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Abstract

Background /Objectives: Transcatheter edge-to-edge repair (TEER) has become an estab-
lished therapeutic option for selected patients with mitral regurgitation (MR). However,
primary (degenerative) and secondary (functional) MR represent distinct disease entities,
characterized by different pathophysiological mechanisms, clinical trajectories, and de-
terminants of benefit. This review aims to provide an interventional cardiology-oriented
synthesis of TEER, emphasizing the fundamental differences between primary and sec-
ondary MR and their implications for patient selection, procedural strategy, and outcome
interpretation. Methods: A targeted literature search was performed in PubMed and Em-
base to identify pivotal randomized trials, registries, guideline documents, and high-quality
reviews addressing TEER in MR. The available evidence was synthesized narratively, with
a focus on mechanistic insights, TEER-specific imaging and procedural endpoints, and
clinically relevant outcomes. Results: In primary MR, TEER functions as a valve-centered
therapy, with procedural success primarily determined by anatomical suitability and the
balance between durable MR reduction and avoidance of elevated transmitral gradients. In
secondary MR, TEER should be considered an adjunctive intervention within a compre-
hensive heart failure strategy, with benefit dependent on patient phenotype, myocardial
substrate, optimization of background therapy, and appropriate timing. Emerging pheno-
types, such as atrial functional MR, further challenge traditional classification and highlight
the need for mechanism-based selection. Across MR subtypes, residual MR and trans-
mitral gradients emerge as key post-procedural endpoints with differential prognostic
implications. Conclusions: TEER represents a phenotype-specific intervention rather than
a uniform solution for MR. Recognizing the distinct interventional paradigms of primary
and secondary MR is essential to optimizing patient selection, procedural decision-making,
and clinical outcomes.

Keywords: mitral regurgitation; transcatheter edge-to-edge repair; primary mitral regur-
gitation; secondary mitral regurgitation; atrial functional mitral regurgitation; patient
selection
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1. Introduction
1.1. Burden and Clinical Relevance of Mitral Regurgitation

Mitral regurgitation (MR) is one of the most prevalent valvular heart diseases in
contemporary clinical practice and represents a major contributor to morbidity, reduced
quality of life, and adverse cardiovascular outcomes when moderate-to-severe or severe
and left untreated [1]. Persistent MR imposes a chronic volume overload on the left-sided
cardiac chambers, promoting progressive atrial and ventricular remodeling, pulmonary
hypertension, and, in advanced stages, right ventricular dysfunction [2]. Importantly, the
clinical impact of MR is highly heterogeneous and depends not only on regurgitation
severity but also on its underlying mechanism, temporal evolution, and interaction with
ventricular and atrial compliance [3]. These factors critically influence both the natural
history of the disease and the response to interventional therapies.

1.2. Rationale for Transcatheter Edge-to-Edge Repair

Despite the established role of surgical repair for selected patients with primary MR,
a substantial proportion of patients encountered in real-world settings are not referred
for surgery or are deemed unsuitable because of advanced age, frailty, comorbidities, or
an unfavorable risk-benefit profile [4]. Transcatheter edge-to-edge repair (TEER) was
developed to address this unmet clinical need by offering a less invasive approach capable
of achieving meaningful MR reduction with acceptable procedural safety in appropriately
selected patients [5]. Over time, advances in device design, imaging integration, and
procedural technique have expanded the anatomical applicability of TEER and improved
procedural consistency compared with early experience [2]. However, TEER should not
be regarded as a universal solution for all MR phenotypes; rather, its effectiveness is
intrinsically linked to careful patient selection and a clear understanding of the mechanism
driving regurgitation.

1.3. Aim and Scope of the Review

The present narrative review focuses exclusively on TEER for MR, adopting a car-
diology intervention-centered perspective that emphasizes phenotype-driven evaluation,
specific imaging and procedural endpoints, and realistic expectations regarding clinical
benefit and durability. Particular attention is devoted to the differential behavior of TEER in
primary versus secondary MR, including atrial functional MR, as well as to the prognostic
implications of residual MR and transmitral gradients after the procedure.

2. Materials and Methods

A targeted literature search was conducted in PubMed and Embase to identify pivotal
randomized trials, registries, guideline documents, and high-quality reviews address-
ing TEER for MR, with specific attention to differences between primary and secondary
mechanisms. The retrieved evidence was selected and synthesized in a narrative manner,
prioritizing clinical relevance, methodological rigor, and consistency with contemporary
recommendations. This review does not present new or unpublished data. The manuscript
was prepared in accordance with the International Committee of Medical Journal Editors
(ICMJE) recommendations for the conduct, reporting, editing, and publication of scholarly
work in medical journals.

3. Results
3.1. Phenotypes and Severity Assessment in the TEER Era

Assessment of mitral regurgitation relies on two fundamental aspects: first, identi-
fication of the mechanism responsible for systolic backward flow from the left ventricle
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into the left atrium; and second, estimation of the severity of this regurgitant volume.
Echocardiography can address both objectives. MR quantification integrates qualitative,
semi-quantitative, and quantitative parameters, whereas the underlying mechanism is
classified as primary (also termed organic or degenerative) or secondary (functional).
Secondary MR should further be distinguished into “ventricular functional” and “atrial
functional” subtypes [1]. An overview is provided in Figure 1.

MITRAL REGURGITATION

MECHANISM ASSESSMENT SEVERITY ASSESSMENT (ECHOCARDIOGTAPHY)

¥

‘ SEVERITY CRITERIA

PRIMARY
(ORGANIC/DEGENERATIVE)

*  Myxomatosus (prolapse, flail,
ruptured or elongated
chordae)

* Degenerative (calcification,
thickening)

* Infectious (endocarditis
vegetations, perforations,
aneurysm)

* Inflammatory (rheumatic,
collagen disease, radiation,
drugs)

* Congenital (cleft leaflet,
parachute valve)

SECONDARY * High-grade valvular lesion
| (FUNCTIONAL) | —> primary: flail leaflet, ruptured papillary
muscle, severe retraction, large perforation
‘ ‘ —> secondary: severe tenting, large coaptation
defect

ATRIAL VENTRICULAR * Llarge jet (>50% of LA) or eccentric wall-
impinging jet of variable size (Coanda effect)
Annular dilation LV remodelling + Large and holosystolic convergence zone

* Enlarged LV and LA

- Atrial fibrillation -Ischa.emlc . * Pulmonary vein systolic flow reversal

- HFpEF -Non ischaemic :
g * Vena contracta 27 mm (28 mm for biplane)

= estrictive

*+ PW E-wave dominant (velocity > 1.2 m/s)

* VTl mitral /VTI LVOT > 1.4

* EROA =40 mm2 (30 mm2 in elliptical ROA)
* RVolz60mL

cardiomyopathy

* RF250%

Figure 1. Diagnostic algorithm for mitral regurgitation. The workflow integrates identification
of the underlying mechanism, primary (degenerative/organic) versus secondary (functional), and
assessment of MR severity. Key clinical and echocardiographic features of each subtype are summa-
rized, together with the main transthoracic echocardiographic criteria used to grade severe MR [1,6].
Abbreviations: MR: mitral regurgitation; HFpEF: heart failure preserved ejection fraction; LA: left
atrium; LV: left ventricle; PW: pulsed wave Doppler; VTI: velocity time integral; LVOT: left ven-
tricular outflow tract; EROA: effective regurgitant orifice area; ROA: regurgitant orifice area; R vol:
regurgitant volume; RF: regurgitant fraction.

3.1.1. Mechanistic Classification: Primary vs. Secondary MR

Primary mitral regurgitation (PMR) is characterized by intrinsic structural abnormali-
ties of the mitral valve apparatus, including leaflet prolapse, flail segments, chordal rupture,
valve perforation, degenerative leaflet thickening and calcification, radiation/drugs expo-
sure, congenital cleft leaflet or parachute valve, leading to loss of effective coaptation [6].

Depending on the underlying mechanistic subtype, mitral regurgitation can also be
classified according to Carpentier’s functional scheme. Type I refers to normal leaflet
motion; regurgitation may result from a leaflet cleft or perforation and, in some cases, from
annular dilatation, although annular dilatation is more typically considered within the spec-
trum of functional MR. Type Il encompasses excessive leaflet motion, including prolapse
and flail leaflet due to chordal rupture, and is commonly associated with myxomatous
degeneration (Barlow disease) or fibroelastic deficiency. Finally, a further mechanism that
may be encountered in primary MR is Type Illa, characterized by systolic-diastolic leaflet
restriction, most often due to rheumatic disease or severe mitral annular calcification [7].
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In this setting, the left ventricle is initially exposed to volume overload but is not the
primary driver of regurgitation, and symptoms often emerge despite preserved or only
mildly impaired systolic function [8].

In severe regurgitation, global left ventricular remodelling may be observed, together
with moderate-to-severe left atrial dilatation. The mitral annulus may be enlarged while
maintaining preserved dynamic function. Leaflets are frequently moderately to markedly
thickened, with prolapse or flail and a variable degree of calcification. Leaflet tethering
and systolic tenting are typically absent, and the interpapillary muscle distance is usually
normal. The regurgitant jet may be central or eccentric; it is often late systolic in the presence
of prolapse, whereas it may appear holosystolic in flail leaflet or calcific-degenerative
disease. The PISA is commonly hemispheric [6]. From an interventional standpoint, PMR
represents a valve-centered disease, where the feasibility and durability of TEER depend
predominantly on leaflet anatomy, coaptation geometry, and the ability to achieve stable
leaflet grasping without inducing functionally relevant mitral stenosis [5].

Secondary mitral regurgitation (SMR), by contrast, arises as a consequence of myocar-
dial disease rather than primary valvular pathology. In ventricular SMR, leaflet tethering
and annular dilation are driven by left ventricular remodeling, papillary muscle displace-
ment, and altered closing forces, resulting in incomplete leaflet coaptation despite struc-
turally normal leaflets [9]. Ventricular remodeling is secondary to ischaemic etiology due
to coronary artery disease or non-ischaemic cardiomyopathy. In this context, MR severity
is tightly coupled to ventricular geometry and loading conditions, and may fluctuate over
time [10].

Regional systolic dysfunction, most commonly involving the inferior wall, may lead
to segmental remodelling and ischaemia, with consequent posterior papillary muscle
dysfunction, which is typically supplied exclusively by the right coronary artery. Left atrial
enlargement is variable, whereas annular dilatation is usually mild. Leaflet morphology
is generally preserved. Tethering is typically asymmetric, with systolic tenting and an
increased distance between the posterior papillary muscle and the intervalvular fibrosa.
The regurgitant jet is usually directed posteriorly (towards the involved posterior leaflet),
and jet density is commonly uniform throughout systole; the PISA is frequently non-
hemispheric. When left ventricular dysfunction is global, such as after a large anterior
myocardial infarction, in non-ischaemic dilated cardiomyopathy, or following multiple
infarctions in different territories, ventricular remodelling becomes diffuse, with increased
left ventricular sphericity. Left atrial dilatation is often severe. The mitral annulus is
enlarged, flattened, and functionally adynamic. Leaflet morphology is typically preserved;
however, tethering is generally symmetric and systolic tenting is markedly increased. The
interpapillary muscle distance is increased. The regurgitant jet is usually central or only
mildly eccentric. On colour Doppler, a biphasic pattern may be observed, with increased
regurgitant intensity in early and late systole and a mid-systolic drop-out; the PISA is
frequently non-hemispheric [6].

A distinct SMR phenotype is atrial functional mitral regurgitation (AFMR), in which
regurgitation is primarily related to left atrial enlargement and annular dilation, often in the
setting of long-standing atrial fibrillation or heart failure with preserved ejection fraction
(HFpEF), with relatively preserved left ventricular size and function in earlier stages [11].

AFMR challenges the traditional ventricular-centric paradigm of SMR and introduces
additional uncertainty regarding optimal timing and expected benefit of TEER, given the
paucity of randomized data and the complex interplay between atrial remodeling, thythm,
and annular geometry.

Distinguishing ventricular from atrial secondary mitral regurgitation (SMR) is clini-
cally relevant because therapeutic indications and the level of supporting evidence differ
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between these entities. Ventricular SMR is primarily suggested by a left ventricular ejection
fraction (LVEF) <50%, with or without regional wall motion abnormalities, in the presence
of restricted leaflet motion due to tethering with otherwise normal leaflet morphology; the
regurgitant jet may be central or eccentric. Additional supportive features include dilatation
of the left ventricle, left atrium, and mitral annulus. Clinical correlates typically include
ischaemic heart disease and dilated cardiomyopathy. In contrast, atrial SMR is character-
ized by LVEF >50% without regional wall motion abnormalities or leaflet tethering, and
by a non-dilated or only mildly dilated left ventricular cavity (LV end-diastolic diameter
<56 mm in women and <63 mm in men; indexed LV end-diastolic volume <71 mL/m? in
women and <79 mL/m? in men). Key anatomic criteria include mitral annular dilatation
(anteroposterior diameter >35 mm) and left atrial enlargement (LAVI > 34 mL/m?). Addi-
tional features include normal leaflet morphology and motion with a usually central jet,
atrial fibrillation, and HFpEF [1].

3.1.2. Echocardiographic Grading of MR Severity: An Integrative Approach

Accurate grading of MR severity is central to TEER candidacy but remains intrinsically
challenging, particularly in secondary disease. Current recommendations emphasize an
integrative approach combining quantitative, semi-quantitative, and qualitative parame-
ters rather than reliance on a single metric [12]. Quantitative measures such as effective
regurgitant orifice area (EROA), regurgitant volume, and regurgitant fraction provide a
numerical estimate of severity but are sensitive to technical assumptions and hemodynamic
conditions, especially in SMR, where regurgitant orifice geometry is often dynamic [11].

Semi-quantitative parameters, including vena contracta width and pulmonary vein
flow patterns, offer complementary information but may be misleading in the presence of
eccentric or multiple jets, which are common in both PMR and SMR. Qualitative assessment
of color Doppler jet morphology and extent remains useful for initial screening but should
not be used in isolation to define severity, particularly when TEER is being considered [3].

Specific Criteria for Severe MR are: flail leaflet, vena contracta >0.7 cm, PISA radius
>1.0 cm at Nyquist 30-40 cm/s, central large jet >50% of left atrium area, pulmonary vein
systolic flow reversal, enlarged left ventricle with normal function. Additional criteria
that support a diagnosis of severe mitral regurgitation include the presence of a large
regurgitant flow persisting throughout systole, together with a continuous-wave Doppler
profile that appears holosystolic, dense, and classically triangular/early peaking. On
transmitral inflow, an E-wave-dominant pattern with a peak E velocity above 1.2 m/s may
further suggest significant regurgitant volume. Quantitatively, severity is reinforced by
an effective regurgitant orifice area greater than 0.40 cm?, a regurgitant volume exceeding
60 mL, and a regurgitant fraction above 50% [6].

Importantly, MR severity is flow-dependent. In SMR, reduced forward stroke volume
may lead to underestimation of EROA and regurgitant volume despite clinically significant
MR, whereas acute increases in preload or afterload can transiently exaggerate regurgita-
tion [10]. These considerations underscore the need to interpret echocardiographic findings
within the broader clinical and hemodynamic context, rather than applying rigid numerical
thresholds divorced from patient phenotype.

3.1.3. TEER-Relevant Pitfalls in MR Quantification

Several diagnostic pitfalls have direct implications for TEER selection and outcome
interpretation. First, multiple or eccentric jets may result in underestimation of total
regurgitant burden when only a single jet is quantified, a scenario frequently encountered
in degenerative disease with complex leaflet pathology. Second, dynamic SMR may appear
non-severe at rest but become significant under exertion or volume loading, potentially
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explaining discordance between imaging findings and symptom burden. Third, reliance
on EROA alone may be misleading in SMR, where smaller absolute orifice areas can still
confer substantial prognostic impact in the setting of advanced ventricular disease [6].

Conversely, in PMR, aggressive pursuit of minimal residual MR must be balanced
against the risk of excessive leaflet approximation and subsequent transmitral gradient
elevation, which carries its own prognostic and symptomatic consequences [13]. These
pitfalls reinforce the concept that MR grading for TEER should be purpose-driven: the
objective is not merely to label severity, but to identify patients in whom regurgitation is
both mechanistically addressable and clinically meaningful.

3.1.4. Role of Advanced Imaging Beyond Standard Echocardiography

Three-dimensional transesophageal echocardiography (3D TEE) is the cornerstone
of TEER planning and intraprocedural guidance, enabling detailed assessment of leaflet
anatomy, coaptation gaps, jet origin, and spatial relationships critical for successful leaflet
grasping [14]. In most patients, comprehensive TEE is sufficient to determine feasibility
and strategy. Cardiac computed tomography (CT) plays a complementary, selective role
in TEER candidates rather than serving as a routine modality. CT is particularly valuable
in the presence of significant mitral annular calcification (MAC), where it allows precise
characterization of calcium distribution, annular geometry, and residual valve area, all
of which influence the risk of post-procedural mitral stenosis [15]. CT may also assist in
borderline cases by providing additional information on annular dimensions and spatial
constraints when echocardiographic assessment is inconclusive [16]. However, CT should
be viewed as an adjunct to, not a replacement for, high-quality echocardiography in TEER
decision-making.

3.2. Patient Selection and Interventional Decision-Making
3.2.1. Goals of TEER and Definition of Procedural Intent

Appropriate patient selection for TEER requires a clear definition of procedural intent,
which differs substantially between primary and secondary MR. In primary MR, the
primary goal of TEER is a durable reduction in regurgitation through restoration of leaflet
coaptation, ideally achieving mild or less residual MR while preserving an adequate mitral
valve area [5]. In this setting, procedural success is closely tied to anatomical suitability and
technical execution, and the procedure is judged predominantly on valve-related endpoints.

In secondary MR, the objectives of TEER are broader and more nuanced. Rather than
pursuing complete elimination of regurgitation, the interventional goal is to reduce MR
to a degree sufficient to alleviate symptoms, decrease heart failure hospitalizations, and
favorably modify clinical trajectory within the context of optimized heart failure therapy [9].
As such, the concept of “procedural success” in secondary MR is inseparable from patient
phenotype, baseline ventricular remodeling, and post-procedural clinical response, rather
than from echocardiographic endpoints alone.

3.2.2. Defining Expected Benefit Versus Futility

A central challenge in TEER decision-making is distinguishing patients likely to derive
meaningful benefit from those in whom the procedure may be futile. In secondary MR,
randomized evidence has demonstrated that TEER confers clinical benefit only in selected
populations, emphasizing the importance of aligning MR severity with ventricular size,
function, and symptom burden [9]. Patients with extreme ventricular dilation or advanced
myocardial disease may exhibit MR that is largely epiphenomenal, such that reducing
regurgitation does not translate into improved outcomes [10].

Conversely, patients with secondary MR in whom regurgitation is disproportionately
severe relative to ventricular remodeling may represent a subgroup in which MR itself
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is a dominant driver of symptoms and adverse events, and therefore a more suitable
target for TEER [17]. Although the proportionality framework remains debated, it has
reinforced the broader principle that TEER benefit in secondary MR depends less on abso-
lute MR severity and more on the relationship between regurgitation and the underlying
myocardial substrate.

In primary MR, futility is more often related to anatomical constraints or competing
comorbidities rather than to the mechanism of regurgitation itself. Severe leaflet calcifi-
cation, inadequate leaflet length, extensive commissural involvement, or a high risk of
post-procedural mitral stenosis may limit the likelihood of durable MR reduction and
should prompt careful reconsideration of TEER candidacy [18].

3.2.3. The Interventional Heart Team Perspective

Decision-making for TEER is inherently multidisciplinary, but from an interventional
cardiology standpoint, the Heart Team process should focus on integrating anatomical
feasibility, clinical phenotype, and procedural risk rather than on binary eligibility criteria
alone. Imaging specialists play a pivotal role in defining leaflet anatomy, coaptation geome-
try, and potential constraints, while heart failure specialists contribute to optimization of
medical and device therapy and assessment of reversibility of symptoms [2].

Importantly, the Heart Team should explicitly discuss procedural endpoints and
acceptable trade-offs before intervention. In primary MR, this often involves balancing
the desire for minimal residual MR against the risk of elevated transmitral gradients. In
secondary MR, the discussion should center on whether a moderate degree of residual
MR is acceptable if accompanied by symptomatic improvement and reduced heart failure
burden [13].

3.2.4. Anatomic and Echocardiographic Selection Criteria

There are no differences in the echocardiographic, valve anatomy-based selection
criteria between primary and secondary MR; the two entities differ primarily in clinical
indications and in the pattern of subvalvular apparatus remodeling. In general, the key
parameters to consider include the regurgitant jet location, mitral valve area, the presence
and extent of calcifications (particularly within the grasping zone), posterior leaflet length,
flail gap, and any additional anatomical or procedural features relevant to device feasibility
and procedural complexity [7].

Accordingly, anatomical criteria for TEER suitability are driven by the complexity of
valve morphology and by center experience (Figure 2).

The ideal anatomy for TEER is a non-complex valve, characterized by central pathology
(regurgitant jet A2-P2), absence of calcification, a large mitral valve area (>4 cmq), posterior
leaflet length >10 mm, tenting height and flail gap <10 mm, and flail width <15 mm.
Conversely, very complex anatomy, generally better addressed with surgery or alternative
transcatheter options, is defined by mitral valve area <3.0 cm?, significant (mean gradient
>5 mmHg) and/or rheumatic mitral stenosis, concentric mitral annular calcification and
calcification within the grasping zone, posterior leaflet length <5 mm, multiple or wide jets,
deep cleft or leaflet perforation [1].
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Complexity class

Non-complex

Complex

Very complex

Very difficult or

impossible

TEER suitability

Ideal for TEER

Suitable for TEER (in experienced

center)

Key anatomical/echo criteria

« Central pathology « No calcification « MVA > 4.0 cm?® « Posterior leaflet length > 10 mm «

Tenting height < 10 mm « Flail gap < 10 mm « Flail width < 15 mm

« Isolated commissural lesion (A1/P1 or A3/P3) « MAC without leaflet involvement « MVA
3.5-4.0 cm? « Posterior leaflet length 7-10 mm « Tenting height > 10 mm « Asymmetric

Challenging for TEER (in

experienced center)

TMVI or surgery (if feasible)

tethering « Coaptation reserve < 3 mm « Leaflet-to-annulus index < 1.2 « Flail width > 15

mm - Flail gap > 10 mm « Two jets from leaflet indentations

« MAC with leaflet involvement « Fibrotic leaflets « Wide jet involving the whole coaptation «
MVA 3.0-3.5 cm? « Posterior leaflet length 5-7 mm « Barlow's disease « Cleft « Failed

surgical annuloplasty « Commissural lesion with multiple jets

+ MVA < 3.0 cm? « Relevant MS (mean gradient > 5 mmHg) « Concentric MAC with stenosis
« Posterior leaflet length < 5 mm « Calcification in the grasping zone « Deep regurgitant

cleft « Leaflet perforation « Multiple/wide jets « Rheumatic MS

Figure 2. Mitral valve anatomical complexity classes based on key anatomical/echocardiographic
criteria and their correlation with TEER suitability [1]. Abbreviations: TEER: transcatheter edge-to-
edge repair; MVA: mitral valve area; MAC: mitral annular calcification; TMVI: transcatheter mitral
valve intervention; MS: mitral stenosis.

3.2.5. Endpoints That Matter in TEER Practice

Traditional valve-centric endpoints, such as reduction in MR grade, remain important
but are insufficient to capture the full impact of TEER, particularly in secondary MR. Clinical
endpoints, including functional status, quality of life, and heart failure hospitalizations,
have emerged as key measures of success and should be considered integral to post-
procedural assessment [9]. At the same time, procedural parameters such as residual
MR and transmitral mean pressure gradient have gained recognition as prognostically
relevant variables that reflect the balance between effective regurgitation reduction and
preservation of diastolic inflow [13]. The key TEER-specific differences between primary
and secondary mitral regurgitation, including mechanistic drivers, selection criteria, and
procedural priorities, are summarized in Table 1.

Table 1. Key differences between primary and secondary mitral regurgitation in the context of

transcatheter edge-to-edge repair.

Domain

Primary MR
(Degenerative)

Secondary MR (Functional)

Underlying mechanism

Intrinsic leaflet/chordal
pathology

Ventricular and/or atrial
remodeling

Role of the ventricle

Initially preserved; passive
volume overload

Primary driver of MR

Conceptual role of

Valve-centered repair

Adjunctive therapy within HF

TEER management
Main determinant of =~ Anatomical suitability and Patient phenotype and
benefit procedural success myocardial substrate
MR severity More stable, Dynamic, flow- and
interpretation anatomy-driven loading-dependent

Key selection focus

Leaflet length, coaptation
geometry, calcification

LV size/function, symptoms
despite GDMT
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Table 1. Cont.

Domain Primary N.[R Secondary MR (Functional)
(Degenerative)

Procedural endpoint Durable MR < mild with MR reduction sufficient to

priority acceptable gradient improve symptoms

Residual MR tolerance Low Moderate residual MR may be
acceptable
Transmitral gradient . - Lower and less consistent
High prognostic impact .
relevance impact

GDMT: guidelines-directed medical therapy; LV: left ventricle; MR: mitral regurgitation; TEER: transcatheter
edge-to-edge repair

3.3. TEER in Primary Mitral Regurgitation
3.3.1. Clinical Positioning of TEER in Primary MR

Since the early phases of clinical adoption, transcatheter edge-to-edge repair has not
been established as a routine treatment for primary (degenerative/organic) MR and has
been reserved for carefully selected symptomatic patients with favourable anatomy who
are deemed inoperable or at prohibitive/high surgical risk or in whom the anticipated
benefit of surgery is outweighed by comorbidities and frailty [19]. In this population, TEER
is positioned as a valve-directed therapy aimed at reducing regurgitation by restoring
leaflet coaptation, rather than as a disease-modifying intervention targeting myocardial
pathology [20]. Consequently, patient selection hinges on anatomical feasibility and pro-
cedural safety, with less emphasis on ventricular remodeling or heart failure phenotype
compared with secondary MR.

Importantly, the objectives of TEER in primary MR differ from those in secondary
MR. While symptomatic improvement remains a central goal, the interventional intent is
typically to achieve durable and substantial MR reduction, ideally to mild or less, without
inducing clinically relevant mitral stenosis [2]. This balance between efficacy and safety is
a defining feature of TEER in degenerative disease.

The recent 2025 ESC/EACTS Guidelines on valvular heart disease have repositioned
TEER in PMR, upgrading its recommendation from Class IIb, Level B in the 2021 European
guidance to Class Ila, Level B. Accordingly, TEER should now be considered a preferred
option in patients with PMR who are symptomatic, deemed at high surgical risk by the
Heart Team, and who meet specific anatomical suitability criteria predictive of procedural
success [1]. This upgrade is supported by favourable evidence from two registries and one
randomized trial, showing high procedural success and signals of improved outcomes,
including lower mortality in appropriately selected high-risk patients [19,21,22]. A Class
Ila recommendation with broadly similar selection principles is also reflected in the most
recent ACC/AHA guidelines [23].

Conversely, TEER is not the preferred strategy for severe PMR in asymptomatic
patients, including those with or without left ventricular dilatation, atrial fibrillation,
elevated sPAP, or left atrial enlargement, clinical scenarios in which surgical intervention,
preferably mitral valve repair, remains the recommended approach [1].

3.3.2. Anatomical Suitability and Predictors of Durable MR Reduction

Anatomical assessment is the cornerstone of TEER feasibility in primary MR. Fa-
vorable features include adequate leaflet length, a clearly defined regurgitant jet origin,
limited commissural involvement, and sufficient coaptation reserve to allow stable leaflet
grasping [24]. In PMR due to prolapse or flail, procedural success depends on targeting
the segment with excessive leaflet motion and the dominant jet origin, ensuring adequate
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leaflet insertion at the intended grasping site. In the presence of leaflet or annular calcifica-
tion, the interventional strategy should prioritize a grasping zone with sufficient mobile,
non-calcified tissue, ideally the leaflet tip, even if this requires working around calcified
areas and selecting the nearest feasible site to the main regurgitant orifice and the most
significant area of regurgitation. Degenerative anatomies are not uniformly ‘central’: when
prolapse/flail is localized, the clip trajectory and grasp should be intentionally aligned
to that pathological segment. Conversely, calcific degenerative disease may necessitate
a pragmatic grasp of the closest available non-calcified leaflet tissue that still effectively
reduces the dominant regurgitant jet [25,26].

These anatomical considerations should be explicitly incorporated into pre-procedural
and intra-procedural echo guidance [27].

Three-dimensional transesophageal echocardiography plays a pivotal role in defining
these anatomical parameters and guiding clip positioning strategy, particularly in complex
degenerative anatomies [14]. In selected cases, cardiac computed tomography may provide
additional information on annular geometry and residual valve area, especially when there
is concern for post-procedural mitral stenosis in the presence of calcification [15].

Historically, lesions located in the anterior and bileaflet locations have been considered
difficult to treat surgically. In the EXPANDed analysis (a pooled, contemporary, patient-
level dataset from the prospective EXPAND and EXPAND G4 studies using MitraClip
G3/G4), outcomes of mitral TEER were evaluated according to degenerative MR (DMR)
lesion location (posterior, anterior, or bileaflet prolapse/flail as assessed by an echocardiog-
raphy core laboratory). Among 556 subjects with DMR/mixed MR and identifiable lesion
location (389 posterior, 106 anterior, 61 bileaflet), procedural efficiency and acute effective-
ness were high across all groups, with similarly favorable procedure/device times and
high procedural success (discharge MR < 2+). Thirty-day major adverse event rates were
low across all groups (posterior, 4.4% [17 of 388]; anterior, 3.8% [4 of 105]; bileaflet, 6.6%
[4 of 61]; p = 0.65) and not significantly different by lesion location. At 1 year, TEER was
associated with sustained and substantial MR reduction regardless of lesion location, with
high proportions achieving MR < 1+ in paired analyses (82% posterior, 93% anterior, and
97% bileaflet), alongside consistent improvements in NYHA functional class and quality
of life (KCCQ). One-year mortality and heart-failure hospitalization rates did not differ
significantly among groups, although anterior disease showed numerically higher event
rates. Overall, these data support that with contemporary MitraClip generations, demon-
strate that subjects with DMR treated with TEER experienced significant improvements
in outcomes, regardless of the location of prolapse or flail, and effective and durable MR
reduction can be achieved even in anatomies traditionally considered more challenging
(anterior and bileaflet DMR) [28].

Durability of MR reduction in primary MR is closely linked to achieving optimal leaflet
capture and minimizing residual regurgitation at the end of the procedure. Inadequate
grasping or residual prolapse may predispose to recurrent MR over time, underscoring
the importance of meticulous intraprocedural imaging and a conservative approach to clip
deployment rather than procedural expediency [2].

3.3.3. Evidence from Pivotal Trials and Contemporary Registries

The EVEREST 1I trial established the foundational evidence for TEER in primary
MR by demonstrating the feasibility and safety of the edge-to-edge approach in patients
with degenerative disease, albeit with lower rates of complete MR elimination compared
with surgery [5]. Long-term follow-up confirmed sustained symptomatic improvement in
selected patients, while also highlighting the importance of careful anatomical selection
to minimize the need for reintervention [24]. Subsequent registries and contemporary
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real-world data have expanded these observations, reflecting improved device technol-
ogy, refined patient selection, and greater operator experience [29]. In the EXPAND trial,
a prospective, multicenter, international, single-arm study enrolling patients with pri-
mary and secondary MR across 57 centers with 12-month follow-up, treatment with the
third-generation MitraClip system resulted in substantial MR reduction in contemporary
real-world practice. At 1 year, 84.5% of patients with primary MR achieved MR < 1+,
accompanied by significant improvements in clinical outcomes (NYHA functional class
I/11 in 80.3% and a +21.6-point increase in KCCQ score) [30]. In the EXPAND G4 study,
a prospective, multicenter, international, single-arm trial enrolling patients with primary
(500 patients) and secondary MR, TEER using the fourth-generation MitraClip system was
safe and effective at 1 year. Durable MR reduction to <1+ was achieved in 88.8% of patients
with primary MR, with concomitant improvements in functional status and quality of
life [31].

The CLASP IID trial was the first randomized study to directly compare the Edwards
PASCAL device with MitraClip in patients at prohibitive surgical risk with severe, symp-
tomatic degenerative mitral regurgitation. Participants with 3+/4+ DMR were allocated
in a 2:1 ratio to PASCAL or MitraClip. The trial evaluated early safety (30-day composite
MAE), primary effectiveness (MR <2+ at 6 months), and prespecified 1-year outcomes,
including MR reduction thresholds (<2+ and <1+) alongside clinical status, echocardiogra-
phy, functional capacity, and quality of life. Overall, PASCAL achieved noninferiority to
MitraClip for the primary safety and effectiveness endpoints, and 1-year follow-up showed
high survival, durable MR reduction, and sustained improvements in symptoms, function,
and quality of life, supporting PASCAL as an effective option for prohibitive-risk patients
with significant DMR [21].

Real-world evidence from the Japanese OCEAN-Mitral prospective multicentre reg-
istry supports the effectiveness of transcatheter edge-to-edge repair (TEER) in patients
with primary/degenerative mitral regurgitation (PMR/DMR) who are frequently elderly
and at high surgical risk. In a cohort of 2150 consecutive patients treated with MitraClip
(April 2018-June 2021; ~35% with primary MR), TEER achieved sustained MR reduction
and marked functional improvement at 1 year; however, residual MR > 2+ at discharge
emerged as a key prognostic determinant, being associated with higher rates of the com-
posite of death and heart-failure hospitalization compared with residual MR 0+/1+ [32].
In the dedicated DMR substudy (n = 579), an echocardiography-based cardiac-damage
staging further discriminated 2-year mortality after TEER (progressively lower survival
with increasing stage), while symptomatic benefit was largely preserved, underscoring the
clinical importance of optimal procedural result and appropriate timing in PMR candidates
for TEER [33].

These data consistently show high procedural success rates and meaningful symptom
relief in appropriately selected high-risk patients with primary MR, reinforcing the role of
TEER as a viable alternative when surgery is not an option.

3.3.4. Residual MR and Transmitral Gradient: A Critical Trade-Off

A distinctive challenge of TEER in primary MR is balancing effective regurgitation
reduction against the risk of elevated transmitral mean pressure gradient. Aggressive
leaflet approximation aimed at eliminating MR may inadvertently reduce mitral valve
area and lead to functional mitral stenosis, particularly in patients with small annuli or
pre-existing calcification. Evidence suggests that elevated residual transmitral gradients
after TEER are associated with worse clinical outcomes in primary MR, with a signal driven
predominantly by increased mortality rather than heart failure hospitalization [13].
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These findings underscore the importance of defining procedural success not solely by
MR grade but by a composite assessment that includes transmitral gradient and valve area.
In primary MR, accepting mild residual MR may be preferable to achieving near-complete
MR elimination at the cost of elevated gradients, particularly in elderly or frail patients [2].

3.3.5. Expected Outcomes and Limitations

In appropriately selected patients with primary MR, TEER is associated with signif-
icant symptomatic improvement and acceptable mid-term durability, particularly when
procedural endpoints are carefully balanced [29]. However, the procedure does not repli-
cate the long-term durability of surgical repair in low-risk populations and should therefore
be framed as a tailored intervention for patients in whom surgical options are limited
or undesirable.

Real-world registries support the feasibility and procedural safety of TEER in PMR
and report encouraging short- to mid-term outcomes; however, robust long-term evidence
remains limited and randomized data with extended follow-up are still scarce. Overall,
the available literature, predominantly observational, suggests acceptable mid-term safety
and clinical effectiveness, with mortality largely driven by patient comorbidities and
frailty rather than valve-related failure. Although newer-generation devices and increasing
operator experience are improving procedural performance and outcomes, uncertainty
persists regarding long-term durability and comparative effectiveness versus surgical repair,
underscoring the need for adequately powered randomized trials with longer follow-up [7].

Taken together, TEER in primary MR exemplifies a valve-centered interventional
paradigm in which success depends on anatomical suitability, procedural precision, and
judicious acceptance of trade-offs between residual MR and transmitral gradient.

Figure 3 summarizes the indications for TEER in severe PMR according to the
ESC/EACTS 2025 and ACC/AHA 2020 guidelines, and also highlights the key techni-
cal/procedural aspects relevant to patient selection and feasibility.
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Figure 3. Indications and technical aspects for transcatheter edge-to-edge repair (TEER) in severe

primary mitral regurgitation [1,24]. Abbreviations: PMR: primary mitral regurgitation; MR: mitral
regurgitation; ESC: European Society of Cardiology; ACC/AHA: American College of Cardiol-
ogy/American Heart Association; COR: class of recommendation; LOE: level of evidence; MV:
mitral valve.
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3.3.6. Future Directions

Two randomized programs are addressing the evidence gap for primary/degenerative
MR in patients who are surgical candidates. REPAIR MR (NCT04198870) is a prospective,
multicenter, open-label noninferiority RCT that randomizes 500 patients 1:1 to MitraClip
(TEER) versus surgical mitral valve repair in older and/or moderate surgical-risk patients
with severe primary MR, with two co-primary endpoints at 2 years and planned follow-up
to 10 years [21,34].

In parallel, PRIMARY (NCT05051033) is a prospective, multicenter, open-label strategy
trial in patients >60 years with severe degenerative MR and anatomy suitable for both
approaches, randomizing TEER vs. surgical repair (1:1); it is designed to evaluate longer-
term comparative effectiveness (composite clinical and valve-related outcomes over several
years) and patient-centered endpoints, with extended follow-up to 10 years [35].

For the high surgical-risk spectrum, MITRA-HR (NCT03271762) is a prospective,
multicenter, randomized 1:1 trial enrolling 330 patients with severe primary MR considered
eligible for high-risk surgery, comparing MitraClip versus conventional surgery. The trial
is designed to test noninferiority for clinical efficacy and potential superiority for safety;
its primary composite endpoint at 12 months includes all-cause mortality, unplanned
cardiovascular rehospitalization, and mitral-valve reintervention, with a key secondary
safety assessment based on 30-day major adverse events [36].

3.4. TEER in Secondary Mitral Regurgitation
3.4.1. Secondary MR as a Manifestation of Myocardial Disease

Secondary mitral regurgitation (SMR) is best understood as a dynamic manifestation of
underlying myocardial disease rather than a primary valvular disorder, with regurgitation
resulting from ventricular remodeling, papillary muscle displacement, annular dilation,
and altered closing forces [9]. These features distinguish SMR fundamentally from primary
MR and explain why valve-directed interventions alone may not uniformly translate into
clinical benefit.

From an interventional perspective, TEER in SMR should be integrated within a
comprehensive heart failure strategy [17]. This conceptual shift has major implications for
patient selection, timing of intervention, and interpretation of outcomes.

3.4.2. Guideline-Directed Medical and Device Therapy as a Prerequisite

Optimization of guideline-directed medical therapy (GDMT) and, when indicated,
cardiac resynchronization therapy (CRT) represent essential prerequisites before consid-
ering TEER in SMR [37]. Pharmacological agents that reduce preload and afterload or
improve ventricular remodeling may significantly attenuate MR severity, potentially obvi-
ating the need for intervention in some patients [38]. Similarly, CRT can reduce functional
MR by improving ventricular synchrony and papillary muscle coordination in selected
patients [39].

Failure to optimize background therapy may lead to inappropriate attribution of symp-
toms to MR and overestimation of the expected benefit of TEER [10]. Consequently, TEER
should generally be reserved for patients who remain symptomatic despite stable, maxi-
mally tolerated GDMT and appropriate device therapy, ensuring that MR is a persistent
and clinically relevant contributor to the patient’s condition.

According to the 2025 ESC/EACTS Guidelines on the management of valvular heart
disease, the first decision step in ventricular secondary MR is whether significant obstruc-
tive coronary artery disease (CAD) coexists. When CAD is present and the patient is
scheduled for coronary artery bypass grafting (CABG), surgical mitral valve intervention is
recommended concomitantly (Class I, Level B). In contrast, in symptomatic patients with
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chronic severe ventricular SMR and non-complex CAD, percutaneous coronary interven-
tion (PCI) followed by TEER after re-evaluation of MR severity may be considered (Class
IIb, Level C). When no concomitant CAD is present, TEER is recommended (Class I, Level
A) to reduce heart failure hospitalizations and improve quality of life in haemodynamically
stable, symptomatic patients with impaired LVEF (<50%) and persistent severe ventricular
SMR despite optimized guideline-directed medical therapy and cardiac resynchroniza-
tion therapy (when indicated), provided that predefined clinical and echocardiographic
eligibility criteria are met.

In contrast, in selected symptomatic patients with severe ventricular secondary MR
who do not meet the specific clinical and echocardiographic criteria, TEER may be consid-
ered for symptom improvement (Class IIb, Level B) after careful Heart Team assessment
and evaluation for advanced heart failure therapies, including LVAD and/or heart trans-
plantation. In practice, this may apply when advanced heart failure is absent, or when
present but LVAD /heart transplantation are contraindicated or TEER is pursued as a bridge
while awaiting these strategies.

In atrial SMR, once medical therapy has been optimized, including appropriate rhythm
or rate control, if severe regurgitation persists and the Heart Team considers the patient
to be at high surgical risk, TEER may be considered for symptom improvement (Class IIb,
Level B).

Overall, the following clinical, echocardiographic, and laboratory features are com-
monly regarded as predictors of a favourable post-procedural outcome after TEER: NYHA
class > II; LVEF 20-50%; LVESD < 70 mm; at least one heart failure hospitalization within
the previous year; elevated natriuretic peptide levels (BNP > 300 pg/mL or NT-proBNP >
1000 pg/mL); systolic pulmonary artery pressure <70 mmHg; no severe right ventricular
dysfunction; absence of advanced heart failure; no coronary artery disease requiring revas-
cularization; no severe aortic and/or tricuspid valve disease; and absence of hypertrophic,
restrictive, or infiltrative cardiomyopathies [1].

Figure 4 reports the indications for TEER in secondary mitral regurgitation (SMR),
including both atrial and ventricular phenotypes, according to the ESC/EACTS 2025 and
ACC/AHA 2020 guidelines.
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Figure 4. Guideline recommendations for TEER in secondary mitral regurgitation. The figure
summarizes the classes of recommendation, levels of evidence and key aspects of transcatheter
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Trial
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Inclusion criteria

edge-to-edge repair (TEER) in secondary mitral regurgitation (SMR), including both ventricular
functional MR and atrial functional MR, according to ESC/EACTS and ACC/AHA guideline rec-
ommendations [1,23]. Abbreviations: GDMT: guideline-directed medical therapy; ESC: European
Society of Cardiology; LVEF: left ventricular ejection fraction; HF: heart failure; LVAD: left ventricular
assisted device; NYHA: New York Heart Association; ACC/AHA: American College of Cardiology;
COR: class of recommendations; LOE: level of evidence; LVESD: left ventricular end-systolic diameter;
PASP: pulmonary artery systolic pressure; MV: mitral valve; OMT: optimized medical therapy.

In secondary (functional) MR, a central A2/P2 grasp is commonly used as the first
step, with subsequent adjustments guided by residual jet location and hemodynamic
trade-offs. If the first grasp predicts the need for multiple devices, it may be preferable
to reassess and reposition before release so that the final first-device location does not
‘consume’ lateral space needed for additional clips. A medial-first strategy, followed
by lateral clip placement, can facilitate sequential device deployment while maintaining
acceptable gradients [25,26,40,41].

3.4.3. Divergent Randomized Evidence: A Mechanistic Reinterpretation

COAPT, MITRA-FR, and the more recent RESHAPE-HF?2 trial represent the pivotal
randomized evidence base for TEER in chronic ventricular SMR on top of GDMT. Together,
they illustrate that the benefit of TEER is highly contingent on patient phenotype, trial in-
clusion thresholds for SMR severity, ventricular size/function, and the rigor of background
HF optimization.

Figure 5 summarizes the inclusion and exclusion criteria of the MITRA-FR, COAPT,
and RESHAPE-HF2 trials.

Exclusion criteria

« Symptomatic chronic HF (NYHA II-IV). « Candidate for mitral valve surgery.
- Secondary MR meeting quantitative thresholds (EROA >20 mm? and/or « Prior mitral valve repair.
regurgitant volume >30 mL/beat). « Recent cardiovascular surgery (protocol-defined window).

= LVEF 15-40%.

« Limited life expectancy due to non-cardiac comorbidity.

« Ischaemic or non-ischaemic cardiomyopathy with LVEF 20-50% and LVESD « Haemodynamic instability/shock or advanced (stage D) HF.

<70 mm. « Untreated CAD requiring revascularization.

« Secondary MR grade 3+-4+ confirmed by echo core laboratory. « Severe pulmonary hypertension and/or advanced RV dysfunction.
« NYHA [I-1Va despite stable, maximally tolerated GDMT and CRT if indicated. « Significant aortic or tricuspid valve disease requiring intervention.
« Evidence of HF instability: >1 HF hospitalization in the prior 12 months « Mitral stenosis/mitral valve area below the protocol threshold.
and/or elevated natriuretic peptides. « Limited life expectancy due to non-cardiac comorbidity.

« Anatomy suitable for TEER and not appropriate for surgery per Heart Team.

« Symptomatic HF (NYHA 1I-IV) despite optimal medical therapy. « Primary/degenerative MR.

« Functional MR moderate-to-severe or severe confirmed by central echo « Recent ACS, stroke/TIA, or major cardiovascular procedures within the protocol-

core laboratory.

defined window.

« LVEF generally 20-50%. « Requirement for cardiac surgery or mitral surgery as preferred strategy.

« Evidence of HF decompensation: recent HF hospitalization/urgent visit « Haemodynamic instability requiring inotropes/mechanical support.

and/or elevated natriuretic peptides. « Severe RV failure and/or severe concomitant valve disease requiring
intervention.

« Contraindications to transseptal access or transoesophageal echocardiography:
intracardiac thrombus or active endocarditis.

» Major competing cardiomyopathy phenotypes (e.g.. infiltrative or hypertrophic).

Figure 5. Key inclusion and exclusion criteria of MITRA-FR, COAPT, and RESHAPE-HF2 randomized
trials evaluating transcatheter edge-to-edge repair in symptomatic heart failure with ventricular
secondary mitral regurgitation. Abbreviations: HF: heart failure; NYHA: New York Heart Association;
MR: mitral regurgitation; EROA: effective regurgitant orifice area; LVEF: left ventricular ejection
fraction; LVESD: left ventricular end-systolic diameter; HF: heart failure; TEER: transcatheter edge-to-
edge repair; CAD: coronary artery disease; RV: right ventricle; ACS: acute coronary syndrome; TIA:
transient ischemic attack.
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In the COAPT trial, TEER with MitraClip plus maximally tolerated GDMT reduced
heart-failure hospitalizations and improved survival compared with GDMT alone over
24 months in symptomatic HF patients with severe SMR who remained symptomatic
despite optimized therapy [42]. These benefits were sustained at longer follow-up: the pre-
specified 5-year analysis confirmed durable reductions in HF hospitalizations and lower all-
cause mortality, despite protocol-permitted crossover in the control group after 2 years [43].
In a real-world cohort, half of the patients undergoing TMVR showed COAPT-like char-
acteristics and these patients showed a substantially better clinical outcome; instead, the
mid-term functional benefit was similar in COAPT-like and other patients. The exact
proportion of patients fulfilling COAPT selection criteria in the real world is unknown. In a
real-world cohort of 394 patients with functional mitral regurgitation referred to a tertiary
centre, only a small minority (56 patients, 14%) met the COAPT eligibility criteria. The
most frequent reasons for exclusion were MR < 2 (22%), LVEF < 20% or >50% (19%), and
non-optimized GDMT (21.3%). Among non-COAPT patients, weighted 4-year survival was
higher in patients who received MitraClip compared to those who were left in optimized
medical therapy [44].

By contrast, MITRA-FR did not demonstrate superiority of TEER plus medical therapy
over medical therapy alone for the composite of death or HF hospitalization at 12 months;
the neutral signal persisted at extended follow-up (24 months) in subsequent reporting. The
divergent outcomes between COAPT and MITRA-FR have been widely interpreted through
differences in enrolled populations (degree of LV dilatation/remodelling, proportionality
between SMR severity and LV size), procedural effectiveness (MR reduction durability),
and the structure and enforcement of background GDMT [10,45].

RESHAPE-HF2 adds contemporary randomized data in symptomatic HF patients
with clinically significant functional/secondary MR treated with TEER on a background of
maximally tolerated GDMT, reporting superiority of TEER over GDMT alone for 2-year
outcomes driven largely by fewer HF hospitalizations, alongside consistent improvement
in patient-reported health status [17].

The apparently discordant results of the MITRA-FR and COAPT trials have profoundly
influenced contemporary understanding of TEER in SMR. Rather than representing con-
flicting evidence, these trials are increasingly interpreted as complementary experiments
conducted in biologically distinct patient populations.

In MITRA-FR, patients were characterized by advanced LV dilation and relatively
modest degrees of mitral regurgitation, defined according to contemporaneous European
thresholds, with limited exclusion based on ventricular size and no centralized optimization
of GDMT. In this setting, MR appeared largely proportional to the degree of LV remodeling,
and a reduction in regurgitation did not translate into reverse remodeling or improved
clinical outcomes.

MITRA-FR defined severe SMR using lower quantitative thresholds (EROA > 20 mm?
or regurgitant volume >30 mL) and did not mandate additional markers of recent heart
failure instability, such as a prior hospitalization or elevated natriuretic peptide levels. The
trial enrolled patients with less severe MR relative to LV dilatation and did not impose strict
requirements on HF instability or intensive GDMT optimization, resulting in a population
in whom ventricular disease was likely the dominant driver of outcomes [10]. In contrast,
COAPT selected a highly phenotyped population with relatively more severe SMR in
relation to LV size, less advanced LV remodelling, and tighter anatomical constraints.
Eligibility required an ASE-based definition of significant MR and objective evidence of
recent heart failure instability (at least one HF hospitalization and/or elevated natriuretic
peptide levels), despite maximally tolerated guideline-directed medical therapy and CRT
when indicated, with centralized oversight to ensure therapeutic optimization [43]. Patients
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with advanced right ventricular dysfunction or severe pulmonary hypertension were
excluded. Within this framework, TEER achieved durable MR reduction, promoted reverse
LV remodelling, and translated into marked reductions in HF hospitalizations and all-cause
mortality. RESHAPE-HF2 broadened inclusion to patients with clinically significant (not
only severe) SMR, but maintained requirements for symptomatic HF despite optimized
therapy and contemporary management, demonstrating the benefit of TEER mainly driven
by reductions in HF events and improvement in health status. RESHAPE-HF2 enrolled
patients with clinically significant SMR, including those with moderate-to-severe MR (not
limited to severe MR), used heart failure eligibility criteria broadly similar to COAPT, and
emphasized optimization of background therapy prior to randomization [17].

Figure 6 compares the baseline characteristics of the randomized populations enrolled
in the three studies.

To reconcile these observations, a conceptual framework has been proposed, dis-
tinguishing proportionate and disproportionate SMR based on the relationship between
regurgitation severity and LV size, rather than on absolute MR metrics alone [46]. In this
model, the ratio between effective regurgitant orifice area (EROA) and LV end-diastolic
volume (LVEDV) was introduced as a post hoc descriptor of this relationship, with values
around 0.14 mm?/mL suggested as a threshold separating proportionate from dispropor-
tionate MR phenotypes. Importantly, this ratio was not intended as a rigid clinical cut-off,
but as a mechanistic construct to contextualize trial results and illustrate how similar abso-
lute EROA values may carry different pathophysiological significance depending on LV
geometry [47].

Overall, these trials support the concept that appropriate phenotyping, balancing
MR severity, LV size/function, HF trajectory, and likelihood of durable MR reduction, is
critical for patient selection for TEER in ventricular SMR. Therefore, a practical contin-
uum is delineated: MITRA-FR reflects a broader SMR/HF population in whom correcting
MR may be less likely to change hard outcomes when ventricular disease predominates,
whereas COAPT identifies a subgroup in which severe SMR acts as a key driver of de-
compensation and is modifiable by durable MR reduction. RESHAPE-HF2 strengthens
the overall evidence supporting TEER in appropriately selected ventricular SMR patients
treated in the modern GDMT era, and it reinforces the central role of careful phenotyping
(clinical status, HF trajectory, LV size/function, pulmonary pressures, RV function, and
likelihood of achieving sustained MR < 2+) when translating trial results into Heart Team
decision-making.

Subsequent analyses and expert commentaries have emphasized that this ratio-based
interpretation should be applied cautiously, acknowledging the continuous nature of SMR
phenotypes and the limitations of post hoc analyses [48]. Nonetheless, the framework
underscores a central concept: TEER benefit in SMR appears more likely when regurgita-
tion severity is disproportionately large relative to LV remodeling, whereas in advanced
ventricular disease, MR may represent a downstream epiphenomenon with limited thera-
peutic leverage.

Finally, an updated meta-analysis including a total of 1442 patients from the three
randomized trials (MITRA-FR, COAPT, and RESHAPE-HF2) demonstrated that, in symp-
tomatic patients with moderate-to-severe functional mitral regurgitation, TEER in addition
to guideline-directed medical therapy significantly reduces the composite of death or heart-
failure hospitalization, as well as heart-failure hospitalizations alone, at 24 months [49].
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Figure 6. Baseline characteristics of the randomized populations enrolled in MITRA-FR, COAPT,
and RESHAPE-HF2. The figure compares key demographic, clinical, and echocardiographic features
across trials, including sample size, age and sex distribution, ischaemic aetiology, atrial fibrillation
burden, symptom severity (NYHA class), left ventricular systolic function and remodelling (LVEF
and LV size/volumes), mitral regurgitation severity (effective regurgitant orifice area and regurgitant
volume when available), natriuretic peptide levels, renal function and the prevalence of cardiac
resynchronization therapy. Differences in baseline LV remodelling and MR severity highlight hetero-
geneity in enrolled phenotypes and provide context for interpreting trial outcomes. Abbreviations:
NYHA: New York Heart Association; HF: heart failure; CRT: cardiac resynchronization therapy; BNP:
B-type natriuretic peptide; NT-proBNP: N-terminal pro-B-type natriuretic peptide; GFR: glomerular
filtration rate; LVEF: left ventricular ejection fraction; LV: left ventricle; EROA: effective regurgitant
orifice area; HF: hea LV: left ventricle; MR: mitral regurgitation.

3.4.4. Beyond Randomized Trials: Real-World Complexity and Limits of Extrapolation

Real-world registries and post-market studies have expanded TEER to SMR popula-
tions extending beyond strict COAPT-like criteria, including patients with more advanced
ventricular remodeling, higher pulmonary pressures, or mixed phenotypes [50]. While
procedural safety and acute MR reduction remain high across these cohorts, clinical benefit
is more heterogeneous and less predictable [51].

Importantly, these data reinforce that procedural successdefined by effective MR re-
duction and acceptable transmitral gradients, does not uniformly translate into improved
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outcomes when MR reflects advanced myocardial disease rather than an independent driver
of clinical deterioration [47,48]. The durability of MR reduction, interaction with ongoing
ventricular remodeling, and ability to further optimize GDMT after TEER emerge as critical
modifiers of long-term benefit, supporting a phenotype-driven rather than threshold-based
approach to patient selection. This conceptual interpretation of proportionate and dispro-
portionate secondary MR, based on the relationship between EROA and left ventricular
size, is summarized in Table 2.

Table 2. Conceptual interpretation of secondary mitral regurgitation based on the relationship
between EROA and left ventricular size.

Feature Proportionate SMR Disproportionate SMR
Underlying driver LV remodeling-dominant MR burden-dominant
EROA relative to LV size Small relative to LV Large relative to LV volume

volume

EROA /LVEDV ratio Low (~<0.14 mm?/mL)*  Higher (~>0.14 mm?/mL) *
Marked dilatation,

Typical LV phenotype advanced remodeling Less dilated LV
Expected response to Limited or neutral Potentially favorable
TEER
Evidence source MITRA-FR-like population COAPT-like population

* Values derived from post hoc analyses; not intended as rigid clinical cut-offs. EROA: effective regurgitant orifice
area; LV: left ventricle; LVEDV: left ventricle end-diastolic volume; TEER: transcatheter edge-to-edge repair

3.4.5. Timing of Intervention and Treatment of Moderate Secondary MR

The optimal timing of TEER in SMR remains an area of active investigation. Tradi-
tionally, intervention has been reserved for patients with severe SMR; however, emerging
data suggest that earlier treatment in selected patients with moderate SMR may confer
symptomatic and hemodynamic benefit [52]. In particular, patients with less advanced
ventricular remodeling and preserved contractile reserve may derive greater benefit from
MR reduction before irreversible myocardial damage occurs.

Nevertheless, the evidence supporting TEER in moderate SMR is primarily observa-
tional, and randomized data are lacking [1]. As such, early intervention strategies should
be considered investigational and limited to carefully selected patients within experienced
centers, pending further trial evidence.

3.4.6. Clinical Outcomes and Expectations

In appropriately selected patients with SMR, TEER is consistently associated with
improvements in functional status and quality of life, as well as reductions in heart failure
hospitalizations [43]. Survival benefit, however, appears contingent on patient phenotype,
background therapy optimization, and sustained MR reduction over time.

3.4.7. Atrial Secondary Mitral Regurgitation

Atrial functional mitral regurgitation (AFMR) represents a distinct phenotype of
secondary MR in which regurgitation is primarily driven by left atrial enlargement and
annular dilation, typically in the context of long-standing atrial fibrillation and /or heart
failure with preserved ejection fraction, with relatively preserved left ventricular geometry
in earlier stages [11]. In AFMR, leaflet tethering is minimal, and loss of coaptation results
predominantly from annular remodeling and altered atrial-ventricular coupling.

The rationale for TEER in AFMR is based on restoring leaflet coaptation and reducing
regurgitant volume in a setting where ventricular disease is not the dominant driver of
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MR [53]. Observational data suggest that TEER is technically feasible in AFMR and may
lead to symptomatic improvement, although robust randomized evidence is lacking [54].

Recent real-world datasets indicate that atrial functional MR (aFMR) represents a
measurable minority of TEER practice and that outcomes are strongly modulated by resid-
ual MR. In Japan, a propensity-weighted comparison drew on 441 aFMR patients treated
with TEER from OCEAN-Mitral versus 640 medically managed aFMR patients from the
REVEAL-AFMR registry (overall n = 1081), reporting more favorable clinical outcomes with
TEER, particularly when residual MR at discharge was <mild. In that cohort, procedural
success reached 95.2%, device-related complications were 2.9%, and 78.3% of TEER-treated
patients had <mild MR at discharge [55]. In Europe, the EuroSMR registry explicitly
phenotyped aFMR within a large M-TEER population: among 1608 functional MR patients
treated with M-TEER, 126 (7.8%) met criteria for aFMR (typically preserved LV function,
Carpentier type I leaflet motion, and predominant atrial /annular remodeling), supporting
the feasibility of systematic aFMR classification in routine practice [53]. Nationally, the
Italian GIOTTO experience similarly suggests that aFMR is not rare in contemporary all-
comers TEER series: in one analysis of 1153 TEER patients, 6% were classified as aFMR,
with acute device/procedural success comparable to other functional MR phenotypes [56].

Collectively, these registries frame aFMR as a distinct, atrio-annular disease substrate,
often linked to long-standing AF and atrial enlargement—in which TEER is highly feasible
and where achieving <mild residual MR appears pivotal for translating procedural success
into durable clinical benefit.

Consequently, TEER in AFMR should be considered on an individualized basis, with
careful attention to annular dimensions, leaflet anatomy, and realistic expectations regard-
ing durability and long-term outcomes.

3.4.8. Residual MR and Transmitral Gradient After TEER

Across TEER-treated populations, residual MR and transmitral mean pressure gradi-
ent have emerged as interrelated procedural endpoints that critically influence outcomes.
Residual moderate or greater MR has consistently been associated with worse clinical
outcomes, particularly in secondary MR, where incomplete MR reduction may negate the
potential benefit of intervention [9]. Accordingly, post-TEER assessment should jointly con-
sider residual MR and transmitral gradients rather than either parameter in isolation [13].

The clinical interpretation of residual MR and transmitral gradients after TEER, and
their differential relevance in primary versus secondary MR, is outlined in Table 3.

Table 3. Interpretation of key procedural endpoints after transcatheter edge-to-edge repair.

.. . Interpretation in Interpretation in
Parameter Clinical Meaning Primary MR Secondary MR
Prognostic
Residual MR Marker of Strong prognostic relevance, but
procedural efficacy relevance phenotype-
dependent
MR < mild Ideal procedural Strongly Desirable but not
target recommended mandatory
May be acceptable
MR = moderate Often suboptimal Usually if symptoms
unacceptable .
improve
Transmitral mean Marker of Strong prognostic Less consistent
gradient functional stenosis impact prognostic impact
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Table 3. Cont.
Parameter Clinical Meaning Intelzpretatlon in Interpretation in
Primary MR Secondary MR
ot > . .
Gradient > 5 Warning signal Associated with Often tolerated
mmHg worse outcomes
MR-gradient Core procedural Favor gradient Favor MR
balance trade-off preservation reduction
Post-procedural Echo + clinical Echo-dominant Clinical-dominant

assessment

MR: mitral regurgitation.

Recent evidence indicates that elevated residual transmitral gradients after TEER are
associated with increased mortality in patients with primary MR, whereas this association
is weaker or absent in secondary MR, likely reflecting differences in ventricular compliance
and diastolic filling dynamics [13]. These findings underscore that procedural success in
TEER should be defined by a balanced endpoint, integrating MR reduction and transmitral
gradient rather than pursuing maximal MR elimination indiscriminately.

3.4.9. Challenging Anatomies and Special Scenarios

Mitral annular calcification represents a particularly challenging substrate for TEER,
as calcific involvement may limit leaflet mobility, impair grasping, and increase the risk
of post-procedural mitral stenosis [15]. In such cases, careful preprocedural imaging and
conservative procedural strategies are essential.

Mixed degenerative—functional MR further complicates decision-making, as the rel-
ative contribution of leaflet pathology versus ventricular remodeling may be difficult to
delineate, necessitating individualized assessment [3]. Concomitant pulmonary hyperten-
sion or significant right-sided disease may attenuate symptomatic benefit after TEER and
should be considered modifiers of expected outcome rather than absolute contraindica-
tions [57].

4. Conclusions

Transcatheter edge-to-edge repair has emerged as a central component of contempo-
rary mitral regurgitation management, but its clinical value is highly dependent on disease
phenotype, patient selection, and the definition of appropriate procedural endpoints. Pri-
mary and secondary mitral regurgitation represent fundamentally distinct interventional
paradigms, and the application of a uniform TEER strategy across these entities risks
oversimplifying a biologically and clinically heterogeneous condition.

In primary mitral regurgitation, TEER is best framed as a valve-centered therapy in
carefully selected high-risk patients, where a durable reduction in regurgitation must be
balanced against the risk of elevated transmitral gradients and functional mitral stenosis. In
secondary mitral regurgitation, TEER should be considered an adjunctive treatment within
a comprehensive heart failure strategy, with benefit contingent on optimized background
therapy, appropriate timing, and a favorable relationship between regurgitation severity
and ventricular remodeling.

Emerging phenotypes, such as atrial functional mitral regurgitation, further challenge
traditional classification schemes and highlight the need for refined, mechanism-based
selection rather than reliance on MR severity alone. Across all phenotypes, procedural suc-
cess should be defined by a balanced assessment of residual MR and transmitral gradient,
recognizing their differential prognostic implications in primary versus secondary disease.
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Future research should focus on phenotype-driven trial design, standardization of
TEER-specific endpoints, and clarification of the optimal timing of intervention, particu-
larly in earlier stages of secondary and atrial functional MR. Addressing these gaps will
be essential to further integrate TEER into a personalized, evidence-based management
framework for mitral regurgitation.
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Abbreviations

The following abbreviations are used in this manuscript:

ACC/AHA American College of Cardiology/American Heart Association
AF Atrial fibrillation

AFMR Atrial functional mitral regurgitation

ASE American Society of Echocardiography

BNP B-type natriuretic peptide

CABG Coronary artery bypass grafting

CAD Coronary artery disease

CRT Cardiac resynchronization therapy

CT Computed tomography

DMR Degenerative mitral regurgitation

EROA Effective regurgitant orifice area

ESC /EACTS European Society of Cardiology/European Association for Cardio-Thoracic
Surgery

GDMT Guideline-directed medical therapy

HF Heart failure

HFpEF Heart failure with preserved ejection fraction

ICMJE International Committee of Medical Journal Editors

KCCQ Kansas City Cardiomyopathy Questionnaire

LA Left atrium

LAVI Left atrial volume index

LV Left ventricle

LVAD Left ventricular assist device
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LVEDD Left ventricular end-diastolic diameter

LVEDV Left ventricular end-diastolic volume

LVEF Left ventricular ejection fraction

LVESD Left ventricular end-systolic diameter

MAC Mitral annular calcification

MR Mitral regurgitation

MS Mitral stenosis

NT-proBNP  N-terminal pro-B-type natriuretic peptide

NYHA New York Heart Association

OMT Optimal medical therapy

PCI Percutaneous coronary intervention

PISA Proximal isovelocity surface area

PMR Primary mitral regurgitation

QoL Quality of life

RCT Randomized controlled trial

RV Right ventricle

SMR Secondary mitral regurgitation

sPAP Systolic pulmonary artery pressure

TEER Transcatheter edge-to-edge repair

TMVR Transcatheter mitral valve repair

TTE Transthoracic echocardiography

TEE /3D TEE TransesoPhageal echocardiography/three-dimensional transesophageal
echocardiography
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