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Severe tricuspid valve regurgitation has been for a long time a neglected valve disease, which has only recently attracted an increasing interest due to the notable negative impact on the prognosis of patients with cardiovascular disease. It is estimated that around 90% of tricuspid regurgitation is diagnosed as “functional” and mostly secondary to a primary left-sided heart disease and, therefore, has been usually interpreted as a benign condition that did not require a surgical management. Nevertheless, the persistence of severe tricuspid regurgitation after left-sided surgical correction of a valve disease, particularly mitral valve surgery, has been associated to adverse outcomes, worsening of the quality of life, and a significant increase in mortality rate. Similar results have been found when the impact of isolated severe tricuspid regurgitation has been studied. Current knowledge is shifting the “functional” categorization toward a more complex and detailed pathophysiological classification, identifying various phenotypes with completely different etiology, natural history and, potentially, an invasive management. The aim of this review is to offer a comprehensive guide for clinicians and surgeons with a systematic description of “functional” tricuspid regurgitation subtypes, an analysis centered on the effectiveness of existing surgical techniques and a focus on the emergent percutaneous procedures. This latter may be an attractive alternative to a standard surgical approach in patients with high-operative risk or isolated tricuspid regurgitation.
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INTRODUCTION

Right ventricle (RV) overload and tricuspid annular (TA) dilatation have been identified from the outset as the main causes in the pathogenesis of tricuspid regurgitation (TR) following left heart valvular disease (LHVD). The absence of primary abnormalities of the valvular apparatus has led TR, from the earliest studies, to be approached as of a “functional” nature mediated by pressure and volume overload that affect the geometry of RV, right atrium (RA), and TA (1, 2). In a simplistic manner, an inadequate systolic closure in the presence of a structurally normal valvular apparatus may define the functional TR (FTR). The complexity emerges when leaflet coaptation is assessed in the setting of the disease, with different etiological mechanisms, besides LHVD, responsible in triggering annular and/or subvalvular morphological modifications (3). The growing interest for TR and the advances in imaging, three-dimensional (3D) echocardiography and cardiovascular MR (CMR) among others, have allowed FTR to be categorized in more detail. The pathophysiological comprehension of the different TR phenotypes, identified according to the etiological mechanism and the associated natural history, may significantly help clinicians and surgeons in the decision-making.

Indeed, in the setting of LHVD, both the severe mitral regurgitation and aortic stenosis have a high percentage, up to 50 and to 25%, respectively, and the concomitant presence of at least moderate TR, with worsening or late onset of the TR when the solely left heart valvular disease was surgically corrected (4–11).

In the light of these findings, the guidelines, supported by the absence of an increased operative risk, recommend tricuspid valve (TV) surgery during the surgical management of left-sided disease, with an improvement in RV function and functional status, if the disease is not very advanced (12).

In contrast, knowledge about the natural history and the timing of intervention in isolated TR remain poor because its clinical onset usually occurs in an advanced stage of the disease, which may increase periprocedural morbidity and mortality (12). Moreover, there is also scarce evidence on the role and timing of TV surgery and newer transcatheter repair approaches.



PATHOGENESIS OF FTR

In the pathogenesis of FTR, valvular coaptation results impaired due to mainly two mechanisms: TA dilatation with distortion of its morphology and restricted motion of leaflets caused by increased tethering.

Due to the peculiar anatomy of TV, when the functional dilatation of TA occurs, typically, the septal portion is spared, involving the anterior and the posterior leaflet attachment. Thus, the normal “saddle-shaped” structure is altered toward more circular and planar geometry (3).

The magnitude of annular dilatation correlates with greater degrees of TR and, in particular, the threshold beyond which coaptation results significantly inadequate is notably lower than for mitral regurgitation, with 40 rather than 75%, respectively (13, 14).

Therefore, the loss of coaptation is importantly influenced by the dilatation and distortion of TA, often coexisting with leaflets pulled down the annular plane due to increased tethering. In this latter case, anterior and posterior papillary muscles (PMs) are displaced due to RV cavity change in size and shape (15).

An in-vitro study that simulated annular dilatation and PMs displacement showed that when considered alone, both the conditions may lead to significant FTR (14). This finding highlights the importance of carefully studying the primary disease processes that cause FTR.

According to the recent literature, FTR may be classified as secondary to:

• Left heart valvular disease.

• Right heart dysfunction (RHD) with or without pulmonary hypertension (PH).

• Right atrium enlargement and dysfunction.

In the majority of FTR cases, the primary triggering condition is LHVD, mainly chronic mitral regurgitation followed by aortic valve stenosis and mitral valve stenosis (16, 17).

The different causes of FTR determine significant anatomic differences in RV, TV, and TA anatomy.

Interestingly, FTR secondary to PH, mainly associated to LHVD or in the setting of primary PH due to pulmonary disease such as chronic pulmonary embolism among others, showed only mild annular dilatation, but excessive valve tenting height with a conical deformation of RV (16).

The progressive RV dilatation, promoted by the relative lack in muscular tissue of RV, due to the increased afterload, is triggered by PH. Different studies have demonstrated the role of PH as a determinant of FTR severity; in a vicious circle, the chronic pressure and volume overload increase leaflets tethering, ultimately worsening TR (18).

Besides the absolute value of pulmonary artery systolic pressure in defining the severity of the PH, the onset of significant FTR is strongly associated with right heart remodeling (19). Indeed, in the absence of PH, RV dysfunction due to ischemic injury or cardiomyopathy may lead to adverse remodeling, PMs displacement, and increased leaflets tethering, causing FTR (20).

On the other side of the spectrum lesions, FTR with a larger basal deformation of the RV and a lower annular/leaflet coverage ratio due to greater annular dilatation, typically occurs due to RA enlargement and dysfunction (16).

Atrial FTR (AFTR) was for long time called idiopathic FTR, so categorized due to the absence of any obvious cause; recently, its accurate study has allowed to revise the pathophysiological classification, awarding to the RA a primary role as its main determinant (17, 21–23).

Indeed, current literature has emphasized the underappreciated issue associated to the atrial failure and its prognostic implication in worsening natural history of heart failure among others (24).

Atrial FTR reflects the TV leaflets malcoaptation because of the imbalance between TA and leaflets area, caused by RA enlargement and dysfunction.

The advanced age and the presence of persistent/permanent atrial fibrillation (AF) are typically associated to the AFTR, reflecting as common denominator of the atrial contractile dysfunction (21, 23). In particular, the onset of AF may modulate myocytes action potential and calcium release from the sarcoplasmic reticulum; regardless by AF, in the elderly, the frequent diastolic dysfunction may lead to an increase in atrial pressure and atrial stretch (25, 26).

In the study of Utsunomyia et al. (27), who compared subjects affected by AFTR and ventricular FTR, the assessment of the RA remodeling has allowed to conclude that RA volume and its ratio with RV end-systolic volume are independent predictor of TA volume in AFTR.

Interestingly, they stratified AFTR according to severity of regurgitation in severe and massive/torrential TR, showing in this latter more complex lesions with excessive TA dilation associated to different degrees of leaflets tethering (27).

What emerges by the afore discussed categorization is a strong association between RV, RA, and valvular changes and in the light of this complex interaction, FTR may be interpreted as a complex syndrome with multifaceted spectrum of pathogenesis, natural history, and outcome.

Therefore, the qualitative evaluation of FTR based on pathophysiological categorization should be integrated with quantitative measurements and parameters exploited by imaging to improve the decision-making process and offer individualized management for our patients.



DIAGNOSTICS


Echocardiography

The first-line imaging recommended in the assessment of TR is the transthoracic echocardiography, which is useful to provide information regarding to the main determinants of the disease and to estimate its severity.

In the setting of FTR, the assessment of TV anatomy, in order to exclude any structural abnormalities, anticipates the measurement of TA diameter, RV size and function, RA size, and the estimation of pulmonary artery pressures (PAPs) (28).

The measurement of TA diameter has represented the critical component univocally used to guide the procedural planning of TV intervention. The cutoff value of 40 mm or 21 mm/m2 indexed for the body surface area has been established and still used as threshold in surgical decision-making to approach TV in concomitant procedures. Nevertheless, the two-dimensional (2D) echocardiographic measurements fail to consider the 3D nonplanar structure of TA and in addition the interindividual variability. In comparison, 3D echocardiography, obtained by the transthoracic window rather than the transesophageal one because of the better visualization, is significantly less influenced by TA shape and orientation (28).

The comprehensive study of RV size and function has notably implications in the accurate categorization of FTR and it has an important prognostic value (29). Indeed, the geometrical modification of the right chamber may be influenced by primary abnormalities in the setting of RHD and indirectly due to LHVD, leading to elliptical/spherical shape and increased leaflets tethering.

The evaluation of RV size and function is a key determinant of prognosis and potential intervention in patients with TR. RV evaluation with echocardiography is challenging due to the complex 3D geometry of the RV. Typically, the first approach to the RV includes RV size estimation from the four-chamber view, evaluating its diameter at the basal level (normal up to 42 mm) and also its relative size as compared to the left ventricle (LV) (the normal RV is always smaller than the LV). Qualitative estimation of RV systolic motion from this view also provides a first impression of RV systolic motion. Longitudinal shortening of the basal segments is the main contributor to global RV function; therefore, the assessment of global function can also be provided by measuring the tricuspid annular plane systolic excursion (TAPSE) from M-mode scans through the TA in the four-chamber view (abnormal below 17 mm). Determination of peak systolic annular velocity (S wave from tissue Doppler imaging of the tricuspid annulus) also provides a global index of RV systolic function (values below 11 cm/s indicate systolic dysfunction). However, both the TAPSE and annular S wave values are influenced by loading conditions. Volumetric methods to assess RV ejection fraction are cumbersome by using 2D echocardiography due to the particular geometry of the RV and, therefore, 3D echocardiography, despite limited by visual quality and spatial resolution, is preferred. In the absence of 3D echocardiography, RV fractional area change obtained from the planimetry of the endocardial border of the RV performed in the four-chamber view and its relative change in systole and diastole is typically used to assess RV systolic function. Finally, myocardial deformation imaging determining global longitudinal strain of the RV is another essential tool in the evaluation of RV systolic function that can be successfully obtained with echocardiography. Typically, the free wall RV global strain is obtained from the four-chamber view with normal values above 20% or even higher in the presence of volume overload such as the case of patients with TR. This parameter has shown added prognostic value in several clinical settings such as cardiogenic shock and PH (30, 31).

The extent of leaflet tethering (including the measurement of tethering distance, area, and volume), the mode of leaflet coaptation, and the RA size offer supplementary information regarding the natural history of the FTR, allowing to stage the severity of the disease according to the complexity of lesions (28).

Besides the qualitative description improved by the use of 3D echocardiography (Figure 1), the severity of TR needs to be related to quantitative parameters, in order to make reproducible its staging. The measurement of the diameter of the vena contracta of the regurgitant jet and the tricuspid effective regurgitant orifice obtained by the proximal isovelocity surface area (PISA) method are the largely used parameters. The cutoff used to estimate the severity of TR is similar to those identified for mitral valve regurgitation, with 0.70 cm and 0.40 cm2, respectively, for the vena contracta and for the effective regurgitant orifice area, as threshold to quantify severe TR.


[image: Figure 1]
FIGURE 1. Three-dimensional (3D) echocardiography of the tricuspid valve with front view, from the right atrium in diastole and systole where the central coaptation defect (yellow arrow), due to annular dilation, is seen.


Several issues affect the staging role assigned to these quantitative values; in particular: the anatomical difference existing between TV and its left counterpart, associated to the higher respiratory function and loading variability. The 3D echocardiography allows to partly overcome the anatomical disagreement, even though failing to solve the limitations related to the assessment of a single frame developed on a tomographic plane in the setting of a variable dynamic disease (28, 32).



Cardiac Magnetic Resonance

Patients with TR are a heterogeneous population at different stages of right heart remodeling. CMR is the gold standard imaging technique for the quantitative and qualitative assessment of the heart, particularly the RV morphology and function and, indeed, it has diagnostic value and it can provide valuable information to improve the decision-making process on the management of TR (Figures 2A,B) (33).


[image: Figure 2]
FIGURE 2. Cardiac magnetic resonance (CMR) imaging assessing ventricular volumes (A) and four-dimensional (4D) flow image evaluating tricuspid regurgitation (TR) (red arrow) (B).


Cardiac magnetic resonance allows a comprehensive assessment of FTR, starting from the qualitative visualization of valve regurgitation with flow turbulence and acceleration visualized in the cine images as an area of local signal drop. The qualitative grading has shown a moderate correlation with the quantitative assessment, although influenced by different limitations such as the difficult arising from the correct visualization in presence of pacemaker leads and the bias associated to various technical factors.

The more accurate quantitative measurement, although limited by existing validated cutoff and, therefore, the still poor experience, allows to calculate the regurgitant volume (RVol) through TV with both the indirect and direct methods. In the first case, RVol is derived from the right ventricular volumetric stroke volume, demonstrating to be a good prognostic predictor in patients underwent to the surgical management of isolated TR.

In contrast, the direct calculation of RVol depends by the flow assessment through the valve, but it is still challenging due to intrinsic factor associated to the atrioventricular annuli (34).

Moreover, the determination of the RV morphology and RV cavity size assessed by CMR cine-sequence images has been proved to have prognostic value in different clinical settings (35, 36). Recently, Iacuzo et al. (37) have highlighted the fundamental role that TA plays in the surgical decision to perform preventive combined TV annuloplasty in patients with mitral valve prolapse. They found that the best cutoff for the prediction of RV dysfunction in these patients is a TA diameter index value of 19 mm/m2 measured by CMR, beyond which combined TV annuloplasty should be considered.

Besides heart cavities assessment, CMR can also accurately evaluate the pulmonary vasculature and it has been proposed as an alternative to invasive right heart catheterization and echocardiography in assessing pulmonary circulation hemodynamics and to estimate pulmonary vascular resistance (6). The CMR-derived model was estimated as: pulmonary vascular resistance [in Wood units (WUs)] = 19.38 – [4.62 × Ln pulmonary artery average velocity (in cm/s)] – [0.08 × RV ejection fraction (in %)] (24). This CMR method to noninvasively estimate pulmonary vascular resistance has been used in patients with PH and also in patients with heart failure and reduced LV ejection fraction (EF), in whom pulmonary vascular resistance > 5 WU was associated with an increased risk of adverse events at 9 months follow-up (38, 39). Based on all this, we believe that this CMR method could also be integrated in the global evaluation of the RV in the setting of FTR in order to better understand if the RV contractile reserve is struggling to maintain output against an increased afterload, a finding which, indeed, previous studies have shown that entails a poor prognosis (39).

Additionally, myocardial strain has received growing interest as an alternative measure of myocardial performance since it has proven to better recognize and characterize subclinical biventricular systolic dysfunction as compared with conventional imaging modalities based on EF (40, 41). In fact, it is well known that impairment in the longitudinal deformation precedes the reduction in EF, giving rise to subclinical pump impairment in most heart diseases (42, 43). CMR feature tracking (FT) allows the assessment of strain from routine cine images and besides its diagnostic value, it might also have a prognostic value in patients with TR. Recently, Romano et al. (44) found that RV longitudinal strain assessed by CMR-FT is an independent predictor of mortality in patients with severe FTR, incremental to common clinical and imaging risk factors.

Better identification of high-risk patients that benefit from a closer follow-up together with the implementation of a global RV imaging evaluation that includes the assessment of estimated PVR and the early detection of RV dysfunction by using FT may potentially play a role in determining optimal timing of intervention of patients with FTR.




THERAPY

A recent growing surgical interest in the management of FTR has reversed course, polarized in the past by the wrong concept of disease regression after properly solving LHVD (1).

The consequence of the less attention received rather than for mitral valve regurgitation has been easily translated in a still lacking surgical experience in offering a targeted approach.

Although, in absence of a clear evidence demonstrating superiority of one surgical approach over others, TV repair, mainly annuloplasty, represents the preferred options in the management of FTR. A growing interest emerged at the end of 90' in various minimally invasive and video-assisted surgical approaches (45–50). TV replacement may be a viable option when risk for TR recurrence after repair is considered too high.

A great challenge, in the surgical decision-making, is represented by the management of electrical conduction abnormalities in concomitance with TR, which can facilitate the need for pacemaker implantation in the postoperative period. An accurate evaluation of the possibility to implant epicardial leads is necessary in order to reduce the risk of TR recurrence mainly due to prosthesis leaflets damage following the traditional leads implantation.

In this paragraph, we review the most commonly TV repair techniques to offer a focus insight into the future perspectives of surgery in the management of FTR in the era of transcatheter approach. Tables 1, 2 summarize, respectively, the main characteristics of the principal FTR surgical techniques and the transcatheter devices.


Table 1. Summary table with the description of the principal surgical technique in the correction of the functional tricuspid regurgitation (FTR).

[image: Table 1]


Table 2. Summary table with the description of the more used transcatheter technique/device of tricuspid valve intervention.
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Tricuspid Valve Annuloplasty Techniques and Outcomes

The cornerstone of the TV repair techniques has found its foundation in counteracting the dilatation of TA, with annuloplasty being the most widely used approach.

First, the way of the annular plication was undertaken following the concept of the suture bicuspidization. The posterior annular portion of TV, being the less unsupported segment of TV ring, dilates achieving up to 80% from its normal dimension in the setting of FTR. This anatomic finding was at the basis of suture bicuspidization technique (51). The technique, initially described by Kay et al. (52) and then modified by Ghanta et al. (53), consists in placing a double pledget-supported mattress suture from the anteroposterior to the posteroseptal commissure, resulting in a posterior suture bicuspidization.

Although highly reproducible, the tension created by the suture lines and the high technical failure associated to severe TA dilatation have limited the use of the suture annuloplasty toward alternative strategies such as the implantation of prosthetic ring or band (54).

De Vega proposed, after understanding the way TA was dilated, a double continuous running suture with the aim to plicate the anterior and the posterior portions of the annulus avoiding the septal due to the lack of distension and to avoid the conduction tissue. Even though this semicircular suture annuloplasty was initially designed for rheumatic TV disease, it reached a great success in the management of FTR, mainly because it was safe, effective, at least in the short term, easily reproducible, and cheap (54, 55). Nevertheless, even if a series of De Vega annuloplasty modifications has been developed in order to avoid suture tear and massive TR, this phenomenon, called “bowstring,” was rather frequently reported after suture annuloplasty (54).

The technical aspects of the various De Vega annuloplasty modifications followed the rationale to achieve better coaptation, reduced annular dimensions, and a better distribution of forces along the suture in order to prevent tear in the endocardium (56–60). The absence of constant mid- and long-term follow-up has limited a wider reproducibility of some of these techniques.

Alain Carpentier, emphasizing the criticisms associated to the principles of the suture annuloplasty, proposed the use of suitably sized and shaped prosthetic rings. In the former, the asymmetric placement of the sutures results in localized plication and in variable degrees of functional stenosis. On the contrary, the rationale for the implantation of a prosthetic rigid ring was based on the respect of anatomic and physiologic TA geometry, allowing to avoid recurrent dilatation with a nondeformable frame (61).

The Duran-Medtronic totally flexible tricuspid and the Carpentier-Edwards semi-rigid rings were later followed by the flexible Cosgrove-Edwards and Duran-Medtronic bands.

The flexible band was specifically designed on the basis of the improved knowledge regarding dynamic saddle-shaped structure of TA and about its pathological dilatation that involves particularly anterior and posterior segments (62).

McCarthy et al. (63) compared the durability of tricuspid annuloplasty in the management of FTR by using four techniques: De Vega procedure, Peri-Guard annuloplasty, Carpentier-Edwards semi-rigid ring, and Cosgrove-Edwards flexible band. In the long-term follow-up, a substantial worsening in the recurrence of TR was associated to the two nonring annuloplasties. Indeed, along the follow-up, severity of regurgitation increased more rapidly when these procedures were performed, slower with the flexible band and more stable across time with semi-rigid ring. The authors explained the higher recurrence of severe FTR in the gradual redilatation of the TA due to the persistent PH, in the absence of a nondeformable frame.

The superiority of the prosthetic annuloplasty ring, in ensuring a higher durability of FTR correction, a better long-term survival, and event free-survival, was largely demonstrated (64–68).

Nevertheless, the main finding of the retrospective study published by McCarthy et al. (63) was the failure of the tricuspid valve annuloplasty, regardless by the implantation of a prosthetic ring, to consistently counteract functional regurgitation. Even though stable across time, the prevalence of severe regurgitation 1 month postoperatively was 15% for the semi-rigid ring technique. This latter allowed to achieve higher freedom from moderate-to-severe TR when compared with flexible bands (69).

Over the years, a variety of prosthesis for annuloplasty has been presented, notably ensuring improvement in remodeling TV annulus, respecting the 3D anatomical dynamic characteristics. The development of the 3D-shaped prosthetic rings has allowed to resemble more accurately the healthy human TA, reducing the recurrence of the TR in the long-term follow-up, with an incidence reported in a recent study, which compared the use of the Medtronic 3D Contour and the Edwards MC3 prosthetic rings, of almost 15% of TR > 2+, mainly of moderate nature (70, 71). Newer rings are today commercially available, but their long-term outcomes are still to be reported in the scientific literature.



Current and Future Perspectives
 
“Prophylactic” Annuloplasty

The late onset of TR after left-sided surgery, regardless by the presence of preoperative TR, highlights the dynamic nature of TR, which, in contrast with what Nina Braunwald believed, does not regress spontaneously (1). Dreyfus et al. (7) used the annular dimension as target to address TV, including patients only with none or mild trace of TR. The chosen threshold to manage TV, in the setting of left-sided surgery, was a diameter greater than twice the normal size (i.e., > 70 mm) inspected intraoperatively. The cutoff allowed to divided population study in the two groups of treatment: mitral valve repair (MVRe) alone and MVRe plus tricuspid annuloplasty. This latter group showed better outcomes in terms of late recurrence of TR; postoperative TR grade increased significantly in the group underwent isolated MV surgery (7). These results demonstrated the irreversible progression of annular dilatation, being not influenced by the correction of the LVHD, and introduced the concept of the “prophylactic annuloplasty”.

The echocardiographic equivalent of the intraoperative threshold has been identified in 40 mm. Tricuspid annuloplasty was performed, in addition to left-sided surgery, in patients with TA dilatation more than 40 mm, independently by the grade of TR, in a cohort of 43 patients in the study published by Van de Veire et al. (6).

The authors analyzed retrospectively two cohorts temporally distinct, with the introduction of the “prophylactic annuloplasty” in the management of FTR in the more recent group of patients. A significant decrease of TR, transtricuspid gradient and a reduction of the RV volumes leading to reverse remodeling were observed (6). These findings have been confirmed by other studies (72, 73). The satisfactory outcomes achieved and the low in-hospital mortality and morbidity associated to the TV annuloplasty, although increasing operation time, promoted this preventive treatment to become recommended, according to the valvular heart disease guidelines, during left-sided surgery (74, 75).

Benedetto et al. (72) observed, at 12 months follow-up with preoperative TR ≤ 2+, no cases of moderate-to-severe TR in the group, which underwent tricuspid annuloplasty vs. 28% in the control group (isolated MV surgery).

Interestingly, the subgroup analysis demonstrated an advantage of TV annuloplasty toward TR caused by rheumatic or ischemic injury, failing to show significant benefits in degenerative etiology. The authors explained the ineffectiveness of the additional treatment identifying some predisposing risk factors such as worse functional class and the presence of AF, responsible of long-standing RV pressure overload.

In addition, the high variability correlated to the broad range of degenerative disease raised various questions about the predictivity of TA diameter as a valid cutoff for decision-making (76).

Although tricuspid annuloplasty represents a coherent surgical approach in counteracting TA dilatation in the early stage of disease when LVHD correction is performed, a single threshold in the setting of a multifaceted syndrome is a limitation in achieving excellent results. Studies, tailored on the different etiology and pathophysiology, designed in order to identify targeted parameters, are mandatory.



Valvular and Subvalvular Repair Techniques

The wrong assumption that TA dilation is always the primary cause of leaflet malcoaptation and that TV annuloplasty is able to correct FTR counteracting also leaflet tethering, is generally incorrect; in fact, there is a high early residual rate of TR when tethering is excessive (76). Indeed, Fukuda et al. (77) have demonstrated the role of TV tethering in predicting residual TR early after surgery; in particular, identifying as significant values: tethering height > 0.76 cm and tethering areas > 1.63 cm2.

Therefore, the geometry of the TV can vary according to the major determinants of its severity, TA dilatation, leaflet tethering (particularly of the septal leaflet), and the grade of PH, designing a complex variety of lesions (78).

In such cases, additional surgical strategies in order to improve results of TV repair are necessary, allowing to reduce early technical failure and TR recurrence.

Surgery at subvalvular level with PMs approximation has demonstrated to be effective in reducing TR independently by the use of tricuspid annuloplasty and it is able to promote changes in the RV geometry leading to reverse remodeling. The technical aspects of this surgical strategy are based on the approximation of the anterior PM, attached to the RV free wall and more prone to displacement, toward the interventricular septum (79).

Excellent outcomes have been achieved by using PMs “septalization” in the management of the massive FTR caused by distorted geometry of the TV and adverse remodeling of the RV (80–83).

In the setting of severe tethering, the restricted mobility leads to the failure of the leaflets in covering the whole orifice; leaflet augmentation using an autologous pericardial patch found its rationale in this concept. Dreyfus et al. (84) promoted to use this technique when annuloplasty ring alone is not adequate to impact significantly on the TR when a tethering height <8 mm has been assessed during preoperative echocardiography. The increase of the surface area of coaptation, combined with TV annuloplasty allows to counteract FTR caused by complex lesions, accomplishing excellent short-term results (85, 86). Stiffness of the pericardial patch and retraction have been mentioned as potential long-term limitations.



Transcatheter Approaches

The great technological improvements and the experience achieved in the field of the transcatheter repair or replacement of the aortic and mitral valves have accelerated the use of the transcatheter tricuspid valve interventions (TTVIs) in high-risk surgical patients. The possibility to recur to a less invasive surgical option of treatment, in particular in selected patients such as who underwent to previous TV surgery, allows to reduce the high incidence of postoperative mortality and morbidity associated to the reintervention. Nevertheless, the lack of a complete understanding of the role and timing of the TV surgery represented a limitation in allowing a standardized management (87).

A broad armamentarium including multiple devices aimed to repair and replacement has been developed in the field of tricuspid disease.

Transcatheter TV replacement includes the orthotopic implantation of a prosthetic valve in the tricuspid location or the heterotopic implantation of prosthetic valves in the vena cava. These approaches are particularly limited to the patients with degeneration of previous TV correction (repair or replacement) and particularly for those with very advances stages of TR where repair is not going to provide a durable solution (88, 89).

The coaptation and annuloplasty devices represent other available options of the transcatheter TV repair.

The MitraClip system (Abbott Vascular, Santa Clara, California, USA) has found in the TriClip system (Abbott, Chicago, Illinois, USA), the corresponding leaflets coaptation device. In particular, the edge-to-edge repair of the TV with the TriClip system (Abbott, Chicago, Illinois, USA) or the Pascal system (Edwards Lifesciences, Irvine, California, USA) is the most largely performed coaptation technique (Figure 3), with retrospective and prospective analysis that demonstrated a reduction in TR and improvement in the functional class (90, 91). The Triluminate Pilot Study (92) prospectively enrolled symptomatic patients with TR ≥ 2 not suitable for surgery, to evaluate the safety and performance of the TriClip device at 1-year follow-up. The durability of the TriClip system in the follow-up was sustained with the 87% of patients that experienced a TR reduction of ≥ 1 grade, with torrential or massive TR less prone to achieve a satisfactory correction rather than severe TR. Besides TR grade reduction, which remained stable across the follow-up, significant improvements in the clinical status, quality of life, and hospitalization rate have been achieved, further showing reverse RV remodeling (93). Although the results promise well, study limitations such as the small sample size and the exclusion of patients with severe PH or high coaptation gap make necessary large randomized controlled study, which are currently being performed in the currently including phase of the Triluminate Pilot Study where patients are randomized to receive either medical treatment or edge-to-edge repair with the TriClip system.


[image: Figure 3]
FIGURE 3. Transesophageal echocardiography imaging and pre- and postoperative assessment of TR after transcatheter edge-to-edge repair (TEER).


On a scaled-down, the early feasibility of other TTVR system, conceptualized in order to improve the leaflet coaptation, has been achieved in smaller sample size with the Forma system (Edwards Lifesciences, Irvine, California, USA). The regurgitant orifice area results reduced with a balloon spacer anchored to the RV apex (87, 94). Besides the limited early good results, the invasiveness of the device raised different perplexity mainly in the setting of unsuccessful procedure.

On the other hand, the suture annuloplasty devices, Trialign (Mitralign Incorporation, Tewksbury, Massachusetts, USA) and Tricinch (4Tech Cardio Ltd., Galway, Ireland, UK), provide to counteract TA dilatation, reducing the orifice dimension with a system of anchors placed on the anterior and posterior segments (95, 96).

The release of annuloplasty ring devices was performed by using the Cardioband system (Edwards Lifesciences, Irvine, California, USA) and the Millipede IRIS system (Millipede Incorporation, Santa Rosa, California, USA). At early follow-up, the impact on TR and clinical status was promising in high-risk surgical patients deemed inoperable, including those who underwent prior surgical repair showing residual or recurrent TR.

The analysis of data collected on patients undergoing any type of TTVI (>70% transcatheter edege-to-edge repair) in multiple centers in Europe and North America was performed by Taramasso et al. (83), showing a superiority at 1-year follow-up of transcatheter approach vs. medical management, when procedure results successful. The population study was composed by high-risk surgery patients with FTR in the majority of cases (95.2%). The main outcomes achieved by the study were low mortality, high procedural safety, and significant improvements in the functional class at early- and mid-term follow-up (97–99).

Nevertheless, similar outcomes to those managed medically have been showed in patient with unsuccessful TTVI. Interestingly, a coaptation depth > 1 cm has been identified as predictive of technical failure, suggestive of excessive valve tethering and RV remodeling, expression of the late phase of disease (85). The development of new transcatheter prosthesis will probably address these stages of the disease.

Percutaneous or transthoracic insertion of a bioprosthesis to replace the nonrepairable TV has been attempted in several patients successfully. Sizes up to 54 F required are indeed a limitation to solve in coming years (100).

These findings emphasize the necessity to improve knowledge regarding FTR pathophysiology, in order to better understand the role of TTVI in the natural history of the disease.





CONCLUSION

The concept of TV as a passive bystander to the LHVD should be abandoned. FTR is a multifaceted disease, including a broad spectrum of lesions. The technological advances in cardiac imaging with the use of 3D echocardiography and CMR have restored notoriety to the study and management of the FTR and may ensure to accurately categorize FTR phenotypes and establish quantitative parameters useful to guide clinicians and surgeons.

Annuloplasty has demonstrated to be limited to address FTR in its early stage with the necessity to integrate the repair technique by using a more targeted approach, which ensures an improved valvular coaptation counteracting excessive leaflet tethering. Nevertheless, the use of annuloplasty with prosthetic ring may successfully treat TA dilatation in the setting of mild-to-moderate FTR when left-sided surgery is performed.

Therefore, the role of surgery in the transcatheter era, with TTVI representing a valid option for high-surgical risk patients, depends mostly by the correct understanding of the natural history of disease, with a growing armamentarium of techniques in the surgeon's hands.



AUTHOR CONTRIBUTIONS

MV and EG: conceptualization. MV, MS, BD-X, and JL: writing—original draft preparation. EG, FM, SR, EW, and MD'A: review and editing. All authors contributed to the article and approved the submitted version.



REFERENCES

 1. Braunwald NS, Ross J Jr, Morrow AG. Conservative management of tricuspid regurgitation in patients undergoing mitral valve replacement. Circulation. (1967) 35:I63–9. doi: 10.1161/01.CIR.35.4S1.I-63

 2. Carpentier A, Deloche A, Hanania G, Forman J, Sellier P, Piwnica A, et al. Surgical management of acquired tricuspid valve disease. J Thorac Cardiovasc Surg. (1974) 67:53–65. doi: 10.1016/S0022-5223(19)39760-0

 3. Mahmood F, Kim H, Chaudary B, Bergman R, Matyal R, Gerstle J, et al. 3rd, Gorman RC, Khabbaz KR. Tricuspid annular geometry: a three-dimensional transesophageal echocardiographic study. J Cardiothorac Vasc Anesth. (2013) 27:639–46. doi: 10.1053/j.jvca.2012.12.014

 4. Shiran A, Sagie A. Tricuspid regurgitation in mitral valve disease incidence, prognostic implications, mechanism, and management. J Am Coll Cardiol. (2009) 53:401–8. doi: 10.1016/j.jacc.2008.09.048

 5. Genereux P, Pibarot P, Redfors B, et al. Staging classification of aortic stenosis based on the extent of cardiac damage. Eur Heart J. (2017) 38:3351–8. doi: 10.1093/eurheartj/ehx381

 6. Van de Veire NR, Braun J, Delgado V, et al. Tricuspid annuloplasty prevents right ventricular dilatation and progression of tricuspid regurgitation in patients with tricuspid annular dilatation undergoing mitral valve repair. J Thorac Cardiovasc Surg. (2011) 141:1431–9. doi: 10.1016/j.jtcvs.2010.05.050

 7. Dreyfus GD, Corbi PJ, Chan KM, Bahrami T. Secondary tricuspid regurgitation or dilatation: which should be the criteria for surgical repair? Ann Thorac Surg. (2005) 79:127–32. doi: 10.1016/j.athoracsur.2004.06.057

 8. Goldstone AB, Howard JL, Cohen JE, et al. Natural history of coexistent tricuspid regurgitation in patients with degenerative mitral valve disease: implications for future guidelines. J Thorac Cardiovasc Surg. (2014) 148:2802–9. doi: 10.1016/j.jtcvs.2014.08.001

 9. Kalbacher D, Schafer U, von Bardeleben RS, et al. Impact of tricuspid valve regurgitation in surgical high-risk patients undergoing MitraClip implantation: results from the TRAMI registry. EuroIntervention. (2017) 12:e1809–16. doi: 10.4244/EIJ-D-16-00850

 10. Dumont C, Galli E, Oger E, et al. Pre- and postoperative tricuspid regurgitation in patients with severe symptomatic aortic stenosis: importance of pre-operative tricuspid annulus diameter. Eur Heart J Cardiovasc Imaging. (2018) 19:319–28. doi: 10.1093/ehjci/jex031

 11. Yajima S, Yoshioka D, Toda K, et al. Definitive determinant of late significant tricuspid regurgitation after aortic valve replacement. Circ J. (2018) 82:886–94. doi: 10.1253/circj.CJ-17-0996

 12. 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: Developed by the Task Force for the management of valvular heart disease of the European Society of Cardiology (ESC) and the European Association for Cardio-Thoracic Surgery (EACTS). Eur J Cardiothorac Surg. (2021) 60:727–800. doi: 10.1093/ejcts/ezab389

 13. Nemoto N, Lesser JR, Pedersen WR, Sorajja P, Spinner E, Garberich RF, et al. Pathogenic structural heart changes in early tricuspid regurgitation. J Thorac Cardiovasc Surg. (2015) 150:323–30. doi: 10.1016/j.jtcvs.2015.05.009

 14. Spinner EM, Shannon P, Buice D, Jimenez JH, Veledar E, Del Nido PJ, et al. In vitro characterization of the mechanisms responsible for functional tricuspid regurgitation. Circulation. (2011) 124:920–9. doi: 10.1161/CIRCULATIONAHA.110.003897

 15. Sanz J, Sanchez-Quintana D, Bossone E, Bogaard HJ, Naeije R. Anatomy function, and dysfunction of the right ventricle: JACC State-of-the-Art Review, J. Am Coll Cardiol. (2019) 73:1463–82. doi: 10.1016/j.jacc.2018.12.076

 16. Topilsky Y, Khanna A, Le Tourneau T, Park S, Michelena H, Suri R, et al. Clinical context and mechanism of functional tricuspid regurgitation in patients with and without pulmonary hypertension. Circ Cardiovasc Imaging. (2012) 5:314–23. doi: 10.1161/CIRCIMAGING.111.967919

 17. Mutlak D, Lessick J, Reisner SA, Aronson D, Dabbah S, Agmon Y. Echocardiography-based spectrum of severe tricuspid regurgitation: the frequency of apparently idiopathic tricuspid regurgitation. J Am Soc Echocardiogr. (2007) 20:405–8. doi: 10.1016/j.echo.2006.09.013

 18. Patel KM, Kumar NS, Neuburger PJ, Desai RG, Krishnan S. Functional Tricuspid Regurgitation in Patients With Chronic Mitral Regurgitation: An Evidence-Based Narrative Review. J Cardiothorac Vasc Anesth. (2021) S1053–0770(21)00445-6. doi: 10.1053/j.jvca.2021.05.032

 19. Mutlak D, Aronson D, Lessick J, Reisner SA, Dabbah S, Agmon Y. Functional tricuspid regurgitation in patients with pulmonary hypertension: is pulmonary artery pressure the only determinant of regurgitation severity? Chest. (2009) 135:115–21. doi: 10.1378/chest.08-0277

 20. Prihadi EA, Delgado V, Leon MB, Enriquez-Sarano M, Topilsky Y, Bax JJ. Morphologic types of tricuspid regurgitation: characteristics and prognostic implications. JACC Cardiovasc Imaging. (2019) 12:491–9. doi: 10.1016/j.jcmg.2018.09.027

 21. Florescu DR, Muraru D, Volpato V, Gavazzoni M, Caravita S, Tomaselli M, et al. Atrial Functional Tricuspid Regurgitation as a Distinct Pathophysiological and Clinical Entity: No Idiopathic Tricuspid Regurgitation Anymore. J Clin Med. (2022) 11:382. doi: 10.3390/jcm11020382

 22. Kasai A, Nishikawa H, Ono N, Unno M, Kakuta Y, Hamada M, et al. Clinical evaluation of severe idiopathic tricuspid regurgitation. J Cardiol. (1990) 20:937–44.

 23. Silbiger JJ. Atrial functional tricuspid regurgitation: An underappreciated cause of secondary tricuspid regurgitation. Echocardiography. (2019) 36:954–7. doi: 10.1111/echo.14327

 24. Bisbal F, Baranchuk A, Braunwald E, Bayés de. Luna A, Bayés-Genís A. Atrial failure as a clinical entity: JACC review topic of the week. J Am Coll Cardiol. (2020) 75:222–32. doi: 10.1016/j.jacc.2019.11.013

 25. Greiser M, Neuberger HR, Harks E, El-Armouche A, Boknik P, de Haan S, et al. Distinct contractile and molecular differences between two goat models of atrial dysfunction: AV block-induced atrial dilatation and atrial fibrillation. J Mol Cell Cardiol. (2009) 46:385–94. doi: 10.1016/j.yjmcc.2008.11.012

 26. Tsang TS, Gersh BJ, Appleton CP, Tajik AJ, Barnes ME, Bailey KR, et al. Left ventricular diastolic dysfunction as a predictor of the first diagnosed nonvalvular atrial fibrillation in 840 elderly men and women. J Am Coll Cardiol. (2002) 40:1636–44. doi: 10.1016/S0735-1097(02)02373-2

 27. Utsunomiya H, Harada Y, Susawa H, Ueda Y, Izumi K, Itakura K, et al. Tricuspid valve geometry and right heart remodelling: insights into the mechanism of atrial functional tricuspid regurgitation. Eur Heart J Cardiovasc Imaging. (2020) 21:1068–78. doi: 10.1093/ehjci/jeaa194

 28. Badano LP, Hahn R, Rodríguez-Zanella H, Araiza Garaygordobil D, Ochoa-Jimenez RC, Muraru D. Morphological assessment of the tricuspid apparatus and grading regurgitation severity in patients with functional tricuspid regurgitation: thinking outside the box. JACC Cardiovasc Imaging. (2019) 12:652–64. doi: 10.1016/j.jcmg.2018.09.029

 29. Romero Delgado T, Travieso Gonzalez A, Luque Diaz T, Vivas Balcones D, Casado PM, Vilacosta I. “Analysis of right ventricle echocardiographic function parameters for the prediction of outcomes in significant functional tricuspid regurgitation.” European Heart Journal 42.Supplement_1 (2021): ehab724-0118. doi: 10.1093/eurheartj/ehab724.0118 

 30. Rudski LG, Lai WW, Afilalo J, Hua L, Handschumacher MD, Chandrasekaran K, et al. Guidelines for the echocardiographic assessment of the right heart in adults: a report from the American Society of Echocardiography endorsed by the European Association of Echocardiography, a registered branch of the European Society of Cardiology, and the Canadian Society of Echocardiography. J Am Soc Echocardiogr. (2010) 23:685–713. doi: 10.1016/j.echo.2010.05.010

 31. Badano LP, Addetia K, Pontone G, Torlasco C, Lang RM, Parati G. Guidelines for the echocardiographic assessment of the right heart in adults: a report from the American Society of Echocardiography endorsed by the European Association of Echocardiography, a registered branch of the European Society of Cardiology, and the Canadian Society of Echocardiography Advanced imaging of right ventricular anatomy and function. Heart. (2020) 106:1469–76. doi: 10.1136/heartjnl-2019-315178

 32. Badano LP, Muraru D, Enriquez-Sarano M. Assessment of functional tricuspid regurgitation. Eur Heart J. (2013) 34:1875–85. doi: 10.1093/eurheartj/ehs474

 33. Pelliccia A, Caselli S, Sharma S, Basso C, Bax JJ, Corrado D, et al. European Association of Preventive Cardiology (EAPC) and European Association of Cardiovascular Imaging (EACVI) joint position statement: recommendations for the indication and interpretation of cardiovascular imaging in the evaluation of the athlete's heart. Eur Heart J. (2018) 39:1949–69. doi: 10.1093/eurheartj/ehx532

 34. Hahn RT, Thomas JD, Khalique OK, Cavalcante JL, Praz F, Zoghbi WA. Imaging assessment of tricuspid regurgitation severity. JACC Cardiovasc Imaging. (2019) 12:469–90. doi: 10.1016/j.jcmg.2018.07.033

 35. Kawut SM, Barr RG, Lima JA, Praestgaard A, Johnson WC, Chahal H, et al. Right ventricular structure is associated with the risk of heart failure and cardiovascular death: the Multi-Ethnic Study of Atherosclerosis (MESA)-right ventricle study. Circulation. (2012) 126:1681–8. doi: 10.1161/CIRCULATIONAHA.112.095216

 36. Oosterhof T, van Straten A, Vliegen HW, Meijboom FJ, van Dijk APJ, Spijkerboer AM, et al. Preoperative thresholds for pulmonary valve replacement in patients with corrected tetralogy of Fallot using cardiovascular magnetic resonance. Circulation. (2007) 116:545–51. doi: 10.1161/CIRCULATIONAHA.106.659664

 37. Iacuzio L, Essayagh B, Civaia F, Dan Schouver E, Rusek S, Dommerc C, et al. Right-sided heart structural and functional remodeling in mitral regurgitation secondary to mitral valve prolapse. Am J Cardiol. (2018) 122:2095–103. doi: 10.1016/j.amjcard.2018.08.062

 38. García-Alvarez A, Fernández-Friera L, Mirelis JG, Sawit S, Nair A, Kallman J, et al. Non-invasive estimation of pulmonary vascular resistance with cardiac magnetic resonance. Eur Heart J. (2011) 32:2438–45. doi: 10.1093/eurheartj/ehr173

 39. Fabregat-Andrés O, Estornell-Erill J, Ridocci-Soriano F, et al. Prognostic value of pulmonary vascular resistance by magnetic resonance in systolic heart failure. Arq Bras Cardiol. (2016) 106:226–35. doi: 10.5935/abc.20160020

 40. Bijnens BH, Cikes M, Claus P, Sutherland GR. Velocity and deformation im- aging for the assessment of myocardial dysfunction. Eur J Echocardiogr. (2009) 10:216–26. doi: 10.1093/ejechocard/jen323

 41. Russo C, Jin Z, Elkind MSV, Rundek T, Homma S, Sacco RL, et al. Preva- lence and prognostic value of subclinical left ventricular systolic dysfunction by global longitudinal strain in a community-based cohort. Eur J Heart Fail. (2014) 16:1301–9. doi: 10.1002/ejhf.154

 42. Cikes M, Sutherland GR, Anderson LJ, Bijnens BH. The role of echocardio- graphic deformation imaging in hypertrophic myopathies. Nat Rev Cardiol. (2010) 7:384–96. doi: 10.1038/nrcardio.2010.56

 43. Kraigher-Krainer E, Shah AM, Gupta DK, Santos A, Claggett B, Pieske B, et al. Impaired systolic function by strain imaging in heart failure with preserved ejection fraction. J Am Coll Cardiol. (2014) 63:447–56. doi: 10.1016/j.jacc.2013.09.052

 44. Romano S, Dell'atti D, Judd RM, Kim RJ, Weinsaft JW, Kim J, et al. Prognostic value of feature-tracking right ventricular longitudinal strain in severe functional tricuspid regurgitation: a multicenter study. JACC Cardiovasc Imaging. (2021) 14:1561–8. doi: 10.1016/j.jcmg.2021.02.009

 45. Russo M, Di Mauro M, Saitto G, Lio A, Berretta P, Taramasso M, et al. Beating Versus Arrested Heart Isolated Tricuspid Valve Surgery: Long-term Outcomes. Ann Thorac Surg. (2021). Apr 5:S0003–4975(21)00649-4.

 46. Casselman F, Aramendi J, Bentala M, Candolfi P, Coppoolse R, Gersak B, et al. Endoaortic clamping does not increase the risk of stroke in minimal access mitral valve surgery: a multicenter experience. Ann Thorac Surg. (2015) 100:1334–9. doi: 10.1016/j.athoracsur.2015.04.003

 47. Marullo AGM, Irace FG, Vitulli P, Peruzzi M, Rose D, D'Ascoli R, et al. Recent developments in minimally invasive cardiac surgery: evolution or revolution? Biomed Res Int. (2015) 2015:483025. doi: 10.1155/2015/483025

 48. Chirichilli I, D'Ascoli R, Rose D, Frati G, Greco E. Port Access (Thru-Port System) video-assisted mitral valve surgery. J Thorac Dis. (2013) 5:S680–5.

 49. Speziale G, Nasso G, Esposito G, Conte M, Greco E, Fattouch K, et al. Results of mitral valve repair for Barlow disease (bileaflet prolapse) via right minithoracotomy versus conventional median sternotomy: a randomized trial. J Thorac Cardiovasc Surg. (2011) 142:77–83. doi: 10.1016/j.jtcvs.2010.08.033

 50. Greco E, Zaballos JM, Alvarez L, Urso S, Pulitani I, Sàdaba R, et al. Video-assisted mitral surgery through a micro-access: a safe and reliable reality in the current era. J Heart Valve Dis. (2008) 17:48–53.

 51. Deloche A, Guerinon J, Fabiani JN, Morillo F, Caramanian M, Carpentier A, et al. Etude anatomique des valvulopathies rhumatismales tricuspidiennes: Application à l'étude des différentes valvuloplasties [Anatomical study of rheumatic tricuspid valve diseases: Application to the study of various valvuloplasties]. Ann Chir Thorac Cardiovasc. (1973) 12:343–9. 

 52. Kay JH Maselli-Campagna G, Tsuji KK. Surgical treatment of tricuspid. Insufficiency. Ann Surg. (1965) 162:53–8. doi: 10.1097/00000658-196507000-00009

 53. Ghanta RK, Chen R, Narayanasamy N, McGurk S, Lipsitz S, Chen FY, et al. Suture bicuspidization of the tricuspid valve versus ring annuloplasty for repair of functional tricuspid regurgitation: midterm results of 237 consecutive patients. J Thorac Cardiovasc Surg. (2007) 133:117–26. doi: 10.1016/j.jtcvs.2006.08.068

 54. Raja SG, Dreyfus GD. Surgery for functional tricuspid regurgitation: current techniques, outcomes and emerging concepts. Expert Rev Cardiovasc Ther. (2009) 7:73–84. doi: 10.1586/14779072.7.1.73

 55. De Vega NG. La anuloplastia selectiva, regulable y permanente. Una técnica original para el tratamiento de la insuficiencia tricúspide [Selective, adjustable and permanent annuloplasty. An original technic for the treatment of tricuspid insufficiency]. Rev Esp Cardiol. (1972) 25:555–6. 

 56. Antunes MJ, Girdwood RW. Tricuspid annuloplasty: a modified technique. Ann Thorac Surg. (1983) 35:676–8. doi: 10.1016/S0003-4975(10)61084-3

 57. Revuelta JM, Garcia-Rinaldi R. Segmental tricuspid annuloplasty: a new technique. J Thorac Cardiovasc Surg. (1989) 97:799–801. doi: 10.1016/S0022-5223(19)34529-5

 58. Shatapathy P, Aggarwal BK, Kamath SG. Tricuspid valve repair: a rational alternative. J Heart Valve Dis. (2000) 9:276–82.

 59. Goksin I, Yilmaz A, Baltalarli A, Goktogan T, Karahan N, Turk UA, et al. Modified semicircular constricting annuloplasty (Sagban's annuloplasty) in severe functional tricuspid regurgitation: alternative surgical technique and its mid-term results. J Card Surg. (2006) 21:172–5. doi: 10.1111/j.1540-8191.2006.00203.x

 60. Sarraj A, Duarte J. Adjustable segmental tricuspid annuloplasty: a new modified technique. Ann Thorac Surg. (2007) 83:698–9. doi: 10.1016/j.athoracsur.2006.04.026

 61. Carpentier A, Deloche A, Dauptain J, Soyer R, Blondeau P, Piwnica A, et al. A new reconstructive operation for correction of mitral and tricuspid insufficiency. J Thorac Cardiovasc Surg. (1971) 61:1–13. doi: 10.1016/S0022-5223(19)42269-1

 62. McCarthy JF, Cosgrove DM. 3rd. Tricuspid valve repair with the cosgrove-edwards annuloplasty system. Ann Thorac Surg. (1997) 64:267–8. doi: 10.1016/S0003-4975(97)00348-2

 63. McCarthy PM, Bhudia SK, Rajeswaran J, Hoercher KJ, Lytle BW, Cosgrove DM, et al. Tricuspid valve repair: durability and risk factors for failure. J Thorac Cardiovasc Surg. (2004) 127:674–85. doi: 10.1016/j.jtcvs.2003.11.019

 64. Matsuyama K, Matsumoto M, Sugita T, Nishizawa J, Tokuda Y, Matsuo T, et al. De Vega annuloplasty and Carpentier-Edwards ring annuloplasty for secondary tricuspid regurgitation. J Heart Valve Dis. (2001) 10:520–4.

 65. Rivera R, Duran E, Ajuria M. Carpentier's flexible ring versus De Vega's annuloplasty. A prospective randomized study. J Thorac Cardiovasc Surg. (1985) 89:196–203. doi: 10.1016/S0022-5223(19)38814-2

 66. Filsoufi F, Salzberg SP, Abascal V, Adams DH. Surgical management of functional tricuspid regurgitation with a new remodeling annuloplasty ring. Mt Sinai J Med. (2006) 73:874–9.

 67. Tang GH, David TE, Singh SK, Maganti MD, Armstrong S, Borger MA. Tricuspid valve repair with an annuloplasty ring results in improved long-term outcomes. Circulation. (2006) 114:I577–81. doi: 10.1161/CIRCULATIONAHA.105.001263

 68. Parolari A, Barili F, Pilozzi A, Pacini D. Ring or suture annuloplasty for tricuspid regurgitation? A meta-analysis review. Ann Thorac Surg. (2014) 98:2255–63. doi: 10.1016/j.athoracsur.2014.06.100

 69. Algarni KD, Alfonso J, Pragliola C, Kheirallah H, Adam AI, Arafat AA. Long-term outcomes of tricuspid valve repair: the influence of the annuloplasty prosthesis. Ann Thorac Surg. (2021) 112:1493–500. doi: 10.1016/j.athoracsur.2020.09.038

 70. Mathur M, Malinowski M, Timek TA, Rausch MK. Tricuspid annuloplasty rings: a quantitative comparison of size, nonplanar shape, and stiffness. Ann Thorac Surg. (2020) 110:1605–14. doi: 10.1016/j.athoracsur.2020.02.064

 71. Carino D, Zancanaro E, Lapenna E, Ruggeri S, Denti P, Iaci G, et al. Long-term results of tricuspid annuloplasty with 3-dimensional-shaped rings: effective and durable! Eur J Cardiothorac Surg. (2021) 60:115–21. doi: 10.1093/ejcts/ezab111

 72. Benedetto U, Melina G, Angeloni E, Refice S, Roscitano A, Comito C, et al. Prophylactic tricuspid annuloplasty in patients with dilated tricuspid annulus undergoing mitral valve surgery. J Thorac Cardiovasc Surg. (2012) 143:632–8. doi: 10.1016/j.jtcvs.2011.12.006

 73. Pettinari M, De Kerchove L, Lazam S, Pasquet A, Gerber B, Vanoverschelde JL, et al. Mid-term results of a randomized trial of tricuspid annuloplasty for less-than-severe functional tricuspid regurgitation at the time of mitral valve surgery. Eur J Cardiothorac Surg. (2019) 55:851–8. doi: 10.1093/ejcts/ezy378

 74. Otto CM, Nishimura RA, Bonow RO, Carabello BA, Erwin JP III, Gentile F, et al. 2020 ACC/AHA guideline for the management of patients with valvular heart disease: executive summary: a report of the American College of Cardiology/American Heart Association Joint Committee on Clinical Practice Guidelines. J Am Coll Cardiol. (2021) 77:450–500. doi: 10.1016/j.jacc.2020.11.035

 75. Baumgartner H, De Backer J, Babu-Narayan SV, Budts W, Chessa M, Diller GP, et al. 2020 ESC Guidelines for the management of adult congenital heart disease: The Task Force for the management of adult congenital heart disease of the European Society of Cardiology (ESC). Endorsed by: Association for European Paediatric and Congenital Cardiology (AEPC), International Society for Adult Congenital Heart Disease (ISACHD). Eur Heart J. (2021) 42:563–645. doi: 10.1093/eurheartj/ehaa554

 76. Tourmousoglou C. Is the diameter of tricuspid annulus or functional tricuspid regurgitation the key parameter for performing 'prophylactic annuloplasty'? Eur J Cardiothorac Surg. (2020) 57:203. doi: 10.1093/ejcts/ezz066

 77. Fukuda S, Song JM, Gillinov AM, McCarthy PM, Daimon M, Kongsaerepong V, et al. Tricuspid valve tethering predicts residual tricuspid regurgitation after tricuspid annuloplasty. Circulation. (2005) 111:975–9. doi: 10.1161/01.CIR.0000156449.49998.51

 78. Park YH, Song JM, Lee EY, Kim YJ, Kang DH, Song JK. Geometric and hemodynamic determinants of functional tricuspid regurgitation: a real-time three-dimensional echocardiography study. Int J Cardiol. (2008) 124:160–5. doi: 10.1016/j.ijcard.2006.12.036

 79. Yamauchi H, Vasilyev NV, Marx GR, Loyola H, Padala M, Yoganathan AP, et al. Right ventricular papillary muscle approximation as a novel technique of valve repair for functional tricuspid regurgitation in an ex vivo porcine model. J Thorac Cardiovasc Surg. (2012) 144:235–42. doi: 10.1016/j.jtcvs.2012.01.028

 80. Matsumiya G, Kohno H, Matsuura K, Sakata T, Tamura Y, Watanabe M, et al. Right ventricular papillary muscle approximation for functional tricuspid regurgitation associated with severe leaflet tethering. Interact Cardiovasc Thorac Surg. (2018) 26:700–2. doi: 10.1093/icvts/ivx406

 81. Couetil JP, Nappi F, Spadaccio C, Fiore A. Papillary muscle septalization for functional tricuspid regurgitation: Proof of concept and preliminary clinical experience. JTCVS Techniques. (2021). doi: 10.1016/j.xjtc.2021.09.027

 82. Lohchab SS, Chahal AK, Agrawal N. Papillary muscle approximation to septum for functional tricuspid regurgitation. Asian Cardiovasc Thorac Ann. (2015) 23:747–50. doi: 10.1177/0218492315570644

 83. Doenst T, Faerber G. A new technique for tricuspid valve repair addressing the subvalvular apparatus in functional tricuspid regurgitation. Interact Cardiovasc Thorac Surg. (2021) 33:525–6. doi: 10.1093/icvts/ivab134

 84. Dreyfus GD, Raja SG, John Chan KM. Tricuspid leaflet augmentation to address severe tethering in functional tricuspid regurgitation. Eur J Cardiothorac Surg. (2008) 34:908–10. doi: 10.1016/j.ejcts.2008.07.006

 85. Choi JB, Kim NY, Kim KH, Kim MH, Jo JK. Tricuspid leaflet augmentation to eliminate residual regurgitation in severe functional tricuspid regurgitation. Ann Thorac Surg. (2011) 92:e131–3. doi: 10.1016/j.athoracsur.2011.08.019

 86. Pettinari M, Bertrand P, Van Kerrebroeck C, Vandervoort P, Gutermann H, Dion R. Mid-term results of leaflet augmentation in severe tricuspid functional tethering. Eur J Cardiothorac Surg. (2016) 50:504–8. doi: 10.1093/ejcts/ezw039

 87. Alkhouli M, Lopez JJ, Mathew V. Transcatheter therapy for severe tricuspid regurgitation: learning to understand the forgotten valve. J Am Coll Cardiol. (2019) 74:3009–12. doi: 10.1016/j.jacc.2019.09.029

 88. Aboulhosn J, Cabalka AK, Levi DS, Himbert D, Testa L, Latib A, et al. Transcatheter valve-in-ring implantation for the treatment of residual or recurrent tricuspid valve dysfunction after prior surgical repair. JACC Cardiovasc Interv. (2017) 10:53–63. doi: 10.1016/j.jcin.2016.10.036

 89. Mehta AR, Sale S, Navia J, Kapadia S, Krishnaswamy A, Alfirevic A. Anesthetic and procedural considerations for patients undergoing tricuspid valve replacement with navigate valved stent. J Cardiothorac Vasc Anesth. (2019) 33:1991–4. doi: 10.1053/j.jvca.2018.09.024

 90. Lauten A, Figulla HR, Unbehaun A, Fam N, Schofer J, Doenst T, et al. Interventional treatment of severe tricuspid regurgitation: early clinical experience in a multicenter, observational, first-in-man study. Circ Cardiovasc Interv. (2018) 11:e006061. doi: 10.1161/CIRCINTERVENTIONS.117.006061

 91. Orban M, Rommel K-P, Ho EC, Unterhuber M, Pozzoli A, Connelly KA, et al. Transcatheter edge-to-edge tricuspid repair for severe tricuspid regurgitation reduces hospitalizations for heart failure. J Am Coll Cardiol HF. (2020) 8:265–76. doi: 10.1016/j.jchf.2019.12.006

 92. Besler C, Orban M, Rommel K-P, Braun D, Patel M, Hagl C, et al. Predictors of procedural and clinical outcomes in patients with symptomatic tricuspid regurgitation undergoing transcatheter edge-to-edge repair. J Am Coll Cardiol Intv. (2018) 11:1119–28. doi: 10.1016/j.jcin.2018.05.0062

 93. Lurz P., Stephan von Bardeleben R, Weber M, Sitges M, Sorajja P, Hausleiter J, et al. Transcatheter edge-to-edge repair for treatment of tricuspid regurgitation. J Am Coll Cardiol. (2021) 77:229–39. doi: 10.1016/j.jacc.2020.11.038

 94. Perlman G, Praz F, Puri R, Ofek H, Ye J, Philippon F, et al. Transcatheter tricuspid valve repair with a new transcatheter coaptation system for the treatment of severe tricuspid regurgitation: 1-year clinical and echocardiographic results. JACC Cardiovasc Interv. (2017) 10:1994–2003. doi: 10.1016/j.jcin.2017.06.036

 95. Hahn RT, Meduri CU, Davidson CJ, Lim S, Nazif TM, Ricciardi MJ, et al. Early feasibility study of a transcatheter tricuspid valve annuloplasty: SCOUT trial 30-day results. J Am Coll Cardiol. (2017) 69:1795–806. doi: 10.1016/j.jacc.2017.01.054

 96. Calen C, Taramasso M, Guidotti A, Kuwata S, Nietlispach F, Zuber M, et al. Successful tricinch-in-tricinch transcatheter tricuspid valve repair. JACC Cardiovasc Interv. (2017) 10:e75–7. doi: 10.1016/j.jcin.2017.01.032

 97. Taramasso M, Benfari G, van der Bijl P, Alessandrini H, Attinger-Toller A, Biasco L, et al. Transcatheter versus medical treatment of patients with symptomatic severe tricuspid regurgitation. J Am Coll Cardiol. (2019) 74:2998–3008. doi: 10.1016/j.jacc.2019.09.028

 98. Taramasso M, Alessandrini H, Latib A, Asami M, Attinger-Toller A, Biasco L, et al. Outcomes after current transcatheter tricuspid valve intervention: mid-term results from the international trivalve registry. JACC Cardiovasc Interv. (2019) 12:155–65. doi: 10.1016/j.jcin.2018.10.022

 99. Taramasso M, Gavazzoni M, Pozzoli A, Dreyfus GD, Bolling SF, George I, et al. Tricuspid regurgitation: predicting the need for intervention, procedural success, and recurrence of disease. JACC Cardiovasc Imaging. (2019) 12:605–21. doi: 10.1016/j.jcmg.2018.11.034

 100. Navia JL, Kapadia S, Elgharably H, Maluenda G, Bartuś K, Baeza C, et al. Transcatheter tricuspid valve implantation of navigate bioprosthesis in a preclinical model. JACC Basic Transl Sci. (2018) 3:67–79. doi: 10.1016/j.jacbts.2017.08.003

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 Vinciguerra, Sitges, Luis Pomar, Romiti, Domenech-Ximenos, D'Abramo, Wretschko, Miraldi and Greco. 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.



OPS/images/fcvm-09-836441-t002.jpg
Type of technique/device Description Strength Limitation Ongoing trials

Transcatheter tricuspid valve Implantation of a prosthetic valve  Alternative option to repair Lack of experience
replacement: in the tricuspid location orinthe  techniques, mainly in patients
-Orthotopic implantation vena cava with degeneration of previous
~Heterotopic implantation tricuspid valve correction
TrClip (Abbott, Chicago, llinois)  Edge-to-edge repair Satisfactory reduction of Lack of
tricuspid regurgitation and comprehensive
improvement in the functional data on eligible
class for patients not suitable for  patients
surgery
FORMA system (Edwards Implantation of a balloon spacer  Alternative options to Invasiveness of the
Lifesciences, Ivine, California) anchored to right ventricle apex ~ edge-to-edge repair device
able to reduce regurgitant orifice

area

- Trialign (Mitralign Inc, System of anchors placed on the  Reduction of tricuspid annulus Lack of mid-term  Safety and Feasibilty of the
Tewksbury, MA) anterior and posterior segments  diameter in patients not suitable  follow-up data Transcatheter Tricuspid Valve

- Tricinch (4Tech Cardio Ltd., of the tricuspid annulus for surgery Repair System (Trialign)
Galway, Ireland) Trials Identifier: NCT04936802
ro ic annulopl:

- Cardioband system (Edwards ~ Transcatheter implantation of a  Reduction of tricuspid Lack of mid-term
Lifesciences, Inine, CA, USA)  prosthetic annulus regurgitation in patients deemed  follow-up data.

- Milpede IRIS (Milipede Inc.,, inoperable

Santa Rosa, CA, USA)






OPS/images/fcvm-09-836441-g003.gif





OPS/images/fcvm-09-836441-t001.jpg
Type of technique/device

Suture bicuspidization

De Vega annuloplasty

Prosthetic annuloplasty:
- Duran-Medtronic flexible ring

- Carpentier-Edwards semi-rigid ring
- Cosgrove-Edwards flexible band

- Duran-Medtronic flexible band

and others ...

Papilary muscles septalization

Leaflet augmentation

Description

Double pledget-supported mattress
suture from the anteroposterior to the
posteroseptal commissure

Double continuous running suture
along anterior and posterior portions
of the annulus

Implantation of a prosthetic band or
ting

‘The approximation of the anterior PM,
attached to the RV free wall and more
prone to displacement, toward the
interventricular septum

Leaflet augmentation using a
pericardial patch

Strength

Easily reproducible

Safe, effective, easily reproducible,
cheap

Reduction of recurrent dilatation by a
non expandable frame

The technique allows to increase the
surface of coaptation of leaflets
reducing the rate of TR recurrence

The technique allows to increase the
leaflets surface improving systolic
area closure

Limitation
frequent technical failures
Occasional Suture tear: “Bowstring”
phenomenon

May Need adcitional gestures in
complex lesions (excessive leaflets
tethering)

Lack of large series reported

Lack of large series reported
Eventual degeneration of pericardial
patch (stiffer and retraction)





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Functional Tricuspid Regurgitation: Behind the Scenes of a Long-Time Neglected Disease



		Introduction



		Pathogenesis Of FTR



		Diagnostics



		Echocardiography



		Cardiac Magnetic Resonance







		Therapy



		Tricuspid Valve Annuloplasty Techniques and Outcomes



		Current and Future Perspectives



		“Prophylactic” Annuloplasty



		Valvular and Subvalvular Repair Techniques



		Transcatheter Approaches













		Conclusion



		Author Contributions



		References

















OPS/images/cover.jpg
’ frontiers
in Cardiovascular Medicine

Functional Tricuspid Regurgitation:
Behind the Scenes of a Long-Time
Neglected Disease





OPS/images/fcvm-09-836441-g001.gif
- % | - e D
o @
b T e

Spole

1
- S————1






OPS/images/fcvm-09-836441-g002.gif
\ )4::!' .%‘\:\:'
o zi e ;,;,*\1
G i

v

N\ i
e’










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Cardiovascular Medicine





