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Abstract

The field of percutaneous valvular interventions is one of the most exciting and rapidly developing within interventional cardiology. Percutaneous procedures focusing on aortic and mitral valve replacement or interventional treatment as well as techniques of percutaneous pulmonary valve implantation have already reached worldwide clinical acceptance and routine interventional procedure status. Although techniques of percutaneous pulmonary valve implantation have been described just a decade ago, two stent-mounted complementary devices were successfully introduced and more than 3000 of these procedures have been performed worldwide. In contrast, percutaneous treatment of tricuspid valve dysfunction is still evolving on a much earlier level and has so far not reached routine interventional procedure status. Taking into account that an “interdisciplinary challenging”, hetero​geneous population of patients previously treated by corrective, semi-corrective or palliative surgical procedures is growing inexorably, there is a rapidly increasing need of treatment options besides redo-surgery. Therefore, the review intends to reflect on clinical expansion of percutaneous pulmonary and tricuspid valve procedures, to update on current devices, to discuss indications and patient selection criteria, to report on clinical results and finally to consider future directions.
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Core tip: The field of percutaneous valve implantation/repair is rapidly developing within interventional cardiology. Percutaneous procedures focusing on aortic, mitral or pulmonary valve dysfunction have almost reached daily routine. In contrast, percutaneous treatment of tricuspid valve dysfunction is still evolving on a much earlier level. Taking into account that an “interdisciplinary challenging” population of patients previously treated by corrective, semi-corrective or palliative surgery is growing inexorably, there is an increasing need of options besides redo-surgery. This review intends to report on clinical application of pulmonary and tricuspid valve procedures. It updates on current devices, patient selection criteria, results and future directions.
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INTRODUCTION

Isolated pulmonary and tricuspid valve dysfunction, whether acquired or in the context of congenital heart disease, can be clinically asymptomatic and be tolerated for a long time[1]. In the western world, acquired primary tricuspid or pulmonary valve diseases are rare conditions and mostly related to rheumatic fever, infective endocarditis or rarities (e.g., carcinoid syndrome). 

For those cases with underlying congenital heart disease, dysfunction of these valves is both a primary component of many anatomical conditions and a secon​dary, but common consequence of several early repair strategies[2]. 

Increasing knowledge about potential harmful effects of chronic pulmonary artery (PA) regurgitation has made the surgical revision of the right ventricular (RV) outflow tract (RVOT) a frequently performed operation in this population[3]. Typically, most of these patients require several redo-operations during their lifetime to halt the detrimental effects of valvular dysfunction. Since techniques of percutaneous pulmo​nary valve implantation (PPVI) were first described by Bonhoeffer et al[4] more than a decade ago, the procedure has reached worldwide clinical acceptance and routine interventional procedure status. Several devices have been investigated for purposes of PPVI, but so far only the MELODYTM device (Medtronic, MN, United States) has obtained regulatory approval. Interventional procedures focusing on percutaneous tricuspid valve replacement or interventional treatment of severe tricuspid regur​gitation are evolving, but yet remain at a much earlier stage and have so far not reached levels of standard procedures[5]. The authors review on clinical expansion of this revolutionary technology, discuss current indications and patient selection criteria, report on clinical results and finally consider future directions.

PPVI

Background and clinical indications

Over the last decades, advances in cardiac surgery, interventional procedures, intensive care and non-invasive imaging have led to a substantial increase in life expectancy for many patients with congenital heart disease. Therefore, an “interdisciplinary challenging”, heter​ogeneous population of patients treated by corrective, semi-corrective or palliative surgical pro​cedures, sometimes decades ago, is growing in​exorably. For approximately 20% of these patients RVOT dysfunction caused by predominant obstruction, by predominant pulmonary regurgitation or both in combined conditions, becomes clinically evident.

Undeniably, surgical pulmonary valve replacement is the most frequent mode of redo-operation in patients with congenital heart disease[3]. Surgery for RVOT dysfunction can be performed with low morbidity and mortality[3]. However, an important drawback of this treatment is the limited lifespan of used conduits that has been reported to be around ten years[6-9]. As a consequence, the majority of patients have to undergo several open-heart procedures during their life that raise potential individual risks for a diversity of complications. To limit the need for redo-operations delaying surgery for as long as possible is the strategy of choice in any individual patient. If the necessary treatment is delayed beyond a certain point of no return, adverse RV loading conditions might lead to irreversible ventricular dysfunction, reduced exercise capacity and ultimately to an increased risk for sudden cardiac death[10-13]. Decision making on ideal timing of pulmonary valve replacement is still challenging in most cases and represents one of the most con​troversial issues of cardiologists who take care of children and adults with congenital heart disease[3,14,15]. RV volume thresholds on magnetic resonance imaging (MRI) have been proposed as predictors for outcome after conduit placement[14]. An RV end-systolic volume of 150-170 mL/m2 has been reported to deserve as cut-off point above which normalisation of RV dim​en​sions is unlikely following pulmonary valve replacement[13-17]. Nevertheless, the impact of the timing of pulmonary valve replacement on RV function, exercise perfor​mance and patient long-term survival remains unde​fined[13]. 

With the evolution of PPVI, an effective and feasible non-surgical technique was introduced. It offers a minimally invasive method which can potentially avoid open-heart surgery for RVOT dysfunction in children and adults by restoring acceptable RV loading conditions. 

Since the first description of PPVI in 2000[4], more than 3000 percutaneous pulmonary valves have been implanted worldwide[18]. PPVI is performed to prolong the lifespan of RV-to-PA conduits and thereby delaying redo-operations in children and adults with congenital heart disease. Over the last decade, a marked learning curve in outcome post-PPVI could be demonstrated, with improved safety, efficacy and freedom from redo-surgery or re-intervention for pediatric or adult patients who underwent this procedure[13,19-25].

Current devices

The MELODYTM transcatheter pulmonary valve is designed of a segment of bovine jugular vein with a central valve (Figures 1 and 2) that is sewn inside an expanded platinum-iridium stent. The current carrying Cheatham platinum stent (NuMED CP Stent CP8Z34) is of a length 34 mm, “crimpable” to minimum of 6 mm and re-expandable up to 22 mm. The balloon in balloon (BiB) delivery system (EnsembleTM, Medtronic, MN) is commercially available with different outer balloon diameters of 18, 20 and 22 mm. 

The Edwards SAPIENTM valve (Edwards Lifesciences LLC, Irvine, CA) is radiopaque and made of a trileaflet bovine pericardial valve hand-sewn into a stainless-steel stent (length of 14 or 16 mm) (Figure 3). A sealing cuff covers the proximal part of the stent designed to prevent paravalvular leakage. Currently, the valve is commercially available in 23 and 26 mm diameter sizes and is crimped onto a designated balloon delivery system RetroﬂexTM Ⅲ. A 29 mm diameter valve is also available (Edwards SAPIENTM XT). The delivery system requires either 22 Fr (SAPIENTM 23 mm valve) or 24 Fr hydrophilic sheaths (SAPIENTM 26 mm and SAPIENTM XT 29 mm valve) (Figure 3). Promising improvements of design (Edwards eSheathTM) offer even smaller sheath sizes.

Technical details regarding both devices for PPVI are summarized in Table 1. 

Patient selection criteria 

Although sophisticated MR data have been reported, the clinicians’ dilemma of the right timing for treatment of RVOT dysfunction, whether predominantly caused by obstruction or regurgitation has not been solved yet[13]. According to current guidelines for the mana​gement of grown-up congenital heart disease[26], patients with RVOT obstruction should be treated if the RV to PA gradient exceeds 60 mmHg or in presence of symptoms due to RVOT obstruction regardless of RVOT gradients. Pulmonary regurgitation can be clinically asymptomatic and be tolerated for a long time[1]. When to intervene is subject to ongoing discussions. It is common sense to base the indication criteria for transcatheter or surgical treatment on a combined assessment of MR-imaging derived RV EDV and systolic function, cardiopulmonary exercise testing and the presence of atrial or ventricular dysrhythmia[13]. Acc​ording to the 2010 recommendations of the ESC task force PPVI can therefore be indicated, if se​ve​re pulmonary regurgitation (as assessed on echo​cardiography or MR imaging) is accompanied by severe RV dilatation, severe RV dysfunction, clinical symptoms and/or impaired exercise capacity[13,26]. 

In 2011, the American Heart Association (AHA) stated: “It is reasonable to consider the percutaneous pulmonary valve replacement in patient with RV-to-PA conduits with moderate to severe pulmonary regurgitation or stenosis provided the patient meets inclusion/exclusion criteria for the available valve”. The AHA writing committee recommended this procedure with a Class IIa evidence (Level of evidence: B)[27]. Clinical indications applicable regardless of the device used for valve implantation (MELODYTM and SAPIENTM) are summarized in Table 2.

Although there is no absolute lower age limit, an adequate body size (e.g., weight > 20 kg) is required to accommodate femoral placement of the introducer[21]. 

Size and shape of the implantation site (“landing zone”) and its anatomical relation to coronary arteries are decisive morphological criteria which have to be appropriate when considering patients as potential candidates for PPVI: In regulatory approved routine use, current MELODYTM devices are not intended for dilatations to diameters of more than 22 mm. Patients with (non-dilated) conduits between the RV and PA of 22 mm and less offer an ideal environment to perform PPVI. In contrast, native or patched RV outflow tracts after surgical repair for Tetralogy of Fallot are often enlarged ( > 22 mm) and therefore do not provide a secure landing zone for MELODYTM valves[14]. In these cases (but not larger than 29 mm) the SAPIENTM valve might be a possible alternative[28-30]. Furthermore, in our experience the RVOT shape (after prior pre-stenting) is of importance: due to its “engineered” nature of sutured pericardial tissue, optimal valved stent function in SAPIENTM procedures is guaranteed by a circular RVOT shape. In PPVI procedures with the MELODYTM valve the RVOT shape itself appears to have less impact on valvular competence. 

Coronary artery anatomy varies due to a broad spectrum of complex congenital heart defects or after surgical re-insertion into the aorta. In some cases there is relevant proximity of one or more of the relevant coronary artery branches to the main PA. This exposes patients who undergo interventions of the RVOT to the risk for fatal coronary artery obstruction due to expansion of the RVOT[31,32]. Therefore, it is essential to assess the course of proximal coronary arteries in relation to the RVOT prior to PPVI deployment. Some centers prefer MR 3-D whole heart images (Figure 4), but we recommend performing selective coronary angiography and particularly aortic root angiography and simultaneous high-pressure balloon inflation within the landing zone at the time of catheterization in all patients to rule out the risk of coronary compression (Figure 5). 

To facilitate superior immediate haemodynamic results several peri-procedural interventions should be considered: (1) pre-dilatation of the landing zone to resolve relevant stenosis and facilitate positioning of the system; (2) pre-stenting of the RVOT to mark, cover and enhance the “landing zone” and avoid stent fractures; and (3) post-dilatation in any case of residual stenosis more than > 20 mmHg of invasively measured gradient[13]. 

The optimal timing of pre-dilatation/stenting in relation to definitive PPVI is unknown. Some centers allow stent ingrowth for two to three months. Combined procedures as well as a two-staged procedure are valid options.
Results

Data regarding the haemodynamic outcome post PPVI reported by major reports using MELODYTM [18,19,21,24,33] and using the SAPIENTM device[28,30] are summarized in Table 3. 

Several mono- and multicenter trials consistently reported a low periprocedural complication rate of six percent using the MELODY TM pulmonic valve[19,33]. Data analysis of the “MELODY TM Registry” data distinguishes between major procedural complications [e.g., homograft rupture, perforation of branch pulmonary arteries, guidewire injury, damage to tricuspid valve, device dislodgement, compression of coronary arterie(s) or obstruction of PA] in 2.7% and 11.9% of minor complications in total of 1003 MELODYM procedures[34]. 
The “Early Phase 1 International Multicenter Clini​cal Trial” reporting on SAPIENTM PPVI in 36 patients reported on a successful valve deployment of 97 per​cent, but seven patients (20.5%) experienced adverse events[30]. The major complication was device dislodgement. In none of the patients, homograft rupture occurred. All of the SAPIENTM patients received pre-stenting (33.3%) or peri-procedural stenting procedures (66.6%). 

Coronary compression due to RVOT interventions with bare metal stenting of the RVOT is a well-known and previously described complication[31]. Approximately five to six percent of all patients who are potential candidates for PPVI will have a coronary artery anatomy which bears the risk for coronary obstruction[24]. There are several reports of this potential catastrophic complication[35,36] which is strongly related to early procedural mortality[21]. Ruling out the risk for this complication represents one of the most difficult steps in pre-procedural planning for PPVI. In any case of doubt about the risk of coronary compression, we recommend to abandon the implant in either MELODYTM or SAPIENTM valve procedures (Figure 5). 

Follow-up

Short- and medium-term results of PPVI with the MELODYTM and SAPIENTM are thought to be similar, although more data are available for the former. Long-term outcome data for both valved stent types are not yet available. 

Overall mortality of PPVI during follow-up proce​dures was zero to five percent and seems not related to the device itself.

Failure of the device either for the MELODYTM or the SAPIENTM could be related to malfunction of its stent or its sewn valve. Relevant dysfunction of the engrafted valve leads to pulmonary regurgitation which is rare condition that almost only occurs in the context of graft endocarditis[37-40], However, the most common reason for re-operation and re-intervention is re-stenosis of the stent portion of the device. Re-stenosis of the stent can be caused by late recoil or lost of radial strength of the device due to stent fractures. Novel data by Nordmeyer reported of a rate of 11 percent cases of stent fractures[34] representing the most common reason for re-intervention. 

Overall, data are available from the major four short- and medium-term observational studies with a total of over 450 patients with one- to five-year follow-up[19,21,25,33]: freedom from valve dysfunction or re-intervention was approximately 94% at one year follow-up. Patients who did not require re-intervention had consistently mild or none pulmonic valve regurgitation at one-year follow-up. Pulmonary regurgitation decreased from median values of 16% to 27% to one to two percent. Median peak velocity over the RVOT was 1.9 to 2.7 m/s at one-year echocardiographic follow-up. Nordmeyer recently reported preliminary but promising MELODYTM Registry data with a one-year freedom for all case events with 92.5% and 94.2% for PPVI-related events[34].

Data on device function of the SAPIENTM valve are limited and available from smaller short- and medium-term observational studies with a total of less than 100 patients[28,30,41,42]. In the largest series (COMPASSION trial), successful valve deployment was achieved in 33 of 34 attempts[30]. Freedom from re-intervention at six-month follow-up was 97%. Haas et al[41] demonstrated a significant reduction of the RVOT to PA gradient, reduction in RV systolic pressure, increasing of diastolic pulmonary pressure from 6.3 to 14.5 mmHg as a sign of tremendously decreased pulmonary regurgitation with freedom from re-intervention after six months[41]. 

As for the MELODYTM valve, there are no comparison studies with conventional surgery regarding pulmonary valve replacement by SAPIENTM valves. 

Regarding the functional outcome, several studies have shown a marked improvement in NYHA functional class post-PPVI[18,19,33]. The improvement has been maintained consistently for the duration of follow-up, irrespective of the treated lesion (predominant stenosis vs predominant regurgitation)[24]. 

Parameters of exercise cardiopulmonary function such as peak oxygen consumption related to body weight (VO2/kg), ventilatory efficiency and anaerobic oxygen consumption have been assessed in several studies addressing PPVI[20,43-45]. Only patients with a predominant stenotic lesion showed an improvement in peak VO2/kg. Assuming that significant RVOT obstruction may limit the increase of cardiac output in exercise testing resolving of the obstructive lesion at least partially reverses limited exercise capacity in these patients[45,46]. Recently, we reported on the ability to recovery from exercise as described by VO2 and VCO2 decay after maximal exercise. Recovery form exercise after PPVI improves in both groups (predominant stenosis vs predominant regurgitation). These findings could explain the symptomatic im​provement observed in patients with predominant regurgitation despite the lack of increased maximal exercise capacity and might have implications for how we judge procedural success[47].

Right and left ventricular function and calculation of great vessel blood flow analyzed by functional and morphologic MR imaging performed prior to and within one month after PPVI has shown mixed data regarding changes in RV ejection fraction following PPVI, with some studies finding no change[21,33] and others reporting on improvements in the acute or short term[23,43,44,46]. Importantly, PPVI also results in improved left ventricular filling[13,44,48].

Extended indications and future directions

Many patients are not ideal candidates for PPVI procedures due to their small physical size, limited vascular access or, most important, due to the size and shape of the RVOT[49]. The majority of patients suffering from dysfunction of the RVOT have enlargement of the patched RVOT as part of the initial surgical repair strategy[24]. This unmet clinical challenge led to the development of novel approaches to treat RVOT dysfunction using existing interventional pulmonic valve technology. A small case series reveals an approach to implant or post-dilate the MELODYTM valve using 24 mm balloons. This practice does not compromise function of the engrafted valve and may effectively broaden the pool of eligible patients[24,50].

However, RVOT dysfunction with predominant regurgitation and marked dilatation are not be eligible to this approach. Treatment strategies, e.g., MELODYTM valve implantation into the branch pulmonary arter​ies[51,52] or a “jailing” procedure of the pulmonary bifurcation by implanting a bare metal stent across the main pulmonary into a pulmonary branch have been described as potential options[53]. 
A hybrid approach combining intra-operative PPVI with simultaneous conduit down-sizing[54] or direct exposure of the RV or RVOT (e.g., after failed percu​taneous attempt, “bailout” procedure) have also proven to be feasible[55].

Innovative (experimental) technologies, e.g., the self-expanding Medtronic Native Outflow Tract de​vice[56], infundibular reducer devices[57] or newer low-profile pulmonary valves such as the Colibri Heart Valve (Colibri Heart Valve, LLC, CO, United States) indicate future treatment alternatives and hopefully will offer a non-surgical treatment to a much broader patient population[58].

PERCUTANEOUS TRICUSPID VALVE IMPLANTATION

Background and clinical indications

Primary tricuspid valve disease is rare: the underlying etiology can be of either congenital (Ebstein, tricuspid valve dysplasia) or of acquired nature (e.g., rheumatic, endocarditis or carcinoid disease). RV volume and/or pressure overload, left heart failure or mitral valve dysfunction can result in secondary RV enlargement, geometric distortion and tricuspid annular dilation. These circumstances can promote concomitant tricus​pid regurgitation, thus called functional tricuspid regurgitation (80 percent of all cases)[59,60]. Patients with tricuspid regurgitation may be asymptomatic for prolonged periods. Surgical treatment is often reserved for advanced stages of tricuspid disease when dysfunction, particularly in patients with conges​tive heart failure, has led to symptomatic right heart failure[61]. For that reason, patients undergoing tricuspid repair or replacement procedures tend to be at higher risk with poorer outcome[61]. European and American guidelines on surgical management of valvular heart disease were updated in 2012[62] and confirmed in 2014[60]. The level of indication was raised to Class I and IIa for most situations of functional tricuspid regurgitation[62]. A transcatheter approach for tricuspid valve repair or replacement seems to be desirable and beneficial to his high-risk population but is still a long way ahead[2].
Patient selection criteria (in selected series)

Van Garsse et al[63] reported on the first “Percutaneous Transcatheter Valve-in-Valve Implantation in stenosed Tricuspid Valve Bioprosthesis” in 2011 amongst other case reports with small patient numbers[64-66]. 

A multicenter series by Roberts et al[67] enrolled 15 patients with failing tricuspid prostheses of whom ten underwent implantation into various failing bioprosthetic valves after careful (echocardiographic) confirmation of a suitable anchor point that allows safe positioning of the stented-valve. Median NYHA class was III and all patients were considered to be “high risk” for conventional surgery for tricuspid prothesis failure. The primary lesion was predominant stenosis (mean gradient > 5 mmHg, mean inflow gradient 12.9 mmHg), although a few had significant regurgitation. 

Recently, Cullen et al[5] has reported a single-center series on transvenous Melody “Valve-in-Valve” im​plantation for bioprosthetic valve dysfunction that enrolled ten “high risk” patients with failing tricuspid prosthesis among others. Patients were considered candidates for the interventional procedure if they had significant bioprosthetic tricuspid valve dysfunction (either stenosis, regurgitation, or both) with co-morbid conditions which would preclude surgery. Median NYHA class was Ⅲ with seven of the ten tricuspid patients suffering from moderate or worse tricuspid valve regurgitation with a mean inflow gradient 10 ± 4.3 mmHg.

After all, patient selection criteria for percutaneous tricuspid valve replacement are yet based on (very) limited data. Principally, if a percutaneous approach seems to be an option of treatment in clinical practice, the clinical indication for “Valve-in-Valve” implantation should be based on the European Society of Cardiology (ESC) and the European Association for Cardio-Thoracic Surgery (EACTS) or the American College of Cardiology/American Heart Association guidelines for tricuspid valve surgery. The percutaneous approach should be reserved particularly for those cases con​sidered to be high-risk cases for conventional sur​gery[68].

Devices for tricuspid valve implantation

Two percutaneous devices have been described for transcatheter valve implantation in failing bioprosthetic valves so far. These are the Edwards SAPIEN™ and its iterations and the Medtronic MELODY™ valve as described previously (Figure 6). 
So far, none of them have been approved or certified to be delivered in tricuspid position. Therefore, implantation of these devices in tricuspid position is off-label-use.

Results

In both series procedural success with device deploy​ment was achieved in all of the tricuspid patients[5,67]. There were no early periprocedural complications in the Cullen series. Procedural complications occurred in one of Roberts’ patients (atrioventricular block requiring a pacemaker). Another patient suffered endocarditis eight weeks post-procedural. In both series mean tricuspid gradient decreased significantly (drop to 5.6 ± 2.5 mmHg in Cullen’s patients, drop to 3.9 mmHg in Roberts’ series). The level of regurgitation revealed to be mild or none in all but one case of the Cullen’s series.

Follow-up and outcome

Mean follow-up was nine months in the series by Roberts but with 41 d (range 11 to 209) shorter and more heterogeneous in Cullen’s patients. As reported by Roberts et al[67] functional class improved in 12 of the treated patients. Nine of the patients sustained the good interventional result nine months after implantation with one percutaneous valve-in-valve which had to be replaced. Cullen’s group observed a 30-d readmission rate with three out of ten in the tricuspid patients. And NYHA functional class improvement in nine of the ten treated patients.

Extended indications and future directions

Several groups selected similar patients to demon​strate the feasibility of percutaneous deployment of stent-mounted valves (SAPIEN, SAPIEN™ XT or MELODY™) into the venous system (inferior and/or superior vena cava). The focus is not on the tricuspid regurgitation itself, but rather on its hemodynamic disturbance. These procedures are therefore called “Caval-valve Implantation”[69-72].
Although, a number of animal studies examined the experimental feasibility of percutaneous valve impl​antation into a native tricuspid valve[2,73,74], Kefer et al[75] recently demonstrated feasibility of SAPIEN™ valve implantation into a “native” tricuspid annulus after failed repair without bioprothesis but mixed tricuspid disease. 

SUMMARY AND PERSPECTIVE

The aim of PPVI is to prolong the lifespan of surgically placed conduits. The prolonged conduit lifespan, and hence delayed surgery, should limit the number of needed open chest redo-operations over the patients’ total lifespan in cases of congenital and acquired heart disease that indicated the implantation of pulmonic conduits. This sophisticated strategy potentially improves these patients’ life expectancy. Pulmonary valve replacement with stent-mounted with stent-mounted valves containing xenograft materials represents the derived valves represents the non-surgical treatment of choice in patients with dysfunction of the RVOT. Although indications continue to extend even to patients with “native”, but dysfunctional RV outflow tracts, the diameter of the proposed implantation site limits the feasibility in a relevant number of patients. Even though significant improvement has been achieved in early and late outcomes after PPVI, the risk of stent fractures and graft rupture have not yet been sufficiently exp​lored. Further research is necessary to avoid these complications. 
Besides, the extending use of PPVI, the percu​taneous approach to tricuspid valve replacement has briefly moved beyond its experimental character. It has been shown to be feasible, but should mainly be reserved for high-risk patients with conditions that preclude surgery.

In conclusion, evolution of the interventional treat​ment of dysfunctional valves/RVOTs can only be achieved by continuous creative thinking and encouraged teamworking of cardiologists, surgeons, specialists in imaging and bio-medical engineers.
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Figure 1  The MELODYTM percutaneous pulmonary valve (Medtronic, MN). The Melody device in “en face” view. Note the blue outflow line to identify the outflow end of the device (courtesy of P.Lurz).
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Figure 2  MELODYTM device and its delivery system. A: Uncrimped device on the delivery system with a retractable sheath; B: Crimped device before covering the device to protect it during the delivery; C: Crimped and covered device prepared for delivery (courtesy of Lurz P).
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Figure 3  The Edwards SAPIENTM pulmonic transcatheter heart valve (Edwards Lifesciences LLC, Irvine, CA). The SAPIENTM device in lateral view mounted on its delivery system RetroﬂexTM Ⅲ (courtesy of Edwards Lifesciences LLC).
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Figure 4  Non-invasive 3D whole heart imaging by magnetic resonance tomography. Non-invasive 3D whole heart imaging by magnetic resonance tomography was performed in a patient with pulm​onary atresia with intact ventricular septum after repair by pulmonic homograft implantation (arrows) with RVOT dysfunction prior to PPVI (A) in a.p. and (B) in lat. view. (Courtesy of Wagner R). RVOT: Right ventricular outflow tract; PPVI: Percutaneous pulmonary valve implantation.
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Figure 5  Assessment of risk for coronary compression. A: Aortic root angiogram and simultaneous (high-pressure) balloon inflation within the eligible landing zone is performed to rule out potential for coronary compression (courtesy of Wagner R); B: Aortic root angiogram showing compression of the left anterior descending coronary artery (arrows) during balloon inflation in the conduit. The procedure was therefore abandoned in this patient and no percutaneus pulmonary valve implantation was performed (courtesy of Wagner R).
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Figure 6  MELODY™ device for “Valve-in-Valve” implantation in tricuspid position. MELODY™ valve implantation procedure in a patient with severe stenosis of a prosthetic biological tricuspid valve (arrow): fluroscopy reveals (A) a RV angiogram in systoly prior to implantation (B) guidewire in the right PA and stable device position after inflating of both balloons of the BiB-delivery system and (C) RV angiogram showing stent position within the biological prosthesis and relative to the ventricle. There is no tricuspid regurgitation. (Courtesy of Wagner R). RV: Right ventricular; PA: Pulmonary artery.
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Table 1  Devices and delivery systems for percutaneous pulmonary valve implantation


�
The MELODYTM transcatheter pulmonary valve


�
The SAPIENTM pulmonic transcatheter heart valve


�
�
  Manufactor


�
Medtronic Inc., MN, United States


�
Edwards Lifesciences LLC, Irvine, CA, United States


�
�
  Regulatory approval


�
CE 9/2006


FDA 01/2010�
CE 5/2010


FDA 10/2012�
�
  (Tissue) characteristics


�
Segment of bovine jugular vein with a central valve 


hand-sewn inside a stent�
Trileaflet bovine pericardial valve hand-sewn 


inside a stent�
�
  Stent type


�
Cheatham platinum stent (NuMED CP Stent CP8Z34) 


Length 34 mm


Expandable up to 22 mm�
Stainless-steel stent 


Length of 14 or 16 mm�
�
  Available sizes


�
18, 20, 22 mm (depending on the favoured EnsembleTM delivery (system)


�
23, 26, (XT 29a ) mm


�
�
  Delivery system


�
EnsembleTM (Medtronic, MN) with balloon in balloon (BiB) deployment design


�
Edwards RetroﬂexTM Ⅲ containing a balloon catheter and a deﬂectable guiding catheter


�
�
  Sheats for implantation


�
One-piece 22 Fr Teflon sheath


�
(18 Frb) 22 Fr for 23 mm valves


(19 Frb) 24 Fr for 26 mm valves


(16 Frb) 24 Fr for 29 mm XT valves�
�
Technical comparision of the commercially available devices for percutaneous pulmonary valve implantation: the MELODYTM device and the SAPIENTM pulmonic transcatheter heart valve as non-surgical treatment options for RV outflow tract dysfunction (a“Off label-use” in pulmonary position; bManufacturer’s data given for the Edwards eSheathTM). RV: Right ventricle.





Table 2  Clinical and morphological requirements for percutaneous pulmonary valve implantation


  Clinical indications in the context of RV pressure overload/pulmonary stenosis


�
�
     RV systolic pressure > 65% of systemic pressure in symptomatic patients


�
�
     RV systolic pressure > 75% of systemic pressure in asymptomatic patients


�
�
  Clinical indications in the context of RV volume overload/pulmonary regurgitation


�
�
     Severe pulmonary regurgitation on echocardiography or MR imaging and


�
�
     Severe RV dilatation > 150 mL/m2 or the RV to LV end-diastolic ratio of > 1.7 and/or


�
�
     Rapid progressiv RV dilatation and/or


�
�
     Severe RV dysfunction and/or


�
�
     Symptoms and/or


�
�
     Sustained atrial or venticular arrhythmia and/or


�
�
     Impaired exercise capacity [ < 65% compared to norm peak oxygen consumption related to bodyweight (VO2/kg)] 


�
�
  Morphological indications


�
�
     Circumferential RV to PA conduit with dimensions ranging from 16 to 22 mm (MelodyTM)


�
�
     Circumferential RV to PA conduit  with dimension at surgical implantation of at least 18 mm but no larger than 29 mm (with some degree of conduit 


     narrowing) (SAPIENTM)�
�
     Exclusion of risk for coronary compression


�
�
RV: Right ventricle; PA: Pulmonary artery.





Table 3  Haemodynamic outcome immediately post-percutaneous pulmonary valve implantation


�
US Melody Valve Trial  (n = 124)


�
London Melody experience 


(n = 151)�
Munich/Berlin Melody experience (n = 102)


�
Philadelphia Melody experience 


(n = 104)�
Early Edwards experience 


(n = 7)�
Later Edwards experience 


(n = 36)�
�
  Parameter


�
Pre 


(median)�
Post 


(median)�
Pre 


(mean)�
Post 


(mean)�
Pre 


(mean)�
Post 


(mean)�
Pre 


(mean)�
Post 


(mean)�
Pre 


(mean)�
Post 


(mean)�
Pre 


(mean)�
Post


(mean)�
�
  RV systolic pressure, 


  mmHg�
65


�
41b


�
63


�
45b


�
NA


�
NA


�
72


�
47b


�
NA


�
NA


�
55


�
42b


�
�
  Peak RV to PA 


  gradient, mmHg�
37


�
12b


�
37


�
17b


�
37


�
14


�
39


�
11b


�
NA


�
NA


�
27


�
12b


�
�
  RV to systemic 


  pressure, %�
       0.74


�
       0.42b


�
      0.69


�
     0.4b


�
      0.62


�
       0.3b


�
NA


�
NA


�
0.78


�
0.3b


�
    0.6


�
      0.4b


�
�
Invasively measured pressures and gradients pre and post percutaneous pulmonary valve implantation within the largest trials (n > 100) of the MELODYTM[18,19,21,33] and of SAPIENTM implants[28,30] in pulmonary position. In all studies, a profound improvement in RV to systemic pressure ratio in response to PPVI was seen (bP ≤ 0.001) (all parameters expressed by medians). RV: Right ventricular; PA: Pulmonary artery. NA: Not available.








