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Transcatheter therapies for the treatment of structural heart diseases (SHD) have expanded dramatically over the last years, thanks to the devel-
opments and improvements of devices and imaging techniques, along with the increasing expertise of operators. Imaging, in particular echocardi-
ography, is pivotal during patient selection, procedural monitoring, and follow-up. The imaging assessment of patients undergoing transcatheter
interventions places demands on imagers that differ from those of the routine evaluation of patients with SHD, and there is a need for specific ex-
pertise for those working in the cath lab. In the context of the current rapid developments and growing use of SHD therapies, this document intends
to update the previous consensus document and address new advancements in interventional imaging for access routes and treatment of patients
with aortic stenosis and regurgitation, and mitral stenosis and regurgitation.
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Introduction

Transcatheter therapy of structural heart diseases (SHD) has seen
great advances in the last decades, thanks to development of new de-
vices, improvement of their performance, advances in imaging techni-
ques, and the increase in the skill of operators. Imaging plays a pivotal
role at each step along the therapeutic path: patient selection,
pre-procedural planning, procedural monitoring, and follow-up. The
imaging assessment of patients undergoing transcatheter interventions
requires specific training, competences, and skills that differ from those
involved in the routine evaluation of patients with SHD." Transcatheter
therapies for aortic valve (AV) stenosis, mitral stenosis (MS), and mitral
regurgitation (MR) are well established and included in guidelines.? In
the context of the current rapid developments and growing use of
transcatheter therapies, the present consensus document summarizes
the current role of imaging: what to assess and which imaging technique
to use prior, during, and after transcatheter interventions for access
routes and treatment of patients with aortic stenosis (AS) and regurgi-
tation, and MS and regurgitation.

Access routes

Transseptal puncture

Anatomy of interatrial septum

Left-side percutaneous SHD and complex electrophysiological proce-
dures require a direct route to the left atrium (LA). The easiest way
is through the interatrial septum (IAS). An in-depth understanding of
the anatomy of IAS is therefore of paramount relevance for an effective
and safe transseptal puncture (TSP). In the normal adult heart, the IAS is
formed by the fusion of two components: the septum primum (SP) and
the septum secundum (SS). While the SP is a membrane-like structure
made up by fibrous and elastic tissue and corresponds to the floor of
the fossa ovalis (FO), the SS is an extensive muscular area, surrounding
the FO, made up by an enfolding of the left and right atrial walls. This
enfolding, known as Waterston’s groove or simply as the interatrial
groove,” is filled externally by epicardial adipose tissue (EAT). Thus,
the actual structure of SS includes three layers: the left and right atrial
walls and EAT in-between (Figure 1A). Though the SS functions as a par-
tition between the two atria, a puncture through it causes an exit from
the cavities of the heart into epicardial fat and extracardiac space™”
(Figure 1B). With sufficient pressure applied to the catheter, the needle
may pass throughout the three layers, into the LA. However, this erro-
neous manoeuvre first reduces manoeuvrability of the catheter after
entering the LA and second, and more important, may potentially
lead to haemopericardium after the transseptal sheath’s removal.
However, the FO ranges from few millimetres to 2-3 cm in length,®
and while the site-specific TSP is possible with large or medium-sized
FO, searching for a specific site may be extremely challenging in hearts
with small FO (Figure 1C and D). Finally, a few millimetres separate the
anterior superior margin of the FO from the right atrial wall, overlying
the non-coronary aortic sinus. Indeed, the most feared complication of
TSP is puncturing the aortic root (Figure 2).

Procedural guidance

The TSP kit includes the needle, dilator, and a long pre-shaped plastic
sheath. The Brockenbrough needle and Mullins or a Swartz SL transsep-
tal sheath are the most commonly used.” Electrocautery to the

interventional imaging e interventional echocardiography e structural heart disease e transcatheter aortic valve

standard needle tip can be used to perform safe and successful TSP
without the need for significant mechanical forces.® Another technical
advancement is the steerable transseptal needle which provides real-
time adjustable deflection without the need to remove and reshape
the needle.” Because anatomical landmarks are not visible under fluor-
oscopy, the use of 2D/3D transoesophageal echocardiography (TOE)
has become mandatory to increase safety and allow the precise identi-
fication of optimum site for crossing the FO with respect to the planned
procedure. The wide variety of percutaneous procedures requiring
transseptal puncture have called attention to the importance of ‘site-
specific’ TSP within the FO. Table 1 summarizes the most common left-
side transcatheter procedures and their recommended site-specific
TSP. Table 2 describes the sequential steps of the procedure.

Fluoroscopy

Knowledge of the fluoroscopic anatomy of the FO and its anatomical
relationships with the aorta (AO) is of paramount relevance for a cor-
rect understanding in the use of fluoroscopic projections and safer
puncture. In patients lying in the supine position, the most useful fluoro-
scopic projections for TSP are the anteroposterior (AP) projection, the
30° right anterior oblique (RAO), and the 30° left anterior oblique
(LAO). In the AP projection, the right atrial cavity is right and anterior,

Figure 1 (A) CMR in cross-sectional four-chamber view showing as
the SS is actually an enfolding of left and right atrial walls. This fold,
called Waterston groove, is externally filled by EAT assuming a ‘three-
layered’ appearance. (B) 2D TOE in cross-sectional bi-caval view in at-
titudinal correct orientation, showing the three-layered appearance of
SS. The fold is marked by a dotted red line. The curved red arrow
points at the wrong TSP through SS (see text), while a curved light
blue arrow points at the right TSP through the FO. (C) CMR in cross-
sectional four-chamber view and (D) 2D TOE in bi-caval view (TOE),
in correct attitudinal orientation. The small FO makes the site-specific
TSP very challenging.
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Figure 2 (A) 3D TOE image of the right side of the IAS showing the
FO, the superior vena cava (SVC), and the orifice of CS. (B) Magnified
image of structures inside the red square of (A). The red dotted line
marks the superior/anterior border of the FO, while the white dotted
line marks the aortic sinus abutting on the RA. The double head arrow
points at the minimal distance between the two borders. An anterior
and superior puncture outside the FO my injury the aortic sinus. AO,
aorta.

whereas the LA cavity is left and posterior. As a result, the FO is or-
iented left to right with an angle of about 65° with respect to the sagittal
plane of the body. In AP projection, the FO is partially covered by the
aortic root (AQO), which lies anterior and left to the FO. In RAO pro-
jection, the FO is projected ‘en face’ and the AO lies on the left with
no overlapping. Finally, in LAO projection, FO is projected ‘tangentially’
dividing the left from the right atrium (RA) cavity, with an almost com-
plete overlap with the AO (Figure 3).

2D/3D TOE

Currently, TSP is usually performed under the TOE guidance. X-plane
cross-section, with the bi-caval and perpendicular views, allows recog-
nition of the FO and the specific site of the puncture (tenting). Indeed,
the bi-caval view helps determine the superior—inferior position, while
the cross-section determines the anterior—posterior position (Figure 4).
3D TOE may follow all steps of the TSP procedure (Figure 5).

Fusion imaging

In the dual imaging—based approach (i.e. fluoroscopy and TOE), cathe-
ters and devices are best visualized through fluoroscopy on one screen,
while IAS is best visualized with 2D/3D TOE on a second screen. A no-
vel imaging technique (Echo-Navigator, Philips Medical System, Best,
The Netherlands) is able to overlap patient-specific imaging data
from both fluoroscopic projections and 2D/3D TOE, providing a
kind of hybrid image in which soft tissues of IAS are displayed within
the standard fluoroscopic silhouettes in a single screen. Indeed, adding
fiducial markers on standard fluoroscopic images, fusion imaging may
facilitate the site-specific positioning of the needle (Figure 6).

Intracardiac echocardiography
There is a growing interest in intracardiac echocardiography (ICE) as an
alternative to TOE."® In contrast to TOE, in fact, ICE can be performed

by the same interventionalists who perform the procedure; under con-
scious sedation without endotracheal intubation, ICE may potentially
reduce fluoroscopy exposure, shorten procedure length, and allow
early recognition of complications. ICE may facilitate TSP: positioning
the ICE catheter in RA, the FO is seen in 2D with two orthogonal plans
and in 3D in ‘en face’ view (Figure 7).

TSP: key points

(i) Acquire an in-depth understanding of the anatomy of the IAS and
the standard fluoroscopic projections.

(i) Understand why any single SHD procedure has its own site-
specific TSP.

(iii)  Use 2D TOE X-plane cross-section bi-caval and short-axis (SAX)
view.

(iv) 3D TOE image may help show the FO in an ‘en face’ view.

(v) Make sure that the ‘tenting’ is always within the margins of FO.

(vi) Make sure that the wire is in the LA before advancing the sheath.

Transapical puncture
Procedure

Transapical (TA) access provides a direct route to cardiac structures
difficult to reach with TSP. Some cases of paravalvular leak (PVL) clos-
ure, mitral valve (MV) repair with neochordae, and transcatheter mitral
valve replacement (TMVR) are approached by TA access.

Computed tomography (CT) is fundamental for pre-procedural
planning, particularly for selecting the optimal entry point through
the chest wall and in defining the puncture site in the apex of the left
ventricle (LV), which are essential in terms of safety and collinearity
to the target point. The pre-procedural planning is the result of the
CT analysis based on the localization of the LV apex and its relationships
with the coronary arteries, the position of the papillary muscles, the
hypothetical trajectories towards the target, and the extension of the
lung tissue over the LV cavity. In addition, CT allows the optimal
fluoroscopic working plane to be derived together with the angle of
entry.

Procedural guidance

The chosen puncture site is marked on the patient’s skin over the
pre-specified intercostal space according to CT data.

The access site is checked by transthoracic echocardiography
(TTE) confirming the location of the true apex. It is important to
note that the pre-specified apical access point usually is not exactly lo-
cated at the true LV apical point, in order to ensure proper perpendicu-
larity to the MV.

Once the cardiac apex has been exposed by the surgeon, 2D TOE is
essential in guiding the identification of the exact entry site by visual-
ization of the imprinted point by the interventionalist’s finger. On sim-
ultaneous biplane, using the commissural view as the main view and
long-axis (LAX) view as the derived one allows appreciation of the
optimum  position along the medio-lateral and anterior—
posterior planes, as well as the spatial relationship with both papillary
muscles.

Once the access site is defined (Figure 8A), TA puncture is accom-
plished via a 21-gauge micropuncture needle. During the puncture, visu-
alization of entrance into the LV cavity is facilitated by contrast dye
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Table 1 The different site-specific accesses

Procedure

Site-specific

Reason

LAA closure

Edge-to-edge
procedure

PVL repair

Pulmonary vein

isolation

Prior septal
device

Posterior and inferior TSP is recommended to align the sheath
with long axis of LAA.

Usually superior and posterior TSP.

A superior TSP crossing site is recommended for lateral leaks.
For medial leaks, the TSP is difficult due to the acute angle
of guide catheter. A retrograde or TA approach is

recommended.

An anterior/central TSP is recommended.

The available space of FO outside the device. Usually
inferior—posterior border.

Allows positioning of the delivery sheath
deep into the LAA facilitating coaxial
device deployment

Allows adequate free movement of the
CDS within the LA

Posterior and superior site allows
appropriate working height within the
LA and easy access to lateral defects.

Adequate room for deflectable sheaths
and catheters

Abbreviations as in the text.
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Table 2 TSP procedural steps

Procedure

Access via the right femoral vein is preferred because of the almost linear trajectory to the RA. Echo

guidance with a linear probe allows guidance of the puncture needle into the vein while avoiding the

femoral artery. An alternative option is to palpate the femoral pulse and puncture 4 cm below the

inguinal ligament, medial to the femoral pulse, and with a 45° inclination starting medial and shifting

A 00.32 inch ] tip guidewire is advanced under fluoroscopy guidance to the SVC. TOE is recommended to
confirm that the guidewire has reached the SVC position. Maintaining fluoroscopic and TOE projections,

the transseptal sheath and dilator are advanced over the guidewire to the SVC. Once the sheath has

reached the SVC, the wire is removed.

The needle and the sheath are gently pulled back from the SVC. A first jump is perceived as the sheath is

pulled back from the SVC to the RA. A second jump is perceived when the sheath falls in the FO. Both
tactile feedback (i.e. the perception of elasticity of the tissue and the atrial pulsation which bounces back

to the sheaths) and TOE confirm FO engagement.

Once the FO has been engaged, a slight pressure on the needle allows identification of the puncture site as

the apex of the ‘tenting’ appearance.

Step Name
Step 1 Femoral puncture
lateral.

Step 2 Sheath introduction and Brockenbrough

needle insertion
Step 3 Pullback
Step4 Tenting
Step5 TSP

Finally, the needle is advanced against the FO while keeping the sheath in place. Gentle movements prevent

the system from slipping anteriorly towards the AO or posteriorly towards the SS. The puncture is

usually followed by the release of tenting. 2D/3D TOE should confirm the wire is in LA before advancing

the sheath.

Abbreviations as in the text.

injection through the needle that produces transient bubbles inside the
LV. Afterwards, the appropriate delivery sheath is introduced according
to procedural needs: this step is usually monitored by simultaneous
biplane imaging (Figure 8B).

TA puncture: key points

(i) TAaccesssite is heavily dependent on pre-procedural CT imaging.
(i) TTE and in particular TOE biplane imaging are essential for
procedural guidance.

Transcatheter aortic valve implantation

Since the first report of Cribier et al. in 2002, transcatheter aortic valve
implantation (TAVI) has become the standard therapy for many pa-
tients with severe AS. In addition, commercially available'" and investi-
gational’? devices have been used to treat native aortic regurgitation
(AR).

Imaging plays a central role to assess (Table 3) patient selection; AS
severity; AV anatomy; pre-procedural planning: (i) annular size and
shape, (ii) extent and distribution of valve and vascular calcification,
(iii) risk of coronary ostial obstruction, (iv) aortic root dimensions, (v)
optimal fluoroscopic projections for valve deployment, (vi) feasibility
of vascular access (femoral, subclavian, axillary, carotid, transcaval, or
TA), and (vii) prosthetic type and size; procedural guidance; and
follow-up.

TAVI devices

Current-generation commercially available valves include balloon-
expandable (BE) [e.g. SAPIEN 3, SAPIEN 3 Ultra (Edwards Lifesciences),

and Myval (Meril)] and self-expanding (SE) valves [e.g. Evolut PRO+
(Medtronic), ACURATE neo2 (Boston Scientific), Allegra (NVT), and
Portico (Abbott Vascular)]13 (Table 4).

Newer-generation devices have been developed in an attempt to re-
duce the risk of stroke, vascular complications, PVLs, and conduction
disturbances.™

The latest-generation Edwards SAPIEN 3 valve consists of bovine
pericardial leaflets mounted within a BE cobalt—chromium stent with
an outer seal cuff. The latest SAPIEN 3 Ultra has an increased outer
skirt height to further reduce PVL'®> The SAPIEN valves are
intra-annular devices, possibly resulting in higher residual gradients
compared with supra-annular designs, particularly in patients with smal-
ler annuli. They are not repositionable although a distal flex mechanism
and fine positioning control are incorporated for accurate placement."®
The lower stent frame profile makes coronary re-access after TAVI
easier and causes less protrusion into the left ventricular outflow tract
(LVOT), thereby reducing the risk of conduction disturbances and re-
quirement for pacemaker implantation.

The latest-generation CoreValve device, the Evolut PRO, has a SE
nitinol frame with mounted leaflets of porcine pericardium and a skirt
designed to reduce the risk of PVL.'® These are supra-annular valves
with increased effective orifice areas (EOA) and lower gradients than
intra-annular devices. Moreover, as opposed to former generations,
the current systems are repositionable and retrievable. Compared
with BE systems, the Evolut delivery system is not steerable and has
an increased frame height (lower in the latest-generation devices)
with a diamond frame lattice that may make coronary re-access
more challenging.17

The Myval valve is a next-generation BE valve made up of a nickel co-
balt frame and bovine pericardium leaflets, with open cells on the upper
half to ensure un-jailing of the coronary ostia, closed cells on the lower
half for high radial strength, and a sealing cuff to minimize PVL. The valve
receiv1e8c| CE mark in 2019 after the results of the 1-year MyVal-1
study.
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Figure 3 Fluoroscopic, 3D TOE, and fusion image showing the anatomic relationship between FO and AO. (A—C) AP projection: the white/red line
marks the right profile of the AO, partially overlapping the FO. (D—F) RAO 30° projection: the FO is displayed ‘en face’ and the AO does not overlap the
FO. (G-I) LAO 30° projection: the AO nearly completely overlaps the FO; thus, both in 3D TOE and in fusion imaging, the AO must be removed for
visualizing the FO in cross-section. SVC, superior vena cava (with the permission of Faletra et al."®).

110 bpm

Figure 4 (A B) 2D TOE X-plane showing a correct tenting (arrows). The bi-caval view (A) allows to determine the superior (S) and inferior (I) posi-
tions, while the SAX view of the AO (B) allows to determine the anterior (A) and posterior (P) positions.
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Figure 5 (A-D) 3D TOE, showing the right side of IAS in en face view. The sequence of still frames shows as the tip of the needle slides down from the
SVC to the FO (arrow) (E-H) 3D TOE showing the IAS in ‘tangential view’. The sequence of still frames shows the tenting (arrow) (E, F) and the wire

entering in LA (G, H).

Figure 6 Fusionimaging. Site-specific TSP. (A) The site of the puncture is best localized in RAO 30° where the FO is seen ‘en face’. The fiducial marker
(circle and arrow) facilitates the manoeuvre. (B) The ‘tenting’ is seen in LAO 30°. (C) The guidewire is seen crossing the FO (arrow) (with the permission

of Faletra et al."®°).

The Portico valve is made by bovine pericardial leaflets mounted
proximal to the ventricular end of a nitinol SE stent, aiming to reduce
subannular protrusion and thus conduction disturbances. It is an
intra-annular SE valve with a next-generation low-profile delivery
system."”

The Symetis Acurate Neo SE supra-annular valve consists of an aor-
tic stentless porcine valve mounted on a SE nitinol stent, with low place-
ment of the leaflets. It is provided with an anchoring system to facilitate
optimal positioning, it is repositionable, and it has an additional cuff to
reduce the risk of PVL."®

The JenaValve is a porcine root valve mounted within a nitinol SE
stent with an anchoring system of three feelers designed to embrace

the native cusps during implantation, thus targeting also native pure aor-
tic regurgitation (NPAR).%

The specific choice of a BE valve or SE valve depends on patient anat-
omy, clinical, and technical considerations.?’

Patient selection

Intervention is recommended in symptomatic patients with severe AS,
regardless of left ventricular ejection fraction (LVEF), in asymptomatic
patients with severe AS and impaired LV function of no other cause,
and in those who are asymptomatic during normal activities but de-
velop symptoms during exercise testing.2
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Figure 7 (A) Transatrial ICE view for safe TSP (left panel) and (B) after puncturing the fossa with the appearance of microbubbles in LA.

Figure 8 Simultaneous bi-plane imaging starting from commissural view showing apex fingered (arrow) by the surgeon (A). (B) The introduction of
the sheath, wire, and delivery system is monitored by simultaneous bi-plane imaging, in order to properly evaluate medio—lateral and anterior—posterior

location and to exclude aortic engagement or papillary muscle entrapment.

The choice of the most appropriate mode of intervention should be
carefully considered by the Heart Team in all patients, accounting for
age, estimated life expectancy, comorbidities (including frailty and over-
all quality of life), anatomical and procedural characteristics, the relative
risks of surgical aortic valve replacement (SAVR) and TAVI and their
long-term outcomes, prosthetic heart valve durability, feasibility of
transfemoral TAVI, and local experience and outcome data.”

Prosthetic heart valve durability is a key consideration in younger pa-
tients (<75 years) at low surgical risk, and SAVR (if feasible) is therefore
the preferred treatment option. Conversely, durability is a lower prior-
ity in older patients (=75 years), or those who are inoperable or high
risk for surgery, and TAVI is preferred in these groups [particularly if
feasible via transfemoral approach (TFA)].

In summary, SAVR is recommended in younger patients who are low
risk for surgery (<75 years and STSPROM/EuroSCORE Il <4%) or in
patients who are operable and unsuitable for transfemoral TAVI
(Class |, Level B).2 TAVI is recommended in older patients (>75 years)
or in those who are high risk (STSPROM/EuroSCORE Il >8%) or un-
suitable for surgery (Class |, Level B).% For the remaining patients, the
Heart Team should make tailored recommendations (SAVR or TAVI)

based upon their individual clinical, anatomical, and procedural charac-
teristics (Class I, Level B).

Patient selection: key point

(i) The interventional imager should clearly underline in the report all
the important imaging aspects to be considered by the Heart Team
for the decision between SAVR and TAVI.

Severity of AS

Transthoracic echocardiography

TTE is the key imaging modality for evaluation of AS. It allows the quan-
tification of AS severity, visualization of the number and position of
cusps, qualitative assessment of calcium deposition, and the presence
of concomitant abnormalities.
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Table 3

Imaging in TAVI

Essential assessments

Severity of AS

Valve morphology

LV morphology

LV function

LVOT evaluation

RV morphology and
function

Concomitant
valvulopathies

Annulus measurement

Aortic root measurement

Vascular accesses

Procedural monitoring

Imaging modalities

2D TTE, CT, 2D TOE, 3D TOE, and Stress
Echo

2D TTE-TOE and CT

2D/3D TTE, 2D/3D TOE, CT, and CMR

2D/3D TTE and MRI

2D/3D TTE-TOE and CT

2D/3D TTE and CMR

2D/3D TTE-TOE

CT and 3D TOE

CT and 2D/3D TOE

CcT

Fluoroscopy, 2D TTE, 2D TOE, and fusion

imaging

Follow-up 2D/3D TTE, 3D/3D TOE, CT, and CMR

Abbreviations as in the text.

Current international recommendations for the echocardiographic
evaluation of AS depend upon measurement of mean pressure gradi-
ent, peak transvalvular velocity (Vmax), and valve area.*? Although valve
area is the theoretically relatively flow independent, its evaluation is
technically demanding incorporating several sources of error which
make measurement precision relatively poor. Echocardiographic mea-
sures of AS severity is discordant in between a fifth and a third of pa-
tients, most commonly where the peak velocity and mean gradient
(MG) suggest moderate stenosis but the aortic valve area (AVA) is in
the severe range.

Additional parameters must be taken into account in discordant
cases and to accurately categorize patients with AS: stroke volume
(SV), degree of valve calcification, LV function, and the presence or ab-
sence of LV hypertrophy. Low flow is arbitrarily defined by a stroke vol-
ume index (SVi) < 35 mL/m?.

In addition, TTE is essential to identify additional findings such as
concomitant valvular diseases, intracardiac masses, haemodynamically
significant LVOT dynamic obstruction or LV anatomy at risk of LVOT
obstruction (LVOTO) after valve replacement, severe pulmonary
hypertension, and right ventricular (RV) dysfunction.”? Among con-
comitant valvular disease, MR is frequent: large TAVI series have high-
lighted these patients to have worse baseline clinical profile with
worse LV remodelling, lower LVEF, larger volumes, smaller AVA, high-
er systolic pulmonary pressure, and higher overall morbidity and
mortality.>

Transoesophageal echocardiography
Although pre-procedural TOE to evaluate the AV and aortic root com-
plex is not mandatory, it may be appropriate, particularly when CT is
contraindicated or unavailable or when TTE is not diagnostic or ana-
tomical features seen by TTE raise concern for TAVI feasibility or sug-
gest a high risk for complications.®®

TOE can give essential and additional information regarding the
morphology of the AV, the aortic root, the basal LV septum, and sub-
aortic pathology, better quantification of AR, delineation of associated
aortopathy and evaluation of thoracic aortic plaques, and concomitant

Table 4 CE-marked available devices for TAVI

BE devices

SAPIEN 3 (Edwards Lifesciences, Irvine, CA)

A ™
(5 )

X S

Myval (Meril Life Sciences Pvt Ltd, India)

SE devices

Supra-annular Intra-annular

_a

Evolut R/PRO (Medtronic, Minneapolis, MN) Portico (Abbott,

Abbott Park, IL)

ACURATE neo 2 (Boston Scientific,
Marlborough, MA)

Devices for AR

Navitor (Abbott,
Abbott Park, IL)

J-Valve (JC Medical Inc, Burlingame, CA, USA) JenaValve
(JenaValve
Technology,

Munich, Germany)

valvulopathies (i.e. MR) to clarify its severity and mechanism and to ex-
clude or confirm intracardiac masses. When TTE is not diagnostic to
define the severity of AS, TOE can be used to assess the morphology
of the AV, the 2D and 3D AVA*** and for comprehensive Doppler
interrogation using transgastric and deep transgastric views. Finally,
TOE can be an alternative imaging modality for aortic annulus sizing.
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When to use other imaging techniques

Stress echo

Stress echo (SE) is not routinely recommended for the assessment of
AS. However, SE in the context of AS could be useful for assessing
symptoms in asymptomatic severe AS and for clarification of AS sever-
ity in patients with low-flow low-gradient severe AS which can occur
either with reduced (pseudo-severe or severe AS) or preserved (para-
doxical low-flow low-gradient) LVEF.

Computed tomography

CT provides a detailed evaluation of the morphology of AV, LVOT, and
aortic root. CT calcium scoring provides a quantitative assessment of the
degree of valve calcification and provides an anatomic flow independent
assessment of AS severity. The AV calcium score is quantified in arbitrary
units (AU) using the Agatston method: a calcium score of >2000 in men
or >1200 AU in women is consistent with severe AS.?#?

An additional role of CT in clarifying the severity of AS includes its
role in hybrid imaging, combining LVOT area measured by CT and
flow velocities by echo-Doppler to re-calculate AVA*’: hybrid AVA
has a different cut-off for severe AS (i.e. 1.2 cm?).

Cardiac magnetic resonance

The prognosis of patients with severe AS could be delineated further by
additional parameters such as LV myocardial fibrosis, as assessed by late
gadolinium-enhanced cardiac magnetic resonance (CMR) and LV global
longitudinal strain with speckle-tracking echocardiography, that have
been associated with increased all-cause mortality.>® Amyloidosis is
also frequently associated with AS in elderly patients (incidence
9-15%).3" Data suggest that patients with combined amyloid-severe
AS had worse survival.>> When amyloidosis is clinically suspected,
CMR should be considered for diagnosis.

Assessment of AS severity: key points

(i) TTE is the primary imaging modality for quantification of AS,
evaluation valve morphology, and presence of concomitant
abnormalities.

(i) CT AV calcium score provides a complimentary anatomic assess-
ment of AS severity and may be appropriate in patients with dis-
cordant echocardiography.

(i)  SE (low-dose dobutamine SE) is also indicated in patients with dis-
cordant echocardiography, particularly in patients with low-flow
low-gradient AS.

(iv) TOE may be appropriate in patients with discordant echocardiog-
raphy, particularly when CT is contraindicated or unavailable.

Aortic root anatomy and calcifications
The essential components of the aortic root are the annulus, the leaflets,
the sinuses of Valsalva (SOV), and the sino-tubular junction (STJ) (Figure 9).
The annulus is defined by imaging as the boundary that connects the
lowest insertion points (nadirs) of the leaflets to the AO. There is no
distinct anatomical structure which can be identified as the annulus,
and hence, this is referred to as the virtual basal ring (VBR). Instead,
the boundary between the muscular ventricle and the fibrous aortic tis-
sue is an identifiable anatomical structure, and this is called the
ventriculo-arterial junction (VAJ). The latter includes the mitral-aortic
curtain and membranous septum and adjacent conduction system.33
The length of the membranous septum may be an important anatomic
predictor of heart block following TAVI.>*

The AV is composed of three leaflets (left, right, and non-coronary
cusps) attached in a semilunar fashion along the entire length of the aor-
tic wall, with the highest point of attachment at the level of the ST and
the cusp nadirs define the VBR.

The ST]J is a true ring made up of elastic tissue and marks the distal
extent of the aortic root, above which is the ascending AO. A small
ST]) diameter (<22 mm) combined with significant vertical remodelling
(annular height <10 mm) and calcification may predispose to STJ injury
at the time of TAVI (Figure 10).

The SOV are the bulges of the aortic root between the annulus and
the STJ. The SOV are often unequal in size with the right SOV being the
largest.

The coronary ostia arise from the distal end of the SOV just below
the STJ, although they may arise from the centre of the SOV or from
locations above the STJ. The coronary orifices must be localized and
the annular—coronary ostial distance measured in order to prevent cor-
onary flow obstruction at the time of AV prosthesis implantation.
Coronary ostia height <12 mm is a risk factor for coronary occlusion,
especially when associated with a heavily calcified valve, small SOV, and
low annular height. Displacement of the leaflet against the ostia by the
device and leaflet calcium embolization are the most frequent mechan-
isms of acute coronary occlusion.

CT permits the accurate evaluation of valve anatomy and the extent
of calcification as well as the height of the coronary ostia relative to the
aortic annulus (Figure 11). The amount and distribution of aortic calci-
fication are also associated with the risk of PVL after TAVI as bulky cal-
cification increases the risk of gaps between the external surface of the
prosthesis and the host native valve, providing a substrate for PVL
(Figure 12). In addition, the severity and asymmetry of calcification in
the LVOT and the device landing zone may result in differences in
the tension—force across the valve, which can cause asymmetric deploy-
ment of the prosthesis. Asymmetric calcification burden with greater
calcification of the non-coronary/left coronary cusp seems related to
higher need of permanent pacemaker implantation together with a
short membranous septum, while patients with moderate/severe
LVOT calcification are more susceptible to aortic annular rupture
(Figure 12).

Aortic annulus sizing

The assessment of annular shape and size is critical for accurate pros-
thetic valve sizing. However, the size of SOV and the ST) and the behav-
iour of the leaflets during implantation are also critical as is information
concerning the coronary ana‘comy.35 These parameters are important
in order to minimize the risk of PVL, aortic root rupture, and coronary
obstruction. CT provides these anatomical details with high accuracy
and is considered the gold standard imaging modality for these pur-
poses prior to TAVIL. TOE may be considered when contrast CT is dif-
ficult to interpret or contraindicated.

Appropriate valve sizing is based on the concept of ‘oversizing’ which
is essentially the ratio of a given valve size and the annulus diameter —1,
expressed as a %. Average diameter is largely abandoned, whereas
perimeter- (SE valves) and area-derived (BE valves) diameters are
used for this purpose.

The degree of oversizing is based on the look-up table provided by
valve type and is provided by the manufacturer. For calcific AS, this
ranges from 8 to 14%. Oversizing rarely exceeds 20% for calcific AS be-
cause of the risk of annular rupture.

Computed tomography
CT is the first-line imaging technique for planning TAVI, providing quali-
tative and quantitative evaluation of the aortic root, valve, and vascular
access routes.

Annular measurements by CT must be made on the images with
highest quality and optimal contrast. Scan protocols must include an
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Figure 9 The anatomy of the aortic root. (A, B) 3D TOE reconstruction (dashed lines: lunule; yellow triangle: interleaflet triangle). (C, D) CT recon-
struction. NCC, non-coronary cusp; LCC, left posterior sinus; RCC, right posterior; C, commissures; STJ, sino-tubular junction; VA], ventricular—arterial
junction; SOV, sinuses of Valsalva; VBR, virtual basal ring.

Figure 10 Different morphologies of SOV and SJT. 2D ME LAX views showing comparison between normal (A) and small aortic root diameter
(27 mm at SOV) and the presence of shallow/obliteration of SOV-ST] (B).

20z dunf || uo Josn UNSIpa|N AQ 89v 161 2/6029/6/¥2/aI0Me/BuiBewidlys/wod dno-oiwspese)/:sd)y wouj papeojumoq



e220

E. Agricola et al.

B Aortic Ostium Heights

17.1 mm
15.7 mm

L Ostium Height
R Ostium Height

Figure 11 Localization of the coronary orifices and measurement of coronary ostial annular distance. (A) CT MPR: evaluation of coronary ostia
height from annular plane. (B) 3D TOE reconstruction of the coronary ostia height by semi-automatic software. (C) MPR post-processing of a 3D
data set of the aortic root. The height of coronary ostia from annular plane can be obtained by adjusting on the transverse plane the sagittal and coronal
planes in order to intercept the right and the left coronary ostia, respectively.

image reconstruction thickness <1 mm in order to obtain accurate 2D/
3D multiplanar reconstructions (MPR); therefore, it is mandatory to
have at least a 64-multidetector CT scanner.

Images reconstructed in the systolic phase should be preferred for
the measurement of annulus sizes because in this phase, the annulus
is slightly but significantly larger than in diastole.>®

The evaluation of the aortic annulus must be performed using specif-
ic oblique 3D reformatted planes (Figure 13). 2D/3D MPR tools provide
the specific aortic planes (long axis and orthogonal planes). These aortic
planes can be automatically generated by dedicated software with a
specific TAVI module. The LAX and SAX diameters, the cross-sectional
area, the perimeter, and the three corresponding derived mean dia-
meters should all be reported. The report should also include the dia-
stolic intraluminal (inner edge-to-inner edge) maximum diameters of
the SOV, as well as the STJ and ascending and descending AO.

Recent advances have illustrated the potential of patient-specific
3D-printed models to aid in pre-procedural planning, device sizing,
and estimation of the possible risk of PVL.3” Future 3D-printed models
may incorporate information from multimodal imaging to capitalize
upon the advantages of each imaging modality. This may be especially
helpful in patients with complex anatomy.

Echocardiography
When contrast CT cannot be performed (i.e. chronic renal failure and
urgent TAVI), 3D TOE offers an alternative imaging approach to

evaluate the aortic root.*®3? 3D zoom acquisition should be performed
being careful to include the entire annulus in the data set giving priority
to frame rate and imaging resolution. Once a 3D volume data set has
been obtained, the annulus can be measured by two methods: (i)
MPR which allows direct manual measurements (Figure 13) and (ii)
semi-automated software which performs quantitative analysis of the
aortic root (Figure 13). The semi-automated software provides a static
or dynamic model and geometric measurements of the aortic root.

The published data show a good correlation between 3D TOE and
CT measurements both manual and semi-automated analyses even
though 3D TOE underestimates the major diameter, area, and perim-
eter compared with respective CT measurements by 3.5-7.4%, but
they do not change significantly the choice of the transcatheter heart
valve (THV) size in general.>* Hence, if 3D TOE data are the sole source
of annulus measurements, then the local expertise and reliability should
influence the confidence on these measurements for selection of THV
size.

2D and 3D echocardiography can provide additional data on valve
anatomy and surrounding structures, calcifications in LVOT, basal sep-
tal hypertrophy, distribution of valvular calcification, and localization of
the coronary orifices. The determination of the right coronary ostial—
annular distance from the annular plane is possible with 2D TOE in mid-
oesophageal (ME) LAX view, but the left coronary annular—ostial
distance can only be measured from the coronal plane that cannot
be acquired by standard 2D imaging and thus requiring 3D TOE MPR
imaging (Figure 11B and C).

20z dunf || uo Josn UNSIpa|N AQ 89v 161 2/6029/6/¥2/aI0Me/BuiBewidlys/wod dno-oiwspese)/:sd)y wouj papeojumoq



Multimodality imaging for patient selection, procedural guidance, and follow-up of transcatheter interventions for structural heart disease

e221

Figure 12 Assessment of the burden and distribution of AV calcification. (A, B) Biplane view of severely calcified AV stenosis. SAX view allows for the
qualitative evaluation of calcium burden in terms of location, extension, and distribution. (A) A case of symmetric distribution. (B) A case of asymmetric
distribution. (C—E) CT MPR. (C) A case of symmetric distribution of calcium with an extent to the annulus (white arrow) and LVOT (red arrow).
(D) A case of asymmetric location of calcium, with the extent to mitral-aortic curtain. (E) Severe and circumferential calcification of LVOT.

Other imaging techniques

CMR offers an alternative to contrast CT although this is not commonly
used.*® Despite excellent spatial resolution and the accuracy of the
CMR measurements, the protocols are time consuming. Additionally,
calcification cannot be assessed or quantified by CMR, and while this
may aid assessments of the peripheral vasculature (avoiding problems
with calcium blooming), it limits assessment of the calcium burden in
the valve and LVOT.

Annular sizing: key points

(i) CT is the reference imaging modality for aortic annular sizing.

(i)  The aortic annulus evaluation must be performed using specific
oblique 3D reformatted planes carefully re-orientated into the
valve.

(iii) It is mandatory to detail the anatomy of AV, LVOT, basal septal
hypertrophy, SOV diameters and heights, ST} and ascending
and descending aortic diameters, coronary ostia, distance of cor-
onary ostia from the annular plane, and amount and distribution
of aortic calcification.

(iv) 3D TOE is a valuable alternative imaging modality to evaluate the
aortic root when contrast CT cannot be performed.

Procedural access assessment
Femoral: CT

Nowadays, the retrograde TFA is still the most used in clinical practice
thanks to the minimal invasiveness.*' Despite the wide use of TFA, sev-
eral multicentre trials showed that this technique is not free of compli-
cations.*? Indeed, complications related to procedure range from 10 to
20% including vessel rupture, dissection of superficial circumflex iliac ar-
tery, common iliac artery, AO, vessel occlusion, bleeding, haematoma,
or development of false aneurysm.*® Therefore, the selection of pa-
tients needs to be evaluated carefully. Commonly, the approach in
TFA is percutaneous; however, in selected cases, open surgical access
may be appropriate.**

CT angiography can provide information regarding the morph-
ology and the presence and nature of atherosclerotic disease affect-
ing all the vessels involved in TAVI performed with TFA. Acquisition
protocols for the evaluation of the peripheral vessels should include
the administration of contrast agents and high spatial resolution
acquisition.

Suggested diameters of the peripheral vessels should be at least
6 mm with little tortuosity, no severe stenosis, or calcifications. This
is to accommodate the TAVI deliver catheters which have a calibre ran-
ging from 14 to 20 French (F).**

In patients that have previously undergoing stent implantation in the
AQ, iliac, or femoral arteries, the indication for TAVI and optimal access
route should be carefully evaluated.”’

Some clinical cases of femoral access evaluation are listed in Figure 14.
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Figure 13 Measurement of aortic annular dimension. (A) CT MPR method shows coronal, sagittal, and transverse planes adjusted to get the true
cross-sectional plane of aortic annulus (marked by the coplanarity of the three green markers placed on the cusps nadir). (B) 3D TOE aortic annulus
measurement by MPR method. In clockwise order, 3D volume cropped along the coronal plane, transverse plane (short axis), coronal plane (major
diameter), and sagittal plane (minor diameter). (C) Annulus measurement by semi-automatic software.

Non-femoral access routes: what to assess at CT?

Forms of access that can be used as an alternative when femoral access
is contraindicated include the subclavian (the second most commonly
used), transaortic (TAo), and TA approaches. The latter two require
a surgical approach and are therefore less commonly used.

Subclavian

The subclavian approach represents an optimal alternative in cases where
there is contraindication to TFA and the TA approach.* The most com-
mon approach is surgical with a dissection or retraction of pectoralis fol-
lowed by exposition of the subclavian ar‘tery.45 Several anatomical
evaluations are required to effectively plan TAVI procedures using the
transsubclavian artery approach. Evaluation with CTA represents a funda-
mental tool for this purpose assessing the calibre, calcification, and tortuos-
ity of the subclavian artery. In addition, TAVI procedures via the right
subclavian artery may be challenging when the angulation between the
plane of the valve and the horizontal plane is >30°.* Careful evaluation
should be considered in patients who underwent previous coronary artery
bypass graft (CABG) surgery,*’**® where the subclavian artery may be cal-
cified or small and there may also be abnormalities of vertebral arteries.*’

Transaortic

Patients who do not have suitable peripheral vessels may benefit from a
direct TAo approach. Two different kinds of TAo approaches have

been described in the literature that allow exposure of the ascending
AOQ. If the ascending AO is positioned on the right side of the medias-
tinum in proximity to the rib cage, a right anterior thoracotomy is pre-
ferred. Conversely, if the AO is in the midline or deeper, a
mini-sternotomy is suggested.so'51

Evaluation with CTA in patients who will undergo a TAo approach is
focused on evaluation of the ascending AO anatomy and selection of
the most feasible approach as well as assessment of aortic calcifications.
Indeed, in patients with a porcelain AO, the TAo approach is often not
suitable.>

Transapical

The TA approach is an alternative to the aforementioned vascular ap-
proaches that can be performed in almost every patient.> In the TA
technique, a left antero-lateral mini-thoracotomy is usually performed
in the fifth or sixth intercostal space, followed by exposure of the peri-
cardium and access to the left ventricular apex.

Others

Despite the relatively safe and wide clinical use of TFA, several other ap-
proaches have been described in literature. These include the caval—aortic
approach where the descending abdominal AO is reached through the
ilio-femoral veins and inferior vena cava. Again, CT is fundamental in the
evaluation of the anatomy of both the arterial and venous system and
the presence and severity of associated atherosclerosis.>* The transcarotid
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Figure 14 Femoral access evaluation by CT for planning of TAVI with TFA. (A) Multiplanar and 3D volume rendering reconstructions show kinking
and calcifications of both right (arrowhead, left and right panels) and left (arrow central and right panels) superficial iliac arteries. (B) 3D volume render-
ing shows the kinking of both right (arrowhead) and left (arrow) common and superficial circumflex iliac arteries. (C) Presence of severe stenosis on the
left distal graft of aorto-bifemoral bypass showing diameters of 3.8 X 3 mm (arrows). (D) CTA showed the presence of aortoiliac stent in order to
exclude presence of abdominal aneurysm. Both common iliac arteries are patent and suitable for TF approach (arrows).

(TC) surgical technique has been described by Modine et al>* Firstly, the
carotid artery is exposed; subsequently, TAVI delivery catheters are in-
serted inside the vessel lumen. The main advantage of the TC approach
is the direct access it provides to the aortic root, although it is contraindi-
cated in patients at risk of neurological implications due to temporary oc-
clusion of the carotid artery.>® CT is again useful in evaluating the anatomy
of the carotid arteries, aortic arch, and intracranial arteries.”’

Vascular access: key points

(i) CT is the main imaging modality to evaluate the optimal access
point and route for TAVI.

(i) TFA is the preferred vascular access technique. Information on
the presence and severity of atherosclerosis as well as vessel cali-
bre, calcification, and tortuosity of all the vessels involved in the
selected TAVI procedure must be reported.

(iii) In case of absolute contraindications to CT scan, echographic
evaluation of iliac and femoral arteries should be carried out.

(iv)  Other access routes should be considered with caution, as they carry
a higher procedural complexity and risk of complications than TFA.

Areas in development
Bicuspid aortic valve

Bicuspid aortic valve (BAV) is a congenital disease affecting up to 2% of
the general population and up to 20% of octogenarians and nonagenar-
ians referred for AV replacement.®®

A TAVl-directed simplified BAV classification, according to (i) the
number of commissures (two vs. three) and (ii) presence or absence
of a raphe, has been proposed. Three morphologies are encountered:
(i) tricommissural, often referred to as ‘functional’ or ‘acquired’ BAV
(not part of the Sievers classification); (ii) bicommissural raphe-type
(equivalent to Sievers Type 1), when there is a fibrous, calcified fusion
raphe that does not reach the height of the commissure; and (iii) bicom-
missural non—raphe-type (equivalent to Sievers Type 0).>° This classifi-
cation was designed as a simplified representation relevant to TAVI to
take into account the interface of prosthesis and the aortic—valvular
complex, at both the basal leaflet plane (presence or absence of a
raphe) and at the commissural level (presence of two or three commis-
sures). A raphe, particularly if calcified, may influence TAVI expansion
and apposition at the annular level. Moreover, the concept of a
supra-annular commissural seal mitigating the PVL®® and the presence
or absence of a third commissure may also influence TAVI apposition,
as well as there is some relevance in the intercommissural distance for
the prediction in PVL in bicommissural but not tricommissural BAV.

BAV stenosis is often associated with aortopathy, a larger and more
oval-shaped annulus, heavily calcified leaflets, asymmetric calcium distri-
bution, and unusual orientation of the coronary ostia. Each of these
constitutes a potential technical challenge for TAVI valve sizing, optimal
device positioning, and expansion.

The technical approach for TAVI in a patient with BAV involves bal-
loon valvuloplasty before prosthesis deployment, avoidance of aggres-
sive oversizing in relation to the aortic annulus diameter or
supra-annular sizing, and slow gradual deployment.®™¢?

A recent meta-analysis showed that BAV patients treated with TAVI
had similar 30-day and 1-year mortality as well as stroke, vascular com-
plications, and new pacemaker implantation rates compared with tri-
cuspid valve subjects, but carried higher risk of moderate/severe PVL,
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need for implantation of a second valve, annular rupture, conversion to
surgery, and device failure.®® Event rates significantly decreased with the
use of new-generation devices, but TAVI still showed better procedural
results in tricuspid valve compared with BAV.¢?

Open questions remain concerning the most favourable candidate
anatomy, the role of aortic root morphology, the best sizing method,
and the relationship between under-expansion and device durability.

In particular, there is a lack of consensus on the optimal sizing meth-
ods in BAV.** Different methods have been proposed: (i) based on the
annulus plane, as for tricuspid valves, and (ii) the supra-annular one,
where the so-called intercommissural distance is identified. Sizing meth-
ods take into consideration these two planes, separately or in combin-
ation.®® In addition, two other methods have been proposed: (i) a
balloon-sizing method relying on the intra-procedural evaluation during
pre-dilation and (2) a method in which the sizing is performed at the
level of the raphe where valve anchoring is assumed (Level of
Implantation at the RAphe method).®®

Aortic regurgitation

Surgical treatment is nowadays the gold standard for NPAR. TAVI ap-
pears an option for inoperable/high-risk patients''; however, it still re-
mains an off-label indication until randomized control trials are
performed and long-term results available. In this setting, TAVI shows
higher rates of in-hospital mortality and complications, but lower
stroke rate compared with results in AS populations.

The relatively low burden of valve calcification in NPAR patients is a
challenge for the procedure and, in particular, for landmark identifica-
tion at fluoroscopy and prosthesis anchoring. In fact, the available de-
vices are not strictly designed to address NPAR. In addition, the
annular or aortic dimensions are usually bigger and more spherical,
and together with the increased SV secondary to severe regurgitation,
device positioning and deployment is made very difficult with predis-
position to embolization or malposition and subsequent higher risk
of moderate-to-severe post-procedural AR (associated with worst
clinical outcomes).®’”

Valve oversizing has been proposed to reduce the risk of valve migra-
tion: published data recommend a 15-20% oversize with the caution
not to oversize beyond 20% due to the risk of annular rupture and con-
duction system abnormalities.*®*° Given the absence of calcification
and fluoroscopic landmarks, it has been suggested to use two pigtail ca-
theters in different SOV or fusion-guided imaging to enhance anatom-
ical landmarks for valve deployment. Balloon pre-dilatation should not
be performed and rapid pacing is mandatory for BE valves and helpful
also with SE valves to reduce the SV, stabilizing the aortic annulus
and limiting device motion.

Procedural guidance

TTE vs. TOE

Procedural guidance based on TOE vs. TTE for TAVI procedures has its
individual merits and demerits. In 2002, Prof. Alain Cribier performed
the first in-man TAVI using general anaesthesia and TOE.”® In 2012,
American College of Cardiology (ACC) recommended that TOE is
mandatory for all patients undergoing TAVI”" However, in 2017,
ACC suggested that TTE can be used as an alternative tool for TAVI
procedures.”

The rise of the minimalist approach can inhibit TOE for procedural
imaging, but we need to consider the advantages/disadvantages com-
pared with the TTE only and local anaesthesia approach (Table 5).
TTE is used generally when TAVI is performed under monitored anaes-
thesia care, whereas TOE is performed in patients requiring a TA or
TAo approach. The European trend in experienced centres (who has
overcome the learning curve) is to use peri-procedural TTE alongside
fluoroscopy for TAVI with TFA.”3

Table 5 Intra-operative imaging with TTE and TOE
Advantages Disadvantages
TTE

Monitored anaesthesia care
Standard views for assessment
of the heart

Easy availability

Early recovery, not needing
general anaesthesia

TOE

Requires general anaesthesia

Early detection of
peri-procedural
complications

Imaging is possible during the

entire procedure

High resolution and high frame
rates for 2D/3D TOE

Image quality may be compromised

Needs of sterile field, leading to
frequent delay in procedural
performance and interruption

Lower resolution and frame rates
compared with TOE

Frequent exposure of interventional
echocardiographer to higher

radiation

Performing TOE in local anaesthesia
can be challenging and
uncomfortable

Trauma to oesophagus and
surrounding anatomical structures is
possible

Image quality can be compromised due
to heavy calcification causing
acoustic shadowing

Probe manipulation may be

continuously required and can

interfere with fluoroscopy
Post-operative assessment can  Peri-procedural costs may be higher
be done in the operating and additional set up is required

room

The form of anaesthesia largely dictates the mode of ultrasound as
TOE guidance is quite uncomfortable for patients. In addition, transna-
sal TOE and ICE have been suggested as alternative imaging methods in
procedures with monitored anaesthesia care.”*

Nowadays, a minimalist approach based on TTE is preferred, with
possible conversion to TOE guidance when haemodynamic deterior-
ation or complications occurred.” Still, in newer programmes or in pa-
tients at increased risk of procedural complications, TOE guidance may
be more appropriate.

In case of minimalistic approach, fluoroscopic guidance based on
CT-derived working projections is used during all the steps of the pro-
cedure as fluoroscopy is often sufficient for metallic structure of de-
vices and calcifications of the native AV imaging; aortic angiography is
a complementary imaging modality.

What to assess? Critical procedural steps

Table 6 summarizes the procedural steps and
assessment (Figure 15).

imaging

Assessment of AV apparatus

If TOE guidance is used, the procedural re-assessment of the AV appar-
atus is a critical first step, as faulty measurements can lead to serious
complications.
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Table 6 Procedural steps and imaging assessment

Procedural

Pacing wire
position®

Stiff wire position

BAV

Positioning of
THV

TA puncture

Post-deployment

Imaging recommendations

e Confirm position in RV
® Exclude perforation and pericardial effusion

e Exclude interferences with MV apparatus
® Exclude perforation and pericardial effusion

® Image during and immediately following BAV for AR
® Exclude coronary obstruction by calcified leaflet

e Evaluate risk for annular rupture/exclude annular rupture

e BE valve: outflow edge should cover the native leaflets while
being below STJ.

e SE valve: higher edge of the stent should be 5 mm below the
annulus.

e Confirm location of the TA puncture site by imaging the
apex. Optimal position will avoid the RV, and be angulated
away from the interventricular septum.

Assess stent positioning, shape, and leaflet motion; perform
comprehensive haemodynamic measurements [MG, peak
velocity, EOA, and Doppler velocity index (DVI)].

PVL assessment

Assess coronary artery patency and LV function
MV function assessment

Estimate pulmonary pressure

Exclude perforation and pericardial effusion

2D/3D TEE views

ME 4-Ch view (0-30°), TG LAX view
(90-120°)

ME views, TG SAX view (0-30°)
ME biplane view of MV (2-Ch 60—
90°, LAX 120-140°)

ME views, TG SAX view (0-30°)

ME biplane view of AV (SAX 30-60°,
LAX 120-140°)

ME SAX view (30-60°), LAX, MPR
ME biplane view of AV

ME LAX view (120-140°)

ME LAX view (120-140°)

ME biplane view of LV (2-Ch view,
LAX view)

Deep TG view (90-110°)

ME biplane view of AV (SAX 30-60°,
LAX 120-140°)

Deep TG view (90-110°)

ME biplane view of AV (SAX 30-60°,
LAX 120-140°)

ME SAX view of AV (30-60°); ME
and TG SAX views

ME biplane view, 3D en face view
ME SAX view (0-30°), modified
bi-caval view (90-110°)

ME views, TG SAX view (0-30°)

2D TTE views

P-LAX, P-SAX apical

views

P-LAX, P-SAX, apical
views

P-LAX, P-SAX apical
views

P-LAX, P-SAX
Apical views

P-LAX, P-SAX

P-LAX
P-LAX

P-LAX, P-SAX, apical
5-Ch and 3-Ch views
P-LAX, P-SAX; apical
5-Ch and 3-Ch views
Apical views for LV
function

P-LAX, parasternal SAX
(PSAX), apical views
P off-axis, apical 4-Ch
view

P-LAX, P-SAX, apical

views

Abbreviations as in the text.
?Direct pacing from the wire in the LV is an alternative option.

Guidewire placement

Complications that can occur during guidewire placement include the
following (Figure 15A):

() Guidewire entrapment in the secondary chords of the MV.

(i) Guidewire is not able to align with the AV and reaches the LA
or has a difficult alignment owing to a hypertrophied LV.
Despite the fact that placement of the guidewire is more straight-
forward using the TFA, TOE may still be helpful during this
approach.

Balloon valvuloplasty

Biplane TOE imaging is helpful as the balloon needs to be positioned
in the middle of the valve for complete dilation of the calcified AV
(Figure 15B). The presence of asymmetric calcification as opposed
to regular calcification may predispose for post-implantation PVL.
The valvuloplasty can be used for confirmation of the annular size
and displacement of calcium during valve deployment. Rupture or

sliding of the balloon during valvuloplasty necessitates another at-
tempt with a bigger balloon before valve implantation. In addition,
balloon valvuloplasty may cause severe AR which may necessitate ra-
pid valve deployment due to haemodynamic deterioration, especial-
ly in severely depressed EF.

Device implantation

The device position is determined by TOE and fluoroscopy/
angiography (Figure 15C—E). Every kind of device needs a specific
placement in relation to the nadir of native aortic cusps. The
interventional imager involved in TAVI guidance needs to famil-
iarize with the structure of the implantable devices and their de-
livery systems to ensure that the specific landmarks are identified
during the procedure. A possible complication during implant-
ation is MV damage, as the delivery system can obstruct, distort,
or perforate the anterior mitral leaflet causing severe regurgita-
tion leading to rapid haemodynamic deterioration. Implanting
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Figure 15 TOE procedural monitoring. (A) Biplane view (LAX and SAX views of AV) showing the guidewire crossing the valve (arrow). (B) Biplane
views during balloon inflation allow the accurate visualization of the balloon position. (C—E) Biplane views during step-by-step SE valve deployment.

fluoroscopic view is derived from pre-procedural CT: usually all
three cusps of the AV are imaged in an orthogonal plane, typic-
ally with the right coronary cusp in the centre. A recent advance
consists in the cusps overlaps projection that, by isolating the
non-coronary cusp, unforeshortens and elongates the LVOT
with more accurate assessment of implantation depth and com-
missural alignment.

Device assessment after TAVI: confirm position, prosthetic performance in
terms of gradients, and pathological regurgitation (either intra- or
peri-prosthetic)

Dedicated training or experience in post-TAVI echocardiographic
evaluation is needed as many complications can be subtle’:
careful echocardiographic examination after deployment is needed
to fully evaluate valve function and screen for complications
(Figure 16).

After evaluation of valve position and possible embolization, de-
vice performance should be evaluated. A multiwindow approach is
indicated, including parasternal, apical, and sometimes subcostal
views. Starting from an apical five-chamber view (or the TOE deep
transgastric), as it is the least impacted by acoustic shadowing of
the prosthesis, allows the evaluation of gradients and the easy detec-
tion of any kind of regurgitation. The three-chamber view and the
short axis at the base (with up and down tilting), or the equivalent
TOE views (ideally in combination using biplane imaging), are used
to assess how well the valve is seated, its shape, and circularity and
to rule out the presence of para/transvalvular leak; in particular,
the short axis could locate the regurgitation, distinguishing intra-
vs. para-prosthetic leakage. A multiwindow approach is extremely
important in order to overcome acoustic shadowing, thus exploring
all the portion of the prosthesis.

Typically, the leaflet’s seating improves over the first minutes
following implantation and the valvular regurgitation usually
ameliorates.

Assessment of PVLs

The Valve Academic Research Consortium (VARC) criteria have estab-
lished the grading scheme for assessment of regurgitation after TAVI.”® A
five-class grading scheme (mild, mild-moderate, moderate, moderate—
severe, and severe) or a three-class scheme (mild, moderate, and severe),
as recommended by the American Society of Echocardiography and
European Association of Cardiovascular Imaging guidelines,”” can be
used. Using the five-class scheme, assigning ‘in-between’ grades, has al-
ready been shown to reduce variability between echocardiography
core laboratories.”®

A multiwindow and multiparametric echocardiographic approach in-
corporates both qualitative and semi-quantitative parameters (Figure 17):
the most accurate (semi)quantitative evaluation of the regurgitant jet(s)
should be carried out, mainly based on continuous-wave (CW) Doppler
density, path length of the paravalvular jet, vena contracta (VC) width, cir-
cumferential extension, and if feasible evaluation of diastolic flow reversal in
thoracic/abdominal descending AO (Table 7).

Colour Doppler imaging in both SAX and LAX views of the AV, scan-
ning through the entire valve and into the LVOT in order to trace com-
plex jets, should be assessed, as regurgitant jets can occur around the
perimeter of the valve and acoustic shadowing could be a problem.
Owing to atypical nature of the jets (eccentric/multiple), colour
Doppler is more beneficial in localizing (extent and origin) and assessing
(multiple, width, eccentric, central, peripheral, and single) the jets com-
pared with typical Doppler parameters (qualitative and semi-
quantitative). Quantitative Doppler as effective regurgitant orifice
area and 3D colour Doppler area of VC may prove helpful, although
tedious to perform in the operating room.

A multimodality approach could be helpful, integrating angiographic
and haemodynamic data, sometimes including also invasive assessment
of the left ventricular end-diastolic pressure. Aortography provides a quali-
tative assessment of the residual AR, but it does not provide information
on the mechanism of regurgitation (paravalvular vs. transvalvular), which
has implications in deciding whether to re-expand the valve or if rescue
valve-in-valve is needed.
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Figure 16 Evaluation after prosthesis deployment. (A) Biplane views show the correct shape of the device. (B, C) Functional evaluation of prosthesis.
(B) Evaluation of possible presence of AR. (C) Transgastric view for gradient measurement across the valve. (D) Biplane views show the incomplete
expansion of the device. (E, F) Incorrect position of the valve. LAX view (E) and fluoroscopy (F) show the protrusion of the valve in the LVOT.

Figure 17 Example of PVL evaluation by transthoracic examination using multiwindow approach. (A) LAX view. (B) Five-chamber view. (C)
Parasternal SAX view. (D) Three-chamber view.
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Table 7 Evaluation of severity of paravalvular regurgitation after TAVI

Severity of paravalvular regurgitation

Echocardiography

Qualitative or semi-quantitative Mild Moderate
parameters
Jet length and width + number of Non-extensive,

jets and jet origins multiple jets possible

Extensive, multiple

jets often present

Main limitation

Severe

Extensive, multiplejets @ Jets may not be visible due to acoustic
often present shadowing of stent or calcifications
® Jet length and width only weakly

correlated with severity

Circumferential extent jet <10% 10-29% >30% ® |ess reliable in the presence of
multiple or eccentric jets
® Plane position dependent
Ratio jet width at origin/LVOT 5-30% 30-60% >60% ® May be difficult to visualize
diameter
VC width <3 mm 3—-6 mm >6 mm e Often irregularly shaped
e May be difficult to visualize due to
acoustic shadowing and in case of
multiple jets
Signal intensity of jet (CW Doppler)  Faint/variable Dense Dense
PHT (CW Doppler) >500 ms 200-500 ms <200 ms ® Heart rate and rhythm dependent
e Strongly influenced by the compliance
of the LV and the AO
Diastolic flow reversal in descending ~ Absent Intermediate Holodiastolic e Strongly influenced by the compliance
AO [pulsed-wave (PW) Doppler] (>20 cmfs) of the LV and the AO
Quantitative parameters
RV <30 mlL/beat 30-59 mL/beat >60 mlL/beat ® large inter- and intra-observer
variability
e Cannot be assessed in the presence
of >mild mitral or pulmonary
regurgitation
EROA <10 mm’ 10-30 mm’ >30 mm’
VC area <10 mm? 10-30 mm? >30 mm? e Technically difficult with large inter-
and intra-observer variability
Ancillary findings Dilated LV ® |n chronic regurgitation
CMR imaging
Regurgitant fraction <20% 20-30% >30% ® Variable cut-offs reported

® |nability to differentiate paravalvular

from transvalvular regurgitation

Abbreviations as in the text.

Complications

The occurrence of regional wall motion abnormalities (RWMA) (Table
8), as evaluated in different echocardiographic views, should alert the

interventional echocardiographer for a possible occlusion of one or
both coronary ostia, especially in cases of low-lying coronary ostia
(Table 8). Although coronary occlusion can be easily identified with
angiography, early RWMA can be quickly identified by TTE or TOE
(Figure 18A). Ostial coronary obstruction commonly occurs as a result
of displacement of the AV leaflets by the implantation of the device if

one or both coronary arteries originate below the projected tip of
the deflected native or prosthetic aortic leaflet on CT, especially in nar-
row SOV or STJ. Bioprosthetic or native aortic leaflet intentional lacer-
ation to prevent iatrogenic coronary artery obstruction (BASILICA) is a
recently developed technique to reduce the risk of ostial coronary ob-
struction in the setting of TAVL.”? The role of peri-procedural TOE dur-
ing BASILICA is not fully studied to date,®® with a possible significant
role of fusion imaging. The incidence of coronary ostia occlusion seems
higher in case of TAVI in TAVI procedure.®! As future coronary access
could be troublesome, individual aortic cusp orientation and
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Table 8 Complications of TAVI

Essential assessments Imaging modalities
Haemodynamic instability
Severe intra-prosthetic or Location of the jet (central vs. paravalvular) 2D TTE, 2D/3D TOE
paravalvular Position of the THV 2D TTE, 2D/3D TOE, and
Severity of AR angiography
Embolization of the valve (into the LV or into the AO) 2D TTE, 2D/3D TOE, and
angiography
Fluoro-angiography, 2D TTE, and 2D
TOE
Severe MR Severity of MR and mechanism 2D TTE and 2D/3D TOE
Pericardial effusion Tamponade physiology and possible aetiology (i.e. chamber perforation and 2D TTE and TOE
aortic dissection)
Ventricular dysfunction Regional or global wall motion abnormalities of the LV or RV (i.e. coronary 2D TTE and 2D/3D TOE
obstruction) Coronary angiography
Aortic rupture or dissection Aortic root/ascending AO for peri-aortic haematoma, aortic dissection, or ~ 2D/3D TOE
rupture 2D TTE and TOE
Pericardial effusion/tamponade
Major bleeding Ventricular size and function (wall collapse due to hypovolaemia) 2D TTE and TOE
LVOT obstruction SAM of the MV leaflets, turbulent LVOT flow, MR, and CW Doppler—derived 2D TTE and TOE
LVOT gradient

Other procedural complications
Fistula Ventricular septal defect 2D TTE and 2D/3D TOE
Aortocameral fistula (typically into the RV or RA)

Abbreviations as in the text.

Figure 18 Complications. (A) After post-dilatation of a SE THV, a haemodynamic deterioration appears with RWA. Angiography shows occlusion of
the left main. (B) After prosthetic reballooning, a pathological thickening of the aortic wall (arrows) is seen suggesting the presence of peri-aortic haema-
toma. (C) Traumatic ventricular septal defect after prosthesis deployment. (D) Presence of a hypertrophied basal septum. After valve implantation, a
SAM of the MV leaflets with turbulent LVOT flow, MR, and significant LVOT obstruction occurs.
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commissural alignment with fluoroscopy may contribute to achieve
better results; frame height and intra- vs. supra-annular devices are im-
portant contributors 8*#

The aortic root should be thoroughly assessed after valve implant-
ation to rule out aortic dissection (Table 8).

Other likely complications which (Table 8) need to be intra-
operatively evaluated are the presence of conduction disturbances
(necessitating pacemaker implantation), presence of pericardial effusion
due to annulus rupture, occurrence of iatrogenic ventricular septal de-
fect, newly diagnosed tricuspid or MR, or damage and any major bleed-
ing’® (Figure 18B and C).

Another important aspect to be assessed is post-procedural
LVOTO®* (Figure 18D, Table 8): obstruction at the mid-ventricular level
is seen more frequently, but usually tends to ameliorate with reverse
remodelling. Accurate pre-procedural planning, including assessment
of narrow LVOT diameter, the presence of accelerated intra-
ventricular flow at baseline, narrow aorto-mitral angle, and short dis-
tance between septum and coaptation point of the MV, could predict
the occurrence of LVOTO, allowing adequate intra- and post-
procedural management.

Role of fusion imaging

A single imaging modality could be insufficient during TAVI procedures:
the use of fusion imaging can be helpful in some cases.

Marking structures such as the aortic annulus or coronary ostia may
be performed, allowing guidance during the procedure, especially when
fluoroscopy images alone can be challenging, as in the case of poor cal-
cifications/NPAR. However, this system requires TOE, with the limita-
tions previously highlighted and thus havening little role in TAVI
guidance.

Procedural evaluation during TAVI
procedure: key points

(i) Based on published evidence, a minimalistic approach with TTE
monitoring may be appropriate, with backup TOE conversion
in case of haemodynamic deterioration.

(if)  Evaluation of the results and possible procedural complications is
an integral part of the procedural monitoring.

(i)  The grading scheme based on VARC criteria is appropriate for
assessment of regurgitation after TAVI.

(iv) A multiwindow and multiparametric echocardiographic approach
incorporating both qualitative and semi-quantitative parameters
is valuable for PVL evaluation.

(v) A multimodality approach, integrating angiographic and haemo-
dynamic data, could be helpful for PVL grading.

Follow-up

Follow-up is mainly based on TTE, according to recommendations for
prosthetic valve evaluation.”” TOE/CT/positron emission tomography
(PET) CT/CMR is used as clinically needed.

Prosthesis durability

Valve durability remains crucial for moving the target population for
TAVI to younger, low-risk patients. The biological tissue of surgical
and transcatheter bioprostheses is prone to structural valve deterior-
ation (SVD), leading to haemodynamic valve dysfunction (obstruction,
regurgitation, or both) and development of symptoms. Durability

depends on structural (e.g. tissue characteristics, anti-calcification treat-
ments, leaflet and valve design, and transvalvular gradients) and clinical
factors (e.g. patient age and various metabolic abnormalities).

SVD is defined by intrinsic changes of the device eventually, but not
necessarily, leading to bioprosthetic valve failure (BVF), resulting in
prosthetic obstruction or intra-prosthetic regurgitation.”®

Overall, four nosological entities can lead to BVF’:

(i) SVD, as defined by leaflet fibrosis, calcification, tear, and pannus
formation.

(i)  Non-SVD (PVL, prosthesis malposition, and late embolization).

(i)  Thrombosis.

(iv) Endocarditis.

The assessment of leaflet morphology and structure is key for the
differential diagnosis between the different aetiologies of haemodynam-
ic valve deterioration.

Bioprosthetic valve deterioration occurs through progressive stages,
as defined by VARC-3 criteria:

(i) Stage 1: Morphological valve deterioration, as defined by the presence
of SVD, non-SVD [other than paravalvular regurgitation or pros-
thesis—patient mismatch (PPM)], thrombosis, or endocarditis without
significant haemodynamic changes.

(i) Stage 2: Moderate haemodynamic valve deterioration, implying in-
crease in mean transvalvular gradient > 10 mmHg resulting in
MG > 20 mmHg with concomitant decrease in EOA > 0.3 cm? or
>25% and/or decrease in Doppler velocity index > 0.1 or >20% com-
pared with footprint echocardiographic assessment, or new occur-
rence or increase of >1 grade of intra-prosthetic regurgitation
resulting in >moderate regurgitation (based on three-grade scheme).

(iii) Stage 3: Severe haemodynamic valve deterioration with increase in
mean transvalvular gradient >20 mmHg resulting in MG>
30 mmHg with concomitant decrease in EOA > 0.6 cm® or >50%
and/or decrease in Doppler velocity index > 0.2 or >40% compared
with footprint echocardiographic assessment or new occurrence, or
increase of >2 grades (on a three-grade scheme) of intra-prosthetic
regurgitation resulting in severe regurgitation.

Recent studies®®® have shown that SVD based on valve haemo-
dynamic deterioration is significantly higher in SAVR vs. TAVI (moder-
ate: 11% vs. 1.4% and severe: 3% vs. 0.7%), maybe because of the link
between PPM (less frequent with TAVI) and early SVD. Although
data from NOTION trial and UK registry are very reassuring, showing
almost 91% of patients remained free of SVD between 5 and 10 years
after TAVI post-implantation, further long-term studies are warranted
as definitions of SVD or BVF were not consistent and numbers were
too small to draw strong conclusions compared with surgical valves.®”

Echocardiography

TTE remains the key exam for routine evaluation and follow-up after
TAVI. TOE should be reserved in cases of suspicion of complications.

TTE should be performed prior to discharge or within 30 days after
implantation, after 6 months and 1 year, and yearly thereafter or when
new symptoms and signs of valve dysfunction appear.

TTE evaluation is more challenging than post-SAVR TTE due to dif-
ferent echo profiles of the THVs and lack of clear cut-off values for
haemodynamic parameters of each type and size. Firstly, when assessing
the presence and severity of haemodynamic valve deterioration, it is im-
portant to differentiate true changes vs. inter-echo variability: in par-
ticular, it is suggested to use the same window for CW Doppler
interrogation when comparing gradients.

TTE in TAVI should focus on:

(i) Valve position and interaction with surrounding structures.
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Table 9 Key anatomical and haemodynamic parameters for prosthetic valve assessment

Essential assessments and

haemodynamic
parameters

Description

How to assess

Comments

Valve position

Valve structure

Haemodynamic parameters

Valve obstruction

Valve regurgitation

Expected
High

Low

Stent shape

e Normal

® |rregular
e Elliptic
Cusp mobility
Cusp thickness

Cusp calcification

Vmax

MG

EOCA

DVI

Thrombosis endocarditis

SvD

PPM

PVL

Intra-prosthetic

Parasternal long-axis (PLAX), apical
five-chamber and three-chamber

views

SAX

Multiple views
Multiple views

Multiple views

Apical five-chamber and
three-chamber views, right

parasternal and suprasternal views

Apical five-chamber and
three-chamber views, right
parasternal and suprasternal views

PLAX for LVOT diameter

PLAX, SAX, apical five-chamber and
three-chamber, right parasternal,

and suprasternal views
PLAX, apical five-chamber and

three-chamber, right parasternal,
and suprasternal views

Multiple views

Evaluation of proximal end of the stent
relative to the anterior MA

Optimal position should be <8 mm from
its proximal end to the aortic annulus and
<4 mm for SE and BE THVs, respectively
Stent shape should be perfectly circular
Any stent irregularity should be described

Cusps should have a normal motion, thin
aspects, and be difficult to see with TTE
Any thickening of the cusp is a warning for
degeneration or endocarditis

Any degree of cusp calcification is
considered abnormal

Normal cut-off value <3 m/s

Alignment with transvalvular flow to avoid
underestimation

The window from which Vmax has been
recorded should be reported for
comparison at follow-up

Normal cut-off value <20 mmHg

See comments for Vmax

Whenever an increase in MG is recorded,
assessment of EOA by continuity equation
is mandatory

Measurement of LVOT diameter is critical
PW Doppler sample volume should be
placed just apically from the proximal end
of the stent

Placing PW Doppler sample volume inside
the stent of the valve can overestimate SV
due to flow acceleration inside the stent
Normal cut-off value <0.35

<0.35 raises suspicion of PPM or valve
obstruction

AMG > 20 mmHg or an increase in MG >
10 mmHg paralleled by a decrease in EOA
as compared with the baseline is indicative
of valve obstruction

An indexed EOA < 0.65 cm?*m? defines
severe PPM and EOA > 0.85 cm?*/m?
excludes PPM

PPM should be ruled out after the first
fingerprint’ TTE at discharge

See Table 6

Mild central jet can be considered normal
Any intra-prosthetic jet more than mild
should be described and followed-up

Continued
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Table 9 Continued

Essential assessments and
haemodynamic

Description

parameters

Concomitant valvulopathies Stable
Decrease
Increase

Standard echocardiographic LV dimensions, regional function,

parameters systolic and diastolic function
LA size and function

RV size and function

sPAP

New echocardiographic

findings

How to assess

Comments

® Quantification as per guideline
recommendation

e Describe mechanism

Abbreviations as in the text.

) Valve morphology.
(i) Valve function including haemodynamic parameters.
) Presence and severity of valve regurgitation.
) LV and RV size and function and systolic pulmonary artery pressure
(sPAP).
(vi)  Concomitant valvulopathies.

Table 9 lists the routine haemodynamic parameters and the essential
assessments by TTE with key indicators.

Valve position should be described as expected for SE or BE THVs,
respectively, high or low.

Valve structure in terms of stent shape, cusp mobility, thickness, and
calcification should be described. Stent shape should be perfectly circu-
lar, and any stent irregularity and deformation should be reported. The
cusps should have a normal motion without any thickening and/or
calcification.

Owing to the absence of suture rings, the THVs usually have larger
valve areas; thus, obstruction is less common. Calculation of EOA could
be challenging: because of the device’s unique design, there are two
areas of flow acceleration (subvalvular and above the cusps); thus, it
is essential that the pre-valvular velocity should be recorded proximal
to the stent frame.®® In addition, the accurate measurement of LVOT
area could be challenging.

A MG > 20 mmHg or an increase in MG > 10 mmHg paralleled by a
decrease in EOA as compared with the baseline is indicative of valve ob-
struction. Valve thrombosis, SVD, and endocarditis can all be potential
causes for valve obstruction. In the first 2 years after TAVI, these find-
ings are more probably related to valve thrombosis or to endocarditis.
Valve thrombosis after TAVI has a reported incidence that varies be-
tween 0.61 and 2.5% for clinical thrombosis and 13-38% for subclinical
thrombosis.2”?%°! Thrombus visualization with echo, including TOE, is
rare. The TOE usually reveals thickened cusps with reduced mobility or
thrombotic apposition of the cusps or flow deviation.”?

PPM is defined as an EOA of the implanted valve < 0.85 cm?m? and
graded as severe PPM when the indexed EOA is < 0.65 cm?m?>”3 The
incidence of PPM after TAVI ranges between 18 and 35% and is signifi-
cantly lower compared with SAVR, due to the supra-annular position-
ing and larger ‘eoability’.”* Thus, the clinical importance of PPM in the
setting of TAVI remains controversial.*

Any PVL should be carefully described in terms of jet location and
direction and quantified using a multiwindow and multiparametric
echocardiographic approach and followed-up (Table 7 and Figure 17).

The intra-prosthetic jet should be carefully described and quantified
as guidelines recommended as well and followed-up as it can be a
sign of oversized/undersized (after valve implantation) or sign of throm-
bosis/cusp degeneration (during follow-up). In cases of significant regur-
gitation or inconclusive results, TOE could have an additive role for the
accurate assessment of dysfunctional valves, as the location, extent, se-
verity, and mechanisms of valve regurgitation are critical for planning an
optimal re-treatment strategy.

LV and RV geometry and function, LV diastolic function, LA size, con-
comitant valvulopathies, and sPAP should be routinely evaluated during
follow-up.

CT and nuclear imaging

If a complication is suspected or in case of doubts after the TTE assess-
ment, a TOE and/or a cardiac CT/PET CT and/or CMR should be per-
formed, depending on the type of complication identified.

CT scan allows precise morphological visualization of the valve and
stent structure, the stent position, coronary artery branches, and the
integrity of the aortic root.

The unexplainable increase in MG observed at TTE study should trig-
ger a complete TOE evaluation and a cardiac CT or cardiac CT/PET,
depending on the clinical context.

Cardiac CT has a higher sensitivity to detect thrombosis than echo-
cardiography. Indeed, valve thrombosis observed at CT scan is signifi-
cantly higher than previously assumed, ie. 5-10% in post-TAVI
follow-up studies using CT scan.”?® It is speculated whether subclinical
leaflet thrombosis will have an impact on early structural valve
degeneration.

Cardiac CT is able to identify as well cusp thickening and abnormal
mobility and may show the presence of hypo-attenuated leaflet thick-
ening (HALT) on the cusp surface that should be described per leaflet,
using a four-tier grading scale in regard to leaflet involvement. HALT
could be associated with reduced leaflet motion of the corresponding
valve leaflet. These findings are difficult to distinguish from SVD, but the
response to anticoagulation with decrease or normalization of MG re-
solves the final diagnosis.

In addition, CT scan could evaluate incorrect valve position, stent dis-
location, or incorrect expansion and the possible occlusion of the cor-
onary ostia, a rare possible late <:omp|ication.97

A multimodality imaging approach adding "®F-fluorodeoxyglucose
PET/CT to the conventional modified Duke criteria is recommended
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in case of suspicion of endocarditis, significantly increasing diagnostic
accuracy.

Cardiac magnetic resonance

CMR can provide a non-invasive, radiation-free modality to evaluate
both valvular and ventricular function, as flow-derived parameters are
directly quantified using phase-contrast imaging.

If there is any uncertainty, CMR should be considered to assess the
severity, especially if there are signs and symptoms of AR post-TAVI,
although this technique is often limited by the stent frame artefacts
and can miss very eccentric jets and outcome studies are needed to
best validate cut-offs.

Follow-up after TAVI: key points

(i) TTE is the key exam for routine evaluation and follow-up after
TAVI.

(i)  Echocardiographic follow-up aims to assess valve morphology,
function including haemodynamic parameters, and PVL, as well
as cardiac chamber dimensions and function and concomitant
valvulopathies.

(iiiy TOE and/or a cardiac CT/PET CT and/or CMR are second-level
imaging techniques that should be performed if a complication is
suspected or in case of doubts after the TTE assessment, depend-
ing on the type of complication identified.

(iv) CMR should be considered to assess the AR severity in case of
uncertainty.

Transcatheter therapy for MV
stenosis

Assessment of MV stenosis

The most common cause of MS is rheumatic fever.’® Echocardiography
is the primary method for diagnosis and evaluation of patients with MS,
the main goals being to establish disease severity and assess the conse-
quences and the suitability for percutaneous mitral commissurotomy
(PMC).

Quantification of MS severity includes measuring the mitral valve
area (MVA) by planimetry or by pressure half-time (PHT) method,
the mean transmitral gradient (MTG), and the sPAP.”

Planimetry is the reference method to determine the anatomical
MVA, as it is relatively load independent. The MVA measured by 2D
echocardiography correlates well with MS severity determined at car-
diac catheterization or assessed on explanted valvesmo; however, it ne-
cessitates a careful upside-down scanning of the MV for the smallest
orifice area. 3D echocardiography allows direct visualization of the
MV orifice in multiple planes to ensure that the smallest orifice is being
measured.'®" Therefore, multiplanar reformatting starting from a 3D
zoom mode acquisition with high spatial and temporal resolution or
direct 3D MVA planimetry from LV is the most accurate echo method
to assess MS severity' and is considered the gold standard (Figure 19).

The PHT method is the simplest approach to estimate the functional
MVA using Doppler echocardiography.103 The more severe the ob-
struction, the longer the PHT. MVA derives from the PHT using the for-
mula: MVA = 220/PHT."®* The measured PHT is dependent on the
compliance of both LV and LA. Thus, when PHT-derived MVA is non-
severe but there are still doubts based on the clinical presentation, all
the other complementary methods should be considered.'®

MTG is highly flow- and rate-dependent, being influenced by heart
rate, cardiac output, and associated MR."0% Therefore, it is usually

used only as a supportive parameter of MS severity. Other indices
of MS severity are rarely used in dlinical practice.'® From a
practical point of view, MTG screens for MS: if >5 mmHg, MVA defines
severity. However, recently, low-gradient severe MS has been
recognized.mé

TTE usually provides sufficient information for routine management.
Other imaging modalities are rarely used. CT scan may identify calcifi-
cations and exclude LA thrombosis,'®” and CMR may be used when
Doppler echocardiographic data are not conclusive.'®

Echocardiography is the preferred method for assessing the haemo-
dynamic consequences of MS and associated valvular lesions. It provides
information about LA size, the presence of LA spontaneous echo con-
trast or thrombus, RV and LV size and function, and pulmonary artery
pressure. TOE may provide additional relevant information regarding
MV morphology, MR severity, and the presence of thrombus inside
LA."% TOE should always be performed to exclude thrombus into
LA before PMC or after an embolic episode.'®”

Exercise echocardiography is recommended whenever there is a dis-
crepancy between the clinical picture and the resting echo findings and
may provide additional objective information by assessing changes in
mitral gradient and pulmonary artery pressure. 108,109

MSis con5|dered significant when MVA is <1.5 cm?. 109 When MVA s
<1.5 cm?, the decision to intervene is based on symptoms, suitability
for PMC, sPAP values at rest, and presence of atrial fibrillation. 08197

Thus, echocardiography is essential in determining the timing and
type of intervention in MS and it allows evaluation of the suitability
for PMC.

Assessment of MV stenosis: key points

(i) 2D/3D TTE is the primary imaging modality for assessing severity,
anatomical features, the haemodynamic consequences and the
suitability for PMC.

(i) 2D/3D TOE may be considered when TTE is suboptimal or in-
conclusive and should always be performed to exclude thrombus
inside LA before PMC or after an embolic episode.

(i)  MVA planimetry is the recommended reference method to de-
termine the MS severity. 3D MVA is considered the gold standard
to estimate the anatomical MVA.

(iv) The PHT method is the simplest approach to estimate the func-
tional MVA; however, it is dependent on the compliance of both
LV and LA.

(v) MTG is usually used as a screening parameter to define severity.

(vi) Exercise echocardiography is indicated whenever there is a dis-
crepancy between the clinical picture and the resting echo findings.

Percutaneous balloon mitral valvulotomy
Patient selection: Wilkins/Cormier scores
PMC was one of the first catheter-based therapies for SHD and has
now become the treatment of choice for selected severe symptomatic
MS with favourable anatomical characteristics, in the absence of contra-
indications: thrombosis into LA, more than mild MR, severe/
bi-commissural calcifications, absence of commissural fusion (CF),
concomitant coronary artery disease, or severe aortic/tricuspid disease
requiring surger'y.109 In general, indications for intervention are limited
to patients with clinically significant (moderate to severe/severe) MS
(MVA <1.5 cm?). However, PMC may be considered in symptomatic
patients with MVA >1.5 cm? if symptoms cannot be explained by an-
other cause and if the anatomy is favourable.'”

Echocardiography plays an essential role for the selection of candi-
dates for PMC. As said, 2D TTE is the technique of choice to assess
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Figure 19 Quantification of MS severity. (A) MTG. (B) MVA by PHT. (C) MV area by 2D planimetry. (D) 3D MVA by MPR method.

the severity and consequences of MS, as well as the extent of anatomic
lesions."™® TOE may be useful if TTE provides suboptimal information
and is required before PMC to exclude thrombus into LA.

Comprehensive TTE examination of valve morphology should assess
leaflet thickening, mobility, calcification, subvalvular involvement, and
commissural areas (Figures 20 and 217).

CF is one of the most important parameters to report because PMC
may not be indicated in the absence of CF. CF is best assessed in para-
sternal SAX view using TTE. 3D TTE or TOE provides an even more
comprehensive assessment of the completeness and extent of CF''"
(Figures 22 and 23): multislice or multiplanar format allows contempor-
ary visualization of the valve at different levels.

One of the most useful ways to evaluate CF, the main target of the
procedure, is from 3D LV perspective: after Carpentier’s classification,
Grade | is a partial CF, Grade Il is complete CF with a visible delineation
between leaflets, and Grade Il is complete CF without visible delinea-
tion between leaflets,""?

The extent and symmetry of commissural involvement predict com-
missural splitting post-PMC: if both commissures are symmetrically
fused, bi-commissural splitting is likely, unless heavy fibrosis or calcifica-
tion is present; if CF is asymmetric, the less fused commissure is pre-
dicted to split.""?

Commissural assessment also allows to differentiate rheumatic MS
from other causes of MS in which there is no CF (mainly degenerative
MS with annular calcification, or MS due to radiation therapy or rheum-
atological conditions, such as systemic lupus) (Figure 24).

2D and 3D TTE/TOE should also assess the presence and extent of
calcifications, involving or not the commissural areas (Figure 23).

Several scoring systems taking into account these morphologic fea-
tures have been developed to assess suitability for PMC and to predict
the success of the procedure. Two were shown to be predictive of
both short- and long-term outcomes.""*'"> The most widely used is
the Wilkins scoring system (Massachusetts General Hospital Score or

‘splitability’ score):'"* leaflet mobility, leaflet thickening, subvalvular
thickening, and calcification are scored on a 1-to-4 scale and total score
is obtained by adding each component of the score (Table 10).

An unfavourable anatomy is defined by a score >8. An important
limitation of this scoring system is the lack of information about com-
missural anatomy."'®

Subvalvular involvement is best evaluated at TTE parasternal LAX
view or TOE transgastric two-chamber view: multiple splitted jets of
MV inflow suggest important subvalvular involvement.

The Cormier score differentiates three groups according to the glo-
bal MV anatomy assessed with TTE and fluoroscopy (for calcifications)
(Table 11).

More recently, a new scoring system, incorporating quantitative
parameters to assess leaflet displacement and asymmetry in commis-
sural remodelling in addition to MVA and subvalvular thickening, has
been shown to improve the prediction of early but not long-term out-
comes after PMC (Table 12).""7

All scoring systems have limitations, in particular as regards their
predictive value of the immediate results and risk of procedural com-
plications. Choice of treatment should be individualized and take
into account the multifactorial nature of the prediction of the short-
and long-term results of PMC."">""® Recent data from large series
indicate that the long-term outcome following PMC depends not
only on morphological characteristics of the valve but also on a num-
ber of clinical and procedural variables, such as age, history of com-
missurotomy, advanced functional class, final valve area and gradient,
severe pulmonary hypertension, and the presence of atrial fibrilla-
tion.""® Although PMC is definitely the preferred treatment in pa-
tients with favourable valve anatomy (i.e. with a Wilkins score <8
or a Cormier Class 1), good immediate and midterm results can
also be achieved in patients with unfavourable anatomy even with
calcified valves in selected patients who have otherwise favourable
characteristics.""™""? There are also reports on the use of

20z 8unp || uo Jesn UngIpa|N Ad 89¥ 161 £/6029/6/F2/l0ne/BuiBewdlys/woddno-oiwspese)/:sd)y wouj papeojumoq



Multimodality imaging for patient selection, procedural guidance, and follow-up of transcatheter interventions for structural heart disease e235

Figure 20 Valve morphology in MS: favourable characteristics for PMC. (A) Diastolic doming of the anterior leaflet, due to fibrotic involvement of the
base with sparing of the free margin, is a marker of pliability of the valve, while the movement of the shorter posterior leaflet is often more restricted, as
it is involved from the base to the free margin (TTE LAX view). (B) Fusion of both commissures (TTE SAX view). (C) Moderate subvalvular involvement
with mild thickening and shortening of the chordae (TTE LAX view). (D) TOE four-chamber view showing doming appearance of the MV. (E) 3D TOE
en face view of MV from the LA perspective showing CF, the fish-mouth appearance of a symmetric MV orifice without calcification; the fusion of
indentations between scallops of posterior leaflet is one of the earliest pathological findings of rheumatic MS. (F) 3D TOE en face view from the
LV showing fusion of the commissures.

Figure 21 Valve morphology in MS: unfavourable characteristics for PMC. (A) Thickening and rigidity of the MV (TTE LAX view). (B) Asymmetric
orifice with commissural calcification (asterisk, TTE SAX view; note characteristic increased echogenicity and acoustic shadowing). (C) Bi-commissural
calcification (asterisks, TTE SAX view). (D) Severe subvalvular involvement with severe shortening and fusion of chordae (white arrow, TTE LAX view).
(E) Severe subvalvular involvement with calcifications of chordae (asterisk). (F) 3D TOE ‘en face’ view from the LA showing the extent of calcifications
and asymmetry of the orifice.
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Figure 22 MS: TTE assessment of CF. (A, D) 2D and 3D TTE SAX views of the MV showing complete bi-CF. (B, E) 2D and 3D TTE SAX views of the
MV showing absence of CF of the medial commissure (white arrow, a clue of asymmetrical CF is eccentric mitral inflow as a consequence of an asym-
metric orifice). (C, F) 2D and 3D TTE SAX views of the MV showing absence of fusion at both commissures (white arrows).

Figure 23 MS: 3D TOE en face view from the LA. (A) Rheumatic MS: symmetric fusion of both commissures (white arrows). (B) Rheumatic MS:
restenosis after PMC without fusion of the commissures (white arrows). (C) Degenerative MS: calcified MA without CF (white arrows).

Lithotripsy system to modify valvular calcium without causing tissue
injury as a pre-treatment before PMC."?°

Echocardiographic screening should also exclude contraindication to
PMC. 12"

The main contraindication is the presence of left atrial thrombosis,
usually but not exclusively located in the left atrial appendage (LAA),
which must be excluded by the systematic performance of TOE imme-
diately before PMC. More than mild MR is a contraindication to PMC,
especially if commissural, as there is a risk of worsening. Severe or bi-
commissural valve calcifications contraindicate the PMC, as these in-
crease the risk of procedural complications. Absence of CF, such usually
in patients with restenosis after previous balloon or surgical commis-
surotomy, is an indication for valve replacement.

Patient selection for PMC: key points

(i) Echocardiography is the essential imaging modality for the selec-
tion of candidates for PMC.

(i) 2D/3D TTE is the technique of choice to assess the extent of ana-
tomic lesions: leaflet thickening, mobility, calcification, subvalvular
involvement, and commissural areas.

(i)  TOE is mandatory before PMC to exclude thrombus inside LA.

(iv)  Scoring systems are supportive to assess suitability for PMC and
to predict the success of the procedure.
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Figure 24 MV stenosis due to valve rigidity. (A) Parasternal 2D TTE LAX view showing thickening and reduced opening of the leaflets. (B, C)
Parasternal 2D and 3D TTE SAX views of the MV showing absence of fusion of commissures (white arrows; at 3D imaging, calcifications have a bulging
appearance, as the shades of colour provide perception of depth).

Table 10 MS: assessment of MV anatomy according to the Wilkins score

Grade Mobility Thickening Calcification Subvalvular thickening

1 Highly mobile valve with only Leaflets near normal in thickness A ssingle area of increased echo  Minimal thickening just below the mitral
leaflet tips restricted (4-5 mm) brightness leaflets

2 Leaflet mid- and base portions  Mid-leaflets normal, Scattered areas of brightness  Thickening of chordal structures extending to
have normal mobility considerable thickening of confined to leaflet margins one of the chordal lengths

margins (5-8 mm)

3 Valve continues to move Thickening extending through Brightness extending into the  Thickening extended to distal third of the
forward in diastole, mainly the entire leaflet (5-8 mm) mid-portions of the leaflets chords
from the base

4 No or minimal forward Considerable thickening of all Extensive brightness Extensive thickening and shortening of all

movement of the leaflets in
diastole

leaflet tissue (>8—10 mm)

throughout much of the
leaflet tissue

chordal structures extending down to the
papillary muscles

Abbreviations as in the text. The total score is the sum of the four items and ranges between 4 and 16. From Wilkins et al

Table 11
the Cormier score

MS: assessment of MV anatomy according to

Echocardiographic

MV anatomy

Pliable non-calcified anterior mitral leaflet

and mild subvalvular disease (i.e. thin

chordae >10 mm long)

Pliable non-calcified anterior mitral leaflet

and severe subvalvular disease (i.e.

thickened chordae <10 mm long)

Calcification of MV of any extent, as assessed

by fluoroscopy, whatever the state of

subvalvular apparatus

Abbreviations as in the text. From lung et al.""®

114
l.

Table 12 MS: assessment of MV anatomy according to

the modified echocardiographic score

Morphologic features of MS
e MVA<1 cm? 2 points

® Maximum apical leaflet displacement relative to the annulus <12 mm:

3 points

e Commissural area ratio (accounting for symmetry/asymmetry) > 1.25:

3 points

e Subvalvular involvement: 3 points

Low risk score
Intermediate risk score

High risk score

Score of 0-3

Score of 5

Score of 6-11

Abbreviations as in the text. From Nunes et a

,'117
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Figure 25 Biplane TOE and 3D rendering. (A) Biplane TOE ME view, showing the balloon (arrow head) crossing the stenosed MV. (B) Balloon in-
flation (arrow head) into the MV. (C) 3D TOE anatomically oriented zoom view of MV from the LA perspective showing serial images of the movement
of the balloon (arrow) inside the LA while crossing the stenosed MV and during balloon inflation.

Procedural guidance
TTE vs. TEE
TTE could seldom be used for procedural monitoring. The apical four-
chamber'?? and the subcostal views'** were used as adjuncts to fluor-
oscopy mainly during TSP and for evaluation of the results. However,
TTE may lead to interruptions of the procedure, potential hazards re-
lated to the sterile technique, and not always capable of providing ad-
equate images.

ZDQP TOE was shown to add value during many of the procedural
steps.

Baseline evaluation

At the starting of the procedure, we have to exclude the presence of
any thrombi within the LA and/or LAA, reevaluate MVA and measure
the baseline MTG, associate MR, and exclude/document the presence
of any degree of pre-existing pericardial effusion.'*®

TSP

TSP does not need to be perfectly tailored: the preferred TSP site is the
infero-posterior part of the fossa but usually a mid-posterior puncture
provides a favourable working height in the LA and a coaxial plane with
the MV."? See chapter on TSP.

Balloon positioning and inflation. It is important to make sure that the bal-
loon is well seated within the MV orifice and neither in the LAA nor with-
in the subvalvular apparatus. 2D TOE and X-plane imaging are very useful

(Figure 25A and B), as they can monitor if the balloon is properly seated
across the MV, showing both the distal and the proximal parts of the bal-
loon. In addition, fluoroscopy allows visualization of balloon inflation and
typical indentation. The 3D zoom anatomically oriented view of the MV
from the LA perspective is useful for monitoring, guiding balloon posi-
tioning and inflation(s) (Figure 25C)."* A 3D live longitudinal perspective
of LA and LV starting from the mid-oesophageal commissural (MEC)
view highlights the depth of the balloon across the stenosed MV inside
the LV.

Procedural assessment of the results and complications. After balloon
withdrawal, the interventional imager has to assess procedural results
in terms of MTG, MVA, and commissural splitting (Figure 26A and B)
which is the main target of the procedure, assess the degree of MR if
any and its mechanism, exclude MV leaflet tear, assess the residual
shunt through the IAS, and exclude pericardial effusion. Assessment
of commissural splitting using 3D TOE is more accurate than with
2D TOE, and it has an important prognostic value of the clinical success
of the procedure: partial splitting results in a triangular appearance
while complete commissural opening results in complete leaflet separ-
ation at commissure.'?® Using the PHT method for MVA calculation is
not recommended as it was shown to be inaccurate immediately after
PMC'?%; MVA planimetry is more-or-less load independent and hence
it is the recommended method for MVA assessment post-PMC. 3D
TOE provides superior estimation of MVA using the multiplanar re-
formatting, compared with 2D TOE, in the immediate post-procedural
setting.”*? It is also feasible to measure the MVA with direct planimetry
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Figure 26 3D TOE anatomically oriented zoom view of MV from the LA perspective showing (A) the MV diastolic opening before balloon inflation
and (B) after balloon inflation, with a clear increase in the diastolic opening with splitting of the lateral commissure (arrow), while the medial calcified

commissure (arrow head) did not show significant splitting.

Figure 27 (A) Transatrial ICE view for safe TSP (left panel) and for advancing wires and the ‘Inoue’ balloon into the LA (right panel). (B)
Transventricular longitudinal view for monitoring balloon inflation (left panel) and for evaluation of the result (right panel). Ao, AG; IB, ‘Inoue’ balloon;
LA, left atrium; PC, pigtail catheter placed in the AO; RA, right atrium; T, tenting; W, wire; IVS, interventricular septum; LV, left ventricle; MR, mitral

regurgitation (mild); PC, pigtail catheter placed in the LV; RV, right ventricle.

over the 3D image, especially from ventricular perspective, if the com-
missures are at the same plane of the mitral leaflet tips.

Intracardiac echocardiography

ICE is rarely used for procedural guidance of PMC and just single cases
have been reported. Even though TOE was established decades ago and
has shown its benefits in PMC,"®" ICE may represent an alternative
guiding tool in those individuals who could not undergo general anaes-
thesia and in those who cannot tolerate the TOE probe during MAC.
ICE is capable of monitoring each step of the procedure**"*? using
right atrial and RV windows. For guiding TSP, the ICE catheter is ad-
vanced into the RA with the miniaturized probe interrogating the IAS
and the FOV in particular. ICE images display the puncture needle,
the ‘tenting’, and the distance of the potential puncture site to the

AO and all other left atrial borders (Figure 27A). ICE clearly shows
transseptal passage of the catheter and its advancement over the
looped wire (Figure 27A). The ICE catheter is then repositioned and in-
troduced in the RV with the probe aligned with and aimed to the inter-
ventricular septum for interrogating the LA and the LV in a longitudinal
axis. This approach is also called transventricular longitudinal view'**
(Figure 27B). Optimal cut plan shows the MV opening. ICE monitors dis-
tal and proximal balloon inflation and displays the result immediately
after balloon deflation. Particularly, any significant MR can be excluded
or displayed. Unfortunately, the Doppler angle is not favourable to read
pressure gradients using the transventricular longitudinal view.
Transseptal ICE is technically feasible but might be considered not indi-
cated just for reading the pressure gradient. However, all descriptions
on how to use ICE in PMC are based on single-centre experiences and
case reports. There are no strong data available, yet.
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Procedural guidance during PMC: key
points

(i) 2D/3D TOE is the standard modality for procedural guidance.

(i) TTE and ICE are rarely used.

(iii)  Baseline evaluation (LA thrombosis, MVA, and MTG), results, and
possible procedural complications are an integral part of proced-
ural monitoring.

(iv)  Assessment of commissural splitting using 3D TOE is more accur-
ate than with 2D TOE.

(v) MVA planimetry (3D MPR is the preferred method of measure-
ment) is the highly suggested method for MVA assessment
post-PMC.

Follow-up
A comprehensive clinical and TTE examination at the end of the
index hospitalization is key and will serve as a reference for the follow-
up. It is essential to use an integrative approach to assess the final
results.'®

The echocardiographic assessment will (i) estimate the presence, lo-
cation, and degree of commissural opening, (ii) measure the MVA using
planimetry, (iii) quantify and locate any MR, (iv) assess MTG, and (v)
evaluate the level of systolic pulmonary pressure.’'®"3®

® |f there is a clear commissural opening resulting in large valve area asso-
ciated with a low gradient and zero or mild MR together with a decrease
in pulmonary pressure, the results are undisputedly good and the manage-
ment is similar to that of mild stenosis, i.e. a cardiology visit every year ini-
tially and every second year thereafter in the absence of symptoms.'"81%°
® When PMC is not acutely successful (final MVA <1.5 cm?® and/or MR >2/
4): in cases with mixed mitral disease or significant residual stenosis, sur-
gery should be considered. The indications and the date of surgery will de-
pend on the symptoms and the surgical risk. A close follow-up is needed
and exercise evaluation is helpful to determine the timing of surgery.'>

If there is a severe traumatic MR, early surgery is recommended, es-
pecially when it is associated with severe pulmonary hypertension.

® |n case of ‘intermediate’ or discordant results, reevaluation after few
months is necessary. It will take into account the presence of symptoms,
further evaluated by exercise echocardiography if there are doubts, and
the evolution of the main echocardiographic parameters including the level
of pulmonary pressures. The decision of surgery is related to the surgical
risk.

During longer term follow-up, the clinical and echocardiographic as-
sessment will search for the occurrence of restenosis. Even if there is no
uniform definition, restenosis after PMC has generally been defined as a
loss of more than 50% of the initial gain with MVA <1.5 cm?. The mech-
anism of restenosis must be determined by 2D and 3D TTE. The pre-
dominant mechanism of restenosis is commissural refusion, if both
commissures are fused, and valve rigidity in the other cases. A careful
comparison between follow-up examinations and immediate post-
procedural examination is useful.

Reintervention is indicated when symptoms or pulmonary hyperten-
sion occurs. Re-PMC can be proposed in selected patients with (i) an
initially successful PMC, (ii) restenosis occurring after several years,
(iii) favourable characteristics for PMC, and (iv) the predominant mech-
anism of restenosis being commissural refusion.

In the other cases, including those with uni-commissural refusion where
the other commissure remains open, surgery should be considered.

In patients with restenosis who remain asymptomatic, follow-up
should be closer (twice a year). Here again, exercise evaluation is re-
commended in case of doubt.

In conclusion, the follow-up after PMC mainly relies on a compre-
hensive examination early after PMC and a timely and appropriate indi-
cation for subsequent reintervention which is largely guided by clinical
examination and echocardiographic evaluation.

Follow up after PMC: key points

(i) A comprehensive TTE examination at the end of the index hos-
pitalization will serve as a reference for the follow-up.
(i) A successful PMC is defined in the presence of final MVA
>1.5 cm? and MR <2+,
(iii)  Timing of follow-up examinations is based on procedural results
and symptoms.

Transcatheter therapy for MR

MR is the second-most frequent valvular heart disease in Europe and is
an important cause of morbidity and mor-ta1lit)/.137'138

Open surgical correction, using MV repair or replacement, is cur-
rently accepted as the best available treatment option. However, per-
cutaneous MV therapies are emerging as an alternative option in
patients with contraindications for surgery or high operative risk.

Imaging techniques are essential for assessment of mitral functional
anatomy to select patients who can benefit from percutaneous inter-
vention and to tailor the therapeutic strategy. 2D TTE and TOE are
the primary modalities used to accurately assess the MV morph-
ology.139 3D imaging provides a comprehensive evaluation of the MV
morphology and should be used when available (TTE or TOE if neces-
sary). This technique is superior for describing mitral pathology. CMR
can be used as an alternative tool when TTE/TOE images are subopti-
mal. CT may also be helpful in assessing MV anatomy but its major role
is for planning of intervention, to assess the presence and extent of MV
calcifications, mitral annular size, and presence of coronary artery
disease."’

Patient selection

Both primary MR (PMR) and secondary MR (SMR) can be suitable for
percutaneous valve repair or replacement. For patients with PMR,
transcatheter edge-to-edge repair (TEER) is the most evidenced, while
the safety and efficacy of other techniques have been demonstrated in
smaller series." 2 |n patients with PMR, TEER may be considered in
symptomatic patients who fulfil the echocardiographic criteria of eligi-
bility, judged inoperable or at high surgical risk by the Heart Team and
for whom the procedure is not considered futile (llb, LOE B
recommendation).98

In patients with SMR, two randomized trials (MITRA-FR and
COAPT)"™*'"* comparing MitraClip and optimal medical therapy
have provided conflicting results in terms of heart failure hospitalization
and a survival benefit in patients with MitraClip treatment. The
MITRA-FR trial demonstrated that among patients with severe SMR,
the rate of all-cause mortality or unplanned hospitalization for heart
failure at 1 year and 2 years did not differ significantly between patients
who underwent percutaneous MV repair in addition to optimal medical
therapy and those who received optimal medical therapy alone. In the
COAPT trial, MitraClip implantation substantially reduced the rate of
the primary endpoint of cumulative hospitalization heart failure and
the all-cause mortality within 24 months of follow-up than medical
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Table 13 Current available devices for percutaneous MV therapy with CE mark

Device (manufacturer) Anatomic Approach Mechanisms
target
MitraClip (Abbott) Leaflets Transfemoral Edge-to-edge
Pascal (Edwards Lifesciences) Leaflets Transfemoral Edge-to-edge
Cardioband (Edwards Lifesciences) Annulus Direct annuloplasty Plicating adjustable band on atrial side of
(transfemoral) the annulus
Carillon Mitral Contour System (Cardiac Annulus Indirect annuloplasty CS reshaping
Dimensions) (transjugular)
NeoChord (NeoChord, Inc., St. Louis Chordal TA Artificial chordal implantation
Park, MI) apparatus
Harpoon (Edwards Lifesciences) Chordal TA Artificial chordal implantation
apparatus
Tendyne (Abbott) TA MV replacement

therapy alone. The rate of freedom from device-related complications
exceeded a pre-specified safety threshold.

These diverging results might be partially explained by effect size of
the trials, differences in trial design, patient selection, echocardiographic
assessment of SMR severity, use of medical therapy, and technical fac-
tors. Patients in COAPT demonstrated greater severity of SMR and less
LV dilatation than those enroled in MITRA-FR.

Therefore, TEER should be considered in selected symptomatic pa-
tients, not eligible for surgery and fulfiling the COAPT inclusion criteria
suggesting an increased chance of responding to the treatment (lla, LOE
B recommendation).”®

In addition, in selected symptomatic cases in whom the COAPT cri-
teria are not fulfiled, TEER or other transcatheter valve therapy if ap-
plicable may be considered after careful evaluation for ventricular
assist device or heart transplant with the aim of improving symptoms
and quality of life (Ilb, LOE C recommendation).”

Devices for MV regurgitation

In recent years, multiple technologies and approaches for percutaneous
valve repair or replacement have been developed. Conventionally, the
devices are classified according to the anatomical and pathophysiologic-
al target (Table 13):

(i) Annular repair: direct or indirect annuloplasty aiming to reduce annu-
lar dimensions, thus improving leaflets coaptation.

(i) Chordal repair: adjustable TA beating-heart artificial chordal
implantation.

(i) Leaflet repair: TEER by approximating MV leaflets together at the site
of regurgitation.
(iv) MV replacement.

However, it should be noted that this is a rapidly changing field with
the introduction of new devices and withdrawal/redesign of existing
ones.

Percutaneous MV annuloplasty

The goal of surgical mitral annuloplasty is to restore the normal ratio
between the leaflet surface area and the annular area and to improve
coaptation. Since transcatheter annuloplasty devices have become clin-
ically available, they may be an alternative to surgery in selected patients.
[t can be performed as a stand-alone procedure or in combination with
TEER/chordal implantation,'**'4¢

Moreover, one of the most appealing features of this approach is that
it preserves the native valve anatomy, thus keeping the option for future
valve treatment open,'*>'

There are two available different catheter-based annuloplasty de-
vices (Table 13): (i) direct annuloplasty and (i) indirect annuloplasty.

Patient selection

Proper patient selection based on pre-operative echocardiography is
the major determinant of technical feasibility and long-term
outcomes.
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Figure 28 (A) Type | MR due to annular dilation/deformation. (B) Type lllb MR with symmetric leaflet tethering and low degree of MV remodelling.

The echocardiographic analysis of the MR mechanism, according to
Carpentier’s classification, is crucial when selecting patients for annulo-
plasty. Considering the surgical annuloplasty experience, common MR
mechanisms that might be corrected by percutaneous annuloplasty in-
clude Type | (incomplete coaptation due to annular dilatation/deform-
ation) or Type lllb (symmetric leaflet tethering with low degree of MV
remodelling) (Figure 28). The anatomic criteria for percutaneous annu-
loplasty are summarized in Table 14.

TTE provides baseline information regarding functional anatomy
of MR and annular dimension. The mitral annulus (MA) may be as-
sessed using the 2D approach with TTE apical LAX view (three-
chamber) and TOE ME view for the minor axis (AP or septolateral)
(Figure 29A). The major axis (intercommissural) annulus diameter
can be measured using a modified TTE two-chamber apical view
or a commissural ME TOE view (Figure 29A). Integrated analysis of
annulus shape, using CT and 3D TOE, provides additional informa-
tion on the feasibility and planning of annuloplasty therapy
(Figure 29B—-D). Using 3D TOE reconstruction models, the function-
al anatomy and dynamics of the MA can be quantitatively assessed
(Figure 29C and D). The following annular parameters may be useful
to plan mitral annuloplasty: area, circumference, AP and intercom-
missural diameters, and sphericity index (AP/intercommissural
diameter ratio).

Key points

(i) The 2D/3D TTE/TOE echocardiographic evaluation defining the
functional anatomy of MR is crucial for patient selection.

(i) CT provides additional information on the feasibility and planning
of annuloplasty therapy.

Table 14 Morphological suitability criteria for
percutaneous annuloplasty

Ideal morphology Unsuitable morphology

Carpentier I: annular dilatation/ ~ Carpentier Il or llla
deformation

Carpentier lllb: symmetric leaflet ~ Carpentier lllb: asymmetric leaflet

tethering tethering with:
(@) Tethering angle of posterior

leaflet >45°
(b) Distal tethering of anterior

leaflet >25°

Coaptation depth <1 cm Coaptation depth >1 cm
Tethering angle of posterior

leaflet <45°

Heavily calcified annulus or leaflets

Distal tethering of anterior leaflet
<25°
Lack of annular calcification

Anatomically normal mitral

leaflets

Direct annuloplasty
Cardioband

The Cardioband™ (Edwards Lifesciences, Irvine, CA, USA) is an incom-
plete adjustable surgical-like Dacron band delivered from transseptal
approach and implanted in posterior annulus from anterolateral to
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Figure 29 (A) AP diameter (minor axis): transthoracic apical LAX view (left upper panel) and ME LAX view (right upper panel). Inter-commissural
diameter (major axis): transthoracic apical two-chamber view (left bottom panel) and MEC view (right bottom panel). (B) CT reconstruction of MV
annulus and sizing. (C) 3D parametric reconstruction and analysis of the mitral apparatus. The software provides quantitative parameters of the MA, the
leaflets, and the remodelling indices (tenting, coaptation depth, etc.). (D) MPR of the MA. Left upper panel: AP diameter; right upper panel: inter-
commissural diameter; left bottom panel: axial plane of the MA in which both diameters, perimeter, and area can be measured.

Figure 30 Cardioband procedure. (A—C) Dacron band delivered in posterior annulus from anterolateral to posteromedial commissure. (D) Implant
size cinching. (E) Final result.
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Figure 31 Components of the Cardioband system.

posteromedial commissure under echocardiographic and fluoroscopic

guidance (Figure 30).

In the feasibility trial in symptomatic patients with SMR, the Cardioband
was effective in reducing MR and the septolateral dimension and was as-
sociated with improvement in heart failure symptoms and demonstrated
a favourable safety profile."*®"*° At 1 year, overall survival, survival free of
readmission for heart failure, and survival free of reintervention were 87%,
66%, and 78%, respectively."° In the overall population, MR grade at 12
months was moderate or less in 61% and moderate or less in 95% of the
39 patients who underwent TTE at 1 year."* Functional status [79% vs.
14% in New York Heart Association (NYHA) Class I/1l], quality of life, and
exercise capacity improved significantly.149

The system includes (Figure 31) the following:

(i) The implant, that is a polyester sleeve with radiopaque markers
spaced 8 mm apart.

(i) The transfemoral delivery system: the Cardioband delivery system
(CaDS) consists of the 25 F transseptal steerable sheath (TSS) and
the implant delivery system (IDS).

(i)  Implantable metal anchors and anchor delivery shafts.

(iv)  The size adjustment tool (SAT).

Patient screening and procedural planning

The procedure is dependent on pre-interventional screening based
on echocardiography and CT scan, in order to assess the following:

| -
<

Cardioband '
Implant \

(i) the proximity of circumflex artery from annulus to avoid the injury
of the artery, (ii) annulus sizing, (iii) the anatomy of MA, LA, and IAS,
and (iv) transseptal puncture. Pre-procedural CT also provides the
coordinates for the procedure and the expected fluoroscopic projec-
tions

Key points: screening and procedural
planning

(i) The echocardiographic assessment of functional anatomy and the
determination of the mechanism of MR are mandatory for patient
selection.

(i) The procedural planning is based on CT that provides a tailored
planning based on patient’s heart anatomy.

Procedural monitoring

The procedure consists of several steps that need to be monitored
using a combination of different imaging modalities: 2D and 3D, fluor-
oscopy, and angiography.
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Figure 32 TSP. (A) Bi-caval view. (B) SAX view at base. (C) Four-chamber view. Measurement of the height of the TSP. (D) Posteromedial commis-
sural perspective. The TSP (tenting) is located above the posteromedial commissure. (E) 3D overhead perspective of LA showing the guidewire inside

the LA.

The optimal TSP site is pre-defined by CT planning. Two issues are of
utmost importance: (i) the puncture (tenting) must be above the pos-
teromedial commissure and the minimum height must be no <3.5 cm
from the annular plane (Figure 32A-D). The TSS is advanced over a
super-stiff guidewire inside the LA (Figure 32E). The steering and navi-
gation of IDS along the posterior annulus is guided by different 3D per-
spectives and fluoroscopic LAO caudal view. After reaching the target
point, RAO projection, several 2D and biplane views, or MPR are
used to assess the distance from the hinge point of posterior leaflet
(PL) and the device angulation for fine adjustment and for checking
anchoring via a push-and-pull test. Coronary angiography rules out
the risk of injury to the circumflex artery. The first anchor should
be positioned as anterior as possible in the annulus, close to the an-
terior commissure. The IC tip is then navigated along the posterior
annulus using echocardiographic guidance until reaching the poster-
ior commissure. After last anchor deployment and disconnection of
the device, the SAT is inserted and connected to the spool of the im-
plant that is then contracted while reduction of MR severity and an-
nulus size are monitored (Figure 33).

Key points: procedural guidance

(i) The procedural monitoring relies mainly on 2D/3D TOE. The dif-
ferent echocardiographic modalities (2D, 3D perspectives of MV,
MPR, and simultaneous biplane views) must be used appropriately
in specific procedural steps.

(i)  The fluoroscopy and angiography are used together with TOE and
are fundamental in individual procedural steps.

Indirect annuloplasty

Coronary sinus annuloplasty

Coronary sinus (CS) annuloplasty attempts to reshape the AP annular
dimension to correct the mitral leaflet apposition and restore coapta-
tion. The rationale of this approach is based on the anatomical relation-
ship between the CS/great cardiac vein (GCV) and the posterior
annulus. Several techniques have been proposed that involve placing
a device within the CS/GCV to attempt septal—lateral diameter reduc-
tion and/or MA ‘cinching’.

Carillon

The Carillon™ Mitral Contour System (Cardiac Dimensions, Kirkland,
WA, USA), which consists of two helical anchors interconnected by a
nitinol bridge, is the most clinically tested device (Table 13).

The clinical experience of CARILLON includes the AMADEUS
study, which reports an implantation feasibility in 30 of 48 patients with-
out significant MR improvement and a moderate risk of coronary com-
plications (15%) and death (1 patient),’*® and the TITAN trial, which
reports a successful implantation in 36 of 53 enroled patients, leading
to MR reduction and concomitant LV remodelling."’

Using right internal jugular access, the distal anchor is positioned
in the GCV, and subsequent manual traction is applied to
approximate the lateral and septal portion of the MA improving leaflet
coaptation.

Pre-procedural screening

Indirect mitral annuloplasty via the CS requires additional anatomic
considerations regarding CS anatomy. Patency, diameter, and
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Figure 33 (A) 3D overhead perspective of LA showing the SAT connected to the spool and fluoroscopy. (B) Baseline 3D en face view of MV, biplane
color Doppler, and LAO fluoroscopic view before cinching. (C) 3D en face view of MV after SAT removal showing the implant like to an incomplete
surgical annuloplasty and a consistent reduction of the annulus. Biplane color Doppler after SAT detachment. LAO projection. The distance among the

radiopaque anchors is reduced.

tortuosity of the coronary venous system, location and extent of the
Thebesian and Vieussens valves, and proximity of the CS to the MA
and to the left circumflex artery are important factors due to a high pa-
tient variability. A close relation between the CS and the left circumflex
artery may limit the use of percutaneous annuloplasty via the CS due to
the risk of arterial impingement.'>* Furthermore, in the majority of pa-
tients, the CS is located superior to the level of the MA, often in direct
contact with the LA wall.">? This relation may result in annular deform-
ation through secondary tension from the LA wall and may lead to a
suboptimal annuloplasty result. The distance between the CS and the
MA should therefore be taken into consideration in pre-interventional
planning.

Post-processing of 3D TOE data sets with dedicated software has
been shown to allow reconstruction of the MA and the CS.
Venography is the gold standard for the assessment of CS anatomy
and should not only be performed during the procedure as a roadmap
but also routinely for pre-interventional evaluation to assure CS acces-
sibility, patency, and sufficient diameters.”>* Simultaneous coronary
angiography further allows assessment of the relation of the coronary
venous system to the coronary arterial tree. MultiSlice Cardiac
Tomography (MSCT) offers a non-invasive evaluation of the CS and
its relation with the MA and the coronary arteries with high spatial

resolution and should therefore also be used for pre-interventional
evaluation,'*>"°

Pre-procedural screening for indirect
annuloplasty: key points

(i) 3D TOE allows reconstruction of the MA and the CS.
(i) CT offers a non-invasive evaluation of the CS and its relation with
the MA and the coronary arteries.
(iii) Venography is the gold standard for the assessment of CS
anatomy.

Procedural guidance

The procedural steps are monitored by fluoroscopy and TOE using a
ME LAX view/biplane views (commissural and LAX views) or by trans-
thoracic monitoring only. The choice of the fluoroscopic view is of par-
ticular importance. A LAO caudal projection offers visualization of the
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Figure 34 (A) The CSis cannulated and a 9 F delivery catheter is positioned distal in the GCV. (B) Occlusive venography providing a roadmap of the
CS. (C) Distal anchor deployment. (D) Proximal anchor deployment. (E) Left coronary angiography showing the left circumflex artery coursing inferiorly
to the CS. (F) Final deployment. (G) Baseline color Doppler evaluation. (H) Color Doppler after system release showing significant reduction of MR. CS,

coronary sinus; GCV, great cardiac vein.

CS surrounding the posterior segment of the MV. 3D analysis can help
to appreciate the annular modification.

For the procedure, patients are either sedated or anaesthetized
depending on site preference. The CS is cannulated with standard
techniques, and a 9 F delivery catheter is positioned distal in the
GCV, near the anterior commissure of the MV (Figure 34).
Afterwards, occlusive venography is performed to provide a road-
map of the CS tributary for insertion of catheter and to characterize
the length of the CS/GCV and the diameter of the vein in the target
location of the GCV and CS anchors (Figure 34). A coronary angiog-
raphy is performed to assess for underlying coronary arterial dis-
ease. Once the arteriovenous anatomy was characterized, an
appropriately sized implant is selected. Deployment of the helical
distal anchor involved two steps: retraction of the delivery catheter
to allow passive expansion of the nitinol wire forms and advance-
ment of the delivery catheter to expand the anchors to their max-
imum diameter. After the distal anchor of the device is deployed
(Figure 34), manual traction is placed on the delivery system to pli-
cate the peri-annular tissue. A combination by TOE and fluoroscopy
is used to determine the final position of the proximal anchor
(Figure 34). Ultimate device size and position are determined by
maximal geometric reduction of the posterior—anterior MA dimen-
sions with accompanying reduction of MR as assessed by fluoros-
copy and TOE. Before the implant is decoupled, coronary
arteriography is performed to confirm that coronary flow is not sig-
nificantly compromised (Figure 34), and echocardiography is per-
formed to confirm that a quantitative reduction in MR is achieved
(Figure 34). In the event of coronary artery compromise or insuffi-
cient MR reduction, the implant is recaptured by advancing the de-
livery catheter forward to collapse first the proximal anchor and
then the distal anchor.

The variable distance between the CS and the MA may affect pro-
cedural success. In some patients, the CS is located above the annular
level in contact with the LA wall. Annular devices in these patients

theoretically would chinch the LA wall without annular reshaping and
therefore might not reduce MR. An additional concern of indirect an-
nuloplasty is the risk of coronary ischaemic events due to the close
but variable relationship between the CS and the left circumflex ar-
tery."®® Finally, these devices cause at least a theoretical risk of CS
thrombosis or rupture.

Procedural guidance for indirect
annuloplasty: key points

(i) The procedural monitoring is performed by fluoroscopy and TOE
or by transthoracic monitoring only.

Chordal implantation

Percutaneous leaflet repair has been proposed in the treatment of MV
prolapse using adjustable TA beating-heart chordal implantation
systems.

The ideal anatomical criteria to this procedure are as follows:

(i) P2 prolapse or flail.

(i) The prolapsing segment overriding the opposite leaflet by at least
9 mm suggests the presence of coaptation leaflet reserve (CLR)
and correlates with a successful outcome of the procedure. The
measurement can be obtained as the difference between leaflet
length and annulus width in the three-chamber view (Figure 35).

(i) Absence of significant annular dilatation, as defined by a
leaflet-to-annulus index > 1.25, the ratio between the sum of anterior
and PL length over AP length measured in 2D LAX view at TOE."’
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(iv) Absence of severe LV dilatation with leaflets tethering with central re-
gurgitant jet and/or calcification of leaflet segments.

The procedure is performed under general anaesthesia by a
mini-thoracotomy TA approach. Using TOE guidance, the ex-
panded polytetrafluorethylene (ePTFE) chords attached to the leaf-
lets are subsequently adjusted to optimize MR reduction, then
tightened to the LV myocardium and fixed to the apex. Optimal
TOE imaging systems are mandatory because the procedure relies
on imaging quality.

NeoChord

The procedure is performed using the NeoChord DS1000 system
(NeoChord, Inc., Eden Praire, MN) consisting of *®~"¢° (Figure 36):
(i) a single-use, hand-held instrument designed to load and deploy
commercially available ePTFE sutures through exchangeable car-
tridges and (ii) a tethered leaflet verification display that enables con-
firmation of leaflet capture in the distal clamp of the device through
four fibre optic lights. These lights reflect the tissue in between the
device jaws.

Figure 35 ME LAX view showing P2 flail and the measurement of
CLR.

A

Leaflet Capture
verification monitor
Needles

) »——
;‘.J-\S >

Suture Cartridges

— R-.O
Delivery Instrument Q

eal- trme
% |J fiber optic
N\ confirmation &

v

Figure 36 Components of NeoChord (A) and harpoon systems (B).

21-Gauge Needle

A standard left lateral mini-thoracotomy is performed in the fifth inter-
costal space to access the LV apex. The system is directed towards the LA
on 2D TOE guidance (simultaneous multiplane ME LAX + MEC views)
avoiding native subvalvular apparatus entrapment (Figure 37). The key
point is to maintain the device under the A2-P2 segments to stay free
from the native chordae during systole and cross the valve during opening
(Figure 37). Once the MV is overcome, echocardiographic imaging is
switched to 3D surgical view of MV and the device is shifted towards
the prolapsing segment. When an appropriate position has been
achieved, the jaws of the device are opened and the leaflet is grasped.
The leafletis correctly captured when all four fibre optic monitor lights
turn from red to white. At this time, the needle is pushed forward to
puncture the valve segment. Then, the distal tip of the needle is re-
tracted and the Gore-Tex suture loop exits the instrument. When
the Gore-Tex suture has been engaged and retraction of the needle
starts, the mosquito must be released. The device is finally pulled
out from the ventricle with the jaws opened while the two ends of
the suture are gripped manually. Tension is applied to the neochorda
and if it significantly reduces the MR under TOE monitoring (Figure 37),
a girth hitch knot is secured to the leaflet, locking one head of the su-
ture on the valve segment while two ends remain outside the chest for
final fixation on the apex. Additional neochordae are implanted by
repeating the procedure to achieve maximal MR reduction. When a
satisfactory number of chordae are deployed, the apical purse strings
are tied.

Harpoon

The MV repair system (Edwards Lifescience, Irvine, USA) consists of
two parts: a haemostatic introducer and a delivery system'®’
(Figure 38). The end effector on the tip of the delivery system shaft is
positioned on the targeted segment of the mitral leaflet; afterwards,
the device is deployed, causing the needle and ePTFE wrap to penetrate
the leaflet tissue. The needle is withdrawn and the coil of ePTFE is tigh-
tened to form a double-helix knot on the atrial surface of the leaflet.
Simultaneous 2D images (ME LAX + MEC views) are required for de-
vice guidance. Once the delivery system is steered to the targeted loca-
tion on the leaflet, the knot is deployed (Figure 38). After each knot
deployment, the delivery system is withdrawn from the heart, leaving
two ePTFE strands exteriorized through the introducer lumen. The
ePTFE suture pairs are then threaded individually through a stiff
ePTFE pledget and are tightened simultaneously and incrementally by
using TOE guidance to optimize coaptation and minimize MR
(Figure 38).

— e —

Hemostatic Introducer

Delivery System Proprietary Anchor

:‘R
"L
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Figure 37 P2 flail treated with NeoChord. Step-by-step description. (A) Biplane ME view showing P2 flail. (B) Biplane ME color Doppler. (C) 3D
surgical view of the MV showing P2 flail with chordal rupture. (D) The system is directed towards the LA on 2D TOE simultaneous multiplane guidance
avoiding subvalvular apparatus entrapment and under the A2-P2 segments. (E) The tension is applied to the NeoChord; as a consequence, the prolapse
is significantly reduced. (F) 3D surgical view of the MV showing the correction of the prolapse.

Figure 38 P2 flail treated with harpoon. Step-by-step description. (A) Biplane views showing P2 flail. (B) Biplane color Doppler. (C) 3D surgical view
of the MV showing P2 flail with multiple chordal rupture. (D) The system is directed towards the LA under TOE guidance. (E) The knot is deployed. (F)
3D surgical view showing the knot in LA (arrow). (G) The tension is applied to the ePTFE and fixed on the apex with concomitant reduction of MR. (H)
3D surgical view demonstrates the prolapse correction.
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Pascal Ace

PASCAL

Figure 39 (A) MitraClip G4 NT and NTW. (B) MitraClip G4 XT and XTW. (C) Pascal and Pascal Ace.

Chordal implantation: key points

(i) The ideal candidate is a patient with P2 prolapse or flail, with the
prolapsing segment overriding the opposite leaflet by at least
9 mm without annular dilatation.

(i) The procedure is performed under TOE guidance using 2D sim-
ultaneous biplane views and 3D en face MV perspective.

Transcatheter edge-to-edge repair

Percutaneous mitral leaflet repair aims to reproduce edge-to-edge
Alfieri surgical technique improving leaflet coaptation and redu-
cing/eliminating MR."®% At present, there are two available devices
for TEER: the MitraClip system (Abbott Vascular Inc, Menlo, CA,
USA) and PASCAL system (Edwards Lifescience, Irvine, USA). The
devices are proven safe and effective both in PMR and
GMR 142163165

The MitraClip system is a polyester fabric-covered cobalt—chromium
implant with two arms which can be opened and closed with a
steerable-guiding mechanism. The latest iteration of the device is the
MitraClip G4 system (Generation 4), which was released in 2019.
The clip is offered in four sizes (NT, NTW, XT, and XTW)
(Figure 39A and B). In addition, the G4 system permits controlled grip-
per actuation (the grippers can be dropped independently to capture
the leaflets one at a time) and the real-time left atrial pressure
monitoring.

The Edwards Pascal transcatheter valve repair system also works on
the principle of leaflet repair but has some additional design features.
The Pascal implant has a central spacer designed to reduce the tension
on the leaflets and fill the regurgitant orifice area. The spring-loaded
paddles and clasps can be operated either simultaneously or independ-
ently to facilitate leaflet capture. The flexible delivery system allows
navigation in three planes, and the Pascal device can be elongated, mak-
ing it less prone to get stuck in the chords. Two implants are available:
Pascal and Pascal Ace (Figure 39C).

In degenerative MR, the device anchors the flail and/or prolapsed
segments, whereas in patients with SMR, it improves coaptation of
the tethered leaflets reducing the time and force required to close
the valve. Additionally, the device over time creates a tissue bridge
between the two mitral leaflets. As a result, it limits annular dilata-
tion and supports the durability of the repair. Finally, the device re-
strains the LV wall by restricting LV dilatation and induces reverse LV
remodelling, which in turn may further reduce tethering and result-
ant regurgitation.

Patient selection
TTE is the first-line imaging technique to rule out potential candidates
for TEER. 2D/3D TOE is essential for assessment of mitral functional
anatomy to select patients for TEER. Indeed, 2D/3D TOE is crucial
to confirm the severity and to precisely define the mechanism of MR
as well as the anatomic suitability for TEER. It is crucial to assess the
MV anatomy at the origin of MR (target lesion) and to confirm that leaf-
let tissue quality and length are adequate in this area to allow for a se-
cure device placement.

For patients with degenerative MV prolapse/flail, the following fea-
tures should be addressed:
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Figure 40 ME LAX and MEC views showing the measurement of flail gap (A) and flail width (B). (C) 3D multiplane reconstruction allowing accurate

measurement of both measurements. (D) Four-chamber and (E) ME LAX depicting measurement of the coaptation length (white arrow) and coap-
tation depth (red arrow). (F) Measurement of the length of the PL in P2 region (supposed target zone).

(i) Number and localization of diseased segments. This issue can be ad-
dressed by multiple 2D TOE views and 3D TOE. 3D TOE enables
the identification of leaflet abnormalities that can impact the feasibility
of a device implantation (i.e. clefts or perforations)."®® 3D TOE colour
Doppler is more accurate in localizing the MR jet origins than 2D TOE
providing a direct visualization of the true proximal flow convergence
region.'¢167

(i)  Evaluation of the extension of the prolapse/flail using multiple 2D TOE
views, 3D TOE, and multiplane reconstruction of 3D data sets. The
TOE view should be aligned to demonstrate the maximal excursion
of the flail segment. Two main anatomic measurements are required:
(a) the flail gap (distance separating the tip of the flail segment from its
opposing normally coapting leaflet) measured by 2D TOE in ME LAX,
four-chamber, or MEC views and (b) the flail width derived from the
MEC view and/or transgastric SAX view (Figure 40). 3D TOE using the
surgical view or MPR can also be very helpful in determining the flail
width and gap (Figure 40).

For patients with functional/ischaemic MR, the presence of sufficient
leaflet tissue for mechanical coaptation and the degree of restriction of
PL constitute the most important features. Two measurements are es-
sential: the coaptation depth measured by 2D TOE in a four-chamber
view and the coaptation length measured in four-chamber and ME LAX
views (Figure 40).

n addition, the measurement of the length of the PL in target zone
is required for both degenerative and functional/ischaemic MR
(Figure 40).

Based on morphologic characteristics of MV, the suitability for
TEER implantation can be classified as ideal, challenging, and un-
suitable. The suitability criteria are mostly derived from experi-
ence with the MitraClip system (Table 15 and Figures 41-43).
The ideal morphology is well suited for implantation and initial in-
stitutional experience. It is also possible to successfully
treat challenging morphologies. Such cases should only be

attempted by experienced centres in the absence of therapeutic
alternatives.

Patient selection for TEER: key points:

(i) TTE s the first-line imaging technique to rule out potential candi-
dates for TEER.
(i) 2D/3D TOE is essential for confirming the suitability for TEER.
(i)  The characterization of the mechanism of MR and the anatomy of
MV are crucial features to define the suitability of TEER.

Procedural guidance
The procedural guidance of TEER procedures relies on 2D TOE, 3D
TOE, and fluoroscopy.

MitraClip procedure

TSP

The determination of the optimal TSP site is fundamental for a
MitraClip procedure. A suboptimal TSP puncture often requires add-
itional steering manoeuvres to correct the position of the MitraClip de-
livery system. The optimal TSP is located in the superior—posterior part
of the FO and the height should be >4.0 cm above the annular plane.
However, the optimal height above the MV differs for degenerative
and secondary MR. In patients with prolapse/flail, the puncture site
should be 4-5 cm above the MA, thus providing enough space to ad-
equately manoeuvre the MitraClip delivery system within the LA. In pa-
tients with secondary MR and extensive tethering, the coaptation is
usually shifted below the annular plane. In these cases, the puncture
site 3.5-4.0 cm above the annular plane could be acceptable. A patent
foramen ovale cannot be recommended for access to the LA. Even if
the entry into the LA would be superior, it is too anterior and therefore
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Table 15 Morphological suitability criteria for TEER

Ideal morphology

Challenging morphology

Unsuitable morphology

Central A2-P2

Absence of calcifications in the
grasping zone

MVA >4 cm?

Flail gap <10 mm
Flail width <15 mm
Coaptation length >2 mm
Tenting height <11 mm
PL length >10 mm
Good imaging quality

Large LA volume

Large FO

P1/A1 or P3/A3 lesions

Calcifications not in the grasping zone

MVA >3 <4 cm? with preserved leaflet mobility
PL length >6—7 <10 mm

Carpentier Ilb

Flail width >15 mm

Tenting height >11 mm

Important annular dilatation (end-systolic AP or IC
diameter > 40.5 mm)'?

Loss of systolic leaflet coaptation

Multiple prolapsing/flail segments
Cleft/indentation

Suboptimal imaging quality

Small FO

Previous surgical correction of IAS
Previous MV repair

Small LA

Calcifications in the grasping area or hinge point

Barlow’s disease with multisegment flail leaflets

MVA < 3 cm? or MG >5 mmHg
PL length <6 mm

Carpentier Ila

Significant cleft
Perforation or laceration

Endocarditis

Anatomic characteristics of IAS precluding TSP: very small FOV
or previous ASD closure

Very poor imaging quality

Abbreviations as in the text.

Figure 41 Ideal morphology for TEER procedure. (A) Degenerative aetiology. 3D en face of MV showing the P2 flail (central lesion). Biplane view
shows the flail leaflet. Biplane color Doppler demonstrating the single central jet. Flail gap =0.3 cm (red line); flail width = 1.2 cm (green line). (B)
Functional MR. Biplane view shows the symmetric tethering. Tenting height: 0.9 cm (dotted red line). Biplane color Doppler demonstrating a wide cen-

tral jet.
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Figure 42 Challenging morphology for TEER procedure. (A) Degenerative aetiology. 3D en face perspective of MV showing wide prolapse of P3. (B)
Functional MR with lack of leaflet coaptation. LAX and 90° views show a huge coaptation defect in central and medial regions of the valve, respectively.
3D en face view confirms the gap in these regions. LAX and 90° views with color Doppler demonstrating a large jet originating from the central and
medial region of the valve.

Figure 43 Unsuitable morphologies for TEER. (A) Calcifications in the grasping zone in anterior leaflet (arrow). (B) Calcifications in the hinge point
(arrow). (C) Short PL. (D) Restrictive morphology. Rheumatic disease (Carpentier lla). (E) Barlow’s with multisegment flail leaflet disease. (F) Cleft in PL.
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0 bpm &

Figure 44 MitraClip procedural guidance. (A) SAX view. The guidewire crosses the septum. (B) 3D overhead of LA showing the transseptal sheath
and the guidewire inside the LA. (C) The guidewire in LUPV. (D) The dilator can be identified by a typical echogenic coil. (E) The SGC appearsin 3D asa
railroad-shaped artefact. (F, G) CDS advancement into LA: 2D ME view (F) and 3D overhead perspective of the LA (G). (H) 3D overhead perspective of
LA showing the steering of CDS towards the centre of the valve. (/, /) Biplane views (commissural and LAX view) without (/) and with colour Doppler

(/) allow to perform medial-lateral and anterior—posterior clip adjustments.

suboptimal for this procedure. Access via an atrial septal defect (ASD) is
also not recommended as the size of the defect generally does not
match the size of the steerable guide catheter (SGC) whose position
is therefore not stable. Furthermore, in most cases, the septum is fragile
and does not provide enough support for a stable position of the SGC
and the risk of IAS rupture is increased.

SGC insertion into LA

After septal crossing, the SGC and dilator assembly are gently advanced
into the LA over a super stiff exchange length guidewire which is pref-
erably placed in the left upper pulmonary vein (LUPV) (Figure 44A-C).
The dilator can be identified by a typical echogenic coil (Figure 44D). The
insertion of the SGC should be carefully monitored with the aid of 2D
and 3D TOE (SAX and four-chamber views are recommended) and
fluoroscopic imaging to avoid injuries of the LA wall. The tip of the
SGC is marked with a radiopaque echo bright double ring structure
and can be identified by 2D TOE and 3D TOE. Once the SGCiis in place
and secured (2-3 cm within the LA cavity), the wire and the dilator will
be removed. After removing the wire and dilator, the SGC appears in
2D and 3D as a railroad-shaped artefact (Figure 44E).

Clip delivery system advancement through the catheter into LA

The clip delivery system (CDS) is then advanced into the LA through
the SGC under fluoroscopic and TOE guidance (Figure 44F). 3D over-
head perspective of the LA offers the best view for appreciating the
spatial relationship among structures and device (Figure 44G).
However, 3D does not offer enough spatial resolution to confirm if

the clip is not interacting with LA or valve structures as 2D and simul-
taneous multiplane views. At this stage, 2D TOE view (usually in be-
tween SAX and bi-caval views) is used to confirm that the SGC is
maintained in the LA.

Steering and positioning the MitraClip in the LA

The CDS is steered towards the MV over the target lesion [the tip of
the clip should point towards the largest proximal isovelocity surface
area (PISA)]. The medial deflection and posterior torque of the sys-
tem are needed. A series of steering manoeuvres is generally needed
to achieve a position of the clip over the MV target lesion with respect
to anterior—posterior and medial-lateral directions. This step is usu-
ally monitored by 3D overhead perspective of the LA and simultan-
eous biplane views overlapping the colour Doppler (Figure 44H).
Two orthogonal 2D TOE imaging views are used: MEC view (~60°)
in which both commissures can be adequately identified to perform
medial-lateral clip adjustments and LAX view at 120-150° to monitor
anterior—posterior clip adjustments. Colour Doppler should be used
in addition to confirm the adequate clip alignment over the regurgitant
jet. The clip should split the regurgitant jet indicating a correct pos-
ition above the target lesion.

Axial alignment of the CDS

The trajectory is tested with gentle advancement of CDS towards the
MV plane avoiding to overcome the leaflets (Figure 44/ and J). The tra-
jectory should be perpendicular to the MV plane and not slanting be-
cause a misalignment can affect an incorrect advancement of CDS

20z dunf || uo Josn UNSIpa|N AQ 89v 161 2/6029/6/¥2/aI0Me/BuiBewidlys/wod dno-oiwspese)/:sd)y wouj papeojumoq



Multimodality imaging for patient selection, procedural guidance, and follow-up of transcatheter interventions for structural heart disease e255

Figure 45 (A) Different lesions of the PL. Left to right panel: P1, P2M2, P2 central, P2M2, and P3 lesions, respectively. (B) 3D en face views of the
different clip orientations according to the localization of specific lesion.

Figure 46 (A, B) Clip arm orientation. (A) Biplane views. In commissural view, the clip arms are not visible, whereas in LAX view, the arms are fully
opened. (B) SAX transgastric view shows the arms perpendicular to the coaptation line in central position. (C) Biplane colour Doppler: the clip partially
closed splits the jet during advancement into the LV. (D) Biplane views showing the clip in LV in the central position with correct arm orientation. (E)
Leaflet grasping. (F) Entrapped chordae tendineae between grippers and shaft (arrows).
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Figure 47 The free lengths of AL (in white) and PL (in red) before grasping (A) and after grasping (B). Differences in lengths denote lengths of re-
spective leaflet captured inside the MitraClip. (C) Multiplane views. (D) LAX view used for assessing the PL insertion. (E) Four-chamber view used for
assessing the anterior leaflet insertion. (F) 3D en face view before clip release showing the double orifice and the bridge of tissue. (G) SAX transgastric

view showing the double orifice.

into LV and the efficacy of the grasping (e.g. distortion of the coaptation
line). This aspect is of the utmost importance in the commissural lesion
to avoid chordal entrapment. This can be assessed mainly by simultan-
eous biplane views (MEC and LAX views).

Alignment of the clip arms to the coaptation line

Clip locations at the lateral (P1) and medial (P3) scallops of the PL are
defined as lateral and medial, respectively. A clip location in the central
scallop (P2) is defined as central or if the clip is located in P2M1 or P2M2
as centrolateral and mediocentral, respectively. The clip arms must be
oriented perpendicularly to the coaptation line. When the clip is posi-
tioned in the central region of the valve, the anterior arm must be or-
iented at 12 o’clock, while if the clip is placed lateral, the anterior armis
oriented in slightly clockwise direction or if it is placed medial, the an-
terior arm is oriented in slightly counterclockwise direction. The clip’s
orientation is monitored by en face 3D view of the MV (Figure 45). If the
clip is positioned centrally, the clip arms are not visible in the MEC view
while both clip arms are visible in full length in the orthogonal LAX view
(Figure 46A). In the RAO cranial fluoroscopic projection, the clip arms
are not visible. If the clip is positioned in lateral or medial region of the
valve, the clip’s arms can be partially visible in the MEC view.
Additionally, SAX transgastric view can be used to confirm that the
clip arms are perpendicular to the coaptation line (Figure 46B).

Advancement into LV

The CDS is then advanced distally across the MV, commonly with a fully
opened clip (180°) using the NTR system and partially closed (60°) with
XTR system, into the LV to a position ~2 cm below the MV under
fluoroscopic and simultaneous biplane (MEC and LAX views) guidance
(Figure 46C and D). In order to prepare for a successful grasp perpendicu-
lar to the coaptation line, the correct positioning should be verified by

ensuring that both mitral leaflets move freely above the clip arms and
that the clip splits the MR jet. As the clip may rotate during the passage
across the MV, it is important at this step to reconfirm the correct
clip orientation by simultaneous biplane views and/or 3D en face view re-
ducing progressively the gains until deleting the MV leaflets, so looking at
the clip arms in transparency or alternatively using the 3D display from
LV. Clip arm adjustment (>90° in each direction) in the LV should be
avoided as this may lead to an entanglement of the clip in the chordae
tendineae and may make it difficult or even impossible to remove the clip.

Leaflet grasping

Once the MitraClip is in a good position, leaflet grasping is done by slowly
retracting the system back towards the LA to allow the leaflets to come
to rest on the clip arms. If the grasp appears satisfactory, then the grip-
pers are lowered onto the leaflets (Figure 46E). This step is usually mon-
itored with a 2D LAX view. It is important to visualize continuous leaflet
insertion while grasping to avoid rolling leaflets/chordae (Figure 46F).
Initial closure of the clip until the clip arm angle is ~60° is recommended.
Fluoroscopically, the clip should maintain a distinct ‘V’ shape. When the
clip position, as well as leaflet insertion and MR reduction without indu-
cing MS, appears satisfactory, the clip can be fully closed.

Assessment of leaflet insertion

The acquisition of a longer loop is helpful as the grasp can be reevaluated
whenever needed. The leaflet insertion measurements are taken in dia-
stole using MEC and LAX views in a simultaneous biplane. Leaflet lengths
at baseline are measured from hinge point to leaflet tip. Leaflet length
outside the clip is measured either between the hinge point and the con-
tact point of the leaflet with the clip. The length of leaflet captured inside
the clip is determined by subtracting the leaflet length outside the clip
from the corresponding leaflet length at baseline. ‘Adequate leaflet
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Table 16 Echocardiographic and haemodynamic parameters for grading MR severity in TEER procedure

Parameter

Haemodynamic parameters

Left atrial pressure (LAP)

Systolic peripheral arterial Increase in sBP

pressure (sBP)

Qualitative MR reduction

Color Doppler jet Reduction of numbers and size of
e Size jets

o Number

e Eccentricity

Flow convergence size (at a Nyquist
limit 25-40 cm/s)

Mitral inflow pattern

Reduction of flow convergence

Decrease E-wave velocity/
decrease inflow VTI

Pulmonary vein flow pattern Increase in forward systolic
component

CW Doppler of MR jet (density and  Decrease in density and

contour) modification of the shape
PW LVOT (SV) Increase in VTI LVOT
LASEC Appearance/increase
Semi-quantitative
VC width Not specific/not frequent

Quantitative

3DVCA VCA reduction

RV RV reduction

Regurgitant fraction (RF) RF reduction

Comments

Reduction of a regurgitant V-wave/reduction of LAP ® |oad dependent

e Affected by other haemodynamic factors
(e.g. anaesthetic drugs)

® | oad dependent

e Affected by other haemodynamic factors

(e.g. anaesthetic drugs)

Mild MR
Few small, e Multiple jets can lead to overestimation
narrow jets ® Device artefacts/shadowing may mask jets
® Eccentric jets difficult to evaluate
o Affected by technical and haemodynamic factors
None or small ® Device artefacts/shadowing may mask jets

® Influenced by technical and haemodynamic factors

A-wave dominant @ Affected by multiple factors: relative MV obstruction, LV

filling pressure, and atrial fibrillation

Systolic dominant @ Influenced by many factors: LV diastolic function, atrial

fibrillation, and LA pressure

Faint, parabolic ® Angle dependency
contour o Difficult for eccentric jets

o Affected by multiple haemodynamic factors

® Not specific/not frequent

<03 cm e Not validated for multiple jets

e Difficult for eccentric jets

<0.2 cmq ® Likely a preferred method but limited studies available

® Technical dependence/artefacts

® Requires excellent LV endocardial definition > best with
3D echo or contrast echo

e Cannot use MA site for flow because of MV devices
(except MV annuloplasty)

e Multiple measurements may compound errors >
technically difficult

e Not accurate if >mild AR or VSD present

<30%

I.170

Adapted from Agricola et al." "~ Abbreviations as in the text.

insertion’ is considered present if the length of leaflet captured inside the
clip is >5 mm and both leaflets inserted into the atrial aspect of the
closed clip arms (Figure 47A and B). The quality of leaflet insertion and
satisfactory grasp is verified by observation of other direct, signs such
as leaflet immobilization, the limited leaflet mobility relative to the tips
of the clip arms, and the presence of a double MV orifice, and the indirect
signs, for instance the adequate MR reduction and the appearance of
spontaneous echo contrast in LA, whereas the presence of jet through
the clip suggests little amount of leaflet tissue insertion into clip arms.
The leaflet motility can be assessed by simultaneous biplane modality

using the MEC view as the main view and moving the elevation plane
along the MV from the posterior—medial orifice to the anterior—lateral
one (Figure 47C). The quality of insertion of PL is usually best seen in a
LAX view and of anterior leaflet insertion in four-chamber view
(Figure 47D and E). In addition, MPR allows to evaluate the leaflet inser-
tion in any desired planes without anatomic restrictions. The 3D en face
view of MV from LA or LV perspectives as well as the 2D SAX transgas-
tric view of MV is helpful to assess the geometrical changes of the MV,
which presents a double MV orifice in most cases and the quality of
the tissue bridge between the leaflets (Figure 47F and G).
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Figure 48 Baseline colour Doppler: (A) biplane views. (B) 3D VC measured by MPR. After clip placement and closure: (C) biplane colour Doppler.
(D) 3D VC. (E) Transmitral pressure gradient. (F) MVA calculated with MPR by planimetry of the both orifices.

Assessment of result before clip deployment

To make results comparable regarding MR grading, it is of the utmost
importance to perform measurements pre- and post-Clip implantation
under similar haemodynamic conditions. The evaluation of residual MR
after edge to edge is challenging.

Quantitative Doppler evaluation cannot be used reliably after clip
placement. Although the 3D colour Doppler VC area seems promising,
a multiparametric approach and a classification in a four-grade system (1+
to 4+) should be used (Table 16 and Figure 48A-D)."*®""" In addition, the
risk of MS has to be evaluated after the placement of each clip. For this
purpose, the MTG is usually assessed by CW Doppler (Figure 48E). It has
been demonstrated that MTG has the same validity in assessing double-
orifice MV as a single-orifice MV."”% A limitation is that Doppler measure-
ments are highly influenced by heart rate, cardiac output, and residual
MR.'”2 In addition, planimetry of the MV should be performed, preferably
by using 3D echocardiography, which allows for MPR of the MVA
(Figure 48F)."”3 Alternatively, 2D planimetry should be performed in mid-
diastole in SAX transgastric view. The edges of the MV leaflets should be
clearly seen. The inner edge of each orifice is then traced and the areas
combined to calculate the total MVA. A MVA <1.5 cm” and a MTG
>5 mmHg were considered criteria to indicate significant MS."*

The final geometry of the MV and the assessment of the final size of the
newly created orifices have also to be judged and are best evaluated by
using 3D TOE en face views. It should be ensured that each clip is placed
symmetrically on both leaflets and that the clip is not biased towards one
of the leaflets. Excessive distortion of the leaflets should be avoided as this
may lead to unbalanced traction on the leaflets which can potentially
cause partial clip detachment or leaflet rupture during follow-up.

Clip release

In case of a satisfactory clip position and effective MR reduction without
creating relevant MS, the clip is detached from the catheter shaft. A
stable clip position has to be reconfirmed and the grade of residual
MR should be reassessed. The final clip deployment is then performed
by removing the gripper line. This step is monitored with 2D, 3D, and
fluoroscopy.

System removal

After release, the CDS is withdrawn into SGC. This step is potentially
dangerous because the traumatic tip of DC can damage the LA struc-
tures, and it is usually monitored by 2D multiple views. At this stage, 2D
TOE view (usually in between SAX and bi-caval views) is used to con-
firm that the SGC is maintained in the LA that can be used for a second
clip placement. If no additional clip is needed, the SGC is withdrawn
back across the atrial septum and out the femoral vein access.

Second clip procedure

In the presence of residual significant MR, additional clip(s) may be de-
ployed as necessary to minimize residual MR while avoiding stenosis.
With PMR, in particular with highly mobile leaflets, excessive clip move-
ment is often seen despite adequate grasping and reduction of MR. In
such cases, a second clip placed immediately adjacent to the first clip
can stabilize and reduce the leaflet tension of the prior clip and minimize
the risk of subsequent leaflet detachment.'”® The procedural steps are
the same as for the first clip implantation. Firstly, the main target lesion
should be identified. Usually, in the presence of multiple residual jets,
the tip of the clip should be pointed towards the largest PISA
(Figure 49A). The 3D overhead view of the LA and the simultaneous bi-
plane view using the MEC view as the main view and positioning the ele-
vation plane on the target lesion to get LAX view are used to guide the
steering of the CDS towards the target lesion, the trajectory of CDS,
and the grasping (Figure 49B—H). The clip is advanced into LV with
arms closed. Before releasing the second clip, the results in terms of re-
duction of MR and gradient have to be assessed.

ASD evaluation
After system removal, the residual shunt and the dimension of the iat-
rogenic ASD should be evaluated.

Complications

MitraClip implantation is a safe procedure with good haemodynamic
tolerance even in high-risk patients and is associated with only a few
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Figure 49 (A) Results after the first clip deployment. The jet is split into two parts. The jet originating from the lateral orifice has the larger PISA
(target lesion for the second clip implantation). (B) Clip arm orientation. (C) Clip advancement into LV. (D, E) Grasping. (F) Final result. (G) Final
MTG. (H) 3D en face view showing the final double orifice.

Figure 50 (A) Clip entangling in the lateral commissure with rupture chordae. (B) LLI and leaflet tear/perforation. The distal tip of anterior leaflet
appears to connect with the clip (arrow) a few millimetres towards the ventricular end of the clip, indicative of leaflet tear/perforation as confirmed by
3D en face view (arrow). (C) Partial clip detachment. Complete disconnection of PL from the clip (arrow). 3D of MV from LV perspective showing the
absence of the double orifice and the detachment of the clip (red arrow) from PL (white arrow).
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Figure 51 (A, B) TSP. 3D volume rendering superimposed to LAO fluoroscopic projection. The 3D data set is sliced to identify the tenting (A). The
needle crosses the FO (B). (C) Navigation into the LA. Commissural view of MV including part of LA is displayed in partial-thickness modality. (D, E)
Steering and positioning the clip in the LA. 2D commissural view superimposed to RAO CRA (D). The jet is displayed on fluoroscopic screen and is used
as a reference marker (target lesion) (E). (F) Axial alignment of the CDS. Green plane and white line are coincident. The fluoroscopic plane results

exactly perpendicular to the MV plane. (G, H) Grasping. (I) Final result.

major complications.'®*"*176177 However, serious complications may
occur and can be identified accurately and promptly by TOE.

Potential complications related to the nature of an interventional
procedure can occur such as new intracardiac thrombus on guidewires
and/or delivery sheaths.

Acute severe hypotension may be caused by cardiac tamponade,
acute deterioration of LV dysfunction, or sudden worsening of MR.
Pericardial effusion and cardiac tamponade may occur due to a perfor-
ation of the LA free wall or aortic puncture during TSP.

Three main mechanisms may lead to MR aggravation:

(i) Acute worsening of LV dysfunction.

(i) Leaflet or chordal damage: Clip deployment out of the chordal free
area between A2/P2 increases the risk of entangling and rupturing
chordae (Figure 49A); multiple grasping attempts in addition to
MitraClip potentially can cause leaflet perforation or laceration.

(i) Loss of leaflet insertion (LLI) and single leaflet detachment (SLD) that
may be the consequence of insufficient leaflet grasping, which predis-
poses the affected leaflet to slip out of the clip if only a few millimetres
of leaflet tissue are captured. LLI is conceivable as a consequence of
leaflet tear or perforation.'”® LLI is established if a leaflet inserted
no longer into the atrial aspect of the clip, but is seen during diastole
to move along the clip arm towards its ventricular tip, with a
regurgitant jet originating from the leaflet tip. If the leaflet tip does
not deviate by >2 mm from the edge of the MitraClip, leaflet tear/
perforation is diagnosed (Figure 50B). In case of complete diastolic dis-
connection of one of the leaflets from the clip, SLD is diagnosed
(Figure 50C)

Depending on the underlying cause, acute MR may require emergency
circulatory support and/or bail-out MV surgery.

The creation of MS is uncommon and may be prevented by a careful
assessment of the MVA and MTG after implantation of each clip. A
MTG <5 mmHg and a MVA >2.5 cm? are generally well tolerated. A
post-interventional MTG of >5 mmHg best predicted elevated trans
mitral pressure gradient (TMPG) at discharge."”® Persistent ASD flow
at the septal puncture site is frequent and does not represent a true
complication as it is usually not haemodynamically signiﬁcant.175

Fusion imaging during MitraClip procedure

Although the MitraClip implant is effectively guided using 2D/3D TOE
and fluoroscopy, echocardiographic—fluoroscopic fusion imaging may
be potentially useful, 8181

Transseptal puncture

TSP is performed using the echocardiographic—fluoroscopic RAO pro-
jection (10-30°) or AP projection, which, respectively, show an ‘en
face’ 3D and an oblique perspective of the FO, allowing the 3D spatial
perception of catheter movement. Then, the tenting is visualized by ei-
ther slicing the same 3D data set or displayed 2D bi-caval view in ob-
lique anterior projection (20—40°), in order to display the FO in a
sagittal view (Figure 571A and B).

Navigation into the LA

The navigation within the LA is monitored using a single fluoroscopic
projection only, usually RAO cranial, superimposing the 3D overhead
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Figure 52 Pascal procedure. (A) Baseline evaluation. (B) Parallelism test to ensure guide sheath tip flexes parallel to MV (3D en face view of the
septum). (C, D) Implant system insertion: (C) implant elongated and (D) implant closed. (E) Implant trajectory and positioning. (F) Implant orientation.

(G) Leaflet capture. (H) Implant closing. (I) Final result.

of LA. In the fused imaging, usually the commissural view of MV includ-
ing part of the LA is displayed in partial-thickness modality or 2D image
(Figure 51C). In particular, the visualization of soft tissue, together with
the visualization of metallic material onto fluoroscopy, allows for com-
pensating the lack of depth perception in 3D images improving the
evaluation of the distances between catheters and LA structures.
Under this echocardiographic—fluoroscopic projection, the SGC inser-
tion into LA and CDS advancement through the catheter into LA are
monitored.

Steering and positioning the MitraClip in the LA

The delivery system is steered towards the MV over the target lesion.
This step is usually monitored using the same echocardiographic—
fluoroscopic projection used for the navigation into LA or the RAO
CRA superimposing the 2D commissural view overlapping the colour
Doppler (Figure 51D and E). Localizing with colour Doppler the site(s)
of regurgitation into the fluoroscopic screen rather than using 2D/3D
TOE monitoring alone may facilitate the advancement of the CDS to-
wards the origin of the jet.

Axial alignment of CDS

Once the valve plane is achieved, 2D ME bi-plane views of the MV (MEC
view as a reference view and LAX view the derived one) are obtained
and superimposed to RAO CRA fluoroscopic projection (Figure 51F).
The LAX view in the fluoroscopy represents the ‘reference plane’ per-
pendicular to the MV plane. The ‘reference plane’ represents a sort of
‘track’ to follow that allows to get a fine perpendicular trajectory of
CDS with respect to MV plane. The target lesion then is identified

superimposing the colour Doppler. The next steps are usually moni-
tored using conventional 2D and 3D approaches as previous described
(Figure 51G-).

System removal
After release, the CDS is withdrawn into SGC. This step is usually mon-
itored using the same echocardiographic—fluoroscopic projection used
for the navigation into LA displayed paying attention to include the IAS
in the 3D data set.

Procedural guidance during TEER: key
points

(i) The procedural monitoring is based on 2D/3D TOE. The differ-
ent echocardiographic modalities (2D, 3D, and simultaneous bi-
plane views) must be used properly in specific procedural steps.

(i)  The fluoroscopy is used together with TOE.

(iif)  The results evaluation should be performed using a multipara-
metric approach including the haemodynamic
assessment.

(iv) Complications can be accurately and quickly identified by TOE.

invasive

Pascal procedure
The Pascal procedure is quite similar to MitraClip one, and the proced-
ural steps are monitored with the same 2D/3D TOE views (Figure 52).
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The main additional procedural features are as follows: (i) the desired
TSP location is mid-fossa and posterior and the optimal height is
>4.5 cm; (ii) after guide sheath and introducer insertion, use 3D view
of septum to ensure guide sheath tip flexes parallel to MV; and (jii)
check for clasp(s) bouncing which indicates leaflet is under clasp(s).

Outpatient follow-up

TTE is generally sufficient for follow-up examination after TEER.'2 An
additional TOE is indicated in cases in which further information are
needed.

Although the reduction in MR severity achieved by TEER has been
shown to persist in the majority of patients, recurrence of significant
MR has been reported.'®*"®® Different mechanisms may account for
MR recurrence. On the one hand, progression of the underlying disease
that originally gave rise to (primary or secondary) MR may lead to re-
current regurgitation despite initially successful TEER therapy.

TTE should assess the presence, number, location, and extension of
regurgitant jets. Although small MR jets generally correspond to mild
MR, semi-quantitative assessment based on regurgitant jet dimensions
is limited by factors affecting the size of the regurgitant area.
Quantitative 2D parameters such as VC and effective regurgitant orifice
area (EROA) by the PISA method have not been validated for post-
procedural double-orifice MV morphology.'®* A promising new ap-
proach for the evaluation of MR severity is the assessment of MR regur-
gitant volume (RV) by colour Doppler 3D TOE as the product of VC
areas defined by direct planimetry of each orifice and velocity time in-
tegral using CW Doppler.'®* Currently, the most reliable method to as-
sess the severity of MR after TEER is an integrative approach based on
qualitative and quantitative parameters such as colour Doppler area
size, pulmonary vein flow, and VC and categorized as O (none), 1+
(mild), 2+ (moderate), 3+ (moderate to severe), or 4+ (severe).'®>18¢

MS is a rare event following MitraClip therapy. However, assessment
of MVA and MV gradients should be performed systematically during
TTE follow-up examination. MVA can be assessed with 2D TTE by
measuring the planimetry of each orifice, and 3D TTE or 3D TOE
MV planimetry is nowadays considered the gold standard. The pressure
half-time method is not validated. After successful clip implantation
without creating significant MS, it has been demonstrated that patients
did not develop clinically relevant MS during 2 years of follow-up. This
result was independent of the number of clips (one or two) and the
aetiology of MR (40). At 2 years, a MTG >5 mmHg was shown to be
a significant predictor of poor outcome both in patients with PMR
and SMR."7? However, among patients enroled in the COAPT trial,
higher TMPG on discharge did not adversely affect clinical outcomes
following MitraClip. These findings suggest that in patients with SMR
and COAPT criteria, the benefits of MR reduction may outweigh the
effects of mild-to-moderate MS after MitraClip."®”

2D and 3D TTE assessment of LV volumes should be performed
during follow-up to assess positive LV reshaping effects and improve-
ments in LV size and function after TEER (46). Finally, RV dimensions
and function, pulmonary pressure, and the presence and the evolution
of tricuspid regurgitation should be evaluated as well.

Follow-up after TEER: key points

(i) TTE is the first imaging technique to follow-up patients after
TEER.
(i) TOE is indicated when TTE is inadequate to clarify specific issues.
(i)  The essential elements to assess during follow-up are residual/re-
current MR and its mechanism, TMPG, LV remodelling and func-
tion, stability of the device, RV dimension and function, tricuspid
regurgitation, and pulmonary pressure.

Transcatheter mitral valve
replacement

TMVR offers theoretical advantages over MV repair. By replacing the
entire valve itself, it offers a more predictable and complete resolution
in MR severity, especially in anatomies unsuitable for repair.'8®'8’
However, the MV anatomy is complex and heterogeneous, and the de-
velopment of a TMVR device to target all anatomic variations and pa-
tient risk profiles is difficult and presents several challenges such as
the use of delivery catheters with higher profile, the risk of LVOT ob-
struction, access route issues, no standardized anticoagulation therapy,
adequate anchoring and sealing to prevent PVL, concerns with durabil-
ity, valve thrombosis, and structural degeneration over time.

To date, a number of devices have been used in clinical settings. They
differ for sealing mechanism (dedicated intra-annular skirts vs. wider at-
rial sealing skirts), anchoring system (radial force, anchors, apical tether,
external annular synching, etc.), and access route (TA and transseptal).

At present, the only device which received the CE mark is the
Tendyne prosthesis (Abbott Vascular, Santa Clara, CA, USA). It has a
wide atrial skirt, is anchored by an apical tethering system, and is deliv-
ered via TA approach.

Patient selection and pre-procedural
planning

TMVR should be considered as alterative option to repair in the pres-
ence of calcification of the grasping zone, leaflet retraction, leaflet per-
foration, MV stenosis, rheumatic disease, multiple jets, and functional/
ischaemic MR with severe leaflet tethering.

The procedure strongly relies on pre-procedural planning based on
2D/3D TTE/TOE and CT imaging, aiming to characterize:

() MR grade and mechanisms.

(i) MV apparatus: annular size, presence, severity, and localization of
calcium.

(i) Optimal site of the TA access.

(iv) Prediction of neo-LVOT'° (Figure 53): LVOT obstruction is the most
dreaded complication of TMVR. The risk of LVOT obstruction and
systolic anterior motion (SAM) of the native MV leaflet is particularly
concerning because the prostheses are implanted in the fully open na-
tive MV; thus, the native anterior leaflet becomes the posterior
boundary of the new LVOT.

Patient selection for TMVR: key points

(i) 2D/3D TTE/TOE are the first-line imaging techniques to assess
the suitability for TMVR.

(i) CT is mandatory to confirm the suitability and for the procedural
planning.

Procedural guidance

The procedural guidance relies on 2D/3D TOE and fluoroscopy.

At baseline, the MR severity, the possible presence of LA thrombus,
the pericardial effusion, and the wall motion abnormalities must be
evaluated.

After baseline evaluation, the crucial steps of the procedure are as
follows (Figure 54):

(i) TA (see previous chapter): TOE is fundamental to localize/confirm
the LV apical access site using simultaneous biplane view starting
from commissural view during apical myocardial wall fingering.
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Figure 53 Pre-procedural planning at CT using a dedicated software (3-Mensio): prediction of neo-LVOT (blue arrow in the bottom left panel).

Figure 54 TMVR. Example of Tendyne implantation. (A) Biplane imaging is used to localize the LV apex and to choose the site of incision, localizing
the imprint of the interventionist’s finger (arrow) according to the trajectory defined by pre-procedural CT. (B) Guide catheter insertion. (C—F) Valve
deployment and orientation. (G) Sealing. (H) Assessment of presence of PVL. (/, /) Evaluation of LVOT obstruction.
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(i) Placement and full deployment of the valve: TOE simultaneous bi-
plane view of commissural and LAX views provides imaging the pros-
theses approaching the annulus, while 3D zoom overhead
perspective of LA guides proper orientation/rotational adjustment.

(i)  Checking the stability and functioning of the valve: once deployed,
prosthesis must seal the MV with adequate adherence to the mi-
tral-aortic curtain, in order to avoid PVL. This step is monitored by
simultaneous biplane view (MCE and LAX views).

(iv) Assess for the presence and location of transvalvular and PVL: 2D and
3D colour Doppler.

(v) Evaluate the LVOT/neo-LVOT for obstruction.

Complications

Once the prosthesis has been implanted, a comprehensive haemo-
dynamic and morphological evaluation is mandatory in order to detect
possible complications:

® Dislocation of the prostheses with PVL appearance.

® New wall motion abnormalities due to compression on the left circum-
flex coronary artery.

® Pericardial effusion.

® LVOT obstruction: 2D LAX view may evidence the presence of SAM
and flow acceleration at the colour Doppler, while deep transgastric
views needed to measure the outflow tract peak gradient.

® LV dysfunction secondary to afterload mismatch related to the abrupt
abolition of MR.

Procedural guidance during TMVR

(i) The procedural monitoring is based on 2D/3D TOE and fluoro-
scopic guidance.

(i) TOE is fundamental for accurate and quick identification of
complications.

Follow-up
Comprehensive TTE is the key imaging modality in follow-up. TOE is
indicated when TTE is not enough to clarify specific circumstance.
CT may be necessary to solve specific questions.
The essential elements to assess during follow-up are the
following™":
(i) Device analysis: stability (dehiscence, dislodgement, fracture, and de-
tachment), vegetation, and thrombus.
(i) Haemodynamic: MG, transvalvular leak, PVL, pulmonary pressure,
and severity of TR.
(i)  Chamber size and function: LV dimensions and function, RV dimen-
sions and function, and LA dimensions.
(iv) Pericardial effusion.

The frequency of follow-up imaging is not standardized, but current-
ly, it is indicated to assess the procedural outcome before discharge and
at 1, 3, and 6 months and at 1 year thereafter.'”"

Follow-up after TMVR: key points

(i) TTE is the key imaging modality in follow-up.
(i) TOE is indicated when additional information is needed.
(i) CT may be necessary to solve specific questions.

Conclusion

Interventional imaging plays an integral role in the patient selection,
procedural planning, guidance, and follow-up of SHD interventions.
The present document is a reference guideline, at the time of writing
the manuscript, covering the entire patient pathway in aortic and MV
transcatheter interventions. However, the rapid changes in this field
in terms of procedures, number, and device performance will lead
changes in patient selection criteria, in access routes, and in the imaging
guidance accordingly.
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