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Evidence Generation and Implementation of 
Transcatheter Interventions for Atrioventricular 
Valvular Heart Disease in Heart Failure: Current 
Status and Future Directions
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ABSTRACT: Mitral regurgitation and tricuspid regurgitation are the most common valvular heart diseases in patients with heart 
failure and have independent prognostic value. Transcatheter interventions are now available for the treatment of valvular 
heart disease, and their efficacy and safety have been tested in randomized controlled trials. However, evidence is still limited 
and sometimes inconclusive because several aspects of these trials limit their interpretation or consistency. These include 
heterogeneity in the pathogenesis and clinical characteristics of patients, the dynamic nature of secondary atrioventricular 
valve disease severity, the role of heart failure medications and devices, dependency on procedural results and operators’ 
skills, smaller number of patients enrolled and the power to detect differences in trials, and limitations to use patients’ 
reported outcomes with unblinded study protocols. These specific aspects of trials in patients with atrioventricular valve 
disease are reviewed in this article with a focus on possible solutions to generate further evidence for the efficacy and safety 
for transcatheter treatments of atrioventricular valve disease in patients with heart failure.

Key Words: heart failure ◼ heart valve disease ◼ mitral valve insufficiency ◼ tricuspid valve insufficiency

Mitral regurgitation (MR) and tricuspid regur-
gitation (TR) are the most common valvular 
heart diseases (VHDs) in patients with heart 

failure (HF).1–8 Their prognostic role has been estab-
lished,2,4,6,7,9–11 and many treatment options are now 
available for these patients. However, evidence for the 
efficacy and safety of transcatheter interventions in 
patients with HF and MR or TR is challenged by either 
limited or conflicting data from randomized controlled 
trials, leading to varying degree of acceptance by the 
clinical community. The interaction among specialists 

in HF, imaging, interventional cardiology, and cardiac 
surgery is crucial for evidence generation, implementa-
tion, and management of patients with HF with MR or 
TR to generate the most reliable and valid data and, in 
turn, maximize the utility of these interventions in the 
right patient population. The aim of this document is to 
analyze current studies on the treatment of MR and TR, 
discuss the limitations of current data, provide a road 
map on how to bridge the gap in data, and create col-
laboration among the various specialties involved in this 
scientific domain.
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BACKGROUND: EPIDEMIOLOGY AND 
PROGNOSTIC IMPACT
The prevalence of moderate or severe secondary MR 
(SMR) in patients with HF ranges between 31% and 
61%,1,9,12,13 with the highest percentages in patients with 
HF with reduced ejection fraction (HFrEF), those who are 
hospitalized with worsening HF, and those with advanced 
HF.9,11,14 Prevalence of moderate or severe TR ranges be-
tween 10 and 36% depending on HF phenotype and TR 
etiology.2,6,8,13 Among outpatients the proportion of moder-
ate/severe TR is higher in patients with HF with preserved 
ejection fraction compared with those with HFrEF.6,7

Both MR and TR are associated with worse HF 
symptoms, poorer quality of life, and higher risk for 
mortality and hospitalization.6,9,12 These associa-
tions are independent of other confounders, includ-
ing those related to HF severity.6,9,12,15 It can thus be 
expected that transcatheter valve interventions (TVIs) 
may improve symptoms and outcome. The evidence 
from randomized trials remain limited, however, in part 
because of inherent characteristics of the trials, includ-
ing patients enrolled, the design of the trials, and in 
some cases conflicting results. Here, we discuss fac-
tors that are specific for atrioventricular valve interven-
tions trials that may limit the evidence on the efficacy 
and safety of these interventions. These include het-
erogeneity of the patient phenotypes with MR or TR 
and HF, as well as trial designs and end points. Pos-
sible future improvements for evidence generation so 
that data on efficacy and safety can be more readily 
available and acceptable by the clinical community are 
given in Table 1.

Nonstandard Abbreviations and Acronyms

6MWTD 	 6-minute walking test distance
A-SMR 	� atrial secondary mitral 

regurgitation
ARNI 	� angiotensin receptor neprilysin 

inhibitor
COAPT 	� Cardiovascular Outcomes 

Assessment of the MitraClip 
Percutaneous Therapy for Heart 
Failure Patients with Functional 
Mitral Regurgitation

GDMT 	� guideline-directed medical 
therapy

HF 	 heart failure
HFrEF 	� heart failure with reduced  

ejection fraction
KCCQ 	� Kansas City Cardiomyopathy 

Questionnaire
LV 	 left ventricular
LVEF 	 left ventricular ejection fraction
MATTERHORN 	� Multicenter Mitral Valve  

Reconstruction for Advanced 
Insufficiency of Functional or 
Ischemic Origin

MITRA-FR 	� Multicentre Study of Percu-
taneous Mitral Valve Repair 
MitraClip Device in Patients 
with Severe Secondary Mitral 
Regurgitation

MR 	 mitral regurgitation
M-TEER	� mitral transcatheter edge- 

to-edge repair
NT-proBNP 	� N-terminal probrain natriuretic 

peptide
NYHA 	 New York Heart Association
PROM 	� patient-reported outcome 

measure
RESHAPE-HF2 	�� Randomized Investigation 

of the MitraClip Device in 
Heart Failure: Second Trial 
in Patients With Clinically 
Significant Functional Mitral 
Regurgitation

RV 	 right ventricular
SMR 	 secondary mitral regurgitation
STR 	 secondary tricuspid regurgitation
TEER 	� transcatheter edge-to-edge 

repair
TR 	� tricuspid regurgitation
TRILUMINATE 	 Trial to Evaluate Cardiovascular 
Pivotal	� Outcomes in Patients Treated 

With the Tricuspid Valve Repair 
System Pivotal

TRISCEND 	� Edwards EVOQUE Tricuspid 
Valve Replacement: Investigation 
of Safety and Clinical Efficacy 
After Replacement of Tricuspid 
Valve with Transcatheter Device

TRISCEND II 	� Edwards EVOQUE Transcatheter  
Tricuspid Valve Replacement: 
Pivotal Clinical Investigation 
of Safety and Clinical Efficacy 
Using a Novel Device

T-TEER 	� transcatheter tricuspid edge- 
to-edge repair

TTVI 	� tricuspid transcatheter valve 
intervention

TTVR 	� transcatheter tricuspid valve 
replacement

TVI 	 transcatheter valve intervention
VHD 	 valvular heart disease
V-SMR 	� ventricular secondary mitral 

regurgitation
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CLINICAL PHENOTYPES
Clinical phenotypes of patients with MR or TR and con-
comitant HF may have a major impact on the results of 
trials with TVI (Figure 1).

Mitral Regurgitation
MR is traditionally classified as primary or secondary.16,17 
Primary MR may cause HF. Surgery is the standard of 
care in symptomatic patients with primary MR at low 
or intermediate risk.18 EVEREST II (Endovascular Valve 
Edge-to-Edge Repair Study) compared conventional sur-
gery with transcatheter edge-to-edge repair (TEER) in 
279 patients with moderately severe to severe MR, 27% 
with functional MR. The percutaneous procedure was 
less effective than surgery with respect to the primary 
end point, although mainly for a higher need of surgical 
repair, but had superior safety and similar improvement 
in clinical and instrumental end points at 12 months with 
results confirmed at 5 years.19,20 A significant interaction 
was found according to type of MR with better results for 
surgery only in patients with primary MR.19

Thus, according to current guidelines, TEER of the 
mitral valve (M-TEER) remains a safe alternative in 
patients with primary MR and contraindications for sur-
gery or high operative risk.18,19,21

A head-to-head comparison of M-TEER and surgery 
for the treatment of primary MR is being further investi-
gated in randomized trials enrolling high-risk (MITRA-HR 
study [Multicentre Study of MITRACLIP Transcatheter 
Mitral Valve Repair in Patients With Severe Primary 

Mitral Regurgitation Eligible for High-risk Surgery]; 
NCT03271762) and intermediate-risk (REPAIR-MR 
study [MitraClip REPAIR MR Study]; NCT04198870) 
patients.22,23 The development of new devices and results 
of most recent trials are likely to expand the indications 
to TVI for a larger number of patients at low to intermedi-
ate surgical risk.

SMR is the most frequent form of MR in HF. It is sub-
divided into atrial and ventricular induced MR.24 Both 
MITRA-FR (Multicentre Study of Percutaneous Mitral 
Valve Repair MitraClip Device in Patients with Severe 
Secondary Mitral Regurgitation) and COAPT (Cardiovas-
cular Outcomes Assessment of the MitraClip Percutane-
ous Therapy for Heart Failure Patients with Functional 
Mitral Regurgitation) enrolled patients with ventricular 
SMR (V-SMR), as shown by a left ventricular (LV) ejec-
tion fraction (LVEF) of 15% to 40% and 20% to 50%, 
respectively.25,26 Different enrollment criteria, inclusion of 
patients with less severe SMR, more severe LV dilatation 
and dysfunction, and more advanced HF in MITRA-FR 
compared with COAPT have been cited as reasons of 
diverging results between the 2 trials.27–29 The 5-year 
follow-up of the COAPT trial confirmed the large prog-
nostic benefit of M-TEER at 5 years. Patients undergo-
ing crossover after 2 years (allowed per protocol) did 
derive a similar benefit of the initial cohort compared with 
guideline-directed medical therapy (GDMT) alone, which 
provided internal validation of the reported results.30 
RESHAPE-HF2 (Randomized Investigation of the Mitra-
Clip Device in Heart Failure: Second Trial in Patients 
With Clinically Significant Functional Mitral Regurgita-
tion) confirmed the benefits of M-TEER in patients with 

Table 1.  Consideration for Designing Trials in Patients With Secondary VHD and Chronic HF

Problem Possible solutions

Heterogeneity of atrioventricular VHD Careful phenotypic characterization based on anatomic and clinical criteria
Trials including or excluding selected patients phenotypes:
  Atrial vs ventricular SMR
  COAPT-like vs non–COAPT-like patients with SMR
  Atrial vs ventricular STR
  TR and left-side related VHD
  Characterization of pulmonary hypertension pathogenesis in patients with STR
  Severe/end-stage HF

Use of GDMT Mandate GDMT before randomization/procedure
Mandate optimization of GDMT after the procedure
Mandate multidisciplinary team preprocedural assessment

Size of the study group Include also worsening HF events without patient hospitalization
Use recurrent events analysis or hierarchical win-ratio analyses

End points Mortality: unbiased but requires large study groups
HF hospitalizations/events: may be biased and requires large study groups
Quality of life: is biased but may yield useful data
Hemodynamic parameters/RV function: useful for a mechanistic end point
Biomarkers: unbiased and may be used as surrogate for mortality
Postprocedural changes in cardiac function assessed by echocardiography or cardiac MRI: may be 
used as surrogates for mortality

COAPT indicates Cardiovascular Outcomes Assessment of the MitraClip Percutaneous Therapy for Heart Failure Patients with Functional Mitral Regurgitation; GDMT, 
guideline-directed medical therapy; HF, heart failure; MRI, magnetic resonance imaging; RV, right ventricular; SMR, secondary mitral regurgitation; STR, secondary tricus-
pid regurgitation; TR, tricuspid regurgitation; and VHD, valvular heart disease.
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HFrEF and moderate to severe V-SMR, who remained 
symptomatic despite optimized GDMT.31,32

Real-world registries showed that a non–COAPT-like 
profile was associated with lower rates of procedural 
success, more frequent in-hospital complications, lon-
ger length of hospitalization, and worse prognosis after 
M-TEER compared with patients with a COAPT-like pro-
file.33–35 However, non–COAPT-like patients may show 
improvement in quality of life and exercise capacity simi-
lar to the COAPT-like patients.33,35,36 TVI of severe MR 
may also be useful as bridge to LV assist device implan-
tation or heart transplantation.16,37,38 In addition, M-TEER 
may benefit patients with moderate SMR and improve LV 
remodeling39–41; however, these extensions to adjacent 
populations need evaluation with randomized trials. The 
MATTERHORN (Multicenter Mitral Valve Reconstruction 
for Advanced Insufficiency of Functional or Ischemic Ori-
gin), a randomized, controlled, parallel-group study, inves-
tigated the efficacy and safety of percutaneous mitral 
valve repair by means of the MitraClip device for patients 
with moderate to severe SMR compared with surgical 
therapy. M-TEER was noninferior to mitral valve surgery 
with respect to a composite of death, rehospitalization for 
HF, stroke, reintervention, or implantation of an LV assist 
device at 1 year (P<0.001 for noninferiority).42

Atrial SMR (A-SMR) is characterized by preserved LV 
geometry and LVEF with atrial remodeling and myopa-
thy. Results for the effects of M-TEER in A-SMR cannot 
be extrapolated from the COAPT and MITRA-FR trials 
because these trials enrolled patients with V-SMR. Data 
on the efficacy of TVI in patients with A-SMR still come 
mainly from observational studies.43–46 In these stud-
ies, M-TEER and indirect mitral valve annuloplasty were 
shown to be feasible and safe,43–45 and the efficacy of 
M-TEER was similar in A-SMR and V-SMR.43,44,46 Few 
patients enrolled in the MATTERHORN trial were cat-
egorized as having A-SMR (34 patients, of whom 16 
versus 18 were randomized to TEER versus surgery, 
respectively). A nonprespecified post hoc analysis of the 
trial reproduced the overall results of MATTERHORN in 
both the A-SMR and V-SMR subgroups.47

Tricuspid Regurgitation
Different phenotypes of TR have been classified by 
the Tricuspid Valve Academic Research Consortium, 
and they have a major impact on treatment.48–51 Pri-
mary TR results from anatomic abnormality of the tri-
cuspid valve apparatus and may cause HF. Secondary 
TR (STR) results from annular dilation caused by right 

Figure 1. Different phenotypes of patients with MR and TR.
ATTR-CA indicates transthyretin cardiac amyloidosis; CAD, coronary artery disease; CIED, cardiac implantable electronic devices, COAPT, 
Cardiovascular Outcomes Assessment of the MitraClip Percutaneous Therapy for Heart Failure Patients with Functional Mitral Regurgitation trial; 
GUCH, grown-up congenital heart disease; HCM, hypertrophic cardiomyopathy; HF, heart failure; LV, left ventricular; MR, mitral regurgitation; 
PH, pulmonary hypertension; RVD, right ventricular dysfunction; SMR, secondary mitral regurgitation; STR, secondary tricuspid regurgitation; TR, 
tricuspid regurgitation; and VHD, valvular heart disease.
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ventricular (RV) enlargement and dysfunction due to 
pulmonary hypertension or right atrial enlargement. It 
includes atrial STR due to right atrial/tricuspid annular 
dilatation and ventricular STR due to LV disease, left-
sided VHD, pulmonary disease, RV dysfunction/re-
modeling, or cardiac implantable electronic devices.49 
Cardiac implantable electronic device–related STR is 
further subdivided into 2 subtypes based on whether 
the cardiac implantable electronic device interferes or 
does not interfere with the tricuspid valve apparatus 
function.49,50

The cause of TR and comorbidities may have a major 
role in the management of severe TR before transcath-
eter or surgical correction.48,50,52 Surgery is currently rec-
ommended in symptomatic patients with severe primary 
TR and without severe RV dysfunction and should be 
considered in selected asymptomatic or mildly symp-
tomatic patients with an initial RV dilation or RV func-
tion decline.18 In addition, tricuspid valve repair during 
left-sided surgery is recommended for severe STR and 
should be considered for mild or moderate STR with 
annulus dilation.18 On the other hand, the benefits of 
surgical repair of isolated STR are not yet established, 
and the procedure might be burdened by a nonnegli-
gible risk of periprocedural mortality and morbidity when 
patients are treated at a late stage.53,54 The TRI-SCORE 
has been recently proposed to estimate in-hospital 
mortality in patients undergoing isolated TR surgery.53 
With the progressive development of novel devices 
that offer also the possibility of percutaneous tricuspid 
valve replacement and the high surgical risk of many 
patients with TR, it seems that transcatheter treatment 
will be adopted more frequently. However, also in this 
case, randomized controlled trials are required to directly 
compare outcomes between transcatheter treatment 
and surgery, as was done for aortic valve replacement 
and more recently for MR. Restoration of normal sinus 
rhythm may be effective for atrial STR caused by annu-
lar dilation associated with atrial fibrillation.55 Atrial STR 
has been associated with lower mortality compared 
with ventricular STR, independently of other clinical 
and echocardiographic characteristics.52,56,57 In the real-
world multicenter TriValve registry (Transcatheter Tri-
cuspid Valve Therapies), among 298 patients with STR 
undergoing transcatheter tricuspid edge-to-edge repair 
(T-TEER), 65 (22%) had atrial STR and 233 (78%) had 
ventricular STR. Procedural success and TR reduction 
were similar in the 2 groups.58

STR is often associated with left-sided VHD.52,59–63 
In a prospective transcatheter aortic valve replacement 
registry, more than one-half of patients with moderate 
or greater TR had a reduction in TR after aortic valve 
replacement.64 The magnitude of TR improvement after 
M-TEER is variable, but improvement may occur in a 
meaningful proportion of patients, as shown in observa-
tional studies.62,65,66

Patients with TR and other comorbidities, including 
atrial fibrillation and left-sided VHD, deserve a specific 
approach, if not specific trials, because these concomi-
tant conditions affect each other. Whether TR and either 
atrial fibrillation or left-sided VHD should be corrected 
with TVI at the same time or sequentially is not settled.

Severity and Cause of HF
The severity of HF may be a major determinant of the 
efficacy of TVI and a major factor for trial design. Treat-
ment of MR or TR at late stages of HF may not be as 
beneficial.67–71 COAPT criteria for the selection of pa-
tients for M-TEER were based mainly on the exclusion 
of patients with more severe HF or severe LV or RV dys-
function.16,72–74 Although the procedural success of TVI is 
independent of baseline LVEF,75 observational data have 
shown that the prognostic impact of MR or TR severity is 
greater in patients with mild to moderate compared with 
more severe impairment of cardiac function, as shown 
by LVEF and NT-proBNP (N-terminal probrain natriuretic 
peptide) concentrations.6,12,76,77 In addition, patients en-
rolled in RESHAPE-HF2 may have been less sick com-
pared with patients enrolled in COAPT and MITRA-FR, 
as shown by lower NT-proBNP concentrations.31 From 
these data, a larger prognostic benefit from TVI can be 
expected in patients with less advanced HF. On the other 
hand, the lower risk of events in these patients may re-
quire a larger study group or a longer follow-up.

Advanced right-sided HF is characterized by irrevers-
ible organ damage and dysfunction. Diuretic resistance 
and kidney or hepatic dysfunction, gut malabsorp-
tion, and malnutrition are commonly encountered and 
denote a poor prognosis.71,78,79 Therefore, careful clinical 
assessment, echocardiography, and, at least for T-TEER, 
right-sided heart catheterization are mandatory in the 
preprocedural evaluation of candidates for atrioventricu-
lar valve interventions not only to define valve anatomy 
but also to predict outcomes and patient management.52

RV dysfunction has a major role for both mitral and tri-
cuspid valve interventions.68,70,80 Myocardial deformation 
imaging and 3-dimensional echocardiography are pre-
ferred for the assessment of RV geometry and function 
and prognostic stratification of patients with TR before 
tricuspid TVI (TTVI). Patients with severely depressed 
RV function were excluded from the TRISCEND II 
trial (Edwards EVOQUE Transcatheter Tricuspid Valve 
Replacement: Pivotal Clinical Investigation of Safety 
and Clinical Efficacy Using a Novel Device).81 The Tri-
cuspid Valve Academic Research Consortium proposed 
possible echocardiographic cutoffs.48 Although actual 
evidence is limited,82,83 irreversible pulmonary vascular 
resistance exceeding 3 Wood units has been adopted as 
an exclusion criterion for most studies. Systolic pulmo-
nary artery pressure >70 mm Hg and fixed precapillary 
pulmonary hypertension with uncontrolled precapillary 
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pulmonary hypertension (systolic pulmonary artery pres-
sure >60 mm Hg) were among the exclusion criteria of 
the TRILUMINATE Pivotal trial (Trial to Evaluate Cardio-
vascular Outcomes in Patients Treated With the Tricuspid 
Valve Repair System Pivotal) and Tri.Fr (a multicenter, 
controlled, randomized, superior, open-label, and parallel-
group study testing the value of TriClip implantation in 
patients with severe STR) trials, respectively.84,85

The cause of HF may also have an impact on TVI, 
although this has not been assessed thoroughly. Specific 
therapies now exist for cardiac amyloidosis, hypertrophic 
cardiomyopathy, and other cardiomyopathies and may 
affect the course of VHD.13,16,74,86,87

MEDICAL THERAPY
Secondary MR
For SMR associated with HFrEF, GDMT for HF is in-
dicated.16 Observational studies report considerable 
underuse of GDMT in patients with HF, including also 
those undergoing M-TEER.88–90 However, GDMT may 
improve LV performance, favor LV reverse remodeling, 
and reduce SMR in ≈40% of patients, with most data 
suggesting a main role of angiotensin receptor neprilysin 
inhibitors (ARNIs)10,91,92 and recently of sodium-glucose  
cotransporter-2 inhibitors.93

Thus, GDMT must be uptitrated at maximum tolerated 
doses before M-TEER is considered for the treatment 
of SMR, with a meaningful effect to be expected from 
ARNIs and sodium-glucose cotransporter-2 inhibitors 
among the medications introduced recently.16 The opti-
mization of HF medical therapy before M-TEER was a 
major difference between the COAPT and MITRA-FR 
trials. Although both trials enrolled symptomatic patients 
with HFrEF and SMR, the COAPT trial used strict inclu-
sion criteria with a central committee of HF specialists 
evaluating and optimizing GDMT before M-TEER. This 
nevertheless resulted in the tolerance of 3, 2, and 1 
GDMT class (any dose) in 38.8%, 39.4%, and 19.8% of 
patients, respectively.94 β-Blockers were best tolerated 
(93.1%), followed by angiotensin-converting enzyme 
inhibitors, angiotensin receptor blockers, or ARNI 
(68.5%) and then mineralocorticoid receptor antago-
nist (55.0%). Only 1.9% did not tolerate any GDMT.94 
A higher proportion of patients were on HF GDMT in 
RESHAPE-HF2 than in the other 2 studies.31

Secondary TR
Medical therapy options for the management of se-
vere TR are limited, with no Class I recommendations in 
guidelines except for diuretics. Recently, sodium-glucose 
cotransporter-2 inhibitors have been recommended  
for all patients with HF with preserved ejection frac-
tion, regardless of VHD.18,74,95,96 Loop diuretics relieve 

congestion, although many patients with severe STR 
experience progressive cardiorenal syndrome, diuretic 
resistance, and the need for periodic intravenous di-
uretics. Mineralocorticoid receptor antagonists may 
have additive benefit, especially in the setting of hepatic 
congestion, which may promote secondary hyperaldo-
steronism.18,74 Pulmonary vasodilators may be helpful in 
reducing RV afterload and STR in selected patients with 
pulmonary hypertension.95 GDMT for HF might be ef-
fective for STR attributable to HFrEF.16 Small observa-
tional studies reported the possible beneficial effect of 
ARNI and sodium-glucose cotransporter-2 inhibitors on 
RV function in patients with HF.97,98 Further studies are 
needed to assess the impact of GDMT for HF on RV 
function and, namely, TR severity.97,98

In TRISCEND (Edwards EVOQUE Tricuspid Valve 
Replacement: Investigation of Safety and Clinical Effi-
cacy After Replacement of Tricuspid Valve With Trans-
catheter Device), medical therapy was at investigator 
discretion and included diuretics in stable doses unless 
a patient had a history of intolerance.99 In TRILUMINATE 
Pivotal, being a randomized controlled trial of T-TEER 
versus GDMT, the eligibility committee ensured that 
patients were on a background dose of diuretics, but no 
prespecified criteria for the dosing, drug type, or adjust-
ment in follow-up were available.84 In TRILUMINATE Piv-
otal, ≈90% of patients were on diuretics and <40% were 
on angiotensin-converting enzyme inhibitors/angiotensin 
receptor blockers or ARNI at baseline. These data likely 
due to the high rate of patients with preserved LVEF.

Increasing diuretics just before transcatheter pro-
cedure to improve fluid status and leaflet coaptation 
before T-TEER was described in the TRILUMINATE 
Pivotal trial.84 No improvement of TR severity was 
observed in the control group of the TRILUMINATE 
Pivotal trial, suggesting the limited role of medical 
therapy on RV remodeling in patients with TR and pre-
served LVEF or its low prescription rate in this trial. On 
the other hand, in the control group of TRISCEND II 
trial, regression of TR to less than severe at 1 year was 
reported in 16.1% of the patients.81 Further data are 
warranted to assess the impact of medical therapy on 
the severity of TR.

Limitations of GDMT in Patients With VHD
Limitations remain in the uptitration of GDMT in patients 
with severe SMR, mainly because of poor tolerance. Only 
a very low percentage of the patients in COAPT were 
able to tolerate therapeutic GDMT doses despite con-
siderable efforts by a screening committee including HF 
specialists. Furthermore, the optimization of GDMT has 
been associated with an improvement by at least 1 grade 
of MR in less than half of patients. There is an important 
gap in evidence on GDMT for the treatment of patients 
with severe functional TR.
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Postprocedural Enabling of Medical Therapy
Successful TVI facilitates the implementation of GDMT 
and affects the subsequent outcome as a consequence 
of hemodynamic improvement with improved stroke 
volume and blood pressure and reduced systemic, kid-
ney, and hepatic congestion,14,52,90,100 countering hypo-
tension and deterioration in kidney function, which are 
the main causes of underuse of GDMT in HF.94,101–103 
An analysis of Euro-SMR registry showed GDMT up-
titration in 307 patients (38%) after M-TEER and a 
lower risk of all-cause death (adjusted hazard ratio, 
0.62 [95% CI, 0.41–0.93]; P=0.020) and of all-cause 
death or HF hospitalization (adjusted hazard ratio, 0.54 
[95% CI, 0.38–0.76]; P<0.001) in patients who under-
went GDMT uptitration compared with those who did 
not. Degree of MR reduction between baseline and 
the 6-month follow-up was an independent predictor 
of GDMT uptitration after M-TEER (adjusted odd ratio, 
1.71 [95% CI, 1.08–2.71]; P=0.022).90 These data sug-
gest that GDMT combined with M-TEER has a major 
impact on outcome and therefore GDMT use before 
and after intervention needs standardization in protocol 
design.

PATIENT SELECTION AND TIMING OF 
TRANSCATHETER TREATMENT OF MR 
AND TR
Proper patient selection for TVI remains a major chal-
lenge for clinical practice and for the design of clinical 
trials. This topic has been extensively considered in re-
cent in-depth reviews48,51,52,95,104 and, with respect to 
SMR, in guidelines for HF and VHD.16,18 According to 
current guidelines, M-TEER can be considered only in 
patients not eligible for surgery and not needing coro-
nary revascularization, should be considered to reduce 
HF hospitalizations only in patients who have the clinical 
characteristics of those included in the COAPT trial, and 
may be considered to improve symptoms in the non– 
COAPT-like patients. These indications are, however, 
likely to be broadened after the recently published re-
sults of MATTERHORN42 and RESHAPE-HF231 trials 
showing the noninferiority of M-TEER compared with 
surgery for the treatment of SMR and the efficacy of M-
TEER compared with medical therapy alone, respectively, 
for the reduction of HF events in patients with HFrEF 
and less severe SMR (mean effective regurgitant ori-
fice area [0.25 cm2] was smaller in patients enrolled in  
RESHAPE-HF2 than among those in the COAPT trial 
[0.40 cm2] and the MITRA-FR trial [0.31 cm2]).31

The decision process leading to the selection of 
patients for TVI for TR compared with other strategies 
(medical therapy or surgery) should include (1) the 
identification of the cause and mechanisms of TR by 
means of clinical evaluation, imaging, and hemodynamic 

assessment; (2) evaluation of the stage of disease (ie, 
RV function, type and severity of pulmonary hyper-
tension, organ damage); (3) anatomic considerations, 
namely suitability for different TTVI devices; and (4) 
assessment of comorbidities and surgical risk.52 There 
is no evidence on the right timing for TTVI from pro-
spective clinical trials to date. However, observational 
studies suggest that an intervention at an early or inter-
mediate stage of disease might be more beneficial than 
at a later stage.70,105

Multidisciplinary Team
The central role of a multidisciplinary team for the man-
agement of VHD is highlighted by guidelines.16,18,52,106 
Decisions concerning treatment and intervention for 
atrioventricular valve disease should be made by a 
heart team with expertise in VHD comprising clinical 
and interventional cardiologists, HF specialists, cardi-
ac surgeons, imaging specialists with experience in in-
terventional imaging, cardiovascular anesthesiologists, 
and other specialists as needed (eg, electrophysiolo-
gists). GDMT management must be clearly specified. 
This has been implemented in recent major trials, in-
cluding the COAPT, MATTERHORN, TRILUMINATE 
Pivotal, and TRISCEND II trials, and should be rein-
forced in the future.73,81,84 The benefit of M-TEER ob-
served in the COAPT trial resulted in part from the 
multidisciplinary effort to optimize preprocedural treat-
ment and patient selection; this should be reproduced 
in clinical practice.

CLINICAL TRIAL DESIGN
In addition to peculiarities related to patient charac-
teristics, other aspects of trial design in patients with  
atrioventricular VHD and HF undergoing TVI deserve 
consideration (Figure 2).

Sample Size
Key considerations for sample size determination in-
clude the expected event rate of the primary end point 
in the control group and the expected magnitude of 
treatment effect.107 Most of the trials leading to cur-
rent indications for HF medical therapy were clinical 
outcome trials16,74 and have enrolled thousands of 
patients, which is not achievable in device interven-
tion trials. COAPT, MITRA-FR, and RESHAPE-HF2 
randomized 614, 304, and 505 patients, respectively 
(Table 2).25,32,73 Similarly, the TRILUMINATE Pivotal 
randomized a total of 572 patients84,108; 176 patients 
were enrolled in the multicenter, prospective, single-
arm TRISCEND study109; and a total of 400 and 300 
patients were randomized in the TRISCEND II and Tri.
Fr trials, respectively.81
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Table 3 provides strategies that may help with sta-
tistical power calculations to get an affordable sample 
size while preserving scientific integrity. The inclusion of 
patients at higher risk for the primary end point and the 
use of a composite end point including patient-reported 
outcome measures (PROMs) in addition to mortality 
and hospitalizations, outpatient HF events, and exercise 
capacity assessment may boost the numbers of events 
and the power to detect differences, provide compre-
hensive assessment of the intervention, and reduce the 
required sample size (Table 3). However, except for mor-
tality, all other components are influenced by knowledge 
of the procedure and treatment group assignment, and 
this may affect the results and their interpretation.107 
Laboratory examinations, including biomarkers of con-
gestion and kidney and hepatic function, are objective, 
and although they are surrogates of outcomes, they may 
be useful for smaller studies.

EFFICACY END POINTS
Major Outcomes: Mortality and HF 
Hospitalizations
Recommendations in current HF guidelines are based 
mainly on randomized trials and strong end points.16 This 

approach has also been used in the 2 major trials of M-
TEER in patients with SMR.27,28 No reduction in the prima-
ry end point of all-cause mortality or HF hospitalizations 
at 1 year was shown in MITRA-FR, whereas a significant 
reduction in HF hospitalizations (primary end point) and 
in mortality alone (secondary end point) at 2 years was 
shown in COAPT.25,73 In RESHAPE-HF2, the rate of first 
or recurrent HF hospitalization or cardiovascular death 
at 24 months was 37.0 events per 100 patient-years in 
the device group and 58.9 events per 100 patient-years 
in the control group (relative risk, 0.64 [95% CI, 0.48–
0.85]), and the rate of first or recurrent hospitalization for 
HF was significantly reduced by 41%.32 A meta-analysis 
of the 3 trials reported better outcomes for the M-TEER 
group compared with the control group in terms of total 
unplanned HF hospitalizations within 24 months, recur-
rent events of hospitalization for HF, or all-cause mortal-
ity within 24 months, whereas statistical significance was 
not reached for all-cause mortality and cardiovascular 
mortality alone at 24 months.110

Transcatheter TR treatment was associated with 
greater survival and lower risk of HF rehospitalizations 
compared with medical therapy alone in a propensity-
matched case-control study.111 The TRILUMINATE Piv-
otal trial demonstrated an improvement in the composite 
hierarchical end point (death resulting from any cause 

Figure 2. Trials design to assess efficacy and safety of transcatheter atrioventricular valve interventions.
GDMT indicates guideline-directed medical therapy; HF, heart failure; and PROM, patient-reported outcome measure.D
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Table 2.  Major Randomized Controlled Interventional Trials for Treatment of Mitral or Tricuspid Regurgitation

Study Design, patients, N Main enrolment criteria Primary end point Main results

Mitral valve

 � EVEREST II19,20 Description Multicenter, 
randomized, 
open-label, 2:1 
randomized 
comparison of 
M-TEER and surgical 
therapy.
N=279

Moderately severe or severe 
MR candidates for surgery.
If symptomatic: LVEF 
>25%, LVESD ≤55 mm; if 
asymptomatic with ≥1 of 
LVEF 25%–60% or LVESD 
40–55 mm and/or new atrial 
fibrillation and/or pulmonary 
hypertension.

Primary composite for efficacy: 
freedom from death, surgery 
for mitral valve dysfunction 
and from grade 3+ or 4+ MR 
at 12 mo.
Primary for safety major 
adverse events at 30 d.

Efficacy: 55% with M-TEER 
vs 73% with surgery 
(P=0.007) driven by higher 
need of surgery mitral valve 
dysfunction. Similar mortality, 
LV size reduction, NYHA class 
and quality of life improvement.
Lower rate of adverse events 
with M-TEER, 15% vs 48% 
in the surgery group at 30 d 
(P<0.001).
27% with SMR vs 73% 
with degenerative MR with 
significant heterogeneity: 
similar efficacy in SMR vs 
better efficacy in degenerative 
MR (P=0.02)

 Evidence 
for HF 
treatment

Strong Moderate
(no specific criteria for HF)

Moderate
(end points on MR reduction)

Moderate
(end points on MR reduction)

 � MITRA-FR25 Description Multicenter, 
randomized, open-
label, comparison of 
M-TEER and medical 
therapy.
N=304

Severe SMR with regurgitant 
volume of >30 mL/beat or 
EROA >20 mm2

LVEF 15%–40%
NYHA class II to IV.

A composite
of death resulting from 
any cause or unplanned 
hospitalization for HF at 12 mo 
after randomization.

HR for the primary end point, 
1.16 (95% CI, 0.73–1.84).
HR for all-cause death, 1.11 
(95% CI, 0.69–1.77).
HR for HFH, 1.13 (95% CI, 
0.81–1.56).

Evidence 
for HF 
treatment

Strong Strong Strong Strong

 � COAPT73 Description Multicenter, 
randomized, open-
label comparison of 
M-TEER and medical 
therapy
N= 614

Moderate to severe or greater 
SMR
LVEF 20-50%
NYHA II, III, or IVa despite 
GDMT and CRT (if 
appropriate)

HF hospitalizations at 24 mo.
Freedom from device-related 
complications at 12 mo.

HR for HFH, 0.53 (95% CI, 
0.40–0.70).
HR for all-cause death at 
24 months, 0.62 (95% CI, 
0.46–0.82).
Freedom from device-related 
complications at 12 mo was 
96.6%.

Evidence 
for HF 
treatment

Strong Strong Strong Strong

 � RESHAPE-HF232 Description Multicenter, 
randomized, open-
label, comparison of 
M-TEER and medical 
therapy.
N=505

Moderate to severe or severe 
SMR
LVEF 20%–50% (initially, LVEF 
was 15%–35% for patients 
with NYHA class II and 15%–
45% for patients with NYHA 
class III or IV) 
NYHA class II to IV
Either an HFH within 12 mo 
or elevated NPs (BNP ≥300 
pg/mL or NT-proBNP ≥1000 
pg/mL)

3 primary end points were: 
(1) Rate of the composite 
of first or recurrent HFH or 
cardiovascular death during 24 
mo; (2) rate of first or recurrent 
HFH during 24 mo; and (3) 
change from baseline to 12 
mo in KCCQ-OSS

(1) Rate ratio for first 
or recurrent HFH or 
cardiovascular death was 0.64 
(95% CI, 0.48–0.85) at 24 
mo; (2) rate ratio for first or 
recurrent HFH was 0.59 (95% 
CI, 0.4–0.82) at 24 mo; (3) 
KCCQ-OSS increased in the 
device group vs the control 
group (mean difference, 10.9 
points [95% CI, 6.8–15.0]) at 
12 mo.

 Evidence 
for HF 
treatment

Strong Strong Strong Strong

(Continued )
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Study Design, patients, N Main enrolment criteria Primary end point Main results

 � MATTERHORN42 Description A multicenter, 
prospective, 
randomized, 
controlled 
noninferiority 
trial with 2 
parallel treatment 
groups (M-TEER, 
intervention group) 
or surgical mitral 
valve repair or 
replacement (surgery 
group).
N=210

Clinically significant SMR 
(defined by at least 2 of the 
following criteria: EROA ≥20 
mm2, biplane VC width >8 
mm, regurgitant
volume ≥30 mL, regurgitant 
fraction of at least 50%, or at 
least 2 HFHs during the 12 
mo before enrollment)
LVEF ≥20%
NYHA class II–IV despite 
GDMT
Eligibility for both TEER or mitral 
valve surgery as determined by 
the local heart team

The primary efficacy end 
point was a composite of 
death, HFH, mitral valve 
reintervention, implantation of
an assist device, or stroke 
within 1 y after the procedure.

Within 1 y, at least 1 of the 
components of the primary 
efficacy end point occurred in 
16.7% of patients with avail-
able data in the intervention 
group and in 22.5% in the sur-
gery group (estimated mean 
difference, −6 percentage 
points; [95% CI, −17 to 6]; 
P<0.001 for noninferiority).

Evidence 
for HF 
treatment

Strong Strong Strong Strong for noninferiority

 � REDUCE FMR 
Trial159

Description Double-blinded, mul-
ticenter, randomized, 
proof-of-concept, sh-
am-controlled com-
parison of coronary 
sinus–based mitral 
annular reduction 
(Carillon system) and 
sham procedure.
N=120

NYHA class II–IV
LVEF <50%
LVEDD >55 mm, SMR grade 
2-4+ despite ≥3 mo of GDMT
6MWT distance 150–450 m

Change in MR volume 
at 12 mo by quantitative 
echocardiography.

Significant reduction in MR 
volume vs control (decrease of 
7.1 mL/beat [95% CI, −11.7 
to −2.5] vs an increase of 3.3 
mL/beat [95% CI, −6.0 to 
12.6]; P=0.049).
Significant reduction in LV 
volumes.

Evidence 
for HF 
treatment

Strong Strong Mild (no outcome end point) Moderate (surrogate end 
point)

Tricuspid valve

 � TRILUMINATE 
Pivotal84

Description Multicenter, 
randomized, open-
label comparison of 
T-TEER and medical 
therapy.
N=350

Severe TR (NYHA class II 
to IV, PASP <70 mm Hg, on 
stable GDMT for HF)
At intermediate or greater 
surgical risk

Composite end point including 
all-cause death or TV surgery; 
HF hospitalization; and an 
improvement in quality of life 
(defined as an increase ≥15 
points in the KCCQ score at 
the 1-y follow-up).

Efficacy at 1 y, win ratio, 1.48 
(95% CI, 1.06–2.13).
Rate: moderate or less TR 
at 30 d, 87.0% in the TEER 
group vs 4.8% in the control 
group.

Evidence 
for HF 
treatment

Strong Strong Moderate to strong (outcomes 
only as components of the 
composite end point)

Strong (based on primary 
outcome)

 � Tri.Fr (multicenter, 
controlled, ran-
domized, 1:1 
ratio, superior, 
open-label, and 
parallel-group 
study sponsored 
by the French 
Ministry for 
Solidarity and 
Health)112

Description Prospective, 
multicenter, 
controlled, 
randomized, 1:1 
ratio, superior, 
open-label, and 
parallel-group study 
comparing Tri-Clip 
implantation and 
medical therapy only.
N=300

Symptomatic secondary se-
vere TR or greater stable for at 
least 30 d
TR characterized by at least 1 
of the following criteria: regur-
gitation volume >45 mL/beat; 
EROA >40 mm2; VC >7 mm; 
gap between leaflets ≤7 mm
NYHA class II–IV without cir-
rhosis or ascites
Signs of HF in the previous 
12 mo with or without hospi-
talization
Stable optimized medical and/
or interventional treatment for 
at least 30 d
Ineligible for corrective ac-
tion on the valve by a surgical 
approach after a heart team 
consultation

Packer composite clinical 
end point (CCS), combining 
NYHA class, PGA, and major 
cardiovascular events (all-
cause mortality, cardiovascular 
mortality, tricuspid valve 
surgery, HFH, cardiovascular 
and noncardiovascular 
hospitalizations) over a period 
of 12 mo after randomization.

At 1-y follow-up, 74.1% in the 
T-TEER group improved vs 
40.6% in the medical therapy 
group (relative risk, 0.67 [95% 
CI, 0.61–0.72]).

Evidence 
for HF 
treatment

Strong Strong Moderate to strong (outcomes 
only as components of the 
composite end point)

Strong (based on primary 
outcome)

(Continued )

Table 2.  Continued
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or tricuspid valve surgery; hospitalization for HF; and an 
improvement in quality of life defined as an increase of 
at least 15 points in the Kansas City Cardiomyopathy 
Questionnaire [KCCQ] score at 1 year after T-TEER; win 
ratio, 1.48 [95% CI, 1.06–2.13]; P=0.02). The results 
were, however, driven by the improvement in quality of 
life, whereas the study failed to show a benefit in mortal-
ity and HF hospitalizations alone.84

The Tri.Fr trial adopted the so-called Packer composite 
clinical end point evaluated at 12 months after random-
ization, combining the occurrence of major cardiovascu-

lar events (cardiovascular hospitalization or death) and 
changes in New York Heart Association (NYHA) class 
or patient global assessment.85 Despite a significant 
improvement in the composite clinical end point with 
T-TEER, statistical significance was not reached for 
major cardiovascular events or for cardiovascular death 
considered alone.112 In the TRISCEND II trial, the primary 
end point was a hierarchical composite of death resulting 
from any cause, implantation of an RV assist device or 
heart transplantation, postindex tricuspid valve interven-
tion, hospitalization for HF, an improvement of at least 10 

Table 3.  Strategies to Achieve Statistical Power in Atrioventricular TVI Trials

Control group 
event rate 

A high-risk population is associated with a higher event rate and potentially allows a reduction in the sample size. The inclusion of patients 
with a previous HFH might increase the event rate in the control group. However, uncertainty about the clinical benefit of TEER for high-
risk patients with advanced HF features (eg, advanced right-sided HF, irreversible end-organ damage) should be considered.
Heterogeneity of MR and TR causes should also be considered. 

Power The greater the power is, the larger the required patient numbers are (but the smaller the likelihood of failing to detect a difference that is 
truly present). The TRILUMINATE and MITRA-FR trials reduced the power to 84% and 80%, respectively. A power <80% is generally not 
recommended.

Choice of primary 
end point

Composite primary end points comprising mortality and several nonfatal events have the potential to enhance statistical power by the 
greater frequency of patients experiencing at least 1 component of the composite during follow-up.
In chronic HF, the standard composite primary end point is cardiovascular death and hospitalization for heart failure. Adding extra com-
ponents, for example, including worsening HF events or worsening in quality of life or functional capacity, boosts the numbers of events, 
although diluting the effect and meaning of the composite. Because the least serious component may tend to occur earlier (and more 
frequently), the Finkelstein-Schoenfeld method or the win ratio approach, which invert the priorities to match with clinical severity, should 
be preferred.

Length of follow-up Longer follow-up increases the rate of events.

HF indicates heart failure; HFH, heart failure hospitalization; MITRA-FR, Multicentre Study of Percutaneous Mitral Valve Repair MitraClip Device in Patients With 
Severe Secondary Mitral Regurgitation; MR, mitral regurgitation; TEER, transcatheter edge-to-edge-repair; TR, tricuspid regurgitation; TRILUMINATE, Trial to Evaluate 
Cardiovascular Outcomes in Patients Treated With the Tricuspid Valve Repair System Pivotal; and TVI, transcatheter valve intervention.

Study Design, patients, N Main enrolment criteria Primary end point Main results

 � TRISCEND II 
trial81

Description Prospective, multi-
center, randomized 
controlled pivotal 
clinical trial compar-
ing the EVOQUE 
system with OMT 
(randomization in 2:1 
ratio)

Severe or greater TR
Signs or symptoms of TR or 
previous hospitalization for HF 
despite medical therapy
Appropriate for TTVR

Hierarchical composite primary 
outcome of death resulting 
from any cause, implantation 
of an RV assist device or heart 
transplantation, postindex tri-
cuspid valve intervention, HFH, 
an improvement of at least 10 
points on the KCCQ-OSS, 
an improvement of at least 1 
NYHA class, and an improve-
ment of at least 30 m on the 
6MWT.

Win ratio for the primary 
outcome favoring valve re-
placement was 2.02 (95% CI, 
1.56–2.62) at 1 y.

Evidence 
for HF 
treatment

Strong Strong Moderate to strong (outcomes 
only as components of the 
composite end point)

Strong

6MWT indicates 6-minute walking test; BNP, brain natriuretic peptide; CCS, Clinical Composite Score; COAPT, Cardiovascular Outcomes Assessment of MitraClip 
Percutaneous Therapy for HF With Functional Mitral Regurgitation; CRT, cardiac resynchronization therapy; eGFR, estimated glomerular filtration rate; EROA, effective 
regurgitant orifice area; EVEREST II, Endovascular Valve Edge-to-Edge Repair Study; GDMT, guideline-directed medical therapy; HF, heart failure; HFH, hospitalization for 
heart failure; HR, hazard ratio; KCCQ, Kansas City Cardiomyopathy Questionnaire; LV, left ventricular; LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular 
ejection fraction; LVESD, left ventricular end-systolic diameter; M-TEER, mitral-transcatheter edge-to-edge repair; MATTERHORN, Multicenter Mitral Valve Reconstruction 
for Advanced Insufficiency of Functional or Ischemic Origin; MITRA-FR, Multicentre Study of Percutaneous Mitral Valve Repair MitraClip Device in Patients With Severe 
Secondary Mitral Regurgitation; MR, mitral regurgitation; MV, mitral valve; NP, natriuretic peptide; NT-proBNP, N-terminal probrain natriuretic peptide; NYHA, New York 
Heart Association; OMT, optimal medical therapy; OR, odds ratio; OSS, Overall Summary Score; PASP, pulmonary artery systolic pressure; PGA, patient global assess-
ment; PVR, pulmonary vascular resistance; REDUCE FMR, A Randomized Sham-Controlled Study of Percutaneous Mitral Annuloplasty in Functional Mitral Regurgitation; 
RESHAPE-HF2, Randomized Investigation of the MitraClip Device in Heart Failure: Second Trial in Patients With Clinically Significant Functional Mitral Regurgitation; RV, 
right ventricular; SMR, secondary mitral regurgitation; T-TEER, tricuspid-transcatheter edge-to-edge repair; TR, tricuspid regurgitation; TRILUMINATE, Trial to Evaluate Car-
diovascular Outcomes in Patients Treated With the Tricuspid Valve Repair System Pivotal; TRISEND II, Edwards EVOQUE Transcatheter Tricuspid Valve Replacement: Piv-
otal Clinical Investigation of Safety and Clinical Efficacy Using a Novel Device; TTVR, transcatheter tricuspid valve replacement; TV, tricuspid valve; and VC, vena contracta.

*The prespecified analysis on the first 350 randomized patients was published.

Table 2.  Continued
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points in the score on the KCCQ Overall Summary Score, 
an improvement of at least 1 NYHA functional class, 
and an improvement of at least 30 m on the 6-minute  
walking test distance (6MWTD). The win ratio for the 
primary outcome at 1 year favoring valve replacement 
was 2.02 (95% CI, 1.56–2.62).81 In the comparison of 
patient pairs, those in the valve replacement group had 
more wins than the individuals in the control group with 
respect to death resulting from any cause (14.8% versus 
12.5%) and postprocedural tricuspid valve intervention 
(3.2% versus 0.6%) but not with respect to the annual-
ized rate of hospitalization for HF (9.7% versus 10.0%).81

After the publication of the preliminary results of the 
predefined Breakthrough Pathway Cohort, including the 
first 150 randomized patients from the TRISCEND II 
trial, the EVOQUE device recently received its CE mark 
and US Food and Drug Administration approval.113

Patient-Reported Outcome Measures
Changes in symptoms and quality of life are increasingly 
used as primary/coprimary end points in trials and are 

meaningful for patients, maybe even more than mortality 
for some individuals.114 The KCCQ and the Minnesota 
Living with Heart Failure Questionnaire are the most 
commonly used PROMs in HF.114,115 In placebo con-
trolled trials, a difference of 5 points in KCCQ may indi-
cate a minimally significant difference, and an increase 
of at least 10 to 15 points is considered a moderate or 
large improvement that is less likely explained by pla-
cebo effect.116,117 When looking at mean improvements 
in KCCQ, drug trials generally result in much lower effect 
size compared with interventional treatment that can only 
partly be explained by the lack of a placebo/sham control 
(Figure 3).

Multiple studies have shown an improvement in symp-
toms, often assessed by the NYHA class, quality of life, 
and exercise capacity after percutaneous treatment of 
MR and TR.32,81,83,84,99,109,111,113,118–121 At 1 year in the TRI-
LUMINATE Pivotal trial, the KCCQ score changed by 
a mean±SD of 12.3±1.8 points in the T-TEER group 
compared with 0.6±1.8 points in the control group.84 
Substantial improvements in 6MWTD, NYHA class, and 
KCCQ score were sustained from 30 days to 2 years.119 

Figure 3. Changes in quality of life, measured by KCCQ Overall Summary Score, after medical or device interventions in major 
trials in patients with heart failure.
Reported differences were assessed at different time points (angiotensin-neprilysin inhibition and dapagliflozin at 8 months, ferric carboxymaltose 
at 12 weeks, tricuspid transcatheter edge-to-edge-repair at 1 year, mitral transcatheter edge-to-edge-repair at 1 month, transcatheter aortic 
valve implantation at 1 year). COAPT indicates Cardiovascular Outcomes Assessment of the MitraClip Percutaneous Therapy for Heart Failure 
Patients With Functional Mitral Regurgitation; DAPA-HF, Dapagliflozin and Prevention of Adverse Outcomes in Heart Failure; FAIR-HF, Ferinject 
Assessment in Patients With Iron Deficiency and Chronic Heart Failure; KCCQ, Kansas City Cardiomyopathy Questionnaire; PARADIGM-HF, 
Angiotensin-Neprilysin Inhibition Versus Enalapril in Heart Failure; PARTNER-2, Placement of Aortic Transcatheter Valve; and TRILUMINATE, Trial 
to Evaluate Treatment With Abbott Transcatheter Clip Repair System in Patients With Moderate or Greater Tricuspid Regurgitation.
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In TRISCEND II, a significantly higher proportion of 
patients experienced an increase of at least 10 points 
in the KCCQ Overall Summary Score, a decrease of at 
least 1 NYHA class, and an increase in 6MWTD by at 
least 30 m in the valve replacement group compared 
with controls.81

There are limitations, however, in the use of improve-
ment in quality of life as an end point. First, some trials 
of devices and invasive treatment strategies cannot be 
double-blinded. Blinding and sham-controlled random-
ized trials become particularly important when the pri-
mary end point is based on end points such as quality 
of life. Second, an improvement in quality of life was 
also observed in the control arms of both unblinded 
and sham-control HF trials as a result of the placebo 
effect.122 Third, to attribute a change in patient symp-
toms to TR reduction, patients should be on a stable 
medical regimen before and after device therapy. How-
ever, changes in the clinical conditions may mandate 
a change in medical therapy. In the TRILUMINATE 
Pivotal trial, increasing diuretics just before transcath-
eter procedure and increasing diuretics in the con-
trol group during follow-up were described, resulting 
in differences in “treatment” between the groups that 
might have confounded the results of device therapy.48 
Fourth, the current clinical assessment tools such as 
NYHA classification, KCCQ, and 6MWTD were devel-
oped to assess patients with HF caused by LV dysfunc-
tion but not patients with right-sided HF. The clinical 
course of right-sided HF, even in presence of severe 
TR, may be initially subclinical and then lead to signs 
of peripheral congestion with liver and kidney dysfunc-
tion, gut malabsorption, and peripheral oedema. These 
signs may have a major impact on patient’s quality of 
life and exercise tolerance, similar to if not larger than 
what can be found in patients with LV dysfunction. 
However, abdominal distension, dyspepsia, anorexia, 
and early satiety due to systemic congestion involving 
splanchnic organs often dominate the clinical picture 
in patients with right-sided HF but are seldom present, 
except in the late phases, in the patients with LV dys-
function. Last, RV dilatation may cause also LV diastolic 
dysfunction through ventricular interdependence, lead-
ing to pulmonary congestion and dyspnoea.123 Thus, 
multiple symptoms, some superimposable to those of 
the patients with LV dysfunction and some relatively 
specific for right-sided HF and systemic congestion, 
characterize patients with right-sided HF. Development 
of proper, more specific criteria to assess patients with 
right-sided HF seems warranted, although no such 
instruments are currently available. However, current 
assessments, mainly KCCQ, which has been recently 
validated in patients with severe TR,124 seem rather sen-
sitive to the effects of T-TEER, although with the limita-
tions of unblinded studies.117,125 Changes in the KCCQ 
score were associated with the degree of residual TR 

and magnitude of TR reduction at the 1-year follow-up, 
which supports a pathophysiological dose-response 
mechanism.84 A prespecified analysis of the TRILUMI-
NATE Pivotal trial showed that the health status benefit 
of T-TEER was sustained without attenuation through 
1 year of follow-up, and short-term improvement in 
health status after T-TEER was strongly correlated 
with reduced 1-year mortality and HF hospitalization, 
suggesting a true biological effect of T-TEER and sup-
porting the reliability of this end point.126

Composite End Points
Use of a composite end point comprising mortality and 
several nonfatal events may enhance statistical power. 
Most of the trials in patients with HF have been based on 
the composite primary end point of cardiovascular death 
and hospitalization for HF, which are assessed during 
the entire follow-up of the study.107 This end point is now 
expanded to include outpatient worsening HF events or 
with the analysis of recurrent HF events.127–129

Other end points targeting important aspects of the 
disease or the efficacy of the intervention are often added 
in TVI trials, including quality of life, exercise capacity, or 
degree of residual MR or TR.

There are concerns related to the impact of a placebo 
effect on these measurements in the absence of blind-
ing. However, having a larger threshold to define a sig-
nificant improvement in PROMs such as quality of life, 
that is, an increase of at least 15 points on the KCCQ 
from baseline at 1 year, might reduce the possible pla-
cebo effect. In addition, the use of multiple measure-
ments during a long follow-up may reduce the placebo 
effect because this is more likely to occur immediately 
after the procedure. Last, wearable technologies could 
provide less-biased, because not self-reported, assess-
ment of functional capacity and quality of life. To date, 
they have been used in a relatively small study and were 
successful in showing an improvement in activity after 
T-TEER.130–132

When the Finkelstein-Schoenfeld method or the win 
ratio approach is used to assess composite end points, 
the outcomes of interest are evaluated according to a 
prespecified hierarchy, which allows the assignment of 
priority to the harder components of the primary out-
come, that is, death and hospitalizations, and avoids 
issues related to different components of a nonhierar-
chical composite outcome being influenced in opposite 
directions by the active intervention such as what could 
happen with a traditional approach.133,134 However, the 
drawback of the win ratio method is that most of the effi-
cacy of the intervention could be explained by a reduc-
tion of those measurements that are less important from 
a clinical, regulatory, and guidelines standpoint, limiting 
the impact of the results of the trial. Therefore, the utility 
of the win ratio method depends on the proper definition  
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and ranking of clinically meaningful components of the 
primary outcome and the consistency of the active treat-
ment effects across the different components of the end 
point.

In TTVI trials, the primary end points were mainly a 
hierarchical composite that included death resulting from 
any cause or tricuspid valve surgery, hospitalization for 
HF, and an improvement in symptoms (NYHA class), 
health status (as measured with KCCQ), or functional 
capacity (6MWTD).81,84,85 The addition of PROMs and 
of worsening HF events is particular importance in trials 
investigating patients with severe TR because, unlike in 
SMR, right-sided HF does not necessarily result in hos-
pitalization and is frequently managed in the ambulatory 
setting. Although currently not implemented in random-
ized controlled trials testing interventions in the field of 
valve heart disease and HF, wearable technologies could 
provide less-biased, because not self-reported, assess-
ment of functional capacity, a key component of quality 
of life assessment.

Hemodynamics and Cardiac Function
Hemodynamic changes and the reduction in MR or TR 
grade have seldom been included as composite end 
points although they may be useful for the assessment 
of the efficacy of valve interventions. Improvements in 
hemodynamic parameters and reverse LV remodeling 
were repeatedly observed after M-TEER.21,25,73,135,136 Re-
duced MR severity and decreased pulmonary pressure 
were associated with better short- and long-term out-
comes after M-TEER.100,137–139 Improvements in hemo-
dynamic (ie, cardiac output), blood pressure, congestion, 
and RV and renal function may enable optimization of 
GDMT.90,100,123,138,140

Whether TTVI may determine short- or long-term 
changes in RV function is not settled. An observa-
tional study showed that T-TEER led to an increase in 
RV stroke volume and cardiac output with a decrease 
in RV end-diastolic volume. LV filling also improved with 
an increase in LV end-diastolic volume and LV stroke 
volume, likely through ventricular interdependence.141 
In the TRILUMINATE trial (Trial to Evaluate Treatment 
With Abbott Transcatheter Clip Repair System in Patients 
With Moderate or Greater Tricuspid Regurgitation; n=85) 
both RV end-diastolic diameter and tricuspid annular 
plane systolic excursion showed long-term favorable 
remodeling through 2 years.119 Positive RV remodeling 
was also observed with other devices, including the PAS-
CAL transcatheter valve repair system,109 EVOQUE sys-
tem for valve replacement,81 Cardioband Tricuspid Valve 
Reconstruction System,120 and TricValve transcatheter 
bicaval valves for the superior and inferior vena cavae.142

Among patients with severe TR enrolled in the 
TRISCEND study, TR was reduced to mild or less in 
97.6% after transcatheter TV replacement, with conse-

quent increases in stroke volume (10.5±16.8 mL) and 
cardiac output (0.6±1.2 L/min) and improvement in 
NYHA class, KCCQ score, and 6MWTD.99 Increasing 
doses of diuretics was reported in the control arm of the 
TRILUMINATE Pivotal trial compared with the device 
arm.84

Biomarkers
Natriuretic peptides and, less frequently, cancer antigen 
125 are used as makers of congestion.143–145 Plasma 
concentrations of natriuretic peptides are related to LV 
dysfunction, whereas cancer antigen 125 may better re-
flect systemic congestion. Thus, NT-proBNP/BNP may 
be more appropriate for assessing MR, whereas can-
cer antigen 125 might be an important additional tool 
in the patients with TR. Biomarkers have seldom been 
used as surrogate end points for atrioventricular valve 
interventions in HF, although they have the advantage of 
being unbiased by knowledge of treatment allocation. To 
progress toward precision medicine and to gain deep-
er insights into the molecular characteristics of various 
stages of MR and TR, it is advisable to biobank blood 
in prospective trials for future omics studies. Conducting 
serial evaluations of biomarkers could offer insights into 
disease progression and prove valuable for guiding man-
agement.143,146 However, procedures conducted on the 
right side for TR treatment may lead to acute variations 
of biomarker values that may be interpreted negatively 
but may reflect only the afterload mismatch, not long-
term consequences, complicating interpretation during 
the acute phase.

Postprocedural Regurgitation Grade
The assessment of postintervention MR and TR grade 
relies on echocardiography.48,63,95,147 Assessment of 
transcatheter intervention results may be complicated by 
the anatomy and functional effects of the MR and, to a 
larger extent, TR. Residual regurgitant jets after TEER 
may be multiple, in different planes, and of different se-
verity and may merge, adding to the complexity of the as-
sessment of residual MR and TR severity.147 Guidelines 
for the evaluation of valvular regurgitation after trans-
catheter valve repair or replacement were developed by 
international societies.147 A higher degree of residual MR 
and TR after intervention was associated with worse out-
comes.53,137,139,148–151

A key difference between transcatheter valve replace-
ment and TEER repair devices is the almost complete 
elimination of atrioventricular valve regurgitation with 
valve replacement.81 The required degree of TR reduc-
tion for sufficient volume unloading or structural RV 
reverse remodeling, leading to favorable outcomes, 
remains unknown. However, data from the EuroTR Reg-
istry reported worse survival in patients with residual 
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TR 3+ after T-TEER, without significant differences 
between residual TR 1+ and 2+.125 The complete elimi-
nation of TR with transcatheter tricuspid valve replace-
ment (TTVR) may enhance the afterload mismatch after 
the procedure. Moreover, TTVR is burdened by a higher 
rate of procedural complications (ie, major bleeding and 
conduction disturbance) compared with T-TEER. Thus, 
to date, TTVR is indicated mainly in patients considered 
ineligible for T-TEER. However, a direct comparison 
between T-TEER and TTVR may be needed with better 
evidence and advances in TTVR.

SAFETY
From prior MitraClip studies, the COAPT trial investigators  
anticipated an ≈6% rate of adverse events, including 
single-leaflet device attachment, embolization, endo-
carditis, mitral stenosis, and need for surgery, LV assist 
device implantation, or heart transplantation, as well as 
other device-related complications that require nonelec-
tive cardiovascular surgery. The performance goal of an 
acceptable device-related complication rate of 12% was 
developed in concert with the US Food and Drug Ad-
ministration after consideration of what composite risk of 
device-related complications was acceptable compared 
with the expected effectiveness.26 The primary safety 
end-point rate was, however, much lower than expected 
and confirmed the high safety of M-TEER even in this 
high-risk population.73 Adverse events in major mitral 
valve interventions trials are summarized in Table S1. 
The most frequent complications reported in observa-
tional studies include procedure-related complications, 
namely bleeding (0%–17%) and major vascular compli-
cations (ranging from 1.4% to 4.0%). Pericardial effusion 
or tamponade occurred in <0.5% of patients.152 Rates 
of other complications were previously reported.136,152 
Device-related complications due to structural failure (ie, 
single-leaflet device attachment, leaflet injury) are rare. 
On the other hand, rates of functional impairment with 
residual MR >2+ and transmitral gradient >5 mm Hg are 
higher (up to ≈15%). Procedural experience and center 
procedural volume may affect procedural success.153–155

The safety of T-TEER was demonstrated in the TRI-
LUMINATE studies.84,156 Overall, 98.3% of the patients 
in the device arm of the TRILUMINATE Pivotal trial were 
free from major adverse events at 30 days. No death 
occurred during the hospital stay; the median length of 
stay was 1.0 days (1.0–2.0 days). One patient (0.6%) 
in the TEER group died within 30 days; that death was 
adjudicated as not related to the device or procedure.84 
Among the 172 patients in the attempted-procedure 
population, the device was successfully implanted in 170 
(98.8%). Device success and procedural success at 30 
days after the procedure were reported in 88.9% and 
87% of patients, respectively (Table S2).84

The 1-year outcomes of the 176 patients enrolled in 
the TRISCEND study of transcatheter TV replacement 
in patients with moderate or greater symptomatic TR 
were recently published.99 At 30 days, the composite 
major adverse events rate was 18.6%, driven primar-
ily by severe bleeding events. Of note, anticoagulation 
was recommended for up to 6 months after the proce-
dure. Cardiovascular mortality was reported in 1.7% of 
patients, and nonelective reinterventions on the tricuspid 
valve occurred in 2.3% (Table S3).157 New permanent 
pacemakers were implanted in 15 patients (13.3%), all 
within 9 days after the procedure. The median length of 
hospital stay was 3.0 days (2.0–7.0 days). Device suc-
cess was 94.4%; procedural success 93.0%; and clini-
cal success 77.1%.49,80 In TRISCEND II, severe bleeding 
occurred in 15.4% of the valve replacement group com-
pared with in 5.3% of the control group (P=0.003), and 
new permanent pacemakers were implanted in 17.4% 
and 2.3%, respectively (P<0.001).81

The bRIGHT (An Observational Real-World Study 
Evaluating Severe Tricuspid Regurgitation Patients 
Treated with the Abbott TriClip Device) postapproval 
study was a prospective, single-arm, open-label, mul-
ticenter postmarket registry conducted at 26 sites in 
Europe. Successful TriClip device implantation occurred 
in 99% of subjects, and TR was reduced to moderate or 
less at 30 days in 77%.83

OTHER VARIABLES
Follow-Up Duration
In the COAPT trial, follow-up was performed at 1 week 
and at 1, 6, 12, 18, and 24 months in the device group; 
after a visit with the site HF specialist in the control 
group (either of which would occur within 14 days af-
ter randomization); and then annually through 5 years. 
Outcomes were assessed at 12 months in the MITRA-
FR trial. Clinical follow-up was conducted at 1, 6, and 
12 months in the TRILUMINATE trial. The timing of 
end-point assessment must be considered when inter-
preting the periprocedural early and late risks and ben-
efits. Length of follow-up could also influence the rate 
of events. At a minimum, the occurrence of outcomes 
should be reported in hospital, at 30 days, and at 1 year. 
Common safety end points should be reported in hospi-
tal and at 30 days; less common ones may be identified 
during longer follow-up. Long-term outcomes should be 
reported for devices to ascertain whether device durabil-
ity is acceptable. Imaging end points should be reported 
at postprocedure or predischarge, 30 days, and 1 year at 
minimum and during longer follow-up to provide data on 
durability. The experience from randomized trials shows 
that a 1-year follow-up may not be sufficient to assess 
the magnitude of the treatment effect that emerged be-
yond 1 year in COAPT.
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Intention-to-Treat Compared With Per-Protocol 
Analysis
Analysis by intention-to-treat should be prioritized be-
cause it provides an unbiased comparison of treatment 
strategies.158 In the TRILUMINATE trial, the analysis of 
primary end point was conducted in the intention-to-treat 
population, which included all patients who underwent 
randomization. The authors also conducted analyses in 
a per-protocol population (patients who underwent ran-
domization and had no major protocol deviations), an 
as-treated population (patients who underwent random-
ization, grouped according to the treatment received), 
and an attempted-procedure population (patients who 
had been randomly assigned to the TEER group, except 
for those who withdrew consent before the index pro-
cedure). All analyses were performed according to the  
intention-to-treat principle in COAPT and MITRA-FR 
trials. An important consideration is allowance of cross-
overs that occurred after 2 years in COAPT, whereas T-
TEER was possible at 1 year in TRILUMINATE. A policy 
should be observed to avoid crossovers, especially when 
using therapies for which a clear prognostic benefit is not 
yet established.

CONSIDERATIONS FOR FUTURE TRIALS
Design of clinical trials and hence building of evidence 
for TVI in patients with MR or TR and HF remain ma-
jor unmet needs, only partially overcome by most recent 
trials. Major issues, compared with the trials of medical 
treatment, include the impossibility of enrolling a large 
number of patients and hence testing hard clinical end 
points such as mortality, as well as difficulties in having 
a double-blind sham-control design with inherent biases 
when subjective end points such as quality of life and 
PROMs are evaluated.

Table 4, Figure 2, and Figure S1 outline possible 
changes that may improve the next trial design. Multiple 
strategies may help to compensate for the need to ran-
domize a relatively small number of patients. First, tri-
als may become focused on specific, well-characterized  
phenotypes so that dilution of the effects due to hetero-
geneity of the studied population is reduced. An accu-
rate characterization of clinical phenotypes, as outlined 
also here, and standardization of medical therapy both 
before and after the procedure are examples of this 
strategy. Second, a longer length of the follow-up may 
increase the number of events. Third, different defini-
tions of outcomes such as the inclusion of worsening 
HF events occurring without a hospitalization and/or 
recurrent events analysis, rather than time to fist event, 
or the addition of days alive outside the hospital, con-
sidering also the length of the hospital stays, may also 
increase the power of the study. Fourth, trials may have 

composite end points, including variables not directly 
related with outcomes. As in recent trials,84 such a 
composite end point may include both mortality (that is 
unbiased), all events of worsening HF (ie, both in hospi-
tal and ambulatory),129 and PROMs.

PROMs such as quality-of-life questionnaires may be 
biased by knowledge of the procedure, if not its results, 
in an open-label trial. However, also in this case, spe-
cific strategies, as listed in Figure S1, may overcome, 
at least partially, the lack of a blinded, sham-controlled, 
protocol design. They include a blinded evaluation of 
NYHA class and quality-of-life questionnaires by the 
investigators without knowledge of patient’s assign-
ment at the time of randomization; use of higher thresh-
olds to define clinically significant differences in KCCQ 
evaluation (ie, >15 points); and adoption of multiple 
evaluations in the long term to show the reproducibil-
ity and stability of the results because placebo effects 
are typically short-lived. The use of objective measure-
ments and surrogate end points, namely biomarkers 
related to congestion, cardiac function (ie, natriuretic 
peptides, cancer antigen 125), and end-organ damage 
(i.e. troponin and markers of kidney and liver function), 
and activity monitors to support subjective data is also 
strongly advised. Activity monitors were adopted in a 
recent, relatively small study.132

Last, the implementation of postapproval registries 
may provide further evidence for patient selection, 
untoward side effects, and the safety of the procedures.

Table 4.  Future Directions to Support Evidence for  
Transcatheter Interventions for MR and TR in Patients With HF

Size of the study group
  Maximize number of patients as much as possible
  Focus on specific well-characterized phenotypes
  Include all (ambulatory) worsening HF events in addition to HFHs
  Use combined end points/recurrent events analysis 

Better assessment of patient-reported outcomes
 � Blinded evaluation of NYHA class and quality-of-life questionnaires by 

study personnel
  Consider ≥15-point KCCQ difference in nonsham interventions
 � Multiple evaluations in the long term to show reproducibility and stability 

of the results
  Use sham-controlled procedures if possible

Use objective measurements to support subjective data
 � Serial biomarker measures related with congestion and cardiac function 

(natriuretic peptides, CA125, etc) and end-organ damage (troponin, 
kidney and liver function, gut microbiota)

 � Imaging with core laboratory assessment for cardiac function and 
pulmonary circulation

Multidisciplinary screening and management, including specialists in HF 
and imaging

Standardization of medical treatment before and after procedures

Implement postapproval registries

CA125 indicates cancer antigen 125; HF, heart failure; HFH, heart failure 
hospitalization; KCCQ, Kansas City Cardiomyopathy Questionnaire; MR, mi-
tral regurgitation; NYHA, New York Heart Association; and TR, TR, tricuspid  
regurgitation.

D
ow

nloaded from
 http://ahajournals.org by on O

ctober 31, 2025

https://www.ahajournals.org/doi/suppl/10.1161/circulationaha.124.070411
https://www.ahajournals.org/doi/suppl/10.1161/circulationaha.124.070411


ST
AT

E 
OF

 T
HE

 A
RT

May 6, 2025� Circulation. 2025;151:1342–1363. DOI: 10.1161/CIRCULATIONAHA.124.0704111358

Metra et al Transcatheter Valve Interventions in Heart Failure

ARTICLE INFORMATION
Affiliations
Cardiology, ASST Spedali Civili and Department of Medical and Surgical Spe-
cialties, Radiological Sciences, and Public Health, University of Brescia, Italy 
(M.M., D.T., M.A.). Department of Clinical Science and Education, Södersjukhu-
set, Karolinska Institutet, Stockholm, Sweden (D.T., G.S.). Department of Cardi-
ology (CVK) of German Heart Center Charité, German Centre for Cardiovascu-
lar Research (DZHK) partner site Berlin, Charité Universitätsmedizin, Germany 
(S.D.A.). Institut del Cor, Hospital Universitari Germans Trias I Pujol, Barcelona, 
Spain (A.B.-G.). Centro de Investigación Biomédica en Red de Enfermedades 
Cardiovasculares (CIBERCV; Departamento de Medicina, Universitat Autòno-
ma de Barcelona), Barcelona, Spain (A.B.-G.). Department of Cardiology and 
Heart Valve Center, Universitätsmedizin Johannes Gutenberg-University, Mainz, 
Germany (R.S.v.B.). Department of Internal Medicine Clinic III, Saarland Uni-
versity Hospital, Homburg/Saar, Germany (M.B.). University of Rennes, CHU 
Rennes, Inserm, LTSI–UMR 1099, France (E.D.). Department of Cardiology, 
Attikon University Hospital, National and Kapodistrian University of Athens, 
Greece (G.S.F.). Valve Center IRCCS Ospedale San Raffaele, Cardiac Surgery, 
University Vita Salute, Milan, Italy (F.M.). Institute of Heart Diseases, Wroclaw 
Medical University Poland (P.P.). Institute of Heart Diseases, University Hospi-
tal, Wroclaw, Poland (P.P.). Department of Cardiology, Bern University Hospital, 
University of Bern, Bern, Switzerland (F.P.). Baylor Scott and White Research 
Institute, Dallas, TX (J.B.). Department of Medicine, University of Mississippi 
Medical Center, Jackson (J.B.).

Sources of Funding
None.

Disclosures
Dr Metra reports personal consulting honoraria of minimal amount from Abbott 
Structural, AstraZeneca, Bayer, Boehringer Ingelheim, Edwards LifeSciences, 
Pharmacosmos, Roche Diagnostics, and NovoNordisk for participation in ad-
visory board meetings and executive committees of clinical trials, outside the 
submitted work. Dr Tomasoni reports speaker fees and honoraria from Alnylam 
Pharmaceuticals, AstraZeneca, Boehringer Ingelheim, and Pfizer, outside the 
submitted work. Dr Adamo reports speaker fees from Abbott Vascular and 
Medtronic, outside the submitted work. Dr Anker reports grants and person-
al fees from Vifor and Abbott Vascular and personal fees for consultancies, 
trial committee work, and/or lectures from Actimed, Amgen, AstraZeneca, 
Bayer, Boehringer Ingelheim, Bioventrix, Brahms, Cardiac Dimensions, Car-
dior, Cordio, CVRx, Cytokinetics, Edwards, Farraday Pharmaceuticals, GSK, 
HeartKinetics, Impulse Dynamics, Novartis, Occlutech, Pfizer, Repairon, Sen-
sible Medical, Servier, Vectorious, and V-Wave. Dr Anker was named coinven-
tor of 2 patent applications regarding MR-proANP (DE 102007010834 and 
DE 102007022367), but he does not benefit personally from the related is-
sued patents. Dr Bayes-Genis has received speaker honoraria and/or con-
sulting fees from AstraZeneca, Bayer, Boehringer Ingelheim, Novartis, Roche 
Diagnostics, and Vifor. Dr von Bardeleben is principal investigator or on the 
steering committee of trials with IIT (University of Göttingen, Germany) Ab-
bott Structural, Edwards Lifesciences, Jenscare, Medtronic, and NeoChord; 
he declares consultancy fees from Abbott, Edwards Lifesciences, Jenscare, 
Medtronic, NeoChord, Philips Medical Systems, and Siemens Healthineers. Dr 
Böhm is supported by the Deutsche Forschungsgemeinschaft (German Re-
search Foundation; TTR 219, project 322900939) and reports personal fees 
from Abbott, Amgen, AstraZeneca, Bayer, Boehringer Ingelheim, Cytokinetics, 
Medtronic, Novartis, ReCor Medical, Servier, and Vifor. Dr Donal reports no 
conflicts. Dr Filippatos reports grants from the European Commission; payment 
or honoraria for lectures, presentations, speakers bureaus, manuscript writing, 
or educational events from Bayer and Boehringer Ingelheim; participation on 
a data safety monitoring board or advisory board from Bayer and Boehringer 
Ingelheim; leadership or fiduciary role in the Heart Failure Association; and 
other financial or nonfinancial interests as a committee member for Medtronic, 
Vifor Pharma, Amgen, Servier, and Novartis. Dr Maisano declares grant and/or 
research institutional support from Abbott, Medtronic, Edwards Lifesciences, 
Biotronik, Boston Scientific Corporation, NVT, Terumo, and Venus; consult-
ing fees and personal and institutional honoraria from Abbott, Medtronic, 
Edwards Lifesciences, Xeltis, CardioValve, Occlufit, Simulands, Mtex, Venus, 
and Squadra; royalty income/IP rights Edwards Lifesciences; and shareholder 
(including share options) of Cardiogard, CardioValve, Magenta, SwissVortex, 
Transseptalsolutions, 4Tech, and Perifect. Dr Ponikowski reports participation 
in clinical trials for and grants and personal fees from Vifor Pharma during 
the conduct of the study; participation in clinical trials for and personal fees 
from Amgen, Bayer, Novartis, Abbott Vascular, Boehringer Ingelheim, Pfizer, 

Servier, AstraZeneca, Cibiem, BMS, and Impulse Dynamics, outside the sub-
mitted work; participation in clinical trials for Cardiac Dimensions, outside the 
submitted work; and personal fees from Berlin Chemie, outside the submitted 
work. Dr Savarese reports grants and personal fees from Vifor, Boehringer 
Ingelheim, AstraZeneca, Novartis, Cytokinetics, and Pharmacosmos; personal 
fees from Medtronic, Servier, TEVA, Edwards Lifescience, and INTAS; and 
grants from Boston Scientific, Merck, Bayer, outside the submitted work. Dr 
Praz has received travel expenses from Edwards Lifesciences, Abbott Vascular, 
Medira, Polares Medical, and Siemens Healthineers. Dr Butler reports support 
from Abbott, American Regent, Amgen, Applied Therapeutic, AskBio, Astel-
las, AstraZeneca, Bayer, Boehringer Ingelheim, Boston Scientific, Bristol Myers 
Squibb, Cardiac Dimension, Cardiocell, Cardior, CSL Bearing, CVRx, Cytokinet-
ics, Daxor, Edwards, Element Science, Faraday, Foundry, G3P, Innolife, Impulse 
Dynamics, Imbria, Inventiva, Ionis, Lexicon, Lilly, LivaNova, Janssen, Medtronics, 
Merck, Occlutech, Owkin, Novartis, Novo Nordisk, Pharmacosmos, Pharmain, 
Pfizer, Prolaio, Regeneron, Renibus, Roche, Salamandra, Sanofi, SC Pharma, 
Secretome, Sequana, SQ Innovation, Tenex, Tricog, Ultromics, Vifor, and Zoll, 
outside the submitted work.

Supplemental Material
Tables S1–S3

Figure S1

REFERENCES
	 1.	 Chioncel O, Lainscak M, Seferovic PM, Anker SD, Crespo-Leiro MG, Harjola 

VP, Parissis J, Laroche C, Piepoli MF, Fonseca C, et al. Epidemiology and 
one-year outcomes in patients with chronic heart failure and preserved, 
mid-range and reduced ejection fraction: an analysis of the ESC Heart 
Failure Long-Term Registry. Eur J Heart Fail. 2017;19:1574–1585. doi: 
10.1002/ejhf.813

	 2.	 Benfari G, Antoine C, Miller WL, Thapa P, Topilsky Y, Rossi A, 
Michelena HI, Pislaru S, Enriquez-Sarano M. Excess mortality associ-
ated with functional tricuspid regurgitation complicating heart failure 
with reduced ejection fraction. Circulation. 2019;140:196–206. doi: 
10.1161/CIRCULATIONAHA.118.038946

	 3.	 Topilsky Y, Maltais S, Medina Inojosa J, Oguz D, Michelena H, Maalouf J, 
Mahoney DW, Enriquez-Sarano M. Burden of tricuspid regurgitation in 
patients diagnosed in the community setting. JACC Cardiovasc Imaging. 
2019;12:433–442. doi: 10.1016/j.jcmg.2018.06.014

	 4.	 Messika-Zeitoun D, Verta P, Gregson J, Pocock SJ, Boero I, Feldman TE, 
Abraham WT, Lindenfeld J, Bax J, Leon M, et al. Impact of tricuspid regurgi-
tation on survival in patients with heart failure: a large electronic health re-
cord patient-level database analysis. Eur J Heart Fail. 2020;22:1803–1813. 
doi: 10.1002/ejhf.1830

	 5.	 Coffey S, Roberts-Thomson R, Brown A, Carapetis J, Chen M, 
Enriquez-Sarano M, Zuhlke L, Prendergast BD. Global epidemiol-
ogy of valvular heart disease. Nat Rev Cardiol. 2021;18:853–864. doi: 
10.1038/s41569-021-00570-z

	 6.	 Heitzinger G, Pavo N, Koschatko S, Jantsch C, Winter MP, Spinka G, 
Dannenberg V, Kastl S, Prausmuller S, Arfsten H, et al. Contemporary 
insights into the epidemiology, impact and treatment of secondary tri-
cuspid regurgitation across the heart failure spectrum. Eur J Heart Fail. 
2023;25:857–867. doi: 10.1002/ejhf.2858

	 7.	 Adamo M, Chioncel O, Benson L, Shahim B, Crespo-Leiro MG, Anker SD, 
Coats AJS, Filippatos G, Lainscak M, McDonagh T, et al. Prevalence, clini-
cal characteristics and outcomes of heart failure patients with or without 
isolated or combined mitral and tricuspid regurgitation: an analysis from the  
ESC-HFA Heart Failure Long-Term Registry. Eur J Heart Fail. 
2023;25:1061–1071. doi: 10.1002/ejhf.2929

	 8.	 Adamo M, Metra M, Claggett BL, Miao ZM, Diaz R, Felker GM, McMurray 
JJV, Solomon SD, Biering-Sorensen T, Divanji PH, et al; GALACTIC-HF 
Investigators and Patients. Tricuspid regurgitation and clinical outcomes in 
heart failure with reduced ejection fraction. JACC Heart Fail. 2024;12:552–
563. doi: 10.1016/j.jchf.2023.11.018

	 9.	 Bartko PE, Heitzinger G, Pavo N, Heitzinger M, Spinka G, Prausmuller S, 
Arfsten H, Andreas M, Gabler C, Strunk G, et al. Burden, treatment use, 
and outcome of secondary mitral regurgitation across the spectrum of 
heart failure: observational cohort study. BMJ. 2021;373:n1421. doi: 
10.1136/bmj.n1421

	10.	 Pagnesi M, Adamo M, Sama IE, Anker SD, Cleland JG, Dickstein 
K, Filippatos GS, Inciardi RM, Lang CC, Lombardi CM, et al. Clinical  
impact of changes in mitral regurgitation severity after medical therapy 

D
ow

nloaded from
 http://ahajournals.org by on O

ctober 31, 2025



STATE OF THE ART

Circulation. 2025;151:1342–1363. DOI: 10.1161/CIRCULATIONAHA.124.070411� May 6, 2025

Transcatheter Valve Interventions in Heart Failure

1359

Metra et al

optimization in heart failure. Clin Res Cardiol. 2022;111:912–923. doi: 
10.1007/s00392-022-01991-7

	11.	 Pagnesi M, Cali F, Chiarito M, Stolfo D, Baldetti L, Lombardi CM, Tomasoni 
D, Loiacono F, Maccallini M, Villaschi A, et al. Prognostic role of mitral 
regurgitation in patients with advanced heart failure. Eur J Intern Med. 
2023;122:102–108. doi: 10.1016/j.ejim.2023.11.002

	12.	 Goliasch G, Bartko PE, Pavo N, Neuhold S, Wurm R, Mascherbauer J, Lang 
IM, Strunk G, Hulsmann M. Refining the prognostic impact of functional 
mitral regurgitation in chronic heart failure. Eur Heart J. 2018;39:39–46. 
doi: 10.1093/eurheartj/ehx402

	13.	 Tomasoni D, Aimo A, Porcari A, Bonfioli GB, Castiglione V, Saro R, 
Di Pasquale M, Franzini M, Fabiani I, Lombardi CM, et al. Prevalence and 
clinical outcomes of isolated or combined moderate to severe mitral and 
tricuspid regurgitation in patients with cardiac amyloidosis. Eur Heart J Car-
diovasc Imaging. 2024;25:1007–1017. doi: 10.1093/ehjci/jeae060

	14.	 Pagnesi M, Adamo M, Sama IE, Anker SD, Cleland JG, Dickstein K, 
Filippatos GS, Lang CC, Ng LL, Ponikowski P, et al. Impact of mi-
tral regurgitation in patients with worsening heart failure: insights 
from BIOSTAT-CHF. Eur J Heart Fail. 2021;23:1750–1758. doi: 
10.1002/ejhf.2276

	15.	 Pagnesi M, Riccardi M, Chiarito M, Stolfo D, Baldetti L, Lombardi CM, 
Colombo G, Inciardi RM, Tomasoni D, Loiacono F, et al. Characteris-
tics and outcomes of patients with tricuspid regurgitation and advanced 
heart failure. J Cardiovasc Med (Hagerstown). 2024;25:200–209. doi: 
10.2459/JCM.0000000000001582

	16.	 McDonagh TA, Metra M, Adamo M, Gardner RS, Baumbach A, Bohm M, 
Burri H, Butler J, Celutkiene J, Chioncel O, et al; Authors/Task Force 
Members:. 2021 ESC guidelines for the diagnosis and treatment of acute 
and chronic heart failure: developed by the Task Force for the diagnosis 
and treatment of acute and chronic heart failure of the European Society 
of Cardiology (ESC): with the special contribution of the Heart Failure 
Association (HFA) of the ESC. Eur J Heart Fail. 2022;24:4–131. doi: 
10.1002/ejhf.2333

	 17.	 Vahanian A, Beyersdorf F, Praz F, Milojevic M, Baldus S, Bauersachs J, 
Capodanno D, Conradi L, De Bonis M, De Paulis R, et al; ESC/EACTS 
Scientific Document Group. 2021 ESC/EACTS guidelines for the man-
agement of valvular heart disease. Eur Heart J. 2022;43:561–632. doi: 
10.1093/eurheartj/ehab395

	18.	 Vahanian A, Beyersdorf F, Praz F, Milojevic M, Baldus S, Bauersachs J, 
Capodanno D, Conradi L, De Bonis M, De Paulis R, et al; ESC/EACTS 
Scientific Document Group. 2021 ESC/EACTS guidelines for the man-
agement of valvular heart disease. Eur Heart J. 2022;43:561–632. doi: 
10.1093/eurheartj/ehab395

	19.	 Feldman T, Foster E, Glower DD, Kar S, Rinaldi MJ, Fail PS, Smalling RW, 
Siegel R, Rose GA, Engeron E, et al; EVEREST II Investigators. Percutaneous 
repair or surgery for mitral regurgitation. N Engl J Med. 2011;364:1395–
1406. doi: 10.1056/NEJMoa1009355

	20.	 Feldman T, Kar S, Elmariah S, Smart SC, Trento A, Siegel RJ, Apruzzese P, 
Fail P, Rinaldi MJ, Smalling RW, et al; EVEREST II Investigators. Random-
ized comparison of percutaneous repair and surgery for mitral regurgitation: 
5-year results of EVEREST II. J Am Coll Cardiol. 2015;66:2844–2854. doi: 
10.1016/j.jacc.2015.10.018

	21.	 von Bardeleben RS, Mahoney P, Morse MA, Price MJ, Denti P, Maisano 
F, Rogers JH, Rinaldi M, De Marco F, Rollefson W, et al. 1-Year outcomes 
with fourth-generation mitral valve transcatheter edge-to-edge repair from 
the EXPAND G4 study. JACC Cardiovasc Interv. 2023;16:2600–2610. doi: 
10.1016/j.jcin.2023.09.029

	22.	 Piriou N, Al Habash O, Donal E, Senage T, Tourneau T Le, Pattier S, 
Guyomarch B, Roussel JC, Trochu JN, Vahanian A, et al. The MITRA-HR 
study: design and rationale of a randomised study of MitraClip transcath-
eter mitral valve repair in patients with severe primary mitral regurgitation 
eligible for high-risk surgery. EuroIntervention. 2019;15:e329–e335. doi: 
10.4244/EIJ-D-18-01086

	23.	 McCarthy PM, Whisenant B, Asgar AW, Ailawadi G, Hermiller J, Williams 
M, Morse A, Rinaldi M, Grayburn P, Thomas JD, et al. Percutaneous Mi-
traClip device or surgical mitral valve repair in patients with primary 
mitral regurgitation who are candidates for surgery: design and ratio-
nale of the REPAIR MR trial. J Am Heart Assoc. 2023;12:e027504. doi: 
10.1161/JAHA.122.027504

	24.	 Zoghbi WA, Levine RA, Flachskampf F, Grayburn P, Gillam L, Leipsic 
J, Thomas JD, Kwong RY, Vandervoort P, Chandrashekhar Y. Atrial 
functional mitral regurgitation: a JACC: Cardiovascular Imaging expert 
panel viewpoint. JACC Cardiovasc Imaging. 2022;15:1870–1882. doi: 
10.1016/j.jcmg.2022.08.016

	25.	 Obadia JF, Messika-Zeitoun D, Leurent G, Iung B, Bonnet G, Piriou N, 
Lefevre T, Piot C, Rouleau F, Carrie D, et al; MITRA-FR Investigators. Per-
cutaneous repair or medical treatment for secondary mitral regurgitation. N 
Engl J Med. 2018;379:2297–2306. doi: 10.1056/NEJMoa1805374

	26.	 Mack MJ, Abraham WT, Lindenfeld J, Bolling SF, Feldman TE, Grayburn 
PA, Kapadia SR, McCarthy PM, Lim DS, Udelson JE, et al. Cardiovascular 
outcomes assessment of the MitraClip in patients with heart failure and 
secondary mitral regurgitation: design and rationale of the COAPT trial. Am 
Heart J. 2018;205:1–11. doi: 10.1016/j.ahj.2018.07.021

	 27.	 Senni M, Adamo M, Metra M, Alfieri O, Vahanian A. Treatment of functional 
mitral regurgitation in chronic heart failure: can we get a “proof of concept” 
from the MITRA-FR and COAPT trials? Eur J Heart Fail. 2019;21:852–861. 
doi: 10.1002/ejhf.1491

	28.	 Coats AJS, Anker SD, Baumbach A, Alfieri O, von Bardeleben RS, 
Bauersachs J, Bax JJ, Boveda S, Celutkiene J, Cleland JG, et al. The man-
agement 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 Cardio-
vascular Interventions (EAPCI) of the ESC. Eur Heart J. 2021;42:1254–
1269. doi: 10.1093/eurheartj/ehab086

	29.	 Praz F, Grasso C, Taramasso M, Baumbach A, Piazza N, Tamburino C, 
Windecker S, Maisano F, Prendergast B. Mitral regurgitation in heart 
failure: time for a rethink. Eur Heart J. 2019;40:2189–2193. doi: 
10.1093/eurheartj/ehz222

	30.	 Stone GW, Abraham WT, Lindenfeld J, Kar S, Grayburn PA, Lim DS, Mishell 
JM, Whisenant B, Rinaldi M, Kapadia SR, et al; COAPT Investigators. Five-
year follow-up after transcatheter repair of secondary mitral regurgitation. N 
Engl J Med. 2023;388:2037–2048. doi: 10.1056/NEJMoa2300213

	31.	 Anker SD, Friede T, von Bardeleben RS, Butler J, Khan MS, Diek M, Heinrich 
J, Geyer M, Placzek M, Ferrari R, et al. Percutaneous repair of moderate- 
to-severe or severe functional mitral regurgitation in patients with symptom-
atic heart failure: baseline characteristics of patients in the RESHAPE-HF2  
trial and comparison to COAPT and MITRA-FR trials. Eur J Heart Fail. 
2024;26:1608–1615. doi: 10.1002/ejhf.3286

	32.	 Anker SD, Friede T, von Bardeleben RS, Butler J, Khan MS, Diek M, 
Heinrich J, Geyer M, Placzek M, Ferrari R, et al. Transcatheter valve repair 
in heart failure with moderate to severe mitral regurgitation. N Engl J Med. 
2024;391:1799–1809. doi: 10.1056/NEJMoa2314328

	33.	 Chhatriwalla AK, Cohen DJ, Vemulapalli S, Vekstein A, Huded CP, Gallup D, 
Kosinski AS, Brothers L, Lindenfeld J, Stone GW, et al. Transcatheter edge-
to-edge repair in COAPT-ineligible patients with functional mitral regurgita-
tion. J Am Coll Cardiol. 2024;83:488–499. doi: 10.1016/j.jacc.2023.11.012

	34.	 Adamo M, Fiorelli F, Melica B, D’Ortona R, Lupi L, Giannini C, Silva G, 
Fiorina C, Branca L, Chiari E, et al. COAPT-like profile predicts long-
term outcomes in patients with secondary mitral regurgitation undergo-
ing MitraClip implantation. JACC Cardiovasc Interv. 2021;14:15–25. doi: 
10.1016/j.jcin.2020.09.050

	35.	 Koell B, Orban M, Weimann J, Kassar M, Karam N, Neuss M, Petrescu A, 
Iliadis C, Unterhuber M, Adamo M, et al; EuroSMR Investigators. Outcomes 
stratified by adapted inclusion criteria after mitral edge-to-edge repair. J Am 
Coll Cardiol. 2021;78:2408–2421. doi: 10.1016/j.jacc.2021.10.011

	36.	 Karam N, Stolz L, Orban M, Deseive S, Praz F, Kalbacher D, Westermann 
D, Braun D, Nabauer M, Neuss M, et al. Impact of right ventricular dys-
function on outcomes after transcatheter edge-to-edge repair for second-
ary mitral regurgitation. JACC Cardiovasc Imaging. 2021;14:768–778. doi: 
10.1016/j.jcmg.2020.12.015

	 37.	 Godino C, Munafo A, Scotti A, Estevez-Loureiro R, Portoles Hernandez A, 
Arzamendi D, Fernandez Peregrina E, Taramasso M, Fam NP, Ho EC, et al. 
MitraClip in secondary mitral regurgitation as a bridge to heart transplanta-
tion: 1-year outcomes from the International MitraBridge Registry. J Heart 
Lung Transplant. 2020;39:1353–1362. doi: 10.1016/j.healun.2020.09.005

	38.	 Doldi PM, Buech J, Orban M, Samson-Himmelstjerna P, Wilbert-Lampen U, 
Hagl C, Massberg S, Nabauer M, Hausleiter J, Braun D. Transcatheter mitral 
valve repair may increase eligibility for heart transplant listing in patients 
with end-stage heart failure and severe secondary mitral regurgitation. Int J 
Cardiol. 2021;338:72–78. doi: 10.1016/j.ijcard.2021.06.031

	39.	 Acker MA. Should moderate or greater mitral regurgitation be repaired in 
all patients with LVEF <30%? Mitral valve repair in patients with advanced 
heart failure and severe functional mitral insufficiency reverses left ventricu-
lar remodeling and improves symptoms. Circ Heart Fail. 2008;1:281–284. 
doi: 10.1161/CIRCHEARTFAILURE.108.810200

	40.	 Adamo M, Metra M. Can mild to moderate secondary mitral regurgitation 
be a therapeutic target for symptomatic patients with heart failure with 

D
ow

nloaded from
 http://ahajournals.org by on O

ctober 31, 2025



ST
AT

E 
OF

 T
HE

 A
RT

May 6, 2025� Circulation. 2025;151:1342–1363. DOI: 10.1161/CIRCULATIONAHA.124.0704111360

Metra et al Transcatheter Valve Interventions in Heart Failure

reduced ejection fraction? Eur J Heart Fail. 2021;23:1979–1980. doi: 
10.1002/ejhf.2362

	41.	 Witte KK, Kaye DM, Lipiecki J, Siminiak T, Goldberg SL, von Bardeleben 
RS, Sievert H, Levy WC, Starling RC. Treating symptoms and reversing  
remodelling: clinical and echocardiographic 1-year outcomes with percuta-
neous mitral annuloplasty for mild to moderate secondary mitral regurgita-
tion. Eur J Heart Fail. 2021;23:1971–1978. doi: 10.1002/ejhf.2310

	42.	 Baldus S, Doenst T, Pfister R, Gummert J, Kessler M, Boekstegers P, Lubos 
E, Schroder J, Thiele H, Walther T, et al; MATTERHORN Investigators. Trans-
catheter repair versus mitral-valve surgery for secondary mitral regurgitation. 
N Engl J Med. 2024;391:1787–1798. doi: 10.1056/NEJMoa2408739

	43.	 Claeys MJ, Debonnaire P, Bracke V, Bilotta G, Shkarpa N, Vanderheyden 
M, Coussement P, Vanderheyden J, de Heyning CMV, Cosyns B, et al. Clini-
cal and hemodynamic effects of percutaneous edge-to-edge mitral valve 
repair in atrial versus ventricular functional mitral regurgitation. Am J Cardiol. 
2021;161:70–75. doi: 10.1016/j.amjcard.2021.08.062

	44.	 Doldi P, Stolz L, Orban M, Karam N, Praz F, Kalbacher D, Lubos E, Braun 
D, Adamo M, Giannini C, et al. Transcatheter mitral valve repair in pa-
tients with atrial functional mitral regurgitation. JACC Cardiovasc Imaging. 
2022;15:1843–1851. doi: 10.1016/j.jcmg.2022.05.009

	45.	 Rottlander D, Golabkesh M, Degen H, Ogutcu A, Saal M, Haude M. Mitral 
valve edge-to-edge repair versus indirect mitral valve annuloplasty in atrial 
functional mitral regurgitation. Catheter Cardiovasc Interv. 2022;99:1839–
1847. doi: 10.1002/ccd.30157

	46.	 Yoon SH, Makar M, Kar S, Chakravarty T, Oakley L, Sekhon N, Koseki K, 
Nakamura M, Hamilton M, Patel JK, et al. Outcomes after transcatheter 
edge-to-edge mitral valve repair according to mitral regurgitation etiology 
and cardiac remodeling. JACC Cardiovasc Interv. 2022;15:1711–1722. doi: 
10.1016/j.jcin.2022.07.004

	 47.	 Rudolph F, Geyer M, Baldus S, De Luca VM, Doenst T, Pfister R, Gummert 
J, Kessler M, Boekstegers P, Lubos E, et al. Transcatheter repair versus sur-
gery for atrial versus ventricular functional mitral regurgitation: a post-hoc 
analysis of the MATTERHORN trial. Circulation. 2025;151:418–420. doi: 
10.1161/CIRCULATIONAHA.124.072648

	48.	 Hahn RT, Lawlor MK, Davidson CJ, Badhwar V, Sannino A, Spitzer E, Lurz 
P, Lindman BR, Topilsky Y, Baron SJ, et al; TVARC Steering Committee. 
Tricuspid Valve Academic Research Consortium definitions for tricuspid re-
gurgitation and trial endpoints. J Am Coll Cardiol. 2023;82:1711–1735. doi: 
10.1016/j.jacc.2023.08.008

	49.	 Andreas M, Burri H, Praz F, Soliman O, Badano L, Barreiro M, Cavalcante 
JL, de Potter T, Doenst T, Friedrichs K, et al. Tricuspid valve disease and 
cardiac implantable electronic devices. Eur Heart J. 2024;45:346–365. doi: 
10.1093/eurheartj/ehad783

	50.	 Hahn RT, Lawlor MK, Davidson CJ, Badhwar V, Sannino A, Spitzer E, Lurz P, 
Lindman BR, Topilsky Y, Baron SJ, et al. Tricuspid valve academic research 
consortium definitions for tricuspid regurgitation and trial endpoints. Eur 
Heart J. 2023;44:4508–4532. doi: 10.1093/eurheartj/ehad653

	51.	 Muraru D, Badano LP, Hahn RT, Lang RM, Delgado V, Wunderlich NC, Donal 
E, Taramasso M, Duncan A, Lurz P, et al. Atrial secondary tricuspid regur-
gitation: pathophysiology, definition, diagnosis, and treatment. Eur Heart J. 
2024;45:895–911. doi: 10.1093/eurheartj/ehae088

	52.	 Adamo M, Chioncel O, Pagnesi M, Bayes-Genis A, Abdelhamid M, Anker 
SD, Antohi EL, Badano L, Ben Gal T, Bohm M, et al. Epidemiology, patho-
physiology, diagnosis and management of chronic right-sided heart failure 
and tricuspid regurgitation: a clinical consensus statement of the Heart  
Failure Association (HFA) and the European Association of Percutane-
ous Cardiovascular Interventions (EAPCI) of the ESC. Eur J Heart Fail. 
2024;26:18-33. doi: 10.1002/ejhf.3106

	53.	 Dreyfus J, Galloo X, Taramasso M, Heitzinger G, Benfari G, Kresoja 
KP, Juarez-Casso F, Omran H, Bohbot Y, Iliadis C, et al; TRIGISTRY In-
vestigators. TRI-SCORE and benefit of intervention in patients with 
severe tricuspid regurgitation. Eur Heart J. 2024;45:586–597. doi: 
10.1093/eurheartj/ehad585

	54.	 Axtell AL, Bhambhani V, Moonsamy P, Healy EW, Picard MH, Sundt TM 
3rd, Wasfy JH. Surgery does not improve survival in patients with isolated 
severe tricuspid regurgitation. J Am Coll Cardiol. 2019;74:715–725. doi: 
10.1016/j.jacc.2019.04.028

	55.	 Soulat-Dufour L, Lang S, Addetia K, Ederhy S, Adavane-Scheuble S, 
Chauvet-Droit M, Jean ML, Nhan P, Ben Said R, Kamami I, et al. Restoring 
sinus rhythm reverses cardiac remodeling and reduces valvular regurgita-
tion in patients with atrial fibrillation. J Am Coll Cardiol. 2022;79:951–961. 
doi: 10.1016/j.jacc.2021.12.029

	56.	 Galloo X, Dietz MF, Fortuni F, Prihadi EA, Cosyns B, Delgado V, Bax JJ, 
Ajmone Marsan N. Prognostic implications of atrial vs. ventricular functional 

tricuspid regurgitation. Eur Heart J Cardiovasc Imaging. 2023;24:733–741. 
doi: 10.1093/ehjci/jead016

	 57.	 Schlotter F, Dietz MF, Stolz L, Kresoja KP, Besler C, Sannino A, Rommel KP, 
Unterhuber M, von Roeder M, Delgado V, et al. Atrial functional tricuspid re-
gurgitation: novel definition and impact on prognosis. Circ Cardiovasc Interv. 
2022;15:e011958. doi: 10.1161/CIRCINTERVENTIONS.122.011958

	58.	 Russo G, Badano LP, Adamo M, Alessandrini H, Andreas M, Braun D, 
Connelly KA, Denti P, Estevez-Loureiro R, Fam N, et al. Characteristics 
and outcomes of patients with atrial versus ventricular secondary tricuspid 
regurgitation undergoing tricuspid transcatheter edge-to-edge repair: re-
sults from the TriValve registry. Eur J Heart Fail. 2023;25:2243–2251. doi: 
10.1002/ejhf.3075

	59.	 Pavasini R, Ruggerini S, Grapsa J, Biscaglia S, Tumscitz C, Serenelli M, 
Boriani G, Squeri A, Campo G. Role of the tricuspid regurgitation after 
MitraClip and transcatheter aortic valve implantation: a systematic review 
and meta-analysis. Eur Heart J Cardiovasc Imaging. 2018;19:654–659. doi: 
10.1093/ehjci/jex143

	60.	 Tribouilloy C, Bohbot Y, Kubala M, Ruschitzka F, Popescu B, Wendler 
O, Laroche C, Bartha E, Ince H, Simkova I, et al. Characteristics, man-
agement, and outcomes of patients with multiple native valvular heart  
disease: a substudy of the EURObservational Research Programme Val-
vular Heart Disease II Survey. Eur Heart J. 2022;43:2756–2766. doi: 
10.1093/eurheartj/ehac209

	61.	 Gammie JS, Chu MWA, Falk V, Overbey JR, Moskowitz AJ, Gillinov M, Mack 
MJ, Voisine P, Krane M, Yerokun B, et al; CTSN Investigators. Concomitant 
tricuspid repair in patients with degenerative mitral regurgitation. N Engl J 
Med. 2022;386:327–339. doi: 10.1056/NEJMoa2115961

	62.	 Sisinni A, Taramasso M, Praz F, Metra M, Agricola E, Margonato A, Fam N, 
Estevez-Loureiro R, Latib A, Messika-Zeitoun D, et al. Concomitant trans-
catheter edge-to-edge treatment of secondary tricuspid and mitral regurgi-
tation: an expert opinion. JACC Cardiovasc Interv. 2023;16:127–139. doi: 
10.1016/j.jcin.2022.11.022

	63.	 Hahn RT, Asch F, Weissman NJ, Grayburn P, Kar S, Lim S, Ben-Yehuda O, 
Shahim B, Chen S, Liu M, et al. Impact of tricuspid regurgitation on clinical 
outcomes: the COAPT trial. J Am Coll Cardiol. 2020;76:1305–1314. doi: 
10.1016/j.jacc.2020.07.035

	64.	 Tomii D, Okuno T, Praz F, Heg D, Wild MG, Lanz J, Stortecky S, Reineke 
D, Windecker S, Pilgrim T. Potential candidates for transcatheter tricuspid 
valve intervention after transcatheter aortic valve replacement: predic-
tors and prognosis. JACC Cardiovasc Interv. 2021;14:2246–2256. doi: 
10.1016/j.jcin.2021.07.030

	65.	 Adamo M, Pagnesi M, Ghizzoni G, Estevez-Loureiro R, Raposeiras-Roubin S, 
Tomasoni D, Stolfo D, Sinagra G, Popolo Rubbio A, Bedogni F, et al. Evolu-
tion of tricuspid regurgitation after transcatheter edge-to-edge mitral valve 
repair for secondary mitral regurgitation and its impact on mortality. Eur J 
Heart Fail. 2022;24:2175–2184. doi: 10.1002/ejhf.2637

	66.	 Kavsur R, Iliadis C, Spieker M, Brachtendorf BM, Tiyerili V, Metze C, 
Horn P, Baldus S, Kelm M, Nickenig G, et al. Predictors and prognostic 
relevance of tricuspid alterations in patients undergoing transcatheter 
edge-to-edge mitral valve repair. EuroIntervention. 2021;17:827–834. doi: 
10.4244/EIJ-D-20-01094

	 67.	 Miura M, Alessandrini H, Alkhodair A, Attinger-Toller A, Biasco L, Lurz P, 
Braun D, Brochet E, Connelly KA, de Bruijn S, et al; TriValve Investigators. 
Impact of massive or torrential tricuspid regurgitation in patients under-
going transcatheter tricuspid valve intervention. JACC Cardiovasc Interv. 
2020;13:1999–2009. doi: 10.1016/j.jcin.2020.05.011

	68.	 Kresoja KP, Rommel KP, Lucke C, Unterhuber M, Besler C, von Roeder M, 
Schober AR, Noack T, Gutberlet M, Thiele H, et al. Right ventricular con-
traction patterns in patients undergoing transcatheter tricuspid valve repair 
for severe tricuspid regurgitation. JACC Cardiovasc Interv. 2021;14:1551–
1561. doi: 10.1016/j.jcin.2021.05.005

	69.	 Lurz P, Orban M, Besler C, Braun D, Schlotter F, Noack T, Desch S, Karam N, 
Kresoja KP, Hagl C, et al. Clinical characteristics, diagnosis, and risk strati-
fication of pulmonary hypertension in severe tricuspid regurgitation and  
implications for transcatheter tricuspid valve repair. Eur Heart J. 
2020;41:2785–2795. doi: 10.1093/eurheartj/ehaa138

	70.	 Schlotter F, Miura M, Kresoja KP, Alushi B, Alessandrini H, Attinger-Toller 
A, Besler C, Biasco L, Braun D, Brochet E, et al. Outcomes of transcath-
eter tricuspid valve intervention by right ventricular function: a multicentre 
propensity-matched analysis. EuroIntervention. 2021;17:e343–e352. doi: 
10.4244/EIJ-D-21-00191

	71.	 Muntane-Carol G, Taramasso M, Miura M, Gavazzoni M, Pozzoli A, Alessandrini 
H, Latib A, Attinger-Toller A, Biasco L, Braun D, et al. Transcatheter tricuspid 
valve intervention in patients with right ventricular dysfunction or pulmonary  

D
ow

nloaded from
 http://ahajournals.org by on O

ctober 31, 2025



STATE OF THE ART

Circulation. 2025;151:1342–1363. DOI: 10.1161/CIRCULATIONAHA.124.070411� May 6, 2025

Transcatheter Valve Interventions in Heart Failure

1361

Metra et al

hypertension: insights from the TriValve Registry. Circ Cardiovasc Interv. 
2021;14:e009685. doi: 10.1161/CIRCINTERVENTIONS.120.009685

	72.	 Adamo M, Fiorelli F, Melica B, D’Ortona R, Lupi L, Giannini C, Silva 
G, Fiorina C, Branca L, Chiari E, et al. COAPT-like profile predicts  
long-term outcomes in patients with secondary mitral regurgitation under-
going MitraClip implantation. JACC Cardiovasc Interv. 2021;14:15–25. doi: 
10.1016/j.jcin.2020.09.050

	73.	 Stone GW, Lindenfeld J, Abraham WT, Kar S, Lim DS, Mishell JM, Whisenant 
B, Grayburn PA, Rinaldi M, Kapadia SR, et al; COAPT Investigators. Trans-
catheter mitral-valve repair in patients with heart failure. N Engl J Med. 
2018;379:2307–2318. doi: 10.1056/NEJMoa1806640

	74.	 Heidenreich PA, Bozkurt B, Aguilar D, Allen LA, Byun JJ, Colvin MM, Deswal 
A, Drazner MH, Dunlay SM, Evers LR, et al; ACC/AHA Joint Committee 
Members. 2022 AHA/ACC/HFSA guideline for the management of heart 
failure: a report of the American College of Cardiology/American Heart 
Association Joint Committee on Clinical Practice Guidelines. Circulation. 
2022;145:e895–e1032. doi: 10.1161/CIR.0000000000001063

	75.	 Kresoja KP, Lauten A, Orban M, Rommel KP, Alushi B, Besler C, Braun 
D, Unterhuber M, Stangl K, Landmesser U, et al. Transcatheter tricuspid 
valve repair in the setting of heart failure with preserved or reduced left 
ventricular ejection fraction. Eur J Heart Fail. 2020;22:1817–1825. doi: 
10.1002/ejhf.1975

	76.	 Neuhold S, Huelsmann M, Pernicka E, Graf A, Bonderman D, Adlbrecht C, 
Binder T, Maurer G, Pacher R, Mascherbauer J. Impact of tricuspid regur-
gitation on survival in patients with chronic heart failure: unexpected find-
ings of a long-term observational study. Eur Heart J. 2013;34:844–852. doi: 
10.1093/eurheartj/ehs465

	 77.	 Bartko PE, Hulsmann M, Hung J, Pavo N, Levine RA, Pibarot P, Vahanian 
A, Stone GW, Goliasch G. Secondary valve regurgitation in patients with 
heart failure with preserved ejection fraction, heart failure with mid-range 
ejection fraction, and heart failure with reduced ejection fraction. Eur Heart 
J. 2020;41:2799–2810. doi: 10.1093/eurheartj/ehaa129

	78.	 Wang TKM, Akyuz K, Mentias A, Kirincich J, Duran Crane A, Xu S, Popovic 
ZB, Xu B, Gillinov AM, Pettersson GB, et al. Contemporary etiologies, out-
comes, and novel risk score for isolated tricuspid regurgitation. JACC Car-
diovasc Imaging. 2022;15:731–744. doi: 10.1016/j.jcmg.2021.10.015

	79.	 Besler C, Unterhuber M, Rommel KP, Unger E, Hartung P, von Roeder 
M, Noack T, Zachaus M, Halm U, Borger M, et al. Nutritional status in tri-
cuspid regurgitation: implications of transcatheter repair. Eur J Heart Fail. 
2020;22:1826–1836. doi: 10.1002/ejhf.1752

	80.	 Brener MI, Lurz P, Hausleiter J, Rodes-Cabau J, Fam N, Kodali SK, Rommel 
KP, Muntane-Carol G, Gavazzoni M, Nazif TM, et al. Right ventricular- 
pulmonary arterial coupling and afterload reserve in patients undergoing 
transcatheter tricuspid valve repair. J Am Coll Cardiol. 2022;79:448–461. 
doi: 10.1016/j.jacc.2021.11.031

	81.	 Hahn RT, Makkar R, Thourani VH, Makar M, Sharma RP, Haeffele C, 
Davidson CJ, Narang A, O’Neill B, Lee J, et al. Transcatheter valve replace-
ment in severe tricuspid regurgitation. N Engl J Med. 2024;392:115–126. 
doi: 10.1056/nejmoa2401918

	82.	 Stocker TJ, Hertell H, Orban M, Braun D, Rommel KP, Ruf T, Ong G, 
Nabauer M, Deseive S, Fam N, et al. Cardiopulmonary hemodynamic 
profile predicts mortality after transcatheter tricuspid valve repair in 
chronic heart failure. JACC Cardiovasc Interv. 2021;14:29–38. doi: 
10.1016/j.jcin.2020.09.033

	83.	 Lurz P, Besler C, Schmitz T, Bekeredjian R, Nickenig G, Mollmann H, 
von Bardeleben RS, Schmeisser A, Atmowihardjo I, Estevez-Loureiro R, et 
al; bRIGHT PAS Principal Investigators. Short-term outcomes of tricuspid 
edge-to-edge repair in clinical practice. J Am Coll Cardiol. 2023;82:281–
291. doi: 10.1016/j.jacc.2023.05.008

	84.	 Sorajja P, Whisenant B, Hamid N, Naik H, Makkar R, Tadros P, Price MJ, 
Singh G, Fam N, Kar S, et al; TRILUMINATE Pivotal Investigators. Trans-
catheter repair for patients with tricuspid regurgitation. N Engl J Med. 
2023;388:1833–1842. doi: 10.1056/NEJMoa2300525

	85.	 Donal E, Leurent G, Ganivet A, Lurz P, Coisne A, De Groote P, Lafitte S, 
Leroux L, Karam N, Biere L, et al. Multicentric randomized evaluation of 
a tricuspid valve percutaneous repair system (clip for the tricuspid valve) 
in the treatment of severe secondary tricuspid regurgitation Tri.Fr De-
sign paper. Eur Heart J Cardiovasc Imaging. 2022;23:1617–1627. doi: 
10.1093/ehjci/jeab255

	86.	 Arbelo E, Protonotarios A, Gimeno JR, Arbustini E, Barriales-Villa R, 
Basso C, Bezzina CR, Biagini E, Blom NA, de Boer RA, et al; ESC 
Scientific Document Group. 2023 ESC Guidelines for the manage-
ment of cardiomyopathies. Eur Heart J. 2023;44:3503–3626. doi: 
10.1093/eurheartj/ehad194

	 87.	 Dona C, Nitsche C, Koschutnik M, Heitzinger G, Mascherbauer K, 
Kammerlander AA, Dannenberg V, Halavina K, Rettl R, Duca F, et al. 
Unveiling cardiac amyloidosis, its characteristics, and outcomes among 
patients with MR undergoing transcatheter edge-to-edge MV repair. JACC 
Cardiovasc Interv. 2022;15:1748–1758. doi: 10.1016/j.jcin.2022.06.009

	 88.	 Higuchi S, Orban M, Adamo M, Giannini C, Melica B, Karam N, Praz F, 
Kalbacher D, Koell B, Stolz L, et al; EuroSMR Investigators. Guideline-
directed medical therapy in patients undergoing transcatheter edge-
to-edge repair for secondary mitral regurgitation. Eur J Heart Fail. 
2022;24:2152–2161. doi: 10.1002/ejhf.2613

	 89.	 Varshney AS, Shah M, Vemulapalli S, Kosinski A, Bhatt AS, Sandhu AT, 
Hirji S, DeFilippis EM, Shah PB, Fiuzat M, et al. Heart failure medical 
therapy prior to mitral transcatheter edge-to-edge repair: the STS/ACC 
Transcatheter Valve Therapy Registry. Eur Heart J. 2023;44:4650–4661. 
doi: 10.1093/eurheartj/ehad584

	 90.	 Adamo M, Tomasoni D, Stolz L, Stocker TJ, Pancaldi E, Koell B, Karam N, 
Besler C, Giannini C, Sampaio F, et al. Impact of transcatheter edge-to-edge 
mitral valve repair on guideline-directed medical therapy uptitration. JACC 
Cardiovasc Interv. 2023;16:896–905. doi: 10.1016/j.jcin.2023.01.362

	 91.	 Kang DH, Park SJ, Shin SH, Hong GR, Lee S, Kim MS, Yun SC, Song 
JM, Park SW, Kim JJ. Angiotensin receptor neprilysin inhibitor for func-
tional mitral regurgitation. Circulation. 2019;139:1354–1365. doi: 
10.1161/CIRCULATIONAHA.118.037077

	 92.	 Spinka G, Bartko PE, Heitzinger G, Prausmuller S, Winter MP, Arfsten H, 
Strunk G, Rosenhek R, Kastl S, Hengstenberg C, et al. Guideline directed 
medical therapy and reduction of secondary mitral regurgitation. Eur Heart 
J Cardiovasc Imaging. 2022;23:755–764. doi: 10.1093/ehjci/jeac068

	 93.	 Kang DH, Park SJ, Shin SH, Hwang IC, Yoon YE, Kim HK, Kim M, Kim 
MS, Yun SC, Song JM, et al. Ertugliflozin for functional mitral regurgitation 
associated with heart failure: EFFORT trial. Circulation. 2024;149:1865–
1874. doi: 10.1161/CIRCULATIONAHA.124.069144

	 94.	 Cox ZL, Zalawadiya SK, Simonato M, Redfors B, Zhou Z, Kotinkaduwa 
L, Zile MR, Udelson JE, Lim DS, Grayburn PA, et al. Guideline-directed 
medical therapy tolerability in patients with heart failure and mitral re-
gurgitation: the COAPT trial. JACC Heart Fail. 2023;11:791–805. doi: 
10.1016/j.jchf.2023.03.009

	 95.	 Hahn RT. Tricuspid regurgitation. N Engl J Med. 2023;388:1876–1891. 
doi: 10.1056/NEJMra2216709

	 96.	 McDonagh TA, Metra M, Adamo M, Gardner RS, Baumbach A, Bohm M, 
Burri H, Butler J, Celutkiene J, Chioncel O, et al; ESC Scientific Document 
Group. 2023 Focused update of the 2021 ESC guidelines for the di-
agnosis and treatment of acute and chronic heart failure. Eur Heart J. 
2023;44:3627–3639. doi: 10.1093/eurheartj/ehad195

	 97.	 Correale M, Mallardi A, Mazzeo P, Tricarico L, Diella C, Romano V, Ferraretti 
A, Leopizzi A, Merolla G, Di Biase M, et al. Sacubitril/valsartan improves 
right ventricular function in a real-life population of patients with chronic 
heart failure: the Daunia Heart Failure Registry. Int J Cardiol Heart Vasc. 
2020;27:100486. doi: 10.1016/j.ijcha.2020.100486

	 98.	 Mustapic I, Bakovic D, Susilovic Grabovac Z, Borovac JA. Impact of 
SGLT2 inhibitor therapy on right ventricular function in patients with 
heart failure and reduced ejection fraction. J Clin Med. 2022;12:42. doi: 
10.3390/jcm12010042

	 99.	 Kodali S, Hahn RT, Makkar R, Makar M, Davidson CJ, Puthumana 
JJ, Zahr F, Chadderdon S, Fam N, Ong G, et al; TRISCEND Study 
Investigators. Transfemoral tricuspid valve replacement and one-year 
outcomes: the TRISCEND study. Eur Heart J. 2023;44:4862–4873. doi: 
10.1093/eurheartj/ehad667

	100.	 Caiffa T, De Luca A, Biagini E, Lupi L, Bedogni F, Castrichini M, Compagnone 
M, Tusa M, Berardini A, Merlo M, et al. Impact on clinical outcomes of right 
ventricular response to percutaneous correction of secondary mitral regur-
gitation. Eur J Heart Fail. 2021;23:1765–1774. doi: 10.1002/ejhf.2316

	101.	 Tomasoni D, Pagnesi M, Colombo G, Chiarito M, Stolfo D, Baldetti L, 
Lombardi CM, Adamo M, Maggi G, Inciardi RM, et al. Guideline-directed 
medical therapy in severe heart failure with reduced ejection fraction: an 
analysis from the HELP-HF registry. Eur J Heart Fail. 2023;26:327–337. 
doi: 10.1002/ejhf.3081

	102.	 Bozkurt B, Savarese G, Adamsson Eryd S, Bodegard J, Cleland JGF, 
Khordoc C, Kishi T, Thuresson M, Vardeny O, Zhang R, et al. Mortality, 
outcomes, costs, and use of medicines following a first heart failure hos-
pitalization: EVOLUTION HF. JACC Heart Fail. 2023;11:1320–1332. doi: 
10.1016/j.jchf.2023.04.017

	103.	 Greene SJ, Butler J, Hellkamp AS, Spertus JA, Vaduganathan M, 
Devore AD, Albert NM, Patterson JH, Thomas L, Williams FB, et al. 
Comparative effectiveness of dosing of medical therapy for heart 

D
ow

nloaded from
 http://ahajournals.org by on O

ctober 31, 2025



ST
AT

E 
OF

 T
HE

 A
RT

May 6, 2025� Circulation. 2025;151:1342–1363. DOI: 10.1161/CIRCULATIONAHA.124.0704111362

Metra et al Transcatheter Valve Interventions in Heart Failure

failure: from the CHAMP-HF Registry. J Card Fail. 2022;28:370–384. doi: 
10.1016/j.cardfail.2021.08.023

	104.	 Maisano F, Hahn R, Sorajja P, Praz F, Lurz P. Transcatheter treatment of the 
tricuspid valve: current status and perspectives. Eur Heart J. 2024;45:876–
894. doi: 10.1093/eurheartj/ehae082

	105.	 Lurz P, Rommel KP, Schmitz T, Bekeredjian R, Nickenig G, Mollmann H, 
von Bardeleben RS, Schmeisser A, Atmowihardjo I, Estevez-Loureiro 
R, et al. Real-world 1-year results of tricuspid edge-to-edge repair 
from the bRIGHT study. J Am Coll Cardiol. 2024;84:607–616. doi: 
10.1016/j.jacc.2024.05.006

	106.	 Otto CM, Nishimura RA, Bonow RO, Carabello BA, Erwin JP 3rd, Gentile F, 
Jneid H, Krieger EV, Mack M, McLeod C, et al; Writing Committee Members. 
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. J Am 
Coll Cardiol. 2021;77:e25–e197. doi: 10.1016/j.jacc.2020.11.018

	 107.	 Pocock SJ, Clayton TC, Stone GW. Design of major randomized trials: 
part 3 of a 4-part series on statistics for clinical trials. J Am Coll Cardiol. 
2015;66:2757–2766. doi: 10.1016/j.jacc.2015.10.036

	108.	 Adams DH. TRILUMINATE Pivotal: outcomes of both randomized and 
single-arm subjects with transcatheter tricuspid valve edge-to-edge repair 
for tricuspid regurgitation. 2023. Accessed December 1, 2024. https://
tctmd.com/slide/triluminate-pivotal-outcomes-both-randomized-and-sin-
gle-arm-subjects-transcatheter-tricuspid

	109.	 Kodali SK, Hahn RT, Davidson CJ, Narang A, Greenbaum A, Gleason P, 
Kapadia S, Miyasaka R, Zahr F, Chadderdon S, et al. 1-Year outcomes of 
transcatheter tricuspid valve repair. J Am Coll Cardiol. 2023;81:1766–
1776. doi: 10.1016/j.jacc.2023.02.049

	110.	 Anker MS, Porthun J, Schulze PC, Rassaf T, Landmesser U. Percutaneous 
transcatheter edge-to-edge repair for functional mitral regurgitation in 
heart failure: a meta-analysis of 3 randomized controlled trials. J Am Coll 
Cardiol. 2024;84:2364–2368. doi: 10.1016/j.jacc.2024.08.026

	111.	 Taramasso M, Benfari G, van der Bijl P, Alessandrini H, Attinger-Toller A, 
Biasco L, Lurz P, Braun D, Brochet E, Connelly KA, et al. Transcatheter 
versus medical treatment of patients with symptomatic severe tri-
cuspid regurgitation. J Am Coll Cardiol. 2019;74:2998–3008. doi: 
10.1016/j.jacc.2019.09.028

	112.	 Donal E, Dreyfus J, Leurent G, Coisne A, Leroux PY, Ganivet A, Sportouch 
C, Lavie-Badie Y, Guerin P, Rouleau F, et al; Tri-Fr Investigators. 
Transcatheter edge-to-edge repair for severe isolated tricuspid regur-
gitation: the Tri.Fr randomized clinical trial. JAMA. 2024;333:124. doi: 
10.1001/jama.2024.21189

	113.	 US Food and Drug Administration. Summary of safety and effectiveness 
data (SSED): device trade name: Edwards EVOQUE Tricuspid Valve 
Replacement System. Accessed December 1, 2024. https://www.access-
data.fda.gov/cdrh_docs/pdf23/P230013B.pdf 

	114.	 Savarese G, Lindenfeld J, Stolfo D, Adams K, Ahmad T, Desai NR, Ammirati 
E, Gottlieb SS, Psotka MA, Rosano GMC, et al. Use of patient-reported 
outcomes in heart failure: from clinical trials to routine practice. Eur J Heart 
Fail. 2023;25:139–151. doi: 10.1002/ejhf.2778

	115.	 Kelkar AA, Spertus J, Pang P, Pierson RF, Cody RJ, Pina IL, Hernandez A, 
Butler J. Utility of patient-reported outcome instruments in heart failure. 
JACC Heart Fail. 2016;4:165–175. doi: 10.1016/j.jchf.2015.10.015

	116.	 Stone GW, Adams DH, Abraham WT, Kappetein AP, Genereux P, Vranckx 
P, Mehran R, Kuck KH, Leon MB, Piazza N, et al; Mitral Valve Academic 
Research Consortium (MVARC). Clinical trial design principles and end-
point definitions for transcatheter mitral valve repair and replacement: 
part 2: endpoint definitions: a consensus document from the Mitral Valve 
Academic Research Consortium. J Am Coll Cardiol. 2015;66:308–321. 
doi: 10.1016/j.jacc.2015.05.049

	 117.	 Spertus JA, Jones PG, Sandhu AT, Arnold SV. Interpreting the Kansas City 
Cardiomyopathy Questionnaire in Clinical Trials and Clinical Care: JACC 
State-of-the-Art Review. J Am Coll Cardiol. 2020;76:2379–2390. doi: 
10.1016/j.jacc.2020.09.542

	118.	 Mehr M, Taramasso M, Besler C, Ruf T, Connelly KA, Weber M, Yzeiraj 
E, Schiavi D, Mangieri A, Vaskelyte L, et al. 1-Year outcomes after edge-
to-edge valve repair for symptomatic tricuspid regurgitation: results from 
the TriValve Registry. JACC Cardiovasc Interv. 2019;12:1451–1461. doi: 
10.1016/j.jcin.2019.04.019

	119.	 von Bardeleben RS, Lurz P, Sorajja P, Ruf T, Hausleiter J, Sitges M, 
Da Rocha ESJ, Nabauer M, Weber M, Tang GHL, et al. Two-year outcomes 
for tricuspid repair with a transcatheter edge-to-edge valve repair from the 
transatlantic TRILUMINATE trial. Circ Cardiovasc Interv. 2023;16:e012888. 
doi: 10.1161/CIRCINTERVENTIONS.122.012888

	120.	 Gray WA, Abramson SV, Lim S, Fowler D, Smith RL, Grayburn PA, Kodali 
SK, Hahn RT, Kipperman RM, Koulogiannis KP, et al; Cardioband TR 
EFS Investigators. 1-Year outcomes of Cardioband Tricuspid Valve 
Reconstruction System Early Feasibility Study. JACC Cardiovasc Interv. 
2022;15:1921–1932. doi: 10.1016/j.jcin.2022.07.006

	121.	 Estevez-Loureiro R, Sanchez-Recalde A, Amat-Santos IJ, Cruz-Gonzalez 
I, Baz JA, Pascual I, Mascherbauer J, Abdul-Jawad Altisent O, 
Nombela-Franco L, Pan M, et al. 6-Month outcomes of the TricValve System 
in patients with tricuspid regurgitation: the TRICUS EURO study. JACC 
Cardiovasc Interv. 2022;15:1366–1377. doi: 10.1016/j.jcin.2022.05.022

	122.	 Shah SJ, Borlaug BA, Chung ES, Cutlip DE, Debonnaire P, Fail PS, Gao 
Q, Hasenfuss G, Kahwash R, Kaye DM, 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;399:1130–1140. doi: 10.1016/S0140-6736(22)00016-2

	123.	 Kresoja KP, Rosch S, Schober AR, Fengler K, Schlotter F, Bombace S, 
Sagmeister P, von Roeder M, Kister T, Gutberlet M, et al. Implications 
of tricuspid regurgitation and right ventricular volume overload in pa-
tients with heart failure with preserved ejection fraction. Eur J Heart Fail. 
2024;26:1025–1035. doi: 10.1002/ejhf.3195

	124.	 Arnold SV, Spertus JA, Gosch K, Dunlay SM, Olds DM, Jones PG, Bocell 
FD, Wu C, Cohen DJ. Validation of the Kansas City Cardiomyopathy 
Questionnaire in patients with tricuspid regurgitation. JAMA Cardiol. 
2024;10:117. doi: 10.1001/jamacardio.2024.4266

	125.	 Stolz L, Kresoja KP, von Stein J, Fortmeier V, Koell B, Rottbauer W, Kassar 
M, Goebel B, Denti P, Achouh P, et al. Residual tricuspid regurgitation after 
tricuspid transcatheter edge-to-edge repair: Insights into the EuroTR reg-
istry. Eur J Heart Fail. 2024;26:1850–1860.doi: 10.1002/ejhf.3274

	126.	 Arnold SV, Goates S, Sorajja P, Adams DH, von Bardeleben RS, Kapadia 
SR, Cohen DJ; TRILUMINATE Pivotal Trial Investigators. Health status after 
transcatheter tricuspid-valve repair in patients with severe tricuspid regurgi-
tation. J Am Coll Cardiol. 2024;83:1–13. doi: 10.1016/j.jacc.2023.10.008

	 127.	 Rogers JK, Pocock SJ, McMurray JJ, Granger CB, Michelson EL, 
Ostergren J, Pfeffer MA, Solomon SD, Swedberg K, Yusuf S. Analysing re-
current hospitalizations in heart failure: a review of statistical methodology, 
with application to CHARM-Preserved. Eur J Heart Fail. 2014;16:33–40. 
doi: 10.1002/ejhf.29

	128.	 Gregson J, Stone GW, Bhatt DL, Packer M, Anker SD, Zeller C, 
Redfors B, Pocock SJ. Recurrent events in cardiovascular trials: JACC 
state-of-the-art review. J Am Coll Cardiol. 2023;82:1445–1463. doi: 
10.1016/j.jacc.2023.07.024

	129.	 Metra M, Tomasoni D, Adamo M, Bayes-Genis A, Filippatos G, Abdelhamid 
M, Adamopoulos S, Anker SD, Antohi L, Bohm M, et al. Worsening of 
chronic heart failure: definition, epidemiology, management and preven-
tion: a clinical consensus statement by the Heart Failure Association of the 
European Society of Cardiology. Eur J Heart Fail. 2023;25:776–791. doi: 
10.1002/ejhf.2874

	130.	 Stocker TJ, Orban M, Braun D, Scheck F, Weckbach LT, Orban M, Deseive 
S, Nabauer M, Massberg S, Hausleiter J. Physical activity and noninvasive 
cardiac output as novel clinical endpoints after transcatheter valve repair 
for severe tricuspid regurgitation. JACC Cardiovasc Interv. 2018;11:2127–
2129. doi: 10.1016/j.jcin.2018.06.034

	131.	 Stocker TJ, Cohen DJ, Arnold SV, Sommer S, Braun D, Stolz L, Hertell H, 
Weckbach LT, Wild MG, Doldi P, et al. Durability of benefit after transcath-
eter tricuspid valve intervention: insights from actigraphy. Eur J Heart Fail. 
2022;24:1293–1301. doi: 10.1002/ejhf.2467

	132.	 Stocker TJ, Scheck F, Orban M, Braun D, Hertell H, Lackermair K, Deseive 
S, Mehr M, Orban M, Karam N, et al. Physical activity tracking in corre-
lation to conventional heart failure monitoring assessing improvements 
after transcatheter mitral and tricuspid valve repair. Eur J Heart Fail. 
2019;21:943–945. doi: 10.1002/ejhf.1418

	133.	 Redfors B, Gregson J, Crowley A, McAndrew T, Ben-Yehuda O, Stone GW, 
Pocock SJ. The win ratio approach for composite endpoints: practical guid-
ance based on previous experience. Eur Heart J. 2020;41:4391–4399. 
doi: 10.1093/eurheartj/ehaa665

	134.	 Pocock SJ, Ferreira JP, Collier TJ, Angermann CE, Biegus J, Collins SP, 
Kosiborod M, Nassif ME, Ponikowski P, Psotka MA, et al. The win ratio 
method in heart failure trials: lessons learnt from EMPULSE. Eur J Heart 
Fail. 2023;25:632–641. doi: 10.1002/ejhf.2853

	135.	 Rogers JH, Asch F, Sorajja P, Mahoney P, Price MJ, Maisano F, Denti 
P, Morse MA, Rinaldi M, Bedogni F, et al. Expanding the spec-
trum of TEER suitability: evidence from the EXPAND G4 post ap-
proval study. JACC Cardiovasc Interv. 2023;16:1474–1485. doi: 
10.1016/j.jcin.2023.05.014

D
ow

nloaded from
 http://ahajournals.org by on O

ctober 31, 2025

https://tctmd.com/slide/triluminate-pivotal-outcomes-both-randomized-and-single-arm-subjects-transcatheter-tricuspid
https://tctmd.com/slide/triluminate-pivotal-outcomes-both-randomized-and-single-arm-subjects-transcatheter-tricuspid
https://tctmd.com/slide/triluminate-pivotal-outcomes-both-randomized-and-single-arm-subjects-transcatheter-tricuspid
https://www.accessdata.fda.gov/cdrh_docs/pdf23/P230013B.pdf
https://www.accessdata.fda.gov/cdrh_docs/pdf23/P230013B.pdf


STATE OF THE ART

Circulation. 2025;151:1342–1363. DOI: 10.1161/CIRCULATIONAHA.124.070411� May 6, 2025

Transcatheter Valve Interventions in Heart Failure

1363

Metra et al

	136.	 Hausleiter J, Stocker TJ, Adamo M, Karam N, Swaans MJ, Praz F. Mitral 
valve transcatheter edge-to-edge repair. EuroIntervention. 2023;18:957–
976. doi: 10.4244/EIJ-D-22-00725

	 137.	 Grayburn PA, Sannino A, Cohen DJ, Kar S, Lim DS, Mishell JM, 
Whisenant BK, Rinaldi MJ, Kapadia SR, Rajagopal V, et al. Predictors of 
clinical response to transcatheter reduction of secondary mitral regur-
gitation: the COAPT trial. J Am Coll Cardiol. 2020;76:1007–1014. doi: 
10.1016/j.jacc.2020.07.010

	138.	 Adamo M, Inciardi RM, Tomasoni D, Dallapellegrina L, Estevez-Loureiro R, 
Stolfo D, Lupi L, Pancaldi E, Popolo Rubbio A, Giannini C, et al. Changes 
in right ventricular-to-pulmonary artery coupling after transcatheter edge-
to-edge repair in secondary mitral regurgitation. JACC Cardiovasc Imaging. 
2022;15:2038–2047. doi: 10.1016/j.jcmg.2022.08.012

	139.	 Stocker TJ, Stolz L, Karam N, Kalbacher D, Koell B, Trenkwalder T, Xhepa 
E, Adamo M, Spieker M, Horn P, et al; EuroSMR Investigators. Long-
term outcomes after edge-to-edge repair of secondary mitral regurgita-
tion: 5-year results from the EuroSMR Registry. JACC Cardiovasc Interv. 
2024;17:2543–2554. doi: 10.1016/j.jcin.2024.08.016

	140.	 Tomii D, Praz F, Windecker S. Guideline directed medical therapy in pa-
tients with heart failure undergoing transcatheter edge-to-edge mitral 
valve repair: unfulfilled premise. Eur Heart J. 2023;44:4662–4664. doi: 
10.1093/eurheartj/ehad678

	141.	 Rommel KP, Besler C, Noack T, Blazek S, von Roeder M, Fengler K, 
Ender J, Gutberlet M, Desch S, Borger MA, et al. Physiological and clini-
cal consequences of right ventricular volume overload reduction after 
transcatheter treatment for tricuspid regurgitation. JACC Cardiovasc Interv. 
2019;12:1423–1434. doi: 10.1016/j.jcin.2019.02.042

	142.	 Amat-Santos IJ, Estevez-Loureiro R, Sanchez-Recalde A, Cruz-Gonzalez 
I, Pascual I, Mascherbauer J, Abdul-Jawad Altisent O, Nombela-Franco L, 
Pan M, Trillo R, et al. Right heart remodelling after bicaval TricValve im-
plantation in patients with severe tricuspid regurgitation. EuroIntervention. 
2023;19:e450–e452. doi: 10.4244/EIJ-D-23-00077

	143.	 Adamo M, Pagnesi M, Mebazaa A, Davison B, Edwards C, Tomasoni D, 
Arrigo M, Barros M, Biegus J, Celutkiene J, et al. NT-proBNP and high 
intensity care for acute heart failure: the STRONG-HF trial. Eur Heart J. 
2023;44:2947–2962. doi: 10.1093/eurheartj/ehad335

	144.	 Nunez J, de la Espriella R, Minana G, Santas E, Llacer P, Nunez E, Palau P, 
Bodi V, Chorro FJ, Sanchis J, et al. Antigen carbohydrate 125 as a biomark-
er in heart failure: a narrative review. Eur J Heart Fail. 2021;23:1445–1457. 
doi: 10.1002/ejhf.2295

	145.	 Nunez J, de la Espriella R, Rossignol P, Voors AA, Mullens W, Metra M, 
Chioncel O, Januzzi JL, Mueller C, Richards AM, et al. Congestion in heart 
failure: a circulating biomarker-based perspective: a review from the 
Biomarkers Working Group of the Heart Failure Association, European 
Society of Cardiology. Eur J Heart Fail. 2022;24:1751–1766. doi: 
10.1002/ejhf.2664

	146.	 Bayes-Genis A, Pascual-Figal D. Making STRONGer the transition 
phase: personalized GDMT through NT-proBNP monitoring. Eur Heart J. 
2023;44:2963–2965. doi: 10.1093/eurheartj/ehad356

	 147.	 Zoghbi WA, Asch FM, Bruce C, Gillam LD, Grayburn PA, Hahn RT, Inglessis I, 
Islam AM, Lerakis S, Little SH, et al. Guidelines for the evaluation of valvular 
regurgitation after percutaneous valve repair or replacement: a report from 
the American Society of Echocardiography: developed in Collaboration 
with the Society for Cardiovascular Angiography and Interventions, 
Japanese Society of Echocardiography, and Society for Cardiovascular 
Magnetic Resonance. J Am Soc Echocardiogr. 2019;32:431–475. doi: 
10.1016/j.echo.2019.01.003

	148.	 Boekstegers P, Hausleiter J, Schmitz T, Bufe A, Comberg T, Seyfarth 
M, Frerker C, Beucher H, Rottlander D, Higuchi S, et al; MITRA-PRO 
Investigators. Intraprocedural residual mitral regurgitation and survival 
after transcatheter edge-to-edge repair: prospective German multicenter 
registry (MITRA-PRO). JACC Cardiovasc Interv. 2023;16:574–585. doi: 
10.1016/j.jcin.2022.12.015

	149.	 Higuchi S, Orban M, Stolz L, Karam N, Praz F, Kalbacher D, Ludwig S, 
Braun D, Nabauer M, Wild MG, et al. Impact of residual mitral regurgi-
tation on survival after transcatheter edge-to-edge repair for secondary 
mitral regurgitation. JACC Cardiovasc Interv. 2021;14:1243–1253. doi: 
10.1016/j.jcin.2021.03.050

	150.	 Sannino A, Ilardi F, Hahn RT, Lancellotti P, Lurz P, Smith RL, Esposito 
G, Grayburn PA. Clinical and echocardiographic outcomes of 
transcatheter tricuspid valve interventions: a systematic review 
and meta-analysis. Front Cardiovasc Med. 2022;9:919395. doi: 
10.3389/fcvm.2022.919395

	151.	 Reichart D, Kalbacher D, Rubsamen N, Tigges E, Thomas C, Schirmer 
J, Reichenspurner H, Blankenberg S, Conradi L, Schafer U, et al. The 
impact of residual mitral regurgitation after MitraClip therapy in func-
tional mitral regurgitation. Eur J Heart Fail. 2020;22:1840–1848. doi: 
10.1002/ejhf.1774

	152.	 Schnitzler K, Hell M, Geyer M, Kreidel F, Munzel T, von Bardeleben 
RS. Complications following MitraClip implantation. Curr Cardiol Rep. 
2021;23:131. doi: 10.1007/s11886-021-01553-9

	153.	 Keller K, Hobohm L, Schmidtmann I, Munzel T, Baldus S, von Bardeleben 
RS. Centre procedural volume and adverse in-hospital outcomes in pa-
tients undergoing percutaneous transvenous edge-to-edge mitral valve re-
pair using MitraClip® in Germany. Eur J Heart Fail. 2021;23:1380–1389. 
doi: 10.1002/ejhf.2162

	154.	 Chhatriwalla AK, Vemulapalli S, Holmes DR Jr, Dai D, Li Z, Ailawadi G, 
Glower D, Kar S, Mack MJ, Rymer J, et al. Institutional experience with 
transcatheter mitral valve repair and clinical outcomes: insights from 
the TVT Registry. JACC Cardiovasc Interv. 2019;12:1342–1352. doi: 
10.1016/j.jcin.2019.02.039

	155.	 Chhatriwalla AK, Vemulapalli S, Szerlip M, Kodali S, Hahn RT, Saxon 
JT, Mack MJ, Ailawadi G, Rymer J, Manandhar P, et al. Operator 
experience and outcomes of transcatheter mitral valve repair in 
the United States. J Am Coll Cardiol. 2019;74:2955–2965. doi: 
10.1016/j.jacc.2019.09.014

	156.	 Nickenig G, Weber M, Lurz P, von Bardeleben RS, Sitges M, Sorajja P, 
Hausleiter J, Denti P, Trochu JN, Nabauer M, et al. Transcatheter edge-to-
edge repair for reduction of tricuspid regurgitation: 6-month outcomes of 
the TRILUMINATE single-arm study. Lancet. 2019;394:2002–2011. doi: 
10.1016/S0140-6736(19)32600-5

	 157.	 Kodali S, Hahn RT, George I, Davidson CJ, Narang A, Zahr F, Chadderdon 
S, Smith R, Grayburn PA, O’Neill WW, et al; TRISCEND Investigators. 
Transfemoral tricuspid valve replacement in patients with tricuspid re-
gurgitation: TRISCEND study 30-day results. JACC Cardiovasc Interv. 
2022;15:471–480. doi: 10.1016/j.jcin.2022.01.016

	158.	 Pocock SJ, McMurray JJV, Collier TJ. Statistical controversies in reporting 
of clinical trials: part 2 of a 4-part series on statistics for clinical trials. J Am 
Coll Cardiol. 2015;66:2648–2662. doi: 10.1016/j.jacc.2015.10.023

	159.	 Witte KK, Lipiecki J, Siminiak T, Meredith IT, Malkin CJ, Goldberg SL, Stark 
MA, von Bardeleben RS, Cremer PC, Jaber WA, et al. The REDUCE FMR 
trial: a randomized sham-controlled study of percutaneous mitral annulo-
plasty in functional mitral regurgitation. JACC Heart Fail. 2019;7:945–955. 
doi: 10.1016/j.jchf.2019.06.011

D
ow

nloaded from
 http://ahajournals.org by on O

ctober 31, 2025


