
REVIEW
published: 20 April 2022

doi: 10.3389/fcvm.2022.839483

Frontiers in Cardiovascular Medicine | www.frontiersin.org 1 April 2022 | Volume 9 | Article 839483

Edited by:

Peter Moritz Becher,

University Medical Center

Hamburg-Eppendorf, Germany

Reviewed by:

Christoph Edlinger,

University Hospital Salzburg, Austria

Aleksander Dokollari,

St. Michael’s Hospital, Canada

*Correspondence:

Mrudula Munagala

mrm410@med.miami.edu;

munagala.mrudula@gmail.com

Specialty section:

This article was submitted to

Heart Failure and Transplantation,

a section of the journal

Frontiers in Cardiovascular Medicine

Received: 20 December 2021

Accepted: 22 March 2022

Published: 20 April 2022

Citation:

Kir D and Munagala M (2022)

Restructuring the Heart From Failure

to Success: Role of Structural

Interventions in the Realm of Heart

Failure.

Front. Cardiovasc. Med. 9:839483.

doi: 10.3389/fcvm.2022.839483

Restructuring the Heart From Failure
to Success: Role of Structural
Interventions in the Realm of Heart
Failure
Devika Kir and Mrudula Munagala*

Department of Cardiology, University of Miami Miller School of Medicine, Jackson Memorial Hospital, Miami, FL,

United States

Heart failure through the spectrum of reduced (HFrEF), mid-range (or mildly reduced or

HFmEF), and preserved ejection fraction (HFpEF), continues to plague patients’ quality of

life through recurrent admissions and highmortality rates. Despite tremendous innovation

in medical therapy, patients continue to experience refractory congestive symptoms due

to adverse left ventricular remodeling, significant functional mitral regurgitation (FMR), and

right-sided failure symptoms due to significant functional tricuspid regurgitation (FTR).

As most of these patients are surgically challenging for open cardiac surgery, the past

decade has seen the development and evolution of different percutaneous structural

interventions targeted at improving FMR and FTR. There is renewed interest in the sphere

of left ventricular restorative devices to effect reverse remodeling and thereby improve

effective stroke volume and patient outcomes. For patients suffering from HFpEF, there

is still a paucity of disease-modifying effective medical therapies, and these patients

continue to have recurrent heart failure exacerbations due to impaired left ventricular

relaxation and high filling pressures. Structural therapies involving the implantation

of inter-atrial shunt devices to decrease left atrial pressure and the development of

implantable devices in the pulmonary artery for real-time hemodynamic monitoring would

help redefine treatment and outcomes for patients with HFpEF. Lastly, there is pre-clinical

data supportive of soft robotic cardiac sleeves that serve to improve cardiac function,

can assist contraction as well as relaxation of the heart, and have the potential to be

customized for each patient. In this review, we focus on the role of structural interventions

in heart failure as it stands in current clinical practice, evaluate the evidence amassed

so far, and review promising structural therapies that may transform the future of heart

failure management.

Keywords: transcatheter therapies, structural interventions, heart failure, functional valvular regurgitation, robotic

sleeves, inter-atrial shunt, ventricular restorative devices

INTRODUCTION

Despite tremendous advances in medical therapy and revascularization techniques, heart failure
continues to be a growing global epidemic– the prevalence of global heart failure doubled from
33.5 million in 1990 to 64.3 million in 2017 (1). According to American Heart Association 2021
statistics, with our aging population, the prevalence of heart failure is projected to increase by
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46% from 2012 to 2030 and would affect >8 million Americans
or nearly 3% of the population 18 years or older (2). Heart
failure continues to be the foremost cause of hospitalization
in the elderly that leads to high mortality, morbidity, and
economic burden across the spectrum of heart failure with
reduced (HFrEF), mid-range (or mildly reduced or HFmEF),
and preserved ejection fraction (HFpEF) (3). Regardless of the
ejection fraction, hospitalization for heart failure exacerbation

has been a reliable predictor of recurrent admissions and
cardiovascular death (2). Although sweeping progress has been
made in the realm of HFrEF management, the HFpEF domain

is yet to meet with similar fortune. In addition, despite optimal
medical management of primary cardiac pathology such as
ischemic heart disease and/or cardiomyopathy, patients can
still experience refractory congestive symptoms due to the

progression of secondary valvular disease (tricuspid and/or

mitral regurgitation). Tricuspid regurgitation (TR), especially
secondary regurgitation, has been a trifled valvular pathology

that has gained some attention in recent times as the milieu
of chronic venous congestion and its detrimental effect on
end-organ function is better understood (4). These patients
are not usually favored for surgical valvotomy or valvular
replacement due to perceived high surgical risk that is attributed
to poor functional status, underlying disease process, recurrent
exacerbations, and significant comorbidities. Hence, in the last
decade, structural interventions aimed at improving functional

FIGURE 1 | Schematic diagram highlighting the role of different structural interventions in heart failure with reduced and preserved ejection fraction.

valvular regurgitation unlatched new frontiers for those high-risk
patients in whom surgery is not feasible. In addition to helping
tackle valvular disease percutaneously, novel structural devices
are being developed to help monitor pulmonary pressures in a
real-time fashion, to effect left ventricular reverse remodeling
and improve effective stroke volume, and lastly, there is pre-
clinical data supportive of soft robotic cardiac sleeves that
serve to improve cardiac function and can have the potential
to be customized for an individual patient (Figure 1). In
this review, we emphasize the role of structural interventions
in heart failure as it stands in current clinical practice,
evaluate the evidence amassed so far, and review promising
structural therapies that may transform the future of heart
failure management.

STRUCTURAL INTERVENTIONS
TARGETING VALVULAR HEART DISEASE
AND HEART FAILURE

Mitral Regurgitation
Moderate or severe functional or secondary MR accompanies
heart failure in about one-third of the patients and is mediated
by mal-coaptation of the valve leaflets due to left ventricular
remodeling and dysfunction secondary to ischemic and/or non-
ischemic etiologies or due to annular dilatation in patients
with long-standing atrial fibrillation or “atrial FMR” (5, 6).
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Mechanisms causing FMR include an increase in tethering forces
causing tenting of the valve due to left ventricular dilation
and increased sphericity, displacement of the papillary muscles,
and annular dilatation. Further, there is a reduction in mitral
valve closure during systole due to impaired contractility and a
reduction in mitral annular movement (6). MR further strains
the dysfunctional ventricle by causing volume overload and
is independently predictive of increased mortality and other
adverse heart failure outcomes (7–9). As most of these patients
with advanced heart failure are unfavorable or unpropitious
surgical candidates, there has been tremendous enthusiasm and
research in the management of FMR through minimally invasive
or percutaneous strategies. One suchmethod relies on replication
of the “Alfieri stitch” that approximates the anterior and posterior
leaflets together to reduce mitral regurgitation percutaneously
using trans-septal access– Transcatheter Edge-to-Edge Repair
(TEER) using the MitraclipTM (Abbott) or PASCALTM (Edwards
Lifesciences) devices (available only in Europe). Based on the
reduction in heart failure hospitalizations and mortality rates
with TEER that were noted in the COAPT trial, TEER has
been given a class IIA recommendation for patients with HFrEF
and chronic, severe FMR with persistent heart failure symptoms
[New York Heart Association (NYHA) class II-IV] despite
optimization of medical therapy as long as the mitral valve
anatomy is conducive for the procedure, LVEF is between 20
and 50%, with left ventricular end-systolic dimension (LVESD)
≤70mm and pulmonary artery systolic pressure is ≤70mm
Hg (10, 11). Another contemporary trial that evaluated the
role of TEER for secondary mitral regurgitation–MITRA-FR,
however, failed to show any difference in clinical outcomes
with percutaneous mitral valve repair in a similar population
(12). Given subtle differences in the inclusion criteria, patients
enrolled in the COAPT trial had more severe valvular heart
failure with a lesser degree of dysfunctional/dilated myocardium,
better medical and device therapy and better optimization of
MR with a larger number of Mitra-clips deployed per patient
when compared to patients enrolled in the MITRA-FR trial
(13). This discrepancy between the results noted in COAPT
and MITRA-FR highlighted the importance of assessment
of the severity of mitral regurgitation in proportion to the
severity of left ventricular dysfunction and introduces the
concept of “proportionate MR as noted in MITRA-FR” and
“disproportionate MR as noted in COAPT.”

Not all mitral valve anatomies are ideal for performing a
TEER and hence alternative mitral valve repair strategies are
needed. One such device is a self-expandable nitinol ring that
can be implanted in the coronary sinus through the right
jugular vein– the CarillonTM Mitral Contour System– this device
relies on the close relationship between the coronary sinus
and the mitral valve annulus to effect an indirect annuloplasty
(14). Advantages of this device include ease of venous access
without the requirement of trans-septal puncture and it gives the
operators a different mechanism to address FMR by targeting
annular dilatation and does not preclude other valvular therapies.
Circumflex artery has been shown to cross between the coronary
sinus and the mitral valve annulus in about 80% of the patients
and depending on the patient’s anatomy, it may preclude

this procedure in some patients given the inherent risk of
impingement or compression of the artery when the annuloplasty
band is deployed (15). Multiple trials (AMADEUS, TITAN, and
TITAN II) have established the safety and feasibility of successive
iterations of the CarillonTM device for FMR (16–18). REDUCE-
FMR randomized patients with severe FMR to device therapy
compared to a sham control and showed low device failure rates
(14%) and complications, with a reduction in regurgitant volume
and left ventricular remodeling and improvement in functional
outcomes at 1 year (19). The largest sham-controlled trial to
evaluate the safety and efficacy of CarillonTM trial in patients
with symptomatic FMR (at least mild severity)—the EMPOWER
trial– is currently recruiting patients (20). This trial is unique
in including patients with mild FMR to assess any difference in
clinical and functional outcomes with device therapy.

Another device that targets annular dilatation is a
minimally invasive, catheter-delivered direct annuloplasty
ring– the CardiobandTM valve reconstruction system (Edwards
Lifesciences) (21). This implant is anchored along the posterior
mitral valve annulus using steel anchors through a trans-septal
approach under fluoroscopic and echocardiographic guidance
and involves adjustment of the annular size through a specific
size adjustment tool (22). Similar to the TEER devices, an
adequate septal length is needed for trans-septal access, and
similar to the Carillon devices, specific anatomical issues
with the crossing of the circumflex artery can preclude this
therapy. A European multi-center study established feasibility
with a favorable safety profile for the CardiobandTM device in
31 patients with symptomatic moderate to severe FMR with
sustained improvement in annular size, mitral regurgitation,
and functional outcomes at 7 months follow-up (23). ACTIVE
is an ongoing randomized controlled trial to evaluate the
safety and efficacy of the CardiobandTM device compared to
medical therapy alone for patients with clinically significant
and symptomatic FMR with a long follow-up period of 5 years
(24). MitralignTM (Massachusetts) is another direct annuloplasty
device that uses radiofrequency energy to penetrate two pairs of
pledget sutures through the mitral annulus tissue from the left
ventricular aspect into the left atrium– the annulus and mitral
regurgitation are reduced by cinching the sutures. Feasibility
study for MitralignTM in 71 patients with moderate-severe FMR
showed technical success in 70% of the patients enrolled with a
successful reduction in MR at 6 months in 50% of the patients
(25). MistralTM (Mitralix Ltd.) is a spiral-shaped investigational
device that reduces FMR by grasping the chordae tendineae
and improving leaflet coaptation– a feasibility study (MERIT) is
currently enrolling patients with severe FMR (26).

While these Transcatheter Mitral Valve Repair (TMVr)
techniques offer promising results for patients with FMR,
some patients have unfavorable mitral valve anatomy (such
as calcified mitral annulus) for percutaneous repair and may
experience complications or failure with significant residual
or recurrent MR despite TMVr (27). Transcatheter Mitral
Valve Replacement (TMVR) options are hence being explored
aggressively to develop viable alternatives in such patient
populations. Owing to the saddle-shaped, dynamic mitral valve
annulus and proximity to the left ventricular outflow tract with
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TABLE 1 | Descriptive analysis of the different Transcatheter Mitral Valve Replacement devices with human experience.

Valve name Valve structure Access for deployment (sheath

size)

Level of evidence

CardiAQTM (Edwards

Lifesciences)

Nitinol, self-expanding trileaflet bovine

pericardial valve (30-mm) with circumferential

anchors on the atrial and ventricular side

Trans-apical, trans-septal (31 Fr) Early Feasibility Study (RELIEF) has been

withdrawn due to high 30-day mortality rates

(28). This device has been redesigned as the

EVOQUETM.

IntrepidTM (Medtronic) A self-expanding, nitinol frame with a dual ring

design creates a “champagne-cork-like effect”

for anchoring. The inner stent frame includes a

27-mm trileaflet bovine pericardium valve.

Trans-apical and Trans-septal (35 Fr) Early experience of 50 patients- technical

success (98%) (29). Ongoing single-arm

APOLLO trial for patients with severe,

symptomatic MR, including patients with MAC

utilizing trans-apical access (30). A feasibility

study involving trans-femoral access in 15

patients with severe symptomatic mitral

regurgitation (mostly primary MR) at

high-surgical risk showed technical success in

93% of the patients with trace/no MR or

paravalvular leak, no deaths or strokes at 30

days follow-up (31).

HighLifeTM

2-component system

(HighLife Medical)

“Valve-in-ring”- Nitinol, self-expanding 31- or

28-mm trileaflet bovine bio-prosthesis is used

with a sub-annular implant that is deployed

through trans-septal access.

Trans-apical (39 Fr), Trans-septal

access for the ring (18 Fr)

Feasibility study for severe, symptomatic MR is

ongoing for the 31mm trans-apical implant−5

patients have been recruited so far (32) and the

28-mm trans-septal TMVR (33).

TiaraTM (Neovasc Inc.) Self-expanding, nitinol, D-shaped frame,

trileaflet, bovine pericardial valve (35- or

40-mm), the frame has three ventricular

anchors.

Trans-apical (32/36 Fr) This device is currently being evaluated in

feasibility (TIARA-I) (34) and a safety and

performance clinical study (TIARA-II) (35).

TendyneTM (Abbott

Laboratories)

Valve is fully repositionable and retrievable.

Trileaflet, a porcine pericardial valve on a

self-expanding, nitinol double-frame with an

epicardially fixed apical pad. An atrial cuff

further helps to anchor the valve.

Trans-apical (34 Fr) A feasibility study of 100 patients with a 2-year

follow-up shows technical success in 97% of

the patients. Thirty-nine percent all-cause

mortality at 2 years (36). SUMMIT trial to

evaluate TEER vs. TendyneTM and also

evaluate TendyneTM in patients with MAC (37).

AltaValveTM (4C

Medical Technologies

Inc.)

First TMVR implanted in a supra-annular

position to help minimize LVOTO. Trileaflet

bovine valve (27mm) in a self-expanding

spherical nitinol stent.

Trans-apical (32 Fr) Ongoing early feasibility study (38). The

trans-septal access system is under

development.

EVOQUETM (Edwards

Lifesciences)

Redesigned CardiAQTM valve (available in 44-

and 48-mm sizes) with a lower profile for

trans-septal delivery, lower ventricular

projection to minimize LVOTO.

Trans-septal (28 Fr) First-in-human experience (14 patients) with

good technical success (93%) (39). Ongoing

early feasibility study (40).

SAPEIN M3TM

(Edwards

Lifesciences)

Balloon-expandable, trileaflet bovine pericardial

valve (29-mm) on a nitinol stent, based on the

SAPIEN 3 TAVR system. Nitinol dock encircles

the chordae tendineae securing the valve in

place.

Trans-septal (20 Fr) First-in-human experience (10 patients) with

good technical success (90%) (41). Ongoing

early feasibility study (ENCIRCLE) (42).

CardiovalveTM

(Cardiovalve Ltd.)

Trileaflet, 3-scallop shaped bovine pericardial

valve (40–50mm) in a self-expanding nitinol

stent with 24 ventricular anchors.

Trans-septal (28 Fr) Ongoing early feasibility study (AHEAD) (43).

Fr, French; MR, Mitral Regurgitation; MAC, Mitral Annular Calcification; LVOTO, Left Ventricular Outflow Tract Obstruction; TAVR, Transcatheter Aortic Valve Replacement.

potential for obstruction, the development of a prosthesis in this
location has its unique challenges. A number of prostheses with
different designs have been successfully implanted in humans–
the CardiAQTM, the IntrepidTM, the HighLifeTM, the TiaraTM,
the TendyneTM, the AltaValveTM, the EVOQUETM, the SAPIEN
M3TM, and the CardiovalveTM (Table 1) (44). Because of technical
challenges with the positioning of the device and co-axial
prosthesis alignment that involves a 90◦ turn after crossing the
interatrial septum, most of the devices were developed to be

deployed through trans-apical access except for the EVOQUETM,
the SAPIEN M3TM, the IntrepidTM, and the CardiovalveTM,
which have been successfully deployed in patients through
a trans-septal approach utilizing transfemoral vascular access.
Among these TMVR devices, the longest follow-up data is
available for the TendyneTM valve– in 100 patients with severe,
symptomatic FMR at high-surgical risk without significant
valvular or annular calcification, deployment of the TendyneTM

valve was associated with procedural success, reduction in heart
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failure hospitalizations and persistent reduction in MR without
structural degeneration at 2-year follow-up (36). While TMVR
offers a more durable reduction in FMR, it does involve a
more invasive approach which can lead to increased bleeding
complications and a longer hospital course in the frail, elderly
population. With the trans-septal approach, the resulting large
iatrogenic ASD with TMVR can precipitate volume overload
and heart failure decompensations and can cause a right-left
shunt with hypoxemia in this high-risk patient population with
pulmonary hypertension– the role of closure of this ASD and the
timing of the closure is not clear and closure devices can impede
access for any future procedures needing trans-septal access.
SUMMIT is an ongoing randomized controlled trial comparing
TEER with the TendyneTM valve for patients with symptomatic
severe FMR and is also going to evaluate the TendyneTM valve
for patients with significant annular calcification– this trial
would help guide patient selection for TMVr vs. TMVR in the
future (37).

Tricuspid Regurgitation
In 2005, ∼1,600,000 patients were identified to have moderate-
severe TR, however, only <8,000 of these patients underwent
tricuspid repair or replacement (45). Primary TR is relatively
uncommon (<10%) and is mostly mediated by left-sided
valvular disease, pulmonary hypertension, left- and right-sided
cardiomyopathies (46). TR has been a neglected pathology;
however, it is clear that patients with moderate or higher
severity of TR have worse outcomes with higher mortality rates,
even after adjusting for pulmonary pressures, right ventricular
function, and left ventricular ejection fraction (47, 48). FMR
and FTR commonly coexist. In patients undergoing surgery
for left-sided valvular disease, it is a class I recommendation
to intervene on severe concomitant TR or moderate TR
with a dilated annulus, however, no such guidelines exist
for transcatheter therapies. A contemporary comparison of
two cohorts of patients with concomitant severe functional
MR and TR, patients who underwent transcatheter repair
of the mitral and tricuspid pathology in the international
TriValve registry had improved 1-year survival rates compared
to TMVr alone in the German TRAMI registry (49). TMVr
has been shown to improve TR in a third of these patients
with secondary TR, however, persistent moderate-severe TR is
common and is predictive of adverse patient outcomes (50).
Persistent significant TR creates volume overload and strains the
right ventricle furthering right ventricular dysfunction, tricuspid
annular dilatation, which then leads to worsening of TR, thereby
creating a vicious downward spiral. If uncorrected, persistent
TR can lead to diuretic resistance, and multi-organ failure with
renal injury and cirrhosis. Given the high surgical mortality in
patients with secondary TR, the development of transcatheter
therapies for tricuspid valve repair and replacement has been
an area of active research. There is evidence for worse clinical
outcomes for tricuspid valve surgery or transcatheter tricuspid
valve intervention in patients with evidence of cardio-hepatic
syndrome (51, 52). This calls for timely intervention for FTR
before organ failure ensues. Patients with FTR are commonly
anticoagulated for concomitant atrial fibrillation which makes

scoring systems that rely on INR levels like the MELD (Model
for End-Stage Liver Disease) score unreliable for assessment of
liver dysfunction. Novel scores for assessing liver dysfunction
are being actively researched– one such score that factors in
patient’s age, evidence of renal dysfunction, diuretic resistance
and hepatic dysfunction– the TRISCORE– was recently validated
as a mortality predictive tool for patients undergoing isolated
tricuspid valve surgery (53). The complex anatomy of the
tricuspid valve with an asymmetric, large annulus, proximity to
important structures like the right coronary artery and AV node
and, difficulty in imaging with subjective criteria for grading
of TR severity has made the development of these therapies
further challenging.

Treatment strategies for Transcatheter Tricuspid Repair
(TTVr) include TEER using the TriclipTM (Abbott) and
PASCALTM (Edwards Lifesciences) systems, direct annuloplasty
with CardiobandTM (Edwards Lifesciences), TricinchTM (4Tech
Cardio Ltd.), TrialignTM (Mitralign Inc.) and the MistralTM

(Mitralix Ltd.) device which effects a reduction in TR
through grasping and inward pulling of the chordae tendineae
(Table 2). Among these devices, TEER and annuloplasty with
CardiobandTM and the TrialignTM devices are based on the
known mitral valve repair techniques–owing to ease of use
and familiarity, TEER has been the most commonly employed
therapy for the tricuspid valve as well (60). TTVr devices
were being used initially on a compassionate basis– TriclipTM,
PASCALTM, and the CardiobandTM devices were recently granted
Conformité Européenne (CE) approval. These repair devices
can be limited by the valve anatomy in patients with a large
coaptation gap. Another mechanism to decrease TR in such
patients involves the insertion of spacer devices (like the
FORMATM system) through the annulus over a railing device
anchored to the right ventricle (Table 2). TriPairTM (Coramaze)
is another spacer device that is being tested in the pre-clinical
models; a retrievable atraumatic right atrium anchor and absence
of a rail distinguish it from the FORMATM system.

In patients with large coaptation gaps (>6–8mm),
massive/torrential TR, device-related TR, or prior failed
repair with single leaflet detachment, TTVr may not be feasible
and this has created the niche for Caval Valve Implantation
(CAVI) and Transcatheter Tricuspid Valve Replacement
(TTVR). CAVI involves placement of a heterotopic valve in
the Inferior Vena Cava and possibly the Superior Vena Cava
(SVC) to protect the hepatic and renal circulation by redirecting
the TR jet and this modality also improves the forward stroke
volume ejected through the right ventricle. CAVI is technically
easier than other transcatheter tricuspid therapeutic options and
can be easily combined with other modalities as the valve or
sub-valvular apparatus are intact. While the initial experience
with non-dedicated valves showed a high rate of complications
related to device thrombosis and dislocation, the novel dedicated
bicaval valves are currently undergoing early feasibility studies
(Table 2) (66). For TTVR, CardioValveTM (CardioValve Ltd.),
EVOQUETM (Edwards Lifesciences), Lux-ValveTM (Jenscare
Biotechnology), NaviGateTM (NaviGate Inc.), TrisolTM (Trisol
Medical), IntrepidTM (Medtronic), TRiCaresTM (TRiCares SAS)
are currently being tested in early feasibility trials (69). Most of
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TABLE 2 | Descriptive analysis of the different Transcatheter Tricuspid Valve Repair devices with human experience.

Device Mechanism Specific characteristics Level of evidence

TriClipTM (Abbott) Edge-edge repair Based on MitraclipTM technology. Most common repair device used to

date. Trans-femoral access.

TRILUMINATE trial- feasibility study of 85 patients in patients with moderate or greater symptomatic

TR with poor surgical candidacy– durable reduction in TR (71%) and reverse RV remodeling noted

at 1-year (54). A randomized trial comparing TriClip with medical therapy in patients with severe TR

at high surgical risk is currently ongoing (TRILUMINATE Pivotal) (55).

PASCALTM (Edwards

Lifesciences)

Edge-edge repair A similar mechanism to the TriclipTM. Trans-femoral access. A unique

spacer helps bridge large coaptation gaps and reduces mechanical

stress on the leaflets.

CLASP-TR: Feasibility study included 34 patients with severe or greater symptomatic TR at high

surgical risk. The device was implanted successfully in 85% of the patients with durable reduction in

TR at 30-days in 85% of those patients (56). CLASP-II TR: Ongoing randomized trial comparing

tricuspid valve repair (PASCAL) with medical therapy (57).

CardiobandTM

(Edwards

Lifesciences)

Direct

Annuloplasty

CardiobandTM is delivered through transfemoral access into the

annulus and is positioned using up to 17 anchors. Once optimally

positioned, it is contracted to decrease the tricuspid annulus. The right

coronary artery can be affected by device contraction.

Initial European feasibility study (TRI-REPAIR) showed good technical success (100%) in 30 patients

with moderate or higher symptomatic TR with favorable results at 2-year follow-up (58). An early

feasibility study in the US enrolled 30 patients with severe or greater symptomatic functional TR with

technical success in 93% of the patients and promising 30-day outcomes (59).

TricinchTM (4Tech

Cardio Ltd.)

Direct

annuloplasty

A two-component device using trans-femoral access– a nitinol

corkscrew implant is anchored on the AP tricuspid annulus which is

coupled using a Dacron band with a self-expanding nitinol stent that is

deployed in the IVC to maintain tension on the system and reduce

annular dimensions. Given the valve and sub-valvular apparatus are

intact, other therapies can be combined with TricinchTM.

An early feasibility study (PREVENT) in 15 symptomatic patients with moderate-severe TR with

annular dilatation was terminated per the sponsor. In the TriValve Registry, 14 patients (4% of the

patients) underwent tricuspid valve repair with Tricinch? with procedural success in 62.5% of the

patients and no 30-day mortality. Patients with higher regurgitant volume in the registry underwent

TTVr with TricinchTM (60).

TrialignTM (Mitralign

Inc.)

Direct

annuloplasty

Trans jugular-based suture-based device that reduces tricuspid annular

diameter by plication obliterating the posterior leaflet– replicates the

surgical “Kay” procedure. Based on the Mitralign? device designed for

MR. A guide catheter is used to engage the right coronary artery given

its proximity to the annulus.

Early feasibility study (SCOUT) in 15 patients with moderate or greater functional TR showed good

technical success (100% at the time of procedure, 80% at 30-days due to single-pledget annular

detachments in 3 patients) with safety (61). A larger study to assess the safety and performance of

TrialignTM in 60 patients with at least moderate functional TR across the United States and Europe

is currently enrolling (62).

MistralTM (Mitralix Ltd.) Grasping of the

chordae tendineae

Spiral-shaped, nitinol-device delivered transfemorally to grasp the

chordae tendineae like a bouquet–this improves leaflet coaptation and

improves RV geometry as well– dual mechanisms to decrease

functional TR. This device further spares the valve leaflets; hence, other

repair devices can still be used in cases of persistent TR.

First-in-human study in 7 patients with severe or greater TR at high surgical risk underwent

successful tricuspid repair with the MistralTM device with good efficacy results and improved RV

function at 30-day follow-up (63).

FORMATM (Edwards

Lifesciences)

Spacer device A foam-filled balloon (spacer- 12/15/18mm) is positioned across the

tricuspid valve over a rail extending from the subclavian vein to the RV

apex. The device is anchored to the RV myocardium using a nitinol

anchor with six prongs. There is a risk of endocarditis with the

implanted device and the subcutaneous pocket. With anchoring of the

device in the RV, the risk for perforation exists as well.

First-in-human experience in 19 patients with severe functional TR in Europe and Canada, showed

feasibility with sustained TR reduction and functional improvement at 3-year follow-up. Device

thrombosis and pulmonary embolism were notable adverse events with sub-therapeutic

anticoagulation (64). Similar results were noted with 30-day follow-up in the US with 18

compassionate cases and 29 patients included in the early feasibility study. Two procedural failures

in both groups related to perforation and device dislocation (65).

Caval Implantation

(CAVI)

Heterotopic valve

implantation

Bio-prosthetic valves implanted in the IVC and SVC to allow forward

flow into the right atrium but no backflow during TR. The initial

experience involved non-dedicated valves (Edwards SapienTM ) while

novel self-expandable valves dedicated for the bi-caval anatomy

include the TricValveTM (P&F Products; CE approval), the TricentoTM

(NewValve Technology) and the TrilliumTM systems (66). The procedure

can be performed without general anesthesia. Device use is limited in

patients with severe RV failure, IVC diameter >45mm, severe

pulmonary hypertension, or contraindication to anticoagulation.

TRICAVAL compared medical therapy with CAVI in 28 patients with severe, symptomatic TR at

high-surgical risk with Edwards SAPIEN XT balloon-expandable valve (23/26/29mm). Patient

recruitment was stopped early due to four complications within 48 h of the implant– two patients

with tamponade due to stent migration and two valve dislocations. Further, no significant difference

was noted in the maximal oxygen uptake or functional outcomes between the groups at 3-month

follow-up (67). An early feasibility study for TricValveTM (TRICUS) and a CE mark trial

(TRICUS-EURO) are currently ongoing (68).

TR, Tricuspid Regurgitation; AP, Anteroposterior; IVC, Inferior Vena Cava; TTVr, Transcatheter Tricuspid Valve Repair; IVC, Inferior Vena Cava; SVC, Superior Vena Cava; CE, Conformité Européenne.
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these devices are deployed through transfemoral access except
for TrisolTM needing transjugular access and minimally invasive
right thoracotomy is needed for Lux-valveTM and NavigateTM.
Increased risk for prosthetic valve thrombosis due to a low-
pressure system within the right heart needing anticoagulation,
right-sided heart failure due to near-complete elimination of TR
resulting in afterload mismatch, endocarditis, and conduction
disturbances are some of the factors to be considered when
deciding between transcatheter tricuspid valvular replacement
vs. repair in a patient with difficult anatomy and future trials
would further help develop an individualized approach for
management of functional TR.

Aortic Stenosis
In patients with severe Aortic Stenosis (AS) and left ventricular
dysfunction or in patients with Continuous-Flow Left
Ventricular-Assist Devices (CF-LVAD) who develop moderate
or higher degrees of Aortic Insufficiency (AI), the role of
transcatheter aortic valve interventions has been growing. In the
TOPAS-TAVI registry, 293 patients with low-flow, low-gradient
aortic stenosis and depressed ejection fraction were included
and patients with severely depressed EF (<30%) had greater
improvements in LVEF at 1-year follow-up after Transcatheter
Aortic Valve Replacement (TAVR) compared to patients with
moderately reduced EF (<40%), irrespective of the presence of
contractile reserve with dobutamine stress (70). Aortic stenosis
and left ventricular dysfunction commonly co-exist and it is
not surprising to see improvement in cardiomyopathy once the
afterload imposed by aortic stenosis is improved with TAVR.
TAVR-UNLOAD is an ongoing, randomized controlled trial that
would help assess if early TAVR with medical therapy improves
outcomes compared to medical therapy alone outcomes in
patients with moderate AS and HFrEF (71).

LVAD is increasingly being used as destination therapy in
patients with advanced heart failure who are ineligible for heart
transplantation. At the time of LVAD implantation, a moderate
or higher degree of aortic regurgitation is commonly managed
with complete patch closure, central oversewing of the aortic
leaflets (Park’s stitch), or replacement with a bio-prosthetic valve.
Complete valve closure can be fatal in cases of device malfunction
and the potential for myocardial recovery should also be weighed
in. Surgical Aortic Valve Replacement (SAVR) at the time of VAD
surgery would increase the bypass and aortic cross-clamping
times and is associated with worse clinical outcomes in patients
with INTERMACS 1 and 2 level heart failure (72). There is a role
for TAVR in such patients. Further, the altered non-physiological
flow profile with LVAD (particularly CF-LVAD) promotes aortic
valve closure and commissural fusion leading to the development
of de-novo AI following LVAD implantation– noted in ∼15–
52% of patients at 1-year post-implant (72). Moderate or higher
degrees of AI leads to decreased cardiac output due to redundant
backflow to the left ventricle and causes persistent heart failure
in these patients. Given higher mortality rates from redo surgical
repair or replacement due to severe co-morbidities, transcatheter
treatment options are being used increasingly in these patients to
treat significant post-LVAD AI. Occluder devices (AmplatzerTM)
have been used successfully in these patients, however, similar

to complete surgical closure, these devices make the patient
completely dependent on the LVAD (73). In a case series of 9
such patients, TAVR was used successfully with a self-expanding
prosthesis resulting in a durable reduction of AI at 6-months.
Owing to lack of calcium in pure AI lesions, the prosthesis
is prone to migration– 2/9 patients needed implantation of a
second valve due to device migration. Dedicated transcatheter
valvular designs for AI with a “clasping” mechanism to facilitate
anchoring (JenaValveTM and J-valveTM) may help bridge this
gap (74).

STRUCTURAL INTERVENTIONS THAT
ASSIST IN LOWERING LEFT-ATRIAL
PRESSURE

Compared to the multitude of medical and device therapy
options with a mortality benefit for HFrEF, limited options
prevail for the management of patients with HFpEF. Patients
with Lutembacher syndrome– congenital or acquired mitral
stenosis and an atrial septal defect do not suffer from congestive
symptoms. This inspired the development of Transcatheter
Interatrial Shunt Devices (IASD)– these devices are implanted
through the femoral veins and trans-septal access and aim to
lower the left-atrial pressure with activity thereby improving
symptoms and outcomes in patients with HFpEF and HFmEF.
REDUCE-LAP HF I was a phase-II randomized trial in patients
with symptomatic refractory heart failure (wedge pressure
≥25mm Hg during exercise) with LVEF>40% and a gradient
of ≥5mm Hg between the left and right atria– patients were
randomized to treatment with IASD (Corvia R© Atrial Shunt) vs.
a sham control and significant reduction in pulmonary wedge
pressure with exercise was noted in patients treated with device
therapy at 1-month follow-up (75). Further, longer follow-up at
1 year showed patency of the shunts with no significant adverse
outcomes (76). However, REDUCE-LAP HF II– a randomized
controlled trial comparing treatment with IASD (Corvia R© Atrial
Shunt) vs. a sham control in a similar heart failure population
failed to show any improvement in heart failure events or heart
failure symptoms at 12–24 months follow-up (77). Patients with
right-sided dysfunction, pulmonary hypertension, valvular heart
disease, recent deep vein thrombosis or pulmonary embolism, or
stroke are not candidates for this device therapy. Interestingly, in
REDUCE-LAPHF II trial, the only sub-group that benefited from
IASD included patients without evidence of latent pulmonary
vascular disease suggesting a possible role of invasive exercise
hemodynamics for optimal patient selection (77).While Corvia R©

Atrial Shunt is a valveless self-expandable device with a double-
disc design with an 8-mm opening in the center for an optimal
inter-atrial shunt, the V-wave Ventura R© IASD is an hourglass-
shaped device that included a one-way porcine tissue valve in
the initial versions– in the first-in-human study of 38 patients
with HFrEF and HFpEF, it was feasible and safe but was
associated with poor long-term shunt patency rates (36% at
12-months) (78). A modified valveless version of the V-wave
Ventura R© IASD with an internal diameter of 5mm is currently
being investigated in a randomized controlled trial including
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patients with symptomatic heart failure, irrespective of the
LVEF- RELIEVE-HF trial (79). Another device- the Atrial Flow
Regulator (AFR, Occlutech)– is a self-expandable nitinol device
that needs balloon septal dilation before device deployment and
has two different shunt sizes (8 and 10mm) based on the left-
sided filling pressures– the pilot study (AFR-PRELIEVE) showed
safety, feasibility and good patency rates at 3-months follow-
up (80).

Recently, there has been active research in the development
of implant-free Inter-Atrial Shunts– the Alleviant System is
one such strategy that creates a shunt using radiofrequency
energy-based septectomy that has shown safety and clinical
efficacy with patency through 12-months follow-up in the first-
in-human clinical study (ALLEVIATE HF-1) (81). The implant-
free approach has a unique advantage over implantable IASDs–it
does not preclude the use of the inter-atrial septum for any future
structural or electrophysiological interventions.

STRUCTURAL INTERVENTIONS FOR
HEMODYNAMIC MONITORING

Implantable micro-electromechanical-based sensors in the
Pulmonary Artery (PA) have been developed to assist in
real-time monitoring of cardiac filling pressures to tailor
medical therapy and pre-empt a heart failure exacerbation.
This is particularly important for patients with HFpEF, where
patients are threading a narrow line between hypervolemia
and heart failure and hypovolemia and underfilling of the
ventricle resulting in hypotension. CHAMPION was a single-
blinded randomized controlled trial that showed a clinically
meaningful and significant reduction in HF admissions in
patients with moderately symptomatic heart failure (New
York Heart Association (NYHA) class III HF with a recent
admission in the past 12 months) with the use of the wireless
PA pressure monitoring using the CardioMEMSTM HF system
(Abbott) compared to medical therapy alone. HF admissions
were consistently reduced in patients with HFpEF and HFrEF
with a significant change in diuretic dosing across the two
arms; this effect was apparent after about 3 months of diuretic
titration in the treatment arm and persisted up to 17 months
of follow-up (50% relative reduction for HFpEF and 26% for
HFrEF) (82). CardioMEMSTM HF system was approved by the
Food and Drug Administration for the indications studied in the
CHAMPION trial in 2014. Recently, the GUIDE-HF trial studied
hemodynamic monitoring-guided management of HF with the
CardioMEMSTM HF system compared to medical therapy alone
in patients with mild-severe chronic HF (NYHA class II-IV)
and patients were not required to have a recent HF admission if
they had elevated natriuretic peptides– no significant difference
was noted in the primary composite end-point of all-cause
mortality and HF events in either HFrEF or HFpEF at 12
months follow-up in this trial (83). It is important to note
that the disruptions caused by the Coronavirus Disease 2019
(COVID-19) pandemic may have had a significant impact on
this trial results– analyzing the pre-specified pre-COVID-19 sub-
group, a benefit was noted with reduced HF admissions in the

hemodynamic monitoring-guided management arm, however,
it is hypothesis-generating as this analysis lacks adequate power.
Another similar micro-electromechanical-based sensor is the
CordellaTM (Endotronix Inc.) device that showed promising
safety and accuracy data (SIRONA first-in-human study) and
is currently being studied in a randomized controlled trial in
patients with NYHA class III HF (PROACTIVE-HF) (84, 85).
Compared to the CardioMEMSTM HF system that is implanted
in the left pulmonary artery, the CordellaTM HF system is
implanted in the right PA and the integrated system includes the
incorporation of clinical variables in the form of symptoms heart
rate, blood pressure, oxygen saturation and weight in addition
to the invasive hemodynamic data for HF management. While
helpful in monitoring left-sided filling pressures, these devices
offer little in terms of right-sided pressure monitoring and use
can be limited in patients with recent pulmonary embolism or a
predisposition to recurrent pulmonary emboli.

VENTRICULAR RESTORATIVE DEVICES

In HFrEF patients, with disease progression, the left ventricle
remodels into a dilated, spherical cavity to compensate
and maintain cardiac output based on the Frank-Starling
relationship. However, this adverse remodeling results in
increased end-diastolic volumes with increased wall stress,
more FMR, and drives refractory heart failure symptoms.
Ventricular restorative devices are being actively researched to
restore the altered LV geometry in patients with refractory
heart failure. Parachute R© (Cardiokinetix) is a catheter-based,
self-expanding, umbrella-shaped, partitioning device, that was
intended to separate the aneurysmal portion of the LV and
create a new apex in patients with ischemic cardiomyopathy.
While the first-in-human study (PARACHUTE) in patients
with HFrEF (EF 15–40% and an akinetic of dyskinetic
apex) showed safety and feasibility, at 3-year follow-up, a
reduction in stroke volume and LVEF were noted. This device
was subsequently tested in a randomized, controlled trial
(PARACHUTE IV) that enrolled 331 subjects with NYHA class
III-IV ischemic cardiomyopathy and wall motion abnormalities
(EF 15–35%) with suitable anatomy for the device, however,
the trial was terminated prematurely in 2017 and this device
is not in use currently (86). Another device designed to help
restore the dysfunctional geometry in a failing ventricle is
the AccuCinch R© (Ancora Heart Inc.) Ventricular Restoration
System– a nitinol anchor-based cinching cable positioned in
the LV cavity below the mitral valve through a retrograde
transventricular approach. This is still being tested in early
feasibility trials in patients with HFrEF or moderate or
higher degree of FMR with NYHA class III-IV symptoms
despite optimal medical therapy (CorCinch) (87). BioVentrix
Revivent TCTM is another alternative to surgical left ventricular
reconstruction. This device is implanted through a hybrid
mini-thoracotomy (left ventricle-septum-right ventricle) and
transcatheter approach (neck vein-right ventricle) with its
internal anchor implanted into the right ventricle across the
anterior septum and the external anchor latched onto the
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epicardial surface– it restores left ventricular geometry in
patients with ischemic cardiomyopathy through the exclusion
of scarred/dyskinetic/aneurysmal myocardium. A single-arm
multi-center study of 86 patients with symptomatic ischemic
cardiomyopathy (LVEF 15–45%) showed sustained improvement
in heart failure symptoms, LVEF and LV volumes at 12 months
with this device with >90% survival (4 in-hospital deaths were
noted) (88). Based on these promising results, this device has
been granted CE approval in Europe and is currently being
evaluated against medical therapy in the ongoing pivotal ALIVE
trial (89).

CARDIAC SOFT-ROBOTIC SLEEVES

Cardiac sleeves envisage the use of biomimetic implantable
robotic devices for ventricular support in heart failure patients.
The sleeves have certain benefits compared to current VAD in
clinical practice– they can provide bi-ventricular support, no
contact with blood reduces the risk for thrombosis, they can
be activated to provide support to the heart during systole as
well as diastole, and finally, level of support can be weaned
as the native function recovers (90). These robotic sleeves are
still being tested in pre-clinical animal models. CorInnova Inc
has developed such a pneumatically actuated robotic device
for biventricular support with a polyurethane membrane on a
self-expanding nitinol frame that can be deployed through a
mini-thoracotomy with a sutureless pneumatic attachment to
the heart– it has shown promising results in pre-clinical ovine

models with the first-in-human studies are being planned (91).
This device is intended as a short-term cardiac assist device
as bridge-to-decision or bridge-to-transplant and for long-term
use in patients with advanced heart failure who are ineligible
for VADs.

CONCLUSION

In summary, in the last decade, there has been tremendous
growth in the development of transcatheter interventions to
improve heart failure outcomes. Given themultitude of structural
therapies available and the clinical complexity involved in
decision-making, the role of team-approach with involvement of
the advanced heart failure team, multi-modality cardiac imagers,
different medical sub-specialties (intensive care, nephrology
and hepatology) and the structural heart team cannot be
overstated. Finally, early consideration of structural therapies is
paramount to ensure good outcomes before end-organ damage
has ensued. The ongoing trials for cardiac robotic sleeves,
ventricular restorative devices, implant-free inter-atrial shunts,
novel transcatheter mitral and tricuspid valve devices would help
shape the future of heart failure management.

AUTHOR CONTRIBUTIONS

DK and MM were involved in the planning, execution, writing,
and critical appraisal of this manuscript. All authors contributed
to the article and approved the submitted version.

REFERENCES

1. Bragazzi NL, ZhongW, Shu J, AbuMuch A, Lotan D, Grupper A, et al. Burden

of heart failure and underlying causes in 195 countries and territories from

1990 to 2017. Eur J Prev Cardiol. (2021). doi: 10.1093/eurjpc/zwaa147

2. Virani SS, Alonso A, Aparicio HJ, Benjamin EJ, Bittencourt MS, Callaway

CW, et al. Prevention statistics, and S. Stroke statistics, heart disease and

stroke statistics-2021 update: a report from the American Heart Association.

Circulation. (2021) 143:e254–743. doi: 10.1161/CIR.0000000000000950

3. Dharmarajan K, Rich MW. Epidemiology, pathophysiology, and

prognosis of heart failure in older adults. Heart Fail Clin. (2017)

13:417–26. doi: 10.1016/j.hfc.2017.02.001

4. Gercek M, Rudolph V. Secondary tricuspid regurgitation:

pathophysiology, incidence and prognosis. Front Cardiovasc Med. (2021)

8:701243. doi: 10.3389/fcvm.2021.701243

5. O’Gara PT, Mack MJ. Secondary mitral regurgitation. N Engl J Med. (2020)

383:1458–67. doi: 10.1056/NEJMcp1903331

6. Coats AJS, Anker SD, Baumbach A, Alfieri O, von Bardeleben RS,

Bauersachs J, et al. The management of secondary mitral regurgitation

in patients with heart failure: a joint position statement from the Heart

Failure Association (HFA), European Association of Cardiovascular Imaging

(EACVI), European Heart Rhythm Association (EHRA), and European

Association of Percutaneous Cardiovascular Interventions (EAPCI) of the

ESC. Eur Heart J. (2021) 42:1254–69. doi: 10.1093/eurheartj/ehab086

7. Sannino A, Smith RL 2nd, Schiattarella GG, Trimarco B, Esposito G,

Grayburn PA. Survival and cardiovascular outcomes of patients with

secondary mitral regurgitation: a systematic review and meta-analysis. J Am

Med Assoc Cardiol. (2017) 2:1130–9. doi: 10.1001/jamacardio.2017.2976

8. Grigioni F, Enriquez-Sarano M, Zehr KJ, Bailey KR, Tajik AJ.

Ischemic mitral regurgitation: long-term outcome and prognostic

implications with quantitative Doppler assessment. Circulation. (2001)

103:1759–64. doi: 10.1161/01.CIR.103.13.1759

9. Agricola E, Ielasi A, Oppizzi M, Faggiano P, Ferri L, Calabrese A, et al.

Long-term prognosis of medically treated patients with functional mitral

regurgitation and left ventricular dysfunction. Eur J Heart Fail. (2009) 11:581–

7. doi: 10.1093/eurjhf/hfp051

10. Stone GW, Lindenfeld J, Abraham WT, Kar S, Lim DS, Mishell JM, et al.

Transcatheter mitral-valve repair in patients with heart failure. N Engl J Med.

(2018) 379:2307–18. doi: 10.1056/NEJMoa1806640

11. Otto CM, Nishimura RA, Bonow RO, Carabello BA, Erwin JP, Gentile F,

et al. 2020 ACC/AHA guideline for the management of patients with valvular

heart disease: a report of the American College of Cardiology/American Heart

Association Joint Committee on Clinical Practice Guidelines. Circulation.

(2021) 143:e72–227. doi: 10.1161/CIR.0000000000000923

12. Obadia JF, Messika-Zeitoun D, Leurent G, Iung B, Bonnet G, Piriou N, et al.

Percutaneous repair or medical treatment for secondary mitral regurgitation.

N Engl J Med. (2018) 379:2297–306. doi: 10.1056/NEJMoa1805374

13. Pibarot P, Delgado V, Bax JJ. MITRA-FR vs. COAPT: lessons from two trials

with diametrically opposed results. Eur Heart J Cardiovasc Imaging. (2019)

20:620–4. doi: 10.1093/ehjci/jez073

14. Krishnaswamy A, Kapadia SR. Indirect mitral annuloplasty

using the carillon device. Front Cardiovasc Med. (2020)

7:576058. doi: 10.3389/fcvm.2020.576058

15. Choure AJ, Garcia MJ, Hesse B, Sevensma M, Maly G, Greenberg

NL, et al. In vivo analysis of the anatomical relationship of coronary

sinus to mitral annulus and left circumflex coronary artery using

cardiac multidetector computed tomography: implications for percutaneous

coronary sinus mitral annuloplasty. J Am Coll Cardiol. (2006) 48:1938–

45. doi: 10.1016/j.jacc.2006.07.043

16. Schofer J, Siminiak T, Haude M, Herrman JP, Vainer J, Wu

JC, et al. Percutaneous mitral annuloplasty for functional mitral

regurgitation: results of the CARILLON Mitral Annuloplasty

Device European Union Study. Circulation. (2009) 120:326–

33. doi: 10.1161/CIRCULATIONAHA.109.849885

Frontiers in Cardiovascular Medicine | www.frontiersin.org 9 April 2022 | Volume 9 | Article 839483

https://doi.org/10.1093/eurjpc/zwaa147
https://doi.org/10.1161/CIR.0000000000000950
https://doi.org/10.1016/j.hfc.2017.02.001
https://doi.org/10.3389/fcvm.2021.701243
https://doi.org/10.1056/NEJMcp1903331
https://doi.org/10.1093/eurheartj/ehab086
https://doi.org/10.1001/jamacardio.2017.2976
https://doi.org/10.1161/01.CIR.103.13.1759
https://doi.org/10.1093/eurjhf/hfp051
https://doi.org/10.1056/NEJMoa1806640
https://doi.org/10.1161/CIR.0000000000000923
https://doi.org/10.1056/NEJMoa1805374
https://doi.org/10.1093/ehjci/jez073
https://doi.org/10.3389/fcvm.2020.576058
https://doi.org/10.1016/j.jacc.2006.07.043
https://doi.org/10.1161/CIRCULATIONAHA.109.849885
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Kir and Munagala Heart Failure and Structural Interventions

17. Siminiak T, Wu JC, Haude M, Hoppe UC, Sadowski J, Lipiecki J,

et al. Treatment of functional mitral regurgitation by percutaneous

annuloplasty: results of the TITAN Trial. Eur J Heart Fail. (2012) 14:931–

8. doi: 10.1093/eurjhf/hfs076

18. Lipiecki J, Siminiak T, Sievert H, Muller-Ehmsen J, Degen H, Wu JC,

et al. Coronary sinus-based percutaneous annuloplasty as treatment for

functional mitral regurgitation: the TITAN II trial. Open Heart. (2016)

3:e000411. doi: 10.1136/openhrt-2016-000411

19. Witte KK, Lipiecki J, Siminiak T, Meredith IT, Malkin CJ, Goldberg

SL, et al. The REDUCE FMR trial: a randomized sham-controlled

study of percutaneous mitral annuloplasty in functional mitral

regurgitation. JACC Heart Fail. (2019) 7:945–55. doi: 10.1016/j.jchf.2019.

06.011

20. ClinicalTrials.gov. The EMPOWER Trial - The Carillon R© Mitral Contour

System R© in Treating Heart Failure With at Least Mild FMR. (2017).

21. Treede H, Charitos EI. The role of transcatheter mitral valve therapy in heart

failure. Eur J Cardiothorac Surg. (2019) 55:i26–30. doi: 10.1093/ejcts/ezy410

22. Miller M, Thourani VH, Whisenant B. The cardioband transcatheter

annular reduction system. Ann Cardiothorac Surg. (2018)

7:741–7. doi: 10.21037/acs.2018.10.10

23. Nickenig G, Hammerstingl C, Schueler R, Topilsky Y, Grayburn

PA, Vahanian A, et al. Transcatheter mitral annuloplasty in chronic

functional mitral regurgitation: 6-month results with the cardioband

percutaneous mitral repair system. JACC Cardiovasc Interv. (2016)

9:2039–47. doi: 10.1016/j.jcin.2016.07.005

24. ClinicalTrials.gov. Edwards Cardioband System ACTIVE Pivotal Clinical Trial

(ACTIVE) (ACTIVE). (2017).

25. Nickenig G, Schueler R, Dager A, Martinez Clark P, Abizaid A, Siminiak

T, et al. Treatment of chronic functional mitral valve regurgitation with

a percutaneous annuloplasty system. J Am Coll Cardiol. (2016) 67:2927–

36. doi: 10.1016/j.jacc.2016.03.591

26. ClinicalTrials.gov. MERIT Study - Mistral Percutaneous Mitral Valve Repair

FIM Study (MERIT). (2016).

27. Kar S, Mack MJ, Lindenfeld J, Abraham WT, Asch FM, Weissman

NJ, et al. Relationship between residual mitral regurgitation and

clinical and quality-of-life outcomes after transcatheter and medical

treatments in heart failure: COAPT Trial. Circulation. (2021)

144:426–37. doi: 10.1161/CIRCULATIONAHA.120.053061

28. ClinicalTrials.gov. CardiAQ-EdwardsTM Transcatheter Mitral Valve

Replacement (TMVR) Study (RELIEF). (2016).

29. Sorajja P, Bapat V. Early experience with the Intrepid system for

transcatheter mitral valve replacement. Ann Cardiothorac Surg. (2018) 7:792–

8. doi: 10.21037/acs.2018.10.03

30. ClinicalTrials.gov.TranscatheterMitral Valve ReplacementWith theMedtronic

IntrepidTM TMVR System in Patients With Severe Symptomatic Mitral

Regurgitation (APOLLO). (2017).

31. Zahr F, Song HK, Chadderdon SM, Gada H,MumtazM, Byrne T, et al. Thirty-

day outcomes following transfemoral transseptal transcatheter mitral valve

replacement: intrepid TMVR early feasibility study results. JACC Cardiovasc

Interv. (2021) 15:80–9. doi: 10.1016/j.jcin.2021.10.018

32. ClinicalTrials.gov.HighLife
TM

TranscatheterMitral Valve Replacement System

Study. (2016).

33. ClinicalTrials.gov. Feasibility Study of the HighLife 28 mm Trans-septal Trans-

catheter Mitral Valve in Patients With Moderate-severe or Severe Mitral

Regurgitation and at High Surgical Risk. (2019).

34. ClinicalTrials.gov. Early Feasibility Study of the Neovasc Tiara
TM

Mitral Valve

System (TIARA-I). (2014).

35. ClinicalTrials.gov. Tiara
TM

Transcatheter Mitral Valve Replacement Study

(TIARA-II). (2017).

36. Muller DWM, Sorajja P, Duncan A, Bethea B, Dahle G, Grayburn P, et al.

2-year outcomes of transcatheter mitral valve replacement in patients with

severe symptomatic mitral regurgitation. J Am Coll Cardiol. (2021) 78:1847–

59. doi: 10.1016/j.jacc.2021.08.060

37. ClinicalTrials.gov. Clinical Trial to Evaluate the Safety and Effectiveness of

Using the Tendyne Mitral Valve System for the Treatment of Symptomatic

Mitral Regurgitation (SUMMIT). (2018).

38. ClinicalTrials.gov. AltaValve Early Feasibility Study Protocol. (2019).

39. Webb J, Hensey M, Fam N, Rodes-Cabau J, Daniels D, Smith R, et al.

Transcatheter mitral valve replacement with the transseptal EVOQUE system.

JACC Cardiovasc Interv. (2020) 13:2418–26. doi: 10.1016/j.jcin.2020.06.040

40. ClinicalTrials.gov. Edwards EVOQUE Eos MISCEND Study. (2016).

41. Webb JG, Murdoch DJ, Boone RH, Moss R, Attinger-Toller A, Blanke P,

et al. Percutaneous transcatheter mitral valve replacement: first-in-human

experience with a new transseptal system. J Am Coll Cardiol. (2019) 73:1239–

46. doi: 10.1016/j.jacc.2018.12.065

42. ClinicalTrials.gov. The ENCIRCLE Trial (ENCIRCLE). (2019).

43. ClinicalTrials.gov. AHEAD: European Feasibility Study of the Cardiovalve

Transfemoral Mitral Valve System (AHEAD). (2017).

44. Rawish E, Schmidt T, Eitel I, Frerker C. Current status of

catheter-based mitral valve replacement. Curr Cardiol Rep. (2021)

23:95. doi: 10.1007/s11886-021-01524-0

45. Stuge O, Liddicoat J. Emerging opportunities for cardiac surgeons within

structural heart disease. J Thorac Cardiovasc Surg. (2006) 132:1258–

61. doi: 10.1016/j.jtcvs.2006.08.049

46. Topilsky Y, Maltais S, Medina Inojosa J, Oguz D, Michelena H,

Maalouf J, et al. Burden of tricuspid regurgitation in patients

diagnosed in the community setting. JACC Cardiovasc Imaging. (2019)

12:433–42. doi: 10.1016/j.jcmg.2018.06.014

47. Nath J, Foster E, Heidenreich PA. Impact of tricuspid regurgitation

on long-term survival. J Am Coll Cardiol. (2004) 43:405–

9. doi: 10.1016/j.jacc.2003.09.036

48. Sadeghpour A, Hassanzadeh M, Kyavar M, Bakhshandeh H,

Naderi N, Ghadrdoost B, et al. Impact of severe tricuspid

regurgitation on long term survival. Res Cardiovasc Med. (2013)

2:121–6. doi: 10.5812/cardiovascmed.10686

49. Mehr M, Karam N, Taramasso M, Ouarrak T, Schneider S, Lurz P, et al.

Combined tricuspid and mitral versus isolated mitral valve repair for severe

MR and TR: an analysis from the trivalve and TRAMI registries. JACC

Cardiovasc Interv. (2020) 13:543–50. doi: 10.1016/j.jcin.2019.10.023

50. Geyer M, Keller K, Bachmann K, Born S, Tamm AR, Ruf TF, et al.

Concomitant tricuspid regurgitation severity and its secondary reduction

determine long-term prognosis after transcatheter mitral valve edge-to-edge

repair. Clin Res Cardiol. (2021) 110:676–88. doi: 10.1007/s00392-020-01798-4

51. Ailawadi G, Lapar DJ, Swenson BR, Siefert SA, Lau C, Kern JA, et al. Model

for end-stage liver disease predicts mortality for tricuspid valve surgery. Ann

Thorac Surg. (2009) 87:1460–7. doi: 10.1016/j.athoracsur.2009.01.043

52. Stolz L, Orban M, Besler C, Kresoja KP, Braun D, Doldi P, et al. Cardiohepatic

syndrome is associated with poor prognosis in patients undergoing tricuspid

transcatheter edge-to-edge valve repair. JACC Cardiovasc Interv. (2022)

15:179–89. doi: 10.1016/j.jcin.2021.10.033

53. Dreyfus J, Audureau E, Bohbot Y, Coisne A, Lavie-Badie Y, Bouchery M,

et al. TRI-SCORE: a new risk score for in-hospital mortality prediction

after isolated tricuspid valve surgery. Eur Heart J. (2021) 43:654–

62. doi: 10.1093/eurheartj/ehab679

54. 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

55. ClinicalTrials.gov. TRILUMINATE Pivotal Trial. (2019).

56. Kodali S, Hahn RT, Eleid MF, Kipperman R, Smith R, Lim DS,

et al. Feasibility study of the transcatheter valve repair system

for severe tricuspid regurgitation. J Am Coll Cardiol. (2021)

77:345–56. doi: 10.1016/j.jacc.2020.11.047

57. ClinicalTrials.gov. Edwards PASCAL Transcatheter Valve Repair System

Pivotal Clinical Trial (CLASP II TR). (2019).

58. Nickenig G,WeberM, Schuler R, Hausleiter J, NabauerM, von Bardeleben RS,

et al. Tricuspid valve repair with the Cardioband system: two-year outcomes

of the multicentre, prospective TRI-REPAIR study. EuroIntervention. (2021)

16:e1264–71. doi: 10.4244/EIJ-D-20-01107

59. Davidson CJ, Lim DS, Smith RL, Kodali SK, Kipperman RM, Eleid MF,

et al. Early feasibility study of cardioband tricuspid system for functional

tricuspid regurgitation: 30-day outcomes. JACC Cardiovasc Interv. (2021)

14:41–50. doi: 10.1016/j.jcin.2020.10.017

60. Taramasso M, Alessandrini H, Latib A, Asami M, Attinger-Toller A, Biasco

L, et al. Outcomes after current transcatheter tricuspid valve intervention:

Frontiers in Cardiovascular Medicine | www.frontiersin.org 10 April 2022 | Volume 9 | Article 839483

https://doi.org/10.1093/eurjhf/hfs076
https://doi.org/10.1136/openhrt-2016-000411
https://doi.org/10.1016/j.jchf.2019.06.011
https://doi.org/10.1093/ejcts/ezy410
https://doi.org/10.21037/acs.2018.10.10
https://doi.org/10.1016/j.jcin.2016.07.005
https://doi.org/10.1016/j.jacc.2016.03.591
https://doi.org/10.1161/CIRCULATIONAHA.120.053061
https://doi.org/10.21037/acs.2018.10.03
https://doi.org/10.1016/j.jcin.2021.10.018
https://doi.org/10.1016/j.jacc.2021.08.060
https://doi.org/10.1016/j.jcin.2020.06.040
https://doi.org/10.1016/j.jacc.2018.12.065
https://doi.org/10.1007/s11886-021-01524-0
https://doi.org/10.1016/j.jtcvs.2006.08.049
https://doi.org/10.1016/j.jcmg.2018.06.014
https://doi.org/10.1016/j.jacc.2003.09.036
https://doi.org/10.5812/cardiovascmed.10686
https://doi.org/10.1016/j.jcin.2019.10.023
https://doi.org/10.1007/s00392-020-01798-4
https://doi.org/10.1016/j.athoracsur.2009.01.043
https://doi.org/10.1016/j.jcin.2021.10.033
https://doi.org/10.1093/eurheartj/ehab679
https://doi.org/10.1016/j.jacc.2020.11.038
https://doi.org/10.1016/j.jacc.2020.11.047
https://doi.org/10.4244/EIJ-D-20-01107
https://doi.org/10.1016/j.jcin.2020.10.017
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Kir and Munagala Heart Failure and Structural Interventions

mid-term results from the international TriValve registry. JACC Cardiovasc

Interv. (2019) 12:155–65. doi: 10.1016/j.jcin.2018.10.022

61. 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

62. ClinicalTrials.gov. Safety and Performance of the Trialign Percutaneous

Tricuspid Valve Annuloplasty System (PTVAS) (SCOUT-II). (2017).

63. Planer D, Beeri R, Danenberg HD. First-in-human transcatheter tricuspid

valve repair: 30-day follow-up experience with the mistral device. JACC

Cardiovasc Interv. (2020) 13:2091–6. doi: 10.1016/j.jcin.2020.05.050

64. Asmarats L, Perlman G, Praz F, Hensey M, Chrissoheris MP, Philippon

F, et al. Long-term outcomes of the FORMA transcatheter tricuspid valve

repair system for the treatment of severe tricuspid regurgitation: insights

from the first-in-human experience. JACC Cardiovasc Interv. (2019) 12:1438–

47. doi: 10.1016/j.jcin.2019.04.038

65. Perlman GY, Dvir D. Treatment of tricuspid regurgitation

with the FORMA repair system. Front Cardiovasc Med. (2018)

5:140. doi: 10.3389/fcvm.2018.00140

66. Abdul-Jawad Altisent O, Benetis R, Rumbinaite E, Mizarien V, Codina P,

Gual-Capllonch F, et al. Caval Valve Implantation (CAVI): an emerging

therapy for treating severe tricuspid regurgitation. J Clin Med. (2021)

10:194601. doi: 10.3390/jcm10194601

67. Dreger H, Mattig I, Hewing B, Knebel F, Lauten A, Lembcke A, et al.

Treatment of severe tricuspid regurgitation in patients with advanced

heart failure with CAval vein implantation of the edwards sapien XT

VALve (TRICAVAL): a randomised controlled trial. EuroIntervention. (2020)

15:1506–13. doi: 10.4244/EIJ-D-19-00901

68. ClinicalTrials.gov. TRICUS STUDY Euro - Safety and Efficacy of the

TricValve R© Device. (2019).

69. Goldberg YH, Ho E, Chau M, Latib A. Update on transcatheter

tricuspid valve replacement therapies. Front Cardiovasc Med. (2021)

8:619558. doi: 10.3389/fcvm.2021.619558

70. Maes F, Lerakis S, Barbosa Ribeiro H, Gilard M, Cavalcante JL, Makkar R,

et al. Outcomes from transcatheter aortic valve replacement in patients with

low-flow, low-gradient aortic stenosis and left ventricular ejection fraction less

than 30%: a substudy from the TOPAS-TAVI registry. J AmMed Assoc Cardiol.

(2019) 4:64–70. doi: 10.1001/jamacardio.2018.4320

71. Spitzer E, Van Mieghem NM, Pibarot P, Hahn RT, Kodali S, Maurer MS,

et al. Rationale and design of the Transcatheter Aortic Valve Replacement

to UNload the Left ventricle in patients with ADvanced heart failure (TAVR

UNLOAD) trial. Am Heart J. (2016) 182:80–8. doi: 10.1016/j.ahj.2016.08.009

72. Goodwin ML, Bobba CM, Mokadam NA, Whitson BA, Essandoh M, Hasan

A, et al. Continuous-flow left ventricular assist devices and the aortic valve:

interactions, issues, and surgical therapy. Curr Heart Fail Rep. (2020) 17:97–

105. doi: 10.1007/s11897-020-00464-0

73. Retzer EM, Sayer GT, Fedson SE, Nathan S, Jeevanandam V, Friant J, et al.

Predictors of survival following trans-catheter aortic valve closure for left

ventricular assist device associated aortic insufficiency. Catheter Cardiovasc

Interv. (2016) 87:971–9. doi: 10.1002/ccd.26280

74. Fried JA, Nazif TM, Colombo PC. A new frontier for TAVR: aortic

insufficiency in CF-LVAD patients. J Heart Lung Transplant. (2019) 38:927–

9. doi: 10.1016/j.healun.2019.06.024

75. Feldman T, Mauri L, Kahwash R, Litwin S, Ricciardi MJ, van der

Harst P, et al. Transcatheter interatrial shunt device for the treatment

of heart failure with preserved ejection fraction (REDUCE LAP-HF I

[Reduce Elevated Left Atrial Pressure in Patients With Heart Failure]): a

phase 2, randomized, sham-controlled trial. Circulation. (2018) 137:364–

75. doi: 10.1161/CIRCULATIONAHA.117.032094

76. Shah SJ, Feldman T, Ricciardi MJ, Kahwash R, Lilly S, Litwin S, et al. One-

year safety and clinical outcomes of a transcatheter interatrial shunt device

for the treatment of heart failure with preserved ejection fraction in the

reduce elevated left atrial pressure in patients with heart failure (REDUCE

LAP-HF I) trial: a randomized clinical trial. J Am Med Assoc Cardiol. (2018)

3:968–77. doi: 10.1001/jamacardio.2018.2936

77. Shah BABSJ, Chung ES, Cutlip DE, Debonnaire P, Fail PS, Gao

Q, et al. Atrial shunt device for heart failure with preserved

and mildly reduced ejection fraction (REDUCE LAP-HF II): a

randomised, multicentre, blinded, sham-controlled trial. Lancet. (2022)

399:1130–40. doi: 10.1016/S0140-6736(22)00016-2

78. Rodes-Cabau J, Bernier M, Amat-Santos IJ, Ben Gal T, Nombela-Franco L,

Garcia Del Blanco B, et al. Interatrial shunting for heart failure: early and

late results from the first-in-human experience with the V-wave system. JACC

Cardiovasc Interv. (2018) 11:2300–10. doi: 10.1016/j.jcin.2018.07.001

79. ClinicalTrials.gov. Reducing Lung CongestIon Symptoms in Advanced Heart

Failure (RELIEVE-HF). (2018).

80. Paitazoglou C, Ozdemir R, Pfister R, Bergmann MW, Bartunek J, Kilic

T, et al. The AFR-PRELIEVE trial: a prospective, non-randomised, pilot

study to assess the Atrial Flow Regulator (AFR) in heart failure patients

with either preserved or reduced ejection fraction. EuroIntervention. (2019)

15:403–10. doi: 10.4244/EIJ-D-19-00342

81. Kriegel JM. Alleviant System: Implant-Free Interatrial Shunt Creation for

Heart Failure, TCTMD (2021).

82. Adamson PB, Abraham WT, Bourge RC, Costanzo MR, Hasan A, Yadav C,

et al. Wireless pulmonary artery pressure monitoring guides management to

reduce decompensation in heart failure with preserved ejection fraction. Circ

Heart Fail. (2014) 7:935–44. doi: 10.1161/CIRCHEARTFAILURE.113.001229

83. Lindenfeld J, Zile MR, Desai AS, Bhatt K, Ducharme A, Horstmanshof

D, et al. Haemodynamic-guided management of heart failure

(GUIDE-HF): a randomised controlled trial. Lancet. (2021)

398:991–1001. doi: 10.1016/S0140-6736(21)01754-2

84. Mullens W, Sharif F, Dupont M, Rothman AMK, Wijns W. Digital health

care solution for proactive heart failure management with the Cordella Heart

Failure System: results of the SIRONA first-in-human study. Eur J Heart Fail.

(2020) 22:1912–9. doi: 10.1002/ejhf.1870

85. ClinicalTrials.gov. PROACTIVE-HF IDE Trial Heart Failure NYHA Class III

(PROACTIVE-HF). (2019).

86. Hendriks T, Schurer RAJ, Al Ali L, van den Heuvel AFM, van der Harst P.

Left ventricular restoration devices post myocardial infarction.Heart Fail Rev.

(2018) 23:871–83. doi: 10.1007/s10741-018-9711-2

87. ClinicalTrials.gov. Early Feasibility Evaluation of the AccuCinch R© Ventricular

Restoration System in Patients With Heart Failure and Reduced Ejection

Fraction (CorCinch-HFrEF). (2018).

88. Klein P, Anker SD, Wechsler A, Skalsky I, Neuzil P, Annest LS, et al. Less

invasive ventricular reconstruction for ischaemic heart failure. Eur J Heart

Fail. (2019) 21:1638–50. doi: 10.1002/ejhf.1669

89. ClinicalTrials.gov. BioVentrix Revivent TC
TM

System Clinical Study (ALIVE

Trial). (2015).

90. Fernandez-Ruiz I. Device therapy: a robotic heart sleeve to keep the beat. Nat

Rev Cardiol. (2017) 14:129. doi: 10.1038/nrcardio.2017.14

91. Hord EC, Bolch CM, Tuzun E, Cohn WE, Leschinsky B, Criscione JC.

Evaluation of the corinnova heart assist device in an acute heart failure model.

J Cardiovasc Transl Res. (2019) 12:155–63. doi: 10.1007/s12265-018-9854-5

Conflict of Interest: MM: primary investigatory at University of Miami for

Clinical Evaluation of the AccuCinch ventricular restoration system in patients

who present with symptomatic heart failure with reduced ejection fraction

(HFrEF): the CORCINCH-HF study.

The remaining author declares 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 Kir and Munagala. 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.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 11 April 2022 | Volume 9 | Article 839483

https://doi.org/10.1016/j.jcin.2018.10.022
https://doi.org/10.1016/j.jacc.2017.01.054
https://doi.org/10.1016/j.jcin.2020.05.050
https://doi.org/10.1016/j.jcin.2019.04.038
https://doi.org/10.3389/fcvm.2018.00140
https://doi.org/10.3390/jcm10194601
https://doi.org/10.4244/EIJ-D-19-00901
https://doi.org/10.3389/fcvm.2021.619558
https://doi.org/10.1001/jamacardio.2018.4320
https://doi.org/10.1016/j.ahj.2016.08.009
https://doi.org/10.1007/s11897-020-00464-0
https://doi.org/10.1002/ccd.26280
https://doi.org/10.1016/j.healun.2019.06.024
https://doi.org/10.1161/CIRCULATIONAHA.117.032094
https://doi.org/10.1001/jamacardio.2018.2936
https://doi.org/10.1016/S0140-6736(22)00016-2
https://doi.org/10.1016/j.jcin.2018.07.001
https://doi.org/10.4244/EIJ-D-19-00342
https://doi.org/10.1161/CIRCHEARTFAILURE.113.001229
https://doi.org/10.1016/S0140-6736(21)01754-2
https://doi.org/10.1002/ejhf.1870
https://doi.org/10.1007/s10741-018-9711-2
https://doi.org/10.1002/ejhf.1669
https://doi.org/10.1038/nrcardio.2017.14
https://doi.org/10.1007/s12265-018-9854-5
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

	Restructuring the Heart From Failure to Success: Role of Structural Interventions in the Realm of Heart Failure
	Introduction
	Structural Interventions Targeting Valvular Heart Disease and Heart Failure
	Mitral Regurgitation
	Tricuspid Regurgitation
	Aortic Stenosis

	Structural Interventions That Assist in Lowering Left-Atrial Pressure
	Structural Interventions for Hemodynamic Monitoring
	Ventricular Restorative Devices
	Cardiac Soft-Robotic Sleeves
	Conclusion
	Author Contributions
	References


