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Interventional imaging — a modern Telemacheia
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Abstract:

Interventional imaging is maturing into a complex field, which addresses an extremely diverse pathology and

integrates the findings of multimodality imaging. The interventional imager is an essential member of a multidisciplinary team
focused on the transcatheter treatment of structural heart disease. Advanced echocardiography and cardiac computed
tomography techniques and interpretation skills are required in order to provide instrumental information in all stages of
patient care, from diagnosis through intraprocedural guidance and follow-up.
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INTRODUCTION

The recent exponential growth and interest in trans-
catheter therapies of structural heart disease fostered
the development of a new subspecialty: interventio-
nal imaging. Encompassing a multimodality approach,
interventional imaging had to address complex chal-
lenges and, in doing so, contributed greatly to a rapid
and unprecedented development of cardiac imaging in
general.

The interventional imager is an essential member
of the multidisciplinary “heart team”. This practical
concept brings together physicians with different ex-
pertise: cardiovascular surgeons, invasive cardiolo-
gists, radiologists, and anesthesiologists, all dedicated
to transcatheter therapies. In a genuine collaborative
environment, the imager provides critical input for de-
cisions made in every stage of patient care'.

The process begins with a complete anatomic
and functional diagnosis of structural heart lesions?
This requires a multimodality approach which inclu-
des transthoracic (TTE) and transesophageal (TEE)
echocardiography, cardiac computed tomography
angiography (CCTA) and, to a lesser extent, cardiac
magnetic resonance imaging (CMRI). TTE represents
the foundation for each case study. TEE, CCTA and
CMRI complement and cannot be substituted for a
comprehensive TTE study. All imaging datasets are
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integrated and must be interpreted in clinical context
for each patient. As such, the interventional imager
is responsible for vetting the procedure as meeting
essential criteria: (i) clinically indicated, (ii) applicable
to a suitable anatomy, and (jii) technically feasible. This
critical analysis ensures the judicious use of structural
heart invasive procedures as well as favorable patient
outcomes.

TTE represents the fundamental screening tool
used to identify patients amenable to percutaneous
interventions. It follows standard echocardiographic
imaging principles, with a clear understanding of the
limitations and assumptions of each technique used®*.
Excessive reliance on one criterion or another, in-
stead of corroborating all existing data, typically re-
sults in overestimation of lesion severity and leads
to unnecessary procedures. TTE, when correctly
executed and interpreted, ensures data reproduci-
bility, thus allowing meaningful comparative studies,
particularly useful for patients studied under variable
hemodynamic conditions. A complete TTE diagno-
sis must encompass: lesion etiology and mechanism,
assessment of severity, comprehensive hemodynamic
data i.e. mean gradients, peak velocities, quantification
of effective orifice areas and regurgitant jets volumes,
as well as the hemodynamic data at the time of ima-
ge acquisition (i.e. heart rate for mitral stenosis mean
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gradients, left ventricular ejection fraction and stroke
volume for aortic stenosis, systolic blood pressure and
intravascular volume status for mitral regurgitation).
TEE will complement TTE by providing detailed ana-
tomical data.

Intraprocedural TEE is an essential tool for most
structural heart disease interventions and requires
advanced technical skills and interpretation expertise.
The echocardiographer must: (i) acquire diagnostic
quality images quickly, (ii) communicate relevant fin-
dings to the interventional cardiologist, (iii) monitor the
development of procedural complications, (iv) assess
rapidly changing hemodynamic conditions, and (v) eva-
luate the final result based on lesion specific criteria,
prior to the conclusion of the procedure.

Communication between team members repre-
sents a particular challenge which relies on common
definitions of anatomical landmarks and their spatial
location. These landmarks are derived from standar-
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Figure 1. 3D TEE “Surgeon’s view”
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dized TEE views, as well as from surgical views, ideally
co-registered and fused with fluoroscopic projections.
A simple and practical framework is to identify the
left atrial appendage (LAA) as a lateral structure, aor-
tic valve and left ventricular outflow tract as anteri-
or structures, pulmonary veins and coronary sinus as
posterior structures, and the interventricular and in-
teratrial septum as medial structures (Figure I). Once
these reference landmarks are located, any other ana-
tomical structure can then be easily identified. Using
this systematic approach, any non-standard TEE sec-
tion can be described accurately, and the information
is reliably shared between all team members.

The interventional imager must be familiar with all
procedural steps and the required, often non stan-
dardized TEE views. The ability to recognize in real
time any potential complications is paramount. As
hemodynamic conditions change rapidly, imaging data
must be interpreted accordingly, in particular for re-

L = aortic left coronary cusp; A = anterior tricuspid leaflet; R = aortic right coronary cusp; S = septal tricuspid leaflet; NC = aortic noncoronary cusp; P
= posterior tricuspid leaflet; RCA = right coronary artery; LAA = left atrial appendage; AVN = atrio-ventricular node; CS = coronary sinus; Al = lateral
anterior mitral scallop; Pl = medial posterior mitral scallop; A2 = mid anterior mitral scallop; P2 = mid posterior mitral scallop;A3 = medial anterior mitral
scallop; P3 = medial posterior mitral scallop; IVS = interventricular septum;Aorto — Mitral curtain separates aortic and mitral valves.

Note: structure identification is facilitated by remembering anatomic landmarks: (i) aorta and left ventricular outflow tract — anterior, (i) LAA — lateral, (iii)
NC — always adjacent to the interatrial septum, (iv) anterior mitral leaflet larger than posterior, with convex shape; posterior leaflet smaller; with concave

shape, (iv) coronary sinus — posterior.
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gurgitant lesions or large paravalvular leaks (PVL).
With the exception of transcatheter aortic valve re-
placement (TAVR) which does not require intrapro-
cedural TEE imaging guidance, virtually all other struc-
tural heart disease transcatheter interventions are
fundamentally imaging driven procedures.

AORTIC VALVE

TAVR is established as an effective treatment of aor-
tic stenosis (AS), and a viable alternative to surgical
valve replacement. From an imaging perspective, the
goals of preprocedural planning are to: (i) identify the
patients for whom the procedure is appropriate i.e.
correct diagnosis of true severe aortic stenosis, (ii)
describe specific anatomic landmarks for precise valve
sizing, and (iii) determine anatomical feasibility with an
acceptable risk’. A detailed description of the parame-
ters required for TAVR evaluation has been previously
published®.

TAVR addresses true severe AS, which is defined by
ACC/AHA as peak aortic velocity (Vmax) >4 m/sec,
or mean transvalvular gradient >40 mm Hg, associated
with an aortic valve area (AVA) <I.0 cm2 or indexed
area <0.6 cm?m? of body surface area (BSA)’%. AS is
considered severe if these criteria are met, irrespec-
tive of the left ventricular ejection fraction (LVEF) and
flow rate. AS evaluation requires very precise TTE or
TEE measurements of both 2D and Doppler parame-
ters. Perhaps the single most common errors encoun-
tered in practice are the underestimation of the LVOT
diameter, and of the left ventricular outflow tract
(LVOT) time velocity integral, when the sample volume
is placed away from the aortic valve. Both measure-
ment errors lead to similar results: underestimation of
the effective AVA and overestimation of AS severity.
In most cases, TTE is the only required examination.
TEE may complement the TTE data, in particular when
3D data sets are acquired’. TEE allows a better anato-
mic definition of the anatomy of the aortic cusps, their
range of motion and, arguably, a precise planimetry
measurement of the geometric AVA (in contrast to the
TTE Doppler calculated effective AVA). TEE also pro-
vides accurate aortic annulus dimensions. Furthermore,
TEE allows planimetry of the LVOT area, necessary
in the correct calculation of stroke volume (SV). This
is relevant as TTE based SV calculation assumes that
the LVOT is a circular structure, a concept proven
erroneous by CCTA studies which demonstrated an
oval LVOT'*"2, Despite its limitations, a good quality
TTE study must only be complemented by a complete

Catalin Loghin et al.
Interventional imaging — a modern Telemacheia

CCTA protocol, without performing a TEE. Overall,
planimetric measurement of the TEE geometric AVA
tends to be smaller by 0.1-0.2 cm? compared to the
CCTA geometric AVA, and both geometric measure-
ments tend to be slightly larger compared to the TTE
calculated effective AVA'*-13,

In order to ensure appropriate patient selection for
TAVR, the diagnostic imaging cardiologist must fully
understand all distinct hemodynamic presentations of
AS. True severe AS (definition based only on effecti-
ve AVA <I| cm? or <0.6 cm?*m?) can be present even
if the hemodynamic criteria described above are not
met, in the presence of preserved LVEF (>50%), a con-
dition described as low flow, low gradient, severe AS
(“paradoxical AS”)'¢2!. This is encountered in patients
with low SV, which results in low flow rate defined as
an indexed SV <35 ml/m? of BSA and low gradient de-
fined mean gradient <40 mm Hg, or Vmax <4 m/sec. It
is important to differentiate the low SV that occurs as
a result of low LVEF, and the low SV that may be pre-
sent with normal LVEF. Expressed differently, normal
LVEF does not always imply normal SV.

Normal LVEF with low SV is encountered in severe
AS that associates one or more of the following con-
ditions, which lead to either (i) ventricular underfilling:
gross concentric hypertrophy with small ventricular
cavity volume, highly increased myocardial stiffness and
restrictive filling pattern by TTE; moderate or severe
mitral stenosis or tricuspid regurgitation; severe intra-
vascular volume depletion; atrial fibrillation with rapid
ventricular response, or to (ii) abnormal ventricular
emptying: moderate or severe mitral regurgitation.
In such a scenario, left ventricular filling is diminished
and, despite a preserved LVEF, the net result is a low
SV and low flow rate which, in turn, lead to decrea-
sed transvalvular gradients and velocities even if seve-
re AS is present. For patients with suspected severe
AS, and preserved LVEF who present with a low flow,
low gradients state, an additional echocardiographic
index has been proposed: pressure recovery adjusted
indexed AVA. Also known as the energy loss index
(ELI) it is calculated as: AVAxAa/(Aa—AVA)/m?, where
Aa is area at the sinotubular junction?. Recently, ELI
has been shown helpful for the correct classification as
moderate AS in nearly 40% of those cases presenting
with low flow, low gradient, preserved LVEF and cal-
culated effective AVA <1.0 cm? 2.

A different hemodynamic profile exists in patients
with calculated effective AVA <I cm? or <0.6 cm?m?),
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with low flow and low gradients in the setting of, and
due to decreased LVEF (<50%). In this scenario, one
must be able to differentiate true severe AS from pse-
udosevere AS, where the AVA is underestimated (AS
severity is overestimated)**?. This condition is be-
lieved to reflect incomplete aortic cusps opening as a
result of low ejectional force and low transvalvular flow.
Normal aortic cusps will fully open even in the pre-
sence of severely impaired LVEF (<20%). In contrast,
the stenotic cusps are rigid, with limited amplitude of
motion, and require a higher ejectional force to open.
In this scenario, once the low flow state is ascertained,
the next step is to increase myocardial contractility,
and observe the behavior of the aortic valve opening
and area under inotropic stimulation.

In patients with indexed SV <35 ml/m? low dose
dobutamine (20 mcg/kg/min) stress echocardiography
(DSE) is indicated®* . While the DSE indication is
formally based on decreased SV, and not on impai-
red LVEF, in common practice DSE tends to be used
for LVEF <30-35%. DSE triggers three response types:
(i) pseudosevere AS: effective AVA increases to >1.0
cm? and flow parameters normalize (ii) true severe
AS: effective AVA <1.0 cm? and mean gradient >40
mm Hg or Vmax >4 m/sec, and (iii) indeterminate AS,
when both AVA and mean gradient remain <1.0 cm?,
and <40 mm Hg, respectively. The indeterminate AS
is seen in up to 30% of DSE studies®. These patients
require further evaluation of the aortic valve with a
non-contrast CT, to calculate the aortic valve calcium
score, as recommended by ESC guidelines?®*°. An aor-
tic valve calcium score of >2000 AU is associated with
severe AS for men, and >1300 AU for women?'.

DSE identifies flow reserve (contractile reserve),
defined as the increase of indexed SV by >20%. Whi-
le contractile reserve may be expected to parallel
outcomes, its absence does not impact survival or
LVEF recovery post TAVR in patients with low gra-
dients'¢%?728 Thus, the absence of contractile reserve
does not represent a TAVR contraindication. DSE
may be a poor choice in AS patients with severe CAD,
an association commonly seen in senile AS. For these
patients, invasive coronary angiography (ICA) or co-
ronary CTA should be performed prior to DSE.

While the slight difference between the TTE effec-
tive AVA and the CTA geometric AVA is known, larger
discrepancies may be observed in practice, with sig-
nificantly larger areas by CTA compared to TTE. AS
severity may be overestimated by TTE, in the setting
of ventricles with thicker walls and vigorous contrac-
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tility, but preserved filling. This represents a stage that
precedes the development of significant diastolic dys-
function with decreased filling that creates the condi-
tions for the low flow, low gradient state. However,
therapeutic decisions for AS treatment are based lar-
gely on TTE and not on CT data. Furthermore, the
ESC guidelines emphasize that the aortic valve area
alone does not always define severe aortic stenosis,
and clinical decisions must take into account additional
criteria, with the mean aortic gradient considered the
most robust’. The same guidelines suggest that the he-
modynamic profile of AS must be evaluated in normo-
tensive patients, to eliminate the confounding impact
of the increased afterload of hypertension.

TAVR does not require TEE intraprocedural gui-
dance, with the exception of selected cases i.e. val-
ve in valve procedure, as illustrated in a case with a
Sapien® prosthesis deployed percutaneously within a
degenerated, stenotic surgical bio-prosthesis (Movies
[, 2, 3*). TTE is used in the catheterization laboratory,
immediately upon prosthesis deployment to assess: (i)
complications i.e. LVOT obstruction, annular rupture,
regional wall motion abnormalities due to coronary
occlusion, prosthesis under expansion, pericardial
effusion from ventricular wire perforation), (ii) valvu-
lar gradients and (iii) paravalvular leaks. Patient follow
up relies on TTE at 30 days and | year after the proce-
dure. The Valve Academic Research Consortium con-
sensus details criteria that define TAVR success: peak
velocity <3m/sec; mean gradient <20 mm Hg, effective
AVA >1.1 cm?, Doppler velocity index: >0.3532. The
same document provides criteria for patient-prosthe-
sis mismatch and severity of paravalvular leaks.

CCTA is considered the gold standard for TAVR
evaluation and complements echocardiographic data.
TAVR specific CCTA techniques are described in de-
tail in a recent expert consensus document®*?*. CCTA
studies of diagnostic quality are possible with 64 slice
scanners, at the expense of higher radiation doses and
artefact rate. CCTA imaging for TAVR consists of two
distinct contrast enhanced scans: (i) high resolution
(<1 mm slice thickness), limited window focused on
the LVOT, aortic valve, aortic root, and proximal as-
cending aorta, and (ii) standard angiographic imaging
(<1.5 mm slice thickness) of the chest, abdomen and
pelvis®*. With the exception of the abdomen and pel-
vis imaging, all chest imaging protocols require EKG
gating. CCTA image acquisition is performed without
betablockers, at higher heart rates, which may degrade
image quality. Furthermore, nitroglycerin adminis-
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tration is contraindicated, further reducing the quality
of the coronary angiograms resulting from TAVR ima-
ging. Therefore, for TAVR candidates, coronary evalu-
ation relies on ICA and not on CCTA.

The first CCTA scan is ECG gated and geared for
procedural planning: device sizing and risk assessment
for coronary occlusion, annulus rupture and paraval-
vular regurgitation. This is accomplished with preci-
se systolic measurements of the aortic annulus, valve
area, sinuses of Valsalva, sino-tubular junction, and
coronary ostia height in relationship to the annulus.
The valve morphology is described in detail, including
the location and volume of annulus and leaflet calcifi-
cations. The Sievers classification is used for bicuspid
valves®. Calcification of the landing zone structures
(cusps, annulus and LVOT) relate to the risk of an-
nulus rupture and paravalvular regurgitation. In some
patients, diastolic measurements yield a larger annulus
size, particularly when a hypertrophied basal segment
of the interventricular septum protrudes into the
LVOT during systole. TAVR CCTA image acquisition
is performed in retrospective mode, at 5-10% inter-
vals through the cardiac cycle, with partial reconstruc-
tions allowing a functional assessment of the LV. Full
reconstructions are used only for the 20-30% phase as
peak systole, and 70-75% as peak diastole, to preserve
image archiving space. Initial data suggested a role for
CCTA role in planning of optimal deployment pro-
jection angles. Currently, the angles are determined
by the interventionalist during the procedure, using
fluoroscopy. Semi-automated workflows may be used
in analyzing CCTA data and automated CT aortic an-
nular measurement protocols have been described re-
cently®”. There are no CCTA normative data for the
TAVR anatomic measurements. Instead, actual measu-
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rements are referenced to the known dimensions of
the transcatheter prostheses, provided by their ma-
nufacturers. The choice of prosthesis size is based on
a calculated “oversizing” percentage: (prosthesis no-
minal measurement/annular measurement - 1) x 100,
using either area or perimeter as reference.

The second CCTA scan is non-ECG gated and is
performed to evaluate vascular access. This requires a
detailed analysis of the iliofemoral arteries i.e. size, cal-
cification, tortuosity, as well as characteristics of the
aorta, including kinking, extensive calcification (“por-
celain aorta”), aneurysms, intramural hematomas,
dissections and large, complex atheroma. Incidental
CCTA non-vascular findings must be reported, even
though they are rarely clinically significant®®. Large sen-
sor (16 cm z axis) CT scanners are capable of perfor-
ming the whole TAVR imaging protocol in one pass,
with single contrast injection and single breath hold,
which results in a 30-40% reduction of the radiation
and contrast agent doses.

CCTA is not routinely indicated post TAVR. Valvu-
lar prostheses used for TAVR can be imaged in great
detail (Figure 2). CCTA is useful when TAVR com-
plications are suspected, like a “suicide ventricle”, a
hemodynamic condition that reflects the LV behavior
secondary to the relief provided by the newly implan-
ted valve. This condition is best evaluated using a cine-
matic reconstruction of all phases of the cardiac cycle,
acquired in retrospective mode, and known as 4D
CT* (Movie 4%). Patients with post procedural high
gradients on follow-up TTE, or with clinical evidence
for cerebral embolic events, are suspected of deve-
loping the hypoattenuated leaflet thickening (HALT)
or hypoattenuation affecting leaflet motion (HAM)
syndrome (Figure 3, link to Movie 5)*%. HALT and

Figure 2. Sapien® prosthesis- normal morphology. Note full deployment of the prosthetic stent, and thin leaflets with complete diastolic closure.
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Figure 4. CCTA: Perceval® valve with HAM (hypoattenuation affecting leaflet motion) and leaflet thrombosis. Note thickening and incomplete diastolic
closure, with thrombosis affecting two leaflets; 3D reconstruction demonstrates normal stent morphology.

HAM are associated with leaflet thrombosis, and their
evaluation implies the use of both CT 2D views and
4D CT reconstructions (Figure 4). 4D CT is particu-
larly useful for the evaluation of degenerated surgical
or transcatheter bioprostheses, when a valve in valve
procedure is contemplated. In these patients, CCTA
imaging complements and may be superior to 3D TEE
for anatomic detail, as it may overcome the shadowing
artefacts seen in the presence of highly echogenic ma-
terial.

Post TAVR, large discrepancies between catheter
derived and TTE gradients may be observed occa-
sionally**’. The higher TTE gradients may be due to
the underexpansion of the prosthesis, in particular for
self-expandable models. This leads to a degree of re-
sidual stenosis and, in particular for an aortic diame-
ter <30 mm, the occurrence of the pressure recovery
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phenomenon, where pressure increases post-stenosis
due to conversion of kinetic to potential energy. In
such cases, CCTA can directly visualize the degree of
prosthesis expansion, leaflet thickness or mobility, as
well as the aorta size, thereby identifying the mecha-
nism of increased transvalvular gradients post TAVR.

MITRAL VALVE

Mitral regurgitation (MR) is the second most frequent
valve disease in Europe. Most commonly, it is non-
rheumatic in etiology, and carries a high mortality rate,
proportional to its severity®.

A simplified etiology classification identifies primary
(degenerative) regurgitation (DMR) as a condition
directly affecting the mitral apparatus, and secon-
dary (functional) regurgitation (FMR) as a condition
affecting the myocardium and, indirectly, the closing
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mechanism of the mitral valve®. Functionally, DMR
and FMR are characterized by significantly different
features, that must be recognized in interventional
imaging®. A complete evaluation implies the com-
bined used of TTE and TEE, whereas CCTA and cardi-
ac magnetic resonance imaging (CMRI) are necessary
only in selected cases.

The most common approach for MR transcatheter
repair is the edge-to-edge repair with improved coap-
tation, using devices like MitraClip® and Pascal®®. As
the most commonly used device, MitraClip® is indi-
cated for symptomatic patients, with at least mode-
rate to severe MR, and with prohibitive surgical risk.
Worldwide, more than 80,000 patients have been
treated with MitraClip®, based on the favorable results
of the seminal study EVEREST, and the more recent
COAPT trial*'=2

Imaging plays a critical role in patient selection for
MitraClip® procedure®®. Care must be given to de-
scribe the MR mechanism, quantify its severity, and
to identify specific anatomic criteria and landmarks
that have been previously described for proper pati-
ent selection®'. In practice, it is common to observe
misclassification of MR severity. Typically, the regur-
gitant volume (RV) and effective regurgitant orifice
area (EROA) are overestimated. Frequently, this is
the result of not meeting the assumptions of echo-
cardiographic techniques: multiple rather than single
regurgitant jets, highly eccentric jets, non-holosystolic
regurgitation duration (color M-mode is a valuable and
overlooked tool), dynamic systolic changes of a non-
circular regurgitant orifice area (larger in early systole
for FMR, and late systole for DMR). For the same rea-
sons, and due to differences in intravascular volume
status, and to the impact of evolving LVEF, a high varia-
bility is observed in the classification of MR severity by
sequential studies or different interpreters. European
and American guidelines do not use similar criteria to
define MR severity, and these criteria require a nuanced
interpretation, elegantly detailed elsewhere’3+%,

As MR severity is directly proportional to the in-
travascular volume, current guidelines recommend
patients to be evaluated in their euvolemic state®®.
The discordant results of MITRA-FR and COAPT tri-
als have reinforced observations with direct practical
implications for appropriate patient selection for Mi-
traClip®: (i) criteria used by European guidelines are
sufficient to define moderate to severe MR: (i) EROA
>30 mm?, and/or RV >45 mL, (ii) LVEF >20% and left
ventricular end-systolic diameter <70 mm, and (jii)
NYHA class >l after maximally tolerated medical
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therapy, and resynchronization therapy, and coronary
revascularization as needed®. Expressed differently,
the MitraClip® procedure is reserved only for patients
with severe enough MR, left ventricular size and systo-
lic performance which are not too severely altered,
who exhausted alternative therapies (resynchroniza-
tion and revascularization), cannot tolerate surgery,
and have persistent symptoms despite maximum me-
dical therapy.

While current data supports the role of three-di-
mensional evaluation (3D) to calculate EROA and RY,
no single echocardiographic technique or parameter
can fully describe MR. An experienced imager will
cognitively integrate multiple criteria to formulate an
accurate and complete diagnosis. Occasionally, CMRI
is used for its ability to measure very accurately the
regurgitant area, volume and fraction. Similarly, supine
bicycle TTE may be useful to reveal the true MR seve-
rity in patients with symptoms out of proportion with
the TTE data, by observing stress induced increase of
MR severity and of the systolic pulmonary pressure,
which may be underestimated in resting state. Quan-
tification of the effective mitral orifice area (EMOA)
is relatively accurate in echocardiography, and pati-
ents with EMOA <4.0 cm? are not considered ideal
candidates given the risk of iatrogenic mitral stenosis.
However, EMOA alone cannot predict the transmitral
gradients resulting from edge-to-edge repair.

MitraClip® procedure is entirely TEE driven. The
required steps have been described in detail®® (Movies
6-17*). The procedure begins with selecting the site
of the transseptal puncture. Fossa ovalis is the com-
mon target but, depending on the size of the atrium,
and the location of the targeted regurgitant orifice, a
higher and more posterior approach may be chosen,
using three orthogonal views: bicaval, bicommisural
and short axis at the level of the aortic valve (Figure
5). Deployment of the closed clip is closely monito-
red by alternating quickly between two simultaneous
orthogonal /biplane 2D TEE views, and the 3D TEE
en face view described as the “surgeon’s view (Figu-
re 1), to ensure precise positioning of the MitraClip®
arms across the culprit scallops (not always the medial
scallops), perpendicular to the leaflet coaptation line.
The clip is advanced through the mitral leaflets into
the ventricle, under TEE guidance, and the arms are
opened to ensure that its arms are still perpendicu-
lar to the coaptation line. The clip may be rotated as
needed to achieve the desired position. In the next
step, the clip is pulled back toward the mitral annulus
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Figure 5. TEE biplane view: MitraClip® procedure guided transseptal
crossing. TEE near orthogonal biplane views (modified bicaval and short
axis aortic valve) identifies the location of the transseptal needle in the fos-
sa ovalis, and posterior to the aorta, prior to crossing. The crossing height
relative to the mitral annulus is measured, to ensure device maneuverability.

so that the valve leaflets are fully captured between
the device arms and their grippers, as monitored with
a biplane 2D TEE LVOT and bicommisural view. The
deployment of a first clip commonly results in signifi-
cant reduction of the regurgitation severity. Howe-
ver, the tension the clip arms apply to the leaflets and
subvalvular apparatus may lead to significant anatomi-
cal changes, with the development of new regurgitant
orifices, of variable shape and location, requiring a ra-
pid and complete reevaluation of the new target are-
as for the deployment of additional clips (Movie 18%).
The goal is to obtain less than moderate MR, ideally
mild, with mean transmitral gradient <5 mm Hg, at a
heart rate of 70-80 bpm, and a systolic blood pressure
of 120-140 mm Hg.

The MitraClip® procedure evolved from a single clip
implantation to the deployment of two or more devi-
ces, aiming to improve coaptation for more than the
medial mitral scallops. Typically, additional clips are
not deployed if mean gradients 25 mm Hg are ob-
served, to avoid iatrogenic mitral stenosis®' (Figure 6).
Therefore, it is imperative to monitor transmitral gra-
dients immediately after deployment of each clip, with
deliberate manipulation of the afterload and heart
rate. At the same time, the severity of the residual
regurgitation is quantified, using criteria described by
the mitral valve consortium. While mitral gradients
are primarily a function of the heart rate, they are
also driven by preload and the ejection fraction of the
left atrium. Mitral gradients change post procedure,
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following atrial remodeling and possible recovery of
atrial contractility, in particular during exercise, and
are measured at 30 days or later by surveillance TTE
studies®?. In addition to mitral stenosis, post procedu-
ral iatrogenic atrial septal defects are identified by 2D
and 3D TEE in up to 24% of MitraClip® cases, with a
26% rehospitalization rate (Figure 7)%*¢*. Of those with
an iatrogenic atrial septal defect, only 5% will develop
a right to left shunt, and most patients do not require
defect closure®.

As a result of the complexity of imaging evaluation
and the difficulty in manipulating and deploying the de-
vice in a very precise location, the MitraClip® proce-
dure is exceptionally challenging, with a steep learning
curve, and requires a perfectly coordinated effort of
the entire team.

M4 M4

+61.6

+ MV VTI | |
Vmax 158 cmis
Vmean 110cmis

Max PG 10 mmHg
Mean PG 5 mmHg
VTI 50.7 em

Figure 6. Intraoperative TEE MitraClip® procedure: post deployment
transmitral gradients. Note: a mean mitral gradient of 5 mm Hg precludes
the implantation of an additional clip.

53 bpm

Figure 7. TEE bicaval view: iatrogenic, left to right atrial septal defect.
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As an alternative to edge to edge repair, transca-
theter mitral valve replacement (TMVR) is the focus of
intense research and poses specific imaging challenges.
TMVR addresses either degenerative mitral stenosis,
with extensive calcification of the annulus (MAC) and
mitral apparatus, or mitral regurgitation as a result of
failed surgical bioprostheses or valve repairs with an
annuloplasty ring. TMVR procedures can be classified
as: valve-in-valve, valve-in-ring, and valve-in-MAC?>:.
TMVR may use prostheses designed for TAVR, and
their fixation relies on the radial force exerted on the
rigid support provided by degenerated surgical bio-
prostheses, annuloplasty ring or the calcified annulus,
respectively. In contrast, TMVR specific prostheses
rely for fixation on anchors or tabs designed to be
deployed and to capture the ventricular aspect of the
mitral leaflets. Independent of prosthesis type, the
transseptal puncture location is critical for TMVR, to
ensure free maneuvering of a large prosthesis along a

LVLA /

L
Ll
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delivery axis perpendicular to the mitral annulus. Due
to their large profile, TMVR prostheses tend to pro-
trude in the LVOT, thus creating a “neo-LVOT”. This
may result in LVOT dynamic obstruction, a serious
TMVR specific complication®¢-¢8.

Pre-procedural evaluation of the aorto-mitral com-
plex must encompass: (i) the dynamic relationship of
the aortic and mitral valve annular planes and the re-
sulting aorto-mitral angle (ii) the dynamic changes of
the LVOT shape and area size, (iii) grading the cal-
cification of the mitral annulus, aorto-mitral curtain,
and mitral subvalvular apparatus, (iv) the geometric
areas of the mitral valve and annulus, (iv) length of
the anterior mitral leaflet, and the location of the an-
terior mitral leaflet hinge point, and (v) the morpho-
logy and systolic thickening of the basal segment of
the interventricular septum which may protrude into
the LVOT (Figure 8). To acquire such complex data,
TMVR requires a comprehensive multimodality ima-

\ MAT

Al

Figure 8. TMVR landmarks. Notes: (i) angle between mitral annulus trajectory (MAT),and LV long axis (LVLA) affects final orientation of TMVR prostheses,
(i) aorto-mitral angle (green arc) closes during systole, (iii) *hypertrophy of the basal segment of the interventricular septum may contribute to neo-LVOT
obstruction. Solid blue lines: mitral and aortic planes. Red line and dot: aorto-mitral curtain and AML hinge point, respectively.
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ging approach, using TTE, TEE and CT, with complete
2D, 3D and 4D datasets.

While TTE and TEE describe best the mechanism
and quantify the regurgitation severity of failed surgi-
cal prostheses and repairs, CT provides unique ana-
tomic information on the mitral annulus sizing (cal-
culated “effective annular diameter”), calcification (a
MAC score has been derived), and LVOT shape and
size (dynamic planimetry). Among imaging predictors
of the risk of LVOT obstruction, an LVOT systolic
area <2.0 cm? and aorto-mitral angle <I 10° appear to
be of most value.®®®’. Pre-procedural computational
3D modeling, using a prosthesis model superimposed
on the mitral annulus in the anticipated landing zone,
may augment the ability to predict the risk of LVOT
obstruction. In cases where LVOT obstruction is an-
ticipated, TEE is used to guide the intentional percu-
taneous laceration of the anterior mitral leaflet (the
LAMPOON procedure) or contrast TTE is used to
guide the percutaneous coiling or alcohol ablation of
the first septal perforator artery with the intention to
scar and thereby reduce the dimensions of the basal
segment of the interventricular septum’®’',

Intraprocedural guidance for TMVR relies on TEE
and, more recently, on TEE-CT fusion techniques,
where the preprocedural CT scan is superimposed on
co-registered images of real time 3D TEE’. The intra-
procedural imaging ensures the adequate positioning
of the prosthesis across the valvular plane avoiding
subvalvular entanglement and monitors the possible
development of dynamic LVOT obstruction. TMVR
post-procedural follow up requires only TTE studies,
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complemented by TEE or CCTA only if prosthesis
malfunction is suspected.

LEFT ATRIAL APPENDAGE
EXCLUSION

Several transcatheter delivered devices have been em-
ployed for the mechanical exclusion of the left atrial
appendage (LAA), in patients who are not good can-
didates for chronic oral anticoagulation’. The Watch-
man® device has accumulated the largest experience,
with over 100,000 patients treated.

The LAA has a complex anatomy, with multiple
components: (i) ovoid, funnel shaped entrance orifice,
(i) neck region, (iii) body with variable lobes and (iv)
apex. All these elements must be described in detail
using TEE and CCTA. The LAA morphology has been
described as resembling a windsock, cactus, broccoli
or chicken wing (Figure 9)’*. Measurements are per-
formed when LAA is at its largest size, during late left
ventricular systole. CCTA yields overall larger mea-
surements compared to TEE, and also allows patient
specific 3D modeling of the LAA.

TEE guided transseptal puncture for LAA is perfor-
med in a more caudal and posterior location of the
septum. This facilitates the positioning of the guidewi-
re into the left superior pulmonary vein’. The device
landing zone is identified using 2D TEE measurements
of the maximal LAA diameter performed at 0°, 45°,
90° and 135°. The landing zone is defined using the
mitral valve annulus or left circumflex artery as a point
located approximately 2 cm under the limbus of the

Figure 9. CCTA 3D rendering: LAA appendage variable morphology.
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left upper pulmonary vein. It is important to note that
the landing zone is not similar to the LAA entrance
orifice, but rather distal to it, which explains the oc-
casional formation of a LAA stump after the device
deployment. Next, the LAA depth is defined as the
distance between the landing zone plane to the LAA
apex. Sizing of the Watchman® device is based on the
largest measured LAA diameter, with a maximum di-
ameter oversizing of <20%. Prior to device release, a
“tug test” is performed, to ensure device stability in
its final position (Movie 19%). After deployment, the
interventional imager ensures that the device does not
protrude into the LAA and is in a stable position, with
adequate compression (by comparing the deployed
device diameter against the undeployed measured
size), and without a significant peridevice leak (PDL)
(<5 mm vena contracta in color Doppler, at a Nyquist
limit of 20-30 cm/s) (Figure 10, Movie 20*). Monito-
ring for a pericardial effusion secondary to cardiac
perforation is a particularly important responsibility of
the imager, given its higher risk compared to other
percutaneous procedures.

The Amulet® device deployment follows similar
principles to the Watchman® procedure however, the
definitions of the landing zone, LAA depth, sealing of
the LAA orifice and PDL are different’””. The LA-
RIAT® device is another alternative to Watchman®,
and uses combined endocardial and epicardial wires
to deliver a suture which ligates the LAA, resulting in
a typical “bowtie” appearance of the LAA on 3D TEE
imaging®.

Catalin Loghin et al.
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Figure 10. 3D TEE:Watchman® with large peridevice leak.

Post LAA occlusion, a TEE is performed at 45
days, to ensure device stability and to rule out devi-
ce thrombosis, PDL, or a persistent atrial septal de-
fect from the transseptal puncture. More recent data
suggests that post procedural surveillance CCTA is
more sensitive compared to TEE for the detection of
residual PDL. This finding is attributable to the ease of
obtaining orthogonal views and device 3D reconstruc-
tion in CCTA, compared to the difficulty of acquiring
all required LAA views by TEE (Figure I 1) 8"

Figure | 1. CCTA: orthogonal views reveal minimal peridevice leak in a well seated Watchman®.
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PARAVALVULAR LEAKS

Paravalvular leaks (PVL) and regurgitation are encoun-
tered in up to 18% of combined surgical and trans-
catheter valve interventions®. Most PVL’s are subcli-
nical, but approximately 5% may manifest with heart
failure or severe hemolysis symptoms, resulting from
an often eccentric, very high velocity regurgitant jet®.
From an imaging perspective, PVL represents a parti-
cular difficult and rewarding challenge, as it requires
integration of TEE, CCTA and fluoroscopic 2D and
3D datasets (Figure 12).

TEE is the main imaging technique used for PVL
repair, and requires non-conventional views and pro-
cedural times which frequently exceed those needed
for MitraClip®*#°, A systematic scan of the entire cir-
cumference of the prosthesis is required, with particu-
lar attention to the dynamic nature of the regurgitant
orifice, which may remain open only through a porti-
on of the cardiac cycle. 3D TEE is particularly suited
for this task and relies on the “surgical view” for the
mitral, and the LVOT view for the aortic prostheses.
The defect is described in size (area and percent of
annular circumference), location, shape, trajectory,
and relationship with adjacent structures. Some PVL
jets travel through serpiginous paths which may be
difficult to characterize accurately in 2D reconstruc-
tions. A detailed, accurate anatomic description is cri-
tical for the sizing and type of the closing device.

CCTA complements the TEE data, and is parti-
cularly useful for aortic PVLs, where TEE imaging is
frequently suboptimal. Image acquisition must be ECG

Figure 12. Multimodality imaging: perivalvular leak (PVL)

Panel A: 3D TEE “en face” view: mitral annuloplasty ring, antero-medial PVL.
Panel B: 3D TEE color: late systolic regurgitant jet.

Panel C: 2D TEE color, bicommisural view: valvular and PVL regurgitation.
Panel D: CCTA: annuloplasty ring normal morphology, precise measure-
ments of PVL dimensions.
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gated, in retrospective mode, and covers the cardiac
cycle at 5-10% intervals. In contrast to TAVR, the use
of betablockers is encouraged, with optimum imaging
at heart rates of 55-60 bpm, to decrease artifacts re-
sulting from annular motion. In some centers, CCTA
is used, similar to TAVR planning, to determine the
optimal fluoroscopic angles for device deployment™.
CCTA may differentiate between thrombus and pan-
nus, that result in incomplete leaflet closure that mi-
mics PVL with TEE imaging®’"*2. Furthermore, similar
to TMVR, CCTA is useful in predicting the risk of
LVOT obstruction or anterior mitral leaflet impinge-
ment, observed in particular for posteriorly located
aortic PVLs.

During the procedure, TEE is essential to guide in
real time defect crossing with the guidewire, in con-
junction with fluoroscopic views®?%%, This is followed
by an evaluation of the correct and full deployment of
the closure device, on both atrial and ventricular sides.
Leaflet motion may be impaired from impingement
by the adjacent closing device and, following device
deployment, it is important to ascertain in real time
the correct prosthesis leaflet motion, before the final
release of the device. Wire traction imparts tension
on surrounding tissue and may affect valve geometry.
Therefore, immediately upon the final release of the
device, the valve and its annulus must be reassessed
carefully, and any residual or newly formed PVLs are
addressed as needed. Device embolization or incom-
plete deployment occur rarely and are readily evalua-
ted with real time 3D TEE.

TRICUSPID VALVE

Due to its particular anatomy, with many adjacent cri-
tical structures (right coronary artery, coronary sinus,
atrioventricular node and His bundle) that can be da-
maged during a percutaneous procedure, the regurgi-
tant tricuspid valve represents the single most challen-
ging target for transcatheter interventions. Tricuspid
regurgitation (TR) is associated with a high mortality
and evolves independent of a successful repair of left
sided lesions. Several techniques for percutaneous
repair have been described’*®. Worldwide, there is
a relatively limited experience with less than 400 pa-
tients treated as reported by the TriValve registry,
with the MitraClip® as the most commonly used de-
vice”™ %, Anatomically, tricuspid valve can be imaged by
TTE and TEE, following methods amply illustrated in
current guidelines and dedicated reviews'®'"'®, For 3D
TEE, the atrial view of the tricuspid valve is frequently
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used, as it facilitates correct leaflet identification using
landmarks illustrated in Figure |.

Several echocardiographic criteria can be used to
quantify the severity of tricuspid regurgitation. Con-
sequently, it is difficult to achieve a consistent defi-
nition in sequential studies for the same patients or
between different patient cohorts?%192104105 Fyrther-
more, the assessment of TR severity is highly depen-
dent on the right ventricular (RV) ejection fraction,
intravascular volume status and RV afterload. Even
anatomic criteria i.e. annulus size and leaflet tethering
are excessively dependent on the RV size, in turn great-
ly influenced by the intravascular volume at the time
of examination. All these challenges render difficult a
correct diagnosis for patients with TR that meets se-
verity criteria while on full medical therapy. For the
same reasons, the imager must carefully evaluate the
outcomes of TR percutaneous procedures'®'?. Ima-
ging relies on TTE and 3D TEE, using the same atrial
en face view described above. TEE attempts to visu-
alize leaflets that are thinner than their mitral coun-
terparts and frequently tethered. The coaptation type
and regurgitant area must be defined in the setting of
a very large and obliquely oriented annulus, and a very
mobile anterior leaflet. CCTA allows accurate anato-
mic measurements of the RV based on 3D rendering
of the RV cavity as well as orthogonal 2D views'®.
Furthermore, CCTA can identify the “hostile” cour-
se of the right coronary artery when located at <2
mm from the annulus, as well as the location of the
coronary sinus related to the likelihood of left circum-
flex artery compromise (Figure |). Low contrast 4D
CCTA techniques may identify the leaflet tethering
and coaptation mechanism'®.

FUTURE DIRECTIONS AND
CHALLENGES

The field and indications of transcatheter therapies for
structural heart disease are continuously expanding,
addressing patients with lesser surgical risk or earlier
disease stages. This trend is associated with an in-
creased demand for interventional imagers. The “job
description” for these crossover subspecialists involves
multimodality, advanced training in echocardiography
and CCTA, and familiarity with all invasive percutane-
ous procedures. Very few interventional echocardio-
graphy training programs are currently available. For
most, there is a steep learning curve with “on the job
training”, available in only a few, large volume centers.

Patients are exposed to a higher risk of injury with
prolonged procedural times, and extensive TEE probe
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manipulation''®. The reimbursement for the imaging
portion of structural heart interventions is dispro-
portionately low relative to the extensive time and
considerable skill required by these procedures. In an
environment where physicians are judged by produc-
tivity rather than quality outcomes, the interventional
imager is at a major disadvantage compared to his or
her peers'''. More importantly, the radiation exposu-
re can be up to 4 times higher compared to the inter-
ventional operator, with unknown long term health
consequences''% In contrast, the interventional imager
is rewarded by being positioned at the leading edge of
cardiac imaging technical development.

Computational modeling using device models su-
perimposed on patient’s anatomical landmarks, au-
tomated workflow image analysis and patient specific
3D printed models are being used for preprocedural
planning of complex cases''*'"®. Combining CCTA and
TEE 3D datasets results in highly detailed models, par-
ticularly useful for the mitral valve (Figure 13). Such
models rely on the co-registration of anatomic land-
marks (mitral annulus and papillary muscles), followed
by additive manufacturing of the 3D construct. The lo-
cation of these landmarks is precisely identified based
on matched cartesian coordinates recorded in both
TEE and CCTA datasets at the time of image acqui-
sition. Fluid-structure interaction studies have been
conducted to predict the mechanical impact of various
devices'"”. Holographic displays of cardiac structures
based on real time TEE and fluoroscopic data have
been reported as navigational aids during interventio-
nal procedures.

Figure 13. 3D printed hybrid model: co-registered 3D TEE and CCTA
datasets. Model constructed in collaboration with Materialise (Mimics 3D
medical software). Panel A: atrial view; Panel B: ventricular view (arrow: left
ventricular outflow tract). Note: variable stiffness materials may be used in
the additive manufacturing process of creating 3D heart models, to repli-
cate the mechanical behavior of different cardiac structures.

377



Catalin Loghin et al.
Interventional imaging — a modern Telemacheia

CONCLUSIONS

Interventional imaging has evolved into a distinct and
highly complex cardiology subspecialty which is essen-
tial for the development of transcatheter therapies for
structural heart disease. Similar to The Odyssey’s Te-
lemachus, as a maturing field, interventional imaging
has come of age. It has a future that is ours to shape.

Conflict of interest: none declared.

*Woatch the full videos on:
www.romanianjournalcardiology.ro

or

https://www.youtube.com/playlist?list=PLa8QmtbIWérg-
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