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Transcatheter mitral valve interventions are an evolving and growing field in

which multimodality cardiac imaging is essential for diagnosis, procedural planning,

and intraprocedural guidance. Currently, transcatheter mitral valve-in-valve with a

balloon-expandable valve is the only form of transcatheter mitral valve replacement

(TMVR) approved by the FDA, but valve-in-ring and valve-in-mitral annular calcification

interventions are increasingly being performed. Additionally, there are several devices

under investigation for implantation in a native annulus. Paravalvular leak (PVL) is a

known complication of surgical or transcatheter valve implantation, where regurgitant

flow occurs between the prosthetic sewing ring and the native mitral annulus. We sought

to describe the role and applications of multimodality cardiac imaging for TMVR, and

PVL closure, including the use of Cardiovascular Computed Tomography Angiography

and 3-Dimensional Transesophageal Echocardiography for diagnosis, prosthetic valve

evaluation, pre-procedural planning, and intraprocedural guidance, as well as evolving

technologies such as fusion imaging and 3D printing.

Keywords: transcatheter mitral valve replacement, paravalvular leak closure, multimodality cardiac imaging,

cardiovascular computed tomography angiography, 3-dimentional transesophageal echocardiography, valve-in-

valve, valve-in-ring, valve-in-MAC

INTRODUCTION

With the approval of transcatheter mitral valve-in-valve therapy by the United States Food and
Drug Administration (FDA) in 2017 and several devices under clinical investigation for native
mitral disease, transcatheter mitral interventions are the next rapidly evolving frontier after the
unabated success of transcatheter aortic valve replacement. Structural valve dysfunction (SVD) is
common in mitral bioprostheses and can lead to significant regurgitation (most common, 49%),
stenosis (21%), or both (30%) as the mechanism of failure (1). Furthermore, mitral annuloplasty
repair is associated with high rates of recurrent mitral regurgitation (MR), especially in those with
functional MR.Many patients with degeneratedmitral bioprostheses or rings who develop SVD are
at high, if not prohibitive, risk for a redo operation due to older age and multiple co-morbidities
(2). Also common in the older population with poor surgical outcomes is degenerative mitral valve
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GRAPHICAL ABSTRACT | Central Illustration. Uses of multimodality cardiac imaging in percutaneous mitral interventions.

disease due to severe mitral annular calcification (MAC).

Therefore, valve-in-valve (ViV), valve-in-ring (ViR), and

valve-in-mitral annular calcification (ViMAC) TMVR have
emerged as increasingly valuable percutaneous alternatives

to surgical therapy in this population. Paravalvular leak

(PVL) is another form of prosthetic mitral dysfunction that

is amenable to percutaneous therapy. Advanced cardiac
imaging is an integral part of the evaluation and guidance

of transcatheter transmitral procedures. This review will
focus on multimodality cardiac imaging for TMVR and
PVL closure in terms of preprocedural evaluation and
intraprocedural guidance.

PREPROCEDURAL EVALUATION

The role of imaging in the pre-procedural planning of TMVR
or PVL closure involves identifying the mechanism of valvular
dysfunction, quantifying the severity of mitral regurgitation or
stenosis, assessing mitral anatomy (native or prosthetic), and
evaluating vascular access for transcatheter device delivery. Given
the strengths and limitations of different imaging techniques
in accomplishing each of these tasks, TMVR planning requires
multimodality imaging, predominantly echocardiography and
cardiovascular computed tomography angiography (CCTA).
Hence, an advanced cardiovascular imager specializing in these
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FIGURE 1 | Quantification of mitral regurgitation (MR). (A) Calculation of effective regurgitant orifice area (EROA) and regurgitant volume (RVol) by proximal isovelocity

surface area (PISA) method. Indicators for severe MR include elevated early diastolic mitral inflow (E wave) velocity (B), dense continuous-wave Doppler signal (C),

and systolic reversal of pulmonary vein flow (D). (E) 3D vena contracta area reconciles discrepant linear vena contracta width measurements in an elliptical regurgitant

orifice. (F) With cardiac MRI, mitral RVol is calculated as the difference between total left ventricular stroke volume and the aortic flow (forward stroke volume) by

phase-contrast imaging.

particular modalities is considered an integral member of the
structural heart team (3).

Assessment of Prosthetic Mitral Valve
Function
Assessment of prosthetic mitral valve function relies
primarily on echocardiography, particularly transesophageal
echocardiography (TEE), for identifying the mechanism
of failure and quantifying the degree of regurgitation or
stenosis. As with the quantification of native regurgitation,
the severity of prosthetic MR is assessed by an integrative,
multiparametric approach (4, 5). Standard methods for
qualitative and quantitative assessment of MR incorporate
continuous wave Doppler, jet area by color Doppler, vena
contracta width (VCW), and the approximation of the effective
regurgitant orifice area (EROA) and regurgitant volume by the
proximal isovelocity surface area (PISA) method. However,

non-circular and eccentric regurgitant jets can be better assessed
by either three-dimensional echocardiography (3DE), which
allows for direct planimetry of the vena contracta area (VCA)
(6, 7), or volumetric methods by Doppler echocardiography
or cardiac magnetic resonance (CMR). Finally, secondary
signs of significant MR, such as left atrial (LA) and left
ventricular (LV) dilatation, pulmonary hypertension, and
systolic reversal of pulmonary vein flow, should also be assessed
(Figure 1).

Evaluation for prosthetic mitral stenosis (MS) by
echocardiography involves transvalvular peak velocity,
gradients, and pressure half-time (PHT), (8), which can all
be influenced by heart rate, loading conditions, and differences
in the relative compliances of LA and LV that may be less
reliable in the elderly population. In contrast, the effective
orifice area (EOA) calculated by continuity equation and
velocity-time integral (VTI) ratio between mitral inflow
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FIGURE 2 | Paravalvular mitral regurgitation assessment by TEE. (A) 3D en face “surgeon’s view” of a mitral bioprosthesis demonstrates a gap along the

posteromedial aspect, corresponding to a paravalvular defect. (B) Rotation of the 3D volume improves visualization of the paravalvular defect. (C) Color Doppler

confirms regurgitant flow through the defect and no other areas of paravalvular leak (PVL). Sizing of PVL by TEE can be difficult due to irregularity in the shape of the

defect and dropout artifact, as shown in (D), and is best measured with color Doppler to delineate the regurgitant PVL jet and avoid overestimation (E).

and LV outflow tract (LVOT) forward stroke volume are
relatively flow-independent parameters, but are less reliable in
the presence of significant valvular regurgitation. Reduction
in EOA is suggestive of valve obstruction but may result
from patient-prosthesis mismatch (PPM), which is not as
commonly encountered in mitral prostheses as aortic valves.
Differentiation between prosthetic stenosis and PPM relies
upon the presence of abnormal leaflet thickening and motion
in the former, in addition to the time course of changes in
valve hemodynamics and clinical context. Although TEE
offers higher temporal resolution (9) and 3D TEE can allow
for accurate measurements of mitral annular and valve
dimensions, image quality can be limited by acoustic shadowing.
Multiphasic (4D) CCTA can be very helpful in further evaluating
prosthetic valve structure, positioning, leaflet motion, and extent
of calcification.

Etiology of Prosthetic Valve Failure
Suitability for ViV TMVR involves not only the detection
of significant MR or MS but also the elucidation of the
mechanism of prosthetic valve failure and confirmation that the
pathologic regurgitation is intravalvular rather than paravalvular.
Although SVD is the most common mode of bioprosthetic
mitral valve failure, endocarditis and thrombosis should also
be considered and thoroughly evaluated with TEE and other
imaging modalities. Exclusion of infective endocarditis is
paramount since TMVR would be contraindicated. Positron
emitted tomography (PET) can be used as an adjunctive tool for
detecting paravalvular abscess in cases of ambiguity (10). Valve
thrombosis is more prevalent in mechanical, rather than biologic,
mitral prostheses, although the prevalence in bioprosthetic
valves may be under-recognized (11, 12). Nonetheless, thrombus
formation of bioprosthetic mitral valves can occur and can
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FIGURE 3 | CT annular segmentation for TMVR. (A–D) Segmentation of the native mitral annulus for the planning of valve-in-MAC TMVR. As shown from a long-axis

view (A), the mitral annulus outlined in red (A) has a non-planar saddle geometry. Projected into a short-axis view (B), the anterior horn (pink border) may be truncated

to assume a D-shaped configuration. (C) The trigone-trigone (orange), septal-lateral (blue), and inter-commissural (white) distances are measured from this view.

Maximum intensity projection (D) allows for assessment of the distribution and density of annular calcification. (E) Valve-in-ring TMVR measurements of a complete

semi-rigid ring with the major diameter in the inter-commissural dimension (red) and the minor diameter in the septal-lateral dimension (orange). (F) Valve-in-valve

TMVR assessment showing the internal diameter slightly under the manufacturer specifications for the bioprosthesis.

be detected by TEE as a soft echodensity with impairment of
leaflet motion and increased gradients. In contrast, pannus is
characterized by a more echogenic appearance, limited mobility,
and predilection for the sewing ring. CCTA is an excellent
modality to not only evaluate prosthetic valve leaflet motion but
also differentiate thrombus from pannus, based on differences in
attenuation (9). Valve thrombosis is important to identify since
there may be a role for fibrinolytic or escalated anticoagulant
therapy prior to consideration for ViV TMVR.

Paravalvular Regurgitation and
Implications for PVL Closure
PVL is defined as flow between the prosthetic sewing ring and
the native mitral annulus. The presence of PVL is nearly always
pathologic and results from (a) inadequate suture anchoring due
to local calcification or friable tissue or (b) partial dehiscence
due to endocarditis, inflammation, or degenerative causes.
Clinically, PVL presents similarly to other causes of prosthetic
valve dysfunction with heart failure symptoms but can also
result in significant hemolytic anemia. In mitral annuloplasty
rings, PVL usually refers to ring dehiscence and worsening of
intravalvular regurgitation. Extravalvular, para-ring regurgitation
implies perforation in the native leaflets.

Quantification of PVL severity can be more difficult than
intravalvular MR due to acoustic shadowing of the paravalvular
tract (especially from mechanical valves) and the tendency for

jets to be thin and crescent-shaped with an eccentric trajectory.
Therefore, it is especially important to interrogate the valve
systematically from multiple views, integrate other findings
including pulmonary vein flow, and to utilize 3D VCA to
quantify eccentric and non-circular jets. The proportion of
the circumference of the sewing ring occupied by the PVL is
utilized as an indication of severity (5). A greater extent may
be associated with instability of the prosthesis (“rocking”) and
worse outcomes with percutaneous PVL closure (13). Planning
for transcatheter PVL closure involves considering not only the
size of the defect but also its location. Conventional mitral PVL
localization is based on a clock-face configuration of the en
face “surgeon’s view” with the aortic valve at 12 o’clock and
the left atrial appendage at 9 o’clock. PVL formation occurs
most commonly anteriorly in the aorto-mitral curtain and
along the posterior wall (5–6 o’clock) (14). Since percutaneous
PVL closure is currently performed via off-label use of septal
or ductal occluder and vascular plug devices, proper device
sizing for the crescentic or irregular defect can be challenging.
Oversizing is necessary to completely occlude the PVL and to
minimize the risk of device embolization. However, excessive
protrusion of the occluder disks inwards of the sewing ring
introduces the risk of interference with valve leaflet motion,
which is particularly harmful in mechanical valves. Therefore,
oblong defects may be preferentially closed with multiple small
occluder devices with smaller disks than a single large device,
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FIGURE 4 | Evaluation of predicted neo-LVOT area by CT. (A–D) LVOT

assessment for valve-in-MAC TMVR. Virtual implantation of a cylindrical

transcatheter valve coaxial to the mitral annulus during a systolic phase (A)

and delineation of the LVOT centerline yields a short-axis view of the predicted

neo-LVOT area (B, orange), which measures 2.66 cm2 and predicts a low risk

of LVOT obstruction with TMVR in this case. (E) Volume rendered image

showing a capacious neo-LVOT area in a case under consideration for

valve-in-ring TMVR.

particularly if the defect is transected by partially dehisced
sutures, which may not allow full expansion of a single large
device. Due to these procedural implications, precise imaging
for characterizing PVL is essential. Both 3D TEE and CCTA
allow for visualization of the size and shape of the paravalvular
defect and its spatial relationship to surrounding structures.
Furthermore, PVL severity can be quantified by Doppler
techniques on TEE. Since dropout artifact can often overestimate
the size of the PVL on 3D TEE, it is generally recommended
to size and grade severity of the defect with color Doppler
(Figure 2).

Role of TMVR in Mitral Annular
Calcification
Transcatheter repair with edge-to-edge (e.g., MitraClipTM) or
annuloplasty techniques may not be feasible in the presence of

FIGURE 5 | CCTA-based Fluoroscopic Simulation for TMVR access planning.

Projected Fluoroscopic coplanar angles can be found along the displayed

S-curve. A coplanar working view (A) and modified 4-chamber view (B) are

displayed for a planned valve-in-ring procedure. (C) Full transseptal access

planning is shown, with a projected catheter path through the IVC (turquoise

cylinder) and across the interatrial septum for coaxial valve implantation from

the working view. Catheter bend angle is displayed (85 degrees) and ideal

entry distance from the mitral annulus (27.3mm).

significant MAC. Transcatheter replacement (ViMAC TMVR)
can be accomplished with a balloon-expandable aortic valve
in the mitral position with MAC serving as an anchor. High
technical success of ViMAC TMVR has been demonstrated
in the TMVR in MAC Global Registry (15) and the TMVR
Multicenter Registry (2). However, higher rates of LVOT
obstruction (LVOTo) than ViV and ViR TMVR, as frequent as
39.7%, have also been observed and correlate with mortality.
Careful pre-procedural planning with CT imaging plays a crucial
role in reducing the risk of LVOTo and other complications, as
will be discussed in subsequent sections.

Anatomic Considerations for TMVR
A key component of pre-procedural imaging for TMVR is
optimal sizing of the transcatheter valve (THV) for the
existing surgical bioprosthesis, annuloplasty ring, or native
annulus. Although not yet commercially available, a wide
range of dedicated TMVR devices for the native mitral
annulus with various fixation mechanisms are currently under
clinical investigation. Specific anatomic considerations for each
investigational device is beyond the scope of this article.
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FIGURE 6 | Trans-septal puncture and septostomy for TMVR. A transseptal

needle is seen tenting the interatrial septum (red arrows), best assessed

utilizing biplane TEE imaging in the bi-caval (superior-inferior, A) and short-axis

(anterior-posterior, B) views to confirm positioning in the inferior and posterior

aspect of the fossa ovalis. After a successful transseptal puncture, a balloon is

advanced over a stiff wire, and proper positioning across the septum can be

verified utilizing live 3D MPR (C,D). (E) The balloon is visualized in a 3D zoom

volume-rendered image from the left atrial perspective. (F) The balloon is

inflated for atrial septostomy in order to later accommodate the large crimped

TMVR device. Supplementary Video 1 illustrates balloon inflation for atrial

septostomy, as seen from the left atrium.

Due to the presence of an existing surgical bioprosthesis that
provides anchoring at the landing zone, sizing for ViV TMVR
is more straightforward than for native valve TMVR. Based on
the internal diameter of the surgical prosthesis, per manufacturer
specifications, THV size is typically selected to allow for up
to 10% oversizing for sufficient anchoring and minimize PVL
(16). More aggressive oversizing may risk under-expansion of
the THV, resulting in unfavorable valve hemodynamics and
potential for accelerated SVD (17). The Valve In Valve Mitral
mobile app has been developed to aid THV selection for
ViV and ViR TMVR (18). However, since degenerated surgical
prostheses may have variable degrees of leaflet thickening,
calcification, pannus, and annular deformation, CCTA, and
3D TEE imaging provide additional granularity to TMVR
sizing. Furthermore, CCTA is necessary for predicting the
risk of LVOTo in the consideration for TMVR. In general,
CCTA for TMVR planning is performed with arterial-phase

contrast, complete cardiac coverage, including the LV apex,
and multiphase acquisition throughout the entire cardiac cycle
(19). Multiplanar reconstruction with post-processing software
allows for the measurement of the actual inner diameter of the
surgical prosthesis.

Mitral annuloplasty rings vary in rigidity and circumferential
coverage, which affect ViR TMVR planning. Incomplete rings,
or bands, are C-shaped and typically anchored to the posterior
mitral annulus. Complete rings generally assume a D-shaped
configuration and can be rigid, semi-rigid, or flexible (also termed
complete bands). Although strategies are often personalized by
the cardiothoracic surgeon, complete rigid rings are more often
used for functional MR, whereas flexible or semi-rigid rings
are more often used for degenerative MR (20). Implantation
of a cylindrical THV into a rigid D-shaped ring may result in
paravalvular regurgitation due to inadequate sealing. Therefore,
flexible or semi-rigid annuloplasty devices may allow for more
favorable TMVR conformation. However, the more flexible rings
or bands may have a higher risk of LVOTo by allowing the THV
to push the anterior mitral leaflet into the outflow tract (21).

The native mitral annulus is more geometrically complex
with greater anatomic variability and frequently asymmetric
distribution of calcium, which complicates the assessment for
ViMAC TMVR. Although 3D TEE allows for segmentation of
the saddle-shaped annulus, CCTA remains the mainstay due
to its higher spatial resolution. Approximation of the saddle-
shaped annulus using a cubic spline interpolation method, with
measurements projected onto a flat plane to yield a D-shaped
contour, has been the most commonly used method to date (22).
When using a similar method, 3D-TEE agrees and correlates
well with CCTA and can be used as an alternative imaging
strategy when CCTA is not feasible (23). Dimensions measured
at the landing zone include the trigone-to-trigone (TT), septal-
lateral (SL), and intercommissural (IC) distances, as well as
the annular area. Of note, the SL distance corresponds to the
anterior-posterior minor diameter of the annulus, measured
at A2-P2 on echocardiography. The major diameter generally
corresponds to the IC distance. Given the dynamism of the
mitral annulus, measurements are ideally performed in diastolic
and systolic phases. Dense or caseous MAC may affect the
accuracy of measurements at the landing zone and carry other
implications complicating TMVR sizing. Characterization of and
grading systems for MAC are evolving (24). While MAC serves
as an anchor for TMVR implantation, its irregularity and rigidity
may lead to inadequate seal and subsequent paravalvular leak.
Asymmetric distribution of MAC in the posterior annulus may
also influence the risk of LVOTo (Figure 3).

Prediction of LVOT Obstruction
As discussed previously, LVOTo is a serious complication of
TMVR, more common in ViMAC cases. The incidence of
LVOTo, defined as an increase in the LVOT gradient≥10 mmHg
from baseline, is estimated at 7.1% in the TMVR Multicenter
Registry (7) though the rate of hemodynamically significant
LVOTo may be lower (25). Implantation of a THV in a
native mitral valve displaces the anterior mitral leaflet (AML)
septally and extends the effective outflow tract ventricularly,
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FIGURE 7 | Fusion Imaging. 2 PVL jets are seen on TEE color Doppler imaging in a patient who had previously undergoing TAVR (A). These were anatomically

located on subsequent CCTA (B,C, red arrows) and co-registered onto fluoroscopic procedural imaging (D, yellow and green circles). (E) A mitral PVL closure using

live TEE fusion imaging for co-localization.

creating a neo-LVOT (26). Similar to hypertrophic obstructive
cardiomyopathy, narrowing in the neo-LVOT and systolic
anterior motion of the AML due to Venturi forces can result
in dynamic LVOTo. In ViV TMVR, the frame and open leaflets
of the bioprosthetic valve form the boundary of the neo-LVOT
rather than the more mobile native AML. Therefore, dynamic
LVOTo is less likely in ViV cases, though fixed obstruction
is possible. Anatomic factors that can contribute to LVOTo
with TMVR include a small predicted neo-LVOT area, basal
septal hypertrophy, AML elongation, small LV cavity, and acute
aortomitral angle (26). Device-related factors that influence
LVOTo include the depth of THV implantation, THV size
(particularly height), and distal flaring of the THV. Finally,
LVOTo is also dependent upon hemodynamic loading conditions
and LV contractility.

Prediction of LVOTo risk by CCTA imaging is a crucial aspect
of the pre-procedural assessment for TMVR. Echocardiography
can be utilized to establish baseline LVOT gradients and
qualitatively assessing for anatomic factors, such as LV size
and septal thickness and contour. Nonetheless, CCTA remains
the primary imaging modality for annular segmentation and
neo-LVOT prediction. TMVR simulation with THV models
on post-processing software allows for direct planimetry of
the area of the predicted neo-LVOT (Figure 4). Depth of

implantation can vary, but generally, ∼80% of the THV is
ventricular and 20% atrial to ensure stability. Although many
early investigators recommended measurement of the neo-
LVOT area at end-systole, current research indicates early-mid
systolic measurements better predict post-implant LVOTo (27).
A measured neo-LVOT area of <170 mm2 has been shown to
predict a significant risk of LVOTo with TMVR (28), whereas
a relative reduction of ∼60% of the LVOT area has been
suggested by other investigators (29). By facilitating a more
interactive representation of patient-specific anatomy and neo-
LVOT, 3D printed models derived from CCTA have also been
used for TMVR planning (30) and can also be done so with
3D TEE or CMR datasets (albeit with lower spatial resolution).
Notably, dynamic factors such as volume status and loading
conditions are not accounted for by planning with either CCTA
or 3D printing. As will be discussed in later sections, intentional
laceration (LAMPOON procedure) of the AML, if non-calcified,
may increase the neo-LVOT area and avoid obstruction (31,
32). Alternatively, perfusion balloon inflation in the LVOT has
also been described as a technique to maintain patency of
the LVOT during TMVR deployment (33, 34). Alcohol septal
ablation can increase the CCTA-predicted neo-LVOT if done
pre-emptively or reduce LVOT gradients as a bailout option
intraprocedurally (35).
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FIGURE 8 | TMVR device positioning. As the orientation of the device may

differ from that of the ultrasound plane, live TEE 3D MPR is helpful to properly

assess positioning in regards to a calcified mitral annulus (ViMAC) or prior

surgical ring (ViR) (A,B). Valve deployment can also be visualized in an en-face

surgeon’s view (C,D, see Supplementary Video 2). In the case of a valve in

valve implantation, a 26mm Sapien S3 valve is seen being positioned inside a

29mm bioprosthetic surgical valve in 3D MPR (E,F), confirming alignment of

the ventricular edge of the THV valve frame with the ventricular edge of the

existing bioprosthesis which can be identified in fluoroscopy (G, red arrows).

During deployment (H), the THV shortens predominantly from the inflow (atrial)

side, leading to its final position. Supplementary Video 2 demonstrates THV

deployment in live 3D MPR.

Percutaneous Access Planning
Percutaneous access for TMVR is generally accomplished with
a transapical (60%) or a transseptal (40%) approach, and a
direct open transatrial approach (1%) is performed much less
often, based on the TMVR Multicenter Registry (2). For the
transapical approach, CT imaging can help with planning of the
optimal access site. In order to ensure coaxiality of TMVR device
deployment and perpendicularity with the mitral annular plane,
the epicardial puncture site is typically anterolateral to the true
LV apex. The entire proposed trajectory can be assessed by CCTA
for its proximity to coronary arteries, scarred myocardium,

FIGURE 9 | LAMPOON procedure during TMVR. In cases of anticipated LVOT

obstruction, intentional laceration of the anterior mitral valve leaflet (LAMPOON

procedure) can be performed by connecting a retrograde wire through the

aortic valve and an antegrade transseptal wire from the LA to form a loop via

snaring (A). The loop is positioned in the trajectory to transect the A2 scallop

(B), and tension is applied during radiofrequency energy application to lacerate

the anterior leaflet from base to tip (C). In this case, post-valve-in-ring

implantation measurement demonstrated a mean gradient across the LVOT of

10mm Hg (D).

papillary muscles, and any surrounding extracardiac structures.
Extending the transapical trajectory to the chest wall virtually on
CT also allows for the identification of the optimal intercostal
space and distance of the puncture site from the sternum.

While the transapical approach allows for a more
straightforward trajectory for coaxial TMVR deployment, a
transseptal transvenous approach avoids the need to perforate
the apical myocardium, creating scar, and may be associated
with improved outcomes (36, 37). Transvenous access for
TMVR is typically achieved through the femoral vein. CCTA
planning should therefore involve surveillance of the peripheral
vasculature with a venous phase scan. Similar to arterial
evaluation for transcatheter aortic valve replacement, the venous
vasculature is evaluated for obstruction, caliber, and tortuosity.
For the transseptal puncture, planning with CT can help
optimize the puncture site in the fossa ovalis. To accomplish
this, the CCTA protocol should yield some right-sided contrast
opacification. As will be further discussed later, the atrial septal
anatomy can be evaluated by TEE for features that could make
the transseptal puncture more challenging, including lipomatous
hypertrophy, atrial septal aneurysm, or a patent foramen ovale.

Fluoroscopic angles predicted by CT imaging can streamline
TMVR deployment at the time of the procedure (Figure 5).
After segmentation of the mitral annulus by CT, coplanar
fluoroscopic projections can be formulated along an S-shaped
curve with corresponding angles in the left anterior oblique
(LAO) or right anterior oblique (RAO) direction and cranial-
caudal dimension. Using the fluoroscopic angles along this curve
that create coplanar TT (commissural) and SL (3-chamber) views
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can help in achieving coaxiality at the time of TMVR deployment.
Of note, C-arm angulations for the coplanar TT view may not
be practical, and a slightly compromised view may be utilized
instead. For planning transapical access, the fluoroscopic angle
(LAO caudal) for the short axis en face view of the mitral annulus
can also be determined by CCTA.

INTRAPROCEDURAL GUIDANCE

Transcatheter mitral valve interventions should be performed in
a standard cath lab with adequate equipment, allowing for the
simultaneous display of fluoroscopy and echocardiographic
images. Ideally, this should include fusion imaging of
fluoroscopy with computed tomography datasets and/or real-
time echocardiographic imaging, which can increase procedural
success and decrease procedure duration and radiation dose
(38, 39). Currently, TEE is the gold standard for intraprocedural
imaging for these interventions, which are therefore performed
under general anesthesia.

Immediately after induction of general anesthesia, a baseline
TEE is performed to confirm the previous findings in terms
of severity of mitral valve pathology, LV function, and
wall motion; determine baseline trans-mitral velocity and
gradients, pulmonary vein flow velocity, and direction; and
exclude significant LVOTo, left atrial appendage thrombus, and
pericardial effusion. With the use of 3D imaging, a surgeon’s view
can be obtained to characterize the mitral valve structure and
location of pathology. Other cardiac structures and valves should
also be assessed to ensure there have been no significant changes
from prior imaging. Any new findings should be correlated
with prior imaging accounting for the different hemodynamic
conditions that exist under general anesthesia and discussed with
the interventional team prior to the initiation of the procedure.

TMVR
Transapical Access
When a transapical approach is utilized (such as for most
investigational devices for TMVR in native mitral annulus),
TEE imaging can assist in localizing the ideal site of apical
incision for coaxial device delivery into the mitral valve annulus
(40, 41). After performing a lateral thoracotomy and exposing
the LV apex, the surgeon will apply pressure with their finger
under direct TEE visualization to determine the best site for
an incision. This ideal location can also be facilitated by pre-
procedural CCTA analysis, as previously discussed, and fusion
of CT with fluoroscopy (42). Percutaneous transapical access
and closure have also been utilized in selected cases (43, 44).
The THV is then advanced over a guidewire toward the mitral
annulus or existing bioprosthesis and then deployed under live
echocardiographic guidance. At the end of the procedure, the
surgeon will achieve hemostasis and surgical closure of the defect
and thoracotomy incision.

Transseptal Access
The ideal and less invasive approach for TMVR is via transseptal
puncture; in addition to being preferred by patients, it may allow
for improved LV function and lower complications as compared

to a transapical approach (37, 45). The transseptal approach,
though technically more challenging, can be used for the balloon-
expandable Sapien 3 valves (Edwards Lifesciences, Irvine, CA)
for ViV, ViR, and ViMAC, as well as the investigational devices
for valve in native annulus implantation, including CardiAQ-
EVOQUE and Valtech CardioValve (Edwards Lifesciences,
Irvine, CA), Cephea (Abbott Structural, Santa Clara, CA) and
HighLife (HighLife Medical, Irvine CA) (36, 37, 46–49). After
venous and arterial access is obtained, the interventionalist
advances a transseptal needle and sheath over the wire into
the superior vena cava, then slowly withdraws it into the right
atrium under TEE guidance, until tenting of the septum is
noted. The needle position is assessed in the mid-esophageal
bi-caval view (superior-inferior) and short-axis view (anterior-
posterior), and height can be confirmed in a 4-chamber view.
Transseptal puncture for TMVR is usually performed in the
infero-posterior portion of the fossa ovalis, or the ideal position
as determined by pre-procedural CCTA analysis, which may be
projected to real-time TEE via fusion imaging (50). Orthogonal
bi-plane imaging and live 3D imaging can simultaneously display
all four rims of the fossa ovalis and serve for confirmation
(Figures 6A,B). Fusion of real-time TEE and fluoroscopy can
further facilitate transseptal sheath positioning. Once the ideal
puncture site is achieved, the needle and sheath will be advanced
into the LA under continuous TEE visualization. The transseptal
sheath is subsequently exchanged by the specific device sheath.
A pigtail catheter is advanced over a guidewire across the
mitral valve toward the LV apex and subsequently exchanged
by a curved stiff wire. Due to the larger dimensions of the
TMVR valves and delivery system (as compared with edge-
to-edge repair), a balloon atrial septostomy is necessary and
performed under TEE and fluoroscopic guidance (Figures 6C–F,
Supplementary Video 1).

Device Positioning and Deployment
Position is key in device stability and reducing the risk of LVOTo.
Positioning the THV too apically can compromise LVOT flow,
whereas deploying too atrially can compromise device stability
and risk embolization. For ViR or ViMAC utilizing a balloon-
expandable Sapien 3 THV, it is generally desirable to have
∼80% of the valve stent in the LV and 20% in the LA. During
deployment, the balloon-expandable THV shortens almost
exclusively from the inflow (atrial) side; therefore, the landing
zone is assessed based on the ventricular edge of the stent. For
ViV TMVR, it is generally recommended to align the ventricular
edge of the THV frame with the ventricular edge of the existing
bioprosthesis, which can be assessed by fluoroscopic markers and
TEE, but this positioning can be altered based on the risks of
LVOTo vs. atrial embolization, as well as the intended degree of
valve expansion (37, 45, 47). In mitral bioprostheses and rings
with few fluoroscopic markers, TEE fusion can help optimize the
depth of TMVR implantation (Figures 7D,E). Positioning of the
investigational valves for TMVR in a native mitral annulus will
depend on the specific device design andmorphology. Anchoring
mechanisms for existing devices include ventricular tabs, radial
force, atrial and ventricular disks, annular or subvalvular docks,
among others. The full discussion of investigational devices
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FIGURE 10 | Post TMVR assessment immediately after deployment. (A) 3D color Doppler evaluation from an en-face surgeon’s view immediately after a valve in MAC

implantation reveals two areas of paravalvular leak (PVL) at 10 and 1 o’clock (yellow arrows). See Supplementary Video 3 for 3D en face evaluation of valve

morphology and leaflet motion. (B) Careful interrogation of the largest area of PVL with 3D MPR reveals a vena contracta area of 0.12 cm2. (C) Pulsed-wave Doppler

interrogation of the LVOT from a transgastric view in order to exclude a significant gradient or obstruction. (D) Evaluation of residual iatrogenic septal defect size and

direction of flow.

for TMVR in native mitral annulus is beyond the scope of
this review. To optimize visualization of the device trajectory
and coaxiality, simultaneous biplane imaging is performed from
the mid-esophageal commissural view (40–70◦) to assess the
medial-lateral position and the mid-esophageal long-axis view
(120–150◦) to assess the anterior-posterior position. Live 3D
multiplanar reconstruction (MPR) allows for more accurate
alignment of the echocardiographic planes with the device
and delivery system during device positioning and deployment.
However, 3D TEE reduces frame rate, which may be overcome
by decreasing the sector size, adjusting the spatial resolution, and
utilizing multi-beat acquisition.

Device deployment, whether self-expanding or balloon-
expandable, is performed slowly during rapid ventricular pacing
(around 160 bpm) and ventilator hold, under direct TEE
visualization (Figure 8, Supplementary Video 2). In selected
cases of TMVR in a native valve (including ViMAC and ViR)
where a long anterior mitral leaflet is predicted to significantly
increase the risk for dynamic LVOTo, a novel technique of
intentional laceration of the anterior mitral valve leaflet to
prevent outflow obstruction (LAMPOON) can be utilized prior
to device implantation (32, 51). The procedure is performed

under direct TEE visualization via a retrograde approach through
the aorta by transecting the base of the anterior mitral leaflet with
one guidewire, which is then snared and pulled outward toward
the leaflet tip (Figure 9).

Post-deployment Assessment
Immediately after device delivery, a careful TEE evaluation
should be performed, aimed at assessing the device position
and morphology, hemodynamic changes, presence of valvular or
paravalvular regurgitation, LVOTo, and excluding complications
such as new pericardial effusion or wall motion abnormalities
(Figure 10). Attention should be given to the lateral wall of
the LV, atrioventricular groove, circumflex artery, and coronary
sinus since trauma and rupture can occur as a result of device
deployment and should be promptly recognized. The new valve
should be well-seated in the intended position, without evidence
for rocking motion (Supplementary Video 3). The valve leaflets
should appear pliable with normal motion and laminar flow
by Doppler evaluation. Trans-mitral gradients should be again
assessed and compared with baseline. PVL can occur when the
THV frame is not perfectly apposed against the native annulus,
ring, or existing bioprosthesis and should be carefully assessed by
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FIGURE 11 | TEE Guidance of Challenging Closure of Posteromedial PVL. A posterior paravalvular leak resulting in hemolysis is visualized by 2D color Doppler (A)

and 3D color Doppler Imaging (between 5 and 6 o clock in a surgeon’s view, red arrow, B). (C) The first attempt at transseptal puncture is shown (green circle). The

location of PVL is marked by a red circle. (D) After unsuccessful attempts to cross the defect, the septum was repunctured more posterior (green circle) for a better

trajectory toward the defect. (E) After additional unsuccessful attempts, the approach was changed to retrograde. (F) As acoustic shadowing limits visualization on

the ventricular aspect of the mechanical mitral prosthesis, wire exit point was visualized in the left atrium. Here, the wire is visualized inside the sewing ring (red arrow)

adjacent to the PVL (red circle). (G) After reorientation of the wire, the defect was successfully crossed (red arrow). (H) The atrial disk of an AVPII closure device is

visualized after deployment on 3D imaging (red arrow). (I) 2D echocardiography demonstrates the atrial disk (red arrow) and a portion of the center cylinder (yellow

arrow). (J) A residual peri-device jet is seen (yellow arrow). (K) After device re-sheathing and slight repositioning, there is a trivial residual PVL jet flowing through the

center of the closure device (yellow arrow). AV, aortic valve; IAS, interatrial septum.

2D and 3D color Doppler interrogation, as previously discussed.
As PVL jets can often be multiple and eccentric, 3D color
Doppler evaluation is very helpful in the characterization of jet
location and direction, as well as quantification by measurement
of the vena contracta area in 3D MPR, which requires
proper technique ensuring adequate spatial and temporal
resolution. Additionally, the pulmonary vein flow should be
assessed bilaterally, and systolic antegrade flow should be
confirmed. Moderate or greater degree of PVL is associated with
adverse outcomes and may require repeat balloon inflation or
percutaneous closure with an occluder device prior to finalizing
the procedure.

Given the significant risk for LVOTo, particularly with a valve
in a native annulus, it is imperative to carefully assess LVOT
flow and gradients after device deployment. In addition to a
mid-esophageal long-axis view for color Doppler assessment,
evaluation of LVOT gradients is best achieved by PW Doppler
interrogation from a deep trans-gastric view. MPR of a high-
quality 3D TEE dataset can be utilized to measure the resultant

neo-LVOT area. However, acoustic shadowing is a limitation of
TEE visualization, and there may be a role for TEE-CT fusion for
neo-LVOT assessment (52).

Finally, after device deployment and following removal of
the delivery system and sheath, attention should be paid to the
interatrial septum to identify and assess the iatrogenic atrial
septal defect (iASD) and direction of flow. Though many of
these defects resolve spontaneously and are without clinical
consequences, persistent iASD at 6 months has been associated
with adverse outcomes after transcatheter mitral valve repair
(53). The immediate closure of iASDmay be necessary if hypoxia
and a right-to-left shunt are noted or if the defect is very large.

PVL Closure
Transseptal Puncture
The first consideration for intraprocedural guidance is the
location of the transseptal puncture. Lateral and anterior jets
are the most accessible from multiple puncture sites. Posterior
and medial jets are more challenging and require careful
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FIGURE 12 | TEE Guided Implantation of a Second PVL Closure Device for Residual Leak. (A) After an initial deployment of a 10mm AVPII device, a residual leak is

seen adjacent to the first device (red arrow). (B) A sector-based 3D Color Doppler acquisition demonstrates the location of the residual leak medial to the first device.

(C) Multiplanar reconstruction of the 3D color Doppler acquisition is aligned with the jet for measurement of the paravalvular defect (lower left panel, dotted red

tracing), measuring 17 mm2, with dimensions 10 x 4mm. (D) The guide catheter is positioned on top of the first device, too lateral to enter the defect. (E) The guide is

pulled back, and wire crossing of the defect (red circle) is attempted. Wire trajectory is medial and anterior to the defect. (F) After correction of wire trajectory, the

defect is crossed. (G) A 12mm AVPII device is deployed within the residual defect. (H) Bioprosthetic leaflet opening appears normal, without interference from the

closure devices. (I) Biplane color Doppler imaging demonstrates trivial residual leak after deployment of the 2nd PVL closure device.

consideration of transseptal puncture location on a case-by-case
basis (Figures 11A–D). While the general location of the jet
may be accessible in a posterior or medial defect, the direction
through which to cross the defect will be more complex. A
steerable sheath allows significant flexibility; however, for entry
into the defect, a catheter with a greater bend may be required to
approach the defect with a favorable trajectory. For defects that
are difficult to cross via a transseptal route, retrograde access may
provide an easier option (Figures 11E–G). Transapical access
may also be considered for greater support, with the tradeoff
of a more invasive approach. Correlative or fusion imaging
with CCTA may help better understand the relationship of the
PVL with fluoroscopic views and reduce the procedural time

(Figures 7A–D) (54). Care should be taken to avoid transseptal
puncture near the interatrial or atrial-caval grooves, to avoid
atrial perforation and potential cardiac tamponade.

Closure of Defect
Once the guide or sheath is situated across the interatrial septum,
2D and 3D TEE imaging play a crucial role in guidance across
the defect. Besides general location, the imager can guide the
trajectory of the guide/sheath, crossing wire, and exchange
catheter. Rotation of the 3-dimensional surgical view, combined
with periodic switching to 2D TEE imaging, should be used to
appreciate the angulation of the guiding sheath, catheter, and
wire. Appropriate adjustments to sheath direction and catheter
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FIGURE 13 | Prosthetic Mechanical Leaflet Dysfunction Following PVL

Closure. A large lateral paravalvular defect is seen (red arrows) from the

surgical (A) and lateral (B) view. While initial deployment was successful, once

the closure device was released from the delivery system, the lateral

mechanical leaflet no longer opened during diastole due to interference from

the ventricular aspect of the closure device (C, blue arrow, and D, red circle).

After snaring to remove the closure device (E), leaflet motion returned to

normal (F).

type can be made by the interventionalist with input from the
imager. Real-time TEE and fluoroscopic fusion imaging can
greatly facilitate PVL defect crossing, particularly in rotated
hearts or small defects (Figure 7E). Trajectories that are not
facing the defect may require banking a wire down the atrial
wall and/or catheters with a greater angle or curvature; this is
often difficult to appreciate by fluoroscopy alone; hence, imaging
guidance is critical to reducing procedural time. Once the closure
device is across the defect, an attempt should be made to visualize
the ventricular disc of the device as it comes against the prosthetic
sewing ring, followed by the center column (if present) and the
atrial disc (Figures 11H,I).

Post-closure Evaluation
Post-closure assessment of paravalvular leak should be performed
using 2D and 3D TEE with and without color Doppler
and compared to the pre-implant assessment (Figures 11H–K,
12A–C). If results are inadequate, the device could be
repositioned within the paravalvular tunnel and imaging re-
assessment performed. Prior to device release, one must confirm
that the mobility or function of the bioprosthetic leaflet or

mechanical prosthetic disc is unchanged. Once the device is
released, it may change position when the torque of the delivery
system is removed; thus, re-assessment of regurgitant severity
and leaflet/disc function is required (Figure 13). If further closure
devices are to be placed adjacent to the first, re-assessment of
regurgitant severity and device positions must be performed after
each device is deployed, and wires guided into the appropriate
locations. Once the guidance equipment is removed from the
septum, imaging assessment for pericardial effusion should
be performed.

EVOLVING IMAGING TECHNOLOGIES

Advances in Intracardiac
Echocardiography and Fusion Imaging
Although intracardiac echocardiography (ICE) procedural
guidance has been well-described in the setting of left atrial
appendage occlusion (55, 56) and to a lesser degree in mitral
balloon valvuloplasty and transcatheter aortic valve replacement
(57), there are limited reports of ICE-guided TMVR or PVL
closure (50). ICE from the right atrium is particularly limited
in visualizing lateral mitral PVL defects, and ICE in the LA
requires an additional transseptal puncture and its associated
risk. Development of multiplanar and 3D ICE may increase its
utilization for TMVR and PVL closure guidance, particularly if
it obviates the need for a dedicated imager. However, cost and
operator experience may remain important limitations of ICE.
Fusion of TEE with fluoroscopy is currently primarily limited by
inter-vendor compatibility. While CT co-registration does not
have this limitation, it is hindered by the need for specialized
software and non-dynamic visualization. Development of
vendor-neutral platforms and capability for seamless fusion
across modalities of CT, real-time TEE, and fluoroscopy
could further optimize procedural guidance and improve
procedural efficiency.

3D Printing
The benefits of 3D printing for structural heart interventions
have been well-described (58). 3D printing may aid in closure
device selection and assessment of the interaction between
closure device and bioprosthetic or mechanical leaflets, and
thus, increase procedural confidence in complex cases. The use
of more biologically-textured materials may allow for a more
accurate assessment. Limitations include cost and/or need for
specialized equipment.

CONCLUSION

Advanced cardiac multimodality imaging is a powerful tool that
can be successfully applied to transcatheter mitral interventions
for improved procedural confidence, procedural success, and
outcomes. Multidisciplinary coordination between advanced
cardiac imagers and interventionalists is crucial for the evolution
of transcatheter mitral procedures.
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