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Preface

The field of transcatheter therapies for valvular heart disease is a never-ending
source of technical and device innovation, novel indications and new treatment
solutions. The interest of the scientific community in this sub-discipline of interven-
tional cardiology is demonstrated by the extraordinary volume of literature on the
field, as well as the variety of national and international meetings, symposia and
teaching courses focusing on this topic. This book — now at its third edition — repre-
sents a practical guide addressing the rapidly expanding and innovative field of
transcatheter therapies for left-side valvular heart disease. The table of contents has
been uniquely built to update the reader with the latest practical and scientific
advances in the field.

The first section is dedicated to mitral valve disease, with a focus on the latest
interventional strategies of mitral valve repair and replacement. The subsequent sec-
tion is dedicated to aortic interventions, including a step-by-step guide to newer-
generation devices for transcatheter aortic valve implantation. Special attention has
been paid to the devices that carry the most interesting novel elements in the field.
Each section includes a number of authoritative review articles and accompanying
illustrations dealing with various aspects of valvular heart disease, from anatomy to
pathophysiology, from pre-procedural planning to in-lab technique.

This third edition would not have been possible without the enthusiastic partici-
pation and support of many extraordinary colleagues and friends who have shared
their knowledge and experience with us all.

February 2018 Corrado Tamburino
Catania, Italy Davide Capodanno
Marco Barbanti



Preface to the Second Edition

At the time of publication of this handbook, percutaneous treatment of left side
cardiac valves represented just an exciting and promising opportunity. The lack of
outcome data at medium and long term, however, required some caution, since there
were still too many unknowns related to a minimally invasive treatment of valvular
heart disease, including durability of acute results, long-term impact of procedural
complications, patient selection, and so on. After two years since our first publica-
tion, the literature has produced substantial data supporting particularly transcathe-
ter aortic valve implantation, in parallel with a considerable increase of the
procedures around the world, as well as operators’ experience and procedural suc-
cess. These data allow now to consider these procedures not only a promise for the
future, but a solid reality of our present. Not surprisingly, the enthusiasm for these
achievements has prompted the industry to continuously improve their own devices.
The scenario has therefore changed dramatically in recent years, necessitating a
substantial update of the first edition of this volume. Once again, the goal of this
practical handbook is to give interventional cardiologists an advanced understand-
ing and the current state of the art of the percutaneous treatment of left side cardiac
valves.

April 2012 Corrado Tamburino
Catania, Italy Gian Paolo Ussia

vii



Preface to the First Edition

Transcatheter therapy of cardiac valve diseases is a rediscovery by interventional
cardiologists. Treating cardiac valve diseases with alternative techniques to cardiac
surgery using prosthetic devices has rekindled interest in the field of hemodynam-
ics, which has been neglected in recent years. Within this framework, two sectors
can be distinguished: valvuloplasty techniques using a balloon alone to treat mitral,
aortic, and pulmonary stenoses, and those using prosthetic heart valves or repair
devices. Valvuloplasty techniques should be considered as palliative, as the duration
of their effectiveness varies from just a few weeks, as in the case of aortic valvulo-
plasty for degenerative stenoses, to years, as in the case of mitral and pulmonary
valvuloplasty. By contrast, transcatheter implantation of biological prosthetic valves
or repair techniques using dedicated devices aim to provide a definitive therapeutic
solution or at least a solution offering results that are equal to or just as good as
those of cardiac surgery. The advent of devices for the percutaneous treatment of
left chamber valve diseases is one of the greatest breakthroughs in interventional
cardiology. The goal of this handbook is to give interventional cardiologists the
means to understand the context of the percutaneous treatment of valve diseases and
the state of the art of the techniques and procedures currently available.

April 2010 Corrado Tamburino
Catania, Italy Gian Paolo Ussia
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Anatomy of the Mitral Apparatus

Francesca Indorato, Silvio Gianluca Cosentino,
and Giovanni Bartoloni

The mitral valve had its name by Andreas Vesalius (De Humani Corporis Fabrica,
1543) due to its shape similar to the bishop’s hat (miter).

The mitral valve lies in the floor of the left atrium, separating the inflow from the
outflow tract of the left ventricle (Fig. 1.1).

The mitral valve is part of the left ventricular outflow tract and of the aortic root;
it facilitates the accommodation of blood, eventually followed by its rapid, effi-
cient, and forceful ejection through the left ventricular outflow tract into the aortic
root [1, 2].

The mitral valve apparatus and the left ventricle are so interdependent that there
is no mitral valve defect that does not affect the left ventricle in some way, and, in
turn, there is no morphological or functional alteration of the left ventricle that has
no consequence, to a greater or lesser extent, for the mitral valve. Therefore, the
mitral valve is not a passive structure that moves solely as a result of the forces
generated by cardiac activity, but rather a structure with its own sphincteric activity
concentrated mainly in the annulus, which contributes to the ventricle’s contractility
and, in turn, is heavily affected by it.

The mitral valve apparatus comprises the annulus and portion of myocardium
located above and below it, the leaflets, the chordae tendineae, and the papillary
muscles (Figs. 1.2 and 1.3).
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Fig. 1.1 Short-axis view
of the cardiac basis after
section of atrial cavities
showing the mitral valve
(MYV), the aortic root
(AoR), the pulmonary
valve (PV), and the
tricuspid valve (TV)

Fig. 1.2 Atrial view of the
mitral valve: anterior (A)
and posterior (P) leaflets

Fig. 1.3 Gross image of
the mitral apparatus
showing the anterior (A)
and posterior (P) leaflets,
chordae tendineae (C) and
papillary muscles (PM)

antesier

PV

posterior




1 Anatomy of the Mitral Apparatus 5

1.1 The Annulus

The mitral annulus can be described as the junctional zone which separates the
left atrium and left ventricle, at the hinge point of the leaflets. From a histologi-
cal point of view, the mitral annulus is made of a fibrous support and a muscular
portion.

The mitral annulus has a mean area of about 7.6 cm?, ranging between 5 and
11 cm? [3]. As already described, the annular perimeter of the posterior leaflet is
larger than that of the anterior leaflet by a ratio of about 2:1 (Fig. 1.4).

The normal mitral annulus is a dynamic structure that undergoes area changes
throughout the cardiac cycle of roughly 23—-40% [4], reaching a maximum in late
diastole (7.1 + 1.8 cm?) and a minimum in late systole (5.2 + 1.6 cm?), thus facilitat-
ing both left ventricular filling and competent valve closure. Two-thirds of the
reduction in annulus dimensions occurs during atrial systole, i.e., during ventricular
presystole, and it is less when the PR interval is reduced, while it is absent in the
presence of atrial fibrillation or ventricular pacing.

In a healthy heart the annulus has an almost elliptical shape, which becomes
more eccentric during systole compared to diastole [3, 5-8]. In this elliptical con-
figuration, the ratio between the smaller and larger diameters of the annulus amounts
to about 0.75 [5-7].

The mitral annulus moves vertically inside the cardiac chambers, according to
the phase of the cardiac cycle. During diastole, the annulus moves toward the left
atrium, while during systole it moves toward the apex of the heart. The duration and
extent of the vertical movement are directly correlated with the state of filling of the
left atrium [6, 7, 9, 10]. The systolic motion toward the apex is extremely important
for atrial filling; it is also present in cases of atrial fibrillation, and it is correlated
with the degree of end-systolic ventricular emptying [6, 7, 10].

During diastole, the mitral annulus moves back toward the left atrium, increasing
the velocity of transmitral flow during diastole by about 20% [10, 11].

Fig. 1.4 Anatomical view:
the mitral annulus
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Fig. 1.5 Left, lateral left ventricular wall (LVW): the coronary sinus (asterisk) is very close to the
circumflex coronary artery (white arrow). Right, posterior left ventricular wall (PML): the longer
distance (white dotted line) between the circumflex coronary artery (white arrow) and the coronary
sinus (asterisk). MA mitral annulus, PML posterior mitral leaflet

From an interventional cardiology perspective, it was clear from early on that
intervention in the mitral annulus was easy to perform in an aggressive manner,
because of its anatomical interface with the coronary sinus (Fig. 1.5).

The coronary sinus runs behind the posterior region of the mitral annulus at an
average of 10 mm above the mitral annulus. In subjects affected by dilated cardiopa-
thy associated with moderate or severe mitral regurgitation, it has been reported that
it runs at about 8 mm above the annulus [12]. The circumflex artery also interacts
with the coronary sinus, as it is located right below it (Fig. 1.5). In 80% of the popu-
lation, the two vessels cross at an average distance of 78 mm from the coronary
sinus ostium, and the mean distance between the circumflex artery and coronary
sinus at the point of intersection is about 8 mm [12]. This favorable anatomical
picture has allowed for the creation of metal devices for transjugular placement,
which, once inside the coronary sinus, exert a force capable of remodeling the mitral
annulus and reducing the anteroposterior diameter, and subsequently the degree of
mitral failure.

1.2 Mitral Leaflets

Traditionally, the mitral valve has been presumed to have two leaflets (hence its
alternative title of bicuspid valve) usually identified as anterior and posterior, even
if it would be more correct to define them anterosuperior and infero-posterior,
according to a more appropriate description of their real orientation (Fig. 1.3) [13].
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Fig. 1.6 Photomicrograph
of a mitral valve leaflet

The anterosuperior leaflet is the larger of the two, also called the “large leaflet”;
the infero-posterior leaflet is smaller than the other, and it is also called the “small
leaflet.”

They were firstly described by Vesalius who called them aortic (anterior) and
mural (posterior). The thickness of normal leaflets is about 1-2 mm, without any
change age-related, and anyway it has to be considered normal up to 4-5 mm.

From a histological viewpoint, the mitral leaflets are formed by a triple layer of
tissue (Fig. 1.6):

e A fibrous layer, namely, the solid collagen core in direct continuity with the
chordae tendineae.

e A spongy layer, located on the atrial side and forming the contact margins of the
leaflets.

* A fibroelastic layer, completely covering the leaflets. On the atrial side, this layer
is especially rich in elastic fibers, while on the ventricular side, it is thinner and
located especially on the anterior leaflet.
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Fig. 1.7 Gross view of the
posteromedial commissure

(CPM)

From a strictly anatomical view point, the mitral valve is a monoleaflet valve.
The valve veil encircles the entire circumference of the annulus [5-7, 11, 14-20].
Two large indentations split the valve veil into an anteromedial leaflet and a postero-
lateral leaflet. These indentations (posteromedial and anterolateral) take the name of
“commissures” (Fig. 1.7).

The aortic leaflet is a compact, semicircular structure. It is positioned anterosu-
periorly in the left ventricle. The reason for this name is its fibrous continuity with
the left and non-coronary leaflets of the aortic valve. Indeed, unlike the tricuspid
valve which is separated by muscle from its counterpart, the mitral valve is imme-
diately adjacent to the aortic valve. The insertion of the aortic leaflet guards about
35-40% of the annular circumference, and it is fibrous with some scarce muscular
intrusions. The anterior leaflet is longer than the posterior [5-7, 11, 14-20].

The posterior leaflet is almost always split into three parts by secondary commis-
sures called “scallops” named from the anterolateral to the posterolateral commis-
sures, respectively: P1, P2, and P3 (Fig. 1.8).

This division is due to prolapsing of each scallop into the left atrium regardless
of the others, requiring different intervention strategies. At times, even more than
three scallops can be found. The anterior leaflet is generally a single veil, but altera-
tions involving only a part of it (ruptured chordae tendineae, erosion, etc.) may also
be encountered. Therefore, the anterior leaflet is also divided into three parts (Al,
A2, A3), corresponding to the posterior leaflet scallops [5-7, 11, 14-20].

The two leaflets meet in an area defined as the “apposition zone,” which stretches
a few millimeters from the free margin of the leaflets toward the body. The mitral
tissue is actually redundant compared to the annular area that it must cover. Leaflet
coaptation in the apposition zone greatly reduces the pressure that the valve must
bear during systole, as it is simultaneously distributed on all the leaflets facing one
another and hence dissipated. The ventricular surface of the leaflets corresponding
to the apposition zone is the portion that most of the chordae tendineae insert into,
hence its name “rough zone” (Fig. 1.9).

The aortic leaflet participates passively in the mechanism of closure of the valve.
In fact, its insertion includes all the fibrous tissue of the mitral annulus, which does
not participate to the change of the mitral area during the cardiac cycle [21]. On the
contrary the posterior leaflet is the key structure in the closure of the valve.
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Fig. 1.8 An atrial view of
the mitral valve showing
the posterior (mural) leaflet
divided in three scallops
(P,, P,, P;), the aortic valve
(Ao) and the aortic leaflet
(AoL)

Fig. 1.9 Ventricular side
of the anterior mitral
leaflet. Note the “rough
zone” (asterisk)

When the posterior annulus contracts, first the scallops coapt together, then the
leaflet, moving toward the anterior one, coordinates the valve closure process. This
mechanism determines the complete closure (coaptation) and correct apposition
(symmetrical overlap) of both leaflets that are essential in preventing regurgitation [1].

During systole, both valve leaflets are concave when observed from the left ven-
tricle, but their shape is actually much more complex. The anterior leaflet is convex
toward the ventricle in the regions closest to the free margin, thus giving a sigmoid
shape to the leaflets taken as a whole [22, 23]. The valve does not open from the free
margin, but from the center of the leaflets, which, starting from a concave configura-
tion, first flatten out and then become convex toward the left ventricle. All this takes
place while the extremities are still in contact with one another [22, 24, 25].

Then the free margins separate and move inside the left ventricle. Once they
reach their maximum degree of opening, the leaflets show a slow “back-and-forth”
movement like that a flag blowing in the wind. Then there is another slight opening
pulse triggered by atrial systole. The valve closes, starting with the movements of
the leaflets toward the left atrium. The speed at which both leaflets move is different,
as the anterior leaflet is about twice the size of the posterior one. This allows the free
margin of both leaflets to reach the closing point at the same time [26].
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1.3  The Chordae Tendineae and Papillary Muscles

The papillary muscles originate in the distal third of the ventricular wall and have a
variable morphology, although the posteromedial papillary muscle is generally
smaller than the anterolateral one. The epicardial fibers in the left ventricle run from
the base of the heart to the apex, where they contribute to forming the two papillary
muscles, which are marked by a vertical arrangement of the myocardial fibers [20,
22]. The mitral fibers join the papillary muscles by means of chordae tendineae,
which also run inside the mitral leaflets. These, in turn, are in continuity with the
mitral annulus. The vascularization of the papillary muscles differs though: the pos-
teromedial papillary muscle is usually supplied with blood by the right coronary
artery, while the anterolateral papillary muscle is supplied by the left anterior
descending and the circumflex arteries [20, 27, 28]. The anterolateral and postero-
medial papillary muscles contract simultaneously and are innervated by both the
parasympathetic and sympathetic systems [29, 30].

Functionally speaking, the chordae tendineae are divided into three groups [20,
31] (Fig. 1.10):

* The primary chordae tendineae originate near the extremity of the papillary mus-
cles, progressively split, and insert on the extremities of the valve leaflets; their
purpose is to prevent prolapse of the valve leaflets during systole.

e The secondary chordae tendineae originate in the same area as the primary ones,
are thinner and less numerous, and fit into the junction between the rough zone
and the smooth zone; their job is to anchor the valve. They are more present in
the anterior leaflet and play a key role in the systolic function of the left
ventricle.

* The tertiary chordae tendineae, also called the basal chordae, directly originate
from the ventricular wall and head to the posterior leaflet near the annulus.

Fig. 1.10 Ventricular
surface of the anterior
mitral leaflet: the chordae
tendineae
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The papillary muscles have a major hemodynamic function during the cardiac

cycle. During diastole they form a groove allowing inflow into the left ventricle, and
during systole they create a route favoring systolic ejection. The shortening and
thickening of the papillary muscles with the subsequent increase in volume are
associated with a smaller blood content in the left ventricle at the end of systole, and
hence an increase in the ejection fraction. The shortening of the papillary muscle
during isovolumetric relaxation seems to play a major role in the mechanism that
opens the mitral valve, while the stretching in the late diastolic phase seems to favor
optimal closing [32].
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2.1 Epidemiology

The distribution of mitral stenosis (MS) in the general population is closely associ-
ated with rheumatic fever, which is the main cause of MS. Recent data from the
World Health Organization (WHO) suggest that acute rheumatic fever and, as a
consequence, rheumatic disease affect about 15.6 million people throughout the
world. Females are affected more frequently than males, with a ratio ranging
between 2:1 and 3:1 [1].

Despite today’s drastic reduction in the prevalence of rheumatic fever, MS is still
a significant problem in Western countries, where it accounts for about 12% of val-
vular heart diseases. It is due, in part, to immigration from developing countries [2].
Compared with the past, a change has been observed in the age of onset of the dis-
ease, which affects older patients, and most frequently presents with mitral valve
calcification [3]. In developing countries, rheumatic fever remains endemic, and MS
is a major public health problem.

Patients with severe rheumatic valve damage present with significantly altered
hemodynamics, chamber remodeling, and symptoms of heart failure, thereby
requiring surgery to replace or, uncommonly, repair the damaged heart valve. If left
untreated, subsequent refractory heart failure and/or death is almost inevitable.

It is estimated that rheumatic heart disease causes more than 200,000 deaths annu-
ally; predominantly children and young adults living in developing countries [4].

Other causes of MS are severe calcification of valve leaflets, congenital defects
of the mitral valve, systemic lupus erythematosus, tumors, left atrial thrombi, veg-
etations due to endocarditis, and causes linked to prior device implants.
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2.2  Pathophysiology

MS is an obstruction of blood flow from the left atrium to the left ventricle and is
generally caused by rheumatic heart disease [5, 6].

The development of the pathology secondary to rheumatic disease is very slow
and manifests clinically after about 20 years.

The cause of rheumatic fever is beta-hemolytic group A streptococcus.
Streptococcal antigens react with the human immune system and lead to the forma-
tion of antibodies, which, besides destroying the bacterial cells, attack valve tissues,
as well, due to cross-reactivity with some heart valve components. The bacterial
components involved are hyaluronic acid in the bacterial capsule and the strepto-
coccus M antigen and its peptides [7, 8]. During the chronic phase of rheumatic
disease, markers typical of inflammation can be found, and it has been observed that
their values have a direct correlation with the severity of valve involvement and the
quantity of valve scars [9]. Besides affecting the mitral valve, rheumatic disease can
potentially cause pancarditis leading to myocardial, endocardial, and pericardial
damage [5, 10]. In most cases (60%), only the mitral valve is affected, followed by
the involvement of both the aortic and mitral valves (30%); the involvement of the
aortic valve alone is less frequent (10%).

The pathognomonic lesions of rheumatic disease consist of commissural fusion,
valve leaflet fibrosis and retraction, and shortening and fusion of the chordae tendin-
eae [11] (Fig. 2.1). The chordae tendineae can suffer from such a serious shortening
that the valve leaflets merge with the papillary muscles. Calcifications are much more
common and severe in males, elderly patients, and patients with a higher transvalvular
gradient [10]. Calcifications of the mitral annulus may lead to valve sclerosis and
stenosis. The anterior mitral leaflet can thicken and become stiff, but the obstruction
of ventricular filling is also the result of the calcification of the posterior leaflet.

In patients affected with MS, the diastolic pressure gradient between the left
atrium and left ventricle typically rises as stenosis worsens [12—15]. In patients with

Fig. 2.1 Surgically
resected mitral valve. Note
leaflet retraction, chordae
shortening, and calcific
ulceration of the
anterolateral commissure
(arrow)
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MS alone, the size of the left ventricle is either normal or reduced, the end-diastole
pressure is typically reduced [12, 16, 17], and, hence, the maximum filling flow is
reduced as well. Cardiac output is reduced due to the narrowing of the flow into the
left ventricle, while the mass of the left ventricle is normal in most patients [16].

Since the mitral transvalvular flow depends on the cardiac output and heart rate,
if the latter is high, there is a reduction in ventricular filling time during diastole,
leading to an increase in the transvalvular gradient and, consequently, in left atrial
pressure [14, 18]. Thus, it is important to monitor the heart rhythm in MS patients.
Patients with a normal sinus rhythm have, on average, lower atrial pressures than
patients with atrial fibrillation [19, 20]. Sinus rhythm increases the flow through the
stenotic valve and helps maintain an adequate cardiac output. The onset of atrial
fibrillation is associated with a 20% reduction in cardiac output and, if there is rapid
ventricular response, leads to a sharp rise in left atrial pressure and, as a result, dys-
pnea and pulmonary edema [5, 19, 20].

The chronic rise in left atrial pressure leads to atrial dilation and fibrillation and,
together with this, the formation of atrial thrombi. Atrial muscle fiber disarray,
abnormal conduction velocity, and inhomogeneous refractory periods are the causes
leading to the onset of atrial fibrillation, which is present in about half of the patients
affected with MS [10, 17, 21].

In patients with mild or moderate MS, pulmonary arterial pressure is usually normal
or slightly elevated at rest, increasing during exercise. In severe MS, there is a rise in
pulmonary arterial pressure even at rest, due to elevated left atrial pressure with normal
pulmonary vascular resistance (“passive” postcapillary pulmonary hypertension).

When the left atrial pressure exceeds 30 mmHg, plasma oncotic pressure cannot
ensure effective elimination of transudate, and this leads to extravasation of fluids in
the interstitial and alveolar spaces (pulmonary edema). However, a long-standing
increase in left atrial pressure may cause major changes in pulmonary vascular resis-
tance, which results in pulmonary arterial vasoconstriction and remodeling (“reac-
tive” postcapillary pulmonary hypertension). The increase in right ventricular
afterload due to pulmonary hypertension leads to right ventricular failure and periph-
eral congestion [16]. Therefore, the changes occurring in pulmonary circulation in
the early phases of MS are aimed at protecting it against pulmonary edema but, in the
long run, damage the right ventricle, causing congestive heart failure. Finally, if
untreated, MS leads to irreversible changes in the pulmonary vascular bed.

2.3 Diagnosis
2.3.1 Noninvasive Diagnosis

The first diagnostic approach to patients with MS includes the clinical history, phys-
ical examination, electrocardiogram, chest x-ray, and echocardiogram [22, 23].
The symptoms can have varying degrees of severity and are multiple: dyspnea,
palpitation, asthenia, abdominal tension, chest pain, and hemoptysis. These are
matched by other important circulatory consequences such as the redistribution of
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pulmonary blood flow (increase in flow in the upper lobes compared with the
lower ones) and systemic blood flow (reduction in renal flow) [24]. Patients in an
advanced phase of the disease, often with concurrent pulmonary hypertension and
right ventricular overload, typically have cyanosis of the lips, nose, and cheek-
bones (malar flush, mitral facies) and cold and cyanotic hands. In severe forms,
arterial pulse is small.

The most important auscultation findings for a diagnosis are accentuated first
heart sound (S,), opening snap (OS), low-pitched mid-diastolic rumble, and a pre-
systolic murmur. These signs are perceived in the mitral auscultation area and even
better if the patient is resting on the left side. These findings, however, may also be
present in patients with nonrheumatic mitral valve obstruction (e.g., left atrial myx-
oma) and can be absent in the presence of severe pulmonary hypertension, low
cardiac output, and a heavily calcified immobile mitral valve. A shorter second heart
sound (S,)-OS interval and longer duration of diastolic rumble indicate more severe
MS. An S,-OS interval of less than 0.08 s implies severe MS [24].

The electrocardiogram is usually completely normal in mild forms of the dis-
ease. In more severe MS, signs of left atrial overload (“mitralic P”) (Fig. 2.2) and of
hypertrophy and right ventricular overload can be seen when MS is associated with
pulmonary hypertension. Evidence of atrial fibrillation is also frequent.

In the anteroposterior (AP) and laterolateral (LL) views, the chest x-ray can be
entirely normal or at times show aspecific and indirect signs both in the cardiac
silhouette and in the pulmonary fields. In the AP view, the heart may have a roughly
triangular shape resulting from an increase in the volume of the atrium and left atrial
appendage (LAA), the pulmonary artery, and the right ventricle and atrium. The
radiologic picture of the lungs varies with the progression of the mitral disease and
hemodynamic impairment (Fig. 2.3).
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Fig. 2.2 ECG showing the typical signs of left atrial enlargement (mitral P waves)
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Fig.2.3 Chest x-ray in
anteroposterior view.
Modification of cardiac
silhouette, increased in
volume and with a coarsely
triangular shape, with signs
of pulmonary venous
congestion in both lower
lobes

The gold standard for MS diagnosis is 2D echocardiography with Doppler [22-25].
In MS, echocardiography must define:

e The morphology of the valve leaflets and subvalvular apparatus
e The severity of the stenosis

¢ The dimensions of the left atrium (LA)

e The presence of thrombi in the LA and/or LAA

e Pulmonary artery pressure

* Associated valve defects

e Left and right ventricular function

e The therapeutic indication

The morphological alterations of the leaflets and subvalvular apparatus can be
assessed by 2D echocardiography in the parasternal and apical views. The echocar-
diography elements characterizing MS are thickening, reduced leaflet mobility, and
calcification. The narrowing of the diastolic leaflet opening due to “doming”
(Fig. 2.4) of the anterior leaflet and reduced or no mobility of the posterior leaflet
[25] can be visualized on the parasternal long-axis view, while reduced valve open-
ing with the resulting reduction in the relative valve area can be seen on the paraster-
nal short-axis view (Fig. 2.5). In M-mode, reduced valve opening is indicated by the
reduced “EF-slope” of the anterior mitral leaflet and by the movement of the poste-
rior leaflet in accordance with the anterior leaflet. The sensitivity and specificity of
2D echocardiography in assessing mitral valve anatomy are 70% and 100%, respec-
tively, when compared with anatomic and pathologic findings. Sensitivity rises up
to 90% if the exam is integrated with transesophageal echocardiogram or real-time
three-dimensional (3D) ultrasound [26, 27].
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Fig. 2.4 Transthoracic echocardiogram, parasternal long-axis view; stenotic mitral valve with
reduced diastolic excursion, typical diastolic doming shape (arrow) and fusion of subvalvular
apparatus (asterisk). LA left atrium, LV left ventricle, RV right ventricle
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Fig. 2.5 Transthoracic echocardiogram, parasternal short-axis view, showing planimetric area;
stenotic mitral valve orifice (dotted line) with typical “fishmouth” shape. LV left ventricle, RV right
ventricle

The description of the morphological alterations in the valvular apparatus in MS
is codified in the Wilkins score [28]. It takes into account four parameters (leaflet
mobility, leaflet thickening, remodeling of the subvalvular apparatus, and calcifica-
tions), and each is given a score of 1-4 (Table 2.1). The single values are summed
together to get a score reflecting the severity of valve damage. These characteristics
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Table 2.1 The Wilkins score

Degree Mobility

1 Extremely
mobile valves
with reduction
in excursions
only at the tips
of the leaflets

2 Middle and
basal portions o

the leaflets have
normal structure

and mobility
3 Valve continues

to move forward

during diastole,
mainly at its
base

4 No or minimal
forward motion
of the leaflets
during diastole

Subvalvular
thickening
Minimal
thickening below
mitral leaflets

Thickening of the
f chordae stretching
up to a third of
their length

Thickening
extending up to
the distal third of
the chordae

Massive
thickening and
shortening of the
chordae extending
below the
papillary muscles

Table 2.2 Cormier’s anatomical score

Echocardiography
group

1

2

3

Leaflet thickening
Leaflets with
almost normal
thickness

(4-5 mm)

Normal leaflets in
central portions,
considerable
thickening of
margins (5-8 mm)
Thickening
extending through
the entire leaflet
(5-8 mm)

Major thickening
of the entire tissue
of leaflets

(>8-10 mm)

Anatomy of the mitral valve
Noncalcified mobile anterior leaflet
Mild subvalvular disease (thin chordae > 10 mm long)
Noncalcified mobile anterior leaflet
Severe subvalvular disease (thickened chordae < 0 mm long)
Calcification of mitral valve of any extent, as assessed by fluoroscopy,
whatever the state of the subvalvular apparatus

Calcifications
Single hyperechogenic
zone

Hyperechogenic multiple
areas limited to leaflet
margins

Hyperechogenicity
extending in the medial
portion of the leaflets

Intense hyperechogenicity
covering most of the leaflet
tissue

are important for the timing and type of intervention to be performed [28-30].
While not the sole one, the Wilkins score is the one most frequently used to assess
the degree of damage to the valve apparatus. Other scores used are Cormier’s score
[31] (Table 2.2) and Reid’s score [32] (Table 2.3).

The severity of MS is defined based on the value of the mean transvalvular gradi-
ent and mitral valve area (MVA).

The mean transvalvular gradient can be measured accurately and with a high
degree of reproducibility by continuous wave (CW) Doppler through the mitral
valve using the simplified Bernoulli equation P = 4v? [26, 33, 34], where P is the
mean transvalvular gradient and v is the mitral inflow velocity. If pulsed wave (PW)
Doppler is used, the sample volume should be applied at or right after the tip of the
leaflets [26]. The mean gradient has a greater correlation with the hemodynamic
findings, while the maximum gradient, being derived from the peak mitral inflow



20 D. Capodanno et al.

Table 2.3 Reid’s score

Degree Score
Leaflet motion: H/L ratio*
>0.45 Mild
0.26-0.44 Moderate
<0.25 Severe
Leaflet thickening: mitral valve/aortic wall
1.5-2 Mild
2.1-4.9 Moderate
>5 Severe
Subvalvular disease
Thin, faintly visible chordae tendineae = 0
Areas of increased density equal to endocardium — 1
Areas denser than endocardium with thickened — — 2
chordae tendineae
Commissural calcium
Homogeneous density of MV orifice -
Increased density of anterior/posterior - 1
commissure
Increased density of both commissures - 2

N = O

N = O

*H (height)/L (length) = anterior leaflet excursion

velocity, is affected by LA compliance and left ventricular diastolic function [16]
and plays a minor role in determining the severity of MS. Based on the mean gradi-
ent values, MS is mild when the gradient is <5 mmHg, moderate when it ranges
between 5 and 10 mmHg, and severe when itis >10 mmHg [26] (Fig. 2.6) (Table 2.4).
The limitations imposed by the transmitral gradient in determining the severity of
stenosis lie in the fact that it is affected by heart rate and by concurrent mitral regur-
gitation, if present [30].

MVA can be calculated with various methods, each of which offers advantages
and disadvantages. Bidimensional planimetry of the mitral orifice offers the benefit
of being a direct measurement of MVA and, unlike other methods, is not affected by
conditions related to the flow, compliance of the heart chambers, or presence of
other associated valve diseases. Two-dimensional planimetric study of MVA has
been shown to be better correlated with the anatomical valve area calculated on
explanted valves [35]. The planimetric measurements are obtained directly on the
mitral orifice in mid-diastole, including the open commissures, in the parasternal
short-axis view (Fig. 2.5). However, this method is negatively affected by the qual-
ity of the image and cannot be performed accurately in patients with a scarce acous-
tic window, or in the presence of a severely distorted valve anatomy, often due to the
presence of calcifications [26]. Recent studies suggest that 3D real-time echocar-
diography and 2D-guided biplane imaging are useful in optimizing measurements
to improve reproducibility [27]. Based on MVA values, MS is defined as mild when
the area is >1.5 cm? moderate when the area ranges between 1.5 and 1 cm? and
severe when it is <1 cm? [26] (Table 2.4).
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Fig. 2.6 Severe MS. Transmitral diastolic flow. Continuous wave Doppler gives a mean transval-
vular gradient of 14.1 mmHg

Table 2.4 Criteria for the assessment of MS severity

Mean gradient Mitral valve Systolic pulmonary
Severity of MS (mmHg) area (cm?) artery pressure (mmHg)
Mild <5 >1.5 <30
Moderate 5-10 1.5-1.0 30-50
Severe >10 <1.0 >50

Another way to determine valve area is by the diastolic pressure half-time (PHT)
method, which is based on the hemodynamic principle that the reduction in the
gradient between the atrium and ventricle is inversely proportional to the extent of
valve stenosis and hence to valve area (Fig. 2.7). MVA is obtained from the follow-
ing empirical formula [26, 36]:

MVA =220/PHT

PHT is easy to obtain, but is affected by other factors, such as the presence of
aortic regurgitation, LA compliance, left ventricular diastolic function [37], or prior
mitral valvotomy [38].

MVA can still be calculated with the continuity equation [26, 39], based on
the principle of mass conservation, by which the transmitral flow volume should
be equal to the systolic output, i.e., the flow through the aorta. By measuring the
aortic area, the aortic flow velocity integral, and the integral of the velocity
through the mitral valve, the mitral area can be calculated. The continuity equa-
tion cannot be used in the case of atrial fibrillation or major mitral or aortic valve
failure [26].
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Fig.2.7 Severe MS. Transmitral diastolic flow. Mitral valve area (MVA) measured using the pres-
sure half-time (PHT) method

Fig.2.8 Transesophageal echocardiogram in a bidimensional long-axis view (147°) (a) and three-
dimensional full-volume acquisition (b), showing a hemispherical convergence area (arrow) upon
the stenotic mitral leaflets. LA left atrium, LV left ventricle, Ao aorta

Another method to calculate MVA is the proximal isovelocity surface area
(PISA). The velocities of a flow approaching a stenotic or diseased orifice gradually
rise and spread in a concentric fashion, with an almost hemispherical shape, as
shown by color Doppler on the atrial side of the mitral valve (Fig. 2.8). With this
method, MVA is obtained from the following formula:

MVA = (17 ) (Vs )/ PEK Yy x 0t /180°

itral
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Fig. 2.9 Measurement of systolic pulmonary artery pressure (sPAP) using continuous wave
Doppler across the tricuspid valve in a patient with severe MS

where r is the hemispherical convergence radius (cm), Vyjusine 1S the aliasing velocity
(cm/s), peak Vi is the peak CW-Doppler of mitral flow velocity (cm/s), and « is
the opening angle of the mitral leaflets compared with the flow direction [40]. This
method can also be used in the presence of major mitral failure.

Doppler echocardiography is needed to assess MS patients to determine systolic
pulmonary artery pressure (SPAP) from the maximum tricuspid regurgitation veloc-
ity [26, 41] (Fig. 2.9). The increase in sPAP is an indicator of hemodynamic impair-
ment. MS classification based on the estimated sPAP values defines MS as mild
when sPAP is <30 mmHg, moderate when sPAP is between 30 and 50 mmHg, and
severe when sPAP is >50 mmHg [26] (Table 2.4).

Transesophageal echocardiogram (TEE) is not a routine examination unless the
quality of the transthoracic echocardiogram (TTE) is unsatisfactory [22]. TEE is
recommended before mitral valvuloplasty for [22, 23]:

e Detailed assessment of morphological alterations in the valvular and subvalvular
apparatus.

e Search for thrombi, particularly in the interatrial septum (transseptal puncture
site) (Fig. 2.10) or on the left atrium roof, as they are absolute contraindications
for percutaneous commissurotomy, while the presence of thrombi in the left
atrial appendage is considered by some authors as a relative contraindication
(Fig. 2.11).

e Morphological characterization of the left atrial appendage, which typically has
a “hull’s horn” shape, though it can be bilobate or trilobite, with lobes located on
different planes. Therefore, the search for thrombi must be done with multiplane
probes.
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Fig.2.10
Transesophageal
echocardiogram, showing a
thrombotic formation
adherent to the left side of
the interatrial septum. LA
left atrium, RA right atrium

Fig. 2.11
Transesophageal
echocardiogram, showing a
thrombotic formation in
the left atrial appendage

* Assessment of the Doppler velocities in the left atrial appendage; if values are
<40 cm/s, there is a correlation with an increased risk of thromboembolism

(Fig. 2.12).

 Identification of spontaneous echo contrast, a predictor of an increased risk of

thromboembolism (Fig. 2.13).

e More accurate assessment of the severity of the associated mitral regurgitation

(Fig. 2.14).

Three-dimensional echocardiography, one of the most significant developments
of the last decade in the field of cardiac imaging, provides significant advantages in
the noninvasive diagnosis of MS [42]. Three-dimensional reconstruction offers
unique orientations of the intracardiac structures that cannot be otherwise obtained
with standard 2D views, thereby providing a unique “en face” view and morpho-
logic analysis of the entire mitral valve, including annulus, leaflets, and anatomic
relationship to other nearby structures (Fig. 2.15). The ventricular view of a stenotic
mitral valve also provides significant additional information, mainly to subvalvular
apparatus involvement and in determining the optimal plane of the smallest mitral
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Fig.2.13 Intense
smokelike effect in the left
atrium (LA)

valve orifice area (Fig. 2.16), which helps operators in determining the actual ana-
tomic valve area, especially in cases of funnel-shaped MS. A comparative study of
3D-echo mitral planimetry (Fig. 2.17) versus the invasive measurement of the mitral
valve area, based on the Gorlin formula, has shown a greater accuracy of 3D-echo
planimetry for the assessment of the mitral valve area [43], thereby emphasizing the
additional role that 3D echocardiography can play in determining the severity of
rheumatic MS. 3D echocardiography can also be useful during percutaneous bal-
loon mitral valvuloplasty (commissural splitting and leaflets tears) (Fig. 2.18) and
in determining the Wilkins score [42, 44] (Table 2.5).
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Fig. 2.14 Transesophageal echocardiogram in a long-axis view (125°) showing a rheumatic MS
with associated mild mitral regurgitation. Intense smokelike effect is also evident in the left atrium
(LA). LV left ventricle, Ao aorta

Battiti 3D 1

Fig. 2.15 Three-dimensional transesophageal echocardiogram showing a moderately stenotic
mitral valve from an atrial view. Ao aorta, AML anterior mitral leaflet, PML posterior mitral leaflet

Recently, Anwar et al. [45, 46] reported a feasible and reproducible 3D score for
predicting outcomes following percutaneous valvuloplasty when assessing MS
patients. This score, based on the Wilkins score, and favorably comparable with it,
divides each leaflet into three scallops (anterolateral, A1 and P1; middle, A2 and P2;
and posteromedial, A3 and P3), which are scored separately. The subvalvular
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Fig.2.16 Real-time
three-dimensional
transesophageal
echocardiography showing
a stenotic mitral valve from
a ventricular view. The
fibrocalcific involvement
of the subvalvular
apparatus with thickened
chordae tendineae is
evident. Ao aorta, PML
posterior mitral leaflet

Fig. 2.17 Mitral valve orifice area calculated with QLab post-processing software (Philips
Healthcare, Andover, MA, USA)



28 D. Capodanno et al.

Fig. 2.18 Real-time three-dimensional transesophageal echocardiography during mitral valvulo-
plasty. (a-c) Showing Inoue balloon (asterisk) inflated across the mitral valve in different echocar-
diographic views. (d) is during balloon deflation. LA left atrium, LV left ventricle

Table 2.5 Advantages and limits of the various methods for determining mitral valve area

Influence of Acoustic

hemodynamic window Useful after Invasive
Method conditions needed valvuloplasty technique
2D planimetry — ++ + =
PHT ++ ++ - =
PISA + ++ + —
RT3D - ++ ++ —
GORLIN 4 — ++ ++

2D two-dimensional, PHT pressure half-time, PISA proximal isovelocity surface area, RT3D real-
time three-dimensional, — no advantage, + small advantage, ++ great advantage

apparatus is divided into three cut sections of the anterior and posterior chordae at
three levels: proximal (valve level), middle, and distal (papillary muscle level).
Each cut section is scored separately for chordal thickness and separation (Table 2.6).
The individual 3D score points of leaflets and subvalvular apparatus are summed to
calculate the total 3D score, ranging from O to 31 points. A total score of mild MV
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Table 2.6 Three-dimensional echocardiographic score

Anterior leaflet Posterior leaflet

Al A2 A3 P1 P2 P3
Thickness (0-6)* 0-1 0-1 0-1 0-1 0-1 0-1
Mobility (0-6)° 0-1 0-1 0-1 0-1 0-1 0-1
Calcification (0-10)° 0-2 0-1 0-2 0-2 0-1 0-2

Subvalvular apparatus

Proximal third Middle third Distal third
Thickness (0-3)* 0-1 0-1 0-1
Separation (0-6)? 0,1,2 0,1,2 0,1,2

aThickness: 0 = normal, 1 = thickened
"Mobility: 0 = normal, 1 = limited
¢Calcification: 0 = no, 1-2 = calcified
dSeparation: 0 = normal, 1 = partial, 2 = no

involvement was defined as <8 points, moderate MV involvement as 8—13 points,
and severe MV involvement as >14 points [45, 46].

The 3D score has proven to be of significant additional value for a detailed
assessment of rheumatic mitral valve stenosis [46]. The single benefits can be sum-
marized as follows:

1. Visualization of leaflets, with regard to the mobility and thickness of each leaflet
scallop. 3D echocardiography has proven to be more accurate in the morphologi-
cal assessment of the posterior leaflet compared with standard 2D echocardiog-
raphy, as it is often smaller, less mobile, and more retracted compared with the
anterior one.

2. Leaflet calcification. Determining leaflet calcification according to the Wilkins
score depends on the bright areas and the extension of calcification along the
leaflet length. Therefore, 2D echocardiography requires multiple cut planes to
determine the calcifications of all the scallops of both leaflets. 3D echocardiog-
raphy is able to assess the size and distribution of calcifications in the various
leaflet subunits in a single view, which is usually the “en face” view of the mitral
valve.

3. Subvalvular apparatus. The 3D score provides detailed information on the extent
of rheumatic damage of the chordae tendineae (thickness and separation) that is
not easily obtained by most bidimensional scoring systems, especially for
separation.

4. Score applicability. Compared with the Wilkins score, the 3D score is very sim-
ple and easy to apply, particularly for less-experienced operators, since the mitral
apparatus is analyzed in its single components, which are identified using num-
bers. This was evident from good interobserver and intraobserver agreements for
most of the score components.

5. Score approach. The 3D score can be used during assessment with either TTE or
TEE (Fig. 2.19).
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Ventricular View

Fig.2.19 Three-dimensional transthoracic echocardiography showing a rheumatic stenotic mitral
valve. AML anterior mitral leaflet, 7rV tricuspid valve

2.3.2 Invasive Diagnosis

Left and right cardiac catheterization plays a major role in determining the severity
of MS and assessing the degree of hemodynamic impairment. Unlike echocardiog-
raphy, catheterization gives direct measurements of pressure in the atrium and left
ventricle, which are necessary for obtaining the transmitral gradient [47] and pul-
monary artery pressure and estimating pulmonary vascular resistance values, which
give an idea of the impact of MS on pulmonary circulation. The Gorlin equation, in
which the severity of an obstruction depends on the flow and gradient, allows for the
calculation of valve area (A) [48]:

A=F/kx(P)"?

where F is the flow during the valve opening period, k is a constant = 38 for the
mitral valve, and P is the transmitral gradient.

The cardiac catheterization protocol in patients with MS includes the following
measurements and calculations:

e Simultaneous left ventricular diastolic pressure, left atrial (or pulmonary capil-
lary wedge) diastolic pressure, heart rate, diastolic filling period, and cardiac
output (Fig. 2.20).

 If the transmitral pressure gradient is <5 mmHg, it can present a significant error
in calculating the mitral valve orifice. The circulatory measurements should be
repeated under circumstances of stress (exercise, reversible increase in preload
resulting from passive elevation of the patient’s legs, tachycardia induced by pac-
ing) to increase the pressure gradient across the mitral valve.

e Simultaneously, or in close sequence, mean pulmonary arterial pressure, mean
left atrial (or pulmonary capillary wedge) pressure, and cardiac output for calcu-
lating pulmonary vascular resistance.
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Fig.2.20 Simultaneous
left ventricular and left
atrial pressure traces. The
red area shows a
significant atrioventricular
gradient in diastole
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e Right ventricular systolic and diastolic pressures for assessing right ventricular
function.

e If other lesions are suspected (e.g., mitral regurgitation, aortic valve disease, tri-
cuspid stenosis, left atrial myxoma, atrial septal defect), they too must be evalu-
ated. In this regard, it should be pointed out that certain lesions tend to occur in
combination with MS.

According to the current guidelines [22], cardiac catheterization is indicated
when noninvasive tests are insufficient or when there is a discrepancy between the
hemodynamic data obtained from Doppler echocardiography and the clinical condi-
tions of a symptomatic patient. It is also indicated to determine the causes of severe
pulmonary hypertension observed in the echocardiogram when there is a discrep-
ancy with other severity criteria (mean gradient and MVA) and to define the hemo-
dynamic response to exercise when the symptoms and hemodynamics, at rest,
contrast. If there are any doubts about the accuracy of the pulmonary capillary
wedge pressure, transseptal catheterization can be performed to directly measure
left atrial pressure [22].

The invasive tests for the hemodynamic assessment of MS patients also include
ventriculography to determine the grade of mitral regurgitation when there is a dif-
ference between the mean gradient obtained with Doppler and the valve area; aortic
root angiography can be useful to determine the severity of the associated aortic
regurgitation, if any. Moreover, a selective coronary angiography is required to
assess site, severity, and extension of a concurrent coronary artery disease. It should
be performed in patients with angina, reduced left ventricle systolic function, his-
tory of coronary artery disease, and the presence of risk factors, including age [22].
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24 Timing of Intervention

The drop in the incidence of rheumatic disease has greatly changed the time of the
appearance of the onset symptoms of MS in the general population and the pathol-
ogy’s natural history. The latency between the episode of acute rheumatic fever and
the appearance of the symptoms varies greatly and is correlated with the presence
of recurrent episodes of streptococcal infection. The transition from the asymptom-
atic to the symptomatic stage depends on the progression of MS. The onset of dys-
pnea on effort is generally associated with a one-third reduction in valve area
compared to the normal value [49]. Further reductions in area are associated with
major hemodynamic impairment and, hence, a progressive worsening of dyspnea,
appearing with minimal effort or even at rest.

Several studies were carried out in the 1950s and 1960s [5, 50, 51] on the natural
history of untreated MS patients. These showed that MS is a disease with a slow and
progressive course, with a first phase possibly lasting even several years, during
which the patient is clinically stable and has no or very few symptoms. This phase
is followed by a rapid decline with debilitating symptoms [5, 50-52]. In industrial-
ized countries, a long latency of 20—40 years ranging from the first episode of rheu-
matic fever to the outbreak of symptoms has been observed. It is followed by another
long period of about 10 years from the outbreak of the first mild symptoms to the
worsening of dyspnea and the functional class [5]. Overall, the 10-year survival of
untreated patients presenting with MS is 50-60%, depending on the symptoms at
presentation [5, 50]. In the asymptomatic or minimally symptomatic patients, sur-
vival is greater than 80% at 10 years, with 60% of patients having no progression of
symptoms [50-52]. Patients with an advanced New York Heart Association (NYHA)
class have a survival at 10 years ranging from 0 to 15% [5, 50-53]. The onset of
severe pulmonary hypertension reduces the survival of untreated MS patients by an
average of 3 years [54].

Considering the poor prognosis of symptomatic MS patients, a therapeutic strat-
egy should be considered as soon as the symptoms appear. Therefore, the choice of
the type of treatment and the timing of intervention basically depend on two factors:
the patient’s clinical status and the anatomical and functional characteristics of the
stenotic valve [22, 23, 55, 56].

The management strategy for MS patients varies depending on whether they are
symptomatic. Once a diagnosis of MS has been confirmed by echocardiography,
and the degree of stenosis and the morphology of the diseased valve have been
determined, asymptomatic patients with mild MS do not need further diagnostic
exams except for clinical and instrumental checks on an annual basis (physical
exam, chest x-ray, ECG). Evidence shows that valve disease remains stable for
years in these patients [5, 50, 51]. In the case of asymptomatic patients with moder-
ate or severe MS, percutaneous mitral valvotomy (PMV) should be considered. In
patients with pliable, noncalcified valves with no or little subvalvular fusion, no
calcification in the commissures, and no left atrial thrombus, PMV, which carries a
low complication rate, can be performed [22, 23, 55]. High pulmonary artery
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pressures and pulmonary vascular resistance play a major role in the timing of inter-
vention in asymptomatic patients with moderate/severe MS, as these parameters are
significantly correlated with greater hemodynamic impairment. In a patient with
moderate pulmonary hypertension (SPAP > 50 mmHg) and a valve anatomy favor-
able to PMV, percutaneous treatment is recommended by current guidelines, even
without symptoms [22, 23, 55]. In asymptomatic patients with a sedentary lifestyle,
a hemodynamic exercise test with Doppler echocardiography is useful [55-59].
Objective limitation of exercise tolerance with a rise in transmitral gradient
>15 mmHg and a rise in systolic pulmonary artery pressure greater than 60 mmHg
can be an indication for percutaneous valvotomy if the MV morphology is suitable
[55]. In asymptomatic patients, intervention is also indicated in cases of increased
risk of thromboembolism (prior history of embolism, recent episode of paroxysmal
atrial fibrillation, left atrial spontaneous echo contrast) [55]. Regarding the sub-
group of asymptomatic patients with severe MS and severe pulmonary hypertension
(sPAP >75% of systemic pressure either at rest or with exercise), if these patients do
not have a valve morphology favorable for PMV or surgical valve repair, there is
debate over whether MV replacement should be performed in the absence of symp-
toms to prevent right ventricular failure, but surgery is generally recommended in
such patients [55].

Symptomatic NYHA class II patients with moderate or severe MS must be
directly indicated for PMYV, if valve morphology allows for it and if there are no
thrombi in the left atrium. NYHA class III or IV patients should be considered for
intervention with either PMV or surgery [55].

Patients with significantly limiting symptoms but not severe MS should undergo
exercise testing or dobutamine stress to distinguish between the symptoms due to
valve disease and those due to other causes. Patients who are symptomatic with a
pulmonary artery pressure > 60 mmHg, mean transmitral gradient > 15 mmHg, or
pulmonary artery wedge pressure > 25 mmHg, during exercise, have hemodynami-
cally significant MS and should be considered for further intervention. Alternatively,
patients who do not manifest elevation in either pulmonary artery, pulmonary capil-
lary wedge, or transmitral pressures coincident with development of exertion symp-
toms would probably not benefit from intervention on the mitral valve [55].

Therefore, it can be concluded that according to current guidelines, in centers
with expert operators, PMV (Table 2.7) is the procedure of choice for symptomatic
patients with moderate-to-severe MS, with a favorable valve anatomy and without
significant mitral regurgitation or thrombi in the left atrium. There is also debate over
the role played by PMV in patients with debilitating symptoms and with less favor-
able valve morphology. In this subgroup, the rationale for PMV is perhaps linked to
the clinical and hemodynamic stabilization offered by the percutaneous approach
before the patient undergoes surgery [60]. In patients with severe calcifications and a
completely altered valve morphology, surgical mitral valve replacement is preferred
[55]. For asymptomatic or NYHA class II patients, percutaneous therapy should be
considered as the first option, because of the lower degree of invasiveness and the
lower morbidity and mortality of PMV compared with surgery [55].
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Table 2.7 Classes of indications for percutaneous mitral commissurotomy in patients with MS and
MVA < 1.5 cm?, according to the 2017 European Guidelines on the Treatment of Valve Diseases

Code
Symptomatic patients with favorable characteristics* for PMV 1B
Symptomatic patients with contraindication or high risk for surgery IC
As initial treatment in symptomatic patients with unfavorable anatomy but otherwise IIaC
favorable clinical characteristics®
Asymptomatic patients with favorable characteristics* and high thromboembolic risk or
high risk of hemodynamic decompensation:
e Previous history of embolism IIaC
* Dense spontaneous contrast in the LA [IaC
* Recent or paroxysmal AF [IaC
* Systolic pulmonary pressure > 50 mmHg at rest IIaC
* Need for major noncardiac surgery IIaC
* Desire for pregnancy IIaC

“Favorable characteristics for PMV can be defined by the absence of several of the following: clini-
cal characteristics (advanced age, history of commissurotomy, NYHA class IV, atrial fibrillation,
severe pulmonary hypertension) and anatomic characteristics (Wilkins score > 8, Cormier score 3,
very small mitral valve area, severe tricuspid regurgitation). PMV percutaneous mitral valvotomy,
LA left atrium, AF atrial fibrillation

2,5 Percutaneous Therapy

Before the advent of percutaneous therapy, the treatment of MS consisted solely of
the surgical option, and the range of techniques included open or closed commis-
surotomy and replacement with biological or mechanical prostheses [61]. Later, the
development of percutaneous devices allowed PMV to become, beginning in the
1980s, not only a valid alternative to surgery but also the procedure of choice for all
MS patients with a favorable valve anatomy [22, 23, 62].

PMV is a low-risk and low-cost replicable procedure, which does not require
general anesthesia. It is not a contraindication for subsequent surgical valvuloplasty
or valve replacement, and does not require permanent anticoagulant therapy, with
the exception of a few cases, such as atrial fibrillation, major dilation of the left
atrium, or prior episodes of embolism [63].

The main objective of PMV is to separate fused commissures, thus reducing the
transmitral pressure gradient, left atrial pressure, and sPAP and increasing the mitral
valve area and cardiac output.

In the past, several techniques were used to perform PMV. The major difference
between the various techniques described in the literature lies in the route of access
(antegrade or retrograde) and in the number of balloon catheters used (single bal-
loon, double balloon; elastic, stiff, or metal material) (Fig. 2.21) [64-69]. Today,
PMV is universally performed using the antegrade route via transseptal catheteriza-
tion [64, 70] and placement of the balloon catheter across the mitral valve following
the blood flow [67]. In rare cases, Cribier’s metallic valvulotome is used [71].

Currently, in most centers performing PMYV, the Inoue catheter is used (Toray
Industries, Japan). This is a special device, with a balloon at one end, which is
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Fig.2.21 Percutaneous mitral valvuloplasty using double- and single-balloon technique

anchored on the valve plane and then inflated. The catheter has a 12 Fr diameter
with a length of 70 cm; the length of each balloon is 2.5 cm (un-stretched). Two
proximally positioned stopcocks achieve balloon inflation and catheter venting. A
stainless steel tube is used to stretch and slenderize the balloon prior to insertion,
and a 14 Fr tapered dilator enlarges the interatrial opening. The stainless steel stylet
and guidewire are employed to guide the catheter inside the heart and blood vessels.
The Inoue balloon is made of nylon and a rubber micromesh, and has three different
degrees of elasticity, which give sequential expansion, thus allowing optimal and
stable placement on the mitral valve [65]. As mentioned earlier, the mechanism by
which the valve area is increased consists of “splitting” the fused commissures and
mobilizing the valve leaflets. The presence of paracommissural calcifications
requires that the technique be performed gradually, namely, by means of progres-
sive inflations, using balloons with smaller diameters compared to those normally
used based on the body surface. The Inoue catheter ensures stability during infla-
tion, thanks to its hourglass shape, with the narrower portion placed on the valve and
the wider portions located upstream and downstream of it. It also ensures minor
trauma, and, above all, it offers various inflation diameters without any need for
changing the catheter [66, 67, 71]. The reference diameters for the Inoue balloon are
normally chosen based on the patient’s weight and height, surface area, degree of
valve apparatus damage, and mitral valve area, as measured by cardiac catheteriza-
tion and/or with noninvasive methods, and vary between 22 and 30 mm (Table 2.8).
Patient age and gender can be factors affecting the choice of the balloon.
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Table 2.8 Reference diameters for Inoue balloon

Balloon dilation

available range Diameter Patient Patient height  Surface
Cat. no. (mm) maximum (mm) weight (kg) (cm) area (m?)
PTMC-30 26-30 30 >70 >180 cm >1.9
PTMC-28 24-28 28 45-70 160-180cm  1.6-1.9
PTMC-26 22-26 26 <45 <160 <l.6

2.5.1 Patient Selection

The determining factors for the short- and long-term results of PMV are proper
patient selection and the possibility of performing PMV in a center with good expe-
rience and procedure skills. Briefly, PMV is currently the procedure of choice for
symptomatic patients with moderate-to-severe MS, with a favorable valve anatomy
and no significant mitral regurgitation or thrombi in the left atrium. In asymptom-
atic patients with a favorable valve morphology, PMV should be considered only in
the presence of proven hemodynamic impairment [22, 23, 55]. This does not exclude
the possibility of performing PMV on patients with low cardiac output or those who
have undergone prior cardiac surgery, including surgical mitral commissurotomy,
and who have subsequently developed restenosis due to commissural refusion [72].
In rare cases, PMV can also be performed on stenotic biological prostheses [73, 74].
PMV is also an important therapeutic strategy in pregnant women, as the procedure
has few complications and low fetal mortality, thanks to lead shielding of the abdo-
men [22, 23, 55, 75, 76]. Pregnant women with severe cardiac failure due to MS
have a high morbidity rate, and there is an unfavorable effect on the fetus [77].
Compared with surgical open commissurotomy, PMV has shown fewer fetal com-
plications, with a lower neonatal and fetal mortality rate and excellent long-term
results [70, 78]. The procedure can also be performed as a bridge to surgery in
patients in extremely poor clinical conditions, with an unfavorable valve anatomy,
to allow for clinical and hemodynamic stabilization and better functional recovery
in the workup to intervention [60].

When screening MS patients to undergo PMYV, special attention must be paid to
possible contraindications [23, 79] (Table 2.9). Absolute contraindications for PMV
include floating thrombus in the left atrium or interatrial septum, while a left atrial
appendage thrombus is not an absolute contraindication. In these cases, PMV can be
preceded by adequate anticoagulation therapy and monitoring by TEE [80, 81].
Atriomegaly and atrial fibrillation are not a contraindication to PMV.

Another critical factor in patient selection is echocardiographic assessment
aimed, in particular, at studying the anatomy and functions of the mitral apparatus,
and quantifying alterations using the Wilkins score, as described earlier (Table 2.1).
Values <8 indicate a favorable anatomy and are generally associated with excellent
post-PMV final results. However, patients with a Wilkins score >8 and, hence, an
unfavorable anatomy, in whom results will be partial and temporary, cannot a priori
be excluded as candidates for percutaneous treatment. In these cases, comorbidities
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Table 2.9 Contraindications Related to valve
(absolute/relative) for o Mitral valve area > 1.5 cm?
percutaneous mitral e Left atrial thrombus
valvuloplasty e Mitral regurgitation >2+

* Severe or bicommissural calcification

* Absence of commissural fusion

e Mild MS

Related to medical center

e Lack of appropriate procedural skill and experience

* Concomitant valvulopathy and need for open heart
surgery

» Severe concomitant aortic valve disease

» Severe concomitant tricuspid regurgitation or tricuspid
stenosis

» Concomitant coronary artery disease requiring bypass
surgery

* Concomitant aorta disease requiring surgery

Procedural difficulties related to transseptal puncture

e Severe tricuspid regurgitation

e Huge right atrium

* Distorted/displaced atrial septum

* Femoral-iliac veins obstructed or thrombosed

e Inferior vena cava, obstructed or thrombosed; drainage
into azygos vein

* Severe kyphoscoliosis (thoracic/abdominal)

and the presence of any other valve diseases or multiple significant coronary steno-
ses should be assessed in order to choose between surgical treatment and palliative
PMYV [64].

Other score-based models have been proposed, among which Reid’s score [82]
(Table 2.3) and Fatkin’s score [64], by which post-PMV commissural splitting,
examined by echocardiography in parasternal short-axis view, is the major determi-
nant of procedural success.

2.5.2 Procedure and Technical Aspects

The percutaneous procedure is performed using the antegrade approach and requires
access through the femoral vein and transseptal puncture with the Brockenbrough
needle. Echocardiographic monitoring is needed at times during the procedure
(Fig. 2.22). A Mullins dilator is then placed, and a catheter is inserted through it into
the left atrium (Fig. 2.23). When an intraprocedural echocardiogram is not avail-
able, a small quantity of contrast medium is injected to confirm that the catheter is
in the right position. The operator then measures the pressure in the left atrium and
left ventricle to confirm the hemodynamic gradient generated by the stenosis. A
0.6 mm guidewire is then inserted up to the left atrium and the Mullins dilator is
removed. The next step consists of dilating the orifice in the femoral vein and the
interatrial septum using a special 14 Fr dilator; the dilator is then run through the
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Fig. 2.22 Transesophageal echocardiographic guidance during mitral valvuloplasty. LA left
atrium, LV left ventricle

Fig.2.23 Transseptal
placement of 14 Fr dilator
on guidewire positioned in
the left atrium (LA)
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guidewire previously placed. At this point, the Inoue balloon is prepared, tested, and
inserted through the guidewire up to the left atrium. After advancing the Inoue bal-
loon inside the left ventricle and making sure that it does not interfere with the
chordae tendineae, the distal end of the balloon is inflated (Fig. 2.24). The catheter
is pulled back to position the device on the stenotic valve, and the balloon is sequen-
tially expanded from the distal to the proximal portion (Fig. 2.25). Each time it is

Fig.2.24 Distal end of
the balloon inflated in the
left ventricle. The partially
inflated balloon is pulled
back toward the left atrium
and anchored to the
stenotic valve orifice

Fig. 2.25 Inflation of

the proximal portion of the
balloon, which takes the
shape of a “dog bone”;

the incisure corresponds to
the mitral valve plane
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Fig.2.26 Completion of
balloon inflation, with
opening of commissures

expanded, the transmitral gradient and any damage generated is assessed. Dilations
will be continued until the desired result is achieved (Fig. 2.26). If an acceptable
transvalvular gradient is not reached, dilation can be continued using Inoue devices
that are | or 2 mm larger [82].

This technique also envisages right and left catheterization with cineangiography
both before and after the procedure, ventriculography in 30° right anterior oblique
projection, and, in the case of mitral regurgitation, also in laterolateral projection.
Cardiac output and MVA are also measured using the Gorlin formula. If effective,
there is an increase in MVA by at least 25% and a sudden drop in left atrial pressure,
pressure gradient, and sPAP. There can also be an increase in left ventricular end-
diastolic pressure due to the greater transmitral diastolic flow and an increase in
cardiac output. Pulmonary resistance values can behave inconsistently. The rise in
resistance is, above all, the result of the increased difference between the mean pul-
monary artery pressure and left atrial pressure following the sudden drop in the
latter, which is greater than the concurrent drop in sPAP. In the case of pulmonary
hypertension, the return to normal pulmonary vascular pressures and resistance val-
ues can either be immediate or slow and gradual.

Echocardiographic guidance in the catheterization laboratory is useful for trans-
septal puncture, placement of the balloon at the commissures, assessment of the
immediate result, and early detection of any complication. Echocardiographic guid-
ance is usually performed by TTE, while TEE is seldom used during PMYV, as it may
not be easily tolerated by the conscious patient lying on the catheterization labora-
tory table for the entire time of the procedure. TEE is especially useful in pregnant
women, as it reduces exposure to x-rays. Echocardiography allows for real-time



2 Mitral Stenosis 41

Fig. 2.27 Residual mitral valve orifice area after balloon valvuloplasty. The measurement is cal-
culated by the QLab software (Philips Healthcare, Andover, MA, USA)

measurement of MVA, pressure gradient, commissure opening, leaflet mobility,
leaflet tears, and the degree of residual mitral regurgitation. Area calculation by
PHT is not reliable in the catheterization laboratory, because this method cannot be
applied due to sudden changes in compliance, such as those occurring during valve
dilation. However, the use of 3D echocardiography provides an immediate estimate
of the residual post-valvuloplasty mitral valve orifice area (Fig. 2.27).

PMYV performed in patients with a Wilkins score of <8 has a success rate of
85-90% [28]. In patients with a score of 9-12, the procedure is successful in
80-85% of cases [28, 63]. An optimal result is an area of >1.5 cm? an increase by
at least 25% compared with the initial area in the absence of mitral regurgitation
>2/4+; a suboptimal result is an MVA increase of less than 25% or a final area of
<1.5 cm? the procedure fails when there is no increase in MVA or the onset of MR
>3/4+. Mortality is very low (<1%) [63].
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2.5.3 Complications

The most frequent complication in PMYV is the increase and/or the new onset of sig-
nificant mitral regurgitation (2-3%) [30, 68, 82]. Usually, this is the result of the tear-
ing of the valve leaflets or the placement of the balloon at too short a distance between
the fused chordae tendineae, thus tearing them. By contrast, mild and transient mitral
insufficiency, or a slight worsening of it, is due to the temporary dysfunction of the
mitral subvalvular apparatus immediately after balloon inflations. It is normally
solved within the next 24 h. However, the new onset of mild mitral regurgitation or
worsening in the degree of preexisting mitral insufficiency is usually well tolerated in
patients with enlarged atrial chambers and pulmonary vessels used to high venous
pressures. Another complication is the onset of a major atrial septal defect (ASD) with
a left-right shunt volume of >1.5 (<5% of cases if PMV is performed using the Inoue
technique). The frequency of iatrogenic ASD caused by transseptal puncture and cath-
eter placement varies between 30 and 53%. However, in most cases, the ratio between
pulmonary output and systemic output is <1.5 and, thus, negligible; in any event, ASD
tends to close spontaneously over time. Its persistence is usually linked to the sharp
drop in left atrial pressure, which is almost always a sign of inadequate valve dilation.
Other complications are rather rare and almost always reported during the early phases
of application of the procedure; these include peripheral embolism (0.3-1%), left ven-
tricular perforation followed by cardiac tamponade (2-5%), and interventricular sep-
tum perforation or severe mitral regurgitation requiring emergency surgery (2—-6%)
[30, 63, 83]. A study of several case histories has shown that the procedure-related
complications are directly related to operator experience; it has been noted that at the
centers with highest number of procedures, complications are much fewer than those
of centers with a low number of procedures [82].

2.5.4 Results

Many studies have shown the short- and long-term efficacy of PMV [29, 31, 84-87]
(Table 2.10). These studies show quite satisfactory results for this technique. A
study by Iung et al. [29] on 528 patients who successfully underwent percutaneous
mitral commissurotomy (dilation was performed using a single balloon in 13
patients, a double balloon in 349, and the Inoue balloon in 166) reports a survival
rate for patients in NYHA functional class I or II, with no cardiac-related deaths or

Table 2.10 Long-term follow-up in patients who underwent balloon mitral valvuloplasty

Author Mean age Follow-up Survival Freedom from
[Reference] Patients  (years) (months) (%) surgery (%)
Palacios [85] 327 54 48 90 79

Cohen [79] 146 59 60 76 51

Pan [86] 350 46 60 94 91

Tung [29, 31] 606 46 60 94 74

NHLBI [84] 736 54 48 84 66
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need for mitral surgery or repeat dilation, of 76 + 6% at 5 years. On multivariate
analysis, the independent predictors of good functional results were echocardiogra-
phy group, functional class, and cardiothoracic index before the procedure and
valve area after the procedure.

The National Heart, Lung, and Blood Institute (NHLBI) Balloon Valvuloplasty
Registry reported multicenter results in 736 patients older than 18 years who were
monitored for 4 years [84]. The actuarial survival rates at 1, 2, 3, and 4 years were
93%, 90%, 87%, and 84%, respectively. The rates of event-free survival (freedom
from death, mitral valve surgery, or repeat balloon valvuloplasty) at 1, 2, 3, and
4 years were 80%, 71%, 66%, and 62%, respectively. Multivariate predictions of
mortality were NYHA functional class IV, Wilkins score > 12, post-procedure
sPAP > 40 mmHg, and left ventricular end-diastolic pressure > 15 mmHg.

Restenosis, defined as a loss of 50% of the result obtained and a reduction of
MVA to <1.5 cm? has been seen in younger populations in 2-10% of cases with a
37-month follow-up and among older patients in about 22% of cases with a follow-
up of 13 months [87, 88]. The main predictor of restenosis, as reported by Thomas
et al. [89], is a high Wilkins score; different results are likely due to use of the same
technique: commissural splitting is most common in patients with low Wilkins
score and carries a low risk of restenosis, whereas valve stretching is frequent in
those patients with high Wilkins score and high restenosis rate. However, re-PMV
can be performed in the case of restenosis. Encouraging results have been obtained
by Iung et al. [90] in 53 cases of restenosis, with a doubling of the mitral area, and
a 5-year survival of 69% in NYHA class I or II.
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3.1 Epidemiology

In industrialized countries, mitral regurgitation (MR) ranks second among valve
diseases, after aortic stenosis, and affects 9.3% of the population over 75 years
of age. Epidemiological studies have shown that the prevalence of moderate or
severe MR increases with age, with over 2-2.5 million patients in the United
States in 2000, and is expected to double by 2030 due to the increase in life
expectancy. In the United States, the prevalence of valve diseases is growing at
a rate of 0.7% in patients aged between 18 and 44 years and 13.3% in patients
over 75 years of age [1]. In Europe, the situation is similar, with a prevalence of
mitral regurgitation that is on the rise, despite the reduced incidence of rheumatic
disease [2].

At least moderate-to-severe MR is present in 15-20% of patients with heart
failure, and in 12% of patients at 30 days from acute myocardial infarction
(AMI), while MR of any grade is present in 25-50% of patients after an AMI,
whether non-ST segment elevation myocardial infarction (NSTEMI) and
ST-segment elevation myocardial infarction (STEMI) [3-5]. In patients with
chronic and stable ischemic heart disease associated with left ventricular dys-
function, ischemic MR is even more frequent, exceeding 50% [6, 7]. Therefore,
though valve diseases have a lower incidence compared with AMI or heart fail-
ure, the association between these conditions, especially between coronary dis-
ease and functional MR, underscores how urgent and necessary it is to focus on
valve diseases by considering their incidence, the need to treat them, and, espe-
cially, recent therapeutic advances [8].
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3.2  Etiology and Pathophysiology

Inadequate systolic coaptation of the mitral valve leaflets, in addition to changes in
the pressure gradient between the atrium and left ventricle, is the cause of mitral
valve regurgitation. Coaptation and correct apposition (symmetrical overlap, usu-
ally a minimum of 4-5 mm) [9] are essential to prevent regurgitation. MR, however,
is the result of various etiological causes and regurgitation mechanisms. Therefore,
it is possible to classify MR based on the etiological causes (acute and chronic),
regurgitation mechanisms (according to Carpentier’s functional classification [10]),
and pathophysiology (degenerative/organic or functional causes).

The acute causes [11] include pathologies affecting the mitral annulus, such as
infectious endocarditis or traumatic lesions; the leaflets, such as infectious endocar-
ditis (perforation of the leaflet or presence of vegetation preventing the closing of
the valve), traumatic lesions, atrial myxoma, and myxomatous degeneration; sys-
temic lupus erythematosus (Libman—Sacks endocarditis); the chordae tendineae,
such as myxomatous degeneration (valve prolapse, Marfan syndrome, and Ehlers—
Danlos syndrome); infectious endocarditis; acute rheumatic disease and traumas;
and the papillary muscles, such as acute coronary disease (rupture, muscle dysfunc-
tion), infiltrative diseases (sarcoidosis, amyloidosis), and traumas.

The chronic causes [11] include inflammatory diseases (rheumatic fever,
systemic lupus erythematosus, scleroderma); degenerative diseases (Barlow’s
disease, Marfan syndrome, Ehlers—Danlos syndrome, mitral annulus calcifica-
tions) and infectious causes (infectious endocarditis); structural alterations
(chordal rupture, rupture or malfunction of the papillary muscles, dilation of the
mitral annulus and of the left ventricle); dilated and hypertrophic cardiomyopa-
thy; and congenital abnormalities, such as cleft or fenestrated mitral valve and
parachute mitral valve.

Regardless of the cause (Table 3.1), the mechanisms determining mitral regurgi-
tation follow the “physiopathological triad” described by Carpentier [10, 12], who
defined these variants to implement the most suitable strategies for surgical repair.

Table 3.1 Mitral regurgitation: etiology

Acute Chronic primary MR

Endocarditis Myxomatous (MVP)

Papillary muscle rupture (post-MI) Rheumatic fever

Trauma Endocarditis (healed)

Chordal rupture/leaflet flail (MVP, IE) Mitral annular calcification
Congenital (cleft, AV canal)/HOCM with SAM
Radiation

Chronic secondary MR

Ischemic (LV remodeling)
Dilated cardiomyopathy

Key: MI myocardial infarction, MVP mitral valve prolapse, /E infective endocarditis, AV Canal
atrioventricular canal defect, HOCM hypertrophic obstructive cardiomyopathy, SAM systolic ante-
rior motion of the mitral valve, LV left ventricular
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Fig. 3.1 Carpentier’s functional classification. Type I defines normal leaflet motion; type I, leaf-
let prolapsed or excessive motion; type III, restricted leaflet motion such as in rheumatic mitral
valve disease (type Illa) or ischemic mitral regurgitation (type I1Ib). Adapted by Carpentier [10]

Carpentier’s functional classification (Fig. 3.1) identifies three different types of
mitral regurgitation, depending on the type of motion of the valve leaflets:

e Type I: Normal leaflet motion
e Type II: Leaflet prolapse
e Type III: Restricted leaflet motion

In type I, mitral regurgitation is secondary to annular dilation due to dilated and
ischemic cardiomyopathy. This type also includes leaflet perforation secondary to
endocarditis.

The causes of type II comprise prolapse, elongation, or rupture of the chordae
tendineae and/or papillary muscles, especially secondary to coronary artery
disease.

Type III may be due to rheumatic disease, ischemic heart disease, and dilated
cardiomyopathy. It is divided, in turn, into types IIIa and IIIb. Type Illa is char-
acterized by reduced leaflet motion both during diastole and systole due to
chordal shortening or thickened valve leaflets. Type IIIb occurs, instead, when
leaflet motion is reduced only during systole. Regurgitation with reduced leaflet
motion of ischemic origin is type IIIb. This classification underscores that the
different mechanisms do not exclude one another. For example, a type IIla lesion
may also occur in association with type II lesions [13].

From a pathophysiological point of view, there are, instead, two MR categories
[9, 14]: organic or degenerative (or primary) and functional (or secondary).

The organic or degenerative form involves intrinsic pathologies of the valve or
valve apparatus. The functional form is also generally defined as ischemic, since the
valve apparatus remains intact, and regurgitation is secondary to postischemic
remodeling of the left ventricle. However, this remodeling also brings about struc-
tural changes of the leaflets in time.
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Leaflet adaptation consists in both greater thickness and increased stiffness [15].
However, ischemic MR does not necessarily imply the presence of acute myocardial
ischemia. It is indeed an abridgment that characterizes a clinical condition corre-
sponding to chronic coronary disease, often associated with a prior history of one or
more myocardial infarctions that lead to a progressive overall or regional pathologic
remodeling of the left ventricle, usually in the absence of reversible ischemia [16].

In addition to ischemic forms, there are also some nonischemic functional forms
in which overall or regional remodeling of the left ventricle is linked to various
types of nonischemic cardiomyopathies [17].

Generally speaking, organic forms are the most frequent (60%), followed by
those of functional (20%), endocarditic (2-5%), and rheumatic (2-5%) [9] origin.
However, these data seem to refer to estimates obtained from patients with an indi-
cation for surgical treatment of valve disease and may therefore not reflect the actual
prevalence of the various causes in the population. Longer life expectancy and the
increasing incidence of heart failure have contributed to an increase in the incidence
and prevalence of forms of functional MR, which would become the most frequent
form in Western countries [18]. This distinction between organic and functional MR
is important because these two forms differ greatly in terms of pathophysiology,
treatment, and prognosis.

3.2.1 Organic or Degenerative Mitral Regurgitation

Organic or degenerative disease is the most frequent form of MR in the United
States [19], and this condition was defined for the first time in studies by Barlow and
Bosman [20] in the 1960s. It comprises a range of conditions in which acquired or
congenital tissue alterations, either infiltrative or dysplastic, cause chordal elonga-
tion or rupture, resulting in a prolapse of the leaflets (most often the median scallop
of the rear leaflet), also in association with annular dilation. More in general, it is
described as myxomatous degeneration, a condition that leads to a situation called
floppy valve, in addition to, as mentioned above, mitral prolapse. It is estimated that
about 2% of the general population is affected with mitral degenerative disease [21],
while echocardiographic findings show different degrees of mitral prolapse in about
5-6% of the female population alone. Despite the fact that the percentage is greater
in women, evidence of severe regurgitation associated with organic MR is, however,
more frequent in men [22]. The term “degenerative” covers a range of abnormali-
ties, ranging from situations of fibroelastic deficiency, as in the Marfan and Ehlers—
Danlos syndromes, to conditions involving valve tissue in excess, such as Barlow’s
disease [9, 23].

The term “fibroelastic deficiency” was initially proposed by Carpentier [24].
This condition describes a state of acute loss of mechanical integrity of the valve
due to abnormalities of the connective tissue forming the valve apparatus [13]. The
valve leaflets are thinned, transparent (pellucid according to Carpentier’s defini-
tion), with thin and weakened chordae. In some cases, instead, the valve segments



3 Mitral Regurgitation: Epidemiology, Etiology and Physiopathology 53

Fig. 3.2 Intraoperative pictures of a mitral valve with fibroelastic deficiency (a) and Barlow’s
disease (b)

are absolutely normal and have a single, very thin chorda tendinea (Fig. 3.2a). MR
is most frequently associated with the rupture of a single chorda and the prolapse of
a single valve segment, generally P2. If the process progresses to becoming chronic,
the prolapsing segment tends to experience an accumulation of mucopolysaccha-
rides in the valve mucosa (through modifications of a biomechanical nature that
have not been well characterized). This causes a myxomatous degeneration in which
the leaflets become more extended and stiffer [25]. The patients most affected with
this form of organic MR are aged >60 years and have a relatively short clinical his-
tory of regurgitation [23].

At the other end of the spectrum of degenerative mitral regurgitation, we find
Barlow’s disease, which is characterized by an excess of tissue, affecting multiple
segments of the mitral leaflets following myxoid infiltration of the valve, with
structural alterations, involving mainly the collagen (Fig. 3.2b). The valve almost
always appears to be enlarged, while the leaflets have thickened and redundant tis-
sue, and are affected by myxomatous degeneration that progresses into what is
called “floppy valve,” with extended yet thickened leaflets (diastolic thick-
ness > 5 mm). There is also a presence of elongated and thickened chordae that are
at risk of rupture [13]. Typically, the dimensions of the valve, based on the surface
area of the anterior leaflet, correspond to a mitral annulus measuring >36 mm on
average. It is also possible to see varying degrees of annular dilation or calcifica-
tion, also associated with fibrosis and calcification of the papillary muscles, and
specifically of the anterolateral muscle. The etiology is unknown; though some
cases have a familial component, its distribution is sporadic [26]. Patients with this
organic form of MR are often aged 60 years or younger, with a longer clinical his-
tory of mitral regurgitation than of fibroelastic deficiency [21]. This disease, which
mainly affects women, can be diagnosed at an age of 40 years or younger, with
evidence of mid-diastolic click and end-systolic murmur in the mitral area. Patients
often remain asymptomatic for a long time. MR severity depends on the number of
prolapsing segments.
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Though the incidence of rheumatic disease is decreasing [21], it nevertheless
remains a common cause of mitral regurgitation (to the extent that rheumatic dis-
ease is involved primarily in the genesis of valve stenosis [27]). The prevalence of
rheumatic disease is still high in developing countries and would be even higher if
these patients were studied by echocardiographic screening [28]. This disease leads
to widespread fibrous thickening of the leaflets, also associated with calcific depos-
its. Chordal shortening, fibrosis of the papillary muscles, and asymmetric annular
dilation may also be found [29]. During a first episode of rheumatic disease, a
patient may also experience acute mitral regurgitation, mainly linked to the prolapse
of the anterior or posterior leaflet [30]. In the event of anterior prolapse, patients
respond better to medical treatment, while it has a worse outcome in patients with
posterior leaflet prolapse, thus requiring surgical therapy.

Annular calcification is another organic mechanism involved in the onset of
MR. Described for the first time in 1908 by Bonninger [31], it is a disorder that
mainly affects older populations, aged >60 years, and has a greater incidence among
women. The pathogenesis is not exactly known and is believed to play a significant
role in the mechanical stress acting on the annulus, as happens in conditions of
hypertension [32]. It is well known that annular calcification is more frequent in
patients suffering from systemic arterial hypertension, hypertrophic cardiomyopa-
thy, Barlow’s disease, chronic kidney failure, and diabetes mellitus. In 50% of cases,
it is possible to also document a concomitant presence of aortic stenosis. Due to
these changes, the annulus may also develop brittle and massive calcifications,
resulting in leaflet deformation and chordal elongation. Regurgitation will hence be
the result of a process of displacement or immobilization of the leaflets, which thus
hinders correct valve coaptation [33].

The pathophysiology of MR differs depending on whether valve damage is
acute or the result of a chronic process. The causes that generally elicit primary
acute MR are spontaneous rupture of the chordae tendineae, acute endocarditis, or
chest trauma [34-37]. In severe acute MR, the LA and LV receive a sudden volume
overload, which, in turn, leads to a rise in left ventricur preload, allowing for a
moderate increase in systolic output. However, being an acute form, eccentric
hypertrophy, a compensatory mechanism maintaining CO constant, cannot take
place. The hemodynamic consequences of the failure of the left heart chambers to
adapt to volume overload are large “V” waves in the LA, and pulmonary edema.
This serious condition of hemodynamic decompensation requires urgent mitral
valve repair or replacement.

In the case of chronic MR, there is plenty of time for LA and LV to make compen-
satory changes, allowing for increased atrial and pulmonary vein compliance.
Therefore, patients do not usually report the symptoms of pulmonary edema for
many years. During systole, in the presence of MR, blood is not entirely directed
along the outflow tract into the aorta and is pushed in part into the LA. The quantity
of blood reflowing into the atrium takes the name of regurgitant volume; the volume
is strictly correlated with the square root of the systolic gradient between the LV and
LA, the duration of regurgitation, and effective regurgitant orifice (ERO) [34, 38—
40]. Regurgitation in the LA leads to an increase in atrial pressure, while reducing
the antegrade output. In cases of major regurgitation, LA pressure remains high even
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during the late diastolic phase. At a ventricular level, MR is the cause of major pre-
load, while afterload is normal or reduced due to the regurgitant volume returning to
a low-pressure chamber, thus allowing the ventricle to spend most of its energy in
shortening the fibers, rather than generating tension [34, 41]. These reduced wall-
stress conditions resulting from low afterload, and associated with high preload, lead
to left ventricular remodeling, with an increase in chamber volume, an increase in
end-diastolic volume, and preserved antegrade output. As stated above, this type of
compensation allows MR to remain asymptomatic for a long period of time [34, 42,
43]. The type of hypertrophy generated is determined by the serial replication of
sarcomeres, opposite to increased afterload in which sarcomeres replicate in parallel.
After an initial compensation phase, the left ventricular contractility progressively
reduces [44, 45]. In this case, left ventricular ejection fraction (LVEF), if taken as an
index of left ventricular contractility, can remain within normal range, despite a drop
in systolic function [46—48], because of the impact of the regurgitant volume in the
measurement of LVEF. Therefore, a LVEF of less than 60% in the presence of severe
MR is a sign of left ventricular dysfunction [47]. Other indexes for the assessment of
LV function are the end-systolic diameter (LVESD) and end-systolic volume
(LVESV), both of which are more independent factors compared with ventricular
preload conditions [49-53]. A greater LVESV corresponds to a worsening in left
ventricular contractility. It has been noted that preoperative measurements of LVESV
and the left ventricular end-systolic volume index (LVESVI) are the best predictors
of postoperative left ventricular systolic function [53].

3.2.2 Functional or Secondary Mitral Regurgitation

3.2.2.1 Ischemic Mitral Regurgitation

The pathophysiology of ischemic mitral regurgitation is much more complex than
that of organic MR. It is caused by structural modifications of the left ventricle, fol-
lowing an ischemic process that results in a deficit of functional efficiency of the
cardiac pump. Ischemic necrosis, whether acute or subacute, causes an overall or
regional remodeling of the left ventricle, which becomes more global and spherical,
losing its typical ellipsoidal shape [54]. In the initial stages, MR linked to this etiol-
ogy is moderate, with mild or barely perceptible systolic murmur. It occurs in 20%
of patients with AMI, and in half of these patients who also develop heart failure
[55], with increased mortality and morbidity [4]. The relative risk of MR varies from
1.48 to 7.5, with a poor long-term prognosis in patients who present primarily with
NSTEMI [56]. Ischemic functional MR should be distinguished from acute compli-
cations of myocardial infarction that may determine mitral valve regurgitation, as in
the case of rupture or elongation of the papillary muscles (usually a head of the pos-
teromedial muscle). Instead, in ischemic MR we speak of an event that occurs in
terms of chronic coronary disease the onset of which generally occurs after approxi-
mately 2 weeks, in the absence of intrinsic valve structural alterations [57]. In other
words, it is defined as a condition that affects mostly the shape and function of the
left ventricle, which shows dyssynchrony of wall muscles, especially in the basal
segments, and of the papillary muscles, causing altered contraction of the mitral
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annulus and reduced cardiac contractility. Moreover, the annulus becomes rounder,
losing its typical saddle shape, while the papillary muscles are more displaced [58].
On the mitral valve, this involves reduced closing force, on the one hand, and an
increase in tethering forces, on the other. Tethering of the mitral valve is a phenom-
enon linked to the specific alteration that the papillary muscles experience. They
generally undergo a posterolateral displacement at their base, and a displacement
toward the apex of the heart. This mechanism results in increased traction on the
valve by the chordae tendineae, and this creates an abnormal cuspido-chordal tension
that displaces the mitral leaflets and the coaptation point of the leaflets apically. The
chordae are, therefore, tauter due to the lack of synergy of the ventricle wall. Due to
the tethering forces, it has been observed that over time the valve leaflets may also
undergo structural changes, with increased stretching and stiffness [15]. Examined
by two-dimensional echocardiography, tethering produces the shape of a tent between
the annular plane and the displaced leaflets [59]. Such displacement also results in a
characteristic echocardiographic deformity of the anterior leaflet, creating the so-
called seagull sign [60]. It is thus possible to consider a tenting volume and a tenting
area. The tenting volume relates closely to the regurgitant orifice area, while the tent-
ing area, which must be evaluated in mid-systole, is a predictor of surgical repair
failure when it is >1.6 cm? [61]. Moreover, the tenting area can be asymmetrical or
symmetrical. When infarction occurs in the posterior region, the tenting area is asym-
metric due to reduced mobility, especially of the posterior leaflet. When there is an
anterior infarction or an infarction that is both anterior and posterior, the left ventricle
is more global and spherical, and both papillary muscles are affected by the ischemic
process and are therefore displaced. In this case, the tenting area is symmetrical.
Echocardiographically, when tethering is symmetrical, the regurgitant jet is central
[59]. It will also be important to determine postischemic remodeling of the left ven-
tricle by measuring the ventricular volumes and calculating the sphericity index.
Finally, there is also the assessment of the ERO, which may vary during systole,
decreasing in mid-systole compared with end-systole. However, it should be pointed
out that despite pathogenetic differences, functional MR differs from organic MR
also echocardiographically [62]. While one normally speaks of severe organic MR
when an ERO of >40 mm? is estimated, this value is lower, i.e. >20 mm?, in the func-
tional form. These changes are determined by dynamic changes of transmitral pres-
sure, contributing to valve closure. These changes can be better appreciated in
exercise Doppler echocardiogram [59]. Exercise- or stress-induced geometric ven-
tricular change increases regurgitant orifice area and volume and may result in dys-
pnea; it is also associated with a history of acute pulmonary edema [63].

3.2.2.2 Nonischemic Mitral Regurgitation

Dilation and increased sphericity of the left ventricle can also be the result of non-
ischemic heart diseases, such as dilated cardiomyopathy and heart failure [64]. The
suggested mechanisms for the onset of functional MR in patients with dilated car-
diomyopathy are the decreased transmitral pressure gradient, geometrical changes
in the mitral annulus, papillary muscles, and mitral valve, associated with dyssyn-
chronic left ventricular contractions [65]. In this case, too, however, as in functional
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ischemic MR, it is believed that leaflet changes make a decisive contribution to the
severity of functional MR. Chronic ventricular remodeling (which affects mostly
the lateral, posterior, and inferior segments) involves, in this case as well, a dis-
placement of the papillary muscles, the dyssynchrony of which is considered to be
an independent predictor of mild or moderate—severe MR [65]. Therefore, this
involves a lateralization of the tethering forces, causing incomplete closure of the
valve leaflets. Tethering length, understood as the distance from the apex of the
papillary muscles to the anterior mitral annulus, is also an independent predictor of
MR [66, 67].

Annular dilation and reduced closing forces primarily modify tethering but are
not the predominant mechanisms of MR [15]. In the chronically volume-overloaded
ventricle, constitutive increases in LV wall stress eventually cause a decrease in
contractility [45] and a corresponding reduction in the annular and closing forces
that may otherwise lessen MR due to tethering alone. In heart failure patients, the
onset of chronic MR complicates ventricular dysfunction and, more often, heart
failure. The left ventricle is enlarged, becomes more compliant, and the driving
forces are relatively scant. MR-related volume overload contributes to creating a
vicious circle: the greater the degree of ventricular remodeling is, the greater the
degree of MR; the latter, in turn, further dilates the left ventricle, thereby further
increasing the valve defect. The perpetuation of this vicious circle significantly
affects left ventricular geometry, thus inducing ventricular sphericity. Although MR
reduces impedance and has an unloading effect, left ventricular dilatation increases
LV wall stress, thereby impairing its contractile strength [68, 69] (Fig. 3.3).

Myocardial damage

Left ventricle Left ventricle
volume overload dilation
DCM
Apical
dislodgement of
Mitral papillary muscles
Fig. 3.3 Vicious circle of regurgitation .

the dilated cardiomyopathy
(DCM) and mitral
regurgitation

Annular dilation
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The upstream consequences are high LA pressure and pulmonary hypertension.
Several authors have emphasized the fact that MR in patients with advanced heart
failure and severe LV remodeling is a “ventricular disease” that takes on the mani-
festation of a valvular disease [66, 68, 70].

As shown by several studies, evidence of functional MR is therefore associated
with a reduction in the survival of patients with dilated cardiomyopathy [71] and
heart failure of a systolic nature [72]. For this reason, early cardiac resynchroniza-
tion therapy (CRT) has shown a significant reduction in the incidence of MR in
patients with left ventricular heart failure [73], also showing beneficial effects on
the severity of any MR [74]. The improvement in ventricular contractility after
resynchronization is able to increase the closing force of the mitral valve, reducing
early systolic mitral regurgitation [75]. The reduction of left ventricular dyssyn-
chrony and changes of ventricular geometry seem to be able to reduce the degree of
MR and, therefore, morbidity and mortality [76], especially in patients with an ejec-
tion fraction lower than 35% and left bundle branch block. However, there is still a
lack of data to predict which patients can effectively respond to CRT, though it
seems that patients with extensive infarction or a tenting area >3.8 cm?* would ben-
efit little [77].
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4.1 Noninvasive Diagnosis

The clinical manifestations of mitral regurgitation (MR) are conditioned by the magni-
tude and rapidity of onset and the ability of the chambers of the heart to adapt from a
hemodynamic and neuroendocrine perspective. Patients with MR are often asymptom-
atic despite a severe degree of valve regurgitation. The major symptom is dyspnea, at
first on exertion and then at rest, accompanied by peripheral edemas, marked asthenia,
and palpitations. The most serious clinical manifestation is acute pulmonary edema [1].
Echocardiography is the key imaging modality used in the workup of patients with MR.

By favoring the ejection of the left ventricle in a chamber at low pressure, and
limiting the transmission of the high-pressure gradient due to MR to pulmonary
circulation, the distensibility of the left atrium is the most relevant physiopathologi-
cal determinant of clinical and hemodynamic tolerance to volume overload.

A thorough clinical history is often essential to have information about the etiol-
ogy of the valve disease (prior infarctions, episodes of angina pectoris, rheumatic
fever, endocarditis) [2].

Physical examination: At physical examination, arterial pressure is normal, arte-
rial pulse is rapid, and heart auscultation directs us toward MR in the presence of
systolic murmur, often holosystolic, including the first and second heart sound. In the
case of prolapse, the murmur is often end systolic, while it is early systolic in the case
of functional MR. The murmur is typically very loud and blowing, but it can even be
harsh, especially in the case of mitral prolapse. The first sound (S1) is included in the
murmur, and is usually normal, but may also be loud in the case of a rheumatic val-
vulopathy. The second sound (S2) is generally normal too, but may be split if the left
ventricle’s ejection time is very short. There can also be a third sound (S3), which is
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directly correlated with the regurgitant volume. Typically, it becomes louder with
exhalation and, in the case of functional or ischemic MR, is often associated with a
restrictive ventricular filling pattern. A gallop rhythm (S4) can be detected in the case
of MR with a recent onset and functional and/or ischemic MR. MR is often associ-
ated with a protodiastolic murmur generated by the increase in mitral flow in dias-
tole. A mid-diastolic click can be heard in the case of prolapse [2].

Electrocardiogram: In the case of chronic MR, the electrocardiogram (ECG) shows
signs of enlarged left heart chambers, with increased P waves and QRS complexes.
When MR is ischemic, there can be ECG signs of recent or prior ischemic damage.

Chest x-ray: In chronic MR, the chest x-ray usually shows a dilation of the left
chambers, and calcifications can be seen in the mitral annulus in degenerative val-
vulopathy or near the mitral leaflets in theumatic valvulopathy.

Echocardiography: Echocardiography is still the method of choice for the diag-
nosis of MR. Both transthoracic echocardiogram (TTE) and transesophageal echo-
cardiography (TEE) make it possible to evaluate the degree of regurgitation and the
morphofunctional characteristics of the valve (determining the pathogenetic mecha-
nisms and ventricular function), as well as to determine the best therapeutic strategy
[3-5]. One of the major obstacles to a diagnosis of the degree of severity of MR is
the lack of a single gold standard method. This is probably due to the great variabil-
ity of regurgitation, which, in turn, is strongly influenced by the hemodynamic con-
ditions at the time of assessment. An increase or reduction of the preload and/or
afterload and changes in heart rate, myocardial contractility, and atrial compliance
are all factors that can most affect the regurgitant volume. For this reason, an echo-
cardiographic assessment of multiple parameters is needed to determine the extent
and severity of valve regurgitation as reliably as possible [6].

MR can be assumed in the presence of:

e Altered morphology of the valve apparatus (valve prolapse, flail, calcification of
the annulus, dysfunction or breakage of the papillary muscles) (Fig. 4.1)

 Dilation of the left atrium

e Atrial septal aneurysm, with convexity toward the right atrium (increased pres-
sure and/or atrial volume) (Fig. 4.2)

Fig. 4.1 Transthoracic
echocardiogram. Apical
four-chamber view.
Rupture of the
posterolateral papillary
muscle (PM), (arrow)
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e Dilation of the left ventricle (Fig. 4.3)

e Hyperkinesia of the left ventricular walls

* The presence of akinetic/aneurysmal areas in some segments in the case of isch-
emic MR (Fig. 4.4)

e Clear signs of right ventricular overload (Fig. 4.5).

Fig. 4.2 Transesophageal
echocardiogram. Bicaval
view (90°). Right
convexity of the interatrial
septum in a patient with
left atrium (LA) volume
overload. RA right atrium,
IVC inferior vena cava,
SVC superior vena cava

336 ml

o -

Fig.4.3 3D left ventricle volumes reconstruction using Q-Lab software (Philips Healthcare, Andover,
MA, USA). Increase in left ventricular end-diastolic (EDV) and end-systolic (ESV) volumes.
Estimated left ventricle ejection fraction (EF) is about 14% and stroke volume (SV) is 34 mL
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Fig. 4.4 Transthoracic echocardiogram. Apical two-chamber view. Functional ischemic mitral
regurgitation due to posterior leaflet tethering for akinesia of the infero-posterior wall

Fig. 4.5 Transthoracic
echocardiogram. Short-
axis view. D-shape of the
left ventricle (LV),
secondary to right
ventricular (RV) overload

Clearly, the following are indispensable for evaluating leaflet malcoaptation indi-
ces and functional abnormalities of the annulus, which, despite a normal anatomy,
are responsible for the development of valve regurgitation:
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Fig. 4.6 Chamber
transesophageal
echocardiogram of left
ventricular outflow tract
(LVOT). Coaptation gap
between the annular plane
and coaptation point

Fig. 4.7 Chamber
transesophageal
echocardiogram of left
ventricular outflow tract.
Tenting area

e Coaptation distance between the annular plane and the coaptation point (normal
value 0.5 cm) (Fig. 4.6)

e Tenting area determined by the coaptation gap of the leaflets below the annulus
plane (normal value 0.8 cm?) (Fig. 4.7)

e Anteroposterior and intercommissural dimensions of the annulus.

In general, flail motion of a leaflet segment, associated with ruptured chordae
tendineae, can lead to the suspicion of significant regurgitation (Fig. 4.8). In this
case, an eccentric jet moving in the direction opposite to that of the prolapsing leaf-
let should be expected (Fig. 4.9). Severe MR can also be suspected when there is a
coaptation gap between the leaflets (Fig. 4.10).
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Fig. 4.8 Posterior leaflet
flail (arrow) due to
chordae tendineae rupture
observed in bidimensional
transthoracic
echocardiography and
confirmed with the 3D
transesophageal
reconstruction (atrial
view). Ao aorta, PML
posterior mitral leaflet

As part of the systolic restrictive motion (Carpentier type IIIb), it is possible to

observe two types based on the apposition modes:

1. Asymmetric: prevailing posterior tethering resulting from regional remodeling

of the left ventricle

2. Symmetrical: apical tethering of both leaflets, with homogeneous geometry of
the coaptation plane resulting from overall remodeling of the left ventricle

Color Doppler flowmetry is useful in evaluating the spatial distribution character-
istics of regurgitation, as well as identifying the mechanism responsible for valve
regurgitation (Table 4.1). Specifically, in the context of an asymmetric malcoaptation
pattern, it is possible to observe a predominantly posteromedial paracommissural jet
origin with eccentric direction. Vice versa, in symmetric malcoaptation, the jet has
almost a central origin and direction (Fig. 4.11). Multiple jets may occur due to
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Fig.4.9 Transesophageal echocardiogram at 144°. Coaptation gap (arrow) due to posterior leaflet
prolapse, determining severe eccentric mitral regurgitation

Fig. 4.10 Significant coaptation gap (arrow) between the two mitral valve leaflets because of a
prevalent retraction of the posterior leaflet. (a) Transthoracic echocardiogram, apical four-chamber
view. (b) Transesophageal echocardiogram in X-plane orthogonal views (three chambers and two
chambers). (¢) 3D transesophageal echocardiogram showing the mitral valve from a ventricular
view. (d) 3D transesophageal echocardiogram from a lateral view
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Table 4.1 Mechanism Origin Direction Mechanism
respon.sib!e for mitral Anterior Lateral AL prolapse/flail
regurgitation PL restriction
Posterior Medial PL prolapse/flail
AL restriction
Central Central Left ventricle dilation

Annular dilation
Commissural ~ Mediolateral ~ Commissural prolapse/flail

Commissural restriction
Intraleaflet Leaflet perforation

AL anterior leaflet, PL posterior leaflet

Fig.4.11 Transesophageal echocardiogram in X-plane orthogonal views (two chambers and four
chambers) showing a single central jet

deformed dilation of the annulus or deformed diastase of the scallops of the posterior
mitral leaflet.

In the case of rheumatic mitral regurgitation, the leaflets will exhibit signs of
fibrosis, and their reduced motility will result in the shortening of the chordae ten-
dineae, and it is not unusual to see concomitant stenosis. Echocardiography can also
provide important information in the case of endocarditis concerning the extent of
infection by identifying sessile or pedunculated vegetation and valve tissue damage
(Fig. 4.12).

M-mode examination can be useful in MR assessment in the search for indirect
signs on the ventricular cavities, such as enlarged LA or LV, and in the timing of
MR, defined as duration of regurgitation (Fig. 4.13).
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Fig. 4.12 Transthoracic echocardiogram. Three-chamber apical view showing endocarditic veg-
etation (arrow) on the anterior mitral leaflet causing significant mitral regurgitation. Ao aorta, LA
left atrium, LV left ventricle, RV right ventricle

Fig.4.13 Transthoracic echocardiogram. Color M-mode, apical four-chamber view. Holosystolic
mitral regurgitation

Doppler echocardiography is the technique most commonly used to detect and
assess the extent of regurgitation. A review of the literature and clinical practice
makes it possible to distinguish the Doppler measurements as parameters derived
from regurgitant jet and parameters not derived from regurgitant jet sampling. These
are summarized in Table 4.2.
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Table 4.2 Color Doppler parameters to assess the grade of mitral regurgitation

Extent of mitral regurgitation

Parameters Mild Moderate ~ Medium Severe

Extension of regurgitant <20 Variable Variable >40

jet/LA (%)

Vena contracta (mm) <3 Variable Variable >7

PISA radius (cm) Variable  Variable Variable >1

ERO (cm?) <0.20 0.20-0.29  0.30-0.39 >0.40

Regurgitant volume (mL) <30 30-44 45-59 >60

Regurgitant fraction <30 30-39 40-49 >50

Pulmonary venous flow  Normal Normal Monolateral systolic Bilateral systolic
inversion inversion

Transmitral diastolic flow E/A <1 E/A>2

LA left atrium, PISA proximal isovelocity surface area, ERO effective regurgitation orifice
There are three areas in the regurgitant jet:

* The pre-orifice convergence area of the velocities (area next to the valve where
the flow converges and accelerates before entering the regurgitant orifice)

* Vena contracta (zone where the flow is smallest after the regurgitant orifice)

* Distribution of the regurgitant jet in the left atrium (post-orifice turbulence area)

The following identify just as many methods to quantify mitral regurgitation: the
PISA method, vena contracta quantification, and regurgitant jet analysis.

PISA method: The flow convergence region proximal to a circular orifice is a
laminar field of converging flow lines associated with a family of concentric and
hemispherical isovelocity surfaces with decreasing area and increasing velocity
(Fig. 4.14). Based on the principle of continuity, the flow (Q) is constant on all iso-
velocity surfaces and is equal to the flow to the orifice. This way, the effective regur-
gitant orifice area (EROA) can be calculated by dividing the regurgitant flow
(obtained from the flow convergence region and aliasing velocity) by the maximum
velocity through the orifice (obtained by continuous wave Doppler) (Fig. 4.15):

Regurgitant flow = (27r r2x Va)
EROA = Regurgitant flow / V'reg
Regurgitant volume = EROA x MR-VTI

where r is the hemispherical convergence radius (cm), Va is the velocity at which
aliasing occurs in the flow convergence toward the regurgitant orifice, Vreg is the
peak velocity of the regurgitant jet, and MR-VTI is the velocity time integral of the
regurgitant jet, determined by continuous wave Doppler.

The PISA method [7], though, has four major limitations, which need to be taken
into account [8]:

 Flattening of the isovelocity profile, and hence the loss of its hemispherical shape,
which leads to a significant underestimation of regurgitation (this occurs especially
when the aliasing velocity exceeds 10% of the flow velocity through the orifice).
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Fig. 4.14 Proximal flow
convergence area in case of
degenerative (a) and
functional (b) mitral
regurgitation, using
Nyquist limit of ~20 (a)
and 50-60 cm/s (b),
respectively

e Containment of the convergence area by adjacent structures hindering its free
spatial development (typical of mitral prolapse).

e Difficulty in precisely identifying the orifice site, as the hemisphere’s radius is
determined based on the orifice’s location and the radius is squared.

¢ In many patients, regurgitation is not constant throughout systole, and the assess-
ment of the degree of regurgitation based on the maximum area of the regurgitant
orifice can be misleading.

The PISA method cannot be considered as an absolute quantitative parameter
and independent from MR quantization. Therefore, it needs to be integrated with
other approaches to estimate regurgitation.

Vena contracta: Vena contracta (VC), namely, the narrowest portion of the jet at
or immediately below the orifice, is the zone of maximum transformation of the
pressure energy of the regurgitant flow into kinetic energy (Fig. 4.16). It is charac-
terized by a laminar flow with the highest velocity [6]. Using VC as a parameter to
assess the extent of MR is based on the assumption that its width is correlated with
the regurgitant area (Table 4.2): a VC width > 7 mm indicates severe MR; a width
of VC < 3 mm indicates mild MR; and VC values of 3—7 mm indicate moderate
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MR ERO 0.4 cm2
MR RV 52 mi
1 MR Rad 1.0 cm
MR Als.Vel 0.33 m/s
MR Flow 193.69 ml/s

Fig.4.15 The hemispherical convergence radius

Fig.4.16 Transesophageal echocardiogram at 130°. Vena contracta width
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MR. VC is measured perpendicularly to the intercommissural coaptation line of the
leaflets (parasternal long-axis view or apical long axis) and gives the anteroposterior
dimension of the effective regurgitation area. According to some authors, this quan-
tification method is independent of the hemodynamic variables and orifice geome-
try and appears to be associated with a low interobserver variability [9]. It can be
used for single jets, while it poses limits for multiple jets. Sections in which the
commissural fissure runs parallel to the scanning plane are to be avoided (e.g., two
apical chambers). In these cases, small regurgitations can have a very wide VC. In
searching for the VC, a zoom with maximum time resolution and, hence, with a
color Doppler angle as narrow as possible should be used (Fig. 4.17). Since the
measurement is in millimeters, minor assessment errors lead to great variations in
the grading of severity.

Regurgitant jet analysis: Turbulence visualized in the LA by color Doppler is not
the regurgitant volume but the chromatic representation of the flow direction (red/
blue), its velocity (more or less bright color), and type of flow (laminar or turbulent).
The spatial dispersion of the regurgitant jet is proportional to the flow’s kinetic
energy, which is the product of the mass by the velocity, which, in turn, depends on

Fig.4.17 Color Doppler
TEE with zoom,
measurement of the vena
contracta
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Fig. 4.18 Transthoracic echocardiogram. Apical four-chamber view with and without color.
Severe eccentric mitral regurgitation (Coanda effect). LV left ventricle, LA left atrium

the pressure gradient. The dimensions of the turbulence area due to MR are hence
only partially influenced by regurgitant volume, as they are affected by the condi-
tions modifying the transmitral gradient in systole, as well as by technical aspects
more specifically linked to the type of equipment used [10].

The most commonly adopted criterion is the maximum turbulent flow area,
either as an absolute value or related to LA area [6]. The cross sections routinely
studied are parasternal long-axis view, four-chamber apical view, and two-chamber
apical view. The study envisages a thorough assessment of changes throughout sys-
tole. Jet dimensions are not always representative of regurgitation severity. One
example is given by extremely eccentric regurgitation in which the jet is directed
against the atrial walls, thus transferring a part of its kinetic energy (Coanda effect)
and leading to underestimated Doppler examination results (Fig. 4.18). Despite its
evident limits, regurgitant jet analysis is the most widely used method in the semi-
quantitative study of MR severity.

Regurgitation is considered mild when:

* The LA color jet is visible only on the valvular plane and if the wave front is thin
(Fig. 4.19).

 The regurgitant jet area is <4 cm? (absolute value).

* The jet area/LA area ratio is <20%.



4 Mitral Regurgitation: Diagnosis and Timing of Intervention 77

Fig.4.19 Transthoracic echocardiogram. Apical four-chamber view with and without color. Mild
mitral regurgitation

Regurgitation is considered moderate when:

e The color jet is visible up to the middle of the LA (moderately wide jet).
* The absolute area is between 4 and 8 cm? (Fig. 4.20).
e The jet area/LA area ratio varies, but it is generally <20-40%.

Regurgitation is considered severe when:

* The color jet propagates in all directions filling the atrial cavity.
e The absolute area is >8 cm? (Fig. 4.21).
* The jet area/LA area ratio is >40%.

MR assessment correlated with the jet study also includes its spectrum analy-
sis by means of CW Doppler [6] (Fig. 4.22). The velocity does not provide useful
data on the severity of the regurgitation, unlike the profile and density of the jet
at CW Doppler. A truncated, triangular jet contour with early peaking of the
maximal velocity indicates elevated LA pressure or a prominent regurgitant pres-
sure wave in the LA. Jet density is correlated with MR severity. An intense signal
indicates severe MR, while an incomplete or faint signal is a sign of mild MR. In
the case of eccentric jets, though of some relevance, it can be difficult to fully
capture the regurgitation’s CW Doppler signal due to the eccentric direction of
the flow.
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Fig. 4.20 Transthoracic
echocardiogram. Apical
four-chamber view.
Moderate mitral
regurgitation (planimetric
jet area of 4.58 cm?)

A A VSx Area, d = 15.90 cm?
.----’k f-v‘\..—-u |/t “,M_".—'Jr/ -uf".|I Asse Lungo = 6.78 cm
Volume, MOD = 30,0 mi

Fig. 4.21 Transthoracic echocardiogram. Apical four-chamber view. Severe mitral regurgitation
(planimetric jet area of 15.90 cm?)

Parameters not derived from regurgitation jet: The ideal approach to assessing
MR comprises other parameters as well:

e Regurgitant fraction
e Pulmonary venous flow
e Transmitral diastolic flow
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Fig. 4.22 Transthoracic echocardiogram of left ventricular outflow tract, profile and density of
the jet at CW Doppler

Regurgitant fraction: The relationship between regurgitant volume and end-
systolic left ventricular volume is called the regurgitant fraction (RF). It is calcu-
lated by dividing the difference between the mitral output and the aortic valve output
by the transmitral output [6]. This method can also be used with multiple and eccen-
tric jets, providing information on jet severity and volume overload. However, this
method is not widely used, as it is difficult and has limits [6]:

e Small variations in heart rate or small errors in measuring ventricular diameters
and volumes can lead to errors in output calculation.

e There is no standardization based on the body mass index.

* It cannot be used if there is aortic failure or atrial fibrillation.

* Technical difficulties due to annulus calcifications.

The quantification of the degree of MR based on the RF is as follows:

¢ RF <30% = mild MR
¢ RF 30-50% = moderate MR
¢ RF >50% = severe MR

Pulmonary venous flow: PW Doppler assessment of pulmonary venous flow
(PVF) is useful in determining the hemodynamic consequences of MR. Normal PVF
typically has two velocity peaks, systolic and diastolic (the systolic peak is higher
than the diastolic one), and a small inverted wave corresponding to atrial contraction.
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Fig.4.23 Pulmonary venous reversal flow in a case of severe mitral regurgitation. PW Doppler in
50° transesophageal two-chamber view

In MR, there is an increase in LA pressure matched by a decrease in systolic velocity.
In severe MR, there is total systolic wave inversion (Figs. 4.23 and 4.24) [6]. Due to
the anatomical position of the pulmonary veins, this sign is searched for in clinical
practice, primarily by using TEE and directing the sample volume at 1-2 cm inside
the outlet of the pulmonary veins to the LA by means of PW Doppler.

Since the regurgitant jet is generally directed toward a pulmonary vein, and the
systolic flow of that vein is negative, while the others have positive systolic waves,
all four pulmonary vessels need to be examined.

This type of assessment of MR is affected by several factors, such as patient age,
heart rhythm, jet direction, and LA distensibility. A flow inversion can also occur
without any significant MR in patients with high LA pressures or with an eccentric
jet [11]. This sign is often unreliable in patients with left ventricular dysfunction
with a reduced systolic component.

Transmitral diastolic flow: Diastolic mitral flow by PW Doppler, though indicat-
ing a prevalence of the atrial component over the early-diastolic one, can be an easy,
immediate, and very useful parameter to exclude a diagnosis of severe MR [12].
However, this method depends on the LA pressure and hence can be used if there is
no mitral stenosis or other causes leading to an increase in LA pressure. This type
of study is recommended for the apical portions. Color Doppler allows for a better
analysis of the nature and direction of the flow. In the four-chamber apical view, by
applying the sample volume at the apex of the opening valve leaflets, the rapid fill-
ing early-diastolic wave (E) and the wave secondary to atrial contraction (A) are
recorded in patients with normal sinus rhythm (Fig. 4.25). Once the peak velocity is
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Fig.4.24 Pulmonary venous reversal flow in a case of severe mitral regurgitation. PW Doppler in
50° transesophageal two-chamber view
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Fig. 4.25 PW Doppler transmitral flow, showing increased E wave velocity as a sign of rapid
protodiastolic filling in severe mitral regurgitation
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Table 4.3 Echocardiography methods to assess the degree of regurgitation

2D echo Color Pulsed wave Doppler ~ Continuous wave Doppler

Mitral valve Jet area Regurgitant volume Jet spectral analysis

morphology

Left atrium volume  Vena contracta Regurgitant fraction Systolic pulmonary artery
pressure

Left ventricle Convergence area  ERO area

dimension

PISA-ERO area A wave, E wave
Pulmonary venous flow

PISA proximal isovelocity surface area, ERO effective regurgitation orifice

reached, the E wave progressively returns to the baseline value in a period defined
“deceleration E-time” (DT). A normal transmitral flow pattern in a middle-aged
patient with sinus rhythm is given by a prevalent E wave, with a DT of about 200 ms.
An E/A ratio < 1 indicates MR without hemodynamic relevance, while, an E/A
ratio > 2 is an indicator of severe MR (Table 4.3).

Table 4.3 summarizes the various echocardiography methods that are useful for
multiparameter assessment of MR and any resulting hemodynamic impairment.

Exercise echocardiography: In asymptomatic severe MR, exercise echocardiog-
raphy may help in identifying patients with unrecognized symptoms or subclinical
latent LV dysfunction [13]. Moreover, exercise echocardiography may also be help-
ful in patients with equivocal symptoms out of proportion of MR severity at rest.
Worsening of MR severity, a marked increase in pulmonary arterial pressure,
impaired exercise capacity, and the occurrence of symptoms during exercise echo-
cardiography can be useful findings to identify MR patients who may benefit from
early surgery despite the absence of symptoms [13, 14].

Exercise echocardiography is useful in patients with functional ischemic MR
and chronic LV systolic dysfunction to unmask the dynamic behavior of
MR. Dynamic MR is strongly related to exercise-induced changes in systolic tent-
ing area and to intermittent changes in LV synchronicity. Large exercise-induced
increases in functional ischemic MR (ERO area >13 mm?) are associated with an
increased risk of cardiovascular events [13, 15, 16].

In some patients with moderate or severe MR at rest, it is possible to observe a
reduction in ERO area during exercise. As previously reported, this effect is usually
the result of the LV contractile reserve, especially in the posterobasal segment, and/
or the reduction in left intraventricular dyssynchrony [17].

TEE and 3D echocardiography: TEE is indicated to evaluate MR severity when
TTE does not provide adequate information on MR severity or when TTE is techni-
cally limited [3-5, 13, 14]. All the quantitative criteria for estimating MR mentioned
above can be used during the TEE. Nevertheless, conventional 2D echocardiography
requires multiple views and a mental 3D reconstruction of the mitral valve and its
structures (annulus, chordae tendineae, and mitral-aortic junction), while 3D echo-
cardiography provides this information by analyzing simultaneously the mitral valve
and its components during the same cardiac cycle. Several authors have demon-
strated the utility of 3D echocardiography in viewing, locating, and quantifying
abnormalities of the mitral valve in MR patients and in displaying the valve scallops
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and adjacent structures in an excellent way [18, 19] (Fig. 4.26). There are three basic
ways to acquire images when using 3D TEE: real-time 3D, 3D zoom, and full-vol-
ume acquisition. These are differentiated by sector width, frame rate, and spatial
resolution (Figs. 4.27, 4.28, and 4.29). The surgical view (atrial or en face view) of
the valves, with the aortic root at 12 o’clock and the left atrial appendage at 9 o’clock
(lateral), is widely accepted as the standard modality of real-time 3D TEE [20] and
allows better communication between the echocardiographic cardiologist, surgeon,
and interventional cardiologist. This view shows the anterolateral commissure on the

Fig.4.26 Real-time 3D
echocardiogram showing
the atrial view of the mitral
valve. The leaflet scallops
are identified (A7, A2, A3,
Pl1, P2, P3). Ao aorta

Fig. 4.27 Transesophageal 3D echocardiography, acquisition in full volume. The right atrium,
left atrium, interatrial septum, right ventricle, left ventricle, interventricular septum, mitral valve
(repaired with surgical miniband), tricuspid valve, and right atrial appendage are visible
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Fig. 4.29 Zoom 3D ventricular view shows mitral valve
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left (laterally) and the posteromedial commissure on the right (medially). The ante-
rior mitral leaflet is, in relation to the aortic root, in the upper part of the image, and
the posterior mitral leaflet, on the opposite side, is in the lower part. It is possible to
clearly identify the posterior leaflet scallops and the corresponding scallops of the
anterior leaflet (Fig. 4.30). During a 3D real-time (RT) study of the mitral valve, a
ventricular view of the valve can also be useful, allowing more definitive identifica-
tion of prolapse or other lesions of individual scallops and segments (Fig. 4.31). 3D

Fig.4.30 3D TEE,
extreme tethering of the
rear leaflet

Atrial view Ventricular view

Ventricular view

Fig. 4.31 Real-time 3D echocardiogram showing a large P2 prolapse (asterisk) and a P1 flail
(arrow), from both atrial and ventricular view
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Fig.4.32 Zoom 3D showing the mitral annulus

echocardiography also provides important information on the morphology of the
mitral annulus (Fig. 4.32). This structure is saddle-shaped and, hence, difficult to
reproduce spatially using 2D echocardiography, which provides just two measure-
ments: the septolateral and intercommissural distances. A single 3D RT image can
display the shape of the mitral annulus, any pathological alterations (dilatation, loss
of saddle shape, flattening), the relations to the aortic valve, and the motion dynamics
of the leaflets during the cardiac cycle (Fig. 4.33). In addition, 3D TEE mitral valve
quantification function can be used to assess the mitral annulus to confirm the size
and shape of the annulus [21] (Fig. 4.34).

In patients with MR, color Doppler capability, which was initially introduced in
reconstruction 3D systems, then later in real-time 3D transthoracic and real-time 3D
TEE, can provide 3D images of regurgitant flow jets and flow convergence
(Figs. 4.35 and 4.36). The location and size of the flow convergence zone or PISA
can determine the location of the regurgitant orifice and severity of MR [22]
(Fig. 4.37). Such information, especially on the location of the regurgitant orifice, is
critical for selection of an appropriate treatment protocol, such us the edge-to-edge
MitraClip procedure. In addition, 3D color Doppler ultrasound has demonstrated
that in several cases the convergence area does not have a hemispherical shape, due
to the irregular and asymmetrical shape of the orifice, especially in cases of isch-
emic or functional MR (Fig. 4.38). For this reason, various authors have proposed
more realistic geometrical shapes for the convergence area, as a semiellipse or semi-
ellipsoid to obtain a more accurate measure of the regurgitant volume [23-25]. The
VC is determined by 3D color Doppler: two orthogonal planes of images parallel to



4 Mitral Regurgitation: Diagnosis and Timing of Intervention 87

Fig.4.33 3D reconstruction of the mitral valve in a case of P2 prolapse. A anterior, AL anterolat-
eral, P posterior, PM posteromedial

Fig. 4.34 3D reconstruction of the mitral valve apparatus, including annulus, leaflets, commis-
sures (PM posteromedial, AL anterolateral), and relationship with the aortic valve (Ao). A anterior,
P posterior. MVQ software (Philips Healthcare, Andover, MA, USA) was used
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Fig.4.35 3D Color HILIPS 03/03/2010 10:36:20  TISO.8 MID5
Doppler (Zoom 3D). Note X7-2USALVO

the extensive valve
regurgitation along the
entire coaptation orifice
(A1, A2,P1,P2)

Fig.4.36 3D FF z Batit 3D 6
transesophageal
echocardiogram with color.
Ample regurgitant mitral
jet in the left atrium (LA).
LV left ventricle

the direction of the regurgitant jet are cut manually on the regurgitant jet. A third
cutting plane, oriented perpendicularly to the direction of the jet, is then moved
along the direction of the jet until the area of the cross section at the level of the VC
is displayed. The frame with the largest vena contract area (VCA) in systole is
blown up, and VCA is measured on the direct plan of the color Doppler flow. In
order to analyze the circularity of the regurgitant orifice, it calculates the ratio
between the VCA long axis and short axis (L/S ratio) [26] (Fig. 4.39). The results of
several studies have demonstrated that 3D measurement of the VC correlated well
with the integrative 2D method in assessing the severity of MR. In addition, 3D
VCA has shown a high diagnostic value in distinguishing moderate regurgitation in
all the various forms of valve disease. This is a very important factor to take into
account. In fact, the 2D PISA method tends to underestimate the ROA in patients
with functional MR due to the hemispherical shape of the convergence zone, while
this PISA area most often has a semielliptical shape. The three-dimensional mea-
surement of VCA, which is derived from the direct plan of the regurgitant orifice
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Fig. 4.37 3D calculation of the effective regurgitant orifice area

Fig. 4.38 3D EROA showing an irregular shape of the regurgitant orifice
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Fig.4.39 3D calculation of the VCA

surface, bypasses this intrinsic limitation of 2D PISA and provides uniform classi-
fication and range cutoffs that apply regardless of etiology and shape of the orifice
[27].

Other imaging techniques: Cardiac magnetic resonance (CMR) is another
advanced imaging technique that can be used to study valvular diseases. It requires
electrocardiographic gating and breath-held acquisitions. The morphological assess-
ment of valve structures and the identification of any regurgitation jets are carried
out through balanced steady-state free precession sequences in short-axis, two-,
three-, and four-chamber views. If information about the velocity of flow across the
mitral valve is specifically needed, velocity-encoded cine phase-contrast (VENC-PC)
images are obtained in a plane perpendicular to mitral blood flow. Post-contrast
inversion recovery gradient recalled echo sequences are routinely performed to
assess for the presence of late gadolinium myocardial enhancement [26, 28].

Both CMR and CT are not usually recommended in the case of acute MR; how-
ever, it can be occasionally diagnosed with a chest x-ray or chest CT in the case of
unilateral pulmonary edema localized mainly in the upper lobe of the right lung
[29]. In the case of chronic MR, CMR is indicated in patients with chronic primary
MR to assess LV and RV volumes, function, or MR severity and when these are not
satisfactorily addressed by TTE (Class I B) [14]. Nonetheless, there are typical
CMR and CT findings for chronic MR that are specific by etiology [26, 30-33]
(Table 4.4). These imaging techniques can also be especially useful for an assess-
ment that integrates conventional echocardiographic diagnostics to quantify the
degree of regurgitation by calculating the regurgitant volume and RF (Table 4.5). In



4 Mitral Regurgitation: Diagnosis and Timing of Intervention 91

Table 4.4 Selected imaging findings in chronic mitral regurgitation

Etiology Image findings

Mitral valve prolapse Systolic bowing of mitral leaflet >2 mm into left atrium;
thickened leaflet (> 5 mm); flail

Flail leaflet Systolic eversion of leaflet tip into left atrium; severe
mitral regurgitation

Ischemic cardiomyopathy Left ventricle wall motion abnormality; left ventricle

dilatation; annular dilatation; late gadolinium
enhancement; mural thinning; coronary artery disease on

CT
Systolic anterior movement in Signal defacing in left ventricle outflow tract; posterior
hypertrophic obstructive jet of mitral regurgitation; signal of myocardial fibrosis
cardiomyopathy on CMR

CT computed tomography, CMR cardiac magnetic resonance

Table 4.5 Mitral regurgita- Regurgitant Regurgitant

tion grading according to volume (mL/beat) fraction (%)

regurgitant volume and Mild <30 <30

regurgitant fraction Moderate 30-59 30-49
Severe >60 >50

the case of isolated MR, the regurgitant volume is equal to the difference between
the stroke volume of the left ventricle and right ventricle measured by CMR or CT
[33], while CMR is to be preferred in the case of multiple valve diseases. In this
case, VENC-PC of the ascending aorta can be used to quantify the forward flow
volume, which is subtracted from the left ventricle stroke volume (by volumetric
calculation) to obtain the regurgitant volume [34]. The RF is then obtained by divid-
ing the regurgitant volume by the stroke volume.

4.2 Invasive Diagnosis

The current guidelines recommend hemodynamic and angiographic assessment
when there is a major difference between the patient’s clinical status and the data
resulting from the noninvasive approach. They are recommended if the noninvasive
examinations provided incomplete data and left doubts on MR severity, LV contrac-
tility, and the indication to treatment [3-5, 14].

The information being sought and that is obtainable from cardiac catheterization
is MR severity, pulmonary and systemic hemodynamic impairment, and left ven-
tricle dimensions and contractility. Coronarography should always be performed to
search for and rule out the presence of coronary artery disease in patients with risk
factors for atherosclerosis [3-5, 14].

Hemodynamic assessment: The hemodynamic parameters that are useful in
assessing MR severity and hemodynamic impairment are pulmonary artery pres-
sure, pulmonary capillary wedge pressure (PCWP), left ventricular end-diastolic
pressure, and O, saturation in the pulmonary artery and aorta, which allow us to
calculate cardiac output using the Fick method [35].
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Fig. 4.40 Pulmonary capillary wedge pressure tracing. V wave inscribed in the dicrotic phase of
pulmonary pressure curve. dPAP diastolic pulmonary artery pressure, sPAP systolic pulmonary
artery pressure

When the v wave in PCWP tracing gives a value more than double that of the mean
PCWP, MR is severe. There are other situations with a high v wave without severe
MR; these include, for instance, left ventricular failure of any etiology with a small
and noncompliant left atrium or, in the case of acute pulmonary hyperflow, postinfarc-
tion interventricular defect. By contrast, severe MR does not always have a high v
wave, as in the case of chronic forms with marked left atrium dilation, since the atrium
can receive large regurgitant volumes without increasing the mean PCWP or height of
the v wave [35, 36]. Severe MR with concurrent left ventricular dysfunction often has
a v wave inscribed in the dicrotic phase of the pulmonary pressure curve (Fig. 4.40),
often with a maximum pressure value equal to the systolic pulmonary pressure. An
increased afterload in the presence of MR can increase the regurgitant volume and/or
the v wave height (e.g., aortic stenosis or systemic blood hypertension).
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The dynamic exercise test with supine cycloergometer can sometimes be useful
for assessing the severity of MR with normal cardiac output at rest, especially when
the patient’s symptoms occur with exertion. In this case the increase cardiac output
is less than 80% of predicted [35].

Angiographic assessment: Left ventriculography is very useful in assessing MR,
as it provides important information on MR severity using the qualitative method
(Table 4.6), LV dimensions, and ejection fraction (Fig. 4.41). The angiographic
assessment of severity of MR consists also, in a quantitative evaluation, of the regur-
gitant fraction, measuring the total left ventricular stroke volume from the left ven-
triculogram, and the cardiac output (the forward stroke volume [FSV] by the Fick
or the thermodilution technique (Table 4.7).

Table 4.6 Examination of systolic leakages of contrast from the left ventricle back into the left
atrium and the opacification of the left atrium relative to the left ventricle during ventriculography

Grade Qualitative assessment criteria

1+ (mild) Regurgitation clears with each beat and never opacifies the entire left
atrium

2+ (moderate) Regurgitation does not clear with one beat and generally does opacity the

entire left atrium (though faintly) after several beats; however,
opacification of the left atrium does not equal that of the left ventricle

3+ (moderately Left atrium completely opacified and equal opacification with the left
severe) ventricle
4+ (severe) Opacification of the entire left atrium within one beat, opacification

becomes progressively denser with each beat, and contrast material can be
seen refluxing into the pulmonary veins during left ventricular systole

Fig. 4.41 Left
ventriculography.
Opacification of the entire
left atrium during the
systolic phase of the
cardiac cycle; this is
indicative of severe mitral
regurgitation. AO aorta, LA
left atrium, LV left
ventricle
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Tal?le 4.7 Quanti.tative Angiographic measurement Formula
estimate of regurgitant Ventricular stroke volume (VSV) EDV — ESV
fraction by angiographic Regurgitant stroke volume (RSV) VSV — FSV
assessment Regurgitant fraction (RF) RSV/VSV

EDV end-diastolic left ventricular volume, ESV end-systolic
left ventricular volumes, F'SV forward stroke volume

The accuracy of the calculations is affected by various factors. Since FSV is
obtained by dividing the cardiac output by the heart rate, as assessed by mean of
Fick or thermodilution methods, it will give a mean stroke volume. Therefore, the
beat chosen for left ventriculography to determine the volume must be an average
or representative beat. Alternatively, volumes from multiple beats can be calculated
and averaged. In patients with atrial fibrillation and ectopic beats during ventricu-
lography, RSV and RF calculation using this method is not recommended due to the
great inaccuracy.

FSV quantification should be carried out simultaneously with cardiac output cal-
culation, since, as mentioned above, an increase in arterial pressure can lead to an
increase in the degree of MR, with a reduction of forward output. Therefore, if the
blood pressure or other hemodynamic variables change significantly between the
time of cardiac output determination and left ventriculography, it is useless to cal-
culate regurgitant fraction. Finally, the RF quantifies, at best, the total amount of
regurgitation.

Therefore, if a patient has both mitral and aortic regurgitation, the RF gives an
assessment of the regurgitation resulting from both lesions combined [35].

4.3 Timing of Intervention

Due to greater life expectancy, chronic MR is currently the most frequent valve
defect after aortic stenosis. The often advanced age of patients with valve disease
and the development of percutaneous techniques and more conservative surgical
approaches make the decision-making process rather complex with regard to both
the right timing of intervention and the choice of the most appropriate therapeutic
strategy. Therefore, the decision to intervene on a patient with valve disease is based
on the individual risk—benefit analysis considering the fact that the improvement of
the prognosis compared with the pathology’s natural history should exceed the risk
associated with the intervention and the possible late complications related to it.

The elements to be considered in the risk—benefit analysis are multiple and asso-
ciated with:

* The pathophysiological and prognostic characteristics of the specific valvulopathy
* The patient’s clinical characteristics, especially with regard to comorbidities

Recourse to an evidence-based approach to treat heart valve diseases has been
hindered by the lack of rigorous data on clinical outcome predictors.
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The natural history of chronic MR is marked by its different forms: organic,
functional ischemic, and functional nonischemic MR. In patients with organic MR,
clinical outcomes are mostly the consequence of regurgitation through the valve,
and the recovery of valve competence is hence the therapeutic rationale. In these
patients, the main clinical question is to determine when in the course of the dis-
ease’s natural history the benefits of valve surgery exceed the related risks.

The high morbidity and mortality rates associated with severe chronic MR and
the excellent results of mitral valve repair procedures in the presence of organic
disease favor an early intervention, before the onset of symptoms, but with atrial
fibrillation, pulmonary hypertension, and early signs of left ventricular dysfunction
[37]. It is estimated that the mean time between the diagnosis of mitral valve pro-
lapse and the development of symptoms is approximately 5 years [38], though a
certain degree of impairment of left ventricular function occurs before the onset of
symptoms.

In the American College of Cardiology and American Heart Association
(ACC/AHA) guidelines, the factors that determine the timing for surgery in the case
of isolated severe MR include the following symptoms: left ventricular ejection
fraction, left ventricular end-systolic diameter, atrial fibrillation, and pulmonary
hypertension. Intervention for patients with primary MR consists of either surgical
mitral valve repair or mitral valve replacement. Mitral valve repair is preferred over
replacement if a successful and durable repair can be achieved. Repair success is
dependent on the mitral valve morphology and surgical expertise. Percutaneous
mitral valve repair provides a less invasive alternative to surgery, but has not been
approved for clinical use in the United States [14]. There is consensus that patients
who can undergo surgical repair should be operated on before the onset of signs of
LV dysfunction; on the other hand, the negative outcomes associated with mitral
valve replacement lead to the statement that asymptomatic patients with severe MR
and preserved LV function should not undergo surgery, if the only available option
is mitral valve replacement [5, 14]. Recently, the physiological effects of valve com-
petence recovery have been assessed. A reduction in LVEF following valve replace-
ment in the case of MR has been widely described. It had been hypothesized that
this event was the inevitable consequence of elimination of the favorable hemody-
namic conditions created by MR. Restoring valve competence would reduce the
preload and increase the afterload, leading to a reduction in LVEF. Therefore, if
LVEF was already reduced, surgery would further reduce it. For this reason, it had
to be ruled out in the presence of advanced left ventricular dysfunction before the
intervention. However, there is anatomical and functional evidence that this concept
is false [39]. Two decades ago, mitral valve surgery consisted of replacing the valve
by removing the entire valve apparatus, underestimating its important functional
role in maintaining LV shape and contractility. Today it is known that destruction of
the subvalvular apparatus, and not the hemodynamic changes following interven-
tion, is the main cause for the reduction in LVEF after mitral surgery [40-42]. This
has been proven by the fact that in cases of mitral repair without destroying the
apparatus, there has been no or only a slight reduction in LVEF. Considering
Laplace’s law, as a result of valve repair, the afterload drops instead of rising, as the
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radius is reduced. Therefore, there are almost no cases of MR that cannot be oper-
ated on by an expert, in the absence of other comorbidities, and it makes no differ-
ence whether the LVEF is reduced and what the left ventricular end-systolic diameter
is, provided that the valve apparatus is preserved during surgery. On the other hand,
if the valve and its apparatus cannot be preserved, valve replacement for patients
with an LVEF <35% is not recommended [43].

The management of asymptomatic patients is still debated because of the lack of
randomized clinical trials. However, the good results of conservative surgery and
the preliminary results of recent percutaneous approaches vouch for early treatment.
Therefore, current ACC/AHA guidelines recommend that patients in NYHA func-
tional class I and II and with severe MR should be referred for surgery, based on the
deterioration of left ventricular function (class I) or the presence of atrial fibrillation
or pulmonary hypertension (class Ila).

An independent predictor of mortality and postoperative LV dysfunction in MR
patients is the NYHA class [44, 45]. Severe symptoms of congestive heart failure,
both transient and persistent, almost invariably suggest the need for early surgery
[45]. A stress test could be needed to determine the actual NYHA class and reveal
the symptoms in a small subset of seemingly asymptomatic patients [13, 14].

The strongest predictor of the postoperative outcome of chronic MR is preopera-
tive LVEF [45, 46], though in the case of significant MR, LVEF may underestimate
the degree of left ventricular dysfunction. ACC/AHA guidelines recommend sur-
gery in patients with severe MR and LVEF <60%, regardless of the presence of
symptoms, and suggest that patients with LVEF >60% must be monitored by echo-
cardiography performed on a periodic basis. Recourse to surgery should be made, if
there are signs of a progressive deterioration in LVEF [14].

Left ventricular end-systolic diameter (LVESD) and left ventricular end-systolic
volume index (LVESVI) are simple, reproducible measurements of LV function that
can be obtained noninvasively and are relatively independent of the hemodynamic
status. Preoperative LVESD is an independent predictor of outcome after surgeries:
LVESD >45 mm is correlated with a high likelihood of developing postoperative
left ventricular dysfunction [47]. Preoperative LVESVI is inversely correlated,
instead, with postoperative LV function and with survival, as LVESVI values
>50 mL/m? are predictors of persistent postoperative left ventricular dilatation [46].
ACC/AHA guidelines recommend surgery for patients with severe MR and LVESD
>40 mm, regardless of the symptoms (class I) [14].

Atrial fibrillation is present in at least one-third of medically treated MR patients
[44] and has significant mortality and morbidity rates. Chronic atrial fibrillation
occurs almost solely in patients with a left atrial diameter >40 mm, and there is a
lower likelihood that sinus rhythm will be restored following surgery compared
with intermittent or new-onset atrial fibrillation [48]. This is why ACC/AHA guide-
lines recommend surgery for MR and atrial fibrillation patients, regardless of left
ventricular function and symptoms (class IIa).

Pulmonary hypertension is associated with a significant rise in early postoperative
mortality, a poorer functional status, and reduced survival [49]. As an index of severe
LV diastolic dysfunction and MR severity, increased pulmonary artery pressure is
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associated with poor postoperative left ventricular function indices [46, 50].
ACC/AHA guidelines recommend surgery in patients with severe MR and pulmo-
nary artery pressure values >50 mmHg at rest or >60 mmHg during exercise, regard-
less of left ventricular function and symptoms (class Ila).

Clinical outcomes and therapeutic approaches also depend on the etiology of
primary valve dysfunction. For instance, with regard to organic forms of MR,
Barlow’s disease patients are more likely to remain asymptomatic without develop-
ing LV dysfunction, pulmonary hypertension, or atrial fibrillation for a long period
of time. Therefore, “watchful waiting” is probably the best strategy for this group of
individuals. In contrast, patients with fibroelastic deficiency are more likely to expe-
rience adverse events early during follow-up (and more likely to undergo successful
valve repair), and a strategy of early mitral valve repair is certainly reasonable [37].

Considering functional MR, despite the fact that both the pathophysiology and
clinical consequences of ischemic MR are well defined, there are still doubts on the
choice of the most appropriate treatment [51]. This is because it is still unknown
whether MR is a mere marker of LV dilatation and dysfunction or whether it is a
direct cause of poor prognosis. Briefly, medical therapy is mandatory for all patients;
some patients are good candidates for cardiac resynchronization therapy, which can
reduce the degree of MR; percutaneous myocardial revascularization is not usually
enough to reduce MR; in patients undergoing surgical myocardial revascularization,
the role of a combined therapy, including concurrent valve repair, has not been
defined.

The appropriateness of mitral surgery in patients with severe MR and advanced
heart failure is still controversial [14]. On the one hand, it has been proven that in
the presence of irreversible ventricular remodeling and pulmonary hypertension, the
reduction of MR in this subset of patients does not yield any benefit [16, 52]; on the
other hand, reduced LVEF is of negative prognostic value after mitral repair surgery
[45, 46, 53]. Guidelines on the treatment of valvular diseases [3-5, 14] recommend
mitral valve surgery in patients with advanced heart failure only if valve replace-
ment or repair is linked to sparing chordal structures for the purpose of preserving
already impaired LV systolic function in the postoperative period. In turn, there is,
however, evidence by which the treatment of MR in patients with severely impaired
left ventricular function is associated with significant left ventricular reverse
remodeling (increased LVEF, reduced LV end-systolic and end-diastolic volumes,
and reduced sphericity index) and an improvement in the functional class and
quality of life [52]. For carefully selected patients with advanced heart failure,
mitral valve surgery (particularly mitral valve annuloplasty) appears reasonably
safe, with reported 30-day mortality rates in the majority of studies between 1.6 and
5% [52, 54]. The reduction in volume overload due to reduced MR following sur-
gery would reduce the LV wall stress, thereby improving ventricular efficiency and
pulmonary hemodynamics and, hence, the patient’s clinical status [53, 55]. Finally,
the risk—benefit ratio of repair versus mitral valve replacement in patients with
severe LV dysfunction is still controversial. Indeed, mitral repair surgery has a lower
cardiac surgery risk compared with valve replacement vis-a-vis a higher frequency
of resurgence of failure in repair surgery.
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Even though it is very likely that these patients have permanent left ventricular

dysfunction, it is believed that surgery can improve symptoms and prevent a further
deterioration of left ventricular function [14]. For patients at high surgical risk,
percutaneous techniques seem to be a valid alternative to treatment according to
clinical guidelines [14].
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5.1 Introduction

The clinical utility of coronary computed tomography angiography for the evalua-
tion of coronary artery disease is well established in routine cardiology practice.
Advances in multidetector computed tomography (MDCT) technology over the
past decade have seen dramatic improvements in both spatial and temporal resolu-
tion, which has permitted acquisition of high-quality images despite the challenges
presented by cardiac motion. Above and beyond allowing for the comprehensive
assessment of the epicardial coronary vessels, cardiac chamber contrast opacifica-
tion with new-generation MDCT scanners also enables accurate and detailed seg-
mentation of the left-sided cardiac valves. Traditional two-dimensional (2D)
echocardiography has long been the reference standard for the diagnosis and evalu-
ation of valvular pathology; however, transthoracic echocardiography (TTE) is
operator dependent and can be limited in patients with poor acoustic windows, and
transesophageal echocardiography (TEE) is invasive. Both approaches limit acqui-
sition to a restricted number of planes/projections, which cannot be subsequently
manipulated. In contrast, three-dimensional (3D) imaging techniques such as
MDCT permit rapid acquisition of volumetric datasets with unlimited 2D planar
reconstruction post-processing capability. This recent development in MDCT tech-
nology has fortunately paralleled the rapid expansion of percutaneous valvular
repair strategies for patients with symptomatic severe valvular heart disease who are
deemed inoperable.
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Mitral regurgitation (MR) and aortic stenosis are the two most frequent valvu-
lar cardiac pathologies, and together they represent a major health burden in the
context of an aging population [1, 2]. Surgical valve repair or replacement has
long been considered standard therapy for these patients, though many elderly
patients who otherwise meet guideline-directed criteria for such therapy are pre-
cluded from this option due to unacceptably prohibitive surgical risk [3, 4]. The
development of percutaneous- or transcatheter-based therapies has seen exponen-
tial growth in an attempt to address this important clinical dilemma in high-risk
populations.

Transcatheter aortic valve replacement (TAVR) has become well embedded
within the therapeutic armamentarium for patients with inoperable aortic stenosis
following the results of sentinel trials such as the PARTNER trial [5].

In the context of MR, traditional surgical mitral valve replacement confers a
decreased recurrence risk. However, there is data to support the notion that overall
clinical outcomes are superior with repair strategies that preserve the integrity of the
subvalvular mitral apparatus [6]. Transcatheter mitral valve implantation (TMVI)
aims to both replace the valve and simultaneously spare the subvalvular chordal
structures and has been developed using a similar conceptual paradigm as TAVR,
with promising early results [7-12].

Imaging is a vital component of transcatheter valvular interventions. Invasive
cardiothoracic surgery permits direct intraoperative visualization of the diseased
valve. However decisions regarding patient suitability, prosthesis selection, and
access planning for transcatheter approaches are critically dependent on pre-
procedural imaging of the valves and their anatomical relationships to surrounding
cardiac structures [13]. In contrast to, and building on, the experience with TAVR,
advanced imaging has undergone much earlier integration in TMVI [14]. Indeed the
role of imaging is possibly even more vital in the TMVI domain given the complex
3D structure and functional dynamics of the mitral valve, with its nonplanar annu-
lus; lack of a circular, fibrous annular structure; variability of leaflet and subvalvular
apparatus anatomy; as well as the proximity of the mitral valve to the left ventricular
outflow tract.

MDCT analysis of the mitral valve has led to novel insights into the underlying
mechanisms of various etiologies of MR and emerged as a powerful tool in the
multimodality imaging assessment of mitral valvular pathology in the context of
TMVI. This chapter aims to describe these advances in detail and is divided into the
following four major parts:

1. Technical aspects of cardiac computed tomographic image acquisition for the
purposes of mitral valvular assessment

2. Incremental role of MDCT for the assessment of the mitral valve and MR in the

context of TMVI

The role of MDCT in determination of TM VI feasibility and safety

4. MDCT assessment of prosthetic heart valves, valvular masses, and infective
endocarditis

(O8]
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5.2  Part 1: Technical Aspects of 3D Imaging with MDCT
for Mitral Valve Analysis

Cardiac MDCT is a relatively more technically demanding examination to perform
compared with the majority of routine body CT scanning protocols. Optimal image
quality is highly dependent on a number of variables, including hardware, software,
and technologist expertise, with wide variation in protocols among different hard-
ware vendors and centers. Compliance with guideline-directed minimum standards
for the acquisition, post-processing, and interpretation of cardiac MDCT is impera-
tive both to maximize diagnostic yield while minimizing patient risk from unneces-
sary or excessive exposure to radiation and contrast media.

5.2.1 Scanner Requirements

The inherent efficacy of any cardiac imaging modality is defined by its ability to
acquire images of high anatomical quality and detail (spatial resolution) in the
shortest window of time possible (temporal resolution). Employing current genera-
tion scanners, with a minimum of 64-slice technology, is critical in the context of
MDCT analysis of the cardiac valves, which exhibit a high degree of rapid and
dynamic motion. These scanners expediently acquire large 3D volumetric datasets,
with sufficient spatial and temporal resolution [13]. Latest-generation scanners are
able to image a 16 cm slab within one gantry rotation and hence provide whole-
heart coverage within a single R-R interval [13]. State-of-the-art dual-energy source
CT scanners are now capable of imaging at a temporal resolution of 67 ms and a
gantry rotation of 250 ms. Spatial resolution with current generation scanners is
submillimeter (0.5 x 0.5 mm in the axial plane with a minimum slice thickness of
0.5-0.75 mm) [13]. With these specifications, the resulting 3D volumetric dataset is
isotropic, which enables post-processing reconstruction along unlimited imaging
planes for the detailed evaluation of cardiac structure and function, without degra-
dation of spatial resolution [15]. The orientation of the 3D dataset is prespecified
and standardized by the position of the patient on the CT scanner table. Hence these
reconstructed planes can be formatted with respect to the standard anatomical body
axes in exact fluoroscopic angle coordinates (LAO/RAO-cranial/caudal) [15].

5.2.2 ECG Gating and Radiation Exposure

Synchronization to the cardiac cycle (ECG gating) is a requirement for cardiovascu-
lar CT, with two techniques most commonly employed depending on the clinical
indication: prospective ECG triggering and retrospective gating. Each technique
entails prespecification of the image acquisition window within the cardiac cycle
(systolic and/or diastolic phase). The beginning and end of every individual cardiac
cycle is defined by an R-wave, as detected by the scanner from the patient’s



104 R. Grover et al.

ECG-trace. A phase is a specific time point in the cardiac cycle and is defined as a
percentage relative to its position in the R-R interval.

(a) Prospective ECG triggering: When X-ray exposure and, hence, data acquisition
only occur during a specific phase of the cardiac cycle. This mode is typically
employed for coronary artery analysis, with data usually only acquired during a
narrow diastolic window (typically 70-80% of the R-R interval). The major
advantage of this mode is the low radiation dosage. The disadvantages include
restriction to static rather than dynamic image acquisition and susceptibility to
poor gating and artifact due to arrhythmias and elevated heart rates.

(b) Retrospective ECG gating: This scans throughout the entire R-R interval and
allows image reconstruction at multiple phases during the cardiac cycle [16—
18]. This allows for dynamic time-resolved four-dimensional (4D) cine analysis
of cardiac and valvular motion, which is essential in the context of MDCT
imaging for transcatheter valvular interventions [13, 15]. The other relative
advantage of this technique includes its lack of susceptibility to arrhythmia. In
this mode, X-rays are continuously exposed throughout the cardiac cycle, hence
retrospective ECG gating obviously results in significantly higher radiation
exposure compared with prospective gating. However, it is important to care-
fully assess the relative risk-to-benefit ratio in any individual patient of this
radiation exposure with respect to the desired diagnostic yield and accuracy of
the scan, especially in the context of transcatheter valvular intervention. Dose
modulation techniques (e.g., lowered tube voltage and/or current as determined
by the patient’s BMI) should be utilized because image quality does not need to
be of the same standard as required for coronary CT [14].

Typical retrospectively ECG-synchronized acquisition protocols for mitral valve
analysis involve radiation doses of between 7 and 15 mSv depending on the scanner
(reduced doses with more recent technology), the degree of tube current modulation
used, and patient variables (reduced doses with lower BMI and lower heart rates).

5.2.3 lodine Contrast Media Injection

In addition to radiation exposure, the other major procedural consideration with
MDCT is the requirement for iodine-based contrast media. Timing of the iodine
contrast bolus is critically important to optimize cardiac chamber attenuation for the
desired clinical indication. Sufficient contrast opacification of the left-sided cardiac
chambers is mandatory for high-quality depiction of mitral valvular morphology.
This in turn is dependent on the use of high-concentration iodinated contrast
medium and subsequent data acquisition in the arterial phase at the correct time
interval postinjection. Volumes of approximately 1 mL/kg of iodinated contrast
medium of at least 350 mg/mL concentration are required in general, though doses
should be adjusted to an individual’s renal function. The standard contraindications
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to the administration of iodinated contrast material include severe renal impairment
(defined as an estimated glomerular filtration rate of <30 mL/min/1.73m?) and pre-
vious anaphylaxis. Large-bore intravenous access is required to accommodate a
high injection rate of iodinated contrast (usually 5-7 mL/s) administered via an
automated power injector and followed by a saline chaser bolus. A bolus-tracking
technique is then employed to monitor the progressive circulation of contrast
medium, using serially repeated axial slices through the ascending aorta to track in
real time the progressive arterial contrast inflow, until a predefined attenuation
threshold (usually 100-250 Hounsfield units) is reached and triggers the acquisi-
tion. This monophasic injection protocol is typically employed for MDCT analysis
of the coronary arteries and left-sided cardiac chambers and valves. In this setting,
the right-sided cardiac chambers are non-opacified, precluding analysis of the right-
sided valves. A biphasic injection protocol ensures right-sided opacification, which
enables evaluation of all four cardiac valves and chambers. If such a biphasic injec-
tion protocol is followed in conjunction with a retrospectively ECG-gated study, it
is possible to quantitate biventricular volumes and systolic function [19].

5.2.4 Image Post-processing and Analysis

Following completion of the acquisition protocol, review of the raw axial dataset by
the supervising CT physician is mandatory prior to offloading the patient from the
scanner table. This is to ensure that all necessary images have been obtained and are
of appropriate diagnostic quality. Source CT datasets are then typically post-
processed offline using advanced 3D software packages to accurately and optimally
define valvular morphology. A number of post-processing tools are employed
including:

(a) Multiplanar reconstruction (MPR) analysis, which represents the derivation of
thin 2D planes using the 3D volumetric dataset, including the reproduction of
standardized views obtained on echocardiography and angiography. Except for
annular measurements, the mitral apparatus is best evaluated with MPR views
mimicking the commissural, three-chamber, four-chamber, and short-axis
echocardiographic windows as depicted in Fig. 5.1 [14].

(b) Volume rendering (VR), which is designed to accurately depict 3D anatomical
relationships using color display shading algorithms based on the varying voxel
densities of different tissues. Cardiac VR requires suppression of adjacent tho-
racic structures, including the ribcage and lungs. VR enables true 3D depiction
of valvular surfaces, including prosthetic valves.

(¢c) Maximum intensity projection (MIP) is a specific type of volume rendering that
projects the voxels with the highest attenuation value on every view through-
out a 3D dataset onto a 2D image. This method highlights contrast-opacified
vascular and bony structures. MIP is more appropriate for analysis of the vas-
cular tree.
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Fig.5.1 Multiplanar reformats of a cardiac CT aangiogram in standard cardiac projections: Short
axis (a), 2-chamber/vertical long axis (b), 3-chamber (c), and 4 chamber (d)

Findings on both VR- and MIP-derived images should be correlated with the
source-acquired axial dataset and MPRs.

Quantitative analysis involves both length measurements (e.g., mitral leaflet
length) and segmentation-based measurements (e.g., planimetry of mitral valvular
orifice area) from the MPRs, as described in further detail in the following sections.

5.3 Part 2: Incremental Role of MDCT in the Assessment
of the Mitral Valve and Mitral Regurgitation

5.3.1 Multimodality Imaging
The etiologies of MR have been extensively discussed elsewhere in this textbook but

in brief can be divided into two major subcategories: degenerative (primary) and func-
tional (secondary). Comprehensive structural and functional valvular assessment,
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including accurate identification of the etiology and severity of regurgitation, is of
paramount importance in guiding therapy. Transthoracic and transesophageal
echocardiography are the first-line imaging investigations in this context, with 3D
techniques now well established as the preferred method for echocardiographic
mitral valvular evaluation [20]. However, both clinician- and patient-dependent
technical variables exist that are well-recognized limitations of echocardiography,
necessitating the use of complementary 3D imaging modalities for the purposes of
mitral assessment, especially in the context of planning for TMVI. MDCT acquired
3D volumetric datasets, with their relatively higher spatial resolution compared
with both echocardiography and cardiac MRI provides detailed illustration of the
anatomy, geometry, and spatial relationships of the mitral valve complex.
Qualitative and quantitative information can also be obtained, which is of critical
importance in the context of pre-procedural planning and candidate selection for
TMVI.

5.3.2 \Validation of MDCT-Acquired Data for the Assessment
of MR with Echocardiography and Cardiac MRI

The hallmark imaging manifestation of MR on MDCT is systolic mal-coapta-
tion of the mitral valve leaflets resulting in a regurgitant orifice. MDCT data
reconstructed with more (e.g., 5%) phase intervals throughout the cardiac cycle
provide improved temporal resolution imaging, allowing better isolation of the
systolic frame of maximal mitral leaflet coaptation failure. Oblique short-axis
images of the mitral valve can be derived via MPR analysis, and from these
images, the inner contour of the regurgitant orifice can be traced using a plani-
metric technique to derive the anatomical regurgitant orifice area. Studies have
confirmed excellent correlation between MDCT- and echocardiography-derived
effective regurgitant orifice area, which is used to stratify the severity of MR
[21, 22].

Thin-section MPR allows direct visualization of the mitral leaflets, annulus, and
subvalvular apparatus, and studies have demonstrated good correlation with 3D
TEE with respect to quantitative assessment of mitral valve geometry, including
leaflet lengths and angles [23].

As discussed in Sect. 5.2.3, if a biphasic MDCT contrast-injection protocol is
followed in conjunction with a retrospectively ECG-gated study, it is possible to
quantitate biventricular volumes and systolic function. End-diastolic and end-
systolic ventricular chamber dimensions can be obtained with contour-detection
algorithms and manual correction if necessary. In the setting of MR, comparison of
the left- and right-ventricular stroke volumes as derived from such quantitative anal-
ysis can be used to calculate the mitral regurgitant volume and regurgitant fraction
assuming there is no other significant valvular regurgitation or intracardiac shunt.
MDCT-derived regurgitant volume calculations have demonstrated good correla-
tion with CMR-derived quantification, which is considered the gold standard for
biventricular volumetric analysis [24].
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5.3.3 Mechanism of MR

Correct assessment of the underlying etiology of MR is an essential first step for
determining the appropriate treatment strategies for the management of
MR. Traditionally, surgical options for primary or valvular MR require valve repair
or replacement, and secondary or functional MR typically requires annuloplasty if
optimal therapy of the underlying cause of left ventricular dysfunction fails [25].

However, complete resolution of MR is often unattainable with these surgical
methods. TMVI has the potential to treat a broader range of mitral pathologies com-
pared with surgical techniques. Comprehensive anatomical assessment of the mitral
valvular and subvalvular apparatus with MDCT is of tremendous potential benefit in
understanding the underlying mechanisms contributing to MR in any individual
patient so as to ensure appropriate candidate selection and periprocedural planning.

MDCT can accurately differentiate between primary and secondary causes of
MR, and numerous studies have not only highlighted this with respect to echocar-
diography but also enhanced our understanding of the unique anatomical repercus-
sions involved with both of these subcategories of pathology to help in developing
novel approaches to TMVI.

MDCT has been shown to have a strong diagnostic accuracy in the identification
of mitral valve prolapse as evaluated in a multicenter study including 112 patients
[26]. MPR views mimicking the traditional echocardiographic three- and two-
chamber views were the most reliable planes for identifying a patient with mitral
valve prolapse, as depicted in Fig. 5.2. The accuracy of CT compared with TTE was
excellent, with a sensitivity of 96%, specificity of 93%, positive predictive value of
93%, and negative predictive value of 96%. In addition to allowing for precise local-
ization of the prolapsed leaflet scallop, the high spatial and temporal resolution of
MDCT was able to discriminate between flail segments vs. bowing/billowing leaf-
lets. Mitral leaflet thickening (defined as maximum leaflet thickness > 2 mm) was
also used to define myxomatous and degenerative pathological manifestations of
MVP. Disjunction between the posterior mitral valve leaflet insertion and the atrio-
ventricular junction is also characteristic of mitral valve prolapse and can be readily
appreciated on MDCT, as depicted in Fig. 5.3b. In contrast, basal myocardial
remodeling in functional MR leads to the formation of an atrioventricular shelf,
which can also be depicted on MDCT (see Fig. 5.3c).

Mitral valve geometrical analysis including measurement of the tenting heights
(coaptation depth) and leaflet angles can also be done with high accuracy and repro-
ducibility in patients with functional MR [27]. Delgado et al. evaluated the mitral
valve geometry and subvalvular anatomy in a series of 151 patients, including 67
heart failure (HF) patients of whom 29 had significant (moderate-to-severe) func-
tional MR. In the majority of patients, the subvalvular apparatus showed highly vari-
able anatomy, which was attributable to the multiple heads and insertions of the
posterior papillary muscle compared with the anterior papillary muscle, which tends
to have a single insertion. Patients with moderate-to-severe functional MR had asym-
metrical deformation of the mitral valve leaflets, with significantly increased poste-
rior leaflet angles and mitral valve tenting heights at the central and posteromedial
levels compared with patients with heart failure without functional MR. The mitral
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Fig. 5.2 2 Chamber (a), 3 chamber (b), and enface (c¢) projection in a patient with severe mitral
regurgitation owing to Posterior leaflet (P1) prolapse (arrows)

valve sphericity index was also calculated as a measure of papillary muscle displace-
ment and was defined as the ratio of the distance between the papillary muscle basis
and the distance from this level to the mitral annulus. In the HF patients with signifi-
cant MR, more outward displacement of the papillary muscles (higher sphericity
indices) was noted compared with the HF patients without functional MR. Both the
mitral valve tenting height at the central level and the mitral valve sphericity index
correlated with the severity of MR, as determined on echocardiography.

Further study by Beaudoin et al. [28] provides additional insights into the role of
mitral valve leaflet adaptation in the pathophysiology of functional MR. MDCT-
derived measurements of the mitral valve leaflet, closure, and annular areas were
first validated against 3D echocardiography, showing high intra- and interobserver
reproducibility and good correlation with echocardiography-derived mitral valvular
measurements. The above MDCT mitral valvular parameters were then quantified
in HF patients, both those with and without functional MR. The study found that
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Fig. 5.3 Three chamber projection CT angiograms highlighting normal anatomical relationship
of the posterior annulus insertion (a), mitral annular dysjunction (arrow) in mitral valve prolapse
(b), and the posterior shelf (arrow) that is a hallmark of FMR (c)

total mitral leaflet area increases in the context of cardiomyopathy and left ventricu-
lar dilatation, consistent with compensatory mitral valvular enlargement. Patients
without functional MR had larger mitral valvular areas, which remained propor-
tional to left ventricular size. Conversely, patients with functional MR had insuffi-
cient mitral valvular enlargement to match the left ventricular dilatation. The
findings from this study are commensurate with previous 3D echocardiography and
animal studies, which have also suggested that MV size is not fixed but, rather, can
enlarge in an adaptive attempt to minimize the development of functional MR in
patients with left ventricular dilatation and dysfunction.

5.3.4 Mitral Annular Assessment for TMVI

Optimal hemodynamic outcomes in the context of transcatheter valve implantation
are critically dependent on accurate assessment of the native valvular annulus. This
in turn allows appropriate sizing of the prosthetic valve to ensure that it conforms to
and anchors securely within the native annulus. Assessment of the native mitral
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annulus can be challenging in the context of its relatively complex geometry.
Compared with the aortic valve, the mitral annulus is a nonplanar, 3D saddle-shaped
structure with an anterior and posterior peak, with the former being continuous with
the aortic valvular complex and the latter formed by the insertion of the posterior
mitral leaflet (PML), with the nadirs located at the level of the fibrous trigones [29].

Both the major and minor 2D mitral annular diameters can be derived from the
commissural/two-chamber and long axis/three-chamber views, respectively, on
both echocardiography and MDCT. However these 2D measurements may be over-
simplified in their representation of the complex 3D geometry of the mitral annulus,
and their applicability is limited especially in the context of planning for TMVI. 3D
segmentation of the mitral annular contour overcomes these limitations and is read-
ily performed with MDCT [14].

Our group has proposed a simplified D-shaped model of the mitral annulus to
facilitate MDCT-based assessment prior to TMVI. This model involves truncation
of the saddle-shaped mitral annular contour at a virtual inter-connecting line
between both fibrous trigones, referred to as the trigone-to-trigone (TT) distance
[29]. This is based on the observation that the anterior horn of the saddle-shaped
contour would otherwise protrude into the left ventricular outflow tract (LVOT),
whereas the more planar D-shaped mitral annulus does not. The TT distance repre-
sents an anterior border, which if passed by a device signifies encroachment upon
the native LVOT. Like the entire mitral valve complex, the aorto-mitral junction is a
highly dynamic structure, with the potential for systolic bulging into the D-shaped
contour and diastolic motion toward the LVOT [14].

This segmentation approach firstly requires derivation of MPRs in the long and
short axis in alignment with the left ventricular long axis by placing seeding points for
the cubic spline along the PML insertion (see Fig. 5.4). Segmentation of the anterior
horn is performed by placing seeding points along the insertion of the non-coronary
and right coronary aortic cusps into the intervalvular fibrosa. Following identification
of the trigones (see Fig. 5.6), the D-shaped annulus is then formed via truncation

Fig. 5.4 CT angiogram reconstructions in an oblique (a) and en face (b) fashion highlighting the
16 point seeding process involved in the segmentation of the mitral annulus
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along the TT distance (see Fig. 5.5) [30]. Post-processing derives the annular area and
perimeter. The total D-shaped perimeter comprises the posterior annular perimeter
annulus (P.Pe as indicated in Fig. 5.5) and the TT distance. Mitral annular geometry is
further quantified by measurement of the septal-to-lateral (SL) distance (A2-to-P2
distance), which represents the minor annular diameter, and the intercommissural (IC)
distance, which represents the major annular diameter (Fig. 5.6).

Fig. 5.5 En face projection
of the D shaped mitral
annulus (77 Trigone
-Trigone line);

(IC Intercommissural
distance); SL Septal to
lateral distance;

P. Pe Posterior Perimeter

Fig. 5.6 Vertical long axis (a) and enface (b) projections of the saddle shaped annulus with the
medial and lateral trigones which define the nadir of the annulus annotated
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5.3.5 Assessment of Annular and Landing Zone Geometry for TMVI

There is wide variation in normative data on mitral annular dimensions. This is
primarily due to discrepancies among different imaging modalities and segmenta-
tion methodology, especially with respect to the anterior horn. Relatively smaller
annular areas were obtained in normal patients on previous 2D echocardiographic
studies [31]. This is in contrast to more recent 3D echocardiographic studies,
which report mean annular areas ranging between 8.4 and 11.8 cm? [32-34] with
comparable values also published for control cohorts in studies utilizing cardiac
CT [28, 34-36]. A recent investigation by our group found a mean D-shaped
mitral annular area of 9.0 = 1.5 cm? in normal patients without valvular abnor-
malities, with significant interindividual variation [37]. In the TMVI population,
overall mean mitral annular dimensions are larger, with further differences noted
according to the etiology of MR: increased annular dimensions are observed in
MVP compared with FMR [14]. There is a unique reduction in the saddle height
in FMR, with a subsequently more planar saddle-shaped annular contour [32];
however, this has no impact on the already more planar D-shaped annular
segmentation [29]. Interestingly, with respect to in-plane geometry, there is a
relatively greater increase in the SL compared with the IC distance seen in both
FMR and MVP patients [27, 28, 37].

Important differences in landing zone anatomy exist between FMR and MVP,
which is of particular relevance to TMVI planning. Regional wall motion abnor-
malities and/or left ventricular dilation in FMR result in marked mitral leaflet
tethering and annular dilation, which account for the characteristic structural
findings, including increased leaflet tenting height, reduced coaptation length,
and basal myocardial remodeling with fashioning of an atrioventricular
“myocardial shelf” identifiable on both echocardiography and MDCT [37]
(see Fig. 5.3¢c).

Two subcategories of primary degenerative mitral valve disease are recognized,
including fibroelastic deficiency (FED), which is defined by isolated single-scallop
prolapse with normal architecture of the other scallops, and diffuse myxomatous
degeneration (DMD), in which generalized valvular thickening is observed along
with leaflet redundancy and chordal elongation [14]. In both forms of disease, the
insertion of the mitral valve leaflet may be displaced into the left atrium, referred to
as mitral annular disjunction [38, 39]. A posterior myocardial shelf is not character-
istically seen in either form unless the left ventricle is severely dilated. In contrast,
the eccentric left ventricular hypertrophy and hyperdynamic systolic function
resulting from MR often result in bulging of the basal myocardium into the left
ventricular cavity [14].

5.3.6 Mitral Annular Dynamics

Mitral annular measurements can be made at multiple points in the cardiac cycle
using both MDCT and echocardiography, allowing a more comprehensive
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assessment of the dynamism of the entire mitral valve complex [14]. The annulus
exhibits a dynamic “sphincteric” function or “annular folding,” with systolic con-
traction and deepening of the saddle shape, thus facilitating leaflet coaptation to
ensure mitral valvular competency [40]. Early systolic mitral annular dimensions
are the smallest increasing toward late systole. Interestingly, annular dynamics are
impacted to varying degrees according to the etiology of MR. MDCT studies of
mitral annular shape, size, and motion in patients with cardiomyopathy have found
that the extent of dynamism is generally blunted in functional MR [35, 41, 42].
Significantly abnormal dynamics have been described in primary or degenerative
MR [40, 41], with failure of systolic area contraction, as well as a pronounced
increase in annular area from early to late systole. Within the category of degenera-
tive MR, relevant differences exist between the two phenotypes—FED and DMD,
described in Sect. 5.3.5. Though both exhibit increased mitral annular dimensions,
abnormal dynamics are only observed in DMD [43]. This variation in mitral annular
dimensions throughout the cardiac cycles underscores the importance of dynamic
imaging with derivation of multiple serial annular measurements to ensure optimal
outcomes for TMVI.

5.3.7 Annular Calcification

MDCT is superior to both echocardiography and MRI for the assessment of cal-
cification. Degenerative mitral annular calcification (MAC) is commonly seen in
the elderly population and present in approximately 6% of the general population
[44]. MR and MAC as individual entities have a high prevalence, and, hence,
both may coexist without necessarily bearing any causal relationship [14]. MAC
is most frequently limited to the posterior annular rim; however, its extent can
vary from mild to severe circular involvement of the entire annulus. Caseous
annular calcification is a rare variant of MAC that typically manifests along the
posterior annulus as large-volume, space-occupying lesions [45-47]. On echo-
cardiography, caseous MAC appears less echodense than typical MAC and can
even contain zones of echolucency. On contrast-enhanced CT, caseous MAC can
show focal areas of similar attenuation to the blood pool, but these lesions can be
readily differentiated on non-contrast-enhanced sequences [48]. Severe MAC is
a contraindication to TMVI in the majority of current feasibility studies due to
the expected interference with the apposition of the self-expandable TM VI sys-
tems [14].

5.4 Part 3:The Role of MDCT in Determining TMVI
Feasibility and Safety

Derivation of mitral valvular geometrical data parameters with MDCT is of great
potential value in guiding TMVI. MDCT enables accurate 3D visualization of the
mitral leaflets and detailed evaluation of the various device-specific anatomic
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criteria to aid with optimal pre-procedural planning and can result in a significant
shortening of fluoroscopy and procedure timings.

5.4.1 Anatomical Factors

TMVI devices have a diverse range of anchoring mechanisms and, hence, have dif-
ferent anatomical requirements, which should be assessed with MDCT. TMVI
devices require accurate mitral annular sizing and thorough assessment of the land-
ing zone. Annular dimensions should be assessed at multiple time points throughout
the cardiac cycle, as mentioned in Sect. 5.3.6 in the context of mitral valvular dyna-
mism. Excessive MAC and bulky subvalvular calcification should be noted because
of the potential for interference with proper device apposition.

Assessment of the structural suitability for device-specific anchoring mechanisms
is critical. For devices which anchor via paddles grasping onto the leaflets [11], e.g.,
at A2-P2, sufficient leaflet length should be documented via accurate measurement.
Mitral valve prolapse and annular disjunction at P2 should also be excluded as these
are factors which could possibly interfere with stable device deployment.

The anatomy of the subvalvular apparatus is well visualized on MDCT. The pap-
illary muscles and chordae should be thoroughly assessed to exclude anomalies that
may also interfere with device deployment, such as false bands and directly insert-
ing papillary muscles (see Sect. 5.3.7). It is imperative to document the persistence
of a myocardial shelf throughout the cardiac cycle for devices that anchor via tabs
in the basal infero-lateral myocardium [10]. Basal myocardial hypertrophy or heavy
annular calcification can interfere with the anchoring mechanism in these devices.
Leaflet length and pathology are of minimal consequence for TMVI devices that
anchor via an apical tether [9]. A common theme relevant to all TM VI devices is the
requirement that the basal LV cavity be capable of accommodating the device,
which can be an issue in the context of a small-sized left ventricular cavity, espe-
cially with concomitant hyperdynamic systolic function [14].

5.4.2 Predicting LVOT Obstruction

LVOT obstruction (LVOTO) is a serious and potentially lethal complication post-
TMVI. TMVI devices currently being validated in early feasibility studies include
circumferentially covered stent struts [10, 11, 49], which can protrude into the left
ventricular cavity and potentially interfere with the anterior mitral leaflet (AML) and
encroach upon the LVOT. In the context of this protrusion, our group has proposed the
concept of the “neo-LVOT,” which is fashioned by the device itself along with both
the AML and interventricular septum [50]. Theoretically, LVOTO can refer to either
narrowing of the native LVOT above the level of the TT distance or formation of a
narrow neo-LVOT below the level of the TT distance toward the left ventricle [50].
Both anatomical- and device-related factors predispose to LVOTO. There is sig-
nificant interindividual variability in LVOT anatomy with the major structural
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Neo-IWOT Planimetry

Neo-LVOT

Centrefine

Fig.5.7 3 chamber (a), 2 chamber (b) and orthogonal projection to the Neo LVOT (c¢) highlighting
the method for adjudicating the risk of LVOT obstruction. A virtual implantation is performed and
then a centreline is drawn along the path of the neo-Ivot. An orthogonal projection is then created to
assess the residual Neo-LVOT size in diastole and systole to assess the adequacy of the patient
specific anatomy to accomodate the implanted device

determinants, including the interventricular septum, left ventricular cavity size, and
the aorto-mitral angulation. Of these, the LVOT and neo-LVOT cross-sectional
areas are most negatively influenced by a hypertrophied, protuberant interventricu-
lar septum [14]. Device protrusion and flaring are the major device-related factors.

MDCT is of tremendous potential value in this setting because post-TMVI neo-
LVOT geometry can be partially predicted by TMVI simulation, e.g., by embedding
a cylindrical or device-specific contour into the CT dataset, followed by segmenta-
tion and planimetrical assessment of the neo-LVOT cross-sectional area [14], as
depicted in Figs. 5.7 and 5.8.

5.4.3 Prediction of Fluoroscopic Angulations and Coronary
Sinus Location with MDCT

TMVI deployment is performed under fluoroscopic guidance, and coplanar fluoro-
scopic projections are important to ensure coaxial device deployment. In a fashion
analogous to TAVR, MDCT provides these projection angulations based on the
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Fig. 5.8 Multiplanar reconstructions of a patient being considered for Transcatheter mitral valve
implantation. A virtual device was implanted with the neo-lvot centreline segmented resulting in
no residual space with the virtual device contacting the septum on all three reconstructed images

mitral annular plane, yielding an optimal viewing curve and displaying the corre-
sponding cranial/caudal angulation for any given LAO/RAO angulation. Due to the
relatively vertical orientation of the mitral annulus, these optimal curves exhibit a
steep slope with dramatic changes in cranial/caudal angulation for any given change
in LAO or RAO angulation. C-arm projections for TM VI have to be both orthogonal
to the mitral annulus and also aligned with defined anatomical structures to permit
visualization of anchoring elements during deployment. Given the asymmetric mitral
annulus, two views are considered relevant: a septal-to-lateral view parallel to the
SL-line (A2-P2 view) and the TT-view parallel to the TT-line. However, projection
angulations are limited by physical restraints of the C-arm, and suitable access is a
procedural prerequisite. The SL-view can be derived with projected angulations,
which are generally in the practical range of C-arm working angles, as opposed to
angulations for the TT-view, which are generally not [51]. Alternatively, a compro-
mise view between the TT-view and SL-view has been derived and shown efficacy in
the context of device deployment [51], as depicted in Fig. 5.9.

Unlike TAVR, pre-procedural angiography is not routinely performed prior to
TMVI, and a fluoroscopically identifiable structural landmark is absent in the
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TT-View Compromise-View En Face View

CT MPR

Fluoroscopy

Optimal Projection
Angles (yellow dot)

Fig. 5.9 CT MPR (multiplanar reformats), Virtual Fluoroscopic images, and then optimal
projection angles aligned to the T-T (trigone-trigone) view, the Compromise view which is
intended to be an angle on the optimal projection angle in between the TT and septal to lateral
projection, and an En face projection which can be used to help provide guidance to the interven-
tionalist to ensure a perpendicular deployment

context of a non-calcified mitral annulus. An indirect landmark can be created by
placing a guide wire in the coronary sinus [51]. MDCT provides the capability of
coronary sinus segmentation in advance of TMVI, providing valuable information
in light of the significant interindividual variability in the anatomical relationship
between the coronary sinus and the mitral annulus.

Combining the axial views and 3D volume renderings, MDCT assessment of
these variable relationships between the mitral annulus, coronary sinus, and also the
left circumflex artery not only promotes a more individualized approach as to the
requirement for a landmark guidewire but also enhances assessment of both the
suitability and safety of coronary sinus-based percutaneous mitral annuloplasty pro-
cedures [52].

Tops et al. [53] assessed these specific anatomical relationships in 105 patients
undergoing MDCT. The coronary sinus was superior to the mitral valve annulus
in 90% of patients, with a distance ranging between 1.4 and 16.8 mm. Compared
with controls, this distance was also found to be significantly higher in patients
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with heart failure. Poor pressure transmission from the sinus to the annulus and
increased risk of procedural failure are predicted by a wide angle between the
two structures, as depicted on MDCT, which highlights the value of pre-proce-
dural acquisition of this information. Furthermore, variability in left circumflex
coronary artery anatomy was also found in this MDCT study, with the vessel
coursing between the coronary sinus and the mitral annulus in 68% of patients,
indicating an increased risk of arterial impingement during percutaneous coro-
nary sinus-based annuloplasty.

5.5 Part 4: MDCT Assessment of Prosthetic Valves, Valvular
Masses, and Infective Endocarditis

5.5.1 Prosthetic Heart Valve (PHV) Dysfunction

PHYV imaging is a common and important, yet often challenging, clinical dilemma.
Increasing evidence supports the role of MDCT as a valuable modality for this indi-
cation in conjunction with TTE, TEE, and fluoroscopy, which are the current first-
and second-line modalities, respectively. MDCT allows full 3D depiction of the
PHYV and paravalvular region, without the metal-composition-related reverberation
artifacts commonly seen with mechanical PHVs on echocardiography. MDCT also
enables dynamic 4-D cine loop evaluation of leaflet motion to further assess the
etiology and mechanism of elevated transvalvular pressure gradients on echocar-
diography. A number of smaller studies have demonstrated the high accuracy of
MDCT compared with echocardiography and surgery for the detection of PHV
thrombus/pannus, suture loosening and paravalvular leak, and pseudoaneurysm [54,
55]. A recent large multicenter registry confirmed these findings and included a bal-
anced number of mechanical and bioprosthetic valves in both the aortic and mitral
positions [56]. In this registry, the overall sensitivity and specificity of MDCT for
the diagnosis of PHV dysfunction compared with surgery were 94.0% and 98.5%
per lesion, respectively. MDCT exhibited superior performance to TEE for the
assessment of paravalvular pseudoaneurysms and dehiscence (see Fig. 5.10). The
findings from this registry support the utility of MDCT in the multimodality imag-
ing assessment of suspected PHV dysfunction.

5.5.2 Valvular Masses

Echocardiography is often unable to accurately differentiate between the etiology of
valvular masses, including tumors, thrombi, vegetations, and calcification, which all
appear hyperechogenic on echo. MDCT is able to clearly distinguish hyperdense
calcium from hypodense soft tissue masses, such as vegetations, tumor, or thrombi,
which can also be further differentiated based on post-contrast attenuation [19, 57].
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Fig. 5.10 Short axis multiplanar reformat (a), volume rendered (b), 4 chamber (c) and echocar-
diographic (d) assessment of a patient with dehiscence a mechanical mitral valve posteriorly. The
arrows on CT highlight the detachment posteriorly with the arrow on the echocardiographic image
highlighting the resultant paravalvular regurgitation

5.5.3 Infective Endocarditis

A preliminary study by Feuchtner et al. [58] demonstrated the diagnostic value of
MDCT for the assessment of valvular abnormalities associated with infective endo-
carditis (IE). They assessed 37 patients with suspected IE, of whom 29 (14 cases
involving the mitral valve either native or prosthetic) had subsequently confirmed
IE and underwent surgery. MDCT had a sensitivity of 97% and specificity of 88%
for the diagnosis of IE compared with TEE and/or intraoperative specimen, with a
good correlation for the detection of specific valvular lesions. Additional MDCT
findings included abscess formation, leaflet perforation, and fistula between cham-
bers and/or great vessels. Furthermore, the use of 4D cine imaging loops allowed for
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documentation of vegetation mobility in 96% of patients. Large perforations were
detected, but leaflet perforations of <2 mm were missed.

The added benefit of MDCT in the clinical context of PHV dysfunction and

infective endocarditis is that it allows concurrent noninvasive coronary artery
assessment, which is necessary preoperatively in surgical candidates. This is of par-
ticular benefit in patients with vegetations/masses for whom invasive coronary angi-
ography carries a higher risk due to the possibility of embolization. It also allows
comprehensive visualization of the retrosternal anatomy in patients undergoing
redo sternotomy.

Conclusion

Cardiac MDCT enables high-quality detailed assessment of the complex anat-
omy of the mitral valvular and subvalvular apparatus, which is of significant
value in the context of evaluation of MR and, in particular, pre-procedural plan-
ning for TMVIL.
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Imaging Modality-Independent 6
Anatomy of the Left Heart

Pascal Thériault-Lauzier and Nicolo Piazza

6.1 Introduction

Since its beginnings, fluoroscopy has been and remains the main imaging modality
used during percutaneous coronary interventions. However, with the development
of structural heart interventions, several additional imaging modalities are required
to achieve optimal clinical results. Indeed, echocardiography and computed tomog-
raphy (CT) are used today for pre-procedural planning, intra-procedural guidance,
and post-procedural follow-up of transcatheter structural interventions [1, 2]. In the
case of transcatheter valve replacement, interventional cardiologists rely on echo-
cardiography and computed tomography for patient selection, device sizing, and
delivery [3, 4]. Herein, we describe an imaging modality-independent terminology
to describe the orientation of tomographic data for the specific purpose of left-sided
transcatheter cardiac procedures [5—7]. This terminology is intended to be applied
to fluoroscopy, CT, echocardiography, and magnetic resonance imaging, thus facili-
tating the translation between modalities.

6.2 CardiacIlmaging Modalities

Introduced in the 1970s, X-ray fluoroscopy is the workhorse of interventional car-
diology. Its contrast mechanism is X-ray attenuation, i.e., an X-ray beam decreases
in intensity depending on the density and atomic number of the substance it tra-
verses [8]. High-density materials such as calcium, metal, or iodinated contrast
agent attenuate the beam more than soft tissue, blood, or water. The simplicity of
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this technique constitutes its strength. It provides a high spatial and temporal resolu-
tion, at over 30 frames per second. A disadvantage of fluoroscopy is that it relies on
carcinogenic ionizing radiation, as well as nephrotoxic iodinated contrast agent.
Furthermore, X-ray attenuation offers very limited contrast between different soft
tissue structures. Fluoroscopy is not a tomographic imaging method; several view-
ing angles are required to understand the three-dimensional relationship of anatomi-
cal and implanted structures. Viewing angles are described by a cranial (CRA)—caudal
(CAU) angulation and a right anterior oblique (RAO)-left anterior oblique (LAO)
angulation. In the context of structural heart interventions, fluoroscopy is used for
the deployment of devices.

Computed tomography also relies on X-ray attenuation but uses a reconstruction
algorithm to generate tomographic images. The information of a given slice is
decoupled from that of other slices, thus generating a three-dimensional dataset [8].
In modern multislice computed tomography scanners, the spatial resolution is
nearly isotropic, meaning that is almost equal within a slice and across slices. This
allows for high-quality multiplanar reconstruction (MPR) and volume rendering
techniques to be performed. The high spatial and temporal resolution of ECG-gated
multislice CT angiography makes this modality the standard of care for device siz-
ing and procedural planning of transcatheter aortic valve replacement devices.
However, CT shares the same disadvantages as fluoroscopy as it also involves ion-
izing radiation and iodinated contrast agents.

Echocardiography is a widely available imaging modality that uses ultrasound
tissue echogenicity as a contrast mechanism [8]. It provides both anatomical and
functional information about blood flow and tissue motion. It offers high spatial and
temporal resolution but only provides a limited anatomical field of view within a
given image. The quality of images depends on the operator experience and skill
and on the presence of acoustic windows. It is a crucial modality for the diagnosis
and staging of structural heart disease. It is also used for intra-procedural device
functional assessment. For valvular interventions, echocardiography is used to
assess the presence of residual regurgitation or stenosis after the insertion of a
device.

Magnetic resonance (MR) imaging relies on principles of certain atomic nuclei
to absorb and then emit radio wave when placed in a strong magnetic field.
Depending on the radio wave pulse sequence used, any of several contrast mecha-
nisms can be used to generate tomographic images [8]. MR is particularly interest-
ing since it does not rely on ionizing radiation or on iodinated contrast. In the
context of structural heart interventions, MR imaging can be indicated in patients
for whom iodinated contrast is contraindicated due to an allergic reaction or due to
acute or chronic renal failure. MR is also capable of quantifying blood flow volumes
and peak velocities and may therefore be indicated to evaluate the severity of valvu-
lar heart disease in patients with poor ultrasound acoustic windows. Post-
implantation MR is limited by the presence of susceptibility artifacts caused by the
metallic components of various devices.
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6.3 Heart Anatomy Based on a Unified Terminology

While fluoroscopy, CT, echocardiography, and MR are all fundamentally different,
they are used to image the same cardiac structures. Interventional cardiologists rely
mostly on pattern recognition rather than three-dimensional anatomical understand-
ing to perform transcatheter procedures. Noninvasive imagers on the other hand
have developed a separate terminology to describe the orientation of tomographic
images [9—12]. The reliance on multiple imaging modalities each with its own ori-
entation system often results in a disconnect between each modality obfuscating the
fact that the same anatomical information is being imaged.

We suggest that describing valve anatomy based on chambers of the heart may facili-
tate the translation of anatomical information between modalities. This system would
enable members of the Heart Team to use the same language to describe common fea-
tures independently of imaging modality. The concept of heart chamber anatomy origi-
nates from echocardiography but can readily be applied to fluoroscopy, CT, or MR.

Because of the fixed coordinate system defined during a CT, MR, or fluoroscopy
exam, these modalities are ideal to describe anatomical structures in their attitudinal
position [5, 13, 14]. This system assumes that the patient is facing the observer.
Structures lying closer to the head are superior, those lying closer the feet are inferior.
Structures closer to the observer are anterior, while those that are further are called
posterior. Finally, structures at the left of the observer are called right; those on the
right of the observer are called left. This system is self-evident for CT, MR, and fluo-
roscopy, but it is not in the case of echocardiography. Indeed, this observation is
particularly significant when considering left ventricle echocardiographic segments.
The “anterior” segment lies opposite to the “inferior” segment, which contradicts the
fact that two directions are separated by 90° in the attitudinal orientation.

From the standpoint of fluoroscopic c-arm angulations, one can describe specific
angulations for each heart chamber view [5—7]. The two-chamber view is best appreci-
ated in a shallow craniocaudal angulation at approximately RAO 30°. This is the typi-
cal angulation where a left ventriculogram can be acquired. The three-chamber view
can be achieved in a steep RAO caudal angulation or in a steep LAO cranial angulation
in some patients. The four-chamber view is located in a steep cranial angulation at
approximately LAO 30°. Finally, a short-axis view can be appreciated in a moderate
LAO-caudal angulation. Angulations of these views are summarized in Fig. 6.1, which
also illustrates the concept of optimal projection curve [1, 5-7, 15-23]. In this case, the
optimal projection curve of the mitral annulus is shown. Any fluoroscopic view lying
on the optimal projection curve corresponds to a perpendicular view of the mitral annu-
lus. Note that this concept can be generalized to any planar structure. The orientation of
the two-, three-, and four-chamber view relative to the mitral and aortic valves is dem-
onstrated in Fig. 6.2. We note the four-chamber view at 45° between the two- and three-
chamber views, the latter two being mutually 90° apart.

In the next sections, the anatomical features best appreciated in each view are
described.
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Fig. 6.2 Short-axis view
of the heart at the level of Two-chamber
the mitral annulus. -
Overlaid on the image are
the orientations of the
two-, three-, and four-
chamber views of the heart

Fig. 6.3 Two-chamber view. (a) Shows a CT slice demonstrating the left atrium (LA) and left
ventricle (LV). The left atrial appendage (LAA) is maximally separated from the left superior
pulmonary vein (PV). (b) Shows a volume-rendered fluoroscopic image demonstrating the overlap
of the mitral valve scallops Al with P1, A2 with P2, and A3 with P3. Note the order of the mitral
valve scallops, 1 being superior and lateral and 3 being inferior and posterior. The mitral valve
annulus is overlaid in green

6.4 Three-Chamber View

The three-chamber view (Fig. 6.3) maximally separates the aortic valve from the
mitral valve. The minimum diameter of both the aortic and mitral valves is typically
visualized in this view. It follows that measurement of each valve dimension in this
view can lead to significant underestimation of the average diameter of the valve. In
the three-chamber view, the left coronary cusp and non-coronary cusp of the aortic
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valve are overlapping along the aorto-mitral curtain. Furthermore, the anterior and
posterior leaflets of the mitral valve are maximally separated but the subsegments of
each leaflet are overlapping.

A three-chamber view can be generated during transthoracic echocardiography
using a parasternal long-axis view or an apical view. During transesophageal echo-
cardiography, a mid-esophageal long axis at 120°-~140° or a transgastric long axis at
100°-130° can be used.

From an interventional perspective, the three-chamber view is the best view to
direct a transapical guidewire from the left ventricle into the left atrium or the
ascending aorta. The crossing of the mitral valve can be particularly challenging
because of the funnel-like architecture of the left ventricular outflow tract (LVOT),
which naturally guides the catheter toward the aortic valve. The LVOT can be
avoided by directing the guidewire in the posterior and inferior direction. The three-
chamber view is also ideal to direct catheters toward the anterior or posterior leaflet
of the mitral valve. For atrial transseptal puncture, the atrial septum is viewed en
face with the needle pointing toward the observer. This view can be used to mini-
mize the risk of aortic root perforation during transseptal puncture.

6.5 Two-Chamber View

The two-chamber view (Fig. 6.4) has the aortic valve overlapping the mitral valve
on fluoroscopy. The maximum diameter of both the aortic and mitral valves is
appreciated in this configuration. The anterior and posterior leaflets of the mitral
valve are overlapping, thus maximally separating the three scallops of each leaflet;
according to Carpentier’s classification, A1, A2, and A3 are separated but overlap
with P1, P2, and P3. The scallops are ordered from 1 in the left and superior aspect

Fig. 6.4 Three-chamber view. (a) Shows a CT slice demonstrating the left atrium (LA), left ven-
tricle (LV), and ascending aorta (Ao). The left atrial appendage (LAA) is maximally separated
from the left superior pulmonary vein (PV). Note the separation of the anterior and posterior mitral
valve leaflets and overlap of the mitral valve scallops of each leaflet. (b) Shows a volume-rendered
fluoroscopic image. The mitral valve annulus is overlaid in green
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to 3 in the inferior and right aspect relative to the mitral valve. The left atrial append-
age is appreciated superior to the mitral valve and partially overlaps the ascending
aorta. The two papillary muscle bundles are maximally separated in this view.

During transthoracic echocardiography, the two-chamber view can be generated
from the apical window. On transesophageal echocardiography, this view is appre-
ciated in mid-esophageal 60°-90° or in transgastric long axis 90°.

From a historical perspective, it is interesting to note that prior to the advent of
pre-procedural CT, echocardiography and fluoroscopy were used for TAVR device
sizing. Interestingly, an aortogram recorded in a nearly AP orientation was used to
measure the diameter of the aortic annulus. This procedure often resulted in the
selection of a larger transcatheter device compared to that suggested by echocar-
diography in a three-chamber view. In the interventional context, the two-chamber
view is important to direct catheters toward a mitral valve scallop but cannot dif-
ferentiate between the anterior or posterior scallops. This is an important point for
those performing mitral valve interventions that require the interaction with a spe-
cific segment of the valve. The two-chamber view is also important for the left atrial
appendage closure since is demonstrates the ostium of the appendage perpendicu-
larly and maximally separated from the left superior pulmonary vein. This allows
catheters to be directed toward the appendage thus avoiding the pulmonary vein.

6.6 Four-Chamber View

The four-chamber view (Fig. 6.5) shows the left and right ventricles, as well as the
left and right atria maximally separated. The interatrial and interventricular septa
are perpendicular to the orientation of the screen. The aortic valve overlaps the
anterior-inferior aspect of the mitral valve. The commissure of the mitral valve is
appreciated in an oblique orientation where different leaflets and scallops are diffi-
cult to differentiate.

Fig. 6.5 Four-chamber view. (a) Shows a CT slice demonstrating the left atrium (LA), left ven-
tricle (LV), right atrium (RA), and right ventricle (RV). (b) Shows a volume-rendered fluoroscopic
image. The mitral valve annulus is overlaid in green
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The four-chamber view can be achieved with transthoracic echocardiography
using the apical window. During transesophageal echocardiography, a four-chamber
view can be appreciated in a mid-esophageal 10°-20° view. Note the tomographic
imaging modalities can achieve a five-chamber view in nearly the same orientation
as a four-chamber view by translating the imaging in the anterior and superior direc-
tion, which provides visualization of the aortic root, the fifth chamber.

From the interventional perspective, the four-chamber view is interesting to visu-
alize atrial and ventricular septal defects. A catheter can thus be directed toward the
defect as is done during transcatheter closure. During transseptal puncture, this
view can be used to appreciate the needle perpendicularly as it crosses the atrial
septum. However, it does not allow to differentiate the septum from the aortic root
as those structures are nearly overlapped in this view.

6.7 Short-Axis View

The short-axis view (Fig. 6.6) of the heart shows the mitral valve and left ventricular
outflow tract en face. Both the major and minor diameters of the mitral valve can be
appreciated. The leaflets of the mitral valves as well as each of the leaflet scallops
are maximally separated. This view is also perpendicular to the interatrial and inter-
ventricular septum. The aortic root lies anterior and superior to the mitral valve. The
ostium of the left atrial appendage is appreciated perpendicularly and overlaps the
left superior pulmonary vein in this orientation. The two bundles of papillary mus-
cles are located opposite the left ventricular outflow tract, which is severely fore-
shortened in this view.

The short-axis view can be achieved using the parasternal or subcostal acoustic
windows during transthoracic echocardiography. During transesophageal echocar-
diography, the short-axis view is obtained from a transgastric 0° configuration.

Fig. 6.6 Short-axis view. (a) Shows a CT slice demonstrating the left ventricle (LV) and right
ventricle (RV). Interestingly, the two papillary muscle bundles are in a superior—inferior configura-
tion relative to each other. (b) Shows a volume-rendered fluoroscopic image. The mitral valve
annulus is overlaid in green. Note that the left ventricular outflow tract is severely foreshortened in
this view and that it lies superior, right, and anterior relative to the two papillary muscle bundles
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Table 6.1 Summary of anatomical structures in different views

Three-chamber view

e Minor axis of the
mitral annulus

¢ Minor axis of the
aortic annulus

* Separation of the
anterior and
posterior mitral
valve leaflets

* Overlap of anterior
mitral leaflets
scallops (A1, A2,
A3)

* Overlap of posterior
mitral leaflets
scallops (P1, P2,
P3)

* Separation of the
aortic valve from
the mitral valve

* Aortic and mitral
valve annulus in
plane (along both
optimal projection
curves)

* Overlap of papillary
muscles

* En face view of the

left atrial appendage

ostium
* En face view of the
atrial septum

Two-chamber view

* Major axis of the
mitral valve
annulus

* Major axis of the
aortic annulus

* Overlap of the
anterior and
posterior mitral
valve leaflets

* Separation of
anterior mitral
leaflets scallops
(A1, A2, A3)

* Separation of
posterior mitral
leaflets scallops
(P1, P2, P3)

* Overlap of the
aortic valve and
the mitral valve

* Separation of
papillary muscles

* Atrial septum
nearly in plane

e Left atrial
appendage

separated from left

superior
pulmonary vein

Four-chamber view

* Oblique axis of mitral
valve

* Oblique axis of aortic
valve

* Overlap of anterior
and posterior mitral
valve leaflets

* Overlap of anterior
mitral leaflets
scallops (A1, A2, A3)

* Overlap of posterior
mitral leaflets
scallops (P1, P2, P3)

¢ Overlap of mitral and
aortic valves

* Perpendicular view of
the atrial and
ventricular septa

Short-axis view

* Major and minor axes
of the mitral valve
annulus

* Major and minor axes
of the aortic valve
annulus

* Separation of the

» Separation of the
anterior and posterior
mitral valve leaflets

* Separation of the
anterior mitral leaflets
scallops

* Separation of the
posterior mitral
leaflets scallops

* Separation of the
aortic and mitral
valves

o Left ventricular
outflow tract is
severely foreshortened

e Left atrial appendage
overlap with left
superior pulmonary
vein

The short-axis view can be used to define the angulation of the left ventricular

axis and the direction of the mitral valve during transapical puncture. For trans-
septal puncture, this view shows the needle perpendicularly. In the context of trans-
catheter aortic valve replacement or transcatheter mitral valve replacement, this
view should not be used during deployment of the device as it provides no informa-
tion on the depth of implantation in the aortic root or within the mitral annulus
(Table 6.1).

Conclusion

In this chapter, we described standard imaging modality-independent view based
on echocardiographic views of the heart. We described the relevance of these
views for structural heart interventions. Using a common language between
members of the Heart Team should facilitate translation of the wealth of informa-
tion obtained from noninvasive imaging to the interventional cardiologist.
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Edge-to-edge repair has been used as a surgical technique in open-chest, arrested
heart surgery for the treatment of mitral regurgitation (MR) since the early 1990s.
With this technique, a portion of the anterior leaflet is sutured to the correspond-
ing portion of the posterior leaflet, creating a point of permanent approximation
of the two leaflets and resulting in a double orifice. Mitral valve repair with the
MitraClip™ system (Abbott Vascular, Santa Clara, CA, USA) consists of apply-
ing a clip at the site of mitral regurgitation, thereby faithfully reproducing the
edge-to-edge surgical technique described by Alfieri. In this case the device is
applied by means of a catheter introduced through the right common femoral
vein under transesophageal echocardiography (TEE) monitoring and general
anesthesia.

Leaflet repair using the MitraClip system is one of the most extensively
investigated procedures in the field of percutaneous intervention on the mitral
valve. To date, more than 35,000 patients have been treated worldwide. In select
patients, a high level of safety and efficacy has been consistently identified for this
procedure [1, 2].
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Fig. 7.1 The MitraClip system. Panel A shows the triaxial system. Panel B shows the MitraClip
device

7.1 Description of the Device

The MitraClip system is a catheter-based device designed to perform an edge-to-
edge reconstruction of the insufficient mitral valve while the heart is beating and
used as an alternative to the conventional surgical approach. The MitraClip system
uses a triaxial catheter system (Fig. 7.1) and consists of two different parts, namely,
the steerable guide catheter (SGC) and the clip delivery system (CDS). The CDS
consists of three major components: the delivery catheter handle, the steerable
sleeve handle, and the MitraClip device. The SGC is 24 Fr proximally and 22 Fr
distally and is delivered with an echogenic tapered dilator. The dilator allows the
introduction of the SGC into the femoral vein and the left atrium (through the inter-
atrial septum) (Fig. 7.2). A knob on the proximal end of the guide catheter allows
deflection of the distal tip. Once positioned through the SGC, the CDS is used to
advance the MitraClip and allows for different spatial maneuvers to obtain proper
positioning of the device between the mitral valve leaflets. The CDS has the
MitraClip attached to its distal end and uses two knobs that allow medial-to-lateral
and anterior-to-posterior steering (Fig. 7.3). The MitraClip device is a cobalt/chro-
mium implantable device with two arms, covered with polyester fabric and preas-
sembled to the tip of the disposable delivery catheter. On the inner portion of the
clip, there are two movable “grippers” adjacent to each arm to secure the leaflets as
they are “captured” during closure of the arms. The clip has a locking mechanism to
maintain closure. Opening, closing, locking, and detaching the clip are all con-
trolled by the delivery catheter handle mechanisms, which are firmly lodged on a
sterilized metal external support, named “stabilizer,” placed outside the patient.
Three principal components of the CDS allow MitraClip closing/opening and
locking/unlocking maneuvers, namely, the arm positioner, the lock lever, and the
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Fig.7.2 The steerable
guide catheter with tapered
dilator

’i ‘;";,/

Fig. 7.3 The clip delivery system. Panel A shows the A/P knob and the Smart Handle. Panel B
shows the M/L knob

gripper lever. The arm positioner is a control knob that enables opening or closing
of the clip arms when rotating along specific directions of rotation. The gripper
lever raises (in upright position) and lowers (if fully advanced in the catheter han-
dle) grippers through the gripper line. The lock lever unlocks the mechanism that
allows opening of the clip arms (upright position) or closing (when fully advanced
in the catheter handle). Table 7.1 summarizes the principal maneuvers performed
with the CDS during the procedure to obtain desired clip arm angles. Briefly,
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Table 7.1 Principal maneuvers during implant

Desired arms

position Maneuvers
Clip arms Rotate the lock lever outward and fully retract the lever until the mark on
opening the lever is exposed
Turn the arm positioner counterclockwise until desired clip arms angle is
reached

Lock the clip by fully advancing the lock lever
Clip arms closure Fully advance lock lever
Turn the arm positioner clockwise

Inverting clip Unlock the clip by fully retracting the lock lever
arms Turn the arm positioner counterclockwise until clip arms are inverted
Lock the clip

Final arm angle ~ Turn the arm positioner in the open direction with lock lever fully advanced
Clip arms should remain in a stable position and a slight delivery catheter
shaft deflection should be observed

opening of the clip arms happens when rotating the arm positioner toward the open-
ing direction with the lock lever upright (unlock position), while rotating the arm
positioner toward the opening direction with the lock lever fully advanced induces
a slight delivery catheter shaft deflection named “arm angle.”

Additional control mechanisms on the system (A/P, M/L, and +/— knobs) allow
for tip deflection and fine spatial movements of the clip during the procedure.

Finally, the stabilizer and the silicon pad are useful accessories for the procedure.
The stabilizer is used to support and stabilize the SGC and CDS, while the silicon
pad helps to avoid accidental movements of the stabilizer-SGC-CDS and further
supports the entire system during the procedure.

New technical developments have been recently introduced with the MitraClip
NT device. Compared with prior versions of the system, the MitraClip NT is char-
acterized by material and geometrical changes to enhance device steering and
maneuverability. A significant change involves the geometry and functionality of
the grippers. Changes in gripper material (from elgiloy to nitinol) have increased the
gripper drop angle (from 85° to >120°), facilitating leaflet capture in terms of effi-
ciency and durability of grasping (Fig. 7.4).

7.2 Patient Selection

A multidisciplinary team, comprising a cardiologist, a cardiac surgeon, and an anesthe-
siologist, is essential for the proper selection of candidates for MitraClip implantation.
This is generally done in four steps:

e Confirmation of severity of MR

e Assessment of symptoms

e Analysis of surgical risk, life expectancy, and quality of life

e Assessment of procedure feasibility and evaluation of any contraindications for
percutaneous treatment
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MitraClip MitraClip NT

Fig. 7.4 Changes in grasping angle with MitraClip NT

Here we will focus our attention mainly on the clinical and anatomical indi-
cations and contraindications for percutaneous valve repair with the MitraClip
system.

Possible candidates for this procedure are MR patients who meet the criteria of
the current guidelines, [3] namely, symptomatic patients with moderate-to-severe
(3+) or severe (4+) MR, left ventricular ejection fraction (LVEF) > 30%, left ven-
tricular end-diastolic diameter (LVESD) < 40 mm, or asymptomatic patients with
one or more of the following: LVEF between 25 and 60%, LVESD > 45 mm, new-
onset atrial fibrillation, and pulmonary hypertension defined as SPAP > 50 mmHg at
rest or >60 mmHg on effort. In addition to meeting guideline criteria, patients
should be high-risk candidates for mitral valve surgery, including cardiopulmonary
bypass. High risk should be established on a consensus between a local independent
cardiologist and a cardiac surgeon that conventional surgery would be associated
with excessive morbidity and mortality. Criteria of high risk include EuroSCORE II
>8%, STS score mortality >4%, combined STS score > 10%, or other risk charac-
teristics not included in the aforementioned scores:

e Hostile chest/chest wall deformities/prior mediastinal irradiation due to neo-
plasms/mediastinitis

 Frailty (geriatric status scale; ADL/IADL score)

e Liver cirrhosis (Child Pugh A-B/hyperbilirubinemia)

e Morbid obesity (BMI > 40 Kg/m?), severe cachexia (<18 Kg/m?)

e Severe respiratory deficit (VEMS/FCV < 70%, VEMS < 60%)

e Chronic kidney failure (VGF < 90)/dialysis

e Left ventricular failure (EF < 30%)

¢ Right ventricular failure (TAPSE 14)

e Pulmonary hypertension (SPAP > 55 mmHg)

 Prior endocarditis on electrocatheters

e Chronic degenerative disease of the CNS
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¢ Autoimmune diseases or other diseases requiring prolonged immunosuppressive
and cortisone therapy

e Advanced age (>80 years)

e Prior cardiac surgery procedure)

Pre-interventional patient screening includes transthoracic echocardiogram
(TTE), TEE, chest x-ray, and invasive cardiac evaluation with coronary angiogra-
phy, left ventriculography, and right catheterization.

Therefore, together with accurate patient clinical assessment based mainly on the
identification of high surgical risk usually due to advanced age and associated
comorbidities, it is important to assess some anatomical and morphological param-
eters, which may rule out not only MitraClip implantation but also prejudice suc-
cess and duration of the result over time [4]. According to data in the literature,
percutaneous mitral valve repair using the MitraClip system requires that patients
undergo specific TTE and TEE assessment [4, 5] to identify the anatomical and
functional state of the mitral valve, the pathogenesis of the regurgitation, and select
patients for whom percutaneous mitral valve repair can achieve an optimal result.

7.3 Anatomic and Functional Evaluation of the Mitral Valve

Specific criteria for the selection of candidates for MitraClip implantation are
needed to ensure optimal procedural results and increase patient safety. The cur-
rently adopted criteria to assess the anatomical suitability for the procedure derive
mainly from the EVEREST trial echocardiographic inclusion criteria. The proce-
dure cannot be performed in the presence of a rheumatic valve; therefore, the crite-
ria for exclusion are fibrotic, calcified, or retracted leaflets and severe calcification
of the subvalvular apparatus or annulus. In addition, careful assessment of the sub-
valvular apparatus is needed because the presence of chordal tissue in excess or
abnormal chordate implantation, especially in the raphe zone, may negatively influ-
ence the clip stability and increase risk of iatrogenic lesions. This assessment should
be made solely by TEE in intercommissural view (Fig. 7.5), and, if necessary, the
zoom should also be used to avoid amplifying the error. TEE is also needed to
exclude any endocarditic processes, including preexisting ones, with splitting of the
leaflet or a part of it. Special attention must be paid to the middle scallops (A2-P2),
as they are the ideal implantation sites. After careful anatomical assessment of the
mitral valve apparatus, functional assessment of the valve has to be jointly made.
The anatomical and flow area value should be >4.0 cm? without any significant
transvalvular gradient (Fig. 7.6) [6]. Both degenerative and functional etiologies can
be treated if anatomical criteria are met. Therefore, echocardiography is absolutely
necessary to assess the tethering and annular deformation indices in functional MR
[7]. As regards MitraClip implantation more specifically, if there is tethering, the
following exclusion criteria are considered: a coaptation depth > 11 mm and a coap-
tation length < 2 mm (Fig. 7.7). In the case of degenerative MR, the parameters to
be measured are flail gap and flail width [5, 8], with flail being a leaflet with a free
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Fig. 7.5 Transesophageal intercommissural view (~60°). LA left atrium, LV left ventricle

Area MV 6.38 cm?

Fig. 7.6 Transesophageal echocardiography shows a planimetric mitral valve area measured in
transgastric view (~0°) (Panel A) and with PHT method (Panel B)

tip, which passes the opposite leaflet during systole; flail gap, the maximum dis-
tance between the edge of the floating leaflet on the ventricular side and the tip of
the opposite leaflet on the atrial side (measurement obtained by TEE in four-
chamber view ~0°, intercommissural view ~60°, or outflow section at ~120°); and
flail width, the width of the floating segment measured along the coaptation line in



144 C. Grasso et al.

Dist. = 0.99cm

Fig. 7.7 Anatomical echocardiographic criteria evaluated during patient selection: Panel A, flail
gap (<10 mm), assessed in long-axis view (four chambers or five chambers), where the larger gap
is visible; Panel B, flail width (<15 mm), assessed in short-axis view, where the lesion is wider;
Panel C, coaptation depth (<11 mm); and Panel D coaptation length (>2 mm), both assessed in
four-chamber or left ventricular outflow tract view. LA left atrium, LV left ventricle, Ao aorta

the short axis. The anatomical and morphological criteria for proper patient selec-
tion are a flail gap < 10 mm and flail width < 15 mm (Fig. 7.7). In addition to the
anatomical eligibility criteria illustrated above, echocardiography also allows for
the search of additional anatomical contraindications. The exclusion criteria are:

* Intracardial masses and/or thrombotic formations in the heart cavity (Fig. 7.8,
Panel A and B)

e Prior mitral valve surgery (valvuloplasty or implantation of biological device)
(Fig. 7.8, Panel C)

e Prior implantation of interatrial occlusive device (Fig. 7.8, Panel D)

* Anatomical variants like lipomatosis of the septum, aneurysmal atrial septum, or
hypoplasia or surgical closing of the left superior pulmonary vein

The abovementioned should not be considered as absolute contraindications for
the procedure, but the operator should be aware of them to decide the transseptal
strategy or, as in the case of the pulmonary vein variants, to plan a different route for
catheters. Ectasia of the ascending aorta, aortic bulb, or sinuses of Valsalva must be
carefully evaluated since all of these conditions can complicate the transseptal
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Fig. 7.8 Panels A and B, apical and septal thrombotic formation (arrow) in the left ventricle
assessed by 3D and 2D transthoracic echocardiography; Panel C, 3D echocardiographic atrial
view of the mitral valve with a posterior annuloplasty surgical device (asterisk); and Panel D, 3D
transesophageal echocardiogram. Presence of occlusive device in the interatrial septum. Ao aorta,
LV left ventricle, RV right ventricle, AML anterior mitral leaflet, LAA left atrial appendage

puncture and, therefore, should be carefully signaled to the operator. TEE should be
used to assess the course of the ascending aorta.

Recently, efficacy and safety of MitraClip implantation has been demonstrated in
patients not fulfilling EVEREST anatomic criteria. Attizzani et al. [9] found that
12-month outcomes in this group of patients, characterized by LVESD > 55 mm
and LVEF < 25%, are comparable to those of patients selected on the basis of
EVEREST anatomic criteria. Along this line, Adamo et al. [10] found that pre-
procedural inotropic administration could be useful to improve leaflet coaptation
length in dilated ventricles with extreme forms of tethering.

With the increasing experience of operators in managing the device in difficult
anatomies, the EVEREST criteria for the selection of patients are obsolete. Today,
the most extreme anatomies are treated in high-volume centers by expert operators,
after a case-by-case clinical and anatomic selection of patients for MitraClip
implantation (Table 7.2). The only concerns regard rheumatic and stenotic valves.
Technical advances introduced with the new-generation device (MitraClip NT) will
likely help new operators to shorten their learning curve and broaden the kinds of
patients and anatomies treated even in start-up or intermediate centers.
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Table 7.2 Suitability by echo criteria and center experience

Optimal
Pathology in segment 2
No calcification

Valve area >4 cm?

Length of the posterior
leaflet >10 mm
Coaptation depth <11 mm
Normal thickness and

Limited suitability

Pathology in segment 1 or 3

— Slight calcification outside the
grasping area

— Ring calcification

— Annuloplasty with ring

Valve area >3 cm? and good leaflet

mobility

Length of the posterior leaflet

7-10 mm

Coaptation depth >11 mm

Restriction (Carpentier ITIB)

Inappropriate
Leaflet perforation or cleft
Severe calcification

Mitral stenosis (<3cm?,
gradient >5 mmHg)
Length of the posterior
leaflet <7 mm

Rheumatic thickening and

mobility of the leaflets restriction (Carpentier I1TA)

MR with prolapse Flail size >15 mm only with large Barlow’s disease
— Flail size <15 mm mitral annulus and option for more
— Flail gap <10 mm than 1 clip

Start-up centers Intermediate centers High-volume centers

7.4  Procedure and Technical Aspects

Before the procedure, all patients are administered a single dose of broad-spec-
trum antibiotic IV (intravenous) for prophylactic purposes. If a patient is on oral
anticoagulant therapy, this must be lowered for 3 days before the procedure to
obtain an international normalized ratio < 1.7 and replaced with heparin. If low
molecular weight heparin is administered, it must be suspended, ideally, 12 h
before the procedure, while unfractionated heparin should be stopped at least 4 h
before surgery.

The procedure is performed in the cardiac catheterization laboratory under
echocardiography and fluoroscopic guidance, with the patient usually under gen-
eral anesthesia. Emergency surgical backup should be available for each proce-
dure, because in case of complications during the procedure, it may be necessary
to convert to an open surgical procedure. During the procedure, invasive arterial
pressure is monitored through the radial or the femoral artery, and a central venous
catheter is placed in the right internal jugular or subclavian vein. The right femoral
vein is cannulated with a 12 Fr introducer sheath, and a baseline right heart cathe-
terization is performed. In order to evaluate the acute hemodynamic effects of the
MitraClip device, intracardiac pressure and flow measurements are taken at base-
line and 10 min after device deployment (Table 7.3). Baseline activated clotting
time (ACT) has to be determined following venous access for the endovascular
procedure. ACT and heparin administration should be recorded throughout the pro-
cedure, and a final ACT level should be documented before leaving the catheteriza-
tion laboratory.

The procedure can be divided into five steps: (1) transseptal puncture and SGC
insertion, (2) straddling and steering of the clip, (3) alignment with the mitral valve
and commissure line, (4) grasping of the leaflets, and (5) final evaluation.
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Table 7.3 Catheterization measurements obtained before clip implantation and >10 min after
clip deployment

Measurements

PCWP or left atrial pressure (a wave/v wave/mean pressure) with simultaneous left ventricular

pressure

Pulmonary artery pressure (systolic/diastolic/mean pressure)

Right atrial pressure

Left ventricular peak systolic and end-diastolic pressure

Systemic arterial pressure (systolic/diastolic/mean pressure)

Cardiac output

PCWP pulmonary capillary wedge pressure

1. Transseptal puncture and SGC insertion

After the right catheterization is performed, an 8 Fr Mullins sheath is intro-
duced over a 0.35 guidewire, and a transseptal puncture is performed using a
Brockenbrough needle under TEE guidance. Many operators use a radiofre-
quency (RF) system in case of difficult puncture or to improve precision. This is
a critical point of the procedure, because the puncture has to be located in the
posterosuperior part of the fossa ovalis in order to obtain enough space in the left
atrium (LA) for a safe and optimal orientation of the steerable distal part of the
CDS. In this phase, the height of the transseptal puncture from the valve plane is
very important as well, because if the puncture is too low, there is not enough
space to move freely inside the LA, while if it is too high, it is not possible for
the CDS to reach the coaptation zone. An optimal distance is about 35-45 mm
from the valve plane depending on the type of disease (DMR vs. FMR). The
location of the lesion is important because to reach a medial lesion, the puncture
should be higher, and in the case of a lateral lesion, a lower puncture should be
performed. Once the LA is entered with the 8 Fr sheath, the left pulmonary vein
is cannulated directly with the Mullins sheath or with a 6 Fr multipurpose cath-
eter. After angiography (Fig. 7.9, Panel A) of the pulmonary vein, a 260 cm
Amplatz Super Stiff guidewire is left in place. Following transseptal crossing,
100 IU/kg of UFH or alternative anticoagulation therapy is administered, accord-
ing to standard hospital practice, maintaining an ACT of >250 s throughout the
procedure. The 24 Fr guiding catheter is then introduced into the LA (Fig. 7.9,
Panel B), and the dilator is carefully and slowly retrieved to avoid the formation
of vacuum air bubbles.

2. Straddling and steering of the clip

This step can be carried out using only fluoroscopy in most cases. If the
atrium is large enough, the easiest and fastest maneuver is to complete the strad-
dling (aligning the two markers on the CDS shaft with the marker on the tip of
the SGC) pointing with the clip to the pulmonary vein (Fig. 7.9, Panel C) to have
more room and steering (bending the delivery system, since the clip is toward the
mitral valve) by going simultaneously posterior with the SGC and medial with
the medial/lateral (M/L) knob. An excessive use of the M-knob should be avoided
to create less tension in the system.
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3. Alignment with the mitral valve and commissure line

The delivery system is then advanced in the LA, and the distal steerable part
is manipulated in the atrium to obtain a perpendicular and central position with
respect to the mitral valve leaflets coaptation line. Under echocardiography and
fluoroscopic guidance, the clip is steered until axially aligned and centered over
the origin of the regurgitant jet. The correct trajectory of the clip and the perpen-
dicularity of the two arms with respect to the mitral leaflet coaptation line are
checked using TEE standard views (see echocardiographic guidance). Once the
system has been aligned, the clip with opened arms is advanced into the left
ventricle (Fig. 7.9, Panel D).

Fig. 7.9 Once the left atrium (LA) is entered with the 8 Fr sheath, the left pulmonary vein (PV) is
cannulated, and a stiff guidewire is left in place after angiography of the vein (Panel A). The 24 Fr
steerable guide catheter (SGC) is then introduced in the LA, and the dilator is carefully and slowly
retrieved to avoid vacuum air bubbles (Panel B). The clip delivery system (CDS) is then advanced
in the LA (Panel C), and the distal steerable part is manipulated in the atrium to obtain a perpen-
dicular and central position with respect to the mitral valve leaflets coaptation line. Once the sys-
tem has been aligned, the clip, with opened arms, is advanced into the left ventricle (Panel D), and
under transesophageal guidance the arms grasp the leaflets. When a double orifice has been created
and the echocardiography confirms regurgitation reduction and optimal and stable grasp of both
leaflets, the clip arms are closed (Panel E), locked, and detached and the SGC and CDS are with-
drawn (Panel F)
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4. Grasping of the leaflets

5.

Fig. 7.10 In select cases,
a second clip can be
implanted, usually very
closely to the first
implanted one

This step is performed under TEE guidance (use of X-plane is advised).
The clip with the arms opened is gently retracted toward the atrium trying to
accommodate both leaflets. The grippers are then dropped, and the arms
closed to grasp the leaflets (Fig. 7.9, Panel E). The technique of grasping is
different when dealing with FMR or DMR, and even the number of clips
needed should vary.

Final evaluation

When a double orifice has been created, and the echocardiography confirms
reduction of regurgitation and optimal and stable grasp of both leaflets (see echo-
cardiographic guidance), the clip arms are completely closed and locked, and the
clip is detached (Fig. 7.9, Panel F), following the procedural steps provided by
the company regarding the locker line and the gripper line retrieval. The delivery
system is then straightened slightly and withdrawn, paying attention to avoid
damage of the left atrial wall. Finally, the guiding catheter is pulled away. If the
position is judged suboptimal by TEE evaluation, the clip can be reopened and
repositioned; if the clip must be withdrawn into the LA, the arms may be inverted
in the ventricle, providing a smooth profile for retraction to prevent entangling
the chordae tendineae. When necessary, for example, in the case of degenerative
MR or ruptured chordae tendineae with wide prolapse, a second clip can be
implanted, usually very close to the first implanted clip (Fig. 7.10). While the
implantation of a second clip is predictable when a flail is present, the need for a
second clip in other scenarios is evaluated on a case-by-case basis. Right cardiac
catheterization is finally performed to record the post-procedural pressure and
the final results (Fig. 7.11) (Table 7.3). The guiding catheter is removed, ACT
control is done, heparin reversal with protamine sulfate is started, and venous
femoral access is closed using a “figure-of-eight” superficial stitch (Fig. 7.12).

s




150 C. Grasso et al.

12 mV ECC: |

——
e

.
1
Y——

01— U

Fig. 7.11 Pulmonary wedge pressure recorded in basal condition shows a high v wave (Panel A)
secondary to severe mitral regurgitation. After clip implantation, the v wave is reduced (Panel B).
The parallel a wave reduction indicates diminished end-diastolic pressure
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Fig.7.12 Venous femoral access closing with a “figure-of-eight” superficial stitch
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7.5 Intraprocedural Echocardiography Monitoring

TEE during the procedure provides guidance for the operator and makes it possible
to obtain information on the morphofunctional characteristics of the mitral valve,
assess the degree of regurgitation and biventricular function, as well as the immedi-
ate result, and to exclude any complications.

Four views are mainly used during the procedure and are defined as “key views”:

* Mid-esophageal view (~0°-90°) for the study of the interatrial septum and to
follow the catheters during the transseptal approach and movements in the left
atrium (Fig. 7.13).

e Two-chamber intercommissural view (~60°) showing the anterolateral and pos-
teromedial commissure and part of the mitral valve scallops (P3-A2-P1). This
view allows for the midlateral (ML) orientation of the system.

* Low-axis mid-esophageal view (~120°-150°), also defined as left ventricular
outflow tract (LVOT) view. This view shows the P2-A2 scallops in addition to the
aortic bulb and part of the ascending aorta. This view allows for the anteroposte-
rior orientation of the system.

» Transgastric short-axis view (~0°=30°), which shows the mitral valve in the short
axis. This view is essential in guiding the clip perpendicularly to the coaptation
line.

The procedure can be illustrated in five basic steps:

. Performance of transseptal puncture
. Axial orientation of the system

. Grasping of leaflets

. Post-grasping assessment

. Clip release

[, I SN OS I NS JE

7.5.1 Step 1: Transseptal Puncture

In this procedure the transseptal puncture is a crucial moment. The puncture site has
to be “precise” since fluoroscopic guidance does not provide robust guidance. A
puncture of the septum in the posterior and superior position is required at about
4 cm above the mitral annular plane (Fig. 7.14) to allow for subsequent optimal
maneuverability of the system. TEE monitoring of the puncture requires a short-
axis view on the base (0°-30°) with the aorta at the center of the view as the anterior
reference point for the interatrial septum. This view allows the interventional cardi-
ologist to orient the catheter anteroposteriorly over the interatrial septum.
Superoinferior orientation is obtained with the bicaval view (about 90°), which dis-
plays the atrial outlet of the superior vena cava (upper point of reference) and infe-
rior vena cava (lower point of reference). Ideally, the transseptal puncture should be
made through the posterior-mid aspect of the fossa in a posterior and superior
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Fig. 7.13 Trans-esophageal echocardiogram at ~40° (a) and ~90° (b) for the study of the inter-
atrial septum, with respect to the aorta, superior and inferior vena cava

Fig. 7.14 Trans-esophageal echocardiography guidance during the transeptal puncture, showing
the catheter positioned at ~4 cm from the mitral valve (panel a). The measurement has to be per-
formed in four-chamber view (0°, panel b)

direction. As previously reported, the distance between the site of the puncture and
the annulus plane is also important in order to move the catheter freely inside the
LA and reach the leaflets. The catheter is visualized in all the views to accurately
find the point where it is wedged inside the septum (Fig. 7.14), causing what is
known as the “tenting effect,” and to follow the needle until it passes the septum and
enters the LA. After transseptal puncture, TEE guides the catheters into the LA and
the placement of the guiding catheter in the upper left pulmonary vein. A radi-
opaque and echogenic ring identifies the tip of the guiding catheter (Fig. 7.15). The
clip is advanced through this guidewire. Ideally, the tip of the catheter should be
positioned in the upper short-axis view to avoid contact with the lateral and poste-
rior walls of the LA. The “X-plane” modality view of the 3D echocardiography
provides, at the same time, an ultrasound view perpendicular to the reference view,
allowing concomitant visualization of the interatrial septum in the short-axis and
bicaval views (Fig. 7.16), thereby helping the operator in guiding the Brockenbrough
needle over the interatrial septum in order to make the puncture in the correct
position.
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Fig. 7.15 Trans-esophageal echocardiographic view showing the tip of the SGC in left atrium.
The optimal distance from the interatrial septum is about 2 cm

emp. PAZ.: 37.0C

Fig. 7.16 X-plane orthogonal visualization of the interatrial septum in short-axis and bicaval
view. LA left atrium, RA right atrium, Ao aorta, SVC superior vena cava, /VC inferior vena cava
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7.5.2 Step 2: Axial Orientation of the System

Once transseptal puncture is made, the following step is the axial alignment of the
clip perpendicular to the mitral valve annular plane and parallel to the antegrade
flow direction. The course of the system must be carefully followed by TEE to
ensure proper passage into the left ventricle and proper clip placement (Table 7.4).
The clip is generally oriented with small and fine movements. Two useful views
have been already described:

e LVOT long-axis view, allowing anterior-to-posterior clip orientation
e Intercommissural view, allowing medial-to-lateral clip orientation

Generally, clip alignment perpendicular to the coaptation line is made in the
transgastric short-axis view. This view is also used for further movements in either
the anteroposterior or latero-medial direction. Real-time 3D (RT 3D) examination
of the mitral valve could further facilitate optimal alignment of the system by using
a zoomed en face view of the valve (Fig. 7.17). The ideal prerelease positioning of

Table 7.4 Transesophageal echocardiographic projections during the procedure used for correct
orientation of the MitraClip system
Projection Degrees View Alignment
Two chambers (IC)  ~60° Anterolateral commissure, Mediolateral
Posteriormedial commissure,
Scallops P3-A2-P1
Mid-esophageal long ~120°-150°  Scallops A2-P2, aortic bulb Anteroposterior

axis (LVOT) and part of ascending aorta
Transgastric short ~0°-30° Mitral valve short axis Perpendicularity to
axis coaptation line;

mediolateral

Abbreviations: /C inter-commissural, LVOT left ventricle outflow tract

Fig.7.17 3D
echocardiography to guide
optimal positioning of the
clip with respect to the
mitral valve
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the clip delivery system is just above the regurgitant orifice showing maximal PISA
effect (“split the jet”). System orientation should then be checked during system
advancement in the left ventricle since rotation can occur in this step. Again, an RT
3D view from the ventricular aspect of the mitral valve can be used to maintain the
system perpendicular to the coaptation line.

7.5.3 Step 3: Grasping of Leaflets

Once the device is satisfactorily oriented, both leaflets should be anchored, usually
in the long-axis LVOT and intercommissural views (120° and 60°-70°, respec-
tively) to better visualize the two leaflets. Special attention must be paid to proper
insertion of the leaflets inside the clip to prevent embolism or device detachment. If
grasping is inadequate, the clip can be released and repositioned. TEE is used not
only to guide anchorage but also to check grasping in the various views (Fig. 7.18).
RT 3D TEE can be useful for anatomic assessment of grasping, thereby confirming
the correct insertion of the leaflets inside the closed clip, by means of the most com-
mon 3D views, namely, atrial and ventricular views (see Fig. 2.86) or various sec-
tions that can be obtained on multiple planes (see Fig. 2.87).

Fig. 7.18 Trans-esophageal echocardiographic evaluation of the leaflets grasping in long-axis
view (a), intercommissural two-chamber view (b) and trans-gastric short-axis view (c)
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7.5.4 Step 4:Post-grasping Assessment

After checking the anchoring of both leaflets, residual MR and transmitral diastolic
gradient must be assessed using continuous-wave Doppler before releasing the clip.
Double-orifice insertion should be checked in both the intercommissural and short-
axis views. If the result is not satisfactory, the leaflets are released and the clip is
repositioned. An adequate grasp of both mitral leaflets does not ensure an acceptable
reduction in the degree of mitral regurgitation. Suboptimal MR reduction can derive
from a non-perpendicular placement of the clip in relation to the jet’s origin or cap-
ture of the chordae or margin of the leaflets by clip arms. Therefore, careful assess-
ment of residual MR is made before releasing the clip. If results are suboptimal even
after adequate clip deployment, a second clip can be implanted. Because, with the
clip in situ, the regurgitant jet can become highly eccentric, it is absolutely manda-
tory that the Nyquist limits and color gain are identical to the initial assessments if
there is no residual, as these factors may affect jet size.

7.5.5 Step 5:Clip Release

After adequate reduction in the degree of regurgitation, the clip is released, and the
system and guidewire are withdrawn. The data obtained from echocardiography are
compared with the hemodynamic and angiographic data. TEE is also useful in
assessing procedural complications such as pericardial effusion, intracardiac throm-
bus formation, and the entity of residual interatrial shunt after transseptal puncture
(Fig. 7.19). RT 3D TEE allows for the observation of the results from both the
atrium and ventricle, documenting any sign of eccentricity of the dual orifices

Fig.7.19 Residual inter-atrial shunt after SGC removal
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Fig.7.20 3D-real time atrial view of the double orifice mitral valve after clip deployment

cre

ated by the device (Fig. 7.20). Moreover, 3D color displays also provide good

definition of the site(s) of any residual regurgitation [11].

The use of 3D echocardiography during the MitraClip procedure is associated

with shorter procedural time, leading to a reduction in the exposure to fluoroscopy.
Biner et al. [12] have reported that procedural guidance based on combined 2D and

3D

imaging was associated with a shorter time for first clip deployment and a reduc-

tion in procedural time by 28% or 40 min (p = 0.035).
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Transcatheter Repair of Mitral 8
Regurgitation: Edwards Cardioband

Carmelo Grasso, Sebastiano Immé, Sarah Mangiafico,
and Giuseppe Ronsivalle

8.1 Description of the Device

The Cardioband is a device designed to perform direct percutaneous transfemoral
annuloplasty by means of a half ring implanted on the posterior annulus, with beating
heart, and under fluoroscopic and transesophageal echocardiography (TEE) guid-
ance. The device is fixed in situ thanks to a series of helical anchors and is equipped
with a system that allows adjustment of the degree of annular reduction to achieve a
good result in terms of residual mitral regurgitation, without creating stenosis.

The procedure is associated with a much lower risk of mortality compared with
surgical annuloplasty and is therefore reserved for patients who are not candidates
for cardiac surgery due to the high risk of intra- and postoperative mortality.

The Cardioband can be employed to correct functional mitral regurgitation sec-
ondary to dilation of the left ventricular cavity and subsequent anatomical distortion
of the entire valvular apparatus constituting the mitral valve.

8.2 Components of the Device

The Cardioband system consists of a half ring (implant) and three main accessories:
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Fig.8.1 (a) Cardioband delivery system, implant delivery system (IDS), and transseptal steerable
sheath (TSS). (b) The implant, the spool, and implantable metal anchors

The implant is a polyester sleeve with radiopaque markers spaced 8 mm apart.
The sleeve, available in six lengths, is mounted on the delivery system, and the
anchor is deployed from the internal part. Inside the sleeve, there is a metal alloy
contraction wire connected to an adjusting spool that allows shortening the
implant at the end of the procedure to reduce the anteroposterior distance of the
mitral annulus.

The final implant size is adjusted to the patient’s needs under TEE guidance,
and the maneuver can be completely reversed.
TF delivery system: The Cardioband delivery system (CDS) consists of the implant
delivery system (IDS) and a 25 Fr transseptal steerable sheath (TSS) that is able to
change its curvature by means of a knob, as well as the position and height of the
implant by means of clockwise and counterclockwise movements of the handle.
The IDS is composed of the steerable guide catheter (GC) that allows, with the aid
of a knob, the further adjustment of the position and angle. This varies with the
implantation site and the implant catheter (IC), with the Cardioband implant
mounted on its distal end (Fig. 8.1), which thanks to another knob at the end allows
the advancement of the implant and, hence, the deployment of the anchors.
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3. Implantable metal anchors and anchor delivery shafts: Stainless implantable
anchors, 6 mm in length, are used to fasten the Cardioband implant to the annu-
lus (Fig. 8.1). Between 12 and 17 anchors are implanted using the delivery shaft.
The anchors are fully repositionable and retrievable until deployed. The anchors
are screwed inside the fabric by means of a torque limiter that adapts to the deliv-
ery shaft and limits the maximum torsion torque applicable to the single anchor,
thus highlighting any excess torque resulting from incorrect positioning.

4. Size adjustment tool (SAT): The distal tip of the SAT is connected by means of a
guide wire to the implant, and at the end of the procedure, it is slid on the guidewire
until it engages with the spool, which acts as an actuator for shortening the implant.

8.3 Patient Selection

Patients are evaluated by a heart team, composed of an interventional cardiologist,
an echocardiographic cardiologist, a cardiac surgeon, and a cardiac anesthesiologist
in order to always choose the repair technique best suited to each individual patient.

Percutaneous repair can be considered if the patient has a contraindication for
surgical repair of valve disease due to a high risk of mortality or intra- and postop
complications.

Transthoracic echocardiography (TTE), TEE, and cardiac computed tomography
with contrast agent are always done and sent to the core lab to assess the technical
feasibility of the procedure. The Cardioband can correct moderate-to-severe or
severe functional mitral regurgitation resulting from a primitive pathology of the
left ventricle, which has led over time to a progressive dilation, with an increase in
the diameters and volumes of the ventricular chamber.

Cardioband implantation can be carried out in forms of both ischemic (prior
acute myocardial infarction) and nonischemic functional mitral regurgitation.

Patients must be symptomatic, in NYHA functional classes II-1V, and/or present
with clinical evidence of heart failure despite optimal medical therapy. If the patient
can benefit from cardiac resynchronization therapy (CRT), this procedure must be
performed before the repair of the mitral valve.

Patients with a complex or mixed etiology of mitral regurgitation must be
excluded. Any ruptures of the chordae tendineae, pseudoprolapse, extreme tethering
(coaptation depth, tethering height > 11 mm), overdilated left ventricle (left ven-
tricular end-diastolic diameter < 70 mm, sphericity index < 0.7), or presence of
aneurysms of the ventricular walls are all contraindications for treatment with
Cardioband.

Patients with severe right heart failure due to right ventricular dysfunction and/
or severe tricuspid regurgitation must also be excluded.

The possible exclusion criteria include anatomical criteria that cannot be
neglected. The course of the circumflex artery must always be evaluated for proxim-
ity to the insertion point of the first anchor of the Cardioband.
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Another anatomical exclusion criterion is the presence of calcification of the annu-
lus or of the valve leaflets, which may hinder implantation and is thoroughly evaluated
by TTE, TEE, and cardiac CT, which are always performed during screening.

Clinical and instrumental exclusion criteria (absolute contraindication) are pres-
ence of active bacterial endocarditis, major organic lesions with retraction of the
chordae or congenital defects with alteration of valve tissue, inability to perfor