data (14–16). To measure LV-GLS, the LV endocardial borders were traced in apical four-, three-, and two-chamber views at the both the end-diastolic and end-systolic frames, and the TomTec software tracked the speckle on the three LV endocardial borders during a whole cardiac cycle (Figure 2). |LV-GLS| was defined as the absolute value of LV-GLS. To measure RV-GLS, the RV endocardial border, which included both the RV free wall and interventricular septum, was traced in the RV-focused apical four-chamber view at both the end-diastolic and end-systolic frames, and the TomTec software tracked the speckle on the RV endocardial borders during a whole cardiac cycle. |RV-GLS| was defined as the absolute value of RV-GLS. RV-free wall longitudinal strain (FWS) was defined as the strain value at the RV free wall. |RV-FWS| was defined as the absolute value of RV-FWS. Biventricular GLS was defined as the sum of LV-GLS and RV-FWS. Biventricular |GLS| was defined as the absolute value of biventricular GLS. To measure LA longitudinal strain, the LA endocardial border was traced in apical four and two-chamber views across the LA appendage and pulmonary veins. Then, the LA longitudinal strain curve through the whole cardiac cycle was analyzed by tracking the speckle on the LA endocardial borders. We selected 20 patients from the study cohort and analyzed the intra- and inter-observer reproducibility of the LV-GLS and RV-GLS measurements using a Bland-Altman analysis. The intra- and inter-class correlation coefficients of |LV-GLS| were 0.957 and 0.962, and those of |RV-GLS| were 0.989 and 0.989, respectively. The Bland-Altman analysis showed the limits of agreement (LOA) across a broad range of |LV-GLS| and |RV-GLS| values; the bias for intra- and inter-observer measurements of |LV-GLS| was 0.39% (range: −0.17 to 0.95%, 95% LOA) and 0.45% (range: 0.07–0.96%), and that of |RV-GLS| was 0.49% (range: −0.07 to 1.04%) and 0.17% (range: −0.39 to 0.73%), respectively.
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FIGURE 2. Representative figure of (A) pre-op and (B) post-op LV-GLS and RV-GLS measurements. LV-GLS was calculated from three standard apical images, and RV-GLS was calculated from RV focused apical echocardiographic images. LV, left ventricle; RV, right ventricle; GLS, global longitudinal strain; |LV-GLS|, absolute value of LV-GLS; |RV-GLS|, absolute value of RV-GLS.




Statistical Analysis

Continuous variables are reported as the mean ± standard deviation, and categorical variables are reported as the frequency and percentage. Comparisons of baseline clinical, laboratory and echocardiographic parameters between the two groups (experiencing a primary outcome and not) were performed using Student’s t-test for continuous data and χ2 or Fisher’s exact test for categorical data. The predictive values of LV-, RV-, and biventricular GLS for the primary outcomes were calculated using a receiver operating characteristics (ROC) analysis. Kaplan-Meier survival analyses and log-rank tests were used to compare the clinical outcomes according to cutoff values for RV- and biventricular GLS during the follow-up period. Predictors of the primary outcomes were analyzed using multivariate nested Cox regression models. EuroSCORE II as a composite of demographic variables and echocardiographic parameters as pre- and post-op GLS of RV and biventricle were analyzed in the multivariate models. EuroSCORE II was included in every four models. Next, pre- and post-op RV-GLS were included in the first and second models. Pre- and post-op biventricular GLS were included in the third and fourth models. Differences were deemed significant at P-value < 0.05. All statistical analyses were performed using the SPSS software version 25.0 (IBM corporation, Armonk, NY).




RESULTS


Baseline Characteristics

During a mean 3.9 ± 3.8 years after the post-op echocardiography, 24 (21.6%) patients experienced one of the primary outcomes. Among them, 5 died from cardiovascular causes, 17 had heart failure hospitalization, 1 had their TV surgery redone, and 1 had a heart transplant. The overall surgical mortality rate was 2.7% (n = 3). All of these patients died due to postoperative septic shock before the discharge. The surgery profile, baseline characteristics, medications, and laboratory results of patients with and without the primary outcomes are shown in Table 1. Of the total 111 patients, 89 (80.2%) underwent TV repair and 25 (22.5%) had concomitant MAZE operations. In patients with a primary outcome, a previous history of diabetes mellitus, chronic kidney disease, atrial fibrillation, or coronary artery disease was more common than in those without a primary outcome. NYHA class of III and IV were present over half (53.1%) of all patients. In terms of medication, patients with primary outcomes had taken more digoxin, anticoagulants, and diuretics than those without. In the laboratory findings, patients with primary outcomes had a lower level of albumin (3.8 ± 0.7 vs. 4.1 ± 0.5 mg/dL, p = 0.044) and a higher level of creatinine (1.1 ± 0.5 vs. 0.8 ± 0.2 mg/dL, p = 0.013) than those without primary outcomes. The EuroSCORE II was significantly higher in patients with primary outcomes than the controlled group (3.8 ± 2.3 vs. 1.9 ± 1.1%, p < 0.001).


TABLE 1. Baseline characteristics.

[image: Table 1]
The mean period between preoperative echocardiography and surgery was 1.0 ± 1.2 months and the mean period between surgery and postoperative echocardiography was 7.2 ± 4.4 months. The preoperative and postoperative echocardiographic parameters are presented in Table 2. In the preoperative echocardiography, 13 of 111 (11.7%) patients were graded with “massive” TR. Patients with primary outcomes had more-dilated LV chambers, lower RV FAC, |RV-GLS|, |RV-FWS|, and biventricular |GLS| than those without primary outcomes. In the postoperative echocardiography, residual TR was reported in 29 (26.1%) patients. Patients with primary outcomes had larger LA and lower RV FAC, |RV-GLS|, |RV-FWS|, |LV-GLS|, biventricular |GLS|, and LA reservoir strain than those without primary outcomes. Changes in strain parameters of the total study population are shown in Supplementary Figure 1. |RV-GLS|, |RV-FWS|, and biventricular |GLS| revealed significant decreases after TV surgery.


TABLE 2. Echocardiographic characteristics.
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Predictive Value of Global Longitudinal Strain for Primary Outcomes

The ROC analysis for the predictive value of RV-, biventricular, and LV-GLS for the primary outcomes is shown in Figure 3. Both pre- and post- echocardiographic strain values showed that |RV-GLS| and biventricular |GLS| had significant predictive value for the primary outcomes. Among the three different GLS values, RV-GLS showed the largest area under the curve for predicting outcomes. The cut-off values of preoperative |RV-GLS| and postoperative |RV-GLS| were 17.2 and 16.3%, respectively, and the cut-off values of pre- and postoperative biventricular |GLS| were 34.0 and 36.6%, respectively. All of those values show acceptable sensitivity and specificity, as shown in Figure 3. Interestingly, the preoperative LV-GLS value did not predict the outcomes. Only a postoperative |LV-GLS| lower than 14.1% predicted the outcomes with high specificity.
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FIGURE 3. Predictive value of |LV-GLS|, |RV-GLS|, and biventricular |GLS| for the occurrence of negative clinical outcomes. (A) On the pre-op echocardiogram, |RV-GLS| and biventricular |GLS| had significant predictive value for clinical outcomes. (B) On the post-op echocardiogram, |RV-GLS| showed better predictive value for clinical outcomes than biventricular |GLS| and |LV-GLS|. LV, left ventricle; |GLS|, absolute value of global longitudinal strain; RV, right ventricle.


Figure 4 shows the Kaplan-Meier survival curves for groups divided by the cut-off values of |RV-GLS| and biventricular |GLS| in both the preoperative and postoperative studies. Regardless of the time point, biventricular mechanical dysfunction, including RV dysfunction, correlated with significant differences in the prognosis of these patients (log rank p = 0.024 in preoperative study, log rank p = 0.001 in postoperative study). Based on the cut-off values of preoperative |RV-GLS| and |LV-GLS|, we divided the study patients into 4 groups according to whether the RV and LV strain values were preserved and performed another Kaplan-Meier analysis for clinical outcomes (Supplementary Figure 2). In the results, patients who had reduced both RV and LV strain on preoperative echocardiography had the worst clinical outcomes (p = 0.003).
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FIGURE 4. Kaplan-Meier analysis of freedom from clinical outcomes. (A) Comparison of two groups according to the cutoff value for |RV-GLS|preop. (B) Comparison of four groups according to the cutoff value for |RV-GLS|postop. (C) Comparison of two groups according to the cutoff value for biventricular |GLS|preop. (D) Comparison of four groups according to the cutoff value for biventricular |GLS|postop. RV, right ventricle; |GLS|, absolute value of global longitudinal strain.


In the multivariate nested Cox regression models, higher EuroSCORE II was an independent predictor of the primary outcomes in every model. When preoperative |RV-GLS| and postoperative |RV-GLS| were added sequentially in model 1 and model 2, lower preoperative |RV-GLS| [hazard ratio (HR) 0.89, confidence interval (CI) 0.82–0.96, p = 0.006] and postoperative |RV-GLS| (HR 0.84, CI 0.78–0.91, p < 0.001) were significant independent predictors of the primary outcomes. In the same way, when pre- and postoperative biventricular |GLS| were added sequentially in model 3 and model 4, preoperative biventricular |GLS| was not independently related to primary outcomes (HR 0.97, CI 0.93–1.01, p = 0.111). However, lower postoperative biventricular |GLS| (HR 0.93, CI 0.89–0.98, p = 0.005) were significant independent predictors of the primary outcomes in model 4 (Table 3).


TABLE 3. Multivariable Cox regression models for clinical outcomes.
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Incremental Prognostic Value of Right Ventricular and Biventricular Global Longitudinal Strain

The incremental prognostic values of RV and biventricular GLS are shown in Figure 5. In the model that included |RV-GLS| for prognosis (Figure 5A), the addition of preoperative and postoperative |RV-GLS| to EuroSCORE II significantly improved the model’s predictive value for the primary outcomes (p = 0.002, p = 0.001, respectively) and the preoperative |RV-GLS| had more sensitive predictive value than preoperative FAC (p = 0.032). In the model that included biventricular |GLS| for prognosis with EuroSCORE II (Figure 5B), preoperative biventricular |GLS| did not improve the predictive value (p = 0.981), but postoperative biventricular |GLS| did (p = 0.025).


[image: image]

FIGURE 5. Incremental prognostic value of preoperative and postoperative (A) |RV-GLS| and (B) biventricular |GLS| over EuroSCORE II. RV, right ventricle; FAC, fractional area change; |GLS|, absolute value of global longitudinal strain.





DISCUSSION

The principal findings of this study are as follows: (1) Clinical events after isolated TV surgery are common (21.6%), including cardiovascular deaths in 4.5% of patients during a mean 3.9 years. (2) The preoperative GLS value that best predicted the outcomes after isolated TV surgery was |RV-GLS|, which predicted a poor prognosis when it was 17.2% or less. This finding suggests that |RV-GLS| has value in identifying high risk for poorer outcomes after isolated TV surgery. (3) Biventricular GLS, which comprehensively evaluated the mechanical function of both ventricles, also showed predictive value, particularly in the postoperative evaluation. Overall, our findings imply that a GLS evaluation could be used to stratify the risk of post-surgical prognosis of patients with severe isolated TR that could be masking intrinsic ventricular dysfunction.


Right Ventricular and Left Ventricular Functional Changes in Patients With Severe Isolated Tricuspid Regurgitation

As isolated TR increases in severity, RV volume overload proceeds, and eventually chronic remodeling of the right chambers occurs. Although those phenomena cause intrinsic RV dysfunction due to stress on the RV myocardium, that RV dysfunction is often masked to some extent due to the volume overload in patients with severe TR (17). Severe isolated TR can also affect the LV chamber. RV overload and consequent RV dysfunction interfere with LV filling by RV dilation and leftward shifting of the interventricular septum by ventricular interdependence. Furthermore, that causes decreased LV distensibility and elastance (6). Therefore, severe TR is often accompanied by LV dysfunction and low stroke volume. In this physiology of underfilled LV, it has limitations on its own function of elastic coil and re-coil of LV myocardial fiber. Therefore, its function might be concealed unless the correction with TV intervention. However, after the correction of severe TR, LV filling is restored, which can unmask left-side heart problems.

With that theoretical background on the change of biventricular function in severe TR, we hypothesized in this study that GLS in both ventricles, which measures the myocardial mechanical function less volume dependently than other tests, would be important in predicting the prognoses of patients with severe isolated TR as they planned surgery. The current guideline does not provide definite timing for TV surgery because of limitations in clinical data, especially in isolated TR, which generally has indolent progression (3, 4). Although severe TR is a strong predictor of poor clinical outcomes, some outcome data from isolated TV surgery have shown poor results, with in-hospital mortality as high as 8–10% (2, 18). Those results are thought to result from the lack of understanding and standards for timing the intervention. In our study results, in-hospital mortality was reported as 2.7% and the results seemed very low. However, considering the 2 patients who dropped out from the strict study inclusion criteria, which excluded the patients who had the clinical events before the postoperative echocardiographic data after at least 1 month of TV surgery, the actual in-hospital mortality was 4.4%. In another previous study that demonstrated the prognostic value of |RV-FWS| in patients who underwent isolated TV surgery (19), the surgical mortality was reported as 5.2% and this result was comparable with our study. That was because of the similarity with the strict cohort criteria of the study, which excluded patients with significant left-sided valve disease, reduced LV systolic function, and primary pulmonary hypertension. With the development of alternative interventional treatments such as trans catheter edge-to-edge repair (20, 21), there is an increasing need to define a reference point for isolated TV surgery.

Therefore, interest in determining optimal surgery timing and analyzing prognostic factors has increased. In 2020, Dreyfus et al. identified the determinants of outcomes after isolated TV surgery in 5,661 patients from French tertiary centers (22). They reported that NYHA class III/IV, at least moderate RV dysfunction, and lower prothrombin time were independent determinants of clinical outcomes. However, they did not quantitatively assess RV function. Another previous study investigated the preoperative predictors of clinical outcomes after isolated TV surgery in 238 patients (23) and found that the TR jet area (≥30 cm2), RA pressure (≥15 mmHg), age, and hemoglobin level were independent predictors of clinical outcomes. Although those factors were calculated by quantitative methods, they have limitations in reflecting RV function. Our study demonstrates the prognostic value of GLS measurements. RV-GLS is a better tool for assessing RV function in isolated TR than conventional echocardiography, which has limitations due to the asymmetrical RV geometry, volume dependency, and difficulty in defining the true endocardial border because of heavy trabeculation (24). In assessing LV function, LV-GLS might be more accurate and sensitive than LVEF under the condition of LV under-filling in severe TR or re-filling after TV surgery (25). There was a similar previous study that performed the analysis of LV function in a group of patients with ventricular interdependence. In the study, LV myocardial function by LV-GLS was evaluated in 54 patients with pulmonary hypertension and 54 control subject (26). The study revealed that patients with pulmonary hypertension had a reduced value of LV-GLS (−18.8 vs. −20.0%, p = 0.005) than matched controls, although all the groups had a normal range of LV EF. It showed that LV-GLS reflected the impaired LV function more accurately than LV EF in patients with ventricular independence. In this study, preoperative |RV-GLS| was the strongest indicator, with a cut-off point of 17.2%, and it would be worth considering as a useful indicator in identifying the risk of post-operative outcomes after TV surgery in other population of isolated TR. On the other hand, preoperative LV-GLS did not meaningfully predict the prognosis of patients after TV surgery. Although biventricular GLS was significantly associated with clinical outcomes, we attribute that to the significance of RV-GLS.



Biventricular Global Longitudinal Strain in Patients With Severe Isolated Tricuspid Regurgitation

Because isolated TR affects not only the RV but also the LV, integrative functional measurements of both ventricles are needed. We devised an indicator called biventricular GLS to comprehensively evaluate the function of both ventricles. It is a combination of RV-FWS and LV-GLS to reflect the functioning of the RV and LV together and can be used to determine the severity of isolated TR. A previous study demonstrated the prognostic value of |RV-FWS| in 115 patients who received isolated TV surgery in 2 tertiary centers between 2005 and 2019 (19). It showed that |RV-FWS| below 24% in pre-op echocardiography was associated with the primary endpoint. Our results in this study are consistent with those in indicating that RV strain is an important imaging prognosticator in patients undergoing isolated TV surgery. However, we are the first to identify the post-surgical prognostic implications of biventricular GLS in patients with severe isolated TR. There have been no other studies that comprehensively assessed the function of both ventricles by summation of GLS, but this trial is thought to provide a considerable foundation for clinical trials related to the prognostic evaluation of other clinical disease spectrums affecting the function of both ventricles and analysis of disease severity. Also, 62.6% of patients in the previous study had had previous left-side valve surgery, whereas we excluded patients who underwent previous left-side valve surgery or open heart surgery from this study. That is, our study minimized confounding by LV mechanical dysfunction, so we provide clinically important information about the optimal timing for TR intervention and outcome prediction in operation-naïve patients with severe isolated TR. We found that biventricular |GLS| shared a predictive index with |RV-GLS|, and both metrics showed significant correlations before and after surgery. However, both before and after surgery, |RV-GLS| showed higher predictive power than biventricular |GLS|. Thus, we suggest that RV function plays a more important role than LV function in the prognosis of patients after isolated TV surgery.



Limitations

This study has several limitations. First, this study was designed retrospectively for patients who visited regularly. Intervals of follow-up echocardiography after isolated TV surgery were not consistent in all patients. However, we tried to set the period between the surgery and follow-up echocardiography as consistently as possible to minimize the effects of those limitations. More comprehensive prospective multicenter studies of patients with isolated TR are needed. Second, the entire study cohort was relatively small (n = 111) due to the incidence of isolated TV surgery. However, we selected the patients with isolated TR using strict inclusion and exclusion criteria to identify the exact effects of factors after isolated TV surgery. Third, the echocardiographic parameters of RV and LV strain might be inconsistent because the echocardiography for each patient was not performed on the same equipment. However, we used vendor-independent software to minimize the measurement errors of our expert operators. Fourth, not all the patients did not perform right heart catheterization so the hemodynamic data such as right-sided intracardiac pressures and the cardiac index of the entire study cohorts could not be assessed. Fifth, two patients who had a clinical event from the time of surgery until follow-up echocardiography were excluded and this might introduce selection bias in terms of assessing postoperative prognosis.




CONCLUSION

In patients with severe isolated TR undergoing TV surgery, |RV-GLS| under 17.2% is closely associated with a poor prognosis, and biventricular |GLS| under 34.0%, mainly depending on the |RV-GLS|, is related to the poor prognosis. Therefore, assessing |RV-GLS| and biventricular |GLS| by speckle-tracking echocardiography could have benefits in identifying high risk of poorer outcomes after TV surgery. Further prospective multicenter studies with better adjustment are warranted to establish the risk stratification of isolated TV surgery.
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Background: The implantation depth (ID) is a critical condition for optimal hemodynamic and clinical outcomes in transcatheter aortic valve replacement (TAVR). The recently recommended cusp-overlap technique (COT) offers optimized fluoroscopic projections facilitating a precise ID. This single-center observational study aimed to investigate short-term clinical performance, safety, and efficacy outcomes in patients undergoing TAVR with self-expandable prostheses and application of COT in a real-world setting.

Materials and methods: From September 2020 to April 2021, a total of 170 patients underwent TAVR with self-expandable devices and the application of COT, while 589 patients were treated from January 2016 to August 2020 with a conventional three-cusp coplanar view approach. The final ID and 30-day outcomes were compared after 1:1 propensity score matching, resulting in 150 patients in both cohorts.

Results: The mean ID was significantly reduced in the COT cohort (−4.2 ± 2.7 vs. −4.9 ± 2.3 mm; p = 0.007) with an improvement of ID symmetry of less than 2 mm difference below the annular plane (47.3 vs. 57.3%; p = 0.083). The rate of new permanent pacemaker implantation (PPI) following TAVR was effectively reduced (8.0 vs. 16.8%; p = 0.028). While the fluoroscopy time decreased (18.4 ± 7.6 vs. 19.8 ± 7.6 min; p = 0.023), the dose area product increased in the COT group (4951 ± 3662 vs. 3875 ± 2775 Gy × cm2; p = 0.005). Patients implanted with COT had a shorter length of in-hospital stay (8.4 ± 4.0 vs. 10.3 ± 6.7 days; p = 0.007).

Conclusion: Transcatheter aortic valve replacement using the cusp-overlap deployment technique is associated with an optimized implantation depth, leading to fewer permanent conduction disturbances. However, our in-depth analysis showed for the first time an increase of radiation dose due to extreme angulations of the gantry to obtain the cusp-overlap view.

KEYWORDS
aortic stenosis, TAVR, implantation depth, cusp-overlap, permanent pacemaker


Introduction

Transcatheter aortic valve replacement (TAVR) is a fast-growing section in interventional cardiology. In the last decade, TAVR has become a safe and effective alternative to surgical valve replacement (SAVR) to treat symptomatic severe aortic valve stenosis across all surgical risk categories (1–3). Optimized implantation depth (ID) of transcatheter heart valves (THV) is an essential condition for valuable hemodynamic and clinical outcomes. Implantation located too high toward the aorta can result in complicated coronary reaccess, paravalvular leakage, or even valve embolization. In contrast, deep implantation in the left ventricular outflow tract (LVOT) is associated with aortic regurgitation and increased risk of conduction disturbances leading to higher rates of permanent pacemaker implantation (PPI). Despite advanced development of THV design, pre-procedural planning, and progressive implanters’ experience, current PPI rates following TAVR–especially with self-expandable valves–have remained high (4, 5).

In 2020, the manufacturer of the self-expandable THV CoreValve Evolut (Medtronic Inc., Minneapolis, MN, United States) introduced new best practice recommendations for valve deployment, including the cusp-overlap technique (COT). This is a series of procedural steps designed to provide optimized angiographic projections for TAVR with self-expandable devices (6). Application of COT during valve deployment has been shown to result in a reduced risk of interaction with the conduction system below the annular plane and significantly lower PPI rates (7–9). However, there is not sufficient evidence showing correlations to the achievement of an optimized ID as well as potential pitfalls of a more complex implantation process regarding prosthesis repositioning, radiation dose or amount of contrast medium used.

Therefore, this single-center observational study aimed to investigate short-term clinical performance, safety, and efficacy outcomes in patients undergoing transfemoral, self-expandable TAVR with newer-generation CoreValve Evolut THV regarding COT during valve deployment in a real-world setting.



Materials and methods


Study population

From 1530 consecutive patients who underwent transfemoral TAVR with newer-generation self-expandable CoreValve Evolut system (Medtronic Inc., Minneapolis, MN, United States) from January 2016 to April 2021 at the Heart Center Düsseldorf, 759 patients with completed datasets were included in the analysis (Figure 1). Most of the patients excluded from the final analysis due to missing data have lack of documentation in procedural characteristics (pre- and post-dilatation, resheathing, valve dislocation) or post-procedural evaluation of valve function by missing documentation of echocardiography.


[image: image]

FIGURE 1
Modified CONSORT Diagram. From January 2016 to April 2021, a total of 1,530 patients underwent TAVR with the Medtronic CoreValve Evolut at the Heart Center Düsseldorf. A total of 759 patients were included in the comparison of the deployment strategy. A total of 1:1 propensity score matches analysis resulted in the final study cohort of 150 COT patients and 150 Non-COT patients. COT, cusp-overlap technique; MSCT, multislice computed tomography; TAVR, transcatheter aortic valve replacement.


The study cohort was further separated into two groups. Patients undergoing TAVR according to Medtronic’s new best practice recommendations of 2020 regarding COT for prosthesis deployment and a target ID of 3 mm were analyzed prospectively from September 2020 to April 2021 (n = 170; 22.4%). The control group (Non-COT) treated with former manufacturer’s recommendations without COT but with a conventional three-cusp coplanar view and a target ID of 3–5 mm from January 2016 to August 2020 (n = 589; 77.6%) was analyzed retrospectively. To erase potential confounders of the treatment outcome relationship, we performed a 1:1 propensity-score matched analysis resulting in a final study cohort of 150 COT and 150 Non-COT patients (Figure 2). All included patients completed a 30-day follow-up examination to evaluate clinical outcome after TAVR based on Valve Academic Research Consortium-2 (VARC-2) definition (10).


[image: image]

FIGURE 2
Transcatheter aortic valve replacement (TAVR) deployment strategies. (A) A total of 150 patients undergoing transfemoral TAVR with self-expandable Medtronic CoreValve Evolut prostheses and cusp-overlap deployment technique (COT) were compared to (B) 150 propensity-matched patients with application of a conventional three-cusp coplanar view only (Non-COT). The cusp-overlap view was generated by overlapping the right coronary cusp (RCC, green dot) and left coronary cusp (LCC, red dot) with isolation of non-coronary cusp (NCC, yellow dot), leading to reduction of parallax in the device and elongation of the left ventricular outflow tract.


The primary study endpoint was defined as the measurement of ID comparing valve deployment with and without COT during TAVR with self-expandable devices. Target ID is aspired to 3 mm for COT group, compared to target ID of 3–5 mm for Non-COT group, taking into account a measurement uncertainty of 1 mm each.

All participants in this study provided written informed consent. This study was approved by the institutional ethics committee of the Heinrich-Heine University of Düsseldorf and conducted in concordance with the Declaration of Helsinki. The study is registered at clinical trials (NCT01805739).



3D image analysis of multislice computed tomography

Multislice computed tomography was routinely performed as native and contrast-enhanced, electrocardiogram gated images. Pre-procedural MSCT data were transferred to a dedicated workstation for 3-dimensional volume-rendered reconstruction (3mensio Structural Heart; Pie Medical Imaging BV, Maastricht, Netherlands). Annular plane projection in the three-cusp view was routinely predicted from MSCT reconstruction and optimal angulation of the cusp-overlap view was generated by overlapping the right coronary cusp (RCC) and the left coronary cusp (LCC) on the MSCT annular plane toward right anterior oblique (RAO) and caudal angulation (6, 11).



Procedural details

Transcatheter aortic valve replacement procedures were conducted according to current guidelines and under local anesthesia. A total of four experienced operators were involved in this trial. In 2020, Medtronic issued new best practice advice for the CoreValve Evolut system, including cusp-overlap view with isolation of NCC for optimization of the ID during valve deployment. If extreme angulations of more than 30° RAO and/or 30°caudal were suggested for cusp-overlap view, a “near” cusp-overlap view with less extreme angulation was performed. Before final release, a three-cusp view was established to check for complete valve expansion and implantation depth in relation to the left coronary cusp.

The final ID of device implantation was determined angiographically in the three-cusp view after complete clearing of parallax in both COT and Non-COT groups for better visual differentiation of ID below NCC and LCC compared to the cusp overlap view (12). Distance measurements from the interventricular end of the prosthesis to the annular plane were performed afterward using the PACS system workstation (SECTRA IDS7, Linköping, Sweden). As described previously, the arithmetic means of the measured distances from the distal end of the prosthesis to the NCC and the LCC were assessed for final ID (13). Asymmetric valve deployment was defined as a more than 2 mm difference between the NCC and LCC distances. Two independent operators have performed ID measurement. The Pearson correlation coefficient was reported to assess intra- and interobserver reliability for the mean implantation depth measurements from the LCC and the NCC to the prosthesis in 50 randomly chosen cases. Results were interpreted as follows: >0.8, excellent agreement; 0.6 to 0.8, fair to good agreement; 0.4 to 0.6, moderate agreement; and <0.4, no agreement.



Statistical analysis

Continuous data are described as mean + standard deviation (SD) for normal distribution and comparisons were performed using unpaired Student’s t-test or Mann–Whitney U-test depending on the variable distribution. Categorical variables are presented as frequencies and percentages and comparisons were made using chi-square or Fisher exact test. All statistical tests were 2-tailed, and a value of p < 0.05 was considered statistically significant. To account for the differences in baseline characteristics of COT and Non-COT group, we performed 1:1 propensity score matched analysis using logistic regression and the nearest neighbor method with a caliper of 0.1 because of the observational nature of this study and the comparison of two non-contemporary cohorts with different group sizes. Covariates were chosen according to baseline differences between both cohorts listed in Table 1 (age, gender) as well as previous rhythm and conduction disturbances that could have a disturbing influence on the final analysis regarding new pacemaker dependency following TAVR (atrial fibrillation, preexisting pacemaker). Matching analysis resulted in a final 1:1 matched study cohort of 150 patients in both groups.


TABLE 1    Patient clinical and functional characteristics in unmatched cohorts.
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All statistical analyses were conducted using SPSS version 23.0 (IBM SPSS Inc., Chicago, IL, United States) and figures created with GraphPad Prism version 8.4 (GraphPad Software, San Diego, CA, United States).




Results


Baseline patient characteristics

In the unmatched cohorts (n = 759), patients undergoing TAVR with COT were younger (COT 80.7 ± 6.4 years vs. Non-COT 81.9 ± 5.4 years; p = 0.018), predominantly male (COT 57.1% vs. Non-COT 48.9%; p = 0.061) and had a lower incidence of coronary artery disease (COT 66.5% vs. Non-COT 75.4%; p = 0.021) as well as lower surgical risk (STS Score: COT 4.3 ± 3.3% vs. Non-COT 5.1 ± 4.1%; p = 0.008) (Table 1). COT patients showed less frequently atrial fibrillation (AF) (COT 29.4% vs. Non-COT 41.3%; p = 0.005). A total of 1:1 propensity score matching successfully eliminated any major differences between the two cohorts (Table 2).


TABLE 2    Patient clinical and functional characteristics in matched cohorts.
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Procedural characteristics

After pre-procedural MSCT planning to determine the optimal cusp-overlap projection angle, we achieved a projected cusp-overlap gantry view on CT reconstruction in 121 patients (80.7%) of patients and a near cusp-overlap projection in the remaining 29 cases (19.3%).

Valve size was equally distributed with most of the procedures performed with a 29-mm CoreValve Evolut prosthesis (45.7%). COT patients had less need of contrast agent volume (COT 82.8 ± 33.4 ml vs. Non-COT 96.9 ± 33.6 ml; p < 0.001) (Figure 3A) with a reduction in fluoroscopy time (COT 18.4 ± 7.6 min vs. Non-COT 19.8 ± 7.6 ml; p = 0.023) (Figure 3B). Patients undergoing TAVR with COT had a significantly higher radiation dose area product compared to the Non-COT group (COT 4951 ± 3662 Gy × cm2 vs. Non-COT 3875 ± 2775 Gy × cm2; p = 0.005) (Figure 3C). COT resulted in notably higher rates of device resheathing compared to the Non-COT group (COT 47.3% vs. Non-COT 28.7%; p < 0.001) (Figure 3D). Additional procedural data are shown in Table 3.
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FIGURE 3
Procedural data. (A) Reduction of contrast agent use could be achieved in COT patients (COT 82.8 ± 33.4 ml vs. Non-COT 96.9 ± 33.6 ml; p < 0.001). (B) While fluoroscopy time was shorter (COT 18.4 ± 7.6 min vs. Non-COT 19.8 ± 7.6 ml; p = 0.023), (C) radiation dose area product was enhanced in the COT group (COT 4,951 ± 3,662 Gy × cm2 vs. Non-COT 3,875 ± 2,775 Gy × cm2; p = 0.005), probably due to more extreme angulations and (D) notably higher rates of device resheathing maneuvers (COT 47.3% vs. Non-COT 28.7%; p < 0.001) compared to the Non-COT group. COT, cusp-overlap technique.



TABLE 3    Procedural characteristics in matched cohorts.
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Procedural and clinical outcome

The final absolute mean ID was significantly reduced in the COT cohort (COT −4.2 ± 2.7 mm vs. Non-COT −4.9 ± 2.3 mm; p = 0.007) without a significant difference in the achievement of the target ID of 3 mm in the COT group and 3–5 mm in the Non-COT group (COT 47.3% vs. Non-COT 57.3%; p = 0.083) (Figures 4A,B). In COT patients valve deployment was conducted more symmetrically with a difference of less than 2 mm between NCC and LCC ID (COT 61.3% vs. Non-COT 44.0%; p = 0.003) (Figure 4C). Both the intra- and the interobserver reliability showed excellent agreement (r > 0.8) because we used a standardized measurement technique at our heart center for the analysis of ID after TAVR. Functional improvement was observed in both groups without significant differences concerning mean pressure gradients or paravalvular leakage assessed by TTE during 30-day follow-up (Figures 5A,B).
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FIGURE 4
Impact of COT on implantation depth. (A) There was a significant reduction of final mean ID in the COT cohort (COT –4.2 ± 2.7 mm vs. Non-COT –4.9 ± 2.3 mm; p = 0.007), whereas (B) the target ID of 3 mm in the COT group and 3–5 mm in the Non-COT group was reached similarly often. (C) Reduction in asymmetric valve deployment with a difference of less than 2 mm between NCC and LCC ID could be achieved more often in the COT group (COT 61.3% vs. Non-COT 44.0%; p = 0.003). COT, cusp-overlap technique; ID, implantation depth.
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FIGURE 5
Efficacy outcome of COT. No difference could be observed in (A) mean aortic gradient and (B) paravalvular leakage following TAVR with different deployment techniques. In the COT group, fewer new permanent pacemaker implantations during 30-day follow-up were needed (COT 8.0% vs. Non-COT 16.8%; p = 0.028) (C), and a reduced length of in-hospital stay could be achieved (COT 8.4 ± 4.0 vs. Non-COT 10.3 ± 6.7 days; p = 0.007) (D). COT, cusp-overlap technique; TAVR, transcatheter aortic valve replacement.


The rate of new PPI following TAVR was markedly reduced in the COT group (COT 8.0% vs. Non-COT 16.8%; p = 0.028) (Figure 5C). The most frequent indication for pacemaker was high degree atrioventricular heart block by far (81 of 90 patients (90%) in the unmatched Non-COT group of 589 patients and 12 of 13 patients (92.3%) in the unmatched COT group of 170 patients). Other indications have been symptomatic bradycardia due to sick sinus syndrome or slowly conducted atrial fibrillation as well as bifascicular block. Therefore, indications for new pacemaker implantation after TAVR did not significantly change over time. Furthermore, the mean time from TAVR to pacemaker implantation has been 2.34 + 0.98 days in the Non-COT group and 2.12 + 0.84 days in the COT group (p = 0.289).

There was also an association between COT and lower incidence of new-onset left bundle branch block (LBBB) (COT 12.8% vs. Non-COT 22.9%; p = 0.027). Patients implanted with COT had a shorter length of ICU stay (COT 1.6 ± 1.4 days vs. Non-COT 2.3 ± 1.8 days; p < 0.001) and a shorter length of total in-hospital stay compared to Non-COT patients (COT 8.4 ± 4.0 vs. Non-COT 10.3 ± 6.7 days; p = 0.007) (Figure 5D). All procedures were performed successfully with only one case of 30-day mortality in the Non-COT group (one septic shock during in-hospital stay after TAVR). All 30-day post-procedural outcome parameters according to VARC-2 are shown in Table 4.


TABLE 4    A total of 30-day procedural outcome in matched cohorts.
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The outcome results between the unmatched cohorts are in large parts similar to those between the matched cohorts and do not differ in the main results, except for new left bundle branch block following TAVR. This parameter did not reach statistical significance in unmatched cohorts (COT 13.8% vs. Non-COT 16.9%; p = 0.364), but finally did after 1:1 propensity score matching (COT 12.8% vs. Non-COT 22.9%; p = 0.027). All procedural data and 30-day procedural outcome events of the unmatched study cohorts are shown in Supplementary Tables 1, 2.




Discussion

Until now, the impact of the recently recommended cusp-overlap technique on the implantation depth and efficacy outcome in a real-world setting using self-expandable devices is still being evaluated with many unknowns. This study demonstrates that application of COT during transfemoral TAVR with self-expandable THV causes.

(1) Optimization of implantation depth by both reducing the mean ID and improving the symmetry of ID between NCC and LCC,

(2) Significant reduction of permanent conduction disturbances with the need for new pacemaker implantation following TAVR,

(3) Consistent quality of hemodynamic outcome regarding valve pressure gradients and paravalvular leakage, and

(4) Increase of radiation dose due to extreme angulations.

After pre-procedural MSCT planning to determine the optimal cusp-overlap projection angle, we achieved a projected cusp-overlap gantry view on CT reconstruction in 81.9% of patients and a near cusp-overlap projection in the remaining cases. Finally, no increase in adverse events during 30-day follow-up could be observed compared to TAVR procedures without the usage of COT and a three-cusp coplanar view during valve deployment instead.


Improvement of implantation depth caused by cusp-overlap technique

To increase the accuracy of ID with Evolut CoreValve THV, we have performed COT according to the manufacturer’s recommendations since September 2020. In the three-cusp coplanar view, the device is often poorly aligned and there is no clear view of the native annulus relative to the conduction system due to the foreshortening of the LVOT (11). COT view results in an elongation of the LVOT, removement of the delivery catheter parallax, and accentuation of the NCC/RCC commissures in the center of the fluoroscopic view where the conduction system crosses the membranous septum below the atrioventricular node (6, 14). According to the new manufacturer’s advice, Evolut CoreValve’s target ID of 3 mm is recommended instead of a target ID of 3–5 mm as proposed before (15). Due to the wider range of former target ID of 3–5 mm in the Non-COT group (13), the present COT group with a narrow range of 3 mm target ID did not achieve higher proportions of successful target ID, but a significantly higher absolute mean ID was achieved by far. Not only the ID below a single coronary cusp but also the symmetry of valve implantation was improved. This is another benefit of COT during valve deployment because the NCC nadir is better visualized and both the device and the annulus are perpendicularly in-plane without parallax, allowing correct assessment of the true device depth below all three cusps (14).



Reliability of cusp-overlap technique in safety and clinical outcome

Although balloon-expandable valves exert higher radial forces, rates of new PPI are higher after implantation of self-expandable THV due to differences in the design of the prosthetic frame and technique of implantation. TAVR with supra-annular, newer-generation CoreValve Evolut prostheses have been associated with the need for new PPI in 14.7 to 26.7% of patients within 30 days after the intervention (4, 5).

The proximity of the aortic valve and the cardiac conduction system is one of the reasons for the occurrence of new conduction disturbances following TAVR (16, 17). The close relationship of the left bundle branch to the aortic root explains why LBBB is the most common conduction disturbance following TAVR and why ID greater than the membranous septum length is an independent predictor of PPI (18–20). Interaction of the THV with the surrounding tissue induces either direct injury by radial forces or indirect injury to the conduction tissue by localized edema or hematoma. Consequently, a complete AV block–the main indication for PPI by far in our analysis–may be either the result of total interruption of AV conduction or new-onset LBBB in patients with preexisting RBBB (21, 22).

Our single-center experience using COT for valve deployment showed that only 8% of patients without preexisting pacemaker required new PPI compared to 16.8% in Non-COT group, and the incidence of new-onset LBBB could also be reduced, what is in accordance with former studies (7–9). Because confounders like age and atrial fibrillation were eliminated by propensity score matching and other known procedural predictors like post-dilatation or oversizing did not differ between both groups, the difference in deployment technique seems to be the only reasonable explanation for this improvement in outcome.

A potential limitation of the COT is the implanter’s concern that a shallow THV implantation may lead to a higher rate of valve embolism with upward displacement (“pop-outs”), potentially resulting in increased procedural complexity and patient morbidity (23, 24). In our experience, we did not observe this event in COT group. Both cases with the need for a second valve in the COT group of our study were caused by moderate to severe valvular leakage after implantation of the first TAVR prosthesis due to infolding of the prosthesis and probably incorrect patient-prosthesis sizing.

The reasons for the reduction in length of in-hospital stay in the COT cohort are multifactorial, but one of them is very likely the reduced post-procedural conduction disturbances and therefore the decreased need for a temporary or permanent pacemaker. The clinical impact of new PPI following TAVR has been somehow controversial, but meta-analyses have suggested an increased risk of all-cause mortality at 1 year in patients receiving a new permanent pacemaker and a higher rate of heart failure rehospitalizations (25). Certainly, the requirement for PPI is associated with longer in-hospital stay and increased costs (26), leading to slower periprocedural recovery and increased resource utilization.



Impact of cusp-overlap technique on procedural performance during transcatheter aortic valve replacement

Similar to our results, there are already former studies examining the effect of COT on conduction disturbances following TAVR with observation of a significant reduction in both LBBB and PPI rate after TAVR (7–9). Mendiz et al. examined primary clinical outcomes without conclusions on procedural data like the achievement of target ID or the impact of COT on procedural aspects like the volume of contrast agent or the radiation dose used (7). Doldi et al. only reported the technical success according to the new 2021 VARC-3 criteria (27) without further procedural details (8). While Pascual et al. performed a propensity score analysis with different measurement techniques of target ID, no relevant information was published about possible procedural pitfalls of this complex implantation technique except for procedural success and fluoroscopic time without any significant difference between COT and Non-COT group (9).

At least in our hands, the price for optimized ID is a higher rate of resheathing due to a more accurate achievement of a target ID of exactly 3 mm than before with a range between 3 and 5 mm. Thus, higher rates of repositioning did not result in less device success or increased mortality of the COT group as described before during multiple resheathing (28). Thus, there is a trend toward increased stroke rates in the COT group compared to Non-COT. Although one could speculate that excessive manipulation in the aortic valve and its adjacent structures could affect stroke rates, no significant relationship has been found in former studies (28, 29). The non-randomized design of our study with different clinical and anatomical factors might have impacted this outcome, and confusion bias cannot be excluded.

Although even the length of fluoroscopy time could be reduced, the dose area product is higher in the COT group, what can be explained by more extreme angulations during cusp-overlap view with an automatic increment of radiation energy that is exposed to the patients’ body surface by the X-ray tube assembly (Figures 3B,C).

A significant reduction of contrast medium was observed in the COT cohort. This is the consequence of the need for less contrast agent usage to visualize the NCC only (2–4 ml) during most valve positioning up to the point of no return. A larger amount of contrast agent is only necessary for the final assessment of valve position before deployment, when, as a second angulation, a three-cusp view is obtained for position control and ID measurement. In contrast, during valve positioning in three-cusp only view, more contrast agent and longer fluoroscopy time were administered to delineate all three cusps.



Limitations

Several limitations should be considered when interpreting this study. This is a single-center observational study with a limited number of patients. Two non-contemporary groups were compared to assess differences between COT and 3-cusps coplanar view only technique with four different operators performing TAVR procedure with different levels of practical knowledge and experience. There may exist temporal, confounders and selection bias due to high rate of excluded patients with incomplete dataset that was not accounted for in our analysis. Therefore, larger multicenter randomized trials should be conducted to verify the usefulness of COT during THV deployment.




Conclusion

Transcatheter aortic valve replacement with self-expandable valves using the cusp-overlap deployment technique is associated with an optimized implantation depth, leading to fewer permanent conduction disturbances and a shortened length of in-hospital stay. Any prevention of conduction disturbances can potentially reduce rehospitalizations and late mortality rate, whereas the procedural and functional outcome is not remarkably influenced by COT. Thus, COT should be regularly performed for TAVR with a self-expandable prosthesis to achieve optimized ID, especially as TAVR is expanded to the low-risk population with higher life expectancy.
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Background: Human aortic valve stenosis (AS) and insufficiency (AI) are common diseases in aging population. Identifying the molecular regulatory networks of AS and AI is expected to offer novel perspectives for AS and AI treatment.



Methods: Highly correlated modules with the progression of AS and AI were identified by weighted genes co-expression network analysis (WGCNA). Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were performed by the clusterProfiler program package. Differentially expressed genes (DEGs) were identified by the DESeqDataSetFromMatrix function of the DESeq2 program package. The protein-protein interaction (PPI) network analyses were implemented using the STRING online tool and visualized with Cytoscape software. The DEGs in AS and AI groups were overlapped with the top 30 genes with highest connectivity to screen out ten hub genes. The ten hub genes were verified by analyzing the data in high throughput RNA-sequencing dataset and real-time PCR assay using AS and AI aortic valve samples.



Results: By WGCNA algorithm, 302 highly correlated genes with the degree of AS, degree of AI, and heart failure were identified from highly correlated modules. GO analyses showed that highly correlated genes had close relationship with collagen fibril organization, extracellular matrix organization and extracellular structure organization. KEGG analyses also manifested that protein digestion and absorption, and glutathione metabolism were probably involved in AS and AI pathological courses. Moreover, DEGs were picked out for 302 highly correlated genes in AS and AI groups relative to the normal control group. The PPI network analyses indicated the connectivity among these highly correlated genes. Finally, ten hub genes (CD74, COL1A1, TXNRD1, CCND1, COL5A1, SERPINH1, BCL6, ITGA10, FOS, and JUNB) in AS and AI were found out and verified.



Conclusion: Our study may provide the underlying molecular targets for the mechanism research, diagnosis, and treatment of AS and AI in the future.
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Introduction

Heart failure is a severe terminal stage of all kinds of cardiovascular diseases, which include hypertension (1), coronary heart disease (2), myocardial infarction (3), valvular heart disease (4), and cardiomyopathy (5). As the important cause of heart failure, valvular heart diseases consist of stenosis or insufficiency with specific pathophysiology among the four cardiac valves (aortic valves, mitral valves, tricuspid valves and pulmonary valves) (6). In the globe, valvular heart diseases have increasingly become the important contributor to cardiovascular morbidity and mortality according to the epidemiologic studies, which have resulted in serious social burden and economical cost on valvular heart diseases diagnosis and treatment (7). The prevalence of valvular heart diseases gradually increases with age of clinical patients (8). In terms of aortic valve lesion, aortic valve stenosis (AS) and aortic valve regurgitation (AR) are the highly popular valve lesions among various valvular heart diseases (9), the morbidities of AS and AR were 0.7% and 0.2% with the age 55–64 years, 1% and 1.3% for the age-bracket of 65–74 years, and 2% and 2.8% after 75 years old, respectively (8). Thus, due to the large aging population around the world, the aortic valvular heart diseases are still the important public health problem.

AS and AR are a kind of common aortic valve diseases, characterized by aortic valve opening area reduction or aortic valve insufficiency (AI), respectively. Currently, numerous studies have reported the pathological features and molecular mechanisms about aortic valve damage (10–13). The well-known etiologies for AS include aortic valve degeneration, rheumatic aortic stenosis, congenital valve defects, systemic inflammatory diseases, endocarditis, and many other conditions (10). Whereas, the major causes of AI are made up of various pathological changes of aortic valves, such as leaflet abnormalities, rheumatic fever, myxomatous degeneration, infective endocarditis, etc (12). Although, the current available reports have uncovered the molecular mechanisms for pathological processes of AS and AI, which include but not limit to fibro-calcific remodeling, osteogenic differentiation, lipid accumulation, inflammation, angiogenesis and hemorrhage, disorganization and remodeling of the valvular extracellular matrix (ECM) (10, 13). The vital molecules for the regulation and indication of AS and AI pathological courses still need to be further investigated. Hence, using high throughput sequencing techniques and identifying the key regulatory or indicative molecules for AS and AI may provide a feasible strategy for the diagnosis and treatment of AS and AI from the microscopic molecular viewpoints.

In this study, we analysed the expression profiles of human aortic valve samples of aortic valve stenosis (AS) and aortic insufficiency (AI) by systematic bioinformatics approaches of weighted gene co-expression network analysis (WGCNA). We constructed the gene co-expression modules by WGCNA algorithm and screened the highly correlated modules with the degree of AS, degree of AI, and heart failure, which included orange, steelblue, darkgreen, and grey60 modules. Furthermore, we selected highly correlated genes in indicated modules and performed Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses. The differentially expressed genes (DEGs) were identified and intersected with those 30 genes possessing high connectivity among the highly correlated genes from various modules to screen out hub genes. Finally, the mRNA expression values of ten hub genes (CD74, COL1A1, TXNRD1, CCND1, COL5A1, SERPINH1, BCL6, ITGA10, FOS, and JUNB) were validated by analyzing results of high throughput RNA sequencing from AS and AI aortic valve samples and by examining the mRNA expression levels of human AS and AI aortic valve tissues. These results may provide an avenue for the diagnosis and treatment of AS and AI in the future.



Materials and methods


High-throughput data acquisition and preprocessing

The high-throughput RNA-sequencing datasets were acquired from the public Gene Expression Omnibus (GEO) database with the accession number GSE153555, which contained the gene expression data from 5 human normal control (NC) aortic valves, 5 human aortic stenosis (AS) aortic valves, and 5 human aortic insufficiency (AI) aortic valves, each individual contained 2 biologically repeated aortic valve high-throughput RNA-sequencing results. The gene expression Fragments Per Kilobase of transcript per Million mapped reads (FPKM) values and count values were analysed by R software (Version 4.1.2). Clinical traits, including age, sex, body mass index (BMI), degree of AS and AI, left ventricular ejection fraction (LVEF), and disease history (diabetes, hypertension, coronary heart disease, and heart failure), for each sample were collected from the Series Matrix Files in the GEO database with GSE153555 number (14). The average gene expression FPKM values of 30 samples were calculated and ranked by size, and the top 6,000 genes with the highest average expression were screened out and used for weighted gene co-expression network analysis (WGCNA) computation. The FPKM values of the 6,000 genes from 30 samples were subjected to log2(FPKM + 1) conversion followed by samples hierarchical clustering to eliminate 2 outlier samples (GSM4647040 and GSM4647041) using the hclust function in the R software (Version 4.1.2).



Co-expression module construction of AS and AI by WGCNA algorithm

The WGCNA co-expression module construction was conducted as previously described (15). The soft threshold β power value for WGCNA module construction was computed by pickSoftThreshold function in the WGCNA program package. The adequate β value 16 was picked out once Scale Free Topology Model Fit, signed R2 value was ≥0.8. Then, the adjacency matrix and topological overlap matrix (TOM) were constructed using the power value 16. The co-expression modules were constructed and merged for those modules with similar expression profiles by step-by-step network construction methods. The correlation analysis among the indicated modules were performed by calculating the eigengenes, which were defined as the principal component 1 (PC1) of principal component analysis (PCA) for gene expression values in the indicated modules.



Correlation analysis between co-expression modules and clinical traits

The correlation analyses between modules and clinical traits were performed using the eigengenes of the corresponding modules and clinical traits data to screen out the highly correlated modules with indicated clinical traits. To screen the highly correlated genes in AS and AI pathological courses, these modules relevant to degree of AS, degree of AI, and heart failure were further analysed. These modules with correlation coefficient more than 0.6 and P value less than 0.05 were regarded as highly correlated modules. The correlation coefficients of 6,000 genes expression values and indicated clinical traits were defined as gene significance (GS). For the associations of each module with the genes involved in the WGCNA process, module membership (MM) was defined as the correlation of module eigengenes and gene expression levels. The scatterplot of Gene Significance vs. Module Membership in the indicated module was plotted. These scatterplots with correlation coefficients more than 0.5 and P value less than 0.05 were selected. These 302 genes in indicated scatterplot with MM > 0.8 and GS > 0.8 were regarded as the highly correlated genes with corresponding module or trait, respectively, and were selected for subsequent analysis.



Gene ontology (Go) and Kyoto encyclopedia of genes and genomes (KEGG) enrichment analyses

We performed GO and KEGG enrichment analyses for the highly correlated genes identified by the above procedures using the clusterProfiler program package. Firstly, the ENSEMBL number for each gene was transformed into the ENTREZID number using the bitr function. GO analyses including biological processes (BP), molecular functions (MF), and cellular components (CC) terms were conducted. These terms in GO and KEGG enrichment analyses with P value less than 0.05 were screened out and considered as significant terms in AS and AI pathological processes. The top ten terms in GO and KEGG enrichment analyses were selected for visualization and further analyses.



Identification of differentially expressed genes (DEGs)

The DEGs analysis using the high throughput RNA-sequencing data was performed to evaluate the gene expression situation among the indicated groups using the DESeqDataSetFromMatrix function of the DESeq2 program package. Firstly, the results of DEGs analyses for total genes in high throughput RNA-sequencing data were obtained from the AS and AI group. The indicated DEGs results for the 302 highly correlated genes were screened out. These genes in AS or AI group with |log2FoldChange| ≥ 1 and adjust P value <0.05 relative to the normal control group, were considered as the DEGs. These genes with log2FoldChange ≥ 1 were defined as upregulated (UP) genes. These genes with log2FoldChange ≤ −1 were defined as downregulated (DOWN) genes. These genes with −1 < log2FoldChange < 1 were defined as unchanged (NOT) genes. The volcano plots and heat maps were plotted to visualize DEGs.



Protein-protein interaction (PPI) network analysis

PPI network analysis was performed using an online network tool STRING (https://cn.string-db.org/, version 11.5) (16). The 302 highly correlated genes were imported into STRING. The TSV file contained 302 highly correlated genes was downloaded and the PPI network was visualized by Cytoscape software (version 3.9.0) (17). The CytoHubba plug-in was used for identifying genes with high connectivity ranked by Betweenness (18). The top 30 genes with highest connectivity were picked out for further analysis. The DEGs of AS and AI group were intersected concurrently with the top 30 genes from PPI network analysis to identify these genes with significantly changed expression and high connectivity. These genes (CD74, COL1A1, TXNRD1, CCND1, COL5A1, SERPINH1, BCL6, ITGA10, FOS, and JUNB) that met the above conditions were identified as the hub genes.



Human aortic valves sample collection and grouping

Human aortic valve samples were obtained from patients with pure AS or AI. These aortic valves samples from heart transplantation receptors or aortic dissection patients without definite lesions in aortic valves were used as normal control (NC) and mild aortic valve samples. A total of 35 aortic valve samples including 5 samples from normal control (NC) patient, 15 samples from aortic stenosis (AS) patient and 15 samples from aortic insufficiency (AI) patient were included in this study. Doppler echocardiography was used for evaluation of AR or AS severity (19, 20). The specimens were classified into 4 groups containing normal control, mild, moderate, and severe. The characteristics of aortic valves used in this study are shown in Table 1. All procedures involving human aortic valves samples conformed to the principles outlined in the Declaration of Helsinki. Exemption from informed consent for patients and human sampling procedures were approved by the Human Research Ethics Committees of Tongji Hospital of Huazhong University of Science and Technology (21).


TABLE 1 Characteristics of clinical samples used in this study.

[image: Table 1]



Real-time PCR

Real-time PCR analyses of mRNA levels in human aortic valve samples were performed as previously described (21). Briefly, the total RNA was extracted from 5 normal control aortic valve samples, 15 AS aortic valve samples, and 15 AI aortic valve samples using TRIzol reagent (15596018, Thermo Fisher Scientific) and reverse transcribed into cDNA using the Transcriptor HiScript III RT SuperMix for qPCR (+gDNA wiper) (R323-01, Vazyme). The quantitative analyses of ten hub genes mRNA expression levels were determined by real-time PCR assay using SYBR (Q311-02, Vazyme). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used for the internal reference. Primers used in this study were listed in Table 2.


TABLE 2 Primers for the real-time PCR assays in this study.
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Statistical analysis

Statistical analysis was conducted by SPSS 23.0 software. All data are presented as the mean ± SD. Non-parametric Kruskal-Wallis H test was used for comparisons among multiple groups. P value <0.05 was considered to be statistically significant.




Results


Construction of WGCNA co-expression modules

The data analysis process used in this study was depicted in the flow diagram (Figure 1A). High throughput RNA-sequencing data were preprocessed using the R software (Version 4.1.2). The average FPKM expression values for a total of 48,162 genes were calculated and ranked by size. The top 6,000 genes with the highest average FPKM expression values in the datasets of the 30 samples were chosen for WGCNA computation. Sample hierarchical clustering was performed with hclust function and the height 60 was set as the threshold to screen outlier samples (Figure S1A). Two outlier samples GSM4647040 and GSM4647041 were identified and eliminated from all samples (Figure S1A). Before network construction and module detection, the clinical traits related to the sample dendrograms were visualized as the heatmap in Figure S1B. Finally, 28 samples with 6,000 genes were selected for WGCNA module construction. To screen out the suitable soft threshold power value used for WGCNA algorithm, we set an indicated range for power values and the power value 16 was picked out by pickSoftThreshold function in WGCNA package (Figure 1B). The WGCNA module construction was conducted, and those modules with similar expression profiles were merged. As depicted by the gene dendrograms, total eight modules were finally constructed, which included darkgrey (1,978 genes), lightcyan (1,158 genes), darkorange (242 genes), orange (170 genes), steelblue (35 genes), darkgreen (706 genes), grey60 (649 genes), and grey (1,062 genes) modules (Figure 1C). Those genes uncorrelated with other modules were assigned to grey module. The eigengene dendrogram and eigengene adjacency heatmap were plotted to exhibit the associations among the modules by eigengenes (Figure 1D).


[image: Figure 1]
FIGURE 1
Construction of WGCNA co-expression modules. (A) The flow diagram for our WGCNA modules construction procedure in this study. (B) Analysis of scale-independence index (left panel) and mean connectivity for various soft threshold β power values, the most suitable β power value 16 was screened out. (C) Clustering dendrograms of 6,000 genes and module construction and merging according to the similar expression profiles by WGCNA algorithm. Total of eight co-expression modules were obtained including darkgrey, lightcyan, darkorange, orange, steelblue, darkgreen, grey60, and grey modules. The grey module is reserved for unassigned genes. (D) Cluster analysis for eigengenes dendrogram (Top) and correlation degree heatmap (Bottom) of eigengenes in each co-expression modules.




Identification of highly correlated modules connected with AS or AI

PCA for gene expression values in the indicated modules were computed. The PC1 for indicated genes was defined as eigengene. The correlation analyses for modules and clinical traits were performed by eigengenes from various modules and clinical traits data of 28 samples (Figure 2A). To find the highly correlated genes with AS and AI pathophysiologic mechanisms, these modules (correlation coefficient >0.6 and P value <0.05) associated with the degree of AS, degree of AI, and heart failure were subjected to further analyses (Figure 2A).


[image: Figure 2]
FIGURE 2
Identification of highly correlated modules connected with AS or AI. (A) The correlation heat map for various modules and clinical traits (age, sex, BMI, degree of AS, degree of AI, LVEF, diabetes, hypertension, coronary heart disease, and heart failure). Each cell contains the corresponding correlation coefficients and P value. (B–G) Scatterplot of Gene Significance (GS) for indicated clinical traits vs. Module Membership (MM) in the indicated modules.


To further study the relationship between modules and clinical traits, the associations of gene expression values with degree of AS, degree of AI, and heart failure were analysed, the correlation coefficients were defined as gene significances (GS). The correlations of gene expression values with the modules (orange, steelblue, darkgreen, and grey60 modules) screened out in Figure 2A were calculated, which were marked as module memberships (MM). The scatter plots for MM and GS in the indicated modules were plotted, these plots (module membership vs. gene significance) with correlation coefficients more than 0.5 and P value less 0.05 were regarded as highly correlated for MM and GS (Figures 2B–G). These plots were used to screen highly correlated genes in AS and AI pathogenesis. These genes with GS > 0.8, MM > 0.8, and P value <0.05 were singled out in the plots. There were 30, 108, 133, 29, 77, and 5 genes in indicated modules screened out by the pre-set parameters (Figures 2B–G). Finally, 302 highly correlated genes were identified after removing duplicates.



GO and KEGG enrichment analysis for highly correlated genes

In order to parse the molecular functions involved by these 302 highly correlated genes, gene function enrichment analyses of GO and KEGG were conducted using clusterProfiler program package. The results of GO enrichment analyses including BP, MF, and CC were obtained. These terms of GO and KEGG enrichment analyses were ranked by ascending P value and descending gene counts. We selected top 10 highly correlated terms with AS and AI as significantly enriched terms in GO and KEGG analyses.

Among these terms in BP analysis, our results showed that genes highly correlated with AS and AI were mainly enriched in collagen fibril organization (GO:0030199), extracellular matrix organization (GO:0030198), extracellular structure organization (GO:0043062), external encapsulating structure organization (GO:0045229), cell-substrate adhesion (GO:0031589), response to oxidative stress (GO:0006979), negative regulation of cellular protein localization (GO:1903828), negative regulation of interleukin-2 production (GO:0032703), pentose metabolic process (GO:0019321), and regulation of cell morphogenesis (GO:0022604) (Figure 3A). For MF analysis, the enrichment analysis results mainly included extracellular matrix structural constituent (GO:0005201), extracellular matrix structural constituent conferring tensile strength (GO:0030020), and kinds of molecular binding (GO:0005518, GO:0048407, GO:0019001, GO:0032561, GO:0005525, GO:0032550, GO:0030246, GO:0001883) (Figure 3B). In CC enrichment analysis, the significantly enriched terms mainly contained extracellular matrix (GO:0062023), endoplasmic reticulum lumen (GO:0005788), collagen (GO:0005583, GO:0098643, GO:0005581, and GO:0098644), focal adhesion (GO:0005925), cell-substrate junction (GO:0030055), cell division site (GO:0032153), and actin filament bundle (GO:0032432) (Figure 3C). These results indicated that the highly correlated genes mainly functioned in these courses.
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FIGURE 3
Go and KEGG enrichment analysis for highly correlated genes. (A–C) The GO enrichment analyses were conducted using the 302 highly correlated genes, the top 10 terms of from BP (A), MF (B), CC (C) were depicted. (D) The KEGG enrichment analyses were performed, the 10 significantly enriched pathways were identified. The circle size represents gene counts in each enriched term. The different color means significance for each enriched term.


To investigate the enriched pathways of these highly correlated genes, the KEGG enrichment analyses were conducted. As shown in Figure 3D, the significantly enriched pathways included protein digestion and absorption (hsa04974), glutathione metabolism (hsa00480), Th17 cell differentiation (hsa04659), Th1 and Th2 cell differentiation (hsa04658), ferroptosis (hsa04216), phagocytosis (hsa04658), mitophagy (hsa04137), valine, leucine and isoleucine degradation (hsa00280), hippo signaling pathway (hsa04392), and pentose phosphate pathway (hsa00030). These results revealed that these pathways may be important in the development of AS and AI.



Identification of DEGs for highly correlated genes

To understand the expression of the 302 highly correlated genes in the AS and AI groups, we performed DEGs analyses using the DESeq2 package. These genes with |log2FoldChange| ≥ 1 and adjust P value <0.05 were considered as the DEGs. As depicted in Figures 4A–D, there were 31 downregulated genes, 229 unchanged genes, and 42 upregulated genes in the AI group and 35 downregulated genes, 190 unchanged genes, and 77 upregulated genes in the AS group in comparison to the control group. These differential expression profiles among AS, AI, and control group indicated the different molecular mechanism in AS and AI pathogenesis.
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FIGURE 4
Identification of DEGs for highly correlated genes. (A–D) The 302 highly correlated genes with AS and AI were used for DEGs expression analyses. These genes with |log2FoldChange| ≥ 1 and adjust P value <0.05 were regarded as the DEGs in AS and AI group in comparison to the normal control group. The volcano plots and heatmaps were used for visualization of the DEGs for indicated group. The blue dots of volcano plots represent the downregulated genes (DOWN) in AS (A) and AI (C) group. The gray dots of volcano plots represent the unchanged genes (NOT) in AS (A) and AI (C) group. The red dots of volcano plots represent the upregulated genes (UP) in AS (A) and AI (C) group. The heatmaps of DEGs from (A,C) of AS (B) and AI (D) group were depicted, the color scale bar of heatmap represents the scale (from −2 to 2) for the expression levels of genes presented in the heatmaps with a breakpoint of zero represented by white.




Hub genes identification by PPI analysis

Based on the above results, we next explored the important hub genes with high connectivity among these highly correlated genes. The interaction network for the 302 highly correlated genes with AS and AI pathogenesis was constructed and visualized utilizing the PPI analysis tool STRING and Cytoscape, respectively (Figure 5A). To screen out these genes with highest connectivity, the recognized plug-in Cytohubba of Cytoscape software was used to select the top 30 genes with the highest connectivity among the 302 genes by Betweenness button (Figure 5B). To identify the functionally crucial hub genes in mediating AS and AI common pathological processes, we overlapped the DEGs from AS group, AI group, and the top 30 highly connected genes (Figures 5C,D). Finally, ten hub genes including CD74, COL1A1, TXNRD1, CCND1, COL5A1, SERPINH1, BCL6, ITGA10, FOS, and JUNB were obtained according to above-mentioned analytical methods (Figures 5C,D). These findings indicate that AS and AI shared the common molecular regulatory network.


[image: Figure 5]
FIGURE 5
Hub genes identification by PPI analysis. (A) The PPI network analysis for the 302 highly correlated genes was conducted using the STRING online tool and visualized by Cytoscape software. Each node represents the gene, the different quantity of connecting line among these nodes represents connectivity. (B) The PPI network shown the top 30 genes with highest connectivity from (A) screened out with Cytohubba plug-in by Betweenness button, the node size represents different connectivity. (C) Venn diagram exhibited the overlapping of the DEGs from group and the top 30 genes with highest connectivity from (B) to screen out the hub genes. (D) These hub genes were exhibited in the gene list.




Validation of hub genes expression levels

For further verifying the results acquired from above analyses, we first investigated the expression levels of the ten hub genes in AS and AI group by analyzing expression values in high throughput RNA-sequencing data. The expression levels of ten hub genes were re-analysed. The mRNA expression levels of CD74, COL1A1, CCND1, COL5A1, SERPINH1, FOS, and JUNB were obviously upregulated, whereas those of TXNRD1, BCL6, and ITGA10 were evidently downregulated in AS and AI aortic valves relative to the normal controls (Figures 6A,B). Meanwhile, we selected 5 normal aortic valves, 15 AS aortic valves, and 15 AI aortic valves. These diseased aortic valves were divided into mild, moderate, and severe groups according to the degree of aortic valves lesion, respectively. The mRNA expression levels of CD74, COL1A1, TXNRD1, CCND1, COL5A1, SERPINH1, BCL6, ITGA10, FOS, and JUNB were detected. As shown in Figures 6C,D, although there was not evident degree of lesion-dependent trend, the mRNA expression levels of the ten hub genes were consistent with the results in Figures 6A,B from high-throughput sequencing. These highly consistent data suggest that the vital function of the ten hub genes in regulating and indicating the disease course for AS and AI.
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FIGURE 6
Validation of hub genes expression levels. (A,B) The mRNA expression levels of the ten hub genes (CD74, COL1A1, TXNRD1, CCND1, COL5A1, SERPINH1, BCL6, ITGA10, FOS, and JUNB) of AS and AI group were analysed using the expression values from the high throughput RNA-sequencing data. These genes were marked in the indicated volcano plot. (C,D) The mRNA expression levels of the ten hub genes (CD74, COL1A1, TXNRD1, CCND1, COL5A1, SERPINH1, BCL6, ITGA10, FOS, and JUNB) of AS and AI group were detected by real-time PCR assay using the human aortic valve samples of AS and AI. The mRNA levels were normalized to those of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (n = 5). *P < 0.05 vs. the normal control group, n.s., no significance.





Discussion

Herein, using the published high throughput RNA-sequencing data (GSE153555) for AS and AI aortic valves, we conducted WGCNA to identify the key co-expression modules and hub genes involved in AS and AI pathogenesis. Total of eight modules including darkgrey, lightcyan, darkorange, orange, steelblue, darkgreen, grey60, and grey modules were constructed. The associations of modules and clinical traits were computed, and these modules associated with the development and outcome of AS and AI were further analysed to screened out the highly correlated genes with AS and AI pathogenesis. The 302 highly correlated genes were obtained from the indicated modules, and GO and KEGG functional enrichment analyses were performed to explore the potential biological processes and signaling pathways involved in these genes. Furthermore, the expression profiles of the 302 highly correlated genes were used for DEGs analyses. There were 31 downregulated genes, 229 unchanged genes, and 42 upregulated genes in AI group and 35 downregulated genes, 190 unchanged genes, and 77 upregulated genes in AS group, respectively. The PPI network analyses were performed and visualized by STRING online tool and Cytoscape software. The top 30 genes with highest connectivity were singled out and intersected with the DEGs in AS and AI group to find out the common functional hub molecules in AS and AI pathogenesis. Ultimately, ten hub genes (CD74, COL1A1, TXNRD1, CCND1, COL5A1, SERPINH1, BCL6, ITGA10, FOS, and JUNB) were obtained and the validation of expression levels was performed to elucidate the molecular mechanism of AS and AI pathological processes.

By exploiting WGCNA module construction, we screened seven significant gene modules associated with AS and AI. We selected highly correlated modules with AS and AI for further analysis, and the 302 highly correlated genes were picked out. Our study found that these highly correlated genes were mainly implicated in the regulation of collagen fibril and extracellular matrix (ECM) by GO analyses, which was consistent with the previous studies (22, 23). These results indicate that the disorders of collagen fibril and ECM may largely impact the normal function of aortic valves. According to the results of KEGG analyses, we enriched top 10 pathways for AS and AI affected mechanism, which included nutrient metabolism, T cell differentiation, ferroptosis, phagocytosis, mitophagy, and Hippo signaling pathway. Glutathione metabolism is the pivotal pathophysiological course for anti-oxidative stress and anti-aging (24). We identified that glutathione metabolism pathway was the significantly enriched term, this hinted that oxidative stress response could be the vital molecular mechanism in regulating the development of AS and AI. Our analysis results were similar with those of David R. A. Reyes et al. (25) and Michael Mahmoudi et al. (26), which manifested the highly reliability of our study. Besides, our study uncovered Th17 cell differentiation and Th1 and Th2 cell differentiation pathway were associated with AS and AI pathogenesis. As the distinctly important contributors for orchestrating adaptive immune responses, Th1, Th2, and Th17 cells are responsible to various intracellular or extracellular pathogens as well as organ-specific autoimmunity, which were activated by a series of cytokines (27, 28). Further, Immune Cell Abundance Identifier (ImmuCellAI) (29) is introduced for precisely estimating the abundance of immune cell types from the high throughput RNA-sequencing data (GSE153555). As shown in Supplementary Figure S2, the box plots demonstrated that AS and AI patients had a higher level of cytotoxic T cells, gamma delta T cells (γδ T), iTreg, Th2 and Tr1 and a lower level of macrophages, neutrophils, and Th17. Our findings indicated that tackling immune responses may become a possibility for harnessing the pathogenesis of AS and AI. Another, we identified the other significantly enriched pathways as the AS and AI underlying mechanisms, such as ferroptosis, phagocytosis, mitophagy, and Hippo signaling pathway. However, the detailed and direct functions in AS and AI for these identified pathways still needed for investigation deeply in the future.

To find out the important regulatory and indicative molecules for AS and AI, we focused on the 302 genes for further analysis. By DEGs analysis and screening these genes with high connectivity, we found out ten hub genes including CD74, COL1A1, TXNRD1, CCND1, COL5A1, SERPINH1, BCL6, ITGA10, FOS, and JUNB. In terms of the expression levels for the ten hub genes, our results manifested that CD74, COL1A1, CCND1, COL5A1, SERPINH1, FOS, and JUNB were significantly up-regulated. Whereas those of TXNRD1, BCL6, and ITGA10 were obviously down-regulated. Although, transcriptional profiles of AS and AI pathological processes have been well parsed by Christina L. Greene et al. (14), the identification of highly correlated genes with the progression of AS and AI by systematic computerized algorithm remains unimplemented. Greene et al. used DEGs analysis only to screen for genes of interest, our analysis strategy may be more comprehensive and diverse. Our study may provide the relatively reliable molecular markers for mechanism researches, diagnosis, and treatment of AS and AI.

CD74 (MHC class II invariant chain, Ii), is a kind of type II transmembrane glycoprotein (30). CD74 functions in multiple biological processes and disease types, including lung adenocarcinoma (31), kidney disease (32), spondyloarthritis (33), colitis (34), etc. Collagen type I alpha 1 chain (COL1A1) and collagen type V alpha 1 chain (COL5A1) are the members of collagen family (35), mainly involved in various courses of tumor development, such as hepatocellular carcinogenesis and metastasis (36), immune infiltration in mesothelioma (37), metastasis of lung adenocarcinoma (38), tumor progression in ovarian cancer (39). Thioredoxin reductase 1 (TXNRD1) is a member of the thioredoxin system, regulating hepatocellular carcinoma (40), epilepsy (41), osteosarcoma (42). Cyclin D1 (CCND1) functions as a regulator of CDK kinases and regulates the cell-cycle during G1/S transition (43). Serpin family H member 1 (SERPINH1) is a member of the serpin superfamily of serine proteinase inhibitors and binds specifically to collagen, has been identified acting in gastric cancer metastasis (44) and proliferation and migration of retinal endothelial cells (45). B cell lymphoma 6 (BCL6) is a recognized sequence-specific transcriptional repressor and critical for regulating germinal centers homeostasis (46). Integrin subunit alpha 10 (ITGA10) is a receptor for collagen, has been supposed to be the prognostic biomarker for skin cutaneous melanoma and ovarian cancer (47, 48). Fos proto-oncogene, AP-1 transcription factor subunit (FOS) has been uncovered adjusting cell proliferation, differentiation, and transformation (49). JunB proto-oncogene, AP-1 transcription factor subunit (JUNB) is a member for AP-1 complex, has been identified as the cell proliferation inhibitor and senescence inducer (50), which involves in the regulation of oral squamous cell carcinoma (51) and osteoarthritis (52), etc. However, the molecular functions for these ten hub genes identified by our study in aortic valve were still unclear. Our study provided the feasible molecular bases for the mechanism research or clinical diagnosis and treatment targeting AS and AI, whereas the specific role for these molecules in AS and AI should be further confirmed using in vitro or in vivo experimental models of AS and AI. Collectively, we identified the key signaling pathways and hub genes (CD74, COL1A1, TXNRD1, CCND1, COL5A1, SERPINH1, BCL6, ITGA10, FOS, and JUNB) in AS and AI pathological processes, which may become the potential indicative biomarkers or important regulatory targets in AS and AI pathogenesis. Our findings probably provided the vital theoretical foundation for AS and AI study in the future.
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0.0%, p = 0.873
65.9%, p = 0.087
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Source Country
Cohort study

Makshood etal. (10) ~ America
Afshar et al. (36) Denmark
Caoetal. (27) America
Zheng et al. (28) UK
Case-control study

Glader et al. (37) Sweden
Vongpromek et al. (38)  Netherlands.
Nsaibia et al. (41) NA
Wilkinson et al. (39) America

Age, mean

59.3
58
615
59.2

60
51
il
75

Female,%

57
56
53.7
55.1

40.6
372
35
47

Median of
follow-up

Participants

695
29016
4,678
17,745

202
129
300
166

Events (cases)

74
324
582
403

101
50

150
124

Specific
outcome

AVC
AVS
AVC
AVS

AVS
AVC
AVS
AVS

CAD, coronary artery disease; AVC, aortic valve calcification; AVS, aortic valve stenosis; AVR, aortic valve replacement: NA, information not available.

Diagnosis of CAVD

cT

ICD-8,~10 code
CcT

ICD-10 code

AVR

cr

NA
Echocardiography
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Ip(a) 50 mg/dL
group

Source

Makshood et al.
(0

Afshar et al. (36)
Caoetal. (27)

Zheng et al. (28)

Glader et al.
@
Vongpromek
etal. (38)
Nsaibia et al. (41)

Risk estimates
(95% CI)

OR 1.56 (0.71-3.37)

RR 1.95 (1.94-197)
RR 1.4 (1.21-1.72)

HR 1.70 (1.33-2.19)

OR3.4 (1.1-11.2)

OR2.03(0.80-5.18)

OR4.19
(0.88-19.89)

Ip(a) 30
mg/dL group

Source

Makshood
etal. (40)
Caoetal. (27)
Glader et al.
@7
Vongpromek
etal (38)
Wilkinson et al.
©9)

Risk estimates
(95% Cl)

OR 1.45 (0.77-2.74)

RR 1.38 (1.18-1.62)
OR 1.7 (0.8-39)

OR 1.80 (0.88-3.70)

RR 0.93 (0.78-1.15)

RR, risk ratio; HR, hazard ratio; OR, odds ratio; 95%Cl, 95% confidence interval.
aThis study used 48 mg/dl as the threshold values, we classified it as Ip(a) 50 mg/dl group.
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Al patients n HGn =752 NFLG n =492 LFLG n = 147 p-value

=12391 (54.1%) (35.4%) (10.5%)
Females, n (%) 744 (53.6) 393 (62.9) 272 (65.4) 79 (54.5) 0560
Age, years [mean (SD), median, IQR] 74.5 (10.9) 74.3(10.8) 74.4(11.3) 76.0 (10.4) 0.156
77 (70-82) 76 (69-82) 77 (70-81) 78 (73-82)
Body surface area, Kg/m? 18002 18(0.2) 17002 1.8(0.2) 0834
Weight, Kg 72.7 (13.3) 730 (13.3) 714 (12.1) 76.6 (15.6) <0.001
Height, cm 1603 (9.6) 1606 (9.9) 159.7 (8.8) 1603 (10.3) 0264
Hypertension, n (%) 1,120 (80.5) 601 (79.9) 403 (81.9) 116 (78.9) 0584
Dyslipidaemia, n (%) 799 (57.4) 431(67.9) 284 (57.7) 84 (57.1) 0.987
Diabetes, n (%) 456 (32.8) 254 (33.8) 147 (29.9) 55(37.4) 0.157
Smoking status, n (%) 270 (19.4) 169 (22.5) 80(16.3) 21(143) 0.007
Coronary disease, n (%) 320 (23.0) 165 (22.0) 121 (24.6) 34(23.1) 0550
COPD, n (%) 172 (12.4) 93 (12.4) 65(13.2) 14 (9.5) 0513
Baseline symptoms, n (%) 777 (65.9) 438 (68.2) 256 (52.0) 83(56.5) 0.007
Follow-up, months (IQR) 59.0 (30.7-82.9) 593 59.4 (43.5-79.8) 55.6 0286
(88.4-84.6) (36.6-76.5)

AS, aortic stenosis; COPD, chronic obstructive pulmonary disease; HG, high gradient; IQR, interquartile range; LFLG, low-flow low-gradient; NFLG, normal-flow low-gradient; SD,
standard deviation. For continuous variables mean and SD was expressed [mean (SD)].
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All patients HG n =752 NFLGn = LFLG n = 147 p-value

n=1391 (54.1%) 492 (35.4%) (10.5%)

Maximum aortic jet velocity, m/s 4403 5.1(0.7) 36(0.9) 35(0.4) 0,035
Mean aortic gradient, mmHg 420 (14.0) 51.6(11.5) 31.2(5.4) 29.2(6.7) <0.0012%
WOT, mm 2.04(0.17) 2.04(0.17) 2.04(0.15) 1.97 0.18) <0001>¢
WOT VT, cm 233(4.7) 24(5.0) 236(38) 18.43.7) <000122
SVi, mi/m? 432(0.1) 447 (9.6) 445(6.2) 30.8(3.9) <000152
AVA, cm? 0.79 (0.16) 0.73(0.16) 0.89 (0.09) 0.74(0.14) <0.0012¢
Dimensionless index 024 (0.05) 0.22(0.05) 027 0.04) 025 (0.06) <0.0012b°
Severe aortic valve calcification, n (%) 717 (64.1) 488 (67.7) 186 (38.7) 4(85.0) <000122
Bicuspid aortic valve. n (%) 156 (11.5) 83(119 59(123) 9(65) 0.008°°
LVEDD, mm 46.0(6.7) 46.3(6.8) 457 (6.0) 452(7.5) 0059
LVESD, mm 29.0(6.2) 292(6.2) 28.8(6.0) 29.2(66) 0062
VS, mm 137 (2.4) 14.2 (2.4) 18.4 (2.4) 13.4(25) <0001e>
PW, mm 12.3 (2.1) 12.6 (2.1) 11.8 (2.0) 12.1(2.2) <0.0012%
LVEF, % 64.8(7.2) 65.0(7.9) 645 (7.1) 64.6(7.7) 0228
LVEF 50-55%, 1 (%) 63 (4.5%) 31(4.1) 21(4.9) 1(7.5) 0200
LV mass, g/m* 130.5 (42.5) 1397 (41.7) 1209 (41.7) 118.1 (38.8) <0.0012
Efe’ 14.7 (7.4) 14.6 (8.0) 14.8(7.3) 14.7 (6.4) 0.881
LA volume, mf 725 (36.7) 71.6(26.0) 738 (49.6) 74.0(40.7) 0510

AS, aortic stenosis; AVA, aortic valve area; COPD, chronic obstructive puimonary diseese; HG, high gradient; IQR, interquartie range; IVS, interventricular septumy; LA, left atrium.
LFLG, low-flow low-gradiient; LVEDD, left ventricie end diastolic diameter; LVEF, loft ventriculer ejection fraction; LVESD, left ventricle end systolic diameter; LVOT, left ventricie outfiow
tract; NFLG, normal-fiow low-gradient. PW, posterior wall: SD, standard deviation; SV indexed systolic volume; VI, velocity-time integral. For continuous variables mean and SD was
expressed [mean (SD)]. a, significant differences between HG and NFLG; b, significant differences between HG and LFLG; ¢, significant differences between NFLG and LFLG.
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No

Type of instruments

“The Minnesota Living with Heart Failure
Questionnaire (MLHFQ).

Includes 21 formal questions and describes.
physical, emotional and socioeconomic aspects of
quality of fe related to a specific disease. Emotional
(five questions; range 0-25), physical (eight
question; range 0-40).

Medical Outcomes Study Short Form-12

(SF-12) questionnaire.

Includes 12 items capturing eight domains of
self-rated health status of physical component
summary (PCS) and a mental component
summary (MCS).

EuroQol 5 Domains (EQ-5D)

Provides information on patient's general health
status involving usual activity, mobility, self-care,
pain, anxiety and depression, as well as visual
analogue scale as a second component.

The World Health Organization Quality of Life
Instrument WHOQOL-BREF (an abbreviated version
of the WHOQOL-100).

Responses ilustrate experiences in the preceding
2 weeks.

Health status
assessed

Cardiac- or
disease-specific

Generic

Generic

Global perspective
of qualty of e
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MVRm MVRb P-value

(n =300) (n =300)
Mortality 1(03) 1(0.3) 1.000
Stroke 2(0.7) 0(0.0) 0.249
Major bleeding events 2(0.7) 0(0.0) 0.499
Acute idney injury 2(0.7) 0(0.0) 0.499
Respiratory failure 3(1.0 0(0.0) 0.249
Heart failure 3(1.0 0(0.0) 0.249
Readmission 2(0.7) 2(0.7) 1.000
Re-exploration for bleeding 5(1.7) 3(1.0 0725
Deep wound infection 3(109 3(1.0 1.000

Data are given as n (%) except where otherwise noted. MVRm, mechanical mitral vaive
replacement; MVRb, bioprosthetic mitral valve replacement.





OPS/images/fcvm-09-904958/fcvm-09-904958-t002.jpg
Age, [mean (SDJ], y
Male sex

NYHA dlass lI-V

Emergent or urgent admission status
History of mitral valve ballon dilation
Hypertension

Diabtes melitus

Hyperlipidaemia

Endocarditis o sepsis

Chronic obstructive pulmonary disease
Peripheral vascular disease
Cerebrovasoular disease

Heart failure:

Chronic kidney disease

Liver disease

Cancer

Pulmonary artery systolic pressure (=50 mmHg)
Coronary artery disease

Without coronary artery disease
Without prior revascularization

Prior PCI

Arthythmia

Atrial fibrilation

Other type of arrhythmia
Concomitant procedures

Tricuspid valve repair

Atrial fibrilltion radiofrequency ablation
Atrial thrombectomy

Year of surgery

2010

2011

2012

2013

2014

MVRm
(n =300)

6160 (4.58)
73 (24.8)
100(33.3)
51(17.0)
25(8.9)
62(207)
27(9.0
79 (26.3)
0(0.0)
4(1.3)
3(1.0)
53(17.7)
1(03)
2(07)
2(07)
0(0.0)
30 (10.0)

294 (98.0)
5(1.7)
103)

208 (69.9)
144.7)

233(77.7)
80 (26.7)
62(20.7)

36 (12.0)
55 (183)
56 (18.7)
78 (26.0)
75 (25.0)

MVRb
(n =300)

6178 (4.82)
77@5.7)
106 (35.9)
52(17.3)

19(6.9)
65(21.7)
32(10.7)
67 (22.3)
0(0.0)
501.7)
40139
47 (15.7)
1(0.3)
103)
2(07)
103)
30(10.0)

203(07.7)
79
0(0.0)

198 (66.0)
20(6.7)

224 (74.7)
78(26.0)
56 (18.7)

61(20.3)
48(16.0)
20(97)
51(17.0)
111(37.0

SMD, %

38
3.1
4.2
09
83
2.4
53
95
0.0
2.6
29
55
0.0
59
0.0
59
0.0

0.0

70
8.1

6.9

15
5.1

0.4

P-value

0.627
0.777
0.667
1.000
0.434
0.842
0.683
0.295
1.000
1.000
1.000
0.584
1.000
1.000
1.000
1.000
1.000

0.513

0.432
0.377

0.443

0.926
0.608

0.956

Data are given as n (%) except where othenwise noted. MVRm, mechanical mitral vave replacement; MVRb, bioprosthetic mitral valve replacement; SMD, standardized mean difference;
PCI, percutaneous coronary intervention; NYHA, New York Heart Association.
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Age, [mean (SD)], y
Male sex
NYHA class lil-V

Emergent o urgent
admission status

History of mitral valve ballon
dilation

Hypertension
Diabetes melitus
Hyperlipidaemia
Endocardiis or sepsis

Chronic obstructive
pulmonary disease

Peripheral vascular disease
Cerebrovascular disease
Heart failure

Chronic kidney disease
Liver disease

Cancer

Pulmonary artery systolic
pressure (50 mmHg)

Coronary artery disease
Without coronary artery
disease

Without prior
revascularization

Prior PCI

Arrhythmia

Atrial fibrillation

Other type of arrhythmia
Concomitant procedures
Tricuspid valve repair

Atrial fibrilation
radiofrequency ablation

Atrial thrombectomy
Year of surgery
2010

2011

2012

2013

2014

Al patients
(n=1,691)

58.0(5.1)
398 (23.5)
510(302)
339 (20.0)

101 (6.0)

286 (16.9)
182 (7.8)
311 (18.4)
2(0.1)
17(1.0)

39(23)
206 (13.4)
4(02)
4(02)
17 (1.0)
6(0.4)
254 (15.0)

1,636 (96.8)

52(3.1)

302

1,217 (72.0)
108 (6.1)

1,300 (76.9)
380 (19.5)

328(19.4)

272 (16.1)
314 (186)
285 (16.9)
414 (24.5)
406 (24.0)

MVRm
(n=17384)

57.1(48)
319 (23.0)
402 (29.0)
286/(20.7)

82(5.9)

217 (16.7)
98 (7.1)
240 (17.3)
2(0.1)
12(09)

35(2.5)
178 (12.9)
3(02)
3(02)
15(1.1)
5(0.4)
223(16.1)

1,336 (96.5)

4533)

3(0:2)

1,016 (73.4)
83(6.0)

1,071 (77.4)
249 (18.0)

270 (19.5)

209 (15.1)
266 (19.2)
255 (18.4)
362 (26.2)
292 (21.1)

MVRb (1 = 307)

61.9(4.9)
79(25.7)
108 (35.2)
53(17.3)

19(62)

69 (22.5)
34(11.1)
71(23.1)
000
5(16)

4(1.3)
48(15.6)
103)
103)
2(07)
108
31(10.1)

300 (97.7)

703

0(0.0)

201 (65.5)
20(6.5)

220 (74.6)
81(26.4)

58(18.9)

63(20.5)
48(15.6)
30(9.8)
52(16.9)
114 (37.1)

SMD, %

98.8
6.1
128
9.0

163
127
137
4.2
6.0

108
76
19
19

5.4

0.6

20.0

9.4

16.7
21

6.4
19.0

9.8

P-value

<0.001
0.353
0.040
0.205

0.965

0.005
0.025
0.022
1.000
0.371

0.278
0.230
1.000
1.000
0711
1.000
0.010

0.479

0.006
0.833

0.330
0.001

0.867

0111

Data are given as n (%) except where othenwise noted. VR, mechanical mitral valve replacement; MVRb, bioprosthetic mitral valve replacement; SMD, standardized mean difference;

PCI, percutaneous coronary intervention; NYHA, New York Heart Association.
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Variable

Anesthesia
General
Local
Access site
Transfemoral
Transapical
Other

Prosthesis size (mm)

Valve type
CoreValve

Boston Lotus

EvolutR

Edwards Sapien

Edwards Sapien XT
Edwards Sapien 3

Old generation®

New generation®
Self-expandable®
Balloon-expandable?
Device success
Procedure complications
Post-dilatation due to PVL
Second valve implantation
Conversion to surgery
Annular rupture

In-hospital mortality
Life-threatening or disabling bleeding
Major vascular complication*
Stroke

New pacermaker
Post-TAVI echocardiography
Ejection fraction, %

Peak AV gradient, mm Hg
Mean AV gradient, mm Hg
Paravalvular leak type 3 or 4

*According to VARC.

TAV
(n=3%)

260 (67%)
130 (33%)

320 (82%)
35(9%)
35(9%)

58 (15%)
92%)
140 (36%)
5(1%)
158 (41%)
19 (5%)
1(0.3%)

144 (37%)
44.(11%)
71(18%)
61(16%)
24/(6%)
46 (12%)
273 (70%)
117 (30%)
259 (66%)
131 (34%)
370 (95%)

90 (28%)
4(1.0%)
1(0.002%)
0(0.0%)
8(2.1%)
26(7%)
33(9%)
9(2%)
54(14%)

52 (45-60)
19 (14-26)
10 (7-14)
7%

BAV
(n=130)

89 (68%)
4132%)

112 (86%)
5(4%)
13 (10%)

21 (16%)
3(2%)
26 (20%)
4(3%)
58 (45%)
16 (12%)
2(1.5%)

39 (80%)
20 (15%)
37 (28%)
2 (2%)
8(6%)
24 (18%)
73 (56%)
57 (44%)
96 (74%)
34 (26%)
125 (96%)

33 (25%)
2(1.5%)
0(0.0%)
1(0.01%)
3(2.3%)
7(5%)
7(6%)
7(6%)
20 (15%)

55 (50-60)
17 (12-28)
9(7-13)
2(2%)

aCoreValve, Boston Lotus, Edwards Sapien, Edwards Sapien XT.
bEvolutR, Symetis Accurate, Edwards Sapien 3.

“CoreValve, Boston Lotus, EvolutR.

IEdwards Sapien, Edwards Sapien XT, Edwards Sapien 3.

0.706
0.706

0.280
0.057
0.726

0.724
1.000
<0.001
0.174
0.411
0.003
0.004

0.152
0218
0.013
<0.001
1.000
0.054
<0.001
<0.001
0.115
0.116
0.554

0.692
0.635
0.563
0.083
0.863
0.604
0.254
0079
0.664

0.101
0.097
0.165
0.846
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Variable

Baseline characteristics

Age (years),

Gender (male)

BMI (kg/m?)

Co-morbidities

Hypertension

Diabetes melltus

Prior stroke/ TIA

Coronary artery disease

Myocardial infarction within the last 90 days
Prior cardiac surgery

Peripheral artery disease

Prior pacermaker

copp

Pulmonary hypertension

Heart failure (NYHA I11V)
EuroSCORE Il (%)

Laboratory data

Hemoglobin, g/dL.

Creatinine, mg/dL.

Estimated GFR, mU/min/1.73 m?
Echocardiography before TAVI
Ejection fraction, %

Mitral insufficiency (moderate/severe)
Tricuspid insufficiency (moderate/severe)

TAV (n = 1,264)

81 (76-84)
692 (65%)
268 (24.0-30.1)

868 (69%)
445 (35%)
145 (11%)
754 (60%)

38(3%)
256 (20%)
343 (27%)
203 (16%)
233 (18%)
175 (14%)
983 (78%)

4.1% (2.7-6.8%)

12.0(10.3-18.2)
1.1(0.9-1.4)
55 (43-65)

55 (47-60)
228(18%)
268 (21%)

Before PS matching

BAV (n = 139)

79(73-83)
82 (59%)
27.05 (23.9-30.00)

90 (65%)
40 (29%)
16 (12%)
78 (56%)
1(1%)
27 (19%)
24 (17%)
16 (12%)
25 (18%)
19 (14%)
112 (81%)
3.5% (2.5-5.2%)

12.7 (11.0-13.6)
1.4(09-1.3)
58 (47-78)

56 (43-60)
43 (31%)
32 (28%)

P

0.002
0.369
0.690

0346
0.130
0.989
0.420
0.120
0.817
0.012
0.161
0.897
0.956
0.448
0.040

0.003
0.765
0.020

0.113
0.001
0.620

After PS matching
TAV (n = 390) BAV (n = 130)
80 (76-84) 79 (74-82)
198 (51%) 78 (60%)
26.4(23.6-30.1) 27.0(24.0-30.0)
270 (69%) 81 (62%)
108 (28%) 45 (35%)

63 (16%) 15 (12%)
219 (56%) 75 (58%)
8(2%) 1(1%)

52 (13%) 24 (18%)

86 (22%) 24 (18%)

60 (156%) 16 (12%)

69 (18%) 31 (24%)

46 (12%) 19 (15%)
300 (77%) 105 (81%)

3.8% (2.8-6.5%) 3.6% (2.6-5.1%)

12.3(11.2-13.4) 127 (11.0-13.6
12(10-15) 1.1(09-1.9)
56 (40-65) 57 (47-74)
55 (40-64) 55 (41-60)
96 (25%) 31 (24%)
103 (26%) 30 (23%)

0.136
0.068
0477

0.144
0.134
0.202
0.094
0.332
0.152
0.385
0.739
0.123
0.399
0.360
0.171

0.761
0213
0.101

0.193
0.885
0.451
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Peak 0?

MWD
NT-proBNP

QRS duration (ms)
Max gradient (mmHg)
TAPSE

RVD

TR velocity

RAD

RVFAG

RVEDVI (ml/m?)
RVEF (%)

PR fraction (%)

Pre-operation

14.5+3.8
416.6 £97.9
1,266 £ 1,415
1145214
256 +222
156 +£0.38
5.27 £0.90
3.30 £0.62
531£1.13
328+ 10.2
181.6£29.0
203+75
533+ 13.0

3 months

308+9.1
4559 + 64.6
929 + 936
1118+ 16.2
10.64 + 3.64
1.68+0.36
4.66 + 0.86
3.08 £ 0.47
4.48 +0.80
368+ 10.7
143.7 £29.7
31.6+£66
12+24

1year

343+ 104
467.8 +61.2
806 + 727
112.4 + 189
11.16 £ 30
1.60 £0.36
4.48 £0.63
3.00 £0.52
4.49£0.70
37379
1234 £312
327+46
07+18

t1

9.902
3.478
1.243
0.530
3.361
1.067
4.205
2.348
5.128
1.823
8.445
9.429
19.08

p1

<0.001
0.002
0.228
0.602
0.003
0.208
<0.001
0.034
<0.001
0.083
<0.001
<0.001
<0.001

2

8.333
4370
1.799
0.700
2963
0.405
4.966
2501
5914
2314
12.61
10.59
17.59

p2

<0.001
<0.001
0.088
0.493
0.008
0.690
<0.001
0.031

<0.001
0.032
<0.001
<0.001
<0.001

BMWD, six-minute walk distance; TAPSE, tricuspid annular plane systolic excursion; RVD, Right ventricular diameter; TR, tricuspid regurgitation; RAD, right atrial diameter; RVFAC,
right ventricle fraction of area change; RVEDVI, right ventricular end diastolic volume index; RVEF, right ventricular ejection fraction; PR, pulmonary regurgitation. t1, paired t test of
pre-operation vs 3-month follow-up; t2, paired t-test of pre-Implant vs. 12-month follow-up.





OPS/images/fcvm-09-887886/fcvm-09-887886-t003.jpg
Pre-operation Post-operation t P

RVP/LVP 0.32£0.08 0.26 £0.53 3.682 0.001
PASP (mmHg) 31.1£55 820£55 1.082 0.292
PADP (mmHg) 58+3.1 11.3+£25 6.754 <0.001
mRAP (mmHg) 7.7+35 6.1+26 2773 0.011
RVEDP (mmHg) 98+38 75+24 3.138 0.005
PA-RV gradient (mmHg) 41+75 23+33 1.066 0.298

RVR, right ventricular pressure; LVR left ventricular pressure; PASP, pulmonary artery systolic pressure; PADP, pulmonary artery diastolic pressure; mRAP, mean right atrial pressure;
RVEDR right ventricular end diastolic pressure; PA-RV, pulmonary artery-right ventricular.
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Distal MPA
MPA sinus junction
MPA sinus
Pulmonary annulus
RVOT aneurysm
Muscular outlet

MPA, main pulmonary artery; RVOT, right ventricular outflow tract.

Systolic diameter
(mm)

33.6£6.1
340+568
379£60
324£73
419+93
34.4+£80

Systolic distance
from
bifurcation (mm)

0
182473
290£85
39.6+£9.7

54.7 £10.3
643+ 124

Diastolic diameter
(mm)

300+56
306+59
355+£65
31171
389+78
360+7.0

Diastolic distance
from bifurcation
(mm)

0
165+54
25677
36.2+9.7

50.7 £105
59.7 £14.0
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Male

Age (year)

Height (cm)
Weight (ko)

BMI (kg/m?)
Diagnosis

rTOF Age (year)

Surgeries Experienced

17/22

31.0£92
10-20

21-30

31-40

>40

1668+ 9.6
579+ 108

207 £27

PR, rTOF

PR, PATOF)

PR, TOF41VSD
PR, rTOF+TVR
PR, TOF-+AVR
PR, TOF+RVOTO
106:+9.1

<3

3-10

11-20

Baseline Characteristics (n = 22)

() Years between TOF repair and TPVR (year)
RVOT Type

2

8

10 Symptoms

Atrial fibrillation/atrial flutter

8 Hypertension
3 Tobacco use
7 Diabetes
1 Ghronic obstructive Pulmonary disease
1 Chronic renal failure
2 Stroke
Operation time (mir)
5 Radiation time (min)
9 Contrast dosage (mikg)
6 Hospital stay (c)
2 Valve Size
13
6
3

204 +82

Native TAP
Condut

Native Non-TAP
Chest tightness
Edema
Dyspnea
Palpitation

66.5+ 163
249+84
20+07
51£17
44-26
40-26
36-26
32-23
28-20

3

~ o e N g

>

coocow =~

w s 0o~

BMI, body mass index; PR, pulmonary regurgitation; rTOF, repaired Tetralogy of Falot; rPA, repaired pulmonary atresia; 1VSD, residual ventricular septal defect; TVR, tricuspid valve
replacement; AVR, aortic valve replacement; RVOTO, right ventricular outflow tract obstruction; RVOT, right ventricular outflow trect; TPVR, transcatheter pulmonary vaive replacement;

TAR trans-annular patch.





OPS/images/fcvm-09-887886/fcvm-09-887886-g003.gif
waseune

Valve Regurgitation

awon

A

awon

N - -
3 I

i

12mon





OPS/images/fcvm-09-887886/fcvm-09-887886-g002.gif
VOTMPA e

MPA sinus N
e s

Y s ot
ncion

o ™ w0 w
Ditanc rom sl M)

I

daile

-w





OPS/images/fcvm-09-887886/fcvm-09-887886-g001.gif





OPS/images/fcvm-08-799285/crossmark.jpg
©

2

i

|





OPS/images/fcvm-08-799285/fcvm-08-799285-g001.gif
Py






OPS/images/fcvm-08-799285/fcvm-08-799285-g002.gif





OPS/images/fcvm-08-783507/fcvm-08-783507-t001.jpg
Variables N=26

Age, years 75374
Female 18 (69.2)
Body mass index, Kg/m? 228436
NYHA class lll 15 (57.7)
NYHA class IV 11 423)
8TS, % 123+83
Hypertension 16 (61.5)
Diabstes melitus 6(23.1)
Stroke 3(11.5)
Atral fibrilation 17 (65.4)
Chronic lung disease 138
Anemia 8(308)
Prior CABG 1(3.8)
Second redo cardiac surgery 1(3.8)
Pulmonary Edema 2(1.7)
ECMO 1(3.8)
Emergency surgery 3(11.5)
Mitral bioprosthetic dysfunction

Duration, years 11.0+£26

Regurgitation 21 (80.8)

Stenosis 4(15.4)

Combination 1(3.8)
Tricuspid regurgitation

Moderate 7(269)

Severe 9(34.6)
LA diameter, mm 548+ 10.0
PASP, mmHg 618173
LVEF, % 634458

INYHA, New York Heart Association; STS, Society of Thoracic Surgeons; GABG, coronary
artery bypass grafting; ECMO, extracorporeal membrane oxygenation; LA, left atrium;
PASP, pulmonary artery systolic pressure; LVEF, left ventricular ejection fraction. Values
are mean  SD or n (%).
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Pt Failed Age Failure Label True ID s3 J-Valve Oversizing Balloon Peak/Mean MR grade

prosthesis year Mode size mm size size mm mm Dilatation transvalvular (0-4)
type mm by app gradient, mmHg
s3 J-Valve Pre Post Pre Post Pre Post
1 Hancock I 10 MR 27 22 23 2 +1 +3 NO YES 34/14 10/5 4 1
2 Perimount 10 MR 25 23 2 23 +3 9 NO YES 20114 14/5 4 1
3 Hancookll 10 M 27 2 23 2 +1 +3 YES YES 50/27 18/9 2 1
4 Epi 10 Ms 29 25 26 27 +1 +2 YES YES 45/21 177 1 0
5 Hancockll 12 MR 27 22 23 23 +1 + NO YES 25/9 106 4 1
6  CEStandard 7 MR 27 23 2 23 +3 0 NO YES 27114 106 4 1
7 Hancock Il 10 MR 29 24 26 25 +2 +1 NO YES NA 775 4 1
8 Hancookll 13 MR 29 24 2 25 +2 +1 NO YES 21/9 73 4 1
9 Hancockll 11 MR 27 22 23 2 +1 +3 NO YES 3NA  28/NA 4 0
10 Perimount 15 'S 27 25 2 25 +1 9 YES YES AUNA - 14NA 2 1
11 Hancookll 11 MR 27 22 23 2 +1 +3 NO YES NA 6/4 4 0
12 Hancock Il 10 MR 29 24 26 25 +2 +1 NO YES 29/6 11/4 4 0
13 Perimount 17 MS + MR 27 2 2 23 +1 -2 YES YES 29NA  Q.O/NA 2 1
14 Epe 14 MR 29 25 26 25423 +1 0 NO YES 38/18 22/9 4 1
15 Perimount 15 Ms 27 2 2 2 +1 o YES YES 40/23 6/3 1 1
16 CE Standard 9 MR 29 25 26 25 +1 0 NO YES 15/7 6/4 4 1
17 Epic 8 MR 27 23 26 25 +3 +2 NO YES 219 774 4 1
18 Epe 11 MR 27 23 2 23 +3 0 NO YES 19/8 12/7 4 1
19 Hancockll 11 MR 27 22 23 23 +1 +1 NO YES 19017 10/5 4 1
20 Hancookll 10 MR 29 24 26 25 +2 +1 NO YES NA NAV4 4 1
21 Hancockll 13 MR 29 24 2 2 +2 +1 NO YES 1377 o4 4 1
22 Epi 6 MR 27 23 2 23 +3 9 NO YES 16/9 116 4 1
23 Perimount 15 MR 27 25 2 2 +1 o NO YES 16/7 13/5 4 1
24 Hancockll 10 MR 27 2 23 23 +1 +1 NO YES 18/10 16/9 4 1
25 CEStandard 8 MR 29 2 2 2 +1 0 NO YES 29/9 10/4 4 1
26 Hancockll 10 MR 25 205 23 23 +25 +25 NO YES 16/7 13/9 4 1

PT, patient; ID, internal diameter; S3, Sapien 3 (Edwards Lifesciences Incorporation, Irvine, Calfornia, USA); THY, transcatheter heart valve; MR, mitral regurgitation; CE, Carpentier-Edwards; NA, not available; MS, mitral stenosis; grade
(0-4): 0 = none; 1 = trace; moderate; 4 = severe.
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Variables

Procedural details
Transapical access.
JValve
THV size strategy
Oversizing
“True sizing”
Downsizing
MVARC technical success
Simultaneously TAVR
Contrast dose, ml
Procedural complications
Conversion to surgery
Need for second THV implantation
Dislocation
LVOT obstruction
Left ventricular perforation
30-day outcomes
Peak MVG, mmHg
Mean MVG, mmHg
Mitral valve regurgitation = mild
Death
Device-related death
Myocardial infarction
Stroke
Permanent pacemaker implantation
Access site complication
Life-threatening Bleeding
Acute Kidney injury
Stage 1
Stage 2 or 3

Length of post-procedural hospital stay, days

Cardiovascular rehospitalization
Noncardiovascular rehospitalization
NYHA class > Il

26 (100)
26 (100)

15 (67.7)
9(34.6)
138
25(96.2)
1(3.8)
40 (20,140)
1(3.8)
0
138
0
0
0

11561
58+27
0
138
0
0
0
0
13.8)
138
13.8)
138
0
8(4,30)
0
138
0

THV, transcatheter heart valve; “true size: the size of transcatheter heart valve equal to the
internal diameter of a deteriorated prosthesis; MVARC, Mitral Valve Academic Research
Consortium; TAVR, transcatheter aortic valve replacement; LVOT, left ventricular outflow
tract; MVG, mitral valve gradient; NYHA, New York Heart Association. Values are mean

SD, n (%) or median (min, max).
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Variables N=25

All-cause death 4(16.0)
Device-related death 0
Stroke 3(12.0)
Ischemic stroke 1(4.0)
Hemorrhagic stroke 2(80)
Access site complication 1(4.0)
Valve-related reintervention o
Device embolization o
New dialysis requirement 0

New pacemaker implantation o
Mitral vaive regurgitation > mild 0
Peak MVG, mmHg 169:£56.2
Mean MVG, mmHg 6427
LVEF, 632+ 4.6
PASP, mmHg 424104
Cardiovascular rehospitalization 1(4.0)
NYHA class > lil 0

MVG, miteal vaive gradient; LVEF left ventricular ejection fraction; PASR, pulmonary artery
systolic pressure; NYHA, New York Heart Association. Values are mean + SD or n (%).
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ID (mean NCC-LCC), mm
Target ID reached
Symmetric valve deployment
30-day mortality

Major bleeding

Major vascular complications
Stroke

AKI I-IIT

New RRT

New PPI

New LBBB

New-onset AF

Need for valve-in-valve procedure
dPmean, mmHg

dPmax, mmHg

PVL > I°

In-hospital stay, days

ICU stay, days

Values are mean + SD or 1 (%).

Total (n = 300)

—46+26
157 (52.3)
154 (52.7)
1(0.3)
30 (10.0)
32(10.7)
10(3.3)
39 (13.0)
3(1.0)

34 (12.4) (n = 276)
50 (14.1) (n = 281)
6(2.9) (n=210)
2(1.3)
73+£33
131£6.1
10(3.3)
94+56
20£17

COT (n =150)

—42+427
71(47.3)
92 (61.3)

0(0.0)
11 (12.0)
20 (13.3)

7(47)
16 (10.7)

0(0.0)

11 (8.0) (n=138)
18 (12.8) (n = 141)
3(2.9) (n=105)
2(1.3)
73434
132463
6 (4.0)
84+40
16414

Non-COT (n =150)

—49+23
86 (57.3)
66 (44.0)

1(0.7)
19 (8.0)
12 (8.0)

3(2.0)
23 (15.3)

3(2.0)

23 (16.8) (n=138)
32 (22.9) (n = 140)
3(2.9) (n=105)
0(0.0)
73433
13.0+58
4(2.7)
10.3+6.7
23418

P-value

0.007
0.083
0.003
0.317
0.124
0.135
0.198
0.230
0.082
0.028
0.027
0.999
0.156
0.972
0.767
0.520
0.007
< 0.001

AE, atrial fibrillation; AKI, acute kidney injury; dPmean/dPmax, mean/maximal transvalvular gradient; ICU, intensive care unit; ID, implantation depth; LBBB, left bundle branch block; LCC, left

coronary cusp; NCC, non-coronary cusp; PPI, permanent pacemaker implantation; PVL, paravalvular leakage; RRT, renal replacement therapy.
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Prosthesis size 23 mm
Prosthesis size 26 mm
Prosthesis size 29 mm
Prosthesis size 34 mm
Contrast agent, ml
Fluoroscopy time, min

Dose area product, Gy x cm?
Pre-dilatation

Post-dilatation

Resheathing

Valve dislocation

Mean area oversizing,%
Need for a second transcatheter valve
Coronary obstruction

Conversion to surgery

Values are mean + SD or 1 (%).

Total (n = 300)

4(13)
73 (24.3)
137 (45.7)
85 (28.3)

89.9 + 342
191477
4413 + 3288
136 (45.3)
42 (14.0)
114 (38.0)

4(0.1)
79474

2(1.3)

0(0.0)

0(0.0)

COT (n=150)

2(1.3)
36 (24.0)
73 (48.7)
38(25.3)

82.8+334
184+7.6

4951 + 3662
71 (47.3)
23(15.3)
71 (47.3)

2(0.1)
7.7+ 64

2(1.3)

0(0.0)

0(0.0)

Non-COT (n=150)

2(1.3)
37 (24.7)
64 (42.7)
47 (31.3)

96.9 +£33.6
198476
3875 + 2775
65 (43.3)
19 (12.7)
43 (28.7)

2(0.1)
81484

0(0.0)

0(0.0)

0(0.0)

P-value

0.999
0.893
0.297
0.249
< 0.001
0.023
0.005
0.487
0.506
< 0.001
0.999
0.643
0.156
0.999
0.999
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Age, years

Gender, male
BMI, kg/m?
NYHA class ITI/IV
CAD

Previous CABG
Previous valve surgery
Previous PPI
Previous LBBB
Previous RBBB
Atrial fibrillation
Arterial hypertension
Diabetes mellitus
PAD

Log ES_L, %

STS Score, %
LVEE %

cl

AVA, cm?
dPmean, mmHg
dPmax, mmHg

Annulus perimeter, mm

Annulus mean diameter, mm

AVC grading mild
AVC grading moderate
AVC grading severe
LVOT-Calcification

Values are mean + SD or 1 (%).

Total (n =300)

813 +£47
174 (58.0)
267 £47
214 (71.3)
212 (70.7)
30 (10.0)
2(0.7)
24 (8.0)
19 (6.3)
15 (5.0)
90 (30.0)
267 (89.0)
68 (22.7)
65 (21.7)
218118
45432
553 +13.1
23404
0.76 £0.2
39.7 +14.5
635+214
77.6£7.6
246+23
99 (33.0)
53 (17.7)
146 (48.7)
160 (53.3)

COT (n =150)

813+47
87 (58.0)
268 +5.0
108 (72.0)
104 (69.3)
12 (8.0)
1(0.7)
12 (8.0)
9 (6.0)
8(5.3)
45 (30.0)
129 (86.0)
32(21.3)
31(20.7)
209 +12.3
43+34
553+ 134
23405
075 +0.2
409 +142
654 % 20.0
775 +6.9
245422
47 (31.3)
28 (18.7)
75 (50.0)
80 (53.3)

Non-COT (n = 150)

813 +£47
87 (58.0)
265+43
106 (70.7)
108 (72.0)
18 (12.0)
1(0.7)
12 (8.0)
10 (6.7)
7 (4.7)
45 (30.0)
138 (92.0)
36 (24.0)
34 (22.7)
228+114
48+31
547 134
22405
077 £02
38.6 % 147
61.6 £22.0
774492
247425
54 (36.0)
30 (20.0)
66 (44.0)
80 (53.3)

P-value

0.999
0.999
0.826
0.799
0.612
0.248
0.999
0.999
0.813
0.791
0.999
0.097
0.581
0.674
0.061
0.062
0.793
0.643
0.527
0.119
0.087
0.759
0.524
0.392
0.770
0.298
0.999

AVA, aortic valve area; AVC, aortic valve calcification; BMI, body mass index; CABG, coronary artery bypass graft; CAD, coronary artery disease; CCS, Canadian cardiovascular society; CI,
cardiac index; dPmean/max, mean/maximal transvalvular gradient; LBBB, left bundle branch block; Log ES_I, logistic EuroSCORE I; LVEE, left ventricular ejection fraction; LVOT, left ventricular

outflow tract; MSCT, multislice computed tomography; NYHA, New York Heart Association; PAD, peripheral artery disease; PCI, percutaneous coronary intervention; PPI, permanent pacemaker

implantation; RBBB, right bundle branch block; RRT, renal replacement therapy.
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Age, years

Gender, male
BMI, kg/m?
NYHA class ITI/IV
CAD

Previous CABG
Previous valve surgery
Previous PPI
Previous LBBB
Previous RBBB
Atrial fibrillation
Arterial hypertension
Diabetes mellitus
PAD

Log ES_L, %

STS Score, %
LVEE %

CI

AVA, cm?
dPmean, mmHg
dPmax, mmHg

Annulus perimeter, mm

Annulus mean diameter, mm

AVC grading mild
AVC grading moderate
AVC grading severe
LVOT-Calcification

Values are mean + SD or 1 (%).

Total (n=759)

81.6£5.6
385 (50.7)
266 +£47
571 (75.2)
557 (73.4)
62 (8.2)
5(0.7)
102 (13.4)
60 (7.9)
44 (5.8)
293 (38.6)
681 (89.7)
176 (23.2)
156 (20.6)
228+137
49439
55.9 4 12.1
23405
0.74£02
39.0 +16.0
63.54+23.9
76673
243423
222 (29.3)
170 (22.4)
360 (47.4)
384 (50.6)

COT (n=170)

80.7 +6.4
97 (57.1)
269 +5.0
122 (71.8)
113 (66.5)
13(7.7)
1(0.6)
22 (12.9)
11 (6.5)
9(5.3)
50 (29.4)
147 (86.5)
38 (22.4)
35 (20.6)
208 +12.4
43+33
549 +13.8
23405
075 +0.2
412+ 144
67.0 +21.9
77.6 £7.0
246+22
45 (26.5)
35 (20.6)
89 (52.4)
94 (55.3)

Non-COT (n =589)

81.9+54
288 (48.9)
26646
449 (76.2)
444 (75.4)
49 (8.3)
4(0.7)
80 (13.6)
49 (8.3)
35 (5.9)
243 (41.3)
534 (90.7)
138 (23.4)
121 (20.5)
234+ 140
51441
563+ 11.6
22405
0.74£02
384+163
6254244
764+73
242423
177 (30.1)
135 (22.9)
271 (46.0)
290 (49.2)

P-value

0.018
0.061
0.377
0.235
0.021
0.778
0.897
0.829
0.787
0.750
0.005
0.113
0.770
0.990
0.020
0.008
0.290
0.339
0.862
0.038
0.108
0.051
0.100
0.366
0.521
0.145
0.164

AVA, aortic valve area; AVC, aortic valve calcification; BMI, body mass index; CABG, coronary artery bypass graft; CAD, coronary artery disease; CCS, Canadian cardiovascular society; CI, cardiac

index; COPD, chronic obstructive pulmonary disease; CVD, cerebrovascular disease; dPmean/max, mean/maximal transvalvular gradient; LBBB, left bundle branch block; Log ES_I, logistic
EuroSCORE [; LVEE, left ventricular ejection fraction; LVOT, left ventricular outflow tract; MSCT, multislice computed tomography; NYHA, New York heart association; PAD, peripheral artery
disease; PCI, percutaneous coronary intervention; PPI, permanent pacemaker implantation; RBBB, right bundle branch block; RRT, renal replacement therapy.
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Variables Overall (1 = 10)

Age (years) 799440
Male patients 7(70)
Body mass index (kg/m?) 249+48
NYHA IV 9(90)
Coronary artery disease 9(90)
Prior coronary artery bypass graft 0
Prior percutaneous coronary intervention 6(60)
Atril fibrilation 5(50)
Previous cerebrovascular event 1(10)
Peripheral vascular disease prohibiting TF-TAVR 10(100)
Gerebral vascular disease 1(10)
Diabetes melltus 26(31.9)
Renal insufficiency (GFR<60 ml/min/m?) 5(50)
GFR (ml/min/?) 5454243
Logistic EuroScore (%) 184497
EuroScore Il (%) 55£4.0
Society of thoracic surgeons score (%) 4324
Left ventricular ejection fraction (%) 420£108
Aortic valve area (om?) 075£02
Mean aortic pressure gradient (mmHg) 42.7 £204
Mean diameter axilary artery (mm) 67£079

Data are presented as mean = SD or number (%); NYHA, New York Heart Association;
GFR, glomerular filtration rate; TF-TAVR, transfemoral TAVR.
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Variables

Overall n = 10

Device success
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Procedure time TAVR (min)
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Contrast (ml)
Mean aortic pressure gradient post-TAVR (mmHg)
Length of postoperative hospital stay (days)
Total hospital stay (days)
Conscious sedation
Prior valvuloplasty
Annular rupture
Coronary obstruction
Valve size edwards sapien 3 (mm)
23
2
29
New permanent pacemaker
VARC-3 complications

VARC-3 bleeding complications (BARC-Bleeding complications)
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Type 4 (BARC 5a, 5b)
'VARC-3 vascular complications
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Major
Periprocedural severe fatal Stroke (VARG-3)

10(100)
9154363
3454163

8015
1160+ 39.8
115+42
9264
188490
0

0
0
0

1(10)
2(20)
1(10)

0
1(10)

Data are presented as mean  SD or number (%); NYHA, New York Heart Association;
GFR, Glomeruler fitration rate; BARC, Bleeding Academic Research Consortium; VARC-

3, Valve Academic Research Consortium.
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- Missing MSCT reconstruction (n=138)
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- Valve-in-valve procedures (n=78)

- Pure native aortic regurgitation (n=29)

n=771
Comparison of deployment strategy
n=759
| | 1
Cusp Overlap Technique (COT) Three-Cusp Coplanar View (Non-COT)
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Model 1 Model 2
HR 95% ClI P-value HR 95% CI P-value
EuroSCORE II 1.56 1.30-1.88 <0.001 1.59 1.32-1.92 <0.001
Preoperative [RV-GLS| 0.89 0.82-0.96 0.003
Postoperative [RV-GLS| 0.84 0.78-0.91 <0.001
Model 3 Model 4
HR 95% CI P-value HR 95% CI P-value
EuroSCORE I 1.64 1.37-1.97 <0.001 1.56 1.30-1.89 <0.001
Preoperative |biventricular GLS| 0.97 0.93-1.01 0.118
Postoperative |biventricular GLS| 0.93 0.89-0.98 0.005

Model 1: EuroSCORE Il + Preoperative |RV-GLS|.
Model 2: EuroSCORE Il + Postoperative |RV-GLS|.

Model 3: EuroSCORE Il + Preoperative |biventricular GLS|.
Model 4: EuroSCORE Il + Postoperative |biventricular GLS].

RV, right ventricle; |GLS|, absolute value of global longitudinal strain.
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Total With Without P-value
(n=111) outcome outcome
(n =24) (n=87)
Pre-op TTE
TR grade 0.194
Severe, n (%) 98 (88.9) 23 (95.8) 75 (86.2)
Massive, n (%) 13 (11.7) 128 12 (13.8)
Torrential, n (%) 0(0.0) 0 (0.0 0(0.0)
RV S, cm/s 10.6 + 3.1 9.3+28 11.0 £ 3.1 0.023
RV FAC, % 37.7+£10.2 31.7 £10.5 39.4 £9.6 0.001
|RV-GLS|, % 20.7 £6.5 16.0 £6.2 22.0+6.0 <0.001
|RV-FWS]|, % 21.3 £8.1 17074 225+7.9 0.003
RV EDA, mm 27.56+10.5 26.4 +£11.3 27.9+10.3 0.537
RV ESA, mm? 16.8 £ 6.4 17.9 £ 81 16.6 £5.8 0.375
VC Width, mm 9.7 £3.0 9.8+21 9.7 £3.2 0.791
RVSP, mmHg 424 +£11.2 46.0 £15.0 415+9.8 0.170
LV EF, % 61.7 £ 8.6 60.2 £9.4 62.2 +8.3 0.325
|LV-GLS], % 18.7 £3.9 18.0+4.7 189 +3.6 0.351
LV EDD, mm 475 +6.9 50.0 £7.7 46.8 £ 6.5 0.043
LV ESD, mm 32.6 £5.8 34.8 £6.7 321 +54 0.039
Biventricular |GLS|, %  40.0 & 10.1 34.9 +£10.7 414 +£9.6 0.006
LAVI, mL/m? 65.0 +47.4 74.5 £ 40.6 624 +£49.0 0.271
E/e’ 114 +£6.7 13.6 £6.6 109 +6.7 0.126
LA reservoir strain, % 17.4 £ 9.4 16.1 £8.3 178 +9.7 0.434
Post-op TTE
Residual TR 29 (26.1) 9 (37.5) 20 (23.0) 0.152
RV FAC, % 322+87 24.8 £9.7 342+7.2 <0.001
|RV-GLS|, % 183 +5.2 13.8+5.3 195 +4.4  <0.001
|RV-FWS|, % 18.7 £5.8 144 £6.2 199 +5.1 <0.001
RV EDA, mm? 21.2+6.5 22.8 +8.1 20.8 £5.9 0.273
RV ESA, mm? 145 £5.1 172 +6.7 187 £4.4 0.020
VC Width, mm 29+26 3.9+33 27+23 0.105
LV EF, % 64.1 £8.2 60.9 +11.7 65.0 +6.8 0.114
|LV-GLS], % 18.4 £4.2 16.4 £5.1 19.0+£3.7 0.024
LV EDD, mm 491 +£5.6 50.0 +£7.2 489 +£5.1 0.476
LV ESD, mm 332+55 34.9+7.8 32.8+4.5 0.212
|Biventricular GLS|, %  37.1 £8.8 30.7 £10.6 389+75 <0.001
LAVI, mL/m? 61.0 +£33.3 73.5+35.5 57.5+£320 0.036
E/e’ 162+7.2 18.0+4.5 1568 +7.6 0.298
LA reservoir strain, %  15.5+ 10.4 86+7.0 17.4 £104 <0.001

RV, right ventricle; FAC, fractional area change; S', systolic excursion velocity;
|GLS|, absolute value of global longitudinal strain; |[FWS|, absolute value of free wall
strain;, EDA, end diastolic area; ESA, end systolic area; VC, vena contracta; HV,
hepatic vein; EF, ejection fraction; EDD, end diastolic dimension; ESD, end systolic
dimension; LAV, left atrial volume index; E/€', ratio of early diastolic mitral inflow
velocity to early diastolic mitral annular tissue velocity.
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Total With Without P-value

(n=111) outcome outcome
(n =24) (n=87)

Age, years 63.9+128 67.2+15.1 63.0+12.1 0.162
Female sex, n (%) 76 (68.5) 15 (62.5) 61 (70.1) 0.477
BMI, kg/m? 23.6 + 3.3 23.9+3.7 235+3.2 0.611
Hypertension, n (%) 73 (65.8) 18 (75.0) 55 (63.2) 0.282
Diabetes mellitus, n 19 (17.1) 8(33.3) 11(12.6) 0.017
(%)
Dyslipidemia, n (%) 26 (23.4) 5(20.8) 21 (24.1) 0.735
CKD, n (%) 11(9.9 5(20.8) 6 (6.9) 0.043
Atrial fibrillation, n (%) 86 (77.5) 24 (100.0) 62 (71.3) 0.003
CAD, n (%) 7 (6.3 4(16.7) 3(3.4) 0.018
Chronic lung disease, 18(16.2) 5(20.8) 13(14.9) 0.488
n (%)
Etiology of TR 0.349
Primary, n (%) 10(9.0) 14.2) 9(10.3)
Secondary, n (%) 101 (91.0) 23 (95.8) 78 (89.7)
TV surgery profile
TV replacement, n (%) 22 (19.8) 6 (25.0) 16 (18.4) 0.472
TV repair, n (%) 89 (80.2) 18 (75.0) 71(81.6)
Concomitant MAZE, n 25 (22.5) 4(16.7) 21 (24.1) 0.438
(%)
NYHA class 0.149
II, n (%) 52 (46.8) 8(33.3) 44 (50.6)
I, n (%) 40 (36.0) 9 (37.5) 31 (35.6)
IV, n (%) 19 (17.1) 7 (29.2) 12 (13.8)
Medications, n (%)
RAAS blockers 56 (50.5) 12 (50.0) 44 (50.6) 0.960
Beta-blockers 40 (36.0) 6 (25.0) 34 (39.1) 0.203
ccB 18(16.2) 7(29.2) 11(12.6) 0.052
Digoxin 35 (31.5) 12 (50.0) 23 (26.4) 0.028
Statin 35 (31.5) 9 (37.5) 26 (29.9) 0.477
Antiplatelets 19(17.1) 5(20.8) 14 (16.1) 0.585
Anticoagulants 76 (68.5) 21 (87.5) 55 (63.2) 0.023
Diuretics 96 (86.5) 24 (100.0) 72 (82.8) 0.029
Loop diuretics 84 (75.7) 20 (83.3) 64 (73.6) 0.323
Mineralocorticoid 53 (47.7) 13 (64.2) 40 (46.0) 0.477
receptor antagonist
Laboratory findings
Hemoglobin, g/dL 125+22 11.7+28 128+ 1.9 0.086
Platelet, x 106 mL 196.2 £834 183.0+985 199.9+78.9 0.384
Total protein, mg/dL 6.8+ 0.8 6.6+1.1 6.9 +0.7 0.376
Albumin, mg/dL 4.0+ 05 3.8 +0.7 41+£05 0.044
Creatinine, mg/dL 0.9+03 11+£05 0.8+0.2 0.013
Total bilirubin, mg/dL 0.8+ 04 0.9+0.6 0.8+04 0.190
INR 117 £ 04 1256 £ 04 115+ 04 0.159
EuroSCORE Il, % 23+16 38+23 1.9+11 < 0.001

BMI, body mass index; CKD, chronic kidney disease; CAD, coronary artery
disease; TR, tricuspid regurgitation;, NYHA, New York Heart Association; RAAS,
renin-angiotensin-aldosterone system; CCB, calcium channel blockers; INR,
international normalized ratio.
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1,670 patients underwent TV surgery
from 2000 to 2020 in a tertiary center

Excluded

History of valve surgery (n=322)
CIED device (n=289)
Significant AV, MV dysfunction (n=366)
Combined CABG (n=3)
Congenital heart disease (n=47)
Primary pulmonary HTN (n=3)
Primary RV cardiomyopathy (n=3)
LV ejection fraction < 35% (n=520)

117 patients of isolated TV surgery

Excluded

Finally included study population
n=111

Not performed postop echocardiogram
between 1 and 12 months (n=2)
Poor echo window (n=2)
Clinical events before postoperative
echo (n=2)






OPS/images/fcvm-09-830944/fcvm-09-830944-g002.gif
e pest 3me

e pest 3o

i)
H
3 g
1
gR3E3° °
s
H R
i
5 g
H
R






OPS/images/fcvm-09-830944/fcvm-09-830944-t001.jpg
Median [IGR] or %

Characteristic
Age (years) 80 [75; 84
Male gender 73.2%
BMI (kg/m?) 25.41[23.18;29.62)
SBP (mmHg) 122 (107; 134)
DBP (mmHg) 65 [57; 76]
Heart rate (bpm) 72 (62, 86]
EuroScore Il (%) 7.04(5.4;12.0)
STS-Score (Mortality)

Replacement (%) 5.54(3.95; 7.03]

Repair (%) 5.31[3.15;7.39)
Comorbidities
Arterial hypertension 92.9%
Diabetes melitus 32.1%
Hyperlipidemia 73.2%
COPD 125%
Renal function

GFR > 90 ml/min 1.8%

GFR 60-90 ml/min 19.6%

GFR 30-60 mV/min 57.1%

GFR 15-30 ml/min 19.6%

GFR < 15 mUmin 18%
Atrial ibrillation 76.8%
Pacemaker 30.4%
CRT 10.7%
H/O cerebral ischemia 14.3%
H/O decompensated HF 50.0%
H/O myocardial infarction 33.9%
H/O PTCA 57.1%
H/O CABG 33.9%
Heart rhythm
Sinus rhythm 30.9%
Atrial ibrillation 43.6%
Ventricular stimulation 21.8%
Other 3.6%
Hemodynamics
Cardiac index (Thermo-Dilution; Vmin/m?) 2.44 [2.24; 3.02)
Cardiac index (Fick; V/min/m?) 2.42[2.00; 2.63)
Mean pulmonary arterial pressure (mmHg) 301(28; 37

Pulmonary arterial wedge pressure (mmHg) 19[12; 23]

Pulmonary vascular resistance (Dynes) 177 (128; 241]

BM, body mass index; CABG, coronary artery bypass graft; CKD, chronic Kidney disease;
COPD, chronic obstructive pulmonary disease; CRI, cardiac resynchronization therapy;
DBR, diastolic blood pressure; GFR, glomeruar firation rate; H/O, history of; HF, heart
failure; IQR, interquartie range; PTCA, percutaneous transluminal coronary angioplasty;
PVR, pulmonary vascular resistance; SBR, systolic blood pressure.
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Post PMVR 3 months P

Left ventricle

3D LV EDV (m) 174.0 (127.6;213.1) 160.6 [125.9; 205.4] 1769 (115.3; 197.4)= 0.045
3D LVESV (m) 106.6 [71.7; 143.8) 1016 [80.7; 144.5) 109.5[64.4; 136.5) 0097
3D LV SV (m) 57.1[51.1;73.5) 55.6 [44.1; 64.6) " 57.1[46.8; 61.7) " 0.050
3D LVEF (%) 369 [27.3; 46.9) 366 30.9; 41.1) 0062
2D LV GLS (%) —11.1[-14.3, -7.6) —92(-11.4; -7.8) 0.008
3D LV GCS (%) —16.8(-22.1; ~10.4) —13.0[~19.3; ~11.0] ~173[-19.2; ~128)] 0236
3D LV 3D twist 85[4.2: 133 67 [27;12.4] 9.9 [5.4; 13.0] 0.459
2D LVEF (Simpson bp; %) 37 [28; 51) 34 [25; 46]" 36 (28; 48)" <0.001
E wave (cm/s) 103.5 [78.4; 119.0] 136.2 [93.4; 168.0] 133.8 [101.2; 153.0] 0.156
Awave (c/s) 53.8[33.6; 88.6) 108 (84.5; 129.01 114 [68.6; 137.6] 0.039
Deceleration time (ms) 170 [150; 195 260 [220; 350] 220 [140; 340) 0060
Slateral (cvs) 59[4.6,6.6] 57[4.2;7.2) 6.15.6:6.7] 0325
elateral (cm/s) 825 (6.1;10.4) 86(5.6:9.4) 72(65:84) 0417
alateral (cm/s) 5.15[3.1;63] 66(3,7.8) 68[5.1;9.1 1.000
s'septal (cm/s) 454, 41(36;53) 4.95(3.9;6.0] 0.102
e'septal (cnvs) 4604 41(82;46) 43[35:5.2) 0303
a'septal (cvs) 43[3.4;5.4) 37[8.7;48) 6[4.4:7.0) 0.148
e’ 16.6 [13.4;21.5] 27.0 [16.2;31.4] 25.4[17.8;33.5) 0.069
LA volume (m) 182.9 [104.6; 154.9) 128.397.0; 164.4) 12815 [96.0; 174.8)] 0970
Right ventricle

3D RVEDV (mi) 126.8 [101.9; 151.6] 131.5(111.5; 166.8] 124.8[111.1; 158.8] 0.121

3D RVESV (m) 81.4[61.7;101.1] 785 [62.8; 102.3) 69.0 [63.9; 90.6] 0236
3D RV SV (m) 42.0[30.0; 53.7) 505 [43.8;58.8) 50.0 (46.0;68.2" 0.004
3D RV EF (%) 337 [27.4;39.6) 400 [34.5; 46.0" 42.8(38.3; 48.1]" 0.001

2D RV GLS (%) ~12.9(~14.5; ~105) —16.0[~17.9; ~12.6)"* —17.2[-21.7; 149" <0.001
2D RV EDA (cm?) 259 [22.0;30.2) 269 [22.7;32.3) 23.0[20.3;28.1) 0088
2D RV ESA () 19.6 [15.1; 24.3] 18.2 [14.2; 24.4) 153 [18.7; 17.9" 0012
2D RV FAC (%) 25(18.4;31.7) 31.1[24.6;38.5) 325 [26.5;40.2" 0.007
TAPSE (mm) 16(13; 19) 15 (14 20) 15(11; 18] 0348
RV diameter (PLAX) 39[3.3;4.4) 3.95 (3.5; 4.5 3.9[3.4;4.5) 0.527
RV diameter (4CV) 4.438;5.0] 45[4.1;52] 43[3.8;4.8) 0.175
RV-E wave (cm/s) 58.1[44.0;67.4) 595 [46.2; 74.1] 0905
RV-A wave (cmv/s) 442 [31.6;58.7) 46.1[39.2;53.7) 0.135
RV-deceleration time (ms) 170 [130; 220] 200 [150; 260] 170 [140; 240] 0097
RV-s'(cm/s) 9.4[7.7:113) 10.2 (8.4;11.8) 11.3[8.3;12.9) 0.103
RV-e'(cm/s) 86(6.1;12.1] 83(59;10.1] 9. 0584
RV-a(cm/s) 97 [48; 139 11.3(83;14.4) 13.410.0; 0867
RA area (cm’) 286 [24.8,33.9) 286 [21.7;33.5) 28021 0334
Estimated SPAP (mmHg) 43.1[37.2;53.0) 47.7 (38.5:57.1) 46.2[37.7; 49.7) 0.607

2D, 2-dlimensional; 3D, 3-dimensional; 4CV, 4 chamber view; EDA, end diastolic area; EDV, end diastolic volume; EF, ejection fraction; ESA, end systolic area; ESV, end systolic volume;
FAC, fractional area change; GCS, global circumferential strain; GLS, global longitudinal strain; LA, left atrium; LV, left ventricle; PLAX, parasternal long axis; RV, right ventricle; SPAR,
systolic puimonary artery pressure; SV, stroke volume; TAPSE, tricuspid annular plane systolic excursion; n.s., not significant.

'p < 0.05 vs. baseline.

*p < 0.0 vs. baselie.

Bold values indicate significance.
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Age (years)
NYHA class at baseline

STS-score

MV-Repair (mortaity)

MV-Repair (morbidity & mortality)
Secondary mitral regurgitation
Tricuspid regurgitation

Grade |

Grade Il

Grade lll

Grade IV

Grade V

Mean pulmonary artery pressure (mmHg)
PVR (dyn x sec x em~*)
Improvement of MR

1 grade

2 grades

3 grades

2D LVEF (Simpson biplane; %)
3D LVEF (%)

3D LV EDV (ml)

3D LV ESV (mi)

LV GLS (%)

TAPSE (mm)

3D RVEF (%)

RV GLS (%)

RV FAC (%)

RV EDV (mi)

RV ESV (ml)

RV E (cm/s)

RV E-deceleration time (ms)
RV’ (cm/s)

RV e’ (cm/s)

Estimated SPAP (mmHg)

GFR (ml/min)

Urea (mmol/l)

NT-proBNP (ng/l)

Max. transmitral gradient post PMVR
Mean transmitral gradient post PMVR

Lack of relevant RV improvement
(n=10)

76 (73; 80)

0%
10.0%
90.0%

0%

40.0%

20.0%

40.0%
0%

7.63(7.3;16.8]
35.7[34.1;36.2)
0%

11.1%
22.2%
0%
33.3%
33.3%

30 [26; 40]
211 [151; 876)

40%
20%
30%
30 [24; 34)
24219
237.6 [177.6,
167.2 (122.8; 259.0)
~7.3(-9.3; -4.8
15[13; 19]
36.3(32.3; 39.6]
—~12.96 [-14.33; —11.51]
24.16(19.49; 31.3]
163.4 [130.1; 195.8)
99.3(79.9; 131.4]
74.9(63.0; 93.8]
225 [180; 250]
87(7.8,9.4)
88(83;9.1
42 (34; 53
40 [31; 51)
15.7 [14.3; 16.7]
5,586 [5,366; 7,714)
10.2[8.4; 13.4)
35[2.4;4.0)

RV improvement
(n=26)

80 (75; 83

0%
231%
73.1%

3.8%

5.3%
26.3%
68.4%

0%

45[.1;7.2)
24.620.7:31.4)
44%

32.0%
16.0%
28.0%
80%
16.0%
30 [26; 36]
184 (96; 238]

20%
28%
36%

36 [25; 51)
37.6[27.3; 47.1)
163.5[127.6]
97.9(71.7;134.8)
—-11.5[14.3; -8.4]
17 [13; 20]
20.1[25.8;41.2)

~16.36 [-17.91; ~12.20)
22.04(13.28; 27.48)

116.2(99.7; 149.5]
82.8(61.7;98.7]
51.9[41.8;63.5)

160 [120; 190]
10.4[7.4; 12.1)
7.4[6.7;122)
4037 55)
44 [34;56)
9.3[6.3;13.9)

4,186 [1,419; 6,971]

10.8[8.9; 13.4)
30[27:40)

0.393
0.526

o111

0.015
0.049
0.013
0.107

0.823
0.412
0.776

0.288
0.039
0.022
0.022
0.005
0.869
0.041
0.049
0.201
0.021
0.053
0.007
0.012
0.149
0071
0.850
0.393
0.02

0.714
0.788
1.000

2D, 2-dlimensional; 3D, 3-dimensional; EDV, endiastolic volume; ESV, endsystolic volume; EF, ejection fraction; FAC, fractional area chance; GFR, glomerular fitration rate; GLS, global
longitudinal strain; LV, let ventricle; MV, miteal valve; NYHA, New York Heart Association; PVR, pulmonary vascuiar resistance; RV, right ventricle; sPAR, systolic pulmonary artery pressure
{by echocardiography); STS, Society of Thoracic Surgeons; TAPSE, tricuspid annular plane excursion.
Improvement of RVEF was divided into tertiles. The lowest tertile was defined as lack of relevant improvement. Bold values indicate significance.
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Study design

Prospective, observational study:
intracoronary pressure and flow velocity were simultaneously assessed
at rest and during maximel hyperemia (ic. bolus of adenosine 40-60
11g) in patients with severe AS and unobstructed coronary arteries
before and immediately after TAVR

Prospective, observational study:

the functional relevance of coronary lesions was simultaneously
assessed by FFR using ic. bolus of adenosine 150-250 pg in patients
with severe AS before and immediately after TAVR

Prospective, observational study:

the study aimed to compare the diagnostic performance of FFR and
iFR in patients with severe AS and obstructive CAD. The iFR-FFR
diagnostic agreement has been tested using the conventional FFR
cut-off 0.80

Prospective, observational study:

iFR and FFR using ic. bolus of adencsine 150-250 jug were measured
in patients with severe AS and CAD before and immediately after TAVR

Prospective, observational study:
iFR and FFR using ic. bolus of adenosine 150-250 g were measured
in patients with severe AS and CAD before and immediately after TAVR.
All decisions about revascularization were based on post-TAVR FFR
assessment with a conventional cut-off 0.80.

Prospective, observational study:

FFR using iv. infusion of adenosine 140 pg/kg/min, IFR and
‘adenosine-stress myocardial perfusion on SPECT were performed in
patients with severe AS and borderline coronary lesions before TAVR

Prospective, observational study:
iFR, FFR, whole-cycle flow, systoiic flow, wave-free period flow,
microcirculatory resistance, at rest and during maximl hyperema (ic.
bolus of adenosine 150 ug) in patients with severe AS and CAD before
and immedately after TAVR

Prospective, observational study:

the study aimed to assess the diagnostic performance of iFR with
adenosine-stress myocardial perfusion on SPECT and FFR cut-off
<0.80 using iv. infusion of adenosine 140 pg/kg/min, in patients with
severe AS and CAD

Prospective, observational study:

iFR FFR, whole-cycle flow, systolic flow, wave-free period flow,
microcirculatory resistance, at rest and during maximl hyperemia (ic.
bolus of adenosine 100-200 g) in patients with severe AS and CAD
before TAVR, immediately after TAVR and 6-months after TAVR

Number of patients and
coronary lesions

27 symptomatic patients with severe
AS and unobstructed GAD were
inclucled and compared with 28
patients without AS and unobstructed
CAD (control group)

54 symptomatic patients with severe
AS and obstructive CAD were
included

85 patients with severe AS and 179
coronary lesions were included and
compared with a control group
formed by 167 patients (290 lesions)
with stable GAD and without AS

66 patients with severe AS and 145
coronary lesions were included

62 patients with severe AS and
concomitant CAD were included

28 patients with severe AS and 41
borderiine coronary lesions were
included

28 patients with severe AS and 41
coronary lesions were included

95 patients with severe AS and 116
intermediates coronary stenoses
were included

13 patients with severe AS and
moderate-severe coronary lesions
were included

Conclusion

TAVR induces an immediate decrease in hyperemic microcirculatory
resistance and an immediate increase in hyperemic flow velocity,
whereas resting hemodynamics remain unaltered

Post-TAVR functional assessment with conventional FFR cut-off may
change the indication to perform PCI in around 15% of patients with
CAD undergoing TAVR. Therefore, functional assessment with FFR
may be more reliable after TAVR

The conventional iFR cut-off has lower diagnostic accuracy in the
group of AS patients for detecting coronary lesion with FFR < 0.80 in
the group of CAD patients. The best diagnostic iFR cut-off was lower in
the group of AS patients compared with the cut-off point observed in
CAD patients (0.83 vs 0.89)

Higher iFR variation occurred mostly in patients with more severe aortic
valve gradient and higher post-TAVR transaortic gradient diop. The
iFR-FFR classification agreement is generally poorer in coronary
stenosis with more severe angiographic and functional characteristics
A “defer FR value” >0.93 yielded a NPV of 98% to exclude FFR
non-significant stenosis (>0.80), and a “treatment iFR value” <0.88 had
aPPV of 91% to identify FFR-significant stenosis (< 0.80). This hybrid
decision-making strategy spared 63% of patients from adenosine,
while maintaining 97% overall agreement with FFR lesions classification
FFR with conventional cut-off 0.80 was  better predictor of myocardial
ischernia on SPECT (PPV 78%, NPV 95%) in comparison to IFR with
conventional cut-off 0.89 (PPV 47%, NPV 91%). Using a lower iFR
cut-off of 0,82 significantly improved its categorial agreement with the
presence of myocardial ischermia on SPECT (from 59 to 73%) with an
insignificant loss of its NPV (from 91 to 86%)

Systolic and hyperemic coronary flow velocity increased significantly
immediately after TAVR. Thus, hyperemic physiological indices that
include systole underestimated coronary stenosis severity in patients
with severe AS. After TAVR, iFR values remain unchanged, whereas
FFR decreases significantly

iFR with a lower cut-off 0.82 could be a reliable diagnostic tool for
indicating reversible myocardial perfusion defects on SPECT as well as
FFR < 0.80, in patients with severe AS

Hyperemic coronary flow velocity increases immediately after TAVR and
continues to rise to 6-month follow-up. This rise in flow causes both
acute and long-term declines in FFR values, leading FFR to
underestimate coronary stenosis severity in the presence of severe AS.
Resting diastolic flow and consequently iFR are is not affected by
severe AS and remain unchanged pre-TAVR, post-TAVR, and at
6-month follow-up.

NPV, negative predictive value; PPV, positive predictive value; PCI, percutaneous coronary intervention; SPECT, single-photon emission computed tomography.
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BAAS only for SE device p-value BAAS only for BE device p-value

Large SE-borderline  BE- non-borderline Large BE-borderline  SE- non-borderline
valve valve valve valve (n = 96)

(n =150) (n=70) (n=102)
Need for post dilatation 57(38) 9(12.8) 00001 8(7.8) 34(35.4) 2.97e-06
Device success (VARC-2) (%) 146 (97) 70(100) 0554 101 (99) 93(96.8) 0.11
Need for a second valve (%) 2(13) 0(0) 1 2(19) 2(2) 1
Valve malposition (%) 2(13) 0(0) 1 00 1) 1
Valve migration (%) 106) 0(0) 1 0(0) 0
Ischemic stroke/TIA (%) 200.1) 0(0) 1 00 2@ 0508
Endocarditis (%) 0(0) 1(1.4) 036 1(0.98) 1(1) 1
Procedural mortality (%) 2(0.1) 0(0) 0528 00) 1(1.6) 0.927
Coronary obstruction (%) 0(0) 233 0.166 0(0) 1(1.6) 0927
New LBBB (%) 34(23) 17 28.9) 0615 29 (28) 27 (28.1) 0737
New pacemaker (%) 17 (113) 9(15) 0579 21 (20) 17 (17.7) 0.499
AV mean pressure (mmHg) 7.9£64(7,4) 121:£45(12,8) 1.70e-10 99:+37(96.5) 7.8£85(,5) 3.90e-05
PVL per echo* 0246 0.191
None (%) 82(54.6) 47 (67.1) 68 (66.6) 52 (54)
Mid (%) 54 (36) 20(28.5) 29 (28.4) 36(37.5)
Mild-mod (%) 1(7.3) 3(4.3 4(39) 6(6.25)
Moderate (%) 3@ 0(0) 1(098) 2(2)
Moderate-severe (%) 0(0) 0(0) 0(0) 0
Overall PVL per echo* 68(45.3) 23(328) 0.106 34(83) 44 (45.8) 00818

Large SE-borderline  BE- non-borderline Large BE-borderline  SE- non-borderiine
valve valve valve valve

(n=93) (h=32) (n=94) (n=39)
PVL per echo* 0699 0.0015
None (%) 42(45.1) 16(50) 68(72.3) 14.35.8)
Mild (%) 40 (45.9) 14 (43.7) 23(25.8) 20(51.2)
Mild-moderate (%) 10(11.4) 2(6.25) 3(3.37) 4(102)
Moderate (%) 1(1.1) 0(0) 000 1)
Moderate-severe (%) 0(0) 0(0) 00 0
Overall PVLL per echo* 51 16 0413 26 25 0.0003

Values are mean + SD or [median, interquartile range (IQR)] or n (%). VARC, valve academic research consortium; TIA, transient ischemic attack; LBBB, left bundle branch block; AV,
aortic valve; PVL, paravalvuler leak; SE, self-expandable; BE, balloon-expandable; THV, transcatheter heart valve; echo, echocardiography. *+subgroup of patients who did undergo
post-dilatation. Post-procedural outcomes (during index hospitalization) were endocarditis and new pacemaker implantation.
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Species Sequence 5-3
CAGCGCGACCTTATCTCCAA
GGTACAGGAAGTAGGCGGTG
coLiAl AAGAACAGCGTGGCCTACAT
TTCAATCACTGTCTTGCCCCA
TXNRDI TGGCCATTGGAATGGACGAT
TGGACCCAGTACGTGAAAGC
CCNDI GAGTGATCAAGTGTGACCCG
CAGATGTCCACGTCCCGC
CoLsAl ACAACAACCCCTACATCCGC
TGACGCTTCACCGAAGTCAT
SERPINHI CCTCTCGAGCGCCTTGAAAA
CTGACATGCGTGACAAGTCG
BCLS TTTCCGGCACCTTCAGACTC
TGCACCTTGGTGTTGGTGAT
AGACCCGGCCTATCCTCATC
TTTCTTATGGGCAAAGAAGCCA
GGAGGGAGCTGACTGATACAC
ATCAGGGATCTTGCAGGCAG
GTCAAAGCCCTGGACGATCT
TTGGTGTAAACGGGAGGTGG
CATCACCATCTTCCAGGAGCGAGA
TGCAGGAGGCATTGCTGATGATCT
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Group| Age |Sex| Body weight | Height Degree of aortic Valve LA diameter LV diameter | LVEF

(years) ()] (cm) lesion (mm) (mm)
NC1 67 M 68 170 Normal 32 46 70%
NC2 30 F 50 168 Normal 2 37 71%
NC3 43 F 60 163 Normal 28 40 68%
NC4 51 M 69 173 Normal 30 46 72%
NC5 4 M 70 170 Normal 2 43 69%
AS1 51 M 70 173 Mild AS 2 48 68%
AS2 34 F 55 157 Mild AS 30 48 72%
AS3 57 F 56 158 Mild AS 33 44 69%
AS-4 45 F 60 163 Mild AS 29 43 71%
ASS 81 M 68 167 Mild AS 3 46 74%
AS6 55 M 7 168 Moderate AS 28 45 71%
AST 54 F 65 163 Moderate AS 30 46 68%
AS8 68 F 75 170 Moderate AS 35 48 68%
AS9 58 F 56 157 Moderate AS 34 44 68%
As-10 56 M 70 170 Moderate AS 31 53 60%
AS11 48 F 46 156 Severe AS 2 38 63%
AS12 59 F 76 163 Severe AS 35 48 68%
AS13 a1 M 75 171 Severe AS 36 58 67%
AS14 70 M 80 168 Severe AS 36 47 67%
AS15 50 F 46 151 Severe AS 27 43 60%
Al 56 M 70 173 Mild AT 2 49 67%
Al2 60 F 56 156 Mild AT 30 52 65%
AL3 53 F 6 153 Mild AT 2 48 66%
Al4 66 M o8 168 Mild AT 2 47 68%
ALS 50 F 55 160 Mild AT 2 38 70%
AL6 58 F 60 160 Moderate Al 35 52 65%
AL7 51 F 56 156 Moderate AT 36 51 68%
AL8 59 F 46 153 Moderate Al 27 43 74%
ALY 60 F 66 159 Moderate Al 36 58 63%
AL10 60 M 68 170 Moderate AT 33 70 2%
ALl 6 M 67 167 Severe AT 37 70 45%
AL12 59 M 73 172 Severe Al 49 60 63%
AL13 61 M 70 169 Severe Al 33 60 61%
All4 4 M 95 181 Severe A 30 64 55%
AL15 58 E 80 170 Severe Al 35 78 50%

A total of 35 aortic valve samples were included in the study, with 5 from normal control (NC) patients, 15 from aortic stenosis (AS) patients, and 15 from aortic insufficiency
(Al) patients. F, female: M, male: LA, left atrial: LV, left ventricular: LVEF, left ventricular ejection fraction.
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STS-Score (%)-MV-Repair (mortality)
Secondary MR

3D LVEF (%)

3D LV EDV (mi)

3D LV ESV (ml)

LV GLS (%)

3D RVEF (%)

RV GLS (%)

RV EDV (mi)

RV ESV (ml)

RV E (cm/s)

RV E-deceleration time (ms)
RV’ (ems)

Urea (mmol/)

OR

0.822
0.087
1.074
0.982
0.981
0.685
0.878
0.939
0.974
0.974
0.932
0.982
0.962
0.688

95% CI

0.675-1.002
0.010-0.797
0.994-1.161
0.967-0.997
0.966-0.997
0.499-0.941
0.777-0.993
0.754-1.171
0.953-0.997
0.950-1.000
0.882-0.986
0.967-0.998
0.823-1.123
0.457-1.036

P-value

0.052
0.031
0.072
0.022
0.017
0.019
0.038
0.577
0.025
0.048
0.014
0.030
0.622
0.074

3D, 3-dlimensional: EDV, enddiastolic volume; ESV, endsystolic volume; EF, ejection
fraction; GLS, global longitudinal strain; LV, left ventricle; MR, mitral regurgitation; MY,
mitral vaive; RV, right ventricle; STS, Socety of Thoracic Surgeons.

Bold values indicate significance.
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Al PPM Non-PPM p-value

(=17 (=17 (n=60) (PPM vs. non-PPM)
LVEDV, mi 85433 78421 87436 0.349
LVESV, ml 32423 26411 34425 0.263
LVEF, % 654 10.1 669+ 66 649 10.9 0.465
SVi, mi/m?2 420+11.7 41.0+£83 423+125 0.887
LM, g/m? 108 + 30 109 +28 108 + 31 0.883
E/A 0.87 £0.90 (n = 61) 0.87 £0.59 (n = 14) 0.87 £0.98 (h = 47) 0.977
e’ 166+7.2 16.7£7.7 16.6+7.1 0.961
SPAP, mmHg 32.1£96 380+ 10.1 31895 0.645
Peak velocity, m/s 4311 8% 1.4 41£10 0.030
Mean PG, mmHg 449+239 56.1+82.3 417 204 0.007
AVA, cm? 064 +0.19 057 £0.16 0660.19 0.087
AVAL cm2/m? 0.42:£0.12 038+0.10 0442012 0.064

Data presented as mean + standard deviation or n (%). LVEF, left ventricular ejection fraction; LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume;
SV, stroke volume index; CO, cardiac output; LVMi, left ventricular mass index; SPAF, systolic pulmonary artery pressure; Mean PG, mean transvalvular pressure gradient; AVA, aortic
valve area; AVAI, aortic valve area index. The other abbreviations are shown in Table 1.
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Al PPM Non-PPM p-value

(=77 (=17 (n=60) (PPM vs. non-PPM)
Systolic BP, mmHg 139 £22 141£25 138+ 21 0.596
Diastolic B, mmHg 68415 72414 68+ 16 0.361
Heart rate, beats/min 67 + 11 66 + 10 68+ 10 0.620
LVMi, g/m? 84+24 8421 83424 0.889
LVEDV, ml 85 +29 77420 88+ 31 0.211
LVESY, ml 31419 2548 33421 0.009
LVEF, % 65.4 % 10.1 67.48.1 63.6+88 0.110
SVi, mi/m? 492123 432119 509 12.0 0.023
CO, mi/min 49£12 42£10 50 1.1 0.008
E/A 0.72+0.18 (0 = 58) 0.79.+0.47 (1= 14) 0.79.+0.18 (1 = 44) 0.105
£’ 21899 23093 215+ 10.1 0575
SPAP, mmHg 29479 325+ 80 280+7.7 0070
TAPSE/SPAP 064.+0.26 057024 066+ 026 0228
Pulmonary hypertension, n (%) 70.1) 3(17.6) 46.7) 0.182
Peak velocity, /s 23£046 27+£052 22037 <0001
Mean PG, mmHg 11.3£60 162+ 6.4 99+35 0.001
Zva, mmHg/mi/m? 32081 38+096 30067 <0001
PVL 134098 091+ 1.0 1.4+095 0.066
EOAj, cm?/m? 1.08 £0.31 0.74 £0.07 117 £0.28 <0.001

Data presented as mean  standard deviation or n (%). B, blood pressure; TAPSE, tricuspid annular plane systolic excursion; Mean PG, mean transvalvuler pressure gradient; Zva,
valvulo-arterial impedance; PVL, para-valvular leak: EOA, effective orifice area; EOAI, effective orifice area index. The other abbreviations are shown in Tables 1, 2.
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Exercise duration, min
Peak watt, Watt
Systolic BP, mmHg
Diastolic B, mmHg
Heart rate, beats/min
LVEDV, mi

LVESV, ml

LVEF, %

SVi, mim?

GO, mi/min

E/A

Ele’

SPAP, mmHg
TAPSE/SPAP

Exercise-induced pulmonary hypertension, n (%)

Peak veloity, m/s
Mean PG, mmHg
A Mean PG, mmHg
2Zva, mmHg/ml/m?
A Zva, mmHg/mi/m?

Data presented as mean = standard deviation or n (%). A Zva, meant the change in Zva from rest to exercise. The other abbreviations are shown in Tables 1, 2.

Al
=71

103:£36
32+ 14
180 + 30
76+ 16
104+ 18
93+31
29420
7084 9.1
537 £ 14.7
82+25
1.00 4 0.24 (0 = 49)
21979
515+ 120
048+0.15
16 (20.8)
25+058
143£73
31+32
39x12
069 1.1

PPM
(=17

97%24
32410
187 + 21
84415
107 21
82423
21+10
746+ 6.1

472 £140
75+25

099022 (= 19)
23292

573+ 138
0.44 £0.10
7438
30+07
21991
67+35
49+18
11£17

Non-PPM
(n=60)

105+3.9
32+14
178 +82
74+ 16
10317
96 432
31+£22
69.7 £9.6
556+ 145
84125
1.00 4 0.26 (0 = 36)
21576
49.7 109
0.49+0.16
9(15.0)
24205
122+49
23+28
36092
057 +0.89

p-value
(PPM vs.
non-PPM)

0.274
0.876
0.153
0.015
0.354

0.128
0.094

0.048
0.037
0.216
0.853
0.465
0.021

0.230
0.037
<0.001
0.001

<0.001
0.010
0.243
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Patient characteristics
Female sex

Age

Atral fibrillation

HR

1.020
0.902
0.816

Preoperative echocardiography

SVi

SPAP

EA

e’

AVAI

Mean PG
Exercise echocardiography
Rest systolic BP
Rest diastolic BP
Rest SVi

Rest CO

Rest SPAP

Rest E/A

Rest /e’

PPM

Rest Mean PG
Rest Zva

Peak systolic BP
Peak diastolic BP
SVi during exercise
CO during exercise
E/A during exercise
E/e’ during exercise
Mean PG during exercise
Zva during exercise

0.986
1.019
1.120
1.064
0.006
1.010

1.038
1.031
1.002
0.923
1.083
35.132
1.082
3.570
1.058
2.025
1.040
1.001
0.985
0.994
1112
1.087
1.039
1.728

Univariate

95% CI

0.376-2.769
0.824-0.987
0.281-2.367

0.943-1.031
0.976-1.063
0.576-2.184
0.993-1.140
0.000-0.909
0.995-1.026

1.013-1.063
1.008-1.064
0.957-1.048
0.654-1.637
1.019-1.110
3.082-403.1
1.019-1.148
1.304-9.778
0.997-1.123
1.108-3.701
1.015-1.065
1.044-1.140
0.953-1.019
0.834-1.183
0.086-14.41
1.019-1.169
0.998-1.082
1.179-2.534

p-value

0.970
0.024
0.708

0.529
0.401
0.738
0.078
0.046
0.199

0.003
0.007
0.942
0.768
0.005
0.004
0.009
0.013
0.064
0.022
0.001
<0.001
0.386
0.943
0935
0.011
0.066
0.005

HR, hazard ratio; Ci, confidence interval. The other abbreviations are shown in

Tables 1-3.
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Al PPM Non-PPM p-value

=17 (=17 (n = 60) (PPM vs. non-PPM)
Age, years 8215 80+6 834 0.003
Men, n (%) 39(50.6) 7@12) 32(53.3) 0742
Body surface area, m* 1,50 £0.17 1.60£0.13 1.50 £0.18 0855
Hypertension, n (%) 65(84.4) 12 (15.6) 53(88.3) 0,085
Diabstes, n (%) 16 (208) 3(17.6) 13(21.7) 0507
Hypercholesterolemia, n (%) 51(66.2) 11(64.7) 40(66.7) 0548
Chronic kidney disease, n (%) 51(66.2) 10 (68.8) 41(683) 0325
Atrial fibrillation, n (%) 31(403) 6(353) 25(41.7) 0.428
Coronary artery disease, n (%) 27(35.1) 3(17.6) 24(40.0) 0075
Myocardial infarction, n (%) 6(7.8 2(11.8) 46.7) 0397
Pre procedure NYHA class 0554

1l n (%) 47(61.0) 12 (70.6) 35(58.3)

IV, 7 (%) 28(36.4) 5(29.4) 23(38.3)
Post procedure NYHA class 0.467

1, n (%) 64 (83.1) 13 (76.5) 51(85.0)

1l n (%) 13(169) 4(235) 9(15.0)

-V, 7 (%) 0(0) 0 0(0)
STS score 501:+£264 445221 547 £ 2.74 0324
Annulus area, mm? 425 +89 365+ 64 442 +89 0.001
THV size 0.001

20mm, n (%) 5(65) 3(17.6) 2(33)

23mm, n (%) 36 (46.8) 13 (76.5) 23(38.3)

26mm, n (%) 31(403) 1(5.9) 30(50.0)

29mm, n (%) 5(65) 0 5(83)
Approach 0276
Trans-femoral, n (%) 72(93.5) 17 (100) 55(91.7)

Data presented as mean = standard deviation or n (%). PPM, prosthesis-patient mismatch; CABG, coronary artery bypass grafting; NYHA, New York Heart Association; STS, The
Society of Thoracic Surgeons; THV, transcatheter heart valve.
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SE-borderline THV p-value BE-borderline THV p-value

Smaller Larger Smaller Larger
(n=293) (n = 150) (=22 (n=102)
Need for post-dilatation 37 (40) 57 (38) 0786 1(4.7) 8(7.8) 1
device success (VARC-2) (%) 91(97) 146 (97) 1 22 (100) 101(99) 1
Need for a second valve (%) 2@2) 2(13 0,638 0(0) 2(19 1
Valve malposition (%) 2@ 2(13 0,638 0(0) 0(0)
Valve migration (%) 2@ 108 0565 00 0(0)
Ischemic stroke/TIA (%) 3@2) 2(0.1) 05616 2(9) 0(0) 0.12
Endocardts (%) 2@) 00 1 0(0) 1(0.98) 1
Procedural mortality (%) 101) 2(0.1) 0599 0(0) 0(0)
Coronary obstruction (%) 00 0(0) 0(0) 0(0)
New LBBB (%) 21(29) 34(29) 0.882 4(18.1) 29 (28) 0.471
New pacermaker (%) 16(17) 17 (113) 0.4 2(9) 21(20) 0521
AV mean pressure (mmHg) 102 £108 79£54 0,083 125£7.2 09£37 0019
8 4.1 7.4 (12,5.7) 065
PVL per angiogram 0.0088 0.403
None 64 (68.8) 128 (85.3) 21 (95.4) 88 (86)
Mid 26/(27.9) 20(13.3) 14.5) 14(13.7)
Moderate 382) 2(13 0(0) 0(0)
PVL per echo 0,028 0856
Nore (%) 33(35.5) 82(54.6) 13(59) 68(66.6)
Mild (%) 51(54.8) 54 (36) 8(36) 29(28.4)
Mild-mod (%) 6(6.4) 1(7.3 1(4.5) 43.9)
Moderate (%) 2@.1) 3@ 0(0) 1(0.98)
Moderate-severe (%) 101) 0() 0(0) 0(0)

Values are mean + SD or [median, interquartile range (IQR)] or n (%). VARC, valve academic research consortium; TIA, transient ischemic attack; LBBB, left bundle branch block; AV,
aortic valve; PVL, paravalvuler leak; echo, echocardiography; SE, self-expandable; BE, balloon-expandabie; THV, transcatheter heart valve. Post-procedural outcomes (during index
hospitalization) were endocarditis and new pacemaker implantation.
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‘Smaller borderline-SE-THV Larger borderline-SE-THV Non- borderline BE-THV p-value* p-value®

(n=93) (n =150) (n=70)
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Values are mean = SD or [median, interquartile range (IQR)] or n (%). DM, diabetes melitus; BMI, body mass index; STS score, the society of thoracic surgeons scores; NYHA, New York
Heart Association; SE, self-expandable; BE, balloon-expandable; THY, transcatheter heart valve. *Smaller borderline-SE-THV vs. larger borderine-SE-THV. #Larger borderline-SE-THV
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Smaller borderline-BE-THV Larger borderline-BE-THV Non-borderline SE-THV p-value* p-value®
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Values are mean = SD or [median, interquartil range (IQR}]or n (%). DM, diabetes melitus; BMI, bocy mass index; STS score, the society of thoracic surgeons scores; NYHA, New York
Heart Association; SE, self-expandable; BE, balloon-expandable; THY, transcatheter heart valve. *Smafler borderline-BE-THV vs. larger borderline-BE-THV. *Larger borderiine-BE-THY

vs. non-borderline-SE.
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‘Smaller borderline-SE-THV Larger borderline-SE-THV Non- borderline BE-THV p value* p value®

(n=93) (n = 150) (n=10)
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Values are mean + SD or [median, interquartile range (IQR)] or n (%). LM, left main; RCA, right coronary artery; AV, aortic valve; AVA, aortic valve area; SE, self-expandable; BE,
balloon-expandable; THV, transcatheter heart valve; LV, left ventricular. *Smaller borderline-SE-THV vs. larger borderline-SE-THV. #Larger borderline-SE-THV vs. non-borderline-BE.
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0.0006
0.0003
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Values are mean = SD or [median, interquertile range (QR)] or n (%). LM, left mein; RCA, right coronary artery; AV, aortic valve; AVA, aortic valve area; SE, self-expandable; BE,
balloon-expandable; THV, transcatheter heart valve; LV, left ventricular. *Smaller borderiine-BE-THV vs. larger borderline-BE-THV. *Larger borderline-BE-THV vs. non-borderline-SE.
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