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Abstract

Transcatheter cardiac surgery (TCS), which primarily comprises transcatheter aortic valve replacement (TAVR) and mitral transcatheter
edge-to-edge repair (M-TEER), has transformed the treatment of valvular heart disease over the past two decades. Moreover, TAVR is
now supported by robust randomized trial evidence across the surgical risk spectrum, establishing this technique as a cornerstone therapy
for aortic stenosis. Moreover, M-TEER is gaining clinical relevance, with expanding registry and trial data further defining the role of
this technique. Meanwhile, advanced imaging has become central to both TAVR and M-TEER, extending beyond diagnosis to patient
selection, procedural planning, and risk assessment of complications. Furthermore, advanced imaging enhances procedural safety and
improves short- and mid-term clinical outcomes by enabling accurate anatomical characterization, precise device sizing, and early detec-
tion of complications such as paravalvular leak or leaflet thrombosis. Echocardiography and computed tomography form the backbone of
the preprocedural evaluations, whereas cardiac magnetic resonance and positron emission tomography provide complementary insights
into myocardial pathology and prosthetic valve dysfunction. Imaging enables structured surveillance for paravalvular leak, leaflet throm-
bosis, recurrent regurgitation, and structural valve degeneration, all of which directly affect outcomes. However, despite considerable
progress, important challenges persist, including limited evidence on the long-term durability of TAVR, a lack of standardized grading
of residual mitral regurgitation after M-TEER, and the need to integrate right heart–pulmonary circulation assessments into decision-
making. Recent innovations such as quantitative three-dimensional echocardiography, fusion imaging, and artificial-intelligence-based
image analysis are expected to refine procedural planning further, reduce operator variability, and enable more predictive, patient-specific
management. Nonetheless, multimodality imaging is slated to remain the cornerstone for lifetime management strategies in TCS.
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1. Introduction

Over the past two decades, transcatheter cardiac
surgery (TCS) has undergone remarkable evolution, trans-
forming the management of valvular heart disease. Among
these procedures, transcatheter aortic valve replacement
(TAVR) is the most extensively studied. Multiple land-
mark randomized controlled trials have demonstrated the
noninferiority of TAVR to surgical aortic valve replacement
(SAVR) in high- and intermediate-risk populations, as well
as its superiority in selected low-risk cohorts [1–8]. These
results have led to broad guideline endorsement of TAVR
across the surgical risk spectrum, establishing it as a corner-
stone therapy in managing aortic stenosis (AS). In contrast,
transcatheter interventions for the mitral valve remain at an
earlier stage of evidence development. For treating mitral
regurgitation (MR), the EVEREST II trial compared mitral
transcatheter edge-to-edge repair (M-TEER) with surgery
[9], while The Cardiovascular Outcomes Assessment of the
MitraClip Percutaneous Therapy (COAPT) and MITRA-
FR trials produced divergent findings regarding the efficacy
of M-TEER in secondaryMR, underscoring the importance
of patient selection [10,11]. Taken together, these differ-
ences highlight that while TAVR has achieved clinical ma-

turity, supported by robust validation, mitral interventions
are still in an early phase of clinical adoption, with ongoing
trials expected to shape their future role.

In this review, we focus on TAVR and M-TEER, the
two TCS interventions with the strongest clinical evidence
and broadest adoption. Other emerging techniques such
as transcatheter mitral valve replacement (TMVR) are dis-
cussed only briefly in the context of future perspectives.
By narrowing the scope of our discussion, we provide a
focused appraisal of technological advances, clinical trial
data, and challenges, with emphasis on the evolving role
of multimodality imaging. To ensure a comprehensive and
balanced overview, we primarily cited landmark random-
ized controlled trials published between 2010 and 2024,
major international guidelines, and review articles from
high-impact journals. Beyond anatomical characterization,
imaging now guides patient selection, procedural planning,
and complication prediction; imaging therefore shapes both
short- and long-term outcomes. Additionally, we highlight
the complementary role of cardiac surgery in patient selec-
tion, complication management, and hybrid strategies, rein-
forcing the concept that surgical and transcatheter therapies
are not competing but complementary modalities in man-
aging valvular heart disease.
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2. TAVR
2.1 Historical Background, Expansion of Indications, and
Device Platforms

Balloon aortic valvuloplasty (BAV), introduced in the
late 1980s, was the first catheter-based therapy for severe
AS [12]. Although it provided temporary hemodynamic
improvement, restenosis occurred in over 50% of patients
within one year, limiting its long-term efficacy [13]. Never-
theless, BAV laid the technical foundation for TAVR, which
was first performed in humans in 2002 [1].

Initial randomized controlled trials, including PART-
NER 1 and CoreValve High Risk, demonstrated the nonin-
feriority of TAVR compared with SAVR in patients with an
inoperable condition and those at high risk [2,3,14]. Subse-
quent trials (PARTNER 2A, SURTAVI) expanded the indi-
cations to intermediate-risk populations [4,5], while PART-
NER 3 and Evolut Low Risk confirmed excellent outcomes
in selected low-risk cohorts, with one-year mortality and
stroke rates as low as 1–2% [6,7]. These results led to
guideline endorsement of TAVR across all surgical risk
categories and shifted decision-making toward anatomical
suitability, age, and life expectancy.

The currently available devices are broadly catego-
rized into balloon-expandable valves (BEVs) and self-
expanding valves (SEVs). BEVs are associated with lower
rates of paravalvular leak (PVL) and permanent pacemaker
implantation (PPI), while SEVs provide larger effective ori-
fice areas and lower transvalvular gradients [15–17]. De-
vice selection requires careful assessment of annular dimen-
sions, coronary ostial height, calcium distribution, vascular
access, and the feasibility of future coronary re-access, pri-
marily using computed tomography (CT) [18].

The stepwise imaging workflow for TAVR is summa-
rized in Fig. 1 before detailing modality-specific roles.

The roles of different imaging modalities across the
TAVR continuum are summarized in Table 1.

2.2 Imaging for Procedural Planning
Multimodality imaging plays a central role in TAVR

planning, guiding indications, access strategy, and device
selection.

2.2.1 Assessment of Procedural Indication
Transthoracic echocardiography (TTE) and trans-

esophageal echocardiography (TEE) are fundamental for
confirming severe AS, defined using an aortic valve area
(AVA) <1.0 cm2, mean gradient >40 mmHg, or peak ve-
locity>4.0 m/s [19–21] (Table 2). In reduced ejection frac-
tion, dobutamine stress echocardiography (DSE) is useful
for distinguishing true AS from pseudo-severe AS through
assessment of contractile reserve. An increase in stroke vol-
ume ≥20% with an AVA remaining ≤1.0 cm2 and high
gradients indicate true severe AS, whereas an AVA >1.0
cm2 suggests pseudo-severe AS [22]. In patients without
contractile reserve, differentiation is challenging. In such

cases, CT-derived calcium scoring can provide valuable di-
agnostic information. However, in suspected LFLG AS,
CT-AVC alone poorly discriminates between moderate and
severe disease and cannot replace DSE [23,24]. While ab-
sent contractile reserve has historically been associatedwith
poor post-SAVR outcomes, recent data suggest that it may
not significantly influence prognosis following TAVR [25].

2.2.2 Access Route Evaluation

CT is the gold standard for vascular access assess-
ment [18]. A minimum iliofemoral diameter of 5.5–6.0
mm is generally required, with attention to calcification and
tortuosity [26]. In patients unsuitable for transfemoral ac-
cess, CT also guides consideration of alternative routes. For
subclavian (or axillary) access, vessel diameters of at least
5.5–6.0 mm are generally required, while ≥7.0 mm is pre-
ferred to accommodate larger delivery systems, with addi-
tional attention to circumferential calcification and clavic-
ular proximity [27,28]. For transcarotid access, CT allows
measurement of carotid diameters and evaluation of calci-
fication and tortuosity, often complemented by duplex ul-
trasound to assess cerebral circulation. A minimal lumen
diameter of ≥5.5–6.0 mm is typically required, with ≥6–
7 mm offering greater safety margins [29]. In contrast,
transapical and transaortic approaches are now considered
primarily obsolete options because of their higher invasive-
ness and complication rates [30]. Nevertheless, CT remains
important to identify a safe puncture site, ensuring suffi-
cient myocardial thickness and evaluating ascending aortic
dimensions and calcification. While no fixed threshold ex-
ists, cross-sectional imaging helps avoid apical regions with
thinning or scarring. Cardiac magnetic resonance (CMR)
data suggest that left ventricular (LV) wall thickness <11
mm is normal, whereas values >11 mm indicate hypertro-
phy, though these are general cardiology norms rather than
TAVI-specific cutoffs [31].

Thus, multimodality imaging not only determines the
feasibility of transfemoral access but also provides route-
specific information essential to the safe performance of al-
ternative access strategies. Intravascular lithotripsy (IVL)
has recently emerged as a valuable adjunct in heavily calci-
fied iliofemoral disease. IVL can expand the feasibility of
transfemoral TAVR by modifying severely calcified access
vessels. Although patients undergoing IVL-assisted TAVR
generally present with higher baseline risk, registry and na-
tionwide data demonstrate high procedural success and ac-
ceptable short-term outcomes [32].

2.2.3 Device Selection

Device selection relies on CT measurements of annu-
lar dimensions, the sinus of Valsalva, and coronary ostial
height to determine the appropriate device type and size
[18]. Predictable complication risks, such as PVL, conduc-
tion disturbances requiring PPI, and coronary obstruction,
should be considered when selecting the device, as is dis-
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Fig. 1. Imaging workflow for transcatheter aortic valve replacement (TAVR).Multimodality imaging guides every procedural phase,
from preprocedural CT-based annular sizing and vascular access assessment, to intraprocedural TEE (under general anesthesia) or TTE
(under conscious sedation) guidance, as well as postprocedural surveillance for paravalvular leak (PVL) or leaflet thrombosis. Abbre-
viations: TTE, transthoracic echocardiography; TEE, transesophageal echocardiography; DSE, dobutamine stress echocardiography;
CT, computed tomography; PVL, paravalvular leak; CMR, cardiac magnetic resonance; PET, positron emission tomography. Key take-
away: Accurate preprocedural CT planning and real-time echocardiographic guidance are critical for procedural safety and optimal valve
function.

cussed in subsequent sections. This section focuses on com-
mon imaging-based criteria, including CT-derived annular
dimensions and anatomical risk factors; therefore, device-
specific comparisons are not included.

2.3 Imaging in Complication-Risk Assessment
Despite technological advances, TAVR remains asso-

ciated with specific complications. Imaging plays a central
role in risk stratification, early detection, and prevention of
these events. During TAVR performed under general anes-
thesia, intraoperative TEE is indispensable for confirming
prosthesis positioning, assessing immediate valve function,
and detecting early complications such as PVL, pericardial
effusion, or annular injury. In contrast, in procedures per-
formed under conscious sedation, TTE is typically used for
rapid hemodynamic assessment, although its diagnostic res-
olution for subtle complications is limited compared with
TEE (Table 3).

2.3.1 Coronary Obstruction Risk
Although rare (0.5–1%), coronary obstruction is asso-

ciated with a high risk of early mortality (>40%) [33]. Risk
is determined based on not only coronary height but also
anatomical features, including cusp height relative to the os-
tium, a virtual valve-to-coronary distance (VTC) ≤4 mm,
and leaflet calcium volume>600 mm3 [34,35]. Effaced si-
nusesmarkedly increase risk, while adequate sinus sizemay
mitigate the impact of low coronary height [35,36]. Cusp
length exceeding coronary height and reduced residual si-
nus width are additional predictors, with models combining
these factors (cusp length > coronary height plus VTC ≤4

mm or leaflet calcium volume >600 mm3) achieving high
sensitivity, though reduced on external validation [37].

In TAV-in-TAV, the incidence of coronary obstruction
has been lower than initially anticipated, likely because of
rigorous screening and careful patient selection. A dis-
tinctive concern is the formation of a neo-skirt, created by
the displaced host transcatheter heart valve (THV) leaflets
against the new frame; if this skirt extends above the sino-
tubular junction (STJ), it may cause sinus sequestration.
The height of the neo-skirt depends on host leaflet length,
the type of the index THV, and the implantation depth of
the new valve. In addition to VTC, CT-based measurement
of the virtual THV-to-STJ distance has been proposed for
risk stratification, with <3.5 mm suggested as a high-risk
threshold. However, the supporting evidence for the virtual
THV-to-STJ distance remains less robust than for VTC, and
further validation is required [38].

2.3.2 PVL
Although the incidence ofmoderate or severe PVL has

markedly declinedwith newer-generation valves, it remains
strongly associated with increased mortality and heart fail-
ure hospitalization [6,39,40]. Preprocedural CT plays a pre-
ventive role by identifying anatomic risk factors such as an-
nular ellipticity, high annular or LV outflow tract (LVOT)
calcium burden (>300 mm3), and asymmetric calcium dis-
tribution, which predispose to malapposition and PVL [41].
These risks are particularly influenced by annular size and
geometry, with both very small and very large annuli posing
specific challenges [42–44]. Intraprocedurally, echocardio-
graphy is the primary tool for real-time detection and grad-
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Table 1. Comparative imaging roles in TAVR and M-TEER workflows.
Imaging modality Preprocedural planning Intraprocedural guidance Postprocedural follow-up

TTE TAVR

Screening for AS severity; assessment of
LV function and remodeling

Used during conscious sedation
or monitored anesthesia care

TAVR for immediate
hemodynamic and valve function

evaluation; however
comprehensive PVL grading and
complication screening are more
accurate with TEE under general

anesthesia

First-line modality for PVL
surveillance, LV remodeling,

prosthetic valve gradients, prosthetic
valve thrombosis suspicion

M-TEER

Screening for MR severity; LV function
and remodeling assessment

Not primary Evaluation of MR recurrence, LV
remodeling, and prosthetic valve

gradients

STE (DSE/Exercise) TAVR (DSE)

To differentiate between true and
pseudo-severe AS (assessment of

contractile reserve)

Not routinely used Not routinely used

M-TEER (Exercise)

Assessing MR dynamic
(exercise-induced PH), optimal timing

for intervention

Not routinely used Not routinely used

TEE TAVR

Optional for TAVR under general
anesthesia

Primarily used during TAVR
under general anesthesia; enables

real-time valve deployment
guidance, PVL assessment, and

detection of procedural
complications

Evaluation of prosthetic valve
endocarditis

M-TEER

Mechanistic assessment of MR (primary
vs. secondary); evaluation of anatomical

suitability for M-TEER

Essential for M-TEER — device
navigation, leaflet grasping, and

residual MR

Quantification of residual MR;
evaluation of prosthetic valve

endocarditis

ICE TAVR and M-TEER

Not routinely used; alternative to TEE if
it is contraindicated (e.g., esophageal

disease)

Emerging role as an alternative
to TEE for intraprocedural

guidance

Limited postprocedural use

CT, 3D/4D TAVR

Gold standard for annular sizing,
coronary ostial height, vascular access
route, and calcium quantification;

quantification of aortic valve calcium
score for differentiation of true vs.

pseudo-severe AS

Adjunct to fluoroscopy (fusion
imaging, experimental use)

HALT/RLM detection; prosthetic
degeneration; evaluation of IE

complications and coronary access
planning for redo-TAVR

M-TEER

Comprehensive assessment of mitral
annular dimensions and nonplanarity,
subvalvular anatomy including chordae
and papillary muscles, and neo-LVOT

area prediction through 3D reconstruction

Adjunct to fluoroscopy (fusion
imaging, experimental use)

Not routinely used
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Table 1. Continued.
Imaging modality Preprocedural planning Intraprocedural guidance Postprocedural follow-up

CMR TAVR and M-TEER

Assessment of LV/RV function and
myocardial fibrosis (LGE, ECV)

Not used intraprocedurally Prognostic evaluation of fibrosis
burden and ventricular remodeling

M-TEER

MR quantification

PET/CT TAVR and M-TEER

Not routinely used Not used intraprocedurally High sensitivity for detection of
prosthetic valve endocarditis and

perivalvular infection
Abbreviations: TAVR, transcatheter aortic valve replacement; M-TEER, mitral transcatheter edge-to-edge repair; TTE, transthoracic echocar-
diography; STE, stress echocardiography; DSE, dobutamine stress echocardiography; TEE, transesophageal echocardiography; ICE, intrac-
ardiac echocardiography; CT computed tomography; 3D, three-dimensional; 4D, four-dimensional; CMR, cardiac magnetic resonance; PET,
positron emission tomography; AS, aortic stenosis; LV, left ventricular; PVL, paravalvular leak; MR, mitral regurgitation; PH, pulmonary
hypertension; HALT, hypo-attenuated leaflet thickening; RLM, reduced leaflet motion; IE, infective endocarditis; LVOT, left ventricular out-
flow tract; RV, right ventricular; LGE, late gadolinium enhancement; ECV, extracellular volume.

Table 2. Key echocardiographic and CT parameters for TAVR.
Parameter Thresholds/Criteria Context Reference imaging modality

AS AVA <1.0 cm2, mean PG >40
mmHg, peak velocity >4.0 m/s

Definition of severe AS TTE/TEE

Low-flow, low-gradient AS DSE → ΔSV ≥20% with AVA
≤1.0 cm2 and mean PG >40
mmHg indicates true severe AS

Differentiation between true and
pseudo-severe AS

Stress Echo (DSE)

CT calcium scoring Agatston score: >2000 (men),
>1200 (women)

Supportive criterion for diagnosing
true severe AS in low-flow states

CT

Abbreviations: AS, aortic stenosis; CT, computed tomography; AVA, aortic valve area; PG, pressure gradient; TTE, transthoracic echocar-
diography; TEE, transesophageal echocardiography; DSE, dobutamine stress echocardiography; SV, stroke volume.

Table 3. Imaging markers for risk stratification in TAVR.
Complication Imaging marker(s) Modality Clinical implication

PVL Annular ellipticity, asymmetric
LVOT/annular calcium (>300 mm3),
small annulus

CT, TTE/TEE Predictor of malapposition; associated
with increased HF hospitalization and
mortality

Coronary obstruction Low coronary ostial height (<10–12
mm), cusp height > ostial height,
valve-to-coronary distance ≤4 mm,
bulky leaflet calcium (>600 mm3)

CT High early mortality (>40%); prevention
with BASILICA or coronary-protection
strategies

Annular rupture Localized annular calcium, ellipticity,
prosthesis oversizing

CT Rare but catastrophic; influences device
type (BEV vs SEV) and sizing

Conduction disturbances/PPI Short membranous-septum length
(<4 mm), deep implantation depth

CT Higher PPI rate with SEV; preprocedural
CT can guide implantation depth

Stroke Aortic-arch atheroma, bulky valve
calcium, embolic debris

CT, TEE, MRI (DWI) Occurs in 1–2% of cases; related to
atheroma or debris; selective cerebral pro-
tection may reduce lesion burden

Abbreviations: PVL, paravalvular leak; PPI, permanent pacemaker implantation; LVOT, left ventricular outflow tract; CT, computed tomog-
raphy; TTE, transthoracic echocardiography; TEE, transesophageal echocardiography; HF, heart failure; BEV, balloon-expandable valve;
SEV, self-expandable valve; MRI, magnetic resonance imaging; DWI, diffusion-weighted imaging.

ing of PVL [45], guiding corrective measures such as addi-
tional balloon post-dilatation or, in selected cases, vascular
plug implantation [46–48]. Accordingly, a combined strat-

egy of CT-based preprocedural risk stratification and in-
traprocedural echocardiographic monitoring is essential to
minimize the incidence and clinical impact of PVL. Given
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its prognostic weight, standardized postprocedural surveil-
lance is required.

2.3.3 Annular Rupture
Eccentric calcification and annular ellipticity increase

the likelihood of annular rupture, especially in the setting
of TAVR with BEVs, where excessive prosthesis oversiz-
ing, heavy and asymmetric calcium burden, and elliptical
root geometry are major contributors [49–52]. Preprocedu-
ral multidetector CT should evaluate not only global cal-
cium burden but also the regional distribution and protru-
sion of subannular/LVOT nodules—especially beneath the
noncoronary cusp—which, together with excessive BEV
oversizing, markedly increases the risk of annular injury
[18,53]. Emerging regional calcium metrics and patient-
specific simulations may further refine rupture-risk estima-
tion and inform strategies such as cautious balloon under-
filling or device downsizing [54].

2.3.4 Conduction Disturbances and PPI
The need for PPI remains higher with SEVs (10–15%)

than with BEVs (5–8%) [55,56]. A short membranous
septum length (<4 mm) increases the risk of PPI [57,58].
CT-based assessment of implantation depth helps minimize
conduction abnormalities. Recent CT-based studies empha-
size that the difference betweenmembranous septum length
and implantation depth is a key predictor of post-TAVRcon-
duction disturbances [59].

2.3.5 Stroke
Stroke occurs in 1–2% of cases [60]. Predictors in-

clude heavy valve calcification and aortic-arch atheroma
[61]. Diffusion-weighted magnetic resonance imaging fre-
quently detects silent embolic lesions [62], and the use of
cerebral embolic-protection devices can reduce total lesion
burden. However, consistent improvements in clinical out-
comes have not yet been demonstrated [63].

Summary of imaging-based strategies to minimize
procedural complications:

• Coronary obstruction: Perform detailed CT analysis of
coronary height, sinuswidth, cusp length, and leaflet cal-
cium volume. Calculate both virtual VTC and virtual
THV-to-STJ distances, and use virtual-valve simulation
to visualize potential obstruction.

• PVL: Evaluate annular ellipticity and LVOT/annular
calcium distribution using CT. During implantation,
confirm valve expansion and sealing with real-time
TEE/TTE, and grade residual PVL to guide post-
dilatation or plug placement.

• Annular rupture: Assess both global and regional cal-
cium burden and subannular protrusions on CT, particu-
larly beneath the noncoronary cusp. Avoid >20% over-
sizing in heavily calcified or asymmetric roots, and con-
sider CT-based virtual simulation before deployment.

• Conduction disturbances: Measure membranous septum

length and implantation depth on CT to predict conduc-
tion risk. For short septum (<4 mm), consider higher
implantation or BEV use; verify final depth with fluo-
roscopy and echo correlation.

• Stroke: Evaluate aortic-arch atheroma and bulky valve
calcium on CT or TEE and employ cerebral protection
selectively in high-risk anatomy.

2.4 Imaging in Postprocedural Follow-up
Structured imaging follow-up is essential for early

detection of complications and monitoring long-term out-
comes after TAVR. Each imaging modality has specific
strengths, and a multimodality approach provides the most
comprehensive assessment of prosthetic valve function and
cardiac remodeling.

2.4.1 PVL
Follow-up focuses on using structured TTE to quan-

tify PVL severity and its hemodynamic impact; cardiac CT
is reserved for delineating mechanisms (e.g., malapposi-
tion, calcification bridging) when echocardiography is in-
conclusive.

2.4.2 Patient–prosthesis Mismatch (PPM)
PPM is defined as an indexed effective orifice area

(EOA) that is too small relative to the patient’s body surface
area, resulting in higher-than-expected transvalvular gradi-
ents despite normally functioning prosthetic leaflets. Ac-
cording to established criteria, PPM is classified as mod-
erate when the indexed EOA is <0.85 cm2/m2 and se-
vere when it is <0.65 cm2/m2 [64]. PPM causes persis-
tent LV pressure overload, limits reverse remodeling, and
has consistently been associated with reduced survival af-
ter valve replacement [65]. It occurs more frequently in
patients with small annuli and in valve-in-valve procedures
[66–68]. Compared with SAVR, TAVR generally achieves
larger EOA and lower PPM incidence, as shown in multi-
ple meta-analyses [69]. Conversely, SAVR offers the pos-
sibility of annular or root enlargement, which can mitigate
PPM risk in selected patients [70]. Imaging follow-up with
echocardiography allows serial quantification of gradients
and EOA, supplemented by CT when anatomical clarifica-
tion is required.

2.4.3 Subclinical Leaflet Thrombosis [Hypo-Attenuated
Leaflet Thickening (HALT)/Reduced Leaflet Motion
(RLM)]

Subclinical leaflet thrombosis after bioprosthetic
valve implantation is most often detected using 4D-CT as
HALT; it histologically corresponds to fibrin or thrombus
deposition on valve leaflets. This structural change may
result in RLM, a functional correlation that can lead to in-
creased transvalvular gradients or, less frequently, throm-
boembolic complications [71]. HALT is observed in 10–
40% of patients after TAVR and is often reversible with an-
ticoagulation, although its management remains controver-
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sial because of bleeding risks [72]. Similar findings have
been described after SAVR, but at lower frequencies and
with a less well-defined clinical impact than that seen after
TAVR [73].

2.4.4 Infective Endocarditis (IE)

IE after TAVR occurs at an annual incidence of 0.3–
1.2%, similar to that observed after SAVR [74]. However,
differences exist in pathogen distribution, therapeutic op-
tions, and prognosis [75]. TAVR-associated IE is partic-
ularly difficult to treat surgically and is associated with
higher mortality [76]. Therefore, early and accurate imag-
ing is essential. Although TTE has limited sensitivity, TEE,
contrast-enhanced CT, and PET/CT provide complemen-
tary value for detecting prosthetic complications, highlight-
ing the importance of multimodality imaging in this setting.

2.4.5 Structural Valve Degeneration (SVD)

Long-term durability remains a central concern. SVD
manifests as leaflet thickening, calcification, or stent-
frame deformation. CT enables early recognition of
these changes, facilitating timely decision-making regard-
ing reintervention, including repeat TAVR or surgery.
Compared with SAVR, long-term data beyond 10 years for
TAVR remain limited. Some studies suggest higher rates
of subclinical degeneration in transcatheter valves, whereas
surgical bioprostheses benefit from longer follow-up ex-
perience [77]. Therefore, ongoing multimodality imaging
surveillance is critical to clarify durability differences and
guide optimal reintervention strategies.

2.4.6 LV Function

The reduction in afterload achieved with TAVR di-
rectly leads to improvements in LV function [78]. Dur-
ing follow-up, assessing sensitive parameters such as global
longitudinal strain (GLS) and LVmass index (LVMI) is im-
portant, in addition to assessing conventional LV ejection
fraction (LVEF). Echocardiography, owing to its simplicity,
noninvasiveness, and feasibility for repeated assessments,
is the most practical modality for monitoring longitudinal
changes in GLS and LVMI. Patients who demonstrate im-
provement in these parameters after TAVR generally have
better long-term outcomes, whereas those with limited im-
provement often have residual fibrosis or diastolic dysfunc-
tion, which are associated with an increased risk of heart
failure and mortality [79,80]. Moreover, reduced prepro-
cedural GLS and the presence of myocardial fibrosis on
CMR, assessed using late gadolinium enhancement (LGE)
or elevated extracellular volume, are independent predic-
tors of adverse outcomes. These parameters provide valu-
able information for risk stratification and the likelihood
of functional recovery [81,82]. In addition, positron emis-
sion tomography (PET) has emerged as a complementary
modality for assessing myocardial viability and metabolic
activity, particularly in patients with coexisting coronary

artery disease. These applications may enhance prognos-
tic risk stratification and inform postprocedural manage-
ment, although evidence in TAVR-specific populations re-
mains limited [83]. Therefore, comprehensive follow-up of
LV function is essential for prognostication and risk assess-
ment.

2.5 Current Challenges and Future Perspectives
2.5.1 Durability and Long-term Management

With the expansion of TAVR indications to younger
and lower-risk populations, long-term durability has
emerged as the foremost challenge. Evidence beyond 10
years remains limited, and surgical explantation after TAVR
carries substantial perioperative risk, with reported mor-
tality rates of 10–15% [84–86]. Beyond durability con-
cerns and subclinical leaflet thrombosis (HALT/RLM), dis-
cussed in Sections 2.4.3 and 2.4.5, long-term management
requires systematic imaging surveillance and individual-
ized antithrombotic strategies tailored to each patient’s risk
profile. Standardized definitions of SVD and consensus on
imaging-based follow-up intervals will be essential to en-
sure consistent assessment of valve durability in the coming
decade.

2.5.2 Lifetime Management and Reintervention Strategy

Beyond these durability-related issues, lifetime man-
agement has emerged as a central concept, particularly
for younger patients with a longer life expectancy [87,88].
Imaging-guided procedural planning is therefore critical not
only for selecting the optimal device and access route but
also for anticipating the feasibility of future reinterventions,
such as valve-in-valve TAVR or surgical explantation. Fur-
thermore, bicuspid aortic valves remain a distinct challenge
because of their heterogeneous anatomy, underscoring the
importance of careful patient selection and tailored proce-
dural strategies [89,90]. Comprehensive lifetime planning,
supported byCT-basedmodeling and risk stratification, will
help preserve reintervention options and optimize outcomes
throughout the patient’s treatment continuum.

2.5.3 Emerging Imaging Technologies

Recent advances in quantitative 3D echocardiogra-
phy, fusion imaging, and artificial intelligence (AI) are re-
shaping procedural planning and surveillance in TAVR. AI-
based segmentation and automated annular measurements
achieve >95% agreement with expert analyses, markedly
reducing interobserver variability [91]. Fusion platforms
integrating CT or 3D ultrasound with fluoroscopy reach
achieve registration errors of<5mm, improving spatial ori-
entation and potentially reducing contrast use [92]. Patient-
specific 3D printing and virtual simulation demonstrate ap-
proximately 80–90% concordance with in vivo device siz-
ing in TAVR while achieving higher (>90%) agreement in
other structural applications; however, prospective multi-
center validation in TAVR remains warranted [93].
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2.5.4 Future Outlook
In the coming years, integrating multimodality imag-

ing into standardized lifetime management algorithms en-
compassing procedural planning, risk stratification, struc-
tured follow-up, and neuro-protection strategies will be es-
sential to ensure long-term valve durability and optimize
outcomes across decades of patient life expectancy. Never-
theless, major uncertainties persist regarding valve durabil-
ity beyond 10 years, the optimal antithrombotic strategy for
subclinical leaflet thrombosis (HALT/RLM), and the role of
cerebral embolic protection during transcatheter valve im-
plantation. Ongoing clinical trials in these domains are an-
ticipated to clarify their clinical impact such as the PRO-
TECTED TAVR study for stroke prevention [83]. Future
advancement will depend on integrating emerging imaging
tools, clinical data, and multidisciplinary collaboration to
achieve truly personalized and durable transcatheter valve
therapy.

While TAVR has established the paradigm for tran-
scatheter valve replacement, its success has also acceler-
ated the development of repair-based interventions for the
mitral valve. Many of the imaging concepts refined in
TAVR—such as CT-based annular sizing and echocardio-
graphic guidance—have been adapted toM-TEER. The fol-
lowing section highlights the distinct imaging challenges
and evolving role of multimodality imaging in transcatheter
mitral repair.

3. M-TEER
3.1 Historical Background, Expansion of Indications, and
Device Platforms

The mitral valve poses unique anatomical and func-
tional challenges for transcatheter intervention because of
its saddle-shaped annulus and subvalvular apparatus. The
M-TEER technique, inspired by the surgical Alfieri stitch
[94], was first performed in humans in 2003 and commer-
cially introduced in 2008with theMitraClip system [95,96].
Initially reserved for patients at high risk or those with
an inoperable condition with severe MR, M-TEER rapidly
gained acceptance; this progress is supported by registry
data demonstrating symptomatic improvement and reduced
heart failure hospitalizations [97].

Randomized evidence has further influenced the role
of M-TEER. The EVEREST II trial compared M-TEER
with surgery in patients with primary MR, showing su-
perior safety, but higher rates of residual MR [9]. More
recently, the COAPT and MITRA-FR trials assessed M-
TEER in secondary MR, yielding divergent outcomes that
underscored the importance of careful patient selection and
optimization of medical therapy [10,11]. Current guide-
lines now recommend M-TEER for symptomatic patients
with severe primary MR at prohibitive surgical risk and for
selected patients with secondary MR who remain symp-
tomatic despite guideline-directed medical therapy [19–
21].

Device technology has also evolved. The MitraClip
platform has expanded to include multiple clip sizes and
configurations, enabling treatment of complex anatomies
and multijet regurgitation [98,99]. In addition, the PAS-
CAL system, incorporating features such as a central spacer
and independent leaflet grasping, has emerged as an alter-
native; early studies have demonstrated comparable safety
and efficacy [98,100]. These advances in device plat-
forms, together with growing clinical evidence, continue to
broaden the applicability of M-TEER across diverse popu-
lations with MR.

To provide an overview of the imaging workflow in
M-TEER, we have summarized the stepwise process in
Fig. 2 before detailing modality-specific roles.

The imaging markers for risk stratification in M-
TEER–related complications are summarized in Table 4.

3.2 Imaging for Procedural Planning

Multimodality imaging is central to procedural plan-
ning for M-TEER, guiding patient selection, anatomical
suitability, and device strategy (Table 5).

3.2.1 Baseline Severity and Mechanism of MR
TTE and TEE are essential for confirming severe MR

and differentiating between primary and secondary etiolo-
gies. Quantitative parameters include effective regurgitant
orifice area (EROA ≥0.40 cm2), regurgitant volume (≥60
mL), and vena contracta width [19–21]. Three-dimensional
(3D) TEE provides detailed leaflet morphology and fa-
cilitates assessment of prolapse, flail, or tethering mech-
anisms. However, the proximal isovelocity surface area
(PISA) method has important limitations, particularly in
secondary MR, where elliptical or crescentic orifices and
low-flow states can lead to substantial underestimation of
regurgitant severity. Therefore, values of EROA and regur-
gitant volume derived from PISA, as well as single-plane
vena contracta width, should always be interpreted within
the context of an integrative multiparametric assessment
[19–21].

The mechanism of MR provides critical insights for
both prognosis and therapeutic decision-making [101–103].

Primary (degenerative/organic) MR arises from struc-
tural abnormalities of the mitral valve apparatus, such
as prolapse, flail, chordal rupture, or leaflet thicken-
ing/calcification.

Secondary (functional) MR results from adverse ven-
tricular or atrial remodeling, including papillarymuscle dis-
placement, leaflet tethering, annular dilatation, or atrial en-
largement, typically in the setting of LV dysfunction or
atrial fibrillation.

Mixed MR refers to cases in which organic or struc-
tural valve abnormalities (e.g., degenerative changes or pro-
lapse) coexist with functional mechanisms related to ven-
tricular or atrial remodeling. This phenotype is increasingly
recognized in clinical practice and may present unique ther-
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Fig. 2. Imaging workflow for M-TEER. Echocardiographic and CT integration enables patient selection, device orientation, and
assessment of leaflet grasping and residual mitral regurgitation. Intraprocedural TEE provides real-time spatial guidance. Abbreviations:
TTE, transthoracic echocardiography; TEE, transesophageal echocardiography; MR, mitral regurgitation; CT, computed tomography;
CMR, cardiac magnetic resonance; ICE, intracardiac echocardiography; PET, positron emission tomography; LV, left ventricle; RV, right
ventricle; IE, infective endocarditis. Key takeaway: Comprehensive multimodality imaging, particularly TEE, enhances clip positioning
accuracy and ensures durable MR reduction.

Table 4. Imaging markers for risk stratification in M-TEER.
Complication Imaging marker(s) Modality Clinical implication

Residual MR Multiple eccentric or wall-
impinging jets, high transmitral
gradient, pulmonary vein flow
reversal

TTE/TEE, CMR (if echo
inconclusive)

Prediction of adverse outcomes
(mortality, HF hospitalization)

LAE (SLDA, tear, embolization) Incomplete leaflet grasp (<5 mm
insertion), asymmetric capture,
calcified leaflet, excessive trac-
tion

CT (preprocedural),
TTE/TEE

Major cause of recurrent MR and
reintervention; early detection en-
ables re-grasping or surgical re-
trieval

Iatrogenic mitral stenosis Mean gradient >5 mmHg, small
baseline MVA (<4.0 cm2)

CT (preprocedural),
TTE/TEE

Association with persistent symp-
toms and HF rehospitalization

iASD Persistent color Doppler shunt;
bubble study

TTE/TEE Worsening of symptoms in
PH/RV dysfunction; indication
for closure if clinically significant

LVOT obstruction Small LV cavity, basal septal hy-
pertrophy, aortomitral angulation

CT (preprocedural),
TTE/TEE

Rare complication (<1%); re-
quirement for prompt Doppler
recognition and correction

Cardiac tamponade/hemopericardium Pericardial effusion during
transseptal puncture or catheter
manipulation

TTE/TEE Life-threatening event (0.5–1%);
requires immediate pericardio-
centesis

Stroke/systemic embolism Pre-existing LA and LAA throm-
bus, aortic arch atheroma, air, or
device debris

TEE
(pre/intraprocedural);
CT (preprocedural), MRI
(DWI, postprocedural)

Embolic event (1–2%); preven-
tion through screening for LA and
LAA thrombus and adequate anti-
coagulation (ACT >250–300 s)

Abbreviations: MR, mitral regurgitation; LAE, leaflet adverse events; SLDA, single-leaflet device attachment; iASD, iatrogenic atrial septal
defect; LVOT, left ventricular outflow tract; TTE, transthoracic echocardiography; TEE, transesophageal echocardiography; CMR, cardiac
magnetic resonance; HF, heart failure; CT, computed tomography; PH, pulmonary hypertension; RV, right ventricular; LV, left ventricular;
LA, left atrial; LAA, left atrial appendage; MRI, magnetic resonance imaging; DWI, diffusion-weighted imaging; ACT, activated clotting
time; MVA, mitral valve area.
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Table 5. Key echocardiographic and CT parameters for M-TEER.
Parameter Thresholds/Criteria Context Reference imaging modality

MR severity EROA ≥0.40 cm2, regurgitant volume
≥60 mL (standard criteria for severe MR;
may underestimate severity in secondary
MR)

Definition of severe MR TTE/TEE

Vena contracta width ≥7mm (primaryMR),≥6mm (secondary
MR)

Supportive severity parameter TTE/TEE

Pulmonary vein flow Systolic flow reversal Surrogate marker of severe MR TEE
Exercise-induced MR (STE) Exercise-induced MR severity (ΔEROA

≥0.13 cm2) or PASP >55–60 mmHg
Prognostic marker and timing of
intervention

STE

Anatomical suitability –
EVEREST

Coaptation length ≥2 mm, coaptation
depth <11 mm, flail gap <10 mm

Classic feasibility criteria for M-
TEER

TEE

Anatomical suitability –
posterior leaflet

≥7 mm Additional criterion for M-TEER
feasibility

TEE

Annular assessment Annular dimensions/neo-LVOT simula-
tion

Suitability for M-TEER and fu-
ture TMVR planning

CT

Abbreviations: MR, mitral regurgitation; STE, stress echocardiography; EROA, effective regurgitant orifice area; TTE, transthoracic echocar-
diography; TEE, transesophageal echocardiography; PASP, pulmonary artery systolic pressure; M-TEER, mitral transcatheter edge-to-edge
repair; 3D, three-dimensional; LVOT, left ventricular outflow tract; TMVR, transcatheter mitral valve replacement; CT, computed tomogra-
phy.

apeutic challenges, as both components contribute to sever-
ity and may respond differently to surgical or transcatheter
interventions.

Recognition of these categories is essential for guid-
ing patient selection, anatomical suitability assessment, and
device strategy in M-TEER.

3.2.2 Indications for M-TEER
Current guideline-based indications for M-TEER are

derived from the accumulated trial evidence and registry ex-
perience summarized above (Table 4).

For primary (degenerative) MR, surgical repair re-
mains the standard of care. M-TEER is considered ap-
propriate in patients with severe symptomatic MR who
are at prohibitive or high surgical risk, provided that their
anatomy is suitable. The 2021 ESC/EACTS and 2020
ACC/AHA guidelines assign this a Class IIa recommenda-
tion (Level of Evidence B) [19,20].

For secondary MR, guideline-directed medical ther-
apy (GDMT) and device-based heart-failure management
remain first-line treatment options. In patients with severe
MR who remain symptomatic despite GDMT, M-TEER
may be considered if anatomy is favorable. Current guide-
lines endorse M-TEER for selected patients as Class IIa,
Level of Evidence B [19,20].

The Japanese Circulation Society (JCS 2020) guide-
lines similarly acknowledge M-TEER as an option for
symptomatic patients at high risk with severe primary MR
and for patients with secondary MR whose symptoms per-
sist despite GDMT [21].

3.2.3 Timing of Intervention: Prognostic Role of Stress
Echocardiography

Stress echocardiography (STE) refines the timing of
intervention in MR by unmasking latent severity and pro-
viding prognostic information beyond resting evaluation
[104].

Exercise STE increases the venous return, heart rate,
and afterload. In primary MR, this augments regurgitant
volume across a fixed orifice, whereas in secondary MR,
LV dilatation and rising systolic pressures exacerbate leaflet
tethering, dynamically enlarging the EROA and regurgitant
volume [105,106]. Exercise-induced pulmonary hyperten-
sion is a strong prognostic marker: in asymptomatic degen-
erative MR, a pulmonary artery systolic pressure (PASP)
>56–60 mmHg predicted symptom onset (hazard ratio
3.4), with a two-year symptom-free survival of 35%, com-
paredwith 75% in patients without pulmonary hypertension
[107,108].

DSE predominantly enhances inotropy and heart rate
while reducing LV end-systolic volume. In secondary MR,
regurgitation may decrease if contractile reserve improves
leaflet coaptation, whereas in advanced disease with poor
reserve, MR may worsen because of rising systolic pres-
sures against a tethered apparatus [105,109,110]. A dy-
namic increase in MR severity during stress, particularly a
∆EROA≥0.13 cm2, independently predicts cardiac death,
while a decrease in MR under stress is generally associated
with favorable outcomes [110,111].

Other approaches, such as passive leg raise, lower-
limb compression, or handgrip exercise, have been ex-
plored in selected cases but remain less standardized in clin-
ical practice [112–114].
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Long-term studies consistently demonstrate that dy-
namic worsening of MR during stress is associated with
increased risks of heart failure-related hospitalization and
mortality. Current guidelines recommend STE when the
symptoms and resting severity are discordant. The 2021
ESC/EACTS guidelines note that a resting PASP >50
mmHg, if confirmed invasively when it is the sole find-
ing, supports earlier intervention in asymptomatic severe
primary MR [20]. When STE reveals significant MR wors-
ening, exercise-induced pulmonary hypertension, or dis-
proportionate symptoms, earlier referral for intervention
should be considered within a Heart Team framework that
integrates LV and atrial remodeling, rhythm status, and
reparability.

3.2.4 Anatomical Suitability
TEE remains the gold standard for assessing

anatomical suitability for M-TEER. The classic “Ger-
man/EVEREST” thresholds—coaptation length ≥2 mm,
coaptation depth <11 mm, and flail gap <10 mm—still
provide a practical framework. Contemporary experience
shows that complex anatomies can be successfully treated
with modern devices and experienced operators [97,115].
Short posterior leaflet length (<7 mm) and severe leaflet
or annular calcification remain markers of procedural
complexity [116], whereas broader clip portfolios and
spacer-equipped systems have expanded feasibility for
broad prolapse segments and multi-jet regurgitation
[98,100].

Device platforms also differ in their adaptation to
anatomy. Both current systems (MitraClip G4 and PAS-
CAL) allow independent leaflet grasping; PASCAL addi-
tionally incorporates a central spacer that can bridge large
coaptation gaps [117], while MitraClip offers multiple arm
lengths and widths (e.g., NTR/XTR; NTW/XTW) that help
address thick leaflets and wide jets. Selection should
therefore be tailored to jet geometry, leaflet quality and
length, and the need for single- versus multi-device strate-
gies [96,98,100,116].

Beyond TEE, multimodality imaging refines feasibil-
ity assessment and long-term planning. Cardiac CT pro-
vides accurate quantification of annular size and shape,
as well as its spatial relationship to the LVOT. While
echocardiography remains the primary tool for assessing
leaflet motion abnormalities such as systolic anterior mo-
tion, CT is indispensable for downstream strategy, particu-
larly for simulating the neo-LVOT in the context of TMVR
[118]. Importantly, prior M-TEER can complicate subse-
quent TMVR: clips may immobilize the anterior leaflet, in-
crease the risk of LVOT obstruction, and sometimes pre-
clude leaflet-laceration bailout techniques [119]. There-
fore, in contexts where TMVR may be anticipated, the
Heart Team should consider “exit-strategy–aware” clip po-
sitioning to preserve replacement options.

CMR remains useful when echocardiographic quan-
tification is inconclusive—particularly in multi-jet MR—
and for characterizing LV remodeling, complementing echo
and CT in an integrative anatomical assessment [120,121].

3.2.5 Procedural Guidance
Intraprocedural TEE is indispensable for device navi-

gation, leaflet grasping, and residual MR assessment. Real-
time 3D imaging allows precise orientation of the device
relative to the regurgitant jet, and color Doppler aids in im-
mediate evaluation of procedural success.

In selected cases where TEE is contraindicated or
technically limited (e.g., severe esophageal disease, prior
surgery, or esophageal stenosis), intracardiac echocardiog-
raphy (ICE) may serve as an alternative imaging modality.
ICE can provide adequate visualization of leaflet grasping
and device orientation, while potentially avoiding general
anesthesia and complications related to esophageal intuba-
tion. Although not yet standard, accumulating clinical ex-
perience suggests the feasibility and safety of ICE in chal-
lenging scenarios [122–125].

In rare situations where esophageal anatomy prevents
optimal TEE imaging, collaboration with gastroenterolo-
gists may be required. Contrast-enhanced TEE has also
been reported in a case with severe esophageal achalasia
[126].

3.3 Imaging in Complication-Risk Assessment
3.3.1 Leaflet Adverse Events (LAE)

LAE comprise a spectrum of complications related to
leaflet–clip interaction, including single-leaflet device at-
tachment (SLDA), leaflet tear or perforation, leaflet detach-
ment, complete device embolization, and other leaflet in-
juries [127]. Although the overall incidence is only a few
percent, LAE represents a major cause of recurrent MR and
the need for reintervention. Careful preprocedural anatom-
ical assessment using CT and TEE, meticulous intraproce-
dural 3D TEE monitoring of leaflet grasping, and verifica-
tion before clip release are essential strategies for prevent-
ing LAE.

SLDA: SLDA occurs in approximately 1–2% of pro-
cedures in contemporary registries (EVEREST II, COAPT,
EXPAND) [127,128]. Risk factors identifiable using TEE
and CT include inadequate leaflet insertion depth (<5 mm),
asymmetric leaflet grasping, and extensive calcification of
the grasping zone. Intraprocedural 3D TEE allows direct
visualization of leaflet capture, enabling early recognition
of incomplete grasp and guiding repositioning before clip
release [129,130].

Leaflet tear or perforation: This issue is observed in
<1% of cases, typically in the setting of fragile or calcified
tissue. 3D TEE can detect acute leaflet injury by identifying
new eccentric MR jets [129]. Risk factors include multiple
re-grasping attempts and excessive traction on the leaflets.
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Severe cases may result in acute hemodynamic deteriora-
tion and occasionally require surgical intervention.

Leaflet detachment: This represents progression of
SLDA, where the leaflet slips out of the clip after initial
securement. The device remains attached to the opposite
leaflet but becomes functionally ineffective, leading to re-
current MR [131].

Device embolization: This is an extremely rare event
(<0.5% in large registries); however, it is catastrophic
when it occurs. The clip completely detaches from both
leaflets and embolizes into the left atrium, left ventricle,
or systemic circulation. Preprocedural CT may reveal un-
favorable leaflet or annular calcification that compromises
stable anchoring, and continuous TEE or fluoroscopy is cru-
cial for early detection of device instability. Surgical re-
trieval is often required [132–134].

Other leaflet injury: This category includes perfora-
tion, distortion, or laceration of the leaflet not meeting the
above definitions. Such injuries are usually related to chal-
lenging anatomy, aggressive clip manipulation, or multiple
grasping attempts. Although rare, they may lead to recur-
rentMR or acute procedural failure and highlight the impor-
tance of minimizing unnecessary re-grasping and ensuring
optimal device–leaflet alignment [135].

3.3.2 Iatrogenic Mitral Stenosis
Elevated mean transmitral gradients (>5 mmHg) are

reported in approximately 3–5% of patients who underwent
M-TEER [136]. The risk increases with implantation of
multiple clips or narrow baseline mitral valve area (MVA)
(<4.0 cm2) [137]. Continuous-wave Doppler during the
procedure allows immediate assessment, while CT-derived
MVA and annular dimensions can help anticipate the risk
before the procedure.

3.3.3 Iatrogenic Atrial Septal Defect (iASD)
An iASD is almost universally present immediately

after transseptal access. However, persistent defects are ob-
served in approximately 10–20% of patients at 1 year after
the procedure [138–140]. Most are hemodynamically in-
significant and managed conservatively. However, follow-
up with TEE or TTE including bubble contrast studies is
useful to detect clinically relevant shunts. In patients with
severe pulmonary hypertension or right ventricular (RV)
dysfunction, persistent iASDs may exacerbate right-sided
volume overload or, rarely, lead to right-to-left shunting
with hypoxemia. In such cases, percutaneous closure with
ASD occluder devices has been reported to be a safe and ef-
fective option [138]. Moreover, morphological assessment
by 3D TEE has been shown to be valuable, as an eccentric-
ity index <1.9 was strongly associated with an increased
risk of persistent iASD in the MITHRAS trial substudy
[141]. These findings highlight the importance of compre-
hensive imaging follow-up to identify patients at risk for
clinically relevant shunts.

3.3.4 LVOT Obstruction
LVOT obstruction is extremely rare after M-TEER,

with an incidence of <1% [142]. Although LVOT ob-
struction is more frequently encountered in TMVR, the risk
in M-TEER should not be overlooked, particularly in pa-
tients with a small LV cavity, basal septal hypertrophy, or
acute aortomitral angulation, which can be identified on
preprocedural CT [118,143]. During the procedure, TEE
with continuous-wave Doppler enables prompt recognition
of dynamic obstruction if it develops; the obstruction is
typically demonstrated by increased LVOT velocities and
intraventricular gradients [144]. Hemodynamic optimiza-
tion and avoidance of further clip implantation are usually
sufficient; severe cases are exceptionally rare in M-TEER
[142,144].

3.3.5 Cardiac Tamponade/Hemopericardium
Cardiac tamponade or hemopericardium occurs in ap-

proximately 0.5–1% of M-TEER cases and is most com-
monly a consequence of transseptal puncture or catheter
manipulation [85,142]. Intraprocedural TEE is crucial for
early detection of pericardial effusion, allowing immediate
intervention with pericardiocentesis when necessary [144].
Although rare, this complication carries significant morbid-
ity; therefore, meticulous puncture technique and real-time
imaging guidance are essential preventive measures.

3.3.6 Stroke and Systemic Embolism
Periprocedural stroke occurs in approximately 1–2%

of patients undergoing M-TEER procedures, according
to contemporary registry data [10,142]. The underlying
mechanisms include embolization of pre-existing throm-
bus, device- or catheter-related thrombus formation, and air
or atheromatous embolism. The risk is significantly mit-
igated by systematic TEE screening to exclude left atrial
appendage thrombus and strict intraprocedural anticoagu-
lation, maintaining activated clotting time maintained at
>250–300 seconds [97]. Despite its low incidence, stroke
remains one of the most devastating complications of M-
TEER procedures, underscoring the importance of metic-
ulous preprocedural and intraprocedural management [10,
97,142]. Reported stroke rates after surgical mitral valve
repair or replacement are typically 2–5%, particularly in
older or comorbid populations [145,146]. In comparison,
M-TEER demonstrates a lower periprocedural stroke inci-
dence of ~1–2% [10,97,142], reflecting the advantages of
its less invasive, catheter-based approach.

Imaging-based strategies to minimize complications
in M-TEER:

• Leaflet adverse events (SLDA, tear, embolization): Per-
form meticulous preprocedural CT and TEE assessment
of leaflet morphology, tissue quality, and calcification.
During the procedure, use 3D TEE to confirm symmetri-
cal leaflet insertion depth (≥5 mm) and complete grasp-
ing before clip release.

12

https://www.imrpress.com


• Iatrogenic mitral stenosis: Evaluate baseline MVA and
transmitral gradient using CT and Doppler TEE. Avoid
excessive clip number or narrow clip spacing in patients
with small baseline MVA (<4.0 cm2).

• Iatrogenic atrial septal defect (iASD): During and after
the procedure, use color Doppler or bubble contrast stud-
ies to detect shunt persistence. In patients with PH or RV
dysfunction, perform follow-up 3D TEE to determine
the need for percutaneous closure.

• LVOT obstruction: Identify high-risk features such as
small LV cavity, basal septal hypertrophy, or acute
aortomitral angulation on preprocedural CT. During
clip placement, monitor LVOT flow velocity with
continuous-wave Doppler to detect dynamic obstruction
early.

• Cardiac tamponade/hemopericardium: Use real-time
TEE guidance for transseptal puncture and catheter ma-
nipulation; maintain continuous pericardial monitoring
to enable immediate intervention if effusion develops.

• Stroke/systemic embolism: Exclude left atrial ap-
pendage thrombus by preprocedural TEE or CT; main-
tain adequate anticoagulation (activated clotting time
>250–300 s) and minimize air entry during device ex-
change or flushing.

3.4 Imaging in Postprocedural Follow-up

Structured imaging surveillance after M-TEER is es-
sential not only to confirm procedural success and detect
complications but also to provide prognostic insights into
long-term durability and patient outcomes.

3.4.1 Residual or Recurrent MR

TTE serves as the cornerstone of longitudinal follow-
up after M-TEER [142]. Importantly, even mild residual
MR does not necessarily ensure favorable outcomes. Sub-
analyses from the EVEREST II High-Risk Registry and the
COAPT trial demonstrated that patients with ≤ mild resid-
ual MR had significantly better survival and lower rates
of heart failure rehospitalization than those with ≥ mod-
erate MR, with 2-year event-free survival of approximately
70–75% versus 45–50% [147]. Long-term COAPT results
showed durable MR reduction and significantly lower 5-
year all-cause mortality and heart failure hospitalizations
with TEER versus GDMT; prior COAPT analyses also
demonstrated that greater early MR reduction portends bet-
ter outcomes, whereas recurrent MR is associated with
adverse events [147,148]. Mechanisms underlying recur-
rent MR include SLDA (approximately 1–3%), progressive
leaflet degeneration, and progression of underlying disease
[149].

In clinical practice, grading residual MR after M-
TEER remains particularly challenging. Unlike native MR,
where a single central jet is often predominant, post-M-
TEER, patients frequently exhibit multiple eccentric or
wall-impinging jets that produce complex flow patterns.

Conventional integrative parameters such as vena contracta
width or PISA are often difficult to apply in this context
[129,150]. Therefore, a multiparametric approach is rec-
ommended, including comprehensive color Doppler eval-
uation of all jets, assessment of pulmonary vein flow,
and measurement of transmitral gradients [10]. Advanced
imaging modalities, such as 3D echocardiography and
quantitative Doppler methods, may provide additional in-
sights. However, interobserver variability remains a sig-
nificant limitation [86]. These technical challenges should
be acknowledged when interpreting residual MR severity,
as misclassification can influence both clinical decision-
making and long-term outcome assessment. Amajor unmet
need is the standardization of residual MR quantification
after M-TEER, since current multiparametric echocardio-
graphic approaches remain highly variable and lack valida-
tion against hard clinical endpoints.

3.4.2 Transmitral Gradients
Serial assessment of mean transmitral gradients us-

ing Doppler echocardiography is crucial during postpro-
cedural follow-up, particularly in patients treated with
multiple clips [142]. Unlike intraprocedural monitoring,
which ensures immediate procedural feasibility, longitudi-
nal surveillance is needed to detect progressive increases in
gradients that may indicate functional mitral stenosis [151].
A mean gradient >5 mmHg has been associated with per-
sistent symptoms and higher rates of rehospitalization be-
cause of heart failure [152]. Importantly, unlike surgical
mitral valve replacement, where fixed prosthetic gradients
are expected, the hemodynamic burden after M-TEER can
evolve over time because of variable leaflet motion, clip
placement, and progressive disease [153]. Recognition of
elevated gradients should prompt careful clinical evalua-
tion and may necessitate intensified medical therapy, repeat
imaging, or consideration of reintervention.

3.4.3 LV Remodeling
Reverse LV remodeling is defined as a reduction in LV

volumes, particularly end-diastolic and end-systolic vol-
umes, and/or improvement in LVEF, reflecting structural
and functional recovery of the ventricle [10,154]. Effective
MR reduction with M-TEER promotes reverse remodeling.
In the COAPT trial, LV end-diastolic volume decreased by
approximately 25 mL, and LVEF improved by nearly 5%,
both strongly correlated with survival benefit [10]. Recent
studies have shown that patients who fail to demonstrate
significant reverse remodeling despite adequate MR reduc-
tion experienced worse outcomes, underscoring the prog-
nostic importance of LV structural response [154]. Further-
more, CMR imaging provides incremental prognostic infor-
mation, the presence and extent of LGE reflecting myocar-
dial fibrosis, and predict limited reverse remodeling and ad-
verse clinical outcomes beyond echocardiographic param-
eters [155].

13

https://www.imrpress.com


3.4.4 Pulmonary Hypertension and RV Function
Serial assessment of tricuspid regurgitation (TR) ve-

locity and estimated PASP is valuable for tracking hemody-
namic benefit after M-TEER [156]. Persistent pulmonary
hypertension (PASP >50–60 mmHg) despite effective MR
reduction has been associated with poor prognosis, whereas
a significant decline in PASP predicts improved functional
capacity and survival [157]. Recent imaging studies have
also emphasized the prognostic role of RV function, includ-
ing parameters such as RV free-wall longitudinal strain and
RV GLS, as well as the impact of progressive TR during
follow-up [158].

Thus, multimodality imaging follow-up after M-
TEER should extend beyond MR quantification to in-
clude transmitral gradients, chamber remodeling, pul-
monary hemodynamics, and myocardial tissue characteri-
zation, all of which contribute to a comprehensive prognos-
tically meaningful assessment of long-term outcomes.

3.5 Current Challenges and Future Perspectives
3.5.1 Complex Anatomies

Patients with extensive leaflet calcification, short pos-
terior leaflets, very large regurgitant orifices, or degenera-
tive lesions characteristic of Barlow’s disease continue to
pose significant technical challenges for M-TEER [116,
159]. The introduction of newer clip designs, including
the fourth-generation MitraClip system, and the develop-
ment of the PASCAL device have expanded the range of
anatomies amenable to transcatheter repair. However, a
considerable proportion of patients remain unsuitable for
M-TEER and may require alternative strategies such as sur-
gical repair or TMVR [149,160].

3.5.2 Right Heart and Pulmonary Circulation
Long-term outcomes after M-TEER depend not only

on LV remodeling but also on RV function and pul-
monary hemodynamics [158,161]. Observational studies
and COAPT subanalyses have consistently demonstrated
that impaired RV function and concomitant severe TR are
independently associated with increased mortality and hos-
pitalization for heart failure [162]. Moreover, the concept
of RV–pulmonary circulation uncoupling, assessed using
indices such as the tricuspid annular plane systolic excur-
sion (TAPSE)/PASP ratio, has emerged as a powerful prog-
nostic marker [163]. These findings highlight that future
patient selection and postprocedural follow-up should in-
corporate comprehensive evaluation of biventricular func-
tion and pulmonary hemodynamics, extending beyond MR
reduction alone.

3.5.3 Atrial Functional MR
Atrial functional MR (AFMR), defined as left atrial

enlargement and atrial fibrillation in the absence of sig-
nificant LV remodeling, has gained increasing attention
as a distinct clinical and pathophysiological entity, sepa-

rate from ventricular functional MR [164,165]. Mechanis-
tic imaging studies have clarified that AFMR is primarily
driven by left atrial dilatation, mitral annular enlargement,
and atriogenic leaflet tethering, underscoring its unique
substrate and therapeutic implications [165]. Early reg-
istry data suggest that M-TEER may provide symptomatic
and hemodynamic improvement in patients with preserved
LV function [166]. However, in patients with advanced
atrial remodeling or persistent atrial fibrillation, recurrence
of MR remains frequent [167]. Defining the optimal timing
and selection criteria for intervention in AFMR represents
an important area for future investigation.

3.5.4 Integration With Other Therapies

Beyond its role as a standalone intervention, M-TEER
is increasingly being positioned within a broad therapeu-
tic continuum for MR. For patients at high surgical risk
or with advanced comorbidities, M-TEER may provide in-
terim stabilization, improving symptoms and hemodynam-
ics while preserving candidacy for future therapies, includ-
ing TMVR [168]. In others cases, it may complement tran-
scatheter approaches targeting additional valves, such as
combined treatment of MR and TR, which is frequently en-
countered in cases of advanced heart failure [169]. More-
over, the growing experience with multimodality imaging
and device iterations supports a tailored, stepwise strategy
in which M-TEER functions as a component of a long-term
disease management plan rather than as an isolated proce-
dure [170]. This integrated perspective highlights the evo-
lution ofM-TEER from a palliative tool to a central element
of comprehensive transcatheter valve therapy.

3.5.5 Emerging Imaging Technologies

Recent advances in quantitative 3D echocardiogra-
phy, fusion imaging, AI, and 3D printing are redefining
both procedural guidance and preprocedural planning in
M-TEER. Fusion imaging, which integrates 3D TEE and
fluoroscopy in real time, has demonstrated high registra-
tion accuracy and can reduce fluoroscopy time by approx-
imately 20%, facilitating clip alignment, leaflet grasping,
and procedural navigation [171,172]. AI-based image anal-
ysis enables automated quantification of the regurgitant ori-
fice area and reliable prediction of procedural success with
high reproducibility. Validation studies have demonstrated
strong agreement with expert manual analysis, supporting
its potential integration into real-time guidance and prepro-
cedural planning workflows [173–175]. Furthermore, 3D-
printed and virtual simulation models have shown >90%
concordance with intraprocedural clip selection and can
shorten procedure duration by approximately 15%, provid-
ing valuable educational and procedural rehearsal opportu-
nities, particularly in anatomically complex or redo cases
[176,177]. Collectively, these emerging imaging technolo-
gies represent the next frontier in image-guidedmitral inter-
ventions. Quantitative validation supports their integration
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into future M-TEER workflows, enabling greater procedu-
ral precision, efficiency, and reproducibility across centers.

3.5.6 Future Perspectives

The future of M-TEER will be driven by synergistic
advances in device technology, procedural algorithms, and
multimodality imaging integration. Building upon recent
innovations, the next stage will focus on clinical implemen-
tation and validation of advanced imaging tools—ensuring
that quantitative 3D echocardiography, fusion imaging, and
AI can be seamlessly incorporated into real-world work-
flows to enhance procedural precision and outcome con-
sistency [172,178,179]. Integrating these imaging inno-
vations into routine workflows may reduce operator vari-
ability and extend M-TEER applicability to patients with
anatomical complexities or those who were previously in-
eligible. However, many of these technologies, particu-
larly fusion imaging and AI-based tools, still require ro-
bust validation in real-world clinical practice before their
widespread adoption. In parallel, continued evolution in
clip systems, the emergence of alternative repair devices,
and evidence-based treatment pathways will further im-
prove procedural safety, durability, and accessibility of M-
TEER across diverse populations with MR [96].

Beyond technological innovation, structured educa-
tion and interprofessional collaboration within the Heart
Team remain essential to optimize both medical and sur-
gical decision-making. A shared understanding of imaging
is particularly critical, as it provides a common language
among cardiologists, cardiac surgeons, anesthesiologists,
nurses, technicians, and other staff, thereby facilitating con-
sistent communication and joint problem-solving. Cre-
ative approaches to education, such as the recently proposed
handgrip model for visualizing tricuspid valve anatomy and
leaflet relationships, exemplify how innovative teaching
tools can foster deeper anatomical understanding and inter-
disciplinary dialogue [180]. We hope that the present re-
view contributes to advancing such educational and collab-
orative initiatives, ultimately fostering a more standardized,
efficient, and patient-centered practice in TCS.

4. Conclusion
Over the past two decades, TCS has evolved from be-

ing a last-resort option for patients at high risk to an estab-
lished therapy across the surgical risk spectrum. Advances
in device technology, imaging, and perioperative care have
brought outcomes closer to conventional surgery, while
the Heart Team approach—anchored using multimodality
imaging as a common language—has become fundamental
to success.

Despite these advances, unresolved challenges re-
main. Durability beyond 10 years is uncertain, residual MR
grading lacks standardization, and right heart–pulmonary
assessment should be incorporated into decision-making.
Surgical expertise remains indispensable for patient selec-

tion, management of complex anatomies, and hybrid strate-
gies. Future progress will depend on addressing these gaps
through continued innovation and collaboration among in-
terventionalists, surgeons, and imaging specialists. Multi-
modality imaging will be the key to lifetime management
strategies in TCS.
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