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Transcatheter mitral valve interventions (TMVI), either repair or replacement, are es-
tablished alternative options for patients with mitral regurgitation (MR) deemed not
suitable for conventional open-heart surgery. Multi-modality imaging plays a pivotal
role in the selection of patients, gaining insights into the anatomy of the mitral valve
the mechanism and the severity of MR, which are essential to predict the success of

these procedures. The aim of this review is to provide an overview on the role of mul-
ti-modality imaging in the patient selection and pre-procedural planning of TMVI.

Introduction

Mitral regurgitation (MR) is the second most frequent heart
valve disease, which affects >10% of individuals over
75 years.! Traditional cardiac surgery is accepted as
the standard of care for MR, however, large clinical
registries demonstrated that up to 50% of symptomatic pa-
tients with severe MR are at high surgical risk.? In this per-
spective, transcatheter mitral valve interventions (TMVI),
either repair or replacement, represent a valuable thera-
peutic option.> Accurate patient selection is crucial for pro-
cedural success and is based on careful pre-procedural
multi-modality imaging evaluation. Echocardiography, car-
diac magnetic resonance (CMR), and cardiac multi-detector
computed tomography (MDCT) provide complementary
information to guide patient and device selection.
Evaluation of mitral valve (MV) anatomy, identification of
MV lesion, and quantification of MR severity should be inte-
grated by comprehensive pre-procedural assessment of
chamber size, biventricular systolic and diastolic functions,
and haemodynamic impact.

Mitral valve assessment

Two-dimensional (2D) transthoracic echocardiography
(TTE) is the first-line imaging technique for the
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assessment of the aetiology and mechanism of MR.
Primary MR is due to intrinsic involvement of MV leaflets
and chordae tendinae, secondary MR is caused by left ven-
tricle (LV) dilation and dysfunction with dislocation and
dissynchrony of the papillary muscles that are determi-
nants in reducing the closing forces of the valve, thus
causing thethering and coaptation defect, often in associ-
ation with high left atrial pressure. A further possible
pathophysiological mechanism is mitral ring dilatation,
atrial remodelling and atrial fibrillation, which can cause
a coaptation defect similar to LV dilatation and dysfunc-
tion.* The mechanisms of MR are described according to
Carpentier’s classification of leaflet motion, Type I: nor-
mal leaflet motion, Type Il: excessive motion, and Type
Ill: restrictive motion.> Transoesophageal echocardio-
graaphy (TEE) is a second level imaging modality, it is in-
dicated when TTE is of non-diagnostic value or when
further diagnostic refinement is required. Both 2D TTE
and TEE allow good morphological analysis of MV and sub-
valvular apparatus with >85% accuracy compared with
surgical inspection.* The introduction of real-time 3D
TEE echocardiography has significantly improved diagnos-
tic accuracy, showing a >95% agreement with surgical
findings and providing a detailed description of MV dys-
function even in complex lesions.® Then, a careful assess-
ment of the regurgitant jet by colour Doppler, using
multiple views, can rapidly diagnose minimal regurgita-
tion, which requires a priori no further quantification.
In all other cases, the use of a more quantitative method
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Table 1 Severe mitral regurgitation criteria based on 2D
echocardiography
Primary mitral Secondary mitral
valve regurgitation valve regurgitation
Qualitative
Mitral valve Flail leaflet, Normal leaflets but
morphology ruptured papillary with severe

Colour flow jet
area

Flow
convergence

Continuous
wave
Doppler jet

muscle, severe
retraction, large
perforation
Large central jet
(>50% of LA) or
eccentric wall
impinging jet of
variable size
Large throughout
systole
Holosystolic/dense/
triangular

Semi-quantitative

Vena contracta
width (mm)

Pulmonary
vein flow

Mitral inflow

TVI mitral/TVI
aortic

Quantitative

EROA (2D PISA,
mm?)

Regurgitant
volume (mL/
beat)

Regurgitant
fraction (%)

Structural

Left ventricle

Left atrium

>7 (>8 mm for
biplane)
Systolic flow
reversal
E-wave dominant
(>1.2m/s)
>1.4

>40 mm?

>60 mL

>50%

Dilated (ESD
>40 mm)
Dilated (diameter
>55 mm or
volume >60 mL/
m?)

tenting, poor
leaflet coaptation

Large central jet
(>50% of LA) or
eccentric wall
impinging jet of
variable size

Large throughout
systole

Holosystolic/dense/
triangular

>7 (>8 mm for
biplane)
Systolic flow
reversal
E-wave dominant
(>1.2m/s)
>1.4

>40 mm? (may be
>30 mm? if
elliptical
regurgitant orifice
area)

>60 mL (may be
>45 mL if low flow
conditions)

>50%

Dilated

Dilated

2D, two-dimensional; ESD, end-systolic diameter; EROA, effective
regurgitant orifice area; LA, left atrium; PMR, primary mitral
regurgitation; SMR, secondary mitral regurgitation; PISA, proximal
isovelocity surface area; TVI, time-velocity integral.

Reproduced from: Alec Vahanian et al. 2021 ESC/EACTS Guidelines
for the management of valvular heart disease: Developed by the Task
Force for the management of valvular heart disease of the European
Society of Cardiology (ESC) and the European Association for
Cardio-Thoracic Surgery (EACTS). European Heart Journal, Volume
43, Issue 7, 14 February 2022, Pages 561-632, https://doi.org/10.
1093/eurheartj/ehab395

is advised when feasible, according to current guidelines
for native valve regurgitation’'8 (Table /). Different meth-
ods are available such as qualitative (visualization of
color-Doppler regurgitant jet area and evaluation of

continuous wave Doppler signal), semi-quantitative
(vena contracta width, mitral inflow velocity, and pul-
monary vein flow pattern), or quantitative [effective re-
gurgitant orifice area (EROA), regurgitant volume
(RVol), and regurgitant fraction (RF) by PISA or volumetric
method]. As a true gold standard for accurate MR grading
is not available, a multi-parametric approach is the
cornerstone for a reliable quantification of MR.%°

Specific parameters, derived from echochardiography,
needed for each procedure planning are described more
in detail below in the relative sections.

Left ventricle assessment

In both primary and secondary MR, accurate measurement of
LV ejection fraction and dimensions are essential in the
decision-making process for treatment of patients with se-
vere MR.” The size, shape, and function of the LV are typically
assessed using 2D TTE. However, 2D echocardiography may
be inaccurate in some patients, and interobserver variability
remains debated. These limitations for LV assessment may be
overcomed by 3D assessment, including 3D echocardiog-
raphy, CMR, or MDCT. Nevertheless, it has been suggested
that LV ejection fraction may not be an accurate marker
of LV systolic function in severe MR because the calculated
differences between LV end-diastolic and end-systolic vo-
lumes do not reflect the true ‘forward stroke volume.’
Due to significant backward flow into the LA, LV systolic
function may be overestimated when derived from LV vo-
lumes. In contrast, LV strain analysis may be a more accur-
ate method to assess LV systolic function. It has been
demonstrated that global LV longitudinal strain may be
impaired in MR."°

Cardiac magnetic resonance

CMR is the gold standard to assess cardiac dimension,
function, and tissue characterization. It has acquired an
emerging role in the context of MV as a quantitative meth-
od to assess MR in discordant cases or when echocardiog-
raphy is of suboptimal quality, also in the contest of
multi-valvular disease, without limitations of imaging win-
dow or body habitus.® RVol and RF are calculated as the
difference between LV total stroke volume and forward
flow. In the upcoming years, the potential advancement
of the 4D-flow CMR retrospective valve tracking method,
quantifying flow directly at MV, could further improve
CMR assessment.’ Moreover, CMR allows to characterize
the extent of scarring and myocardial viability in second-
ary mitral regurgitation'" and the presence and the extent
of myocardial fibrosis in primary mitral regurgitation that
has been associated with sudden cardiac death and ven-
tricular arrhythmias.'?

Cardiac multi-detector computed
tomography

Cardiac MDCT is becoming an important imaging modality
for characterizing the anatomy of the MV and its spatial re-
lationships. Electrocardiographically gated MDCT permits
retrospective acquisition of data throughout the entire
cardiac cycle, which can be subsequently reconstructed
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at each 5% or 10% of the RR interval and in multiple planes.
The short axis of the MV can be reconstructed, thus iden-
tifying the mechanism of MV dysfunction (MR or mitral
stenosis). In addition, the grade of mitral stenosis or MR
can be estimated by measuring the anatomic MV area
and the anatomic regurgitant orifice area, respectively.
MV parameters that need to be assessed with MDCT for
successful TMVI are being actively investigated and empir-
ically include mitral annular dimensions (perimeter and
inter-trigonal, inter-commissural and septolateral dis-
tances), mitral annular calcification (MAC), leaflet length,
distance between papillary muscles, LV outflow tract
(LVOT) area and the course of the coronary sinus (CS)
and circumflex coronary artery (LCX) relative to the annu-
lar plane.” All of these parameters are pivotal for anulo-
plasty devices and TMVR and are described more in
detail in the respective sections.

Transcatheter mitral valve interventions and
choice of approach

TMVI can be divided according to the target structure or
mechanism by which MR will be reduced: MV leaflets,
MitraClip (Abbott Vascular), Pascal (Edwards Lifesciences,
Irvine, California), NeoChord DS 1000 (NeoChord, Inc,
St Louis Park, Minnesota), Harpoon mitral valve repair sys-
tem (Edwards Lifesciences); MV annulus, Cardioband
(Edwards Lifesciences), Mitralign (Mitralign, Tewksbury,
Massachusetts), Carillon (Cardiac Dimensions, Kirkland,
Washington); MV replacement, CardiAQ (Edwards
Lifesciences), Tiara (Neovasc Tiara, Inc., Vancouver, British
Columbia, Canada), Tendyne (Abbott Vascular), Intrepid
TMVR System (Medtronic, Inc., Redwood City, California),
SAPIEN 3 (Edwards Lifesciences, Irvine, CA), CardioValve
(Cardiovalve, Or-Yehuda, Israel).

Patients with significant MR may present comorbidities
or technical challenges that increase surgical risk or
contraindicate surgery. These patients, if symptomatic
or requiring recurrent hospital admission for heart failure
despite optimal guideline-directed medical therapy,
represent candidates for percutaneous interventions. In
absence of specific contraindications, according to
Carpentier’s Classification, a leaflet repair approach is
suitable for treating Types Il and llIb and suboptimal for
Type |; annular approach is most appropriate for Types |
and llIb if limited leaflet tethering is present.® When suc-
cessful and durable repair is not achievable, MV replace-
ment should be preferred over repair. In the field of redo
surgery (failing bioprosthesis/rings), the convincing re-
sults for the valve-in-valve (ViV) technique suggest that
it should be considered as a first-line option. For this rea-
son, accurate assessment of MV anatomy and lesion is of
utmost importance.

Leaflet repair: percutaneous edge-to-edge

Mimicking Alfieri’s edge-to-edge surgical technique
(Figure 1), MitraClip system and PASCAL device are
conceived to grasp together the anterior and posterior mi-
tral valve leaflets by advancing, through trans-septal
puncture, a sophisticated delivery system at the level of
regurgitant target zone of the mitral valve under echocar-
diographic/fluoroscopic guidance.

The safety and the feasibility of transcatheter MV leaf-
let repair has been tested in several randomized clinical
trials and registries'®, demonstrating its effectiveness in
selected patients with either primitive or secondary MR.
Moreover, thanks to dramatic improvement in procedural
technique and intra-procedural imaging, especially in

Figure 1 Transesophageal echocardiograaphy 3D en-face view showing two clips.
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Figure 2 (A) Mitral valve 3D TEE ‘en-face view’ showing a large posterior flail. (B) Zoom of the lesion.

high-volume centres, nowadays it is possible to treat a
great variety of challenging anatomies, overcoming the
strict morphological inclusion criteria proposed in the
EVEREST™ study, with only few contraindications, such
as active endocarditis, the presence of severe calcifica-
tion in the grasping area, the length of grasping zone
<7 mm, Carpentier llla, multiple prolapsing segments in
Barlow disease and haemodynamically relevant mitral
stenosis.’

For patients with primary MR, the localization and the
extension of the prolapse/flail should be accurately

assessed by measuring the flail gap and width, leaflet tis-
sue quality and length, the presence of clefts or cleft-like
indentations which are responsible for residual MR after
device implantation, commissural involvement, presence
of severe calcification in grasping area, concomitant
haemodynamically relevant mitral stenosis.* In this re-
gard, in addition to traditional 2D echocardiographic
evaluation of MV anatomy, 3D TEE provides a comprehen-
sive ‘en-face’ view of MV from left atrium (LA) and
LV perspectives, resembling the surgical inspection of
the valve and thus promoting heart team discussion
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among surgeons, interventional cardiologists, and
imager specialists. Furthermore, new transillumination
volume-rendering tools (Figure 2) improve accuracy of
anatomic analysis of MV either in pre-procedural planning
and intra-procedural guidance by solving the concerns re-
garding the cavity-structure contrast.”™ Finally, offline
multi-plane reconstruction of 3D data sets renders a
more precise quantification of MV regurgitation, showing
better agreement with CMR in evaluating regurgitant vol-
ume than 2DE in eccentric, multiple and late-systolic re-
gurgitant jets. For patients with secondary MR the
presence of sufficient leaflet tissue for mechanical coap-
tation is mandatory and therefore the measurements of
the coaptation depth, the coaptation length and posterior
and anterior leaflets dimensions are essential.*

Additionally, taking into consideration that secondary
MR typically develops as a consequence of LV remodelling
and dysfunction, it has been shown that the assessment of
proportionality or not of MR relative to LVEDV is critical to
differentiate between patients in whom medical therapy
should be optimised and those who may be considered
for transcatheter therapy. For this purpose, an EROA:
LVEDV ratio of 0.14 could provide useful information about
the contribution of MR to LV dilatation.'®

Annuloplasty devices

Percutaneous annuloplasty techniques are targeted to
patients with secondary MR in which annular dilatation/
deformation is the predominant mechanism of MV regurgi-
tation, with the aim to reshape mitral annulus (MA) in or-
der to reverse mitral leaflet coaptation abnormalities.
Devices include indirect types, which are positioned in
the coronary sinus (The Carillon, Cardiac Dimensions,
Kirkland, Washington, USA), and direct types, which are
implanted in the annulus, similar to surgical annuloplasty
(Mitralign device-Mitralign, Tewksbury, Massachusetts,
USA and The Cardioband System-Edwards Lifesciences,
Irvine, CA, USA). The echocardiographic analysis of the
MR mechanism, according to Carpentier’s classification,
is pivotal for patients’ selection. As we stated, Type | (in-
complete coaptation due to annular dilation/deform-
ation), or Type llIb (symmetrical leaflet tethering due to
LV remodelling) mechanisms might be corrected by percu-
taneous annuloplasty approach; instead mitral valve
structural abnormalities (Type Il, Type llla), severe mitral
annular calcification (MAC) or recognized tethering shapes
that are predictive of unsuccessful surgical
annuloplasty (i.e., LVED diameter >65 mm, coaptation
depth >1 cm, asymmetric extreme tethering of posterior
leaflet with angle >45° or distal leaflet anterior tenting
with angle >25°, systolic tenting area >2.5 cmq, end-sys-
tolic interpapillary muscle distance >20 mm and systolic
sphericity index >0.7), should be excluded. Therefore,
MA anatomy as well as its relationship with circumflex ar-
tery, coronary sinus and the non coronary and left coron-
ary aortic cusps, should be carefully evaluated to assess
procedural feasibility and post-procedural complications.
In this perspective, the pre-procedural planning for direct
annuloplasty includes the measurements of antero-
posterior and inter-commissural diameters of mitral annu-
lus (MA), circumferences of the posterior MA (from the left
to the right trigones), sphericity index (antero-posterior/
mediolateral diameters ratio), as well as MA area at tele-

diastolic frame.’ These informations are easily obtained
by MPR of MDCT, together with anular thickening, the pres-
ence, degree, and localization of calcium in the annulus
and its extension to the myocardium or leaflet. The pre-
procedural planning of indirect mitral annuloplasty via
the coronary sinus requires additional anatomical consid-
erations: patency, diameter, tortuosity of the coronary
venous system, location and extent of the Thebesian and
Vieussens valves, and the spatial relationship of the coron-
ary sinus with the MA and LCX, to avoid the coronary im-
pingement during device position and the chincing effect
on left atrial wall in case of no co-planar position of MVA
and CS.*

Chordal implantation

A minimally invasive strategy for mitral valve repair today
is the implantation of chordae tendineae with device such
as NeoChord DS1000 system (NeoChord, Inc., Minnesota,
USA) or Harpoon (Edwards Lifescience, California, USA)
using a transapical approach. The procedure involves the
insertion of the cords, which are then attached to
the valve leaflets and subsequently fixed at the level of
the ventricular wall at the apical site with intraoperative
echocardiographic guidance. To use this technique, a
number of parameters must be met pre-operatively. In
particular, the MDCT study is necessary to assess the rela-
tionship between the ventricular apex and chest wall to
optimize the choice of access site for device delivery. 2D
TTE, in addition to assisting the MDCT study to quantify
the calcification of MA and to assess the intercostal space
useful for transapical access, is necessary above all to de-
fine the mitral valvular defect and a series of measure-
ments necessary to define the feasibility of the
operation. In particular, the ideal candidate is a patient
with flail or prolapse of the P2 scallop with a central jet,
with a distance between the prolapsing leaflet and the
other of at least 9 mm, that predisposes to an adequate
coaptation leaflet reserve, a ratio of posterior leaflet to
mitral annulus diameter >21%, the absence of excessive
calcification or dilatation of the mitral annulus. If the
above criteria are met, chordal implantation is a viable al-
ternative in a well-selected patient. Indeed, in the TACT
Trial'” of the selected 30 patients, 75% of them showed a
clear reduction in mitral regurgitation even at 1-year
follow-up.

Transcatheter mitral valve replacement

The need to perform transcatheter mitral valve replace-
ment (TMVR, Figure 3) has developed, on the one hand
because of certain limitations in performing percutan-
eous techniques such as edge-to-edge repair and, on the
other hand, because of the need to reduce redo-surgical
procedures and to seek a percutaneous alternative to
traditional surgery. TMVR was initially performed in set-
tings such as valve-in-valve (ViV), valve-in-ring (ViR),
valve-in-mitral annular calcification (ViMAC). In failing
bioprothesis or ring in patients with intermediate or
high risk surgery, ViV demonstrated good results and it
may potentially become a viable alternative to redo sur-
gery,* which is associated with significant early mortality,
ranging from 5% to 12%.'® With the development of new
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Figure 3 Three-dimensional TEE en-face view showing transcatheter mitral valve replacement (TMVR).

devices, the therapeutic indications have also expanded,
particularly in patients with a native valve.? For the can-
didacy of patients to TMVR, it is essential that the pre-
procedural MDCT examination takes into account several
strict parameters such as an average annulus diameter
<38.3 mm, an antero-posterior diameter >41.6 mm, and
a mitral annulus area <8.6 cm?. Also the relationship of
the MV to the LV is to be considered in the quantitative
parameters for evaluating the performance of a TMVR;
in fact, with the insertion of the prosthesis, there is a dis-
placement of the native anterior leaflet towards the in-
terventricular septum, which creates a kind of neo-left
ventricular outflow tract (neo-LVOT), and this is the rea-
son why the most frequent complication of the procedure
is precisely obstruction of the outflow tract (LVOTO). To
minimise the likelihood of this complication and to better
study the left ventricle anatomy suitable for a safe TVMR,
it is therefore necessary to perform an accurate pre-
operative MDCT study, making sure of the presence of cer-
tain ventricular parameters such as an aorto-mitral angle
>130°, an annulus-apex distance >100 mm as well as the
assessement of an expected neo-LVOTarea with a variable
cut-off from <1.7 cm? or <1.9 cm? '° (the area has an in-
verse relationship to LVOT gradient), the presence of se-
vere MAC. The calcium quantification of pre-procedural
MDCT is also related to the possibility of the development
of paravalvular leaks. Moreover, grading MAC in terms of:
average calcium thickness (mm), degrees of annulus cir-
cumference involved, calcification at one or both fibrous
trigones, and one or both leaflets, may assist to predict
valve embolization/migration during trans-septal or
transapical ViMAC procedures.?°

Instead, the parameters to be determined on the trans-
oesophageal echocardiogram, for a good intervention re-
sult, are an inter-commissural distance that should be

<39 mm and a telesystolic diameter <32 mm, the absence
of a high relative wall thickness, and the absence of an evi-
dent septal bulge. Obviously, associated with the quanti-
tative parameters there is the need for a clinical
evaluation and in general, the presence or absence of cer-
tain features such as pulmonary hypertension with severe
tricuspid valve regurgitation, left ventricular systolic dys-
function, baseline systolic anterior leaflet motion, un-
favourable mitral valve anatomy either because it could
be too large or too small. There are now numerous types
of percutaneously implantable valves (Tendyne, Tiara,
Interpid, Sapien 3, CardioValve, Evoque, Highlife), each
with its own peculiarities in terms of shape, potential ad-
verse effects and delivery method, mainly transfemoral or
transapical. Overall, the devices used have shown in ap-
proval studies a low complication rate and a low mortality
rate.?' The indication for TMVR of a native MV or as a re-
intervention on a prosthetic valve is usually the patient’s
high surgical risk for all valve types regardless of which
is used. When choosing the device, one must also con-
sider its applicability with respect to the patient, taking
into account, thanks to the mulltimodoality imaging
study, the parameters that may predict the development
of LYOTO or not, as already mentioned, the type of device
to be implanted, and the anchoring mechanism. At the
procedural level, the depth at which implantation takes
place must be considered, balancing on the one hand
the increase in thrombogenicity if the position is exces-
sively on the atrial side, and on the other the risk of
LVOTO if it is excessively on the ventricular side, thus at-
tempting to use the best device available for a given pa-
tient. Due to the high complexity of mitral apparatus
anatomy it is clear that in the pre-procedural planning,
the shape and size of the devicethat can better fit with
each single case, must be considered.
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Conclusion

Transcatheter mitral valve interventions represent the
treatment of choice for all patients with mitral valve
disease deemed unsuitable for cardiac surgery.
Multi-modality imaging has a pivotal role in the decision-
making of a patient-tailored approach, which includes ac-
curate patient selection and choice of the treatment
strategy.
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